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1 Introduction

For a long time, it was believed that only metals and inorganic composites could
conduct electricity. Organic molecules were believed to be insulators due to their
large intermolecular distances and lack of suitable charge carriers. In 1954, it was
reported that bromine-doped perylene (I-1) was electrically conductive.l!! The sci-
entific community, however, attributed the conductivity to the bromine rather than
the perylene. Ten years later, a report about electrically conductive polypyrrole
was published.?! The authors have pyrolized tetraiodopyrrole obtaining an iodine-
doped polypyrrole (I-2) with a conductivity of 1 S/cm. Little attention was paid
to this discovery. It was not before 1972 that people started to believe in this phe-
nomenon, when the group of Alan J. Heeger published the conductivity of a fully
organic charge-transfer complex.!3! It consisted of N-methyl-phenazine (NMP) and
tetracyanoquino-dimethane (TCNQ) (I-4). One year later, the same group discov-
ered superconductivity in a charge-transfer complex of tetrathiafulvalene (TTF) and
TCNQ (I-5).1*1 The first organic semiconductor was discovered by McGinness et.
al. in 1974.55! They could switch the conductivity of melanine, the skin pigment iso-
lated from biological tissue, by applying a certain threshold voltage. In 1977, Shi-
rakawa, MacDiarmid and Heeger reported electrical conductivity in iodine-doped
polyacetylene (I-3).1% 71 For this discovery they received the Nobel Prize for Chem-
istry in 2000.

In the last decades, many new organic (semi-)conductors have been devel-

oped and incorporated into devices, such as transistors,!8! diodes,! 1% photovoltaic

11
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Figure 1.1: Chemical structure of the first conductive materials.

cells,'! and sensors.['?! A stage has been reached at which commercial applica-
tions are about to be launched, so people in industry have joined academic re-
searchers in enhancing the possiblities of organic semiconductors. Experts predict
a hugh demand for new devices in the low-cost segment, such as radio-frequency
identification tags (RFID).!3- 141 Some enthusiasts even see silicon semiconductors
being totally replaced by organic materials in the future. This is very unlikely to
happen, but it is worth having a closer look at where strengths of inorganic semi-

conductors remain and where organic ones will play a role.

1.1 Comparison of Organic and Inorganic Semiconductors

Modern life heavily depends on inorganic semiconductors. No electronic device is
conceivable without them, predominantely silicon-based materials.!'">! More than
one hundred years of research and development has been focused on silicon.!!6]
It is, therefore, no surprise that the performance is still superior to any organic

material. Its high environmental stability allows device lifetimes of more than

25 years.[!7] Also, its high charge-carrier mobility is unreached.!'® The thermal and
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mechanical stability make it very likely that inorganics will play a very important
role in semiconductor technologies in the future.

Despite its undisputed advantages, inorganic semiconductors are brittle materi-
als. New applications, such as “intelligent” clothing, paper-like displays, or flexible
sensors, require lightweight materials, which can withstand mechanical deforma-
tion. This is where organic semiconductors come into play.l'”) Especially polymers
are intrinsically more flexible as adjacent chains can easily slip along each other.[?°]
Devices made out of organic semiconductors are, furthermore, expected to be in-
expensive. Only very thin films, i.e. low amounts of material, are needed. The
possiblity of processing the semiconductors at moderate temperatures from solu-
tion decreases the energy demand and consequently lowers the costs. Silicon, in
contrast, needs processing temperatures above 600 °C.[?!]

The versatility of organic synthesis allows the fine-tuning of material properties to
find the ideal solution for each application. For inorganic molecules, the possiblities
to control properties are much more restricted. Furthermore, the device size can, in

principle, be down-sized to single molecules.[?> 231 Semiconductor properties in

inorganic materials break down at a certain size limiting future miniaturization.!>*!

1.2 Charge Transport in Organic Materials

The classical theory of charge transport describes semiconductors with the aid of
the band transport model.”>>! Energy levels of single sites, such as silicon atoms, are
strongly coupled to neighboring sites. In this way, an energy continuum is formed
in which charges can move by thermal excitation. In organic semiconductors,
however, the coupling between adjacent molecules is too weak, so that the band
theory is not applicable.[%%!

Much better descriptions are obtained when using a hopping model in which

charges are assumed to hop between localized states.[>’! The energy for a hopping
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Figure 1.2: Energy profile of charge hopping between two molecules according to the Marcus
theory.

event is provided by lattice vibrations, a process typically referred to as phonon-
assisted hopping.!?8! The mathematical description makes use of the Marcus theory,
originally used by Richard A. Marcus to model redox processes.”>”! For this theory
he was awarded the Nobel Prize for Chemistry in 1992. The rate of hopping of a
charge carrier from one site to the next is described by the formula

ket - |I_IAB|2

I

1 — (A +AG%)?

where k,, is the rate of electron transfer (i.e. hopping rate), |Hup| is the electronic
coupling between the initial and final states, A is the reorganization energy, AG°
is the total Gibbs free energy change for the electron transfer reaction, and &, the
Boltzmann constant. The corresponding potential diagram including the physical
parameters is depicted in Figure 1.2.

High hopping rates, i.e. high charge-carrier mobilities, need an effective elec-
tronic coupling (Hsp) between adjacent hopping sites. High polarizability of the
molecules is beneficial, as found in extended 7 systems constituting most organic
semiconductors.[3%! Diffuse orbitals, especially in the periphery of the molecules,
contribute to a strong electronic coupling. Sulfur and selenium atoms in a conju-
gated 7 system form the basis of many good semiconductors.!3!!

The reorganization energy A should be small for high hopping rates. A increases

with the distance between the two hopping sites. Consequently, the molecules
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should pack as densely as possible to allow high mobilities.[*?! Finally, AG® should
have the maximum negative value. In a perfectly uniform material, AG® represents
the potential difference between two molecules induced by the electric field. If,
however, the material is inhomogeneous, AG? can be positive, hindering the charge
to hop to the next site. This phenomenom is called trapping and can be caused by
impurities, grain boundaries, or structural defects to mention just a few. For high
mobilities, it is, therefore, absolutely necessary to use very pure materials and avoid

any inhomogeneities.!>?!

1.3 Organic Semiconductors as Active Materials in Devices

Semiconductors are used in many different devices that make up modern life. Field-
effect transistors and solar cells are important examples. As they play a central role
in the present work, their operation principles and common materials are presented

in the following part.

1.3.1 Organic Field-Effect Transistors

In a field-effect transistor, the conductivity between a source and a drain electrode
is modulated by an additional electrical field.1** The result is a switch operated by
an electrical voltage, hence no mechanical operation takes place. By combining
several of these switches it is possible to build up logic circuits. A central process-
ing unit (CPU) in a computer consists of millions of individual transistors, so the

development of transistor performance has a direct impact on computer power.*>!

Fundamental Device Architecture

In a classical organic field-effect transistor setup, a silicon wafer with an oxide

layer is used. Gold electrodes are placed on top followed by the semiconductor.
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The gold electrodes are connected to a voltage supply and work as source and
drain. Independently, a voltage is applied to the silicon to create an electric field
to switch the transistor, the so called gate voltage. The insultor, in this case the
silicon dioxide, is crucial to prevent current from flowing between the silicon and
the drain electrode, the so called leakage current.!36]

To obtain the charge-carrier mobility, one records the source-drain current Isp as
a function of the source-drain voltage Vgp at a given gate voltage V5. A theoretical

treatment gives the following relation:37]

1

w
Isp = Z,UFECi (Vg —Vin) Vsp — EVszp

where W and L are the width and the length of the channel, respecively, upg is the
charge-carrier mobility, G the capacitance of the insulator, and Vi the threshold
voltage, i.e. the gate voltage at which significant current flow begins. As the latter

value is often hard to determine, it is better to resort to the derivative:

disp W

—— = —uppGV.
Ve L.“FE iVsD

The above described device setup is called bottom-contact bottom-gate (compare
Figure 1.3a). It is possible to change to different geometries. In the case of all
polymeric devices, using e.g. polyethylene terephthalate (PET) as substrate, it
has turned out that a top-contact top-gate is much more effective.l*®! The polymer
is deposited on the PET substrate, electrodes are evaporated on top, on which a
dielectric such as polystyrene with a contact metal are deposited on top as depicted
in Figure 1.3b. This geometry encapsulates the active material, increasing device
lifetime in ambient conditions considerably.

There are two operation modes for transistors, depending on the nature of the

charge carrier: hole and electron conduction. If a negative gate voltage is applied,
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Figure 1.3: FET geometries: a. bottom-contact bottom-gate on silicon wafer; b. top-contact
top-gate on flexible PET film; OSC: organic semiconductor, S: source electrode,
D: drain electrode, Si: silicon electrode, SiO,: silicon dioxide dielectric, PET:
polyethylene terephthalate substrate, PS: polystyrene dielectric, Au: gold gate
electrode.

positively charged holes, i.e. vacant places for electrons which do not compensate
the positive charge of the atomic nucleus, accumulate at the interface. Charge
transport takes place by filling the vacant place with an electron of a neighboring
site where a new vacant place is created. By a series of such events, it looks as if the
hole moved along the electric field. If, on the other hand, a positive gate voltage
is applied, electrons accumulate at the interface which move along the electric
field. Depending on the nature of the semiconductor, it is more facile to accumulate
holes (p-type semiconductors) or electrons (n-type semiconductors). Electron rich
compounds are typically p-type semiconductors, electron poor materials are n-type
semiconductors. If both electrons and holes can be generated in one material, it is

called an ambipolar semiconductor.!>"!

Common Materials

The active materials currently used for organic field-effect transistors can be divided

into four groups:

e small, typically insoluble molecules which are evaporated on the substrate,
e single crystals,
e small, soluble molecules processed from solution,

e polymers processed from solution.
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Figure 1.4: Common materials used in organic field-effect transistors.

The most famous molecule out of the first group is pentacene (I-6). It is sparingly
soluble and, therefore, typically processed by evaporation. Field-effect mobilities of
2.2 em?V-!s"Ican be obtained when using ultra-pure material.l**! Oligothiophenes
are another class of insoluble, vapor deposited molecules. For octathiophene (I-
7) a mobility of 0.33 cm?V-!s 'has been reported.l*!] Copper-phthalocyanine (I-9)
represents the class of disc-like polycyclic aromatic hydrocarbons (PAH). It is pref-
erentially used in flexible devices and exhibits a good mobility (0.01 cm?V-1s1).[42]
A typical n-type material processed from the gas phase is fullerene (Cy, I-8) with
an electron mobility up to 4.9 cm?>V-'s'when deposited on a pentacene film.[*3]

By far the highest charge-carrier mobilities are reached in single crystals. Their
structural perfection reveals the intrinsic values which the mobility can reach in
organic materials. Rubrene (I-10) and pentacene (I-6) exhibit mobilities up to
15 cm?V-!slupon contacting single crystals in a certain orientation on a PDMS
stamp as dielectric.[*+ 4]

In order to be able to process the organic semiconductor from solution, solu-

ble derivatives of the above mentioned materials have been prepared. By attach-
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ing trialkylsilylethynyl groups to pentacene (I-11), highly conductive molecules
were obtained (p = 0.4 cm?V-1s71).[46] Oligothiophene, especially with fused rings
bearing alkyl chains, show high mobilities when processed from solution. Alkyl
substituted dibenzothienothiophene (I-12) was reported to exhibit a mobility of
2.8 cm?V-ls 1 [47]

Among the polymers, poly-(3-hexylthiophene) (P3HT, I-13) is the most inten-
sively studied one.*8] Many derivatives of this polymer have been developed with
remarkable mobilities and processing characteristics.**! For a long time, a poly-
thiophene incorporating thienothiophene (I-14) was the benchmark with regard
to mobility of a polymer (u = 0.6 cm?>V-1s71).59 Recently, a polythiophene con-
taining benzothiadiazole units (I-15) was reported to exhibit a mobility as high
as 1.4 cm?V-1s't 1 Remarkable electron conductivity in a polymer was discov-
ered when naphthalene-tetracarboxylic-diimide (NTCDI) was copolymerized with

dithiophene (I-16). The electron mobility reached values up to 0.85 cm?V-1s1.[>2]

Morphology Investigation

The morphology of an organic semiconductor film plays a crucial role with regard
to field-effect mobility. The higher the molecular order the fewer potential trapping
sites are present (compare section 1.2). To get a good insight into the morphology
of a system of interest, X-ray diffraction is the most powerful technique.l>3! The

fundamental relationship to appreciate diffraction patterns is Bragg’s law:[>4]

nA = 2d -sin@

where n is the order of reflexion, A the wave length of the radiation, d the distance
between lattice planes, and 0 the angle between the incident ray and the scattering
planes.

Three important X-ray diffraction experiments are used in this work:
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In case one can grow a single crystal, very sharp reflections are recorded with
which crystal planes can be calculated according to Bragg’s law. The beam hits
the crystal from many different directions giving many diffraction patterns. After
a complicated mathematical treatment, the crystal structure can be obtained reveal-
ing all positions of the atoms allowing the determinatioin of bond length, bond
distances, and intermolecular distances.!>!

Unfortunately, single crystals of only very few substances can be grown. Espe-
cially for polymers, it is not possible at all. Some information can still be elucidated
by film diffraction.’% 371 A thin film is deposited on a silicon wafer or a glass sub-
strate. The film is hit by an X-ray beam and the diffracted beam is plotted against
the diffraction angle. Using Bragg’s law, one is able to calculate the corresponding
lattice distances in the substance.

Even better insight is gained when a fiber is extruded as depicted in Fig-
ure 1.5a.9%] The beam hits the fiber and is detected by a two dimensional CCD
camera. Reflections in the fiber direction (meridional) and perpendicular to the fiber

direction (equatorial) are recorded. This methode is referred to as two-dimensional
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wide angle X-ray diffraction (2D-WAXD). A typical diffraction pattern can be seen
in Figure 1.5b.°°! The interpretation of results from 2D WAXD has to take into
account that sheer forces during the extrusion process significantly affect the crys-

tallinity and the orientation of the crystal planes.

1.3.2 Organic Solar Cells

In a solar cell light is converted to electrical power, a technology with high potential
to significantly contribute to energy supply in the future.[%%) When light is absorbed
in the active material of the solar cell, excitons are produced. If the exciton binding
energy can be overcome, the holes move to the cathode and the electrons to the
anode in an electric field. In this way, a voltage is created which can be used to
drive an electric current.[6!]

In order to overcome the exciton binding energy for efficient charge separa-
tion, a bulk heterojunction is beneficial.'®?! An electron donor and an acceptor
are sandwiched between two electrodes as depicted in Figure 1.6a. The transition
of the electron from the LUMO of the donor to the LUMO of the acceptor pro-

vides the energetic driving force to overcome the exciton binding energy (compare

Figure 1.6b).193 The energy difference between the HOMO of the donor and the
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LUMO of the acceptor equals the maximum voltage a solar cell can produce.!%%]
The latter is called open circuit voltage, Voc, as the maximum voltage can only
build up when the electrical circuit is open and no current flows. The maximum
current, on the other hand, can be measured when connecting the anode and the
cathode without resistance, hence shorting the circuit. Consequently, the maximum
current is called short circuit current, Isc. One might suggest that the power conver-
sion is the product of V¢ and Igc. In real systems, however, the maximum power is
a fraction of this value. This fraction is called the fill factor (FF), another important
parameter of a solar cell.

The solar cell parameter of highest interest is the total power efficiency 1, i.e. the
electrical energy obtained by the solar cell divided by the energy of the incident
photons. Values of around 5 % can be reached with organic solar cells at the

moment.!%%! For comparison, silicon based solar cells reach efficiencies of 25 %.6¢!

Lower production costs may, nevertheless, compensate this efficiency gap.!®”]

The most commonly used materials are poly(3-hexylthiophene) (P3HT)
as the donor in combination with a fullerene derivative (PCBM) as the
acceptor.[®®]  Copper-phthalocyanine with fullerene also gives satisfying
efficiencies.[®! Solar cells consisting of only disc-like molecules have been

prepared using perylene-tetracarboxylic-dimide (PTCDI) together with

hexaphenyl-hexa-peri-hexabenzocoronene (HBC).[°!

1.4 Organic Molecules as Auxiliary Materials in Devices

The applicability of organic molecules goes well beyond the function as active ma-
terial. An electronic device is a complex composite of different materials with many
interfaces. Organic molecules can assist charge injection by forming interlayers or

can increase charge conduction by doping.
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1.4.1 Electrode Work Function Manipulation by Organic Molecules

In an ideal device, the Fermi level of a metal electrode equals the HOMO level of
the semiconductor for hole injection or the LUMO level for electron injection.!”!]
Especially in the latter case, it is very hard to find suitable materials. LUMO levels
of organic molecules are relatively high, so only very reactive materials, such as
calcium or barium, possess a high enough Fermi energy level.l’?) In the case of
hole injection, on the other hand, Fermi levels are often too high. Many device
scientists apply an interlayer of poly(ethylenedioxythiophene) which is doped with
poly(styrenesulfonate) (PEDOT-PSS, I-17) to reduce the injection barrier.[”3! The
high acidity of PSS, nevertheless, is very unfavorable with regard to device lifetime
as it degrades many organic semiconductors.’#!

An alternative approach to tune the work function (i.e. the difference between
Fermi level and vacuum level) of a metal is the deposition of a single layer of
organic molecules. The electron clouds of the metal are pushed into the metal. This
so called push-back effect decreases the work function of a metal and is independent
of the nature of the deposited molecule.!”> 76!

When a strong electron acceptor is applied, the LUMO levels of the acceptor
are partially filled, leaving the metal with fewer electrons.l””l The Fermi level is
decreased, so the work function is increased. The opposite effect applies when the
metal is coated by strong donor molecules. The electron density of the metal is
increased, the work function, therefore, is decreased.

By appropriate choice of molecules, the Fermi levels of the metals can be adjusted
to the used semiconductor. Furthermore, if the work function can be decreased
strongly enough, coinage metals such as copper or silver can be used to inject
electrons.!’8] In this case, it is not necessary to use materials which are not stable in

ambient conditions.

To reach the above described goals, many materials have been tested. In-
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Figure 1.7: Donor and acceptor materials for organic electronics used for work function manip-
ulation and doping.

tensive studies have been performed with tetrafluoro-tetracyanoquino-dimethane
(FATCNQ, I-18), a very strong acceptor which significantly increases the work
function.”!” Also, perylene-tetracarboxylic-dianhydride (PTCDA, I1-23) has suc-
cessfully been used.!®°! A work function reduction of a cathode was achieved using
tetrakis(dimethylamino)ethene (TDAE, I-19).181]

To analyze the effect of molecules on metals, photoemission spectroscopy is fre-
quently used. It is a powerful surface analysis technique.3?! Due to its significance

for this work, it is briefly described below.

Photoemission Spectroscopy

In a photoemission spectroscopy experiment, a sample is irradiated with a beam
of photons in vacuum which generates free electrons, the so-called photoelectrons.
Their kinetic energy is measured by an analyzer (see Figure 1.8a). By subtracting
this energy from the energy of the incident photons, the binding energy of the cor-
responding electron in the sample is accessible. Only electrons near the surface can
reach the detector, others are reabsorbed by the sample.[33 834 A typical spectrum
can be seen in Figure 1.8b.

Depending on the nature of the photons, two experiments are distinguished: UPS
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Figure 1.8: Photoelectron spectroscopy: a. principle setup, b. typical spectrum, SECO: sec-
ondary electron cut-off, CL: core level (strongly bound elecrons), VL: valence level
(loosely bound electrons), Eyi, kinetic energy, Eg: Fermi energy.

and XPS. If one is only interested in loosely bound electrons, such as valence elec-
trons or those near the Fermi edge of a metal, ultraviolet irradiation is used to create
the photoelectrons. The method is refered to as ultraviolet photoemission spec-
troscopy (UPS).[®3] The electrons more strongly bound to the atoms are accessible
when using X-rays instead of ultraviolet irradiation. Consequently, this method is

called X-ray photoemission spectroscopy (XPS).[3¢]

1.4.2 Doping

Many of the issues discussed in the previous section can be addressed as well by
introducing strong donors or acceptors into the semiconductor layer of a device.[®7]
The donors transfer negative charge to the semiconductor, increasing its energy
level. Acceptors remove electrons from the semiconductors, decreasing its en-
ergy level. This phenomenom is called doping. It is well known in the in-
organic semiconductor technology, but can be equally well applied to organic
semiconductors. 88!

By appropriate doping, the energy level can be adjusted to the electrode mate-
rials to reduce Ohmic losses at the interface and ease charge injection. Also, the

conductivity is increased, because free charges are generated and/or trapping states
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are filled. By doping, it is even possible to turn a p-type semiconductor to an n-type
one. In this way, p-n-homojunctions can be realized.[®"!

Common materials for doping are tetrafluoro-tetracyanoquino-dimethane
(FATCNQ, I-18) and dichloro-dicyanobenzoquinone (DDQ, 1-22) for p-
doping.[°% °1 For n-doping, people have used bisethylene-dithio-tetrathiafulvalene
(BEDT-TTF, 1-20) or tetrathianaphthalene (TTN, I-21).[9% %3]

For all previously described investigations, the energy levels of the molecules
are needed. Cyclic voltammetry is a powerful analytical technique to obtain these
values.l” Its working principle is layed out briefly due to its significance for this

work.

Cyclic voltammetry

In a cyclic voltammetry experiment the electric potential is determined which is
needed to oxidize or reduce a molecule under investigation.[>! For this purpose,
a working electrode and a counter electrode are immersed into a solution of the
analyte. Between these electrodes a voltage is linearly ramped while measuring
the current flow (compare Figure 1.9). When the oxidation/reduction potential
(depending of the sign of the voltage) is reached, a strong increase in current flow
is observed which later on decreases again as the electroactive substance in the
proximity of the electrode is depleted. At a set voltage, the ramp is reversed to
reduce/oxidize the substance back. One notices a current increase at a slightly
shifted voltage in comparison to the forward ramp due to kinetic phenomena. If
the oxidized or reduced species is not stable, one does not observe current peaks in
the backscan.

The accuracy of the measurement is ensured by using an additional reference
electrode which is connected to a standard cell, e.g. a calomel electrode.?® To

increase electric conductivity of the analyte solution and reduce interface charging
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Figure 1.9: Typical cyclic voltagram.

an electrolyte is added.[®’! In organic solvents, tetrabutylammonium salts are often
used. It is crucial for the measurements in organic solvents to avoid moisture
and oxygen.[”®! The latter frequently reacts with radicals formed after charging
the molecule. If water is electrolyzed in the cell, the superimposed signal makes
elucidation of redox potentials of the molecule impossible.

For data analysis, the half-step potential E;, is determined.[®®! The LUMO en-

ergy level is calculated according to
Exomo = —4.8V +E )3 eq and Epumo = —4.8V —Ej 3 ox

For good comparability, it is good practice to add some ferrocene as internal
standard.''%! Ferrocene is a very stable redox active compound. Its very low oxi-

dation potential makes it unlikely to interfere with other redox potentials.
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2 Objectives and Motivation

Organic molecules constitute highly promising materials towards flexible, light-
weight, large-area, and cost-effective semiconductor devices. Experts predict a
wide variety of new applications which cannot be realized with traditional inor-
ganic semiconductors. Many materials have been found to work well in field-
effect transistors,!'™# solar cells,P~! light-emitting diodes, 19131 sensors, 14 1]
and memories.!'® Nevertheless, silicon is still unreached with respect to charge-
carrier mobility and long-term stability. A lot of research is still to be done to
improve the performance of organic materials and address open issues in the pro-
cessing of devices.

Two approaches are common to optimize device performances: working on the
device physics and the processing of the material or making new molecules with
better performance. The former strategy includes varying electrode materials, sur-
face treatments, interlayers, formulations, and so on.l!'’~1° As many parameters can
be changed, an incredible number of possible device setups are conceivable. When
changing one paramter it is never clear if other parameters are implicitely changed
as well.

Even the best device optimization, however, cannot satisfy all requirements for
applications. This is where synthesis comes into play. It can provide specialized ma-
terials for a desired purpose making tedious device optimization less important.!?"]
Functionality can be introduced into existing structures to fine-tune materials prop-

erties, or completely new systems can be built up to possibly generate completely

33
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new materials properties. An aspect of particular relevance is the electronic struc-
ture, i.e. the energy levels of a molecule. It can be lowered by introducing certain
functions rendering electron acceptors. Electron donors are accessible by the appro-
priate choice of functional groups as well. Donor and acceptor molecules are crucial
as auxiliary molecules for organic electronics as they can help charge injection in a
device which is often the limiting factor for performance (compare section 1.4 on
page 22).?!l Furthermore, the directed design of the electronic levels of an organic
semiconductor is useful to facilitate hole or electron transport.

Small molecules are advantageous with respect to processing as they allow both
solution deposition as well as sublimation.[*?! Some molecules can even be crystal-
lized into single crystals, giving a deep insight into the molecular packing. Poly-
cyclic aromatic hydrocarbons are particularly important due to their rigid geometry,
polarizability and strong affinity to surfaces.[>32%1 When the molecules are used at
interfaces for work function manipulation or doping, the size has to be considered
carefully: too large molecules can barely be sublimed and often possess low sol-
ubility. Too small molecules, on the other hand, tend to diffuse into other layers
which leads to instabilities during operation and significantly reduces lifetime and
device performance.!?”]

Considerable effort has been spent on triphenylene, producing a library of sub-

stances of different electronic levels.[28:2°]

Good conductivity along the stacking
axis of a discotic thiosubstituted triphenylene is measured.*%! The much more ex-
tended hexa-peri-hexabenzocoronene (HBC) has been investigated in great detail
as well.[23: 311 Coronene represents a PAH of intermediate size. Although the parent
compound is intensively studied by physicists and theoreticians,>>* functional-
ized derivatives are rarely mentioned in the literature, most likely due to its difficult
synthesis.!3>71 However, coronene derivatives can be sublimed and crystallized,

but the molecules should not diffuse too much in devices. Furthermore, there is

an important difference between coronene on the one hand and triphenylene/HBC
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hexa-peri-hexabenzo-
coronene

coronene

triphenylene

Figure 2.1: Polycyclic aromatic hydrocarbons with increasing size from triphenylene over
coronene to HBC, the K-region is marked red.

on the other hand: it possesses a K-region which is the position of increased reac-
tivity in the periphery of a PAH.[3#1 As a consequence, the molecule allows the
introduction of up to three o«-diketones as depicted in the lower right part of Fig-
ure 2.1. This molecule is a central target of this work. Phenanthrene and pyrene
can be converted into the diketone and the tetraketone, respectively, by direct oxi-
dation of the parent PAH, coronene only reacts once to form coronene-dione.[*>#4]
The more diketones are present in one molecule the stronger is the acceptor, lead-
ing to stronger interactions with metals and higher adsorption energies. In addition,
diketones are a valuable synthetic platform for other structures: This moiety easily
undergoes condensations with diamines, is converted to imidazoles, or benzothiadi-
azoles to mention just a few.[4—47]

Despite the electronic structure, the symmetry of a molecule plays a crucial role
with regard to molecular packing, dipole moments, and chemisorption.[4® 491 A syn-
thetic approach is especially valuable when different symmetries are accessible. In

this case, one has multiple options at hand to build up complex structures without
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Figure 2.2: Threefold symmetry options on coronene.

changing the whole synthetic route. In Figure 2.2 one can see the various symmetry
options when choosing A, B, and C. Djy, is established when all substituents are
equal. Favorable crystallization tendency and regular two-dimensional lattice for-
mation on surfaces are the consequences. Choosing different substituents renders
molecules with permanent dipoles leading to different behavior in electric fields or
different chemisorption.

Electron donors are particularly useful as active materials for organic electron-
ics when incorporating thiophene. For low-cost production, processing from so-
lution is highly desirable, especially by fast fabrication methods such as ink-jet,
or mass printing technologies such as gravure printing or flexography.>! Materi-
als are needed which quickly pack into a highly ordered film, guaranteeing high
charge-carrier mobility. Conjugated polymers are the most promising materials
to fulfill these requirements.>! Poly-(3-hexylthiophene) (P3HT) is the “fruit fly”
amoung the conjugated polymers for organic field-effect transistors,>% >3] guiding
structural considerations for new improved materials.

Benzo[2,1-b;3,4-b’[dithiophene has been chosen as the building block to improve
device performance with regard to efficient processing. A polymer containing this
moiety retains the structure of P3HT, but bridges the thiophenes by benzo annel-
lation. This shall reduce the ionization potential for improved air stability and in-

crease the intermolecular interactions for higher order.
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Figure 2.3: Benzo[2,1-b;3,4-b’]dithiophene: structural similarity to coronene periphery and
bond angle geometry.

A striking feature of this benzodithiophene is its non-linear bond geometry. When
incorporated into a polythiophene polymer chain, it introduces a kink due to its bond
angle of 127 °. This curvature effect in conjugated polymers has been investigated
in this work. Previous developments almost exclusively rely on linear polymers. It
is expected that higher solubility is combined with efficient packing of the extended
m-system. Field-effect transistors and solar cells have been fabricated to explore if
curvature in polymer chains really provides materials with better solution process-
ing properties.

Benzodithiophene shows structural similarities to the coronene periphery: maxi-
mum aromaticity is retained upon conversion to the «-diketone as depicted in Fig-
ure 2.3. This molecule offers the possibility to make use of the geometric advantage
of the kink in the acceptor chemistry as well. Donor-acceptor interactions including
this molecule shall be investigated to gain a better understanding of the packing be-
havior and the electronic properties. These results shall guide future developments

of new active materials based on conjugated donor-acceptor systems.
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3 Coronene Chemistry

3.1 Introduction

Generations of chemists have been working on the synthesis of various polycyclic
aromatic hydrocarbons.l'3! Already in the 1950s Clar published routes to make
PAHs, mostly by extending smaller ones by Diels-Alder reactions with maleic
anhydride.l*-%! In 1912 Scholl reported the aromatic bond formation between non-
activated arenes upon treatment with aluminum(III) chloride.!”! This discovery was
later on used to convert oligophenylene molecules into PAHs, a method which re-
mains to be very popular for the synthesis of PAHs. The reaction has been optimized
in the Miillen group such that even huge PAHs are accessible.>~!Y! The mechanism,
however, is still subject to discussions.[!!=13] The use of an oxidant and a strong acid
restricts the synthesis to fully aromatic precursors forming exclusively all-benzoid
PAHs. Triphenylene and hexa-peri-hexabenzocoronene are well accessible with
this method.!!* 151

Despite all the work that has been performed on the synthesis of PAHs, function-
alized coronenes are almost unknown. Nevertheless, coronene possesses a special
role among the PAHs: its high symmetry and low band gap for a PAH of this size
make it a highly promising molecule for further investigations.!'®-18] Most of the
more extended PAHs which research has focused on so far are fully benzenoid. In
contrast, coronene possesses a full zig-zag periphery with many important conse-

quences for the reactivity, such as K-region oxidation to «-diketones without loss of

41
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Figure 3.1: Photochemical cyclization of [2.2.2]paracyclophane-triene (1) and accidental de-
hydrogenation to coronene.

aromaticity.l'®> 201 The reason why there are so few functionalized coronenes is its
difficult synthesis. Very few routes have been published, none of which are versatile
enough to produce both electron rich and electron poor systems.!?!=23] Also, there
is no way of influencing the symmetry freely so far.

The strategy chosen to flexibly make substituted coronenes is derived from early
work by the group of Boekelheide.!?*! They irradiated [2.2.2]paracyclophane-triene
(1) to obtain hexahydrocoronene (2). When oxygen was not excluded carefully
enough, they obtained coronene as a side product. Substituted coronenes are thus
accessible if the appropriate cyclophanes are irradiated in the presence of an oxi-
dant.

If the functional groups are electron donating, extended donors are obtained.
Electron withdrawing substituents render large acceptors. Ideally, the functional-
ities can be altered easily to tune the electronic level without starting the synthesis
from the very beginning. Halogen atoms usually provide a versatile platform for
modifications in late stages of the synthetic route, but halogenated PAHs are usually
extremely insoluble hindering subsequent reactions substantially. Other strategies

providing intermediates of better solubility appear more promising.
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3.2 Cyclophane Synthesis

In the search for donor and acceptor substituted coronenes, methoxy substituents
were chosen. They are electron donating and very tolerant to various reaction
conditions.!?! Later on, the ether can be cleaved to form alcohols which undergo
facile oxidation to ketones. In this way, a donor is switched to a strong acceptor in

a single step.

3.2.1 Synthetic Procedures

The cyclophane is built up by a double Z-selective Wittig reaction of terephthalic
dialdehyde (9) and p-xylene-bis(triphenylphosphonium) bromide (12) followed by a
McMurry ring closure (compare Figure 3.2), a procedure which is derived from the
literature.[?6] The Z-selectivity of the Wittig reaction is crucial for the ring closure.
Molecules containing E double bonds cannot be closed as the formed ring would be
too strained.

The synthesis of methoxy substituted cyclophanes requires 2,3-dimethoxytere-
phthalic dialdehyde (§) (compare Figure 3.2). According to the literature, it is made
by double lithiation of veratrol and subsequent treatment with DMFE.[*] However,
vanishingly small amounts are obtained using this method; mostly the single alde-
hyde is formed. Satisfying yields can be obtained when changing the reaction con-
ditions as follows. Veratrol is singly lithiated first, then DMF is added. The lithium
aminolate is formed which is stable as long as acidic protons are absent. The neg-
ative charge in this species is moved away from the aromatic center. Subsequent
treatment with butyl lithium efficiently abstracts another proton due to decreased
Coulomb repulsion. When again treated with DMF and worked up in acidic condi-
tions, the dialdehyde S is formed.

This aldehyde is converted into the Wittig reagent 8 in three steps. Firstly, it is

reduced to the dibenzylalcohol (6) with sodium borohydride in isopropanol. Hy-
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Figure 3.2: Synthesis of the cyclophanes. Conditions: i 1. n-BuLi, TMEDA, diethylether, RT
2. DMF, 3. n-BuLi, 4. DMF, 35 %; ii NaBH,, isopropanol, RT, quantitative; jii HBr,
dichloromethane, RT, quantitative; iv PPhg, dichloromethane, RT, quantitative; v
LiOEt, dichloromethane, ethanol, -40 °C, 21-46 %; vi TiCl,, Zn, THF, reflux, 27-
48 %.

drobromic acid converts the alcohol to the dibenzylbromide (7) in an Sy1 reaction.
Finally, triphenylphosphine nucleophilically replaces the bromides to form the Wit-
tig reagent 8. All reaction conversions are quantitative as confirmed by NMR spec-
troscopy.

In the following Wittig reaction, it is possible to choose the number of methoxy
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groups in the final cyclophane. Reacting the dimethoxy Wittig reagent (8) with
terephthalic dialdehyde gives a cyclophane bearing two methoxy groups (11). Four
methoxy groups are attached by reacting p-xylene-bis(triphenylphosphonium bro-
mide) (12) with dimethoxy terephthalic dialdehyde (5). The combination of com-
pounds 8 and 5, finally, allow the introduction of six methoxy groups.

In order to obtain the highest possible Z-selectivity in the Wittig reaction, the
reaction conditions needed to be optimized carefully. The temperature should be
as low as possible to favor Z-olefin formation.[?39 A temperature of -40 °C was
found to be the lowest possible as the reaction does not take place any more at
even lower temperatures. In addition, the solvent choice is crucial for the reaction
to succeed. A mixture of dichloromethane and ethanol works best in this case.
The former guarantees solubility, the latter stabilizes the transition state. Freshly
prepared lithium ethanolate, made by butyl lithium and ethanol, was used as base to
initiate the reaction.

The aldehyde function of the products (10, 13, 15) can react further with remain-
ing phosphonium reagent in the reaction mixture. In fact, higher oligomers can
be detected. A large excess of dialdehyde, however, does not reduce the forma-
tion of oligomers, but hinders the purification. Therefore, only small excesses are
used. Yields of 40 % to 50 % are obtained which is a good value considering the
difficulties of these reactions.

The rings are closed in a McMurry reaction.31=33] Titanium(IV) chloride is re-
duced by zinc dust. The reduction time has a strong effect on the yield of the ring
formation. One hour is ideal, longer reaction times lead to aggregation of the tita-
nium particles and shorter reaction times yield more aldehyde reduction, probably
due to residual zinc metal. A dilute solution of the dialdehyde (10, 13, or 15) is
slowly added to the low-valent titanium suspension. This shall favor intramolecular
reaction and thus suppress oligomerization. The molecules are expected to react

more quickly than new molecules are added, a so-called pseudo dilution reaction.
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Figure 3.3: Coalescence of TH-NMR peaks of cyclophane 16. a. 1H-spectra in DMF—d., at
various temperatures b. force-field optimized rotamers.

Yields of close to 50 % are obtained, a relatively good value for rings of intermediate
size.13* Despite the high dilution, the success of the ring closure reaction critically
depends on the purity of the dialdehydes. If the product of the Wittig reaction is
only roughly purified leaving residual E-isomers which is formed as side product,

the McMurry ring closure does not afford satisfying product quantities.

3.2.2 NMR Analysis

The proton signals in the NMR spectrum of the cyclophane rings show expressed
coalescence (see Figure 3.3a). The benzene units are twisted out of the cyclophane
ring plane, their rotation is hindered by steric repulsion among each other. Two
rotamers can be formed with different chemical environments giving rise to NMR

signal groups for the methoxy protons, the olefinic protons, and the aromatic protons
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respectively as depicted in Figure 3.3b. Depending on the relative position of
the methoxy groups, their NMR signals are different. At room temperature, the
interconversion of these two rotamers takes place within the NMR timescale (a few
seconds), the peaks are broadened.

When cooling the solution to -50 °C, thermal energy does not suffice any more
for a quick enough interconversion, the thermodynamically more stable rotamer
is fixed with regard to the NMR timescale. The methyl protons give rise to three
distinct peaks between 3.5 and 4 ppm. They arise from the trans rotamer (the lower
one in Figure 3.3b) which is energetically favored. The fourth peak at about 4 ppm
is caused by the water protons. It strongly shifts upfield on heating, i.e. from 4 ppm
at -50 °C to 2.6 ppm at 130 °C.

At 130 °C, the interconversion of the two rotamers is so fast, that the NMR
spectrum only shows one peak at the average chemical shift of the methoxy protons.
The signals have merged to three singlets, one for the aromatic, one for the olefinic
and one for the methoxy protons.

The wide temperature range from -50 °C to +130 °C limits the solvent choice.
DMF was selected as it is liquid in the whole range. At higher temperatures, its
methyl proton signals start to coalesce as well, but there are no other solvents
available to meet the requirements.

A quantitative analysis of the ring interconversion was performed by peak line
fitting.[33 For this purpose, the DNMR module of the Topspin®© software package
by Bruker® was used. The line width parameter of the peaks at the lowest tem-
perature (-50 °C) was assumed to be unchanged, so the line broadening was solely
attributed to the exchange reaction. An Arrhenius plot is made using the thus ob-

tained exchange reactions constants (k) (Figure 3.4). According to the Arrhenius
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Figure 3.4: Arrhenius plot of the exchange rates (k) of the ring inversion in cyclophane 16
between -50 °C and 70 °C.

theory, the reaction rates are related to the activation energy (E4) by the following
equation.[36]
Ey

In(k) = ~T +1In(A)

where R is the universal gas constant and A the frequency factor of the reaction.

The activation energy can then be obtained according to

o[ 9In(k)
e R(a<%>>P

i.e. the negative slope of the plot times the universal gas constant. The linear fit has

only been performed for the values between -30 °C and 50 °C. At higher and lower
temperatures, the peaks are about as narrow as the solvent peaks, thus no useful rate
constant can be extracted.

The activation energy (Ep) is related to the enthalpy of activation by

AH? = E4 —RT
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The entropy can be obtained by the relation

AS?é:R{ln( hA > —1]
KkBT

where kg is the Boltzmann constant, /# the Planck constant, and k the so-called

transmission coefficient, which is usually set equal to 1. Finally, the free enthalpy
of activation is given by

AG” = AH? — TAS7

The values obtained by this analysis are AH7 = 46 kJ mol!, AS7 =
56 J K'mol'!, and AG” = 44 kJ mol!, which indicate a relatively high
rotational barrier.3”! Very similar values are measured in [6]paracyclophanes.3%!
The structurally related calixarenes, on the contrary, exhibit much lower
interconversion barriers in the order of 10 kJ mol™!, which is a consequence of the

bigger ring diameter.[*"!
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R1
R'=H,RZ=0OMe: 11 R'=H,RZ=0Me: 17
R'=0OMe, RP=H: 14 R'=0OMe, R?=H: 18
R' = OMe, R2 = OMe: 16 R' = OMe, R2 = OMe: 19

Figure 3.5: Photochemical cyclodehydrogenation of methoxy substituted cyclophanes, condi-
tions: 300 nm (40 W), cyclohexane, |, 70-85 %.

3.3 Photochemical Cyclodehydrogenation

In order to obtain the desired coronene derivatives, the cyclophanes described in the
previous section need to be cyclodehydrogenated. Classical methods, such as treat-
ment with iron(IIT) chloride, are excluded as the olefinic double bonds are oxidized
before cyclodehydrogenation occurs. A much better method is a photochemically
induced cyclodehydrogenation in the presence of a mild oxidant.[4°!

Cyclophanes 11, 14, and 16 are respectively dissolved in cyclohexane at a low
concentration, i.e. 1 mg/ml, to avoid intermolecular [2+2]cycloaddition.[41] Iodine
is added to this solution as an oxidant and propylene oxide is included to scavenge
the developing hydroiodic acid. In this way, ether cleavage by hydroiodic acid is
suppressed. The solution is irradiated with UV light of 300 nm wavelength and a
power of 40 W overnight. The wavelength is chosen such that the reagent absorbs
the UV light in order to induce a reaction. Too short wavelengths, on the other hand,
can lead to undesireable side reactions.[*> *31 A wavelength of 300 nm is just long
enough that only the 7t system absorb the irradiation, the o system is unaffected.

Cyclohexane was expected to be a non-solvent for the product, which should
precipitate as it is formed and thus be hindered to undergo further photoreactions.

It turns out that the methoxy groups increase the solubility so strongly, that no
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Figure 3.6: Field-desorption mass spectrum of cyclodehydrogenation reaction in progress with
bars indicating the masses of calculated intermediates.

precipitation is observed. Nevertheless, the products are sufficiently stable, they
can be obtained in good yields (75-80 %). In comparable stilbene systems, the loss
of methoxy groups has been reported.[**! In the present case, only little amounts
(< 5 %) are lost due to this elimination. The formed side products can be removed
by preparative chromatography.

To get a better insight into this spectacular reaction, hexamethoxycyclophane (16)
is irradiated for only two hours. In the mass spectrum (Figure 3.6), peaks can be
found which correspond to intermediates with one and two bonds closed, respec-
tively. On the TLC, one can see two additional spots with R¢ values between those
of the reagent and the product. The spot closer to the reagent can be isolated and
subjected to NMR analysis. It clearly turns out that it is an intermediate with one
bond formed, i.e. a phenanthrene cyclophane. The second intermediate is so unsta-
ble that it cannot be clearly identified. When it is separated by chromatography and
analyzed, only hexamethoxycoronene (19) is found. It appears that this intermedi-
ate can thermally dehydrogenate to form the final product and thus escaping from

structural analysis.
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Figure 3.7: Step-wise cyclodehydrogenation of cyclophane 16 to coronene 19, on the bottom
force-field optimized structures are shown.
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It can be concluded that the cyclodehydrogenation proceeds stepwise as depicted
in Figure 3.7. When the first bond is formed, no strain is built up yet, the phenan-
threne finds enough space in the cyclophane plane and the benzene ring can rotate
out of this plane. After formation of the second bond, however, considerable strain
is accrued and the aromatic system is distorted by the remaining hydrogen atoms
strongly interfering with each other. The strain is released upon oxidation of the
last bond facilitating product formation. The instability of this intermediate may
even enable a thermally induced dehydrogenation reaction, so it cannot be isolated.

Instead, only hexamethoxycoronene (19) is found when analyzed.

3.3.1 Surface Assisted Cyclodehydrogenation Process

In collaboration with Prof. R. Fasel at EMPA in Ziirich, Switzerland, the cyclode-
hydrogenation process was investigated on the surface by scanning tunneling mi-
croscopy (STM). This method is very powerful to visualize chemical structures up
to atomic resolution and follow chemical reactions.*>#] A cyclodehydrogenation
process has previously been observed for a hexa-peri-hexabenzocoronene derivative
(48]

on a copper surface.

As the instrumental setup does not allow UV irradiation, thermal treatment was
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Figure 3.8: Synthesis of 0-p-0-p-o0-p-cyclohexaphenylene (22), conditions: Pd(OAc),, SPhos,
K3PO,, toluene, 100 °C, 32 %.

applied to supply the activation energy for the process. The molecules are sub-
limed on a surface, heated for a certain time, and visualized by scanning tunneling
microscopy. The whole process is run in ultra-high vacuum.

For the sake of better visualization, higher thermal stability, and
lower desorption probability, the tribenzo derivative of cyclophane 1, i.e.
o-p-o-p-o-p-cyclohexaphenylene (22), is synthesized. Two terphenyls are merged
in a Suzuki coupling reaction utilizing the SPhos ligand developed by the
Buchwald group.[*®-3% The dipinacolboronate functionalized p-terphenyl (20) is
reacted with dibromo-o-terphenyl 21 in the presence of SPhos and Pd(OAc), as a
palladium source with potassium phosphate as base. Cyclohexaphenylene 22 is
obtained in moderate yield (32 %).

It has been shown in the literature that this molecule undergoes cyclodehydro-
genation under UV irradiation to form [a, g,m]—tribenzocoronene.[5 L. 32] The reaction
mechanism is expected to proceed in a similar way to [2.2.2]paracyclophane-triene
(paracyclophantriene), i.e. electrocyclic addition followed by oxidative hydrogen
extrusion. The hydrogen is most likely dissolved in the underlying metal, a process
known for many metals.!>>!

Molecule 22 is sublimed in ultra-high vacuum onto a copper (111) surface where
it forms a densely packed monolayer. The surface is heated in vacuum, cooled down
again and visualized by STM. The result is depicted in Figure 3.9.

The triangular shape of the molecule is apparent, the size of the objects is consis-
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Figure 3.9: Scanning tunneling image of cyclohexaphenylene on a Cu(111) surface after heat-
ing.

tent with calculated models (about 1 nm). The dense packing is slightly disturbed,
probably due to the heating process. The interesting feature revealed by the image
is the presence of three different triangular molecules. Some molecules like the one
marked in red are unchanged in comparison to the molecules before heating, their
non-planarity gives rise to the bright spots. On the other hand, some molecules are
fully planarized to tribenzocoronene like the one marked in gray.

Most of the molecules, however, are only partially planarized, they show one
bright spot on the side of the triangle as the one marked in blue. A comparison to
theoretical calculations reveals that one bond is closed in these molecules but the
remaining two are still open. The benzene ring can rotate out of the molecular plane
giving rise to the increased tunneling current.

Consistent with the solution based process, no structure is found in which only
one bond remains open while two are closed. This highly strained molecule is
too reactive, so it further planarizes and cannot be observed. Quantum mechanical
calculations modelling this dehydrogenation process corrobrate the relative stability
of the first intermediate, having one bond closed and the high unstability of the

second intermediate having two bonds closed.
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Figure 3.10: Absorption and photoluminescence spectra of the methoxy substituted coronenes
and unsubstituted coronene for comparison, all compounds are measured in
cyclohexane at a concentration of 10° M.

3.4 Optical Spectroscopy

To study the effect of the methoxy substitution on the electronic properties of
coronene, UV-vis absorption and photoluminescence spectra are recorded for 17,
18, and 19 (see Figure 3.10). The substances are dissolved in cyclohexane at a
concentration of 10~ mol/I.

The position of both absorption and photoluminescence peaks are practically
unchanged. All compounds absorb strongly around 300 nm which accounts for
the fact that all compounds have a light yellow appearance. Photoluminescence is
strongest at 450 nm, so all molecules are blue emitters. This means that the elec-
tronic structure is not significantly influenced by the presence of methoxy groups.
The conjugation of the free electron pairs of the oxygen atoms is weak. This could

be attributed to the motion of the methyl groups. However, triphenylene is signifi-
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Figure 3.11: Orbital surfaces of coronene (left) and hexamethoxycoronene (right), a and b
show LUMOs, ¢ and d the HOMOs as calculated by density functional theory
(B3LYP method, 6-31G basis).

cantly influenced by methoxy substitution shifting the absorption bathochromically
by 50 nm.1’* The weak effect on coronene is more likely due to low orbital co-
efficients at the substitution position of the coronene. A similar effect has been
observed for amino substituted HBC.[>3!

Density functional theory calculations have been run to resolve the question why
the UV-vis spectra are almost unchanged. Figure 3.11 shows the orbital surfaces for
coronene and hexamethoxycoronene (19). It is obvious that these frontier orbitals
are not perturbed by the presence of methoxy groups. The conjugation of the free
electron pairs to the aromatic core is poor, they hardly contribute to the frontier
orbitals. As a consequence, the optical absorption spectra do not change upon
substitution.

The relative intensity of the absorption peaks of hexamethoxycoronene 19 is,
nevertheless, significantly changed. The extinction coefficient of the two peaks at
300 nm and 350 nm, respectively, has increased by about a factor of two, while the

peak at 320 nm is basically unchanged.
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When looking at the fine structure of the absorption and in particular the pho-
toluminescence bands pronounced differences are visible. Unsubstituted coronene
shows many resolved peaks. Its high symmetry (Dg) gives rise to many quantum
mechanically not-allowed transitions, leaving only a few sharp peaks.%! Lower-
ing the symmetry makes more transitions allowed, less fine structure is the conse-
quence.

Hexamethoxycoronene (19) being of D3, symmetry, shows less fine structure
in comparison to coronene. Even less fine structure is observed in the case of
dimethoxycoronene (17) and tetramethoxycoronene (18) as they are of C,, sym-
metry. A very similar trend has been observed in a series of bay functionalized
HBC derivatives.’’ In addition to the symmetry, the rotation of the methoxy groups
should contribute to line broadening as well. The vibronic and rotatoric states of
these couple with the energy levels of the core in broad peaks in the spectrum.

On the first glance on the absorption-emission spectra of Figure 3.10 one might
suggest large Stokes shifts of the molecules.”3 >°1 Upon closer inspection, there are
absorption peaks present at the position of the emission cut-off (0-0 transitions). For
coronene, they are hardly visible, but for the methoxy substituted derivatives, low
intensity peaks arise around 400 nm. These are quantum mechanically not allowed,
the disturbance of the methoxy groups makes the transition slightly more allowed.

The fluorescence quantum yield (¢7) of coronene is low (2.8 %).191 Hexam-
ethoxycoronene (19) possesses a value of 10 % as determined by a comparing the
emission to diphenylanthracene.®! This higher value in comparison to coronene
can be attributed to the more allowed transition, favoring fluorescence over non-

radiative decay processes.
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3.5 Crystal Structure Analysis

Materials properties crucially depend on the intermolecular arrangement of the
molecules in the solid state. Particularly when studying charge transport phenom-
ena, the knowledge of intermolecular distances and orientation is of fundamen-
tal interest.[% 631 Most of this information is gained when the crystal structure is
known. Single crystals of sufficient quality and size need to be grown. The X-ray
diffraction pattern finally enables one to solve the crystal structure.

In the present case, it was possible to grow single crystals for all methoxy substi-
tuted coronene derivatives. Hexamethoxycoronene (19) possesses the highest crys-
tallization propensity due to the high symmetry and the good solubility. Large crys-
tals of good quality can be easily grown by slow evaporation of the solvent. Tetra-
methoxycoronene (18) and in particular dimethoxycoronene (17) are much more
difficult to crystallize. The latter forms thin needles which tend to break along their
needle axis.

Figure 3.12 shows the unit cells of the three methoxy substituted coronene deriva-
tives as well as that of unsubstituted coronene. The latter structure is shown
for the sake of comparison, it has already been known for a long time.[%! All
molecules form sandwich herringbone structures, a typical motif for polycyclic aro-
matic hydrocarbons.[%] Two discs are aligned parallel to each other, the next disc is
turned such that its edge points towards the surface of the next disc. This behavior
can be attributed to quadrupolar interactions of the negatively charged 7t electron
cloud and the positively charged o-system.[66 671

The methoxy groups have a significant influence on the interplanar distances.
While unsubstituted coronene has a 7t — 7t distance of 3.3 A, it increases in the case
of dimethoxycoronene (17) and tetramethoxycoronene (18) to 3.4 A. In hexam-
ethoxycoronene (19) it has widened to even 3.6 A. The increased solubility of the

compounds with increased number of methoxy groups is a consequence. More than
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Figure 3.12: Crystal structures of the coronene derivatives. a. unsubstituted coronene for
comparison; b. dimethoxycoronene (17); c. tetramethoxycoronene (18); d. hex-
amethoxycoronene (19).

50 mg of hexamethoxycoronene (19) dissolve in one milliliter of dichloromethane.
Lower intermolecular interactions due to larger distances decrease the lattice energy
which needs to be overcome upon dissolving.[%8!

Furthermore, the methoxy groups reduce the intermolecular Coulomb interac-
tions. The partial negative charge of the oxygen atoms reduces the attractive forces
between the positive backbone and the negative 7t electron cloud of the aromatic
disc. It is obvious that the molecules tend to avoid these contacts. In all cases, the
unsubstituted part of the molecule edge is close to the face of the next molecule. The
more methoxy groups are present in the molecule, the less Coulomb stabilization is
gained. This contributes to the solubility trend as well.

The methoxy groups of adjacent molecules stand in close contact to each other.

This is likely to be a consequence of microphase separation, i.e. the alkyl part of
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the molecule avoids contact to the aromatic part. In the case of dimethoxycoronene
(17), the methoxy groups line up in a plane. Low attraction forces within this plane
explains the high tendency of the crystals to break apart.

Interestingly, the density of the crystal is almost unaffected by the different lattice
energies. The values vary between 1.42 and 1.44 g/cm®. When methoxy groups are
attached to HBC, the density drops from 1.544 g/cm? for the unsubstituted molecule
to 1.505 g/cm3.169.70]

Much more drastic changes in the series are observed when comparing the angles
of adjacent molecules to each other. Dimethoxycoronene (17) arranges almost
perpendicularly (85°), just as unsubstituted coronene does. The value goes down
to 68° for tetramethoxycoronene (18) and to even 38° for hexamethoxycoronene
(19). Weakened quadrupolar Coulomb interactions due to the presence of methoxy
groups are likely to cause this change. The free electron pairs of the methoxy groups
shield the positive charge of the aromatic backbone reducing Coulombic attraction
of adjacent molecules. This effect contributes to the solubility trend in addition to

the increase of intermolecular distances.
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3.6 Coroneneketones

The synthesized methoxy substituted coronene derivatives are reasonably strong
donor molecules. Corresponding acceptors are also desirable for the study of
charge-transfer complexes, interfacial behavior, or redox phenomena. One may start
over from the very beginning by synthesizing acceptor substituted terephthalic di-
aldehydes and go through all the steps (see Figure 3.2 and Figure 3.5). A much more
effective way to obtain acceptors is the conversion of the donors to acceptors. In the
present case, the methyl groups need to be cleaved leaving hydroxy groups which

undergo oxidation to «-diketons, a very strong electron acceptor functionality.!”!!

3.6.1 Synthesis

The critical issue about these reactions, especially in the case of hexamethoxy-
coronene (19), is network formation of the intermediates while cleaving the ether
and obtaining the hydroxy groups. Hydroxy groups form hydrogen bonds with the
developing ketones as it is well known from quinhydrone.l”>-74! These interactions
are accompanied by a complex redox behavior.[7>-771

In order to cleave the ether, boron tribromide is used. When added to a solution
of the methoxycoronenes, immediate precipitation occurs, no product can later be
obtained. Alternatively, a solution of the methoxycoronenes is added to a ten-fold
excess of boron tribromide solution in dichloromethane. Precipitation of the adduct
sets in a few seconds after addition. It turns out that this time is sufficient for
complete conversion. The low solubility of the boron tribromide adduct may be
explained by intermolecular crosslinking by the boronbromide, since this molecule
can react three times with ethers. In Figure 3.14 a possible intermediate of the boron
tribromide addition to hexamethoxycoronene (19) is shown (26). Cyclic adducts of
the catechol (marked in red on 26) is likely to occur due to the spatial proximity of

the two methoxy groups. Bridging to neighboring molecules can happen when the
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Figure 3.13: Ether cleavage and oxidation to form coroneneketones, conditions: 1. BBrg,
dichloromethane, RT, 2. HNO,, RT, 65-85 %.

BBr, fragments react further with ethers (highlighted in yellow). Larger excesses
of boron tribromide, however, does not render a soluble intermediate. Coronene
bearing six OBBr, groups may possess very low solubility. More likely is the
formation of exclusively cyclic BBry adducts leading to completely planar discs
of very poor solubility. A similar, but much weaker solubility trend was observed
in the case of 4,5,9,10-tetramethoxypyrene which is converted to 4,5,9,10-pyrene-
tetraone.!’®!

A mild acidic hydrolysis of the boron tribromide adduct such as treatement with

dilute hydrochloric acid like most examples reported in the literature only yields a
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Figure 3.14: Reaction intermediates of the ether cleavage of hexamethoxycoronene (19).

tar-like black product of intractable substances. Instead, excess boron tribromide is
removed in high vacuum leaving a yellow solid which is treated with concentrated
nitric acid. Following this procedure, the hydrolyzed hydroxy intermediate (such
as 27) is oxidized in situ to the product. The reaction proceeds heterogeneously,
both reagent and product do not dissolve in nitric acid. After diluting with water the
product can be conveniently isolated by filtration.

All three methoxy substituted coronenes can be converted into their correspond-
ing o-diketones (Figure 3.13). In this way, it is possible to switch electron donor
molecules to strong acceptors in one single step. Particularly in the case of hexa-
methoxycoronene (19) this is a remarkable shift in orbital energies.

The solubility of all coroneneketones is rather low. Coronene-dione, which
has been made by direct oxidation of coronene before, only dissolves in hot

nitrobenzene.”! The more ketone groups that are present, the lower the solubility in
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Figure 3.15: "H-NMR spectrum (250 MHz, RT) of coronene-hexaone (25) in DMSO—dg and
the reduced hexahydroxycoronene (28) in a mixture of THF—dg and D,O with
Na,S,0,.
solvents of low polarity. On the other hand, highly polar solvents such as dimethyl-
sulfoxide (DMSO) dissolve coronene-hexaone (25) to a reasonable extent, i.e. about
1 mg/ml. Coronene-tetraone (24) dissolves to a slightly less amount in DMSO. The
highly polar ketones favor contact to DMSO, whereas the aromatic core does not,
less polar aromatic or chlorinated solvents are favorable. As coronene-diketone (23)
possesses the strong dipole inducing diketone group on the one side and an unsub-
stituted coronene disc on the other side, its low solubility in almost all solvents is
not surprising.

Coronene-hexaone (25) can be sufficiently dissolved in deuterated DMSO to
record a proton NMR. Figure 3.15 shows the corresponding spectrum (red line).
One peak in the aromatic region is observed at 8.5 ppm. Hexamethoxycoronene (19)
exhibits its aromatic proton at a chemical shift of 9.1 ppm. This is a consequence of
the reduced ring current of the aromatic system magnetically deshilding the protons.
The coronene core is effectively reduced to a triphenylene system in coronene-
hexaone (25). In fact, triphenylene shows a peak in the 'H-NMR spectrum at
8.5 ppm.[80l

«-Diketones can be reductively alkylated to aromatic 1,2-dialkoxy

compounds.!8!- 821 This reactions is effectively the reversal of the oxidative ether
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cleavage towards coronene-hexaone (25). According to the published procedures,
sodium dithionate in water is added to a solution of the diketone in THF to form
the catechol. After a while, the alkylating reagent and a base are added.

When coronene-hexaone (25) is exposed to these conditions, a black tar of in-
tractable products is formed. In order to investigate if the reduction or the alkylation
fails, an NMR tube is charged with coronene-hexaone (25) suspended in deuterated
THF and sodium dithionate in D,O. The solution is shaken until the organic phase
is bright yellow and homogeneous. The proton NMR spectrum of this mixture is
depicted in Figure 3.15 (blue curve). One singlet at 9.0 ppm is observed which
is in good agreement with the structure of hexahydroxycoronene (28). This com-
pound has regained the full ring current of coronene, thus exhibits a similar shift as
hexamethoxycoronene (19). The hydroxy protons are visible at 5.4 ppm. As these
protons exchange with deuterons of D,O, the integral is much smaller than that of
the aromatic region.

It can be concluded that the reduction of the diketones works very well. Ac-
cording to the NMR spectrum, no side products are formed. This means that the
alkylation process does not work properly. Upon addition of a base, the hydroxy
protons are abstracted leaving an anion which may be extremely susceptible to oxi-
dation. Careful exclusion of oxygen does not improve the reaction, so maybe even
the alkylation reagent acts as an oxidant.

Nevertheless, hexahydroxycoronene (28) can be reoxidized to coronene-hexaone
(25). If only exposed to air in the absence of a reducing agent, a black tar-like
substance is formed, very similar to the first attempts of the oxidative cleavage of
the methoxy groups in hexamethoxycoronene (19) described above. It can be de-
rived that this substance consists of partially oxidized hexahydroxycoronene (28)
possessing both ketones and hydroxy groups which interact to form a network via
hydrogen bonding. This interaction has been shown in the literature with phenan-

threnequinone and dihydroxyphenanthrene which does not form a network, so a
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Figure 3.16: UV-vis absorption and photoemission spectra of the coroneneketones: a.
coronene-dione (23); b. coronene-tetraone (24); ¢. coronene-hexaone (25).

crystal structure could be obtained.[®3] Concentrated nitric acid is capable of cleav-

ing this network and oxidizing the substance back to coronene-hexaone (25).

3.6.2 Electronic Structure

The electronic structure of the synthesized strong acceptors is of special importance.
Energy levels need to be known when bringing in contact with other materials, such
as electron rich organic molecules in charge-transfer complexes or metals in an
organic-metal interface.

UV-vis absorption and photoluminescence spectra of coroneneketones 23, 24,
and 25 are measured. Due to the low solubility of the compounds, only THF could
be used as solvent. Its affinity to polar groups may induce a solvochromic effect,

hindering comparisons to quantum mechanical calculations which are normally
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only possible for molecules in the gas phase.l3* The results of the measurement
are depicted in Figure 3.16.

The extinction coefficients are significantly lower than for the methoxy substi-
tuted coronenes. The presence of the ketones obviously leads to significantly dif-
ferent orbital shapes of the HOMO in contrast to the LUMO resulting low Frank-
Condon factors.[8> 861 The effect is even more obvious in the fluorescence spectra.
The intensities are very low, particularly in the case of coronene-hexaone (25) for
which the fluorescence intensity is hardly detectable.

Additionally, the ketone groups broaden the absorption peaks. Coronene-dione
(23) shows a spectrum with a high degree of fine structure. The peaks become
broader as more ketones are present. For coronene-hexaone (25), basically one
broad band can be observed around 300 nm. As mentioned above, the strong
solvation of the ketone units by the highly polar solvent THF may account for this
trend.

At shorter wavelengths, less fine structure is measured as more ketones are at-
tached to the molecule. In the case of coronene-tetraone (24), absorption up to
700 nm is observed. n-7t*-transitions cause these bands as was intensively studied
for phenanthrenequinone.!®”! Coronene-hexaone (25) does not absorb light of as
long wave length as the other coroneneketones. Most likely, the higher symmetry
makes the transitions at long wave length symmetry forbidden.

Density functional theory calculations have been performed for hexamethoxy-
coronene (19) and coronene-hexaone (25) as the interconversion of these two
molecules induces the strongest shift of the energy levels. Figure 3.17 shows the
outcome of this calculation. The LUMO energy is dramatically lowered by almost
3 eV, an extremely high value for a single synthetic step. Also, the HOMO energy is
decreased by more than 2 eV, but less than the LUMO. Consequently, the HOMO-
LUMO gap goes down from 3.85 eV in hexamethoxycoronene (19) to 3.10 eV in

coronene-hexaone (25). These values are in good agreement to UV-vis absorption,
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Figure 3.17: Orbital energies before and after ether cleavage as calculated by DFT (B3LYP
method, 6-31G* basis set).

Figure 3.18: Orbital surfaces as obtained by DFT calculations. a. LUMO and b. HOMO of
hexamethoxycoronene (19); ¢. LUMO and d. HOMO of coronene-hexaone (25).

n-7t* transitions as discussed above can be made responsible for the lower HOMO-
LUMO gap.

The orbital surfaces (90 % of the electron spatial probability density) obtained
by the calculations are depicted in Figure 3.18. The dramatic change from the

donor hexamethoxycoronene (19) to the strong acceptor coronene-hexaone (25) is
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obvious. While the former roughly resembles unsubstitued coronene, in line with
the absorption spectra (Figure 3.10 on page 55), the latter is dominated by the ketone
function. The carbonyl carbon atoms represent orbital nodes in the HOMO. In the
LUMO, they are the place of high orbital coefficients.

The differences between the HOMO and the LUMO of hexamethoxycoronene
(19) are very low, whereas the differences in the case of coronene-hexaone (25) are
quite expressed. The low extinction coefficients of the UV-vis absorption are a con-

sequence of the mismatch of electron distribution upon excitation of the molecule.

3.6.3 Cyclic Voltammetry

In order to further investigate the electronic levels, especially the reduction po-
tential, cyclic voltammetry is employed.!38 The analyte is dissolved in anhydrous
DMF at a 1 mM concentration. A solution of 0.1 M tetrabutylammonium perchlo-
rate serves as electrolyte, and ferrocene is added as a reference compound due to its
outstanding electrochemical properties.!®?! The solution is degassed before a plat-
inum working and counter electrode as well as a silver quasi reference electrode are
immersed. A voltage is ramped at 50 mV/s while the current flow is measured.

The result is shown in Figure 3.19. The big peak arises from the ferrocene.
Due to the low solubility of coronene-hexaone (25), the peaks of the material are
relatively weak. Nevertheless, the reduction properties can be elucidated. The first
reduction occurs at -0.47 V against ferrocene, which corresponds to 0.16 V against
the normal hydrogen electrode. The LUMO energy level is determined to -4.3 eV,
which is a low level, thus coronene-hexaone (25) is a very strong acceptor, only
about 0.3 eV above 7,7,8,8-tetracyanoquinodimethane (TCNQ), one of the strongest
organic acceptors known.[°°! Considering the size of coronene-hexaone (25), this a
notable result.

One can further see that three distinct reduction steps exist. The second is only
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Figure 3.19: Cyclovoltagram of coronene-hexaone (25) with ferrocene as reference, the volt-
age is set against the normal hydrogen electrode (NHE).

at 0.1 V more negative voltages, the third about 0.5 V. A peak fit can give the
information if the peak corresponds to a one or a two electron transfer process.[°!!
The low intensity and the peak overlap, however, make the shape analysis very
difficult and unreliable. Due to this reason, it has not been performed.

In order to put the results into perspective, a comparative cyclic voltammetry
study has been performed using quinoid structures. The results are summarized
in Figure 3.20. All measurements were performed under indentical conditions
for maximum comparability, i.e. DMF as solvent, BuyNCIO, as electrolyte, and
ferrocene as internal reference.

The highest structural similarity to coronen-hexaone (25) can be found in pyrene-
tetraone (32) and phenanthrenequinone (37) which both are accessible by direct
oxidation of pyrene and phenanthrene, respectively.!'® 91
It is not surprising that the molecules become more electron deficient as the

number of carbonyl groups increases. Nevertheless, the differences of the LUMO

energy levels of the molecules in this series are not intuitive. The LUMO level
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Figure 3.20: Reduction potentials of quinoid molecules as determined by cyclic voltammetry
under identical conditions.

of pyrene-tetraone (32) is 0.19 eV lower than that of phenanthrenequinone (37),
but 0.33 eV higher than the one of coronene-hexaone (25). This gap is even more
surprising when considering the fact that the ratio of carbon atoms per carbonyl
group is the same for pyrene-tetraone (32) and coronene-hexaone (25). In the
latter case, the electron withdrawing effect of the carbonyl oxygen seems to be
particularly effective.

Pyrene-tetraone (32) has been substituted with various electron withdrawing



Chapter 3. Coronene Chemistry 72

functional groups in collaboration with Shinishiro Kawano who synthesized bromo
and cyano functionalized pyrene-tetraones (31 and 30). Two bromine atoms lower
the LUMO energy by 0.2 eV, two nitro groups by 0.3 eV. Still, the acceptor charac-
ter of coronene-hexaone (25) is not reached. Only two highly electron withdrawing
cyano groups make pyrene-tetraone (32) a stronger acceptor than coronene-hexaone
(25).

In addition to these «-diketone functionalized polycyclic aromatic
compounds, some well-known strong acceptors have been measured.
Tetracyanoquinodimethane (TCNQ) is on the top of the present list being an
extremely strong acceptor. Its four cyano groups in combination with a quinodized
structure lower the LUMO energy to an extreme level. Benzothiadiazole
is a typical acceptor which finds widespread use in materials for organic
electronics.[% 94 It was expected that the annellation of thiadiazole to TCNQ
could even lower its LUMO. The corresponding molecule (33) was synthesized in
a four-step procedure starting from chloranil according to the literature.®! It turns
out that the LUMO level of 33 is not lower but even 0.15 eV higher than that of
TCNQ. The thiadiazole units, therefore, serve as donors in this particular case.

9-Dicyanomethylene-2,4,7-trinitrofluorene (34) combines the dicyanoquinoid
structure found in TCNQ with the strongly electron accepting nitro groups. Its
high tendency to form charge-transfer complexes with donors and to yield crystals
suitable for crystal structure analysis make it a popular molecule.”® %71 It is not as
strong an acceptor as TCNQ, but its LUMO level is energetically lower than that of
coronene-hexaone (25).

Hexaazatriphenylene-hexacarbonitrile (HATCN, 35) is an easily accessible
strong acceptor which has been used in various charge-transfer crystals and
has further been derivatized to form discotics.[®® %1 Its six cyano groups in
combination with the electron poor aza functions reduce its LUMO energy level

significantly. It is, however, not as strong an acceptor as coronene-hexaone (25).
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This result is surprising as cyano groups are typically stronger acceptor functions
than ketone groups. As both molecules possess the same symmetry (Dsy,) they are
ideal for comparison. Later on, this symmetry match has been exploited by making
charge-transfer salts.

An interesting feature in donor-acceptor chemistry is revealed by benzodithio-
phene-dione (36):11% thiophene usually operates as a donor due to the high elec-
tron density at the sulfur atom.['°!) When comparing the reduction potential of
benzodithiophene-dione (36) with phenanthrenequinone (37), one can clearly see
that the thiophene units lower the LUMO energy level by about 0.1 eV. This makes
benzodithiophene-dione (36) an interesting molecular building block for organic
electronics as it combines high electron affinity with the intermolecular interaction

induced by sulfur atoms. This finding shall be used in the next chapter.

3.6.4 Surface Interactions

Strong acceptor molecules can interact with metal surfaces such that they extract
electrons out of it. The thus formed surface dipole increases the work function
of the metal.l'?l Charge injection barriers in organic devices can be reduced by
adjusting the metal’s work function with an interlayer of a strong acceptor.[193] In
this way, the efficiency of devices can be optimized without changing the metal
which is often difficult in the fabrication process.

Coronene-hexaone (25) is particularly interesting in this sense as it is a strong
acceptor bearing ketone groups which are expected to strongly interact with the
metal surface. Furthermore, its size is a good compromise: it is large enough to
decrease diffusion into other layers, but not too large to sublime the molecule.

In the context of the project ICONTROL, which is funded by the European
Commission (NMP-3-CT-2006-033197), measurements are performed in collabo-

ration with Norbert Koch and Benjamin Broker at the Humboldt University Berlin.
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Figure 3.21: Workfunction manipulation of a Ag(111) surface. a. Pyrene-tetraon (32) b.
Coronene-hexaone (25), O: layer thickness.

Coronene-hexaone (25) was sublimed in ultra high vacuum onto different metal sur-
faces. Ultraviolet photoelectron spectroscopy (UPS) was measured at a synchrotron
to follow the work function while subliming the molecule.

Figure 3.21 shows the changes of the work function of a Ag(111) surface when
subliming pyrene-tetraone (32) as reference and coronene-hexaone (25). The layer
thickness is calculated from the mass increase as determined by a quartz micro
balance.l'%4! In both cases the work function is increased immediately upon depo-
sition. This is remarkable as organic molecules tend to decrease the work function
of a metal due to the push-back effect.[1%3]

Pyrene-tetraone (32) increases the work function up to a layer thickness of about
10 A with a maximum change of 0.35 eV. With thicker layers the work function de-
creases again, most likely due to electronic relaxation of the molecules in bulk.!1%6]
Coronene-hexaone, in contrast, increases the work function by 0.55 eV with no de-
crease when going to thicker layers. The highest change measured so far in the
literature is 1.2 eV with the extremely strong tetrafluoro-TCNQ.!'%7] Considering
the push-back effect, which is always present and accounts for 0.4 eV, the present
result is quite remarkable. Also, the density of acceptor molecules in a monolayer is

higher for the smaller tetrafluoro-TCNQ. On a unit area, there are fewer coronene-
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Figure 3.22: a. Semi-empirical calculation of the charge redistribution of coronen-hexaone
(25) on a Ag(111) surface, blue stands for decreased, red for increased charge
density; b. model of the contorted molecule.

hexaone molecules present causing the work function shift which means that the
effect per molecule is roughly the same as for tetrafluoro-TCNQ.

To get a better understanding of the metal molecule interaction, semi-empirical
calculations have been performed in collaboration with Prof. Egbert Zojer and
Oliver Hofmann at the Technical University Graz, Austria. The coronene-hexaone
molecule (25) has been modeled on a silver lattice, the geometry of the molecule
is relaxed to find the structure and the orientation with regard to the metal surface
which has an important influence on the organic-metal interface.l'%! Figure 3.22
shows the charge redistribution in the system. The blue zones indicate decreased
charge density. They are predominantly located in the first metal layer leading to
an electron deficiency and consequently to a higher work function. The charge has
moved onto the molecule as indicated by the red regions.

The molecule on the surface is clearly bent out of planarity. The carbonyl oxygen
atoms are closer to the surface than the rest of the molecule. This creates a dipole
perpendicular to the surface enhancing the charge extraction out of the metal. Also,
the 7t* orbital of the carbonyl bond can better interact with the metal leading to
a charge decrease on the metal atom. In the literature it is reported that standing
wave X-ray measurements evidence the bending of carbonyl groups in perylene-

tetracarboxylic-dianhydride (PTCDA).[10%]
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Figure 3.23: Change of the workfunction of a silver (111) surface upon covering with HATCN
(35) as determined by UPS, 0: layer thickness.

Due to the structural similarity, hexaaza-triphenylene-hexacarbonitrils (HATCN,
35) have been included into the measurements. It has been sublimed on various
coinage metals while its workfunction is measured by UPS. For a silver (111)
surface, the work function and its change is plotted against the thickness of the
organic layer in Figure 3.23. At the very beginning of the sublimation process, the
work function is almost unchanged. The push-back effect obviously compensates
the electron extraction by the acceptor. Beginning from a layer thickness of about
6 A, the work function increases very strongly up to 1 eV. A plateau is reached at a
thickness of 25 A, diminishment with a thicker layer is not observed in contrast to
pyrene-tetraone (32).

Quantum mechanical calculations show that HATCN (35) is non-planar on the
surface similar to coronene-hexaone (25): the cyano groups are bent towards the
metal surface, the rest of the molecule is slightly bent away from it. A strong
interaction of the 7t* orbitals of the cyano group is revealed. It extracts electrons out
of the metal even more effectively than coronene-hexaone (25), thus the stronger
increase in the work function of the silver, although the electron affinities are about

the same (compare cyclic voltammetry in the previous section).
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Figure 3.24: Scanning tunneling microscopy of a submonolayer of HATCN on Ag(111) a. 123
X 123 nm? (U=-1.2V, I=0.2 nA), b. 16 X 16 nm? (U=-1.0V, 1=0.3 nA).

A very important aspect with regard to work function manipulation by organic
molecules is the growth mode on the surfaces.[''%1 A low effect is expected when
the acceptor forms islands upon deposition on the surface, the so-called Volmer-
Weber growth mode.l'!!l Better interactions are present if the molecules form a
closely packed monolayer first. This growth mode is often refered to as the Stranski-
Krastanov mode.[!1?]

Figure 3.24 shows the scanning tunneling microscopy images of HATCN sub-
limed onto the Ag(111) at about half a monolayer. It is obvious that the molecule
forms a monolayer first, no island growth can be observed. The interactions with
the surface are, therefore, stronger than the interactions of the molecules among

each other. HATCN forms an hexagonal pattern as it is frequently observed for

molecules of D3, symmetry.[!13]
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3.7 Charge-Transfer Complexes

Charge-transfer complexes are composed of an electron donor and an electron ac-
ceptor which attract each other due to a partial transfer of negative charge from
the donor to the acceptor.[!!* 1131 Conductivity or even superconductivity can be
the consequence of this phenomenon given a strong intermolecular coupling and a
transfer of electrons to create partially filled bands.[!®118] Having a set of donors
and acceptors at hand, it is obvious to go for these charge-transfer complexes, espe-

cially with the large, polarizable molecules like hexamethoxycoronene (19).

3.7.1 Hexamethoxycoronene (19) - TCNQ

Hexamethoxycoronene (19) has been dissolved in THF and added to an equimolar
solution of TCNQ in THE. Upon slow evaporation of the solvent, crystals grow
suitable for X-ray structure analysis. They need to be handled with care due to
destruction upon solvent loss, which means that the solvent must not evaporate until
dryness during the crystallization process.

Figure 3.25 shows the crystal structure of this charge-transfer complex. The
unit cell is very complicated, therefore only the essential part showing the stacking
behavior is presented. TCNQ is sandwiched by two coronene discs, an arrangement
in which most charge-transfer complexes crystallize. Unsubstituted coronene has
been co-crystallized with TCNQ as well in the literature.l' 1! Its crystal structure is
very similar, coronene and TCNQ form alternating stacks.

The 7 — 7t distance of two neighboring coronene discs in a stack is 3.9 A in
the case of hexamethoxycoronene (19). In the case of unsubstituted coronene, in
contrast, this distance accounts for only 3.3 A. The significantly increased distance
in the presence of methoxy groups may be due to the space demand by the methoxy
groups as was already observed in the crystal structure of the pristine substance. As

TCNQ is not very big and the distance increase is much weaker in the crystal of
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Figure 3.25: Crystal structure of the charge-transfer complex hexamethoxycoronene (19) -
TCNQ.

pristine hexamethoxycoronene, this contribution should be small. The THF solvate
may contribute to the increased distance since it fills space which is left between
two coronene discs and not filled by TCNQ. Electronic reasons, however, are most
likely, meaning that the orbital overlap of TCNQ with hexamethoxycoronene (19) is
not effective enough for a strong charge transfer, leading to small 7t — 7t distances.
The symmetry mismatch between hexamethoxycoronene (D3,) and TCNQ (Dyp)
probably leads to the weak interaction.[!20]

The degree of charge transfer is determined by infrared spectroscopy. The charge-
transfer complex is measured in the evanescence field of an FT-IR spectrometer,
TCNQ is measured as reference. The CN bond stretch vibration band shifts by
3 cm’! as depicted in Figure 3.26. In the literature, it has been shown that this

band shifts linearly in relation to the percentage of charge transfer.!'>!l The TCNQ
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Figure 3.26: Infrared spectroscopy of the CN stretch vibration of TCNQ in the charge-transfer
crystal with hexamethoxycoronene (19) in reference to pristine TCNQ.

anion exhibits a shift of 44 cm™! relative to pristine TCNQ. Several other complexes
of known degree of charge transfer fit into this linear relationship. Following this
evaluation, the charge transfer in the complex of hexamethoxycoronene (19) and
TCNQ is less than 10 %. For comparison, TTF transfers 59 % of a charge to TCNQ
in a co-crystal.l'??l Lower degrees of charge transfer are observed for tetramethyl-
tetraselenofulvalene (21 %). The methyl groups and the bigger size of the selenium
atoms increase the intermolecular distances, thus reduce the electron transfer. The
same seems to be true in the present case where the intermolecular distances are
relatively high.

The low degree of charge transfer resulting from the large intermolecular dis-
tances have discouraged conductivity measurements. Contacting single crystals is

experimentally very demanding and no good results are expected in this case.
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Figure 3.27: Charge-transfer complex of hexamethoxycoronene (19) and HATCN (35): a. pho-
tographs of THF solutions at different concentrations, b. corresponding UV-vis
absorption spectra.

3.7.2 Hexamethoxycoronene (19) - HATCN (35)

Hexamethoxycoronene (19) and hexaazatriphenylene-hexacarbonitrile (HATCN,
35) both possess D3, symmetry, and therefore fit well to form close contacts. A
solution containing both compounds turns deep green, indicating a charge-transfer
complex formation.

Figure 3.27a depicts the strongly colored solutions of the charge-transfer com-
plex. The UV-vis absorption spectra (Figure 3.27b) show a broad band between
500 and 800 nm which vanishes at low concentration, a typical behavior for charge-
transfer complexes.[!23] At low concentration the entropy drives the loosely bound
molecules apart. At concentrations above 3 x 107> M the complex precipiates, al-
though the pristine substances possess higher solubility.

Figure 3.28 explains the additional bands arising upon charge-transfer complex
formation. The donor partially transfers electrons from its HOMO to the LUMO of
the acceptor. Electrons from the HOMO-1 level of the donor can now be excited
to the vacant position in the HOMO. The energy difference is normally lower than
the HOMO-LUMO gap giving rise to absorption bands at longer wavelengths. The

electron occupying the LUMO of the acceptor can be excited to the LUMO+1 level
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Figure 3.28: Energy scheme of a charge-transfer complex explaining the additional optical
transitions.

which is energetically closer to the LUMO level than the HOMO-LUMO gap. The
low intensity of the charge-transfer absorption band accounts for the fact that only
small amounts of electrons are actually transfered from the donor to the acceptor.
Crystallization was tried by several methods, i.e. slow evaporation of the solvent,
slow cooling of a hot solution, diffusion of a non-solvent into a solution. In all
cases fine needles with a diameter below 5 um are obtained which do not allow
X-ray analysis. These crystals are even too small for analysis with a synchrotron

X-ray beam to disclose the molecular packing.

3.7.3 Hexamethoxycoronene (19) - coronene-hexaone (25)

A charge-transfer complex out of hexamethoxycoronene (19) and
coronene-hexaone (25) is particularly interesting due to their structural similarity.
They share the same aromatic backbone, namely coronene, and are interconvertible
by one synthetic step. Their almost equal size does not leave any empty space in
the crystal, therefore optimum interaction is granted. Due to the poor solubility
of coronene-hexaone (25) it was not possible to grow crystals from these two
substances. The solution does not show charge-transfer bands as only the highly

polar solvent DMSO which strongly solvates the diketones and thus reduces CT
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Figure 3.29: Ultraviolet photoemission spectra of the charge-transfer complex out of hexam-
ethoxycoronene (19) and coronene-hexaone (25) on a gold substrate.

formation can be employed. Also, the concentration is rather low due to solubility
issues.

In collaboration with the group of Prof. Schonhense at the Physical Department
of the University of Mainz in the context of the transregio SFB TR49, a charge-
transfer complex was made from the gas phase. Alternating single layers are evap-
orated successively onto a gold substrate. The substrate is gently heated to 80°C
to allow interdiffusion to facilitate CT complex formation on the surface without
solvent in vacuum.!!?4!

Figure 3.29 shows the ultraviolet photoemission spectroscopy (UPS) results. The
clean gold substrate has a Fermi edge at -0.1 eV, so photoelectrons originating
from more weakly bound states definitely arise from the organic molecules. Hexa-
methoxycoronene (19) and coronene-hexaone (25) have been sublimed separately

on the gold for reference purposes. When codepositing both substances, it is obvi-
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ous that the spectra do not simply add. The main peak at around 1.5 eV is slightly
shifted to higher voltages, meaning the inner electrons are more strongly bound.

The striking feature of the UPS spectrum of the mixed layers is the peak arising at
—0.2 eV. This peak is absent in both substances alone. Weakly bound electrons are
very likely to originate from a charge-transfer state. Its electrons are less localized
and possess lower binding energy. A charge-transfer complex made from the gas
phase has not yet been described in the literature.

To further corroborate the assumption, that the low energy band is due to a
charge transfer, more measurements are needed. Infrared spectroscopy can, for
example, be used to quantify the charge transfer.[!?!) Furthermore, Kelvin probe
force microscopy is a powerful tool to analyze the local energy states to get proof for

a charge transfer.l!>>! These experiments are ongoing, results are not yet obtained.
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3.8 Condensation Reactions

The x-diketone moiety is synthetically very interesting as it allows a variety of con-
densation reactions. The most important one is the quinoxaline formation with
diamines.['2%128] This condensation reaction is typically accompanied by little
to no side products which makes the reaction well suited for several reactions
in one molecule. When aromatic diamines like phenylenediamine are used, ex-
tended 7t conjugated systems are accessible. Substituted with alkyl chains, dis-
cotic mesogens can be formed, an important class of molecules which find vari-
ous applications."?°! The triangular shape may be advantageous for charge-carrier
transport if the molecules stack on top of each other with a twist angle of 60°, a

“magic angle” as recently reported.!'30!

3.8.1 Synthesis

Two methods are conceivable to attach alkyl substituted phenylene-diamines to
coronene-hexaone (25). Firstly, commercially available 4,5-dichlorophenylene-
diamine can be reacted with coronene-hexaone (25) to form a six-fold chlorinated
extended disc. In a second step, the chlorine atoms can be replaced by alkylthi-
olates in an aromatic nucleophilic substitution reaction. This route has been used
in the literature for pyrene-tetraone (32).1*!1 Due to the extremely low solubility
of the reagent, intermediates, and the product of the first reaction, this route was
not followed. Instead, the reaction of alkylated phenylene-diamines with coronene-
hexaone (25) seemed more promising as the intermediates and the product should
dissolve and allow the reaction to come to completion. Nevertheless, alkylated
phenylene-diamines afford more synthetic steps.

Figure 3.30 shows the route to obtain the desired alkylated phenylenediamines.
Commercial 1,2-dinitrobenzene (38) is iodinated by iodine in oleum at elevated

temperatures.[!32] This allows a subsequent Hagihara reaction to form alkynyl-
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Figure 3.30: Phenylene diamine derivative condensations of coronene-hexaone (25), condi-
tions: i |,, H,SO,-SO;, 80 °C, 57 %; ii. alkyletnyne, Pd(PPhg),Cl,, NEts,
toluene, RT, 85 %,; iii. Et3SiH, Pd/C, methanol, RT, 75 %; iv. chlorobenzene -
acetic acid 1:1 v/v, reflux, 85 %.

dinitrobenzenes (40-42). The reduction to the desired dialkylphenylenediamines
(43-45) is most effective when using the McMurray method.[133] The dinitro com-
pound is suspended in methanol, palladium on active charcoal, and finally triethyl-
silane are added. The reaction is finished within a few minutes affording the di-
amines in almost quantitative yields. Conventional hydrogenation with hydrogen
gas is unreliable for these compounds as it sometimes leaves considerable amounts
of nitroamino intermediates. Using the triethylsilane method greatly facilitates the
purification process.

The condensation reaction of the alkylated phenylenediames (43 - 45) with
coronene-hexaone (25) is performed in a 1:1 mixture of chlorobenzene and acetic

acid. The latter is needed to catalyze the reaction, the former is needed to solubilize
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Figure 3.31: UV-vis absorption and photoluminescence spectra of compound 47 in o-dichloro-
benzene at 10° M.

the product. Coronene-hexaone (25) is practically insoluble under these conditions,
but as the reaction proceeds, the intermediates and the product dissolve, driving the
reaction to completion. High yields and good purity are obtained after reprecipita-
tion of the products (46-48).

The compounds are all poorly soluble at room temperature in common organic
solvents, but very well soluble at slightly elevated temperatures (40 °C to 50 °C).
The UV-vis absorption and photoluminescence spectra of the C12 derivative (47)
are depicted in Figure 3.31. The high degree of fine structure indicates high sym-
metry due to a variety of symmetry-forbidden transitions.['3*! This is consistent
with the flat core of the molecule, giving rise to D3, symmetry. The absorption
and photoluminescence is shifted bathochromically by about 150 nm with regard to
coronene accounting for the extended 7t system. The extinction coefficients and the
photoluminescence intensities are much higher than those of coronene-hexaone, the
reagent. The disappearance of the x-diketones increases the transition probability
to a level comparable to the coronene derivatives (compare Figure 3.10 on page 55).

The quinoxaline derivatives are much less electron accepting than the reagent
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coronene-hexaone (25). Compound 44 has been subjected to cyclic voltammetry.
However, no reduction peak can be recorded before the solvent decomposition sets
in. The LUMO level has, therefore, increased by more than 1 eV during the reaction

with the diamine.

3.8.2 Aggregation in Solution

The atypical solubility behavior of the coronene quinoxaline derivatives 46-48, i.e.
almost no solubility (< 10™* M) at room temperature, but good solubility (> 0.1 M)
at slightly elevated temperaturs (40 °C), gave motivation to investigate the solution
aggregation properties in more detail. Concentration dependent NMR experiments
have turned out to be an effective method, which allows the elucidation of the
association constant.!33! The theory is based on the observation that the chemical
shift of a particular proton in a stack is different from that of the single molecule. In
polycyclic aromatic hydrocarbons the aromatic protons experience the ring current
of the next disc in a stack leading to strong resonance shifts.

The NMR chemical shifts of the two protons in the C16 quinoxaline compound
(48) are plotted in Figure 3.32. The measurement has been performed at 50 °C due
to the poor solubility of the compound at room temperature. The typical sigmoidal
shape of the fit curve is clearly visible. For the analysis, it was assumed that
the association follows an attenuated K model, which means that the association

constant i-mer formation equals

1
Ki=—Ky
l

where K} is a constant association constant for the system.[!3¢] Two equations need

to be solved iteratively to obtain Ky

L=x(14+7(e"—1))
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Figure 3.32: Concentration dependend NMR spectra of the coronene quinoxaline derivative
48. a. 'H-NMR spectrum in C,D,Cl, at 100 °C (500 MHz) b. concentration
dependence of H1 ¢. concentration dependence of H2.

_ 1
T I4t(e*-1)

with x = Ky [A] and L = KxCr

o

where [A] is the concentration of the monomeric molecules, Cr the total concen-
tration of the molecule, and 7 is the preference for a dimer over higher oligomers.
The analysis is performed in collaboration with Lei Dou at the Technical University
Darmstadt. Separate peak fittings are performed for both proton signals indepen-
dently yielding equal results within the standard deviation.

For K, a value of 590 1/mol is obtained. HBC with C12 chains exhibits a value

of K4=457 1/mol, so the association of the coronene quinoxaline (48) is stronger
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than for a comparable HBC derivative.l'37 Even much weaker association constants
have been measured for a variety of phenylene-ethynylene macrocycles exhibiting
a similar shape and size as the the coronene-quinoxalines 46-48. In chlorinated
solvents, values between 20 and 50 1/mol have been determined.! 38

Surprisingly, the proton NMR signals of the coronene quinoxaline derivatives are
exactly the same for all compounds (46-48). That means, the alkyl chains do not
have an influence on the aggregation behavior in solution. For HBC derivatives, a
strong dependence of the type of alkyl chains on the aggregation behavior has been
measured.[13%) In the present case, the geometry of the aromatic core may lead to
this effect. The alkyl chains are located far from the center leaving space in the bay,

such that the association of the aromatic discs is not affected by the alkyl chains.

3.8.3 Surface Deposition

The deposition of planar molecules on metal surfaces enables the visualization of
the molecules by scanning tunneling microscopy (STM).!!4 Information about the
interfacial assembly and the mode of 2D network formation is gained.[!41-143] In
some cases, it is even possible to run reactions at the surface and follow the progress
by STM.[48 1441

In collaboration with the group of Prof. De Feyter at Katholieke Universiteit
Leuven, Belgium, solution STM investigations are performed. Compound 47 is
assembled onto HOPG by putting a droplet of a 1,2,4-trichlorobenzene solution on
top. The tip of an STM is brought into the solution close to the surface. Figure 3.33
shows the images thus obtained.

The triangular shape of the molecule can be seen clearly. The substance forms
honeycomb patterns spanned by six molecules with void space in the center. This
is a typical behavior for molecules of triangular shape.l'*3-147] There are several

defects in the structure, which means that the tendency to form stable and densely
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Figure 3.33: Scanning tunneling microscopy images of coronene-quinoxaline derivative 47 on
HOPG surface in a drop of 1,2,4-trichlorobenzene a. 127.3 - 127.3 nm? (53 pA,
-784 mV) b. 22.8 - 22.8 nm? (24 pA, 743 mV) c. two possible arrangements of
the molecules.

packed monolayers is not very expressed. In Figure 3.33b one can see that a pattern
of five molecules in a circle can be formed as well, so no clear preference for a
particular assembly is observed.

In Figure 3.33c two possible arrangements of the molecule leading to a hon-
eycomb pattern are depicted. The left structure possesses Cq symmetry, the right
one Cs. By carefully comparing the position of the aromatic discs relative to each
other one can disclose that both cases are actually formed. The Cg cell is a regular
hexagon, the Cs cell resembles almost a triangle. This difference induces mis-

matches in the lattice leading to the relatively low degree of order.
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Figure 3.34: Two possible intermolecular arrangements of the coronene quinoxaline deriva-
tives: a. staggered b. eclipsed.

3.8.4 Bulk Properties

The morphology in the bulk material is of primary interest when dealing with
discotic molecules. The intermolecular assembly strongly influences the properties
of the materials, especially with regard to charge-carrier mobility.l'*®! It crucially
depend on the distance between adjacent molecules.!'4°]

The shape of the aromatic disc in the quinoxaline derivatives 46-48 is particularly
interesting with regard to the intermolecular arrangement. If two adjacent molecules
are rotated against each other by 60 °, they can fully avoid steric hindrance of the
alkyl chains as depicted in Figure 3.34a. This arrangement shall be called staggered
considering the similarity of the rotational barrier of ethane. In such a situation,
the aromatic discs can get as close to each other as in unsubstituted PAHs, or even
graphite. An eclipsed arrangement (Figure 3.34b), in contrast, does not allow this
close packing as the steric repulsion of the alkyl chains of adjacent discs drives the
discs apart. The overlap of the aromatic cores, however, is maximized in this case,
so it is worthwhile to investigate the packing in detail.

Differential scanning calorimetry (DSC) is measured first for the three derivatives
to see if phase transitions exist. Only melting points can be observed for the three
compounds. The C16 derivative (48) melts at 85° C, the lowest one due to the
long alkyl chains. A temperature of 116° C is measured for the C12 derivative (47)

and 205° C for the C8 derivative (46). The trend is not surprising as the entropy
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Figure 3.35: Fiber X-ray diffraction patterns of the coronene quinoxaline derivatives. a. C8
derivative (46), b. C12 derivative (47), c¢. C16 derivative (48).

gain upon melting becomes bigger with increasing alkyl chain length. This trend is
known for triphenylene systems as well.[150]

In collaboration with Wojciech Pisula and Alexey Mavrinskiy X-ray diffraction
has been measured to investigate the morphology. The material is extruded as a
fiber and exposed to an X-ray beam. The diffraction pattern in transmission mode
is recorded while blocking the primary beam. These patterns are depicted for all
compounds in Figure 3.35. In all cases the molecules form crystalline phases at
room temperature. At high scattering angles, four peaks are present at the maximum
angle which arise from the 7t — 7t stacking of tilted columns as typically found in
crystalline phases of discotics.[13!]

The degree of order is highest for the C8 derivative and decreases when going to
the longer alkyl chains. The higher flexibility of the long chains gives rise to lower
order for entropic reasons. This result is in line with the decreasing melting points
when increasing the alkyl chain length. The distance between stacks increases with
the length of the alkyl chain as they need to fit into this space. Due to their high
mechanical flexibility, the interaction forces between the columns become lower the
longer the distance is, which consequently leads to a lower degree of order.

The inter disc distance for the three molecules is determined to be 3.4 to 3.5 A.

This value is comparable to the distance in unsubstituted HBC (3.44 A),1%°! but

larger than in graphite (3.35 A).['52) Interplanar distances of this order have also
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Figure 3.36: Preparation of a phenyl substutituted coronene quinoxaline derivative, conditions:
i. K,CO4 Pd(PPhy),, ethanol, toluene, 90 °C, 65 %; ii. Et;SiH, Pd/C, methanol,
RT, 82 %, iii. chlorobenzene - acetic acid 1:1 v/v, reflux, 80 %.

been measured in alkylated HBC derivatives.!!>3] The lowest value so far measured
in discotic materials is 3.18 A in triphenylene where the assembly is assisted by
hydrogen bonding.!*”!

No hint for order along the stacking axis can be obtained from the X-ray diffrac-
tion patterns. It is, therefore, unlikely that the discs stack preferentially in a stag-
gered or eclipsed conformation as depicted in Figure 3.34 on page 92. It seems
likely, that the discs possess high enough thermal energy to overcome the small
rotation potential. If the discs do not rotate, which they usually only do in liquid
crystalline phases, the low potential differences may still lead to little preference for
the molecule for a certain relative position to each other. They may just aribrarily
be stacked on top of each other.

In order to increase the rotational barrier and thus enhance the order of the

molecule, additional phenyl units have been introduced to the system. The corre-
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Figure 3.37: 2D wide angle X-ray diffraction pattern of an extruded fiber of 52.

sponding synthesis is depicted in Figure 3.36. Diiodo-dinitrobenzene (39) is subject
to a Suzuki coupling with dodecylphenylboronic acid (49) followed by a reduction
to yield bis(dodecylphenyl)phenylenediamine (51). This diamine is condensed with
coronene-hexaone (25) in the same way as before to give the final molecule 52.

With the additional phenyl rings, the molecule does not melt up to 350 °C, where
it decomposes under ambient conditions. An increased intermolecular interaction
arising from phenyl-phenyl attraction should be responsible for this effect. The
DSC curve discloses a phase transition at 150 °C, which is definitely no melting
point as for the purely alkyl substituted derivatives (46-48).

The wide angle X-ray diffraction pattern of an extruded fiber is shown in Fig-
ure 3.37. The increased order is obvious from the highly resolved peaks. The
molecule forms a liquid crystalline phase which can be concluded from the presence
of only two peaks at the widest diffraction angle. The 7t — 7t distance is unchanged
at 3.4 A, so no unfavorable steric interactions disturb the packing in comparison to
the structures without phenyl spacers.

The diffraction pattern at a lower angle indicates helical packing. The phenyl
rings have obviously increased the rotational barrier so much that the molecule can-

not rotate any more around the stacking axis. This is remarkable for the liquid crys-
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talline phase, where molecular motion is typically high. A quite similar behavior

has been reported for hexaphenyl subsituted HBC.[154]

3.8.5 Three-Center Metal Organic Complex

A further impressive demonstration of the synthetic possibilities which are offered
by coronene-hexaone (25) is a condensation reaction with ruthenium(II)-bipyridine
ligands. Ruthenium complexes have gained considerable intrest due to their high
stability, their redox and absorption behavior spanning almost the entire visible
range.['3> Especially the latter has made ruthenium complexes attractive for use
as dyes in dye-sensitized solar cells.l1>6-1581

This condensation is once more based on the very efficient reaction between
«-diketones and 1,2-phenylene-diamines. For pyrene-tetraone (32) the analogous
condensation leading to a two-centered ruthenium complex has been reported in the
literature.!'>°! Figure 3.38 on page 97 shows the synthetic route.

To obtain the required diamino complex 57 5-nitrophenthroline (53) is aminated
by reacting with hydroxylamine under basic conditions.[1®%- 1611 The practically in-
soluble 5-amino-6-nitrophenanthroline (54) is complexed by cis-dichlorobis-(2,2’-
bipyridin)-ruthenium(II) (55) to obtain complex 56 which is soluble in highly polar
solvents. This enables a catalytic reduction to the diamine complex 57 with palla-
dium on charcoal and elemental hydrogen gas.[16%]

The condensation reaction with coronene-hexaone (25) does not proceed as ef-
fectively as for the substituted phenylene-diamines in the previous section. The
polarity of the solvents employed to dissolve the ruthenium complex seems to be
incompatible with the need to dissolve coronene-hexaone (25). Nevertheless, com-

plex 58 containing three ruthenium centers could be obtained after several attempts.

It is purified by an anion exchange reaction. Therefore, complex 58 is dissolved in
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Figure 3.38: Synthesis of three-center ruthenium complex by a condensation reaction with
coronene-hexaone (25). Conditions: i H,NOH - HCI, KOH, EtOH, reflux, 49 %;
i EtOH, reflux, quantitative; iii H,, Pd/C, EtOH, RT, quantitative; iv 1. CH3CN,
MeOH, HOAc 20:15:1, 90 °C 2. NH,PFg4, H,0, 90 %.
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Figure 3.39: NOESY spectrum of three-centered ruthenium complex 58.

water and precipitated by the addition of an ammonium-hexafluorophosphate solu-
tion.

Figure 3.39 shows the H-H NOE spectrum measured in deuterated DMSO at
room temperature on a 700 MHz spectrometer. Only the aromatic region between
7 and 11 ppm is shown as there are no aliphatic protons present in this molecule.
The peak at 10.7 ppm can be clearly assigned to the proton at the coronene core.

It is strongly deshielded by the ring current of the big aromatic disc. The through-
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Figure 3.40: Space-filling model of three-centered ruthenium complex 58.

space coupling identifies the peak at 10.3 ppm to arise from the proton of the fused
phenanthroline unit pointing towards the inner core (H2 in Figure 3.39).

Following the chain of coupling protons, all signals can be identified to belong
to one molecule. The coupling patterns fit well to the structure of complex 58. A
point worth mentioning is the desymmetrization of the bipyridine ligand. In tris-
(2,2’-bipyridin)-ruthenium(II), the pyridine subunits are symmetrically equivalent
giving rise to one ABC spin system. In complex 58, however, two ABC systems
for the bipyridine ligand are found. The fact that both systems exhibit very similar
chemical shifts and are in close spacial proximity as detected by their NOESY cross
peaks (enlarged inset in Figure 3.39) strongly suggests a desymmetrized bipyridine
ligand. In the octahedral coordination sphere of ruthenium, one nitrogen of the
bipyridines occupies the trans position with regard to the nitrogen of the large disc
and the other one the trans position to the second bypridine. These differences
cause the desymmetrization of the bipyridine and explain the peak pattern of the
NMR spectrum.

Considering the enormous size of the aromatic core, i.e. 102 carbon or nitrogen
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atoms spanning the 7t-system, it is amazing that no aliphatic side chains are needed
to ensure solubility. The complex does not show any aggregation phenoma in the
NMR spectrum like aromatic discs of even much smaller size do. The space-filling
model shown in Figure 3.40 gives the explanation. The bipyridine ligands on the
ruthenium atoms stand out of the plane of the aromatic core. Any aggregation is
effectively prohibited by the steric clash of these bipyridines. Repulsive Coloumb
interactions between the positively charged ruthenium centeres drive the molecules
apart. This suppresses aggregation and makes complex 58 even soluble in water

when chloride is the counter ion.
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3.9 Summary

In summary, it could be shown that the photochemically induced cyclodehydrogena-
tion of [2.2.2]cyclophanes opens a versatile route to substituted coronenes. It turns
out, that the dehydrogenation proceeds stepwise forming one bond after the other.
Furthermore, it has been demonstrated that the symmetry can be easily influenced
by the appropriate choice of reagents in the cyclophane synthesis.

As an example, three methoxy substituted coronene derivatives have been pre-
pared. They are investigated by optical spectroscopy, revealing little influence of
the functional groups on the electronic structure of coronene. It was possible to
crystallize all derivatives and study the molecular superstructure within the crystal.
The sandwich herringbone structural motif of coronene is retained, but intermolec-
ular distances are increased by the methoxy groups.

Upon ether cleavage and subsequent oxidation, the electron donor molecules can
be easily converted to strong acceptors bearing the chemically versatile «-diketone
functions. These molecules are very strong acceptors according to the reduction
potentials determined by cyclic voltammetry in comparison to other well-known
acceptors and derivatives thereof.

Coronene-hexaone proves to be particularly useful to increase the work function
of a metal, which can be used as interlayer to reduce contact resistances. The strong
electron acceptor character of the molecule extracts electrons out of the metal, most
effectively out of silver. In addition, the x-diketone moieties bend towards the metal
surface creating a strong dipole which enhances the work function increase.

Having at hand a set of donor and acceptor molecules, various charge-transfer
complexes have been realized. Hexamethoxycoronene could be co-crystallized with
TCNQ to show alternative stacks. The former molecule shows strong charge trans-
fer with HATCN, a strong acceptor of the same symmetry, as disclosed by concen-

tration dependend UV-vis measurements. A charge-transfer complex of the chemi-
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cally interconvertible molecules hexamethoxycoronene and coronene-hexaone have
been prepared from the gas phase by cosublimation. UPS measurements show char-
acteristic shifts at the Fermi edge.

Coronene-hexaone can be used as synthetic platform to build up larger structures.
As an example, the quinoxaline condensation with alkylated phenylenediamines has
been performed. Triangular PAHs are obtained which show increased order in the
bulk the shorter their alkyl chains are. In contrast, the aggregation in solution is
unaffected by the length of the alkyl chain. Close 7t — 7t distances indicate low steric
repulsion of adjacent substituents, a consequence of the triangular shape. When
substituted solely by alkyl chains, a phase transition from the crystalline phase to the
isotropic melt is observed. Additional phenyl rings in between the alkyl chains and
the aromatic core stabilize intermolecular interactions giving rise to higher order
in the crystalline phase with helical superstructure. At elevated temperature, the
system forms a liquid crystalline phase.

An extended aromatic disc containing 102 carbon or nitrogen atoms is avail-
able by condensation with a diamino-functionalized bipyridine-ruthenium complex.
This complex is highly soluble without any aliphatic alkyl chains. It possesses a six-
fold positive charge allowing to change the molecules properties by exchanging the

counter ion.
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4 Donor-Acceptor Model Systems for

Polythiophenes

4.1 Introduction

Conjugated donor-acceptor systems, in which an electron rich and an electron poor
moiety are covalently linked within a 7t system, play a very important role in almost
every field of materials research.l'* The low bandgap caused by the push-pull
effect is the basis for dyes.l>~”1 Many applications beyond coloration have emerged
in the last years such as organic lasers, data storage, or switching to mention just a
few.I3-101 Donor-acceptor substituted 7t systems, furthermore, interact with optical
light non-linearly. Non-linear optics can be used in a variety of ways, for example
optical information encoding and routing for telecommunication.!'!> 1]

When both donors and acceptors are incorporated into conjugated polymers, low
bandgap semiconductors are obtained.[!3] These can serve to absorb a higher per-
centage of the solar spectrum than classical polymers in polymeric solar cells.!4-16]
Ambipolar charge transport is often observed in low bandgap polymers enabling the
fabrication of light-emitting transistors or CMOS circuits.!'7~1°]

A detailed understanding of the packing behavior and the electronic structure is of
crucial importance for the development of new materials. The polymers themselves

are very hard to study in detail as they are semicrystalline substances with low de-

gree of long-range order. Molecular weight dispersity, undefined endgroups, and
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occasional structural defects hinder an in-depth study to fully understand the under-
lying principles of inter- and intramolecular interactions. Defined small molecules
resembling the molecular structure of polymers can serve as model systems to study
the fundamental phenomena of interest.[?% 211 By extrapolating properties such as
the optical gap of a series of oligomers, it is even possible to predict polymer
properties.??] The study of deviations of real polymers from the ideal infinite poly-
mer as derived from oligomer extrapolation can give valuable information about the
real system, e.g. the effective conjugation length.[>3-2>]

In the previous chapter, the efficiency of the a-diketone functionality as elec-
tron acceptor has been demonstrated on the coronene core. Furthermore, the com-
parison of the reduction potentials of phenanthrenequinone and benzo[2,1-b;3,4-
b’]dithiophene-5,6-dione (36), which have been measured by cyclic voltammetry
under identical conditions, reveal that sulfur atoms increase the acceptor strength
of the a-diketone functionlized molecule. This knowledge shall be used to design
donor-acceptor systems and to investigate their packing behavior in detail. This is
particularly relevant due to the fact that thiophene containing donor-acceptor poly-
mers play an important role as active materials in organic electronics.[?6-21 The
benzodithiophene-dione (36) building block resembles a polythiophene chain if ad-
ditional thiophene units are attached as donors such that a good conjugation between
the donor and the acceptor is established.

The quinoid structure of 36 is quite similar to acceptors which have proven to
be very effective for organic electronics. In particular, benzothiadiazole serves as
an acceptor in conjugated polythiophenes showing high field-effect mobilities and
good solar cell performances.BO’ 31 «-Diketones can be converted into thiadiazoles,
as well as a variety of other important structures.?>=34/ The stable redox behavior
and high crystallization tendency make 36 an attractive molecule for detailed inves-

tigations.
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Figure 4.1: Synthesis of ethylene glycol proteced benzo[2,1-b;3,4-b’]dithiophene-5,6-dione.
Conditions: i ethylene glycol, toluene sulfonic acid, toluene, reflux, 90 %; ii 1.
BuLi, THF, -78 °C 2. CuCl,, -78 °C 3. HCI, RT, 53 %; iii 1. thiamine (63), DMF,
triethylamine, 80 °C 2. O,, RT, 85 %; iv ethylene glycol, trimethylchlorosilane, RT,
59 %.

4.2 Synthesis

4.2.1 Benzo[2,1-b;3,4-b’]dithiophene-5,6-dione

For the synthesis of benzo[2,1-b;3,4-b’ ]dithiophene-5,6-dione (36) the dithiophene-
dialdehyde 61 is needed. It is accessible as described in the literature starting
from 3-thiophenecarbaldeyhde (59).133] After protection with ethylene glycol to
allow lithiation, it is oxdiatively coupled by treating the lithiated species of 60 with
anhydrous copper(Il) chloride at -78 °C. Copper traces are difficult to remove from
the product, but the aldehydes formed upon workup do not tolerate other methods
such as iron(III) acetylacetonate.[36]

The conversion of dialdehyde 61 into 36 by an intramolecular benzoin conden-
sation with subsequent oxidation of the benzoin to the diketone is described in the
literature.[37! According to this experimental procedure, dialdehyde 61 is refluxed

in ethanol in the presence of sodium cyanide and air. Only trace amounts of 36
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Figure 4.2: Crystal structure of benzo[2,1-b;3,4-b’]dithiophene-5,6-dione (36), a. unit cell, b.
view along the stacking axis showing five layers.

could be obtained in this way, the "H-NMR spectrum reveals the presence of many
side products.

The group of Prof. W. You at the University of North Carolina has developed
a better experimental procedure. Dithiophene-dialdehyde 61 is dissolved in an-
hydrous DMF under argon. Small amounts of thiamine (63) and triethylamine
are added catalyzing the benzoin condensation at slightly elevated temperatures
(80 °C).381 Atmospheric oxygen is not allowed to come in contact with the sub-
stance before completion of the benzoin condensation. The solution is cooled down
to room temperature and air is blown through, whereupon it turns red. After two
hours, the product precipitates and can be collected by filtration. By this separation
of benzoin condensation and oxidation, the reaction yield reaches 70 %.

Crystallization of 36 from THF affords single crystals suitable for X-ray analysis.
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The crystal structure is depicted in Figure 4.2. The molecule forms stacks in which
one molecule is positioned right on top of the other, which is surprising due to the
unfavorable dipolar interactions of the diketone groups. The structurally similar
pyrene-4,5-dione, in contrast, stacks antiparallel to the a-diketone function such
that the dipoles exhibit attractive forces.!’”! In the present case, the sulfur atoms
can come in close contact which could be the reason for this assembly. The inter-
layer distance of two molecules is 3.45 A, a typical distance in sulfur containing
polycyclic aromatic hydrocarbons.[40—+2]

Close contact between sulfur atoms can be found in this crystal between stacks as
well. The stacks stand in contact to each other such that the sulfur atoms approach
each other pairwise with an S-S distance of 3.4 A. An increase in the lattice energy
is the consequence leading to a high melting point (280 °C) and low solubility.
Phenanthrenequinone, in comparison, already melts at 205 °C.[43] The molecular
planes of neighboring stacks form an angle of 58°, a classical angle which is found
in many polycyclic aromatic hydrocarbons.[**! The quadrupolar interactions are
most likely to cause this tilt angle.[*’]

For further chemical modifications in the o-position of the thiophene, the -
diketone function needs to be protected. Ethylene glycol is a stable protection
group which does not need redox reactions. The typical reductive alkylation or
silylation is often accompanied by side reactions upon cleavage.!*® 47 The protec-
tion works very well when 36 is treated with trimethylchlorosilane in anhydrous
ethylene glycol.[*8! The trimethylchlorosilane removes the water and thereby liber-
ates hydrochloric acid which catalyzes the reaction. This method is so effective that
the reaction runs at room temperature without side product formation.

The bisdioxane protected benzodithiophene 62 crystallizes very well, forming
crystals of extended size in all three dimensions. For this reason, the crystal struc-

ture could be easily elucidated by X-ray diffraction analysis. Figure 4.3 shows the

packing in the crystal. It can be clearly seen that the ethylene glycols bridge the
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Figure 4.3: Crystal structure of the ethylene glycol protected benzodithiophene-dione 62.

two diketones forming two six-membered rings. Occasionally, people draw struc-
tures with two five-membered rings formed by ethylene glycol reacting with both
hydroxyl groups on one ketone.[*”! This structure can clearly be ruled out in the
present case.

The steric demand of the bis-dioxane moiety has a dramatic effect on the packing
behavior. No stacks of parallel discs can be found anymore, reflecting the reduced
tendency to form needles. In fact, the molecule readily forms crystals with about
equal distances in all directions, the ideal case for crystal structure analysis. The
aliphatic parts of the molecules are directed towards each other, the aromatic parts
are as well. This is a typical case of microphase separation. The close contact of
the sulfur atoms, however, is encountered once again. The two sulfur atoms of each
molecule stand in contact with the two sulfur atoms of the neighboring molecule
with a distance of 3.55 A.

The absence of 7t — 7t interactions due to the steric demand of the dioxane rings

dramatically decreases the lattice energy of the crystal. A much higher solubility in
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65 66

Figure 4.4: Attachment of thiophene and deprotection of the o-diketone. Conditions: i NBS,
DMF, RT, 56 %; ii 67, Pd(PPhj),, DMF, 100 °C, 86 %,; iii HBF,, DCM-THF 2:1, RT,
82 %.

comparison to the unprotected benzodithiophene-dione (36) underlines this obser-

vation.

4.2.2 Attachment of Additional Thiophenes

For the attachment of an electron-rich thiophene unit, the two « positions need to be
functionalized by bromine to make them accessible for coupling reactions. This can
be done with N-bromosuccinicimide (NBS) in DMF at room temperature to yield
the dibrominated molecule 64. The reaction time and the concentration needed to
be optimized to avoid decompositon of the molecule. Too long reaction times or
too high concentrations reduce the reaction yields significantly.

Subsequently, a Stille reaction is performed on 64 with 2-hexyl-5-tributylstannyl-
thiophene (67) to afford compound 65. The hexyl chains are introduced to better
resemble the donor-acceptor polymers which need the alkyl chains for solubility

and to aid the assembly process. The reaction works best in DMF at 100 °C with
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Pd(PPh;), as catalyst. Longer reaction times reduce the yields, most likely due to
decomposition of the molecule under the reaction conditions.

To obtain the target compound (66), the protection group needs to be removed.
For this purpose, perchloric acid or p-toluenesulfonic acid have been used in the
literature.[*3 41 Nevertheless, the molecule decomposes under these conditions.
The non-oxidizing trifluoroboronic acid, instead, removes the protective groups
effectively. It is worth mentioning that the reaction only proceeds in a 2:1 mixture of
dichloromethane-THF. The pristine solvents each leave the reagent (65) unaffected
even after several days. This effect is definitely not a consequence of solubility
because 65 dissolves well in both solvents and also in mixtures thereof.

A deep blue compound is obtained showing an efficient donor-acceptor charac-
ter of the molecule by eye. It is well soluble in common solvents such as THF
or dichloromethane. The compound can even be purified by preparative column
chromatography which is rarely the case for molecules with x-diketones. The alkyl
chains reduce the melting point by 130 °C compared to the unsubstituted benzo[2,1-

b;3,4-b’ [dithiophene-5,6-dione (36) (i.e. from 280 °C to 150 °C).
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Figure 4.5: Crystal structure of bis(5-hexylthiophene-2-yl-)benzo[2,1-b;3,4-b’]dithiophene-5,6-
dione 66.

4.3 Donor-Acceptor Interaction

4.3.1 Crystal Structure

The big advantage of small molecules over polymers is the possibility to get material
of very high purity and to grow crystals for structure analysis. In-depth analysis of
molecular arrangements and effects due to substitution can be done to gain a good
understanding of intra- and intermolecular interactions of particular systems.[>%-52!

Single crystals of compound 66 have been grown by slow evaporation of a
dichloromethane solution. Small needles deposit on the glass which suffice for
X-ray diffraction analysis. Figure 4.5 shows the corresponding crystal structure.

The striking feature of this structure is the fact that the electron poor benzodithio-
phene-dione unit is sandwiched by electron-rich thiophenes. This suggests that the
crystallization process is dominated by intermolecular charge-transfer interactions.
Four observations support this thesis:

1. No microphase separation. Normally, rod-like thiophene oligomers with pend-
ing alkyl chains prefer an arrangement in which the alkyl chains separate from the
aromatic core to avoid unfavorable interactions.l>3—> Here, many contacts between
alkyl chains and aromatic moieties are formed.

2. Unfavorable alkyl chain conformation. In the present case, half of the alkyl

chains adopt a gauche conformation to allow the donor-acceptor interaction. In
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most crystals, all-trans conformations are observed which is the energy minimum
for the alkyl chain as no steric repulsions are present.!>®!

3. Low 7t — 7t distances. The planes including the aromatic system of a molecule
are separated by 3.5 A. This is a relatively low distance, most conjugated donor-
acceptor polymer do not come closer than 3.7 A.57-38] Coloumb attraction after
the partial charge transfer brings the planes close together increasing the overlap
integral of adjacent molecules.

4. No sulfur-sulfur contacts. The thiophene unit is located on top of the quin-
odized benzene ring, the sulfur-sulfur distances exceed the interplanar distances
significantly. This can be regarded as further hint for a charge-transfer dominated
structure formation. Also, between the depicted stacks, there are no close sulfur-
sulfur contacts which is usually the case as described above. The thiophene rings
are even close to an alkyl chain which is obviously the price for the donor-acceptor
stacking.

These four arguments strongly support the thesis of a charge-transfer dominated
crystallization. All of the observations above are energetically unfavorable thus a
strong driving force for the packing is needed. The formation of a charge-transfer

complex is likely to afford this energy.

4.3.2 Electronic Structure

Charge-transfer interactions can be best evidenced by UV-vis absorption spectra.
If the donor partially transfers electron density to the acceptor, transitions at long
wavelength occur due to transistions from the HOMO-1 to the partially depopulated
HOMO in the donor or from the partially occupied LUMO to the LUMO+1 level
in the acceptor.’”! The charge-transfer interactions in solution are concentration
dependent. At low concentrations the tendency to form dimers is reduced for

entropic reasons (compare section 3.7 on page 78).[60]
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Figure 4.6: UV-vis absorption spectra of compound 66 in solution (cyclohexane, 107 M) and
in film.

Figure 4.6 shows the UV-vis absorption spectrum of the hexylthienyl substituted
benzodithiophene-dione (66). It has been recorded in solution at low concentrations
(i.e. 10° M) in cyclohexane (red curve). A broad peak at about 600 nm is visible
accounting for the blue color of the compound. The onset of this peak is located at
730 nm which demonstrates the potent intramolecular donor-acceptor character of
this compound. No significant changes can be observed when changing the polarity
of the solvent from cyclohexane over THF to acetone. Only chlorinated solvents
such as dichloromethane or dichlorobenzene shift the band by 30 nm. Solvation
effects of this order are not unusual.[®!]

In the film absorption spectrum of 66 (black curve in Figure 4.6), a charge-
transfer band appears at 700 nm with an onset beyond 900 nm. As the donor and
the acceptor are in very close distance as revealed by the crystal structure, a charge-
transfer complex formation is very likely. The bands at lower wavelengths have
become broader, but are not shifted, so artifacts due to measurement mistakes can
be excluded. Furthermore, the absorption band at long wavelengths in the film is

more intense with regard to the short wavelength bands supporting the presence of
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Figure 4.7: Cyclovoltagrames of a. benzodithiophene-dione (36) and b. hexylthiophene substi-
tuted benzodithiophene-dione 66, both measured in DMF with Bu,NCIO, as elec-
trolyte and ferrocene as internal standard, voltage plotted against NHE.

a charge transfer. This means that the assembly of molecule 66 is, in fact, driven
by charge-transfer interactions rather than the typical microphase separation or the
sulfur-sulfur interactions. Even more, the charge-transfer interaction overcompen-
sate the latter two.

In order to better understand the intramolecular donor-acceptor interaction the
electronic levels are explored by cyclovoltammetry. To compare the effect of the
substitution, benzodithiophene-dione 36 is measured as reference. The substances
are dissolved at 1 mM in DMF with Bu,NCIO, as electrolyte and ferrocene as
internal standard. The results are depicted in Figure 4.7.

The first reduction peaks for both substances are practically identical at -0.85 V
against ferrocene, translating to 0.22 V against the normal hydrogen electrode. This
means that the LUMO level of benzodithophene-dione is unaffected by substitution
with the electron rich thiophene, although it is conjugated and even coplanar in the
solid.

The oxidation potential is not accessible in the cyclovoltammetry apparatus used
because solvent oxidation sets in before. Ultra-dry conditions are needed to pre-
vent this effect and access oxidation potentials beyond 1.5 V against NHE.[6% 63]

Nevertheless, from the optical absorption spectrum, it can be concluded that the
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Figure 4.8: Electron density maps as calculated by DFT (B3LYP method, 6-31G basis).

HOMO level is strongly affected by the substitution. Benzodithiophene-dione 36 is
a red compound, upon substitution to 66 it turns to a blue compound, so a strong
intramolecular push-pull effect is obviously present.

Density functional theory calculations have been performed to resolve the ques-
tion why the HOMO is so strongly affected by substitution, but the LUMO is not.
The electron density surfaces of the corresponding orbitals are depicted in Fig-
ure 4.8. The hexyl chains are left out because they are not expected to significantly
contribute to the electron density of the frontier orbitals which are typically located
exclusively on the aromtatic backbone of the molecule.

It can be seen very clearly that the LUMO orbital is exclusively located on the
central benzodithiophene-dione unit, and the thiophene does not contribute. The
high electron affinity of the «-diketone dominates the LUMO, but the electron
deficiency is restricted to the benzodithiophene. The further the carbon atoms are
away from the carbonyl atoms, the lower the orbital coefficients on that particular
atom. The smallest value is found at the connection to the electron rich thiophenes,

which therefore does not contribute to the LUMO.
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The contrary is true for the HOMO. Practically no contribution comes from the
carbonyl atoms, but roughly equal coefficients are encountered for the remaining
carbon atoms. The HOMO almost resembles a tetrathiophene with regard to the
orbital coefficients at the carbon atoms. An interesting feature is found when com-
paring the orbital coefficints at the sulfur atoms. They are non-zero in the electron
rich thiophenes, but zero in the electron poor benzodithiophene. This means that
the sulfur acts as an electron acceptor rather than a donor which might be expected
from the lone pair contributing to the aromatic ring, at least when only looking at

the frontier orbitals.
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Figure 4.9: Synthesis of thiophene substituted benzodithiophene-dione without alkyl chains.
Conditions: i Pd(PPh,),, DMF, 100 °C, 59 %; ii HBF,, DCM-THF 2:1, RT, 81 %.

4.4 Alkyl Chain Effect

A very important question for the donor-acceptor model system 66 is the influ-
ence of the alkyl chains. In the polymers they are needed for the solubility, but
often the length and the type of chain (i.e. linear or branched) have a dramatic
influence on device performances.[%-%01 In the present case, the alkyl chain may
also have a dominant influence on the molecular packing. To resolve this issue,
a model compound without alkyl chains has been synthesized in analogy to com-
pound 66 (see Figure 4.9). The ethylene glycol protected and bromine functional-
ized benzodithiophene-dione (64) is reacted in a Stille coupling reaction with tri-
butylstannylthiophene to yield the dithienyl derivative 69. Treatment with tetraflu-
oroboronic acid as for the alkylated analog 65 yields the thiophene substituted
benzodithiophene-dione (70).

The compound is much less soluble than the alkylated one as expected. The elec-
tronic structure is unlikely to change, the deep blue color is again encountered. The
melting point has gone up to 292 °C, but it is only gradually above the unsubstituted

benzodithiophene-dione (62).
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Figure 4.10: Crystal structure of thiophene substituted benzodithophene-dione (69).

Obtaining single crystals of compound 70 suitable for X-ray analysis is much
harder. The molecule tends to form thin needles. Neverless, slow evaporation from
a THF solution in a silanized glass tube yields a few crystals of sufficient quality to
obtain the crystal structure, which is depicted in Figure 4.10.

The molecular assembly in this case is a bit more complex. Nevertheless, a
clear preference of the donor-acceptor stacking is found again. The molecules
stack pairwise such that the electron rich thiophene of the one molecule is placed
on top of the electron-deficient benzodithiophene-dione of the next molecule and
vice versa. Charge-transfer interactions are, therefore, present once again. In this
crystal, the thiophene not involved in the charge-transfer interaction is rotated out
of the aromatic plane of the rest of the molecule reducing the degree of conjugation.
This is an unfavorable situation as the molecules in the crystal are less stabilized
by electron delocalization in the 7t system. Once again, the dominating effect of
the charge transfer on the crystal structure formation is demonstrated. Close sulfur-
sulfur distances do not play a role in the present system similar to the alkylated
molecule (65).

The distance between the planes including the aromatic systems of the two
molecules stacking on top of each other is remarkably low. It is only 3.2 A be-

ing even less than in graphite (3.3 A).[97] In the alkylated analog (66) the distance
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of adjacent molecules is 3.5 A, so the alkyl chains significantly hinder the close con-
tact of adjacent molecules. For a high charge-carrier mobility, a close distance of
neighboring molecules is highly desirable.[%*-7%! In conjugated polymers, however,
solubility goes down when the aromatic chains come in very close distance.

An optimal compromise between solubility and close contact has to be found. In
donor-acceptor systems as the one presented here, the charge-transfer interactions
bringing the molecular planes close together have to be included into the considera-
tions. The alkyl chains drive this close packing apart, but the assembly is still closer
than in systems built up of monomers of equal electron affinity. Special attention
has to be paid to the positioning of these alkyl chains. The example presented here
has a moderate effect on the interplanar distances, much larger effects can be ob-
served when the steric demand further increases such as in fluorene where the alkyl
chains spread out of the aromatic plane. 7 — 7t distances exceeding 4 A can be the

consequence. [71,72]
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5 Benzo[2,1-b;3,4-b’]dithiophene

Containing Polymers

5.1 Introduction

Polythiophenes are among the most successful semiconductor materials in organic
electronic devices.l'™>! Their easy processability and reasonably high charge-carrier
mobility make them highly promising for future applications.!~19 Nevertheless,
the known materials do not satisfy all necessary parameters simultaneously. These

critical parameters are:

1. Good solution processability, ideally on different substrates.
2. No or only short annealing times at low temperatures.

3. High operational stability at ambient conditions.

4. High charge-carrier mobilities.

5. Easy synthesis which can be scaled up for production.

Poly(3-hexylthiophene) (P3HT) is the “fruit fly” of device physicists. When
polymerized with high regioregularity it can reach good performances.l'!=131 It is
well soluble (if the regioregularity and molecular weight are not too high), but its
operational stability is low and it is not easy to fabricate devices of good quality

with high reproducibly.[!#4 13]

132
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Figure 5.1: Different geometries of polythiophenes. a. linear backbone of P3HT b. curved
backbone of the polymer incorporating benzo[2,1-b;3,4-b’]dithiophene.

Various attempts have been made to improve these shortcomings of P3HT.[16]

Changing the position of the alkyl chains for higher regioregularity and easier syn-
thesis does not yield high enough charge carrier mobilities.[!”! Incorporation of a
linear benzo annellation to increase the ionization potential for higher air stabil-
ity renders an almost insoluble polymer.!'8! The incorporation of thiophene-derived
monomers, in particular thienothiophene, is very advantageous for the mobility (up
to 0.6 cm?V-!s71), but high annealing temperatures are needed (> 180 °C), which
is incompatible with inexpensive polymer substrates such as PET.[!°]

A new strategy shall be investigated here by using a kinked monomer which in-
troduces curvature into the polymer backbone. Hitherto, successful thiophene based
polymers have only consisted of linear or very close to linear polymer backbones
as depicted in Figure 5.1a using P3HT as example.

Benzo[2,1-b;3,4-b’]dithiophene, in contrast, introduces a bond angle of 127 °
into the backbone of a conjugated polymer, rendering a curved chain as depicted in
Figure 5.1b. The benzo annellation decreases the ionization potential of the poly-
mer, thus increasing the stability against air and moisture.[?°! The strong aggrega-

tion tendency of this moiety shall be moderated by the curvature which is expected
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to increase the solubility due to entropic reasons. To obtain a high-performance
polymer, the structure has to be optimized first, i.e. finding the best position for

solubilizing alkyl chains and checking if additional thiophene units are needed.
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Figure 5.2: Synthesis of the homopolymer; conditions: i RMgBr, Et,O, RT; ii PCC, CH,Cl,,
RT, 67 % (for two steps); iii ethylene glycol, toluenesulfonic acid (cat.), toluene,
reflux, quantitative; iv 1. n-butyllithium, THF, -78 °C 2. Fe,(acac); 3. HCI, 63 %; v
TiCly, Zn, THF, reflux, 37 %,; vi FeClg, o-dichlorobenzene, 60 °C, 85 %.

5.2 Structure Optimization

5.2.1 Homopolymer

The first approach towards a curved conjugated polymer is the homopolymeriza-
tion of the benzo[2,1-b;3,4-b’]dithiophene building block. Alkyl chains need to be
attached to the molecule in order to solubilize the polymer and favor lamellar pack-
ing. If the alkyl chains were attached at the 4-position of the thiophene units, the
polymer would be poorly conjugated due to steric congestion of the adjacent alkyl
chains. Therefore, the alkyl chains need to be attached to the benzo units. Two
such alkyl chains are needed to avoid regularity problems due to an unsymmetric
monomer.

The synthesis of the polymer is derived from that of the unsubstituted ben-
zodithiophene reported in the literature as depicted in Figure 5.2.121:221 Start-
ing from thiophene-3-carboxylaldehyde (59) a Grignard reaction attaches a dode-

cyl chain. The thus obtained 3-(1-hydroxyalkyl)thiophene (71) is oxidized to 3-
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alkanoylthiophene (72) using pyridiniumchlorochromate (PCC). This selective ox-
idant avoids unwanted oxidation on the sulfur atom of the thiophene ring.[’!

The oxidative dimerization needs a regioselectively lithiiated molecule. For this
reason, the ketone group has to be protected such that lithiation is directed to the 2-
position of the thiophene. Ethylene glycol as protection group serves this purpose as
the free electron pairs of the oxygen atoms coordinate the lithium ion. Furthermore,
this protection group is easy to attach, stable under basic conditions, and can be
cleaved under mild conditions. After lithiation, oxolane 73 is oxidized by iron(III)
acetylacetonate and hydrolyzed with hydrochloric acid whereupon the dialkanoyl-
2,2’-dithiophene 74 is obtained. A McMurry ring closure reaction with titanium(I'V)
chloride reduced by zinc yields the dialkylated benzodithiophene 75.

This monomer can be oxidatively polymerized with the aid of iron(III) chloride.
To obtain high molecular weight, moisture has to be carefully excluded.?* %31 Four
equivalents of iron(IIl) chloride are added to the monomer in o-dichlorobenzene.
The mixture is gently heated to 60 °C overnight to avoid gelation and to keep the
polymer in solution. High concentrations (> 50 mg/ml) are needed for the reaction
for high molecular weight as usual for step-growth polymerization reactions.!?% 27!
The thus obtained polymer is reprecipited from o-dichlorobenzene in methanol and
consequently dedoped with hydrazine.

The polymer is well soluble in chlorinated benzenes. The molecular weight is
determined by size exclusion chromatography in 1,3,4-trichlorobenzene at 135 °C
using polystyrene as reference. A number average molecular weight of 18 kg/mol
is obtained, a reasonable value for polythiophenes.[?3: 21

Good solubility in dichlorobenzene enables the polymer to be tested as the active
material in a field-effect transistor (FET). The measurements are done in collab-
oration with Dirk Beckmann in the institute. A highly doped silicon wafer with
(30]

a thermally grown oxide layer, silanized with HMDS is prepared as substrate.

The polymer is spin cast from a o-dichlorobenzene solution (5 mg/ml) and dried



137 5.2. Structure Optimization

107
0.3
102 <
< 3 -0.2 £
N, T
10° L0.1 =
T T T . T T T T T T OO
0 -20 -40 -60 -80 -100

YA

Figure 5.3: Transfer curve of polymer 76 on a silicon wafer.

at 100 °C for five minutes. Finally, top-contact gold electrodes are deposited by
thermal evaporation.3!!

The transfer curve of this transistor is depicted in Figure 5.3. At higher voltages,
the transistor reaches the space-charge limited regime as seen by the quadratic
source-drain current dependence on the gate voltage, so there are no major injection
barrier problems.’>-341 A threshold voltage of -30 V is observed, which is still
reasonable for a polymer transistor. Low hysteresis is measured, the current at zero
gate voltage goes back to a very low value (10 A). This means that the material is
neither intrinsically doped, nor traps are created during operation. Nevertheless, the
mobility is low, i.e. pg = 1.4-10~% cm?V-!s71. Also, the on-off ratio (Ioy/Io = 240)
is unsatisfactory as a result of the low on currents.

To analyze the reason for the low performance, X-ray diffraction has been mea-
sured. The reflection pattern (Figure 5.4a) of a drop cast film reveals very low order
(the peak at 20 = 33 ° is caused by the silicon lattice of the substrate). To get an
even better insight into the polymer morphology, two-dimensional X-ray diffraction
of an extruded fiber are recorded (Figure 5.4b). This is done in collaboration with
Wojciech Pisula. Again, low order is indicated by very broad and weak peaks. In
addition, the 71— 7t distance is determined to be 4.3 A, a relatively high value in com-

parison to high-performance polymers reported in the literature. P3HT exhibits a
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Figure 5.4: X-ray diffraction of polymer 76 a. reflection of a drop cast film (the black line is the
result of adjacent averaging to reduce the noise level) b. diffraction of an extruded
fiber.

value of only 3.8 A 13! other polymers are in the same range.!'%- 3! According to the
hopping theory, large distances between the molecules decrease the mobility.[37- 331

It seems as if the polymer is not flexible enough to form highly ordered films
upon deposition. The repeat unit of the polymer backbone contains only one fused
and thus stiff entity. Conformational changes, therefore, need a significant amount
of activation energy. This makes the packing process too slow for spin casting. The

result is an amorphous film. If there were smaller units in between the benzodithio-

phenes, the deposition process should be enhanced significantly.

5.2.2 Additional Dithiophenes

A common strategy to incorporate more flexibility into a polymer backbone is the
copolymerization with dithiophene. The electronic structure of thiophene fits well
to its derivative and good conjugation is retained. There are many examples in the
literature where this strategy has successfully been applied.[!3 193]

The synthetic procedure is shown in Figure 5.5. The dialkylbenzodithiophene
(75) is brominated by NBS in DMF at the reactive 5- and 5’-positions, whereupon
a Stille coupling with 2-tributylstannyl-3-alklythiophene yields the monomer 78 as

an oil.
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Figure 5.5: Synthesis of a polymer incorporating additional dithiophene units; conditions: i
NBS, DMF, RT, 71 %, ii 2-tributylstannyl-3-dodecylthiophene, DMF, Pd(PPhy),,
100 °C, 70 %; iii FeCl,, o-dichlorobenzene, 60 °C, 80 %.

By oxidative polymerization under similar conditions as previously described
polymer 79 is obtained. After optimization of the reaction conditions, roughly the
same molecular weight is obtained as for polymer 76. Size exclusion chromatog-
raphy in o-dichlorobenzene at 135 °C determines the number average molecular
weight to 22 kg/mol against polystyrene as reference. Similar molecular weights
enable better comparability of the polymers as the mobility can depend heavily on
{140,411

The polymer is very well soluble in different solvents due to the presence of
so many alkyl chains. To prepare field-effect transistors the same procedure as
described above is followed for the reason of comparability. The result can be seen
in Figure 5.6. The mobility has, in fact, increased by about one order of magnitude,
namely e = 2.1- 1073 cm?V-1s"!. The on-off ratio also increases significantly to
Ton/logr = 7.1-10%.

The device characteristics have significantly improved: the threshold voltage is
almost at 0 V, the hysteresis is much lower, and the transistor enters the space-charge

limited regime already at around -30 V. The output curve, furthermore, indicates a
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Figure 5.6: Field-effect transistor characteristics of polymer 79 on a silicon wafer prepared
under standard conditions; a. transfer and b. output curves.
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Figure 5.7: X-ray analysis of polymer 79 a. X-ray reflection b. X-ray diffraction of an extruded
fiber.

well working transistor conducting current at very low source-drain voltages and
reaching a plateau at higher voltages. This means that there are no contact problems
nor leakage currents of notable extend.!1*2* However, the source-drain current
remains above 10" A on the back sweep of the gate voltage which is two orders of
magnitude higher than the voltage at the beginning. It seems as if leakage currents
are the reason for this.

X-ray diffraction analysis has been carried out for polymer 79, both as film on
a silicon wafer in reflection mode (Figure 5.7a). Additionally, two-dimensional
diffraction of an extruded fiber is recorded (Figure 5.7b). In the film diffraction

pattern a peak can be seen at 20 = 3.7° which corresponds to the lamellar packing. It
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Figure 5.8: Synthesis of a polymer with fewer alkyl chains but the same backbone as 79;
conditions: P(o-tol)s, Pd,(dba),, o-dichlorobenzene, 140 °C, 3 days, 92 %.

translates to a lamellar distance of 2.4 nm and can be found as well on the equatorial
axis of the two-dimensional fiber X-ray diffractogram. This indicates higher order
than in the first case of polymer 76, explaining the gain in mobility. In addition, the
7t — 7t distance has decreased to 3.9 A.

In conclusion, the strategy of adding dithiophene as a comonomer is success-
ful. Nevertheless, more optimization is needed to obtain a mobility of at least
0.1 cm?V-!s!. The numerous alkyl chains may hinder efficient packing and “di-
lute” the active part of the polymer too much. Considering the high solubility of the

polymer, fewer alkyl chains seem feasible.

5.2.3 Reduced Degree of Alkylation

A lower degree of alkylation can be achieved by leaving the additional thio-
phene units un-alkylated. Having already synthesized the dibrominated dialkyl-
benzodithiophene (77), the most straightforward way is the Stille polymeriza-
tion reaction with the literature-known bis(trimethylstannyl)dithiophene (80) as
a comonomer (see Figure 5.8).1*31 The reaction conditions to obtain polymer
81 are derived from a published procedure for a similar polymer utilizing tri-
o-tolylphosphine and tris(dibenzylideneacetone)-dipalladium(0) (Pd,(dba);) in o-

dichlorobenzene at 140 °C for three days.!*®! The decreased number of alkyl chains
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Figure 5.9: Field-effect transistor characteristics of polymer on silicon wafer prepared equal to
other polymers 81 a. transfer and b. output curves.

leads to drastically lower solubility. In order to be able to process the polymer from
solution, hexadecyl chains are necessary.

The molecular weight is targeted again to the 20 kg/mol region. Size exclusion
chromatography in trichlorobenzene at 135 °C against polystyrene standards deter-
mined the number average molecular weight to 21 kg/mol. So, good comparability
is assured.

Field-effect transistors on silicon wafers are prepared in exactly the same way
as for the other polymers. The transfer and output curves are shown in Figure 5.9.
Good device characteristics are retained. Neglegible hysteresis, low contact resis-
tance, and vanishing leakage current are observed. The mobility for this polymer
reaches gy = 2.3 - 1072 cm?V-!s!| the on-off ratio Ioy/Ios = 1.2 - 10*. This means
another improvement of one order of magnitude, so the goal is nearly attained.

X-ray diffraction analysis both as film and as extruded fiber is measured for
polymer 81 as well. The results are presented in Figure 5.10. A further increase
of the degree of order in comparison to polymers 76 and 79 can be observed. Sharp
and intense peaks are seen, even higher order peaks of the lamellar packing on the
equatorial axis are present.

The 7 — 7t distance, however, is practically unchanged. It is determined to be

4.0 A, even slightly larger than for polymer 79. As mentioned above, very effective
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Figure 5.10: X-ray diffraction analysis of polymer 81 a. film reflection mode b. diffraction on an
extruded fiber.

polymers pack with distances about 3.7 A. If one assumes that the benzodithiophene
unit is the dominant driving force for aggregation, it should be more effective to
leave it unsubstituted for denser packing.

Furthermore, two adjacent alkyl chains are likely to mutually interfere. Their
motion is thus correlated in the vicinity to the benzodithiophene moiety due to
their spatial proximity, leading to a less effective solubilizing effect than two sep-
arate alkyl chains would have. A similar effect is observed in differently alky-
lated polythiophenes.!*”! This motivated to make a polymer with unsubstituted ben-

zodithiophene and attaching the alkyl chains solely to the thiophene units.

5.2.4 Unsubstituted Benzodithiophene

In order to obtain a polymer with unsubstituted benzodithiophene and alkylated
thiophene units, a Stille polymerization between stannylated benzodithiophene and
a dibromo-dialkyl-dithiophene is chosen. Benzo[2,1-b;3,4-b’]dithiophene (82) is
made according to a literature procedure.?!> 2!

The dialdehyde 61 previously prepared for the donor-acceptor model system
in the previous chapter undergoes reductive coupling under McMurry conditions.

TiCl, and zinc in anhydrous THF are employed affording benzodithiophene 82. Its
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Figure 5.11: Synthesis of polymer 88 with unsubstituted benzodithiophene and alkylated
dithiophene; conditions: i TiCl,, Zn, THF, reflux, 53 %; ji 1. t-butyllithium, THF,
-78 °C 2. MesSnCI 78 °C to RT, 44 %,; iii RMgBr, Ni(dppp)Cl,, diethylether, reflux,
85 %,; iv 1. n-butyllithium, TMEDA, THF, RT, 2. Fe,(acac);, RT, 59 %; v NBS,
chloroform, RT, 68 %; vi P(o-tol)3, Pd,(dba)s, o-dichlorobenzene, 140 °C, 3 days,
87 %.

purity can be easily determined as it melts just above room temperature. If it is not
pure, it remains an oil.

The preparation of the distannylated benzodithiophene (83) needed considerable
optimization. The literature reports the use of n-butyllithium to deprotonate the
o positions of thiophenes.[3% 481 Nevertheless, only the singly stannylated product
is obtained. Neither the temperature nor the reaction time nor the amount of n-
butyllithium helped to get the desired product. Only the application of the highly
pyrophoric t-butyllithium is basic enough to doubly deprotonate benzodithiophene
82. The product, however, does not crystallize directly after the workup. Also, it
is not stable enough to submit it to column chromatography. Only reversed phase

chromatography helps purifying the product sufficiently that it can be crystallized.
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Octadecyl functionalized silica gel is used as stationary phase and acetonitrile as
eluent. After crystallization, compound 83 can be obtained in high purity which is
necessary for a step-growth polymerization.[4°]

The dialkylated dibromo-dithiophene (87) is a well-known compound.P% Tt is
made by a Kumada reaction alkylating 3-bromothiophene (84). Lithiation depro-
tonates selectively the 5-position. Oxidative coupling with Fe,(acac), yields com-
pound 86 which is brominated with N-bromosuccinimide to afford the comonomer
87. It is very important to obtain the compound in high purity for a successful
polymerization yielding high molecular weight. For this reason, the compound is
recrystallized three times from ethyl acetate, a process in which about half of the
material is sacrificed for the purity.

Both monomers (83 and 87) are copolymerized under Stille conditions as for
polymer 81: Pd,(dba); and P(o-tol); are used as catalyst in a o-dichlorobenzene so-
lution. The reaction is run for three days at 140 °C whereupon it is purified by pre-
cipitation. The polymer can be obtained with a number average molecular weight of
21 kg/mol as determined by size exclusion chromatography in trichlorobenzene at
135 °C in reference to polysytrene. This means good comparability to the previous
polymers with regard to molecular weight.

An NMR spectrum can be recorded of the polymer in 1,2,4-trichlorobenzene-ds
at 100 °C. To reduce the influence of the end groups in the spectrum, the polymer
is subjected to Soxhlet extraction with chloroform in advance. The 'H-NMR spec-
trum is depicted in Figure 5.12. In the aromatic region, three peaks can be seen
which originate from the polymer. The peaks have been assigned by comparing the
positions with polymer 79, in which the peak at 7.8 ppm is absent, as well as the
monomer of the latter polymer (78) showing two doubletts at 7.0 and 7.2 ppm.

The peak at 7.3 ppm partially overlaps with the solvent peak hindering integra-
tion. In the spectrum recorded in o-dichlorobenzene-dy it is completely hidden un-

der the solvent signal. Using the peak fitting function of the MestReC© software,
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Figure 5.12: "H-NMR spectrum of polymer 88 in C4D;Cl, at 100 °C (500 MHz).
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Figure 5.13: Field-effect transistor characteristics of polymer 88 on silicon wafer. a. transfer
and b. output curve.

equal intensity of the three aromatic peaks can be determined. The aliphatic region
also fits well to the structure of polymer 88. The signals of the first four protons
along the chain beginning at the thiophene are resolved. Their integrals equal four
times those in the aromatic region as expected.

The transistor performance of this material is tested in the standard field-effect

transistor setup using HMDS treated silicon wafers with top-contact gold electrodes.
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Figure 5.14: Morphology investigation of polymer 88. a. film X-ray reflection diffraction, b.
two-dimensional WAXD from an extruded fiber.

Figure 5.13 depicts the results. The transfer curve reveals practically absent hys-
teresis and a nicely linear relationship of the square-root of the current to the gate
voltage. The output curves reach the space-charge limited current regime, so no
contact resistances or leakage currents are detected.

The threshold voltage is shifted to slightly positive gate voltages, but the value is
below +5 V, so uncritical for applications.>!] Worth mentioning is the low source-
drain current on the back scan which goes down to values around 10" A, only one
order of magnitude higher from where it has started.

The transistor exhibits a saturation mobility of pg, = 0.13 cm?V-1stwith an on-
off ratio of Iy, /Ior = 1.3 - 10°. These excellent values are reached with high repro-
ducibility, the standard deviation of five measurements is as low as 0.02 cm?V-ist,
This means that a material has been found with outstanding potential for applica-
tions.

The morphology investigations as depicted in Figure 5.14 reveal very high order
of the polymer. The film X-ray reflection diffractogram shows peaks of the lamellar
packing up to the third order which requires a large degree of crystallinity. This

is corroborated by the two-dimensional wide-angle X-ray diffraction pattern. A
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Figure 5.15: Cartoons of the morphology as determined by force-field optimization. a. polymer
76, b. polymer 88.

lamellar distance of 1.88 nm is elucidated, in good agreement with the length of a
dodecyl chain plus the backbone diameter.

The 7t — 7t distance can be determined from the latter to be 3.7 A, a very low value
leading to an efficient intermolecular interaction and, thus, low hopping barriers.[>?!
More peaks of interest can be seen in Figure 5.14b on the meridional axis. These
originate from the crystalline alkyl chains being perpendicularly oriented to the
polymer backbone. This emphasizes that the efficient packing and the high order
lead to the good field-effect mobility.>!

The huge morphological differences between the initial homo-polymer 76 and
the finally optimized polymer 88 have been considered in more detail using a 3D-
structure program to model the lameallar packing to get a better understanding of
the structure-properties relationship. The polymers are optimized in terms of force
field energy minimization (MMFF algorithm) and assembled such that they fit the
X-ray data.

The proposed assembly of both polymers is shown in Figure 5.15. In the case
of polymer 76, it is not possible to superimpose two adjacent polymer chains such
that the alkyl chains can pack effectively and a large 7t overlap of the backbone is
formed. In many crystal structures of thiophene containing molecules, the sulfur

atoms of adjacent molecules get in close contact.l’*%! In the present case, it is not
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Figure 5.16: Atomic force microscopy image (tapping mode) spin-cast film of polymer 88.

possible without significant steric strain caused by the alkyl chains. A large m— 7t
distance as determined by X-ray diffraction is the consequence leading to low lattice
energy and finally to low order.

The opposite is true for polymer 88. A good 7t overlap is reached when the
sulfur atoms of adjacent polymer chains are in close contact. This is particularly
favorable for charge conductivity due to the strong coupling of sulfur atoms which
are in close proximity.’”) The alkyl chains can, furthermore, pack freely without
creating steric strain, thus enabling close packing with a low 7t — 7t distance. The
distance of packed alkyl chains fit well to the X-ray data (see meridional peaks in
Figure 5.14b). There are just enough alkyl chains to fill the space in between the
lamellae, which means that the lamellar distance equals the length of the alkyl chain
plus the diameter of the backbone. The X-ray data supports this close packing mode
with a lamellar distance of 1.88 nm. Polymer 76, instead, has too many alkyl chains
leading to steric crowding and finally to an enlargement of the lamellae (2.19 nm).

Film formation properties can be visualized by atomic force microscopy (AFM).

It has been shown for P3HT that the mesoscale morphology has an important influ-



Chapter 5. Benzo|[2,1-b;3,4-b’]dithiophene Containing Polymers 150

Figure 5.17: Polarized optical microscopy image of polymer 88 cooled from the melt under
sheer forces.

ence on the field-effect mobility.[>®! Polymer 88 is dissolved in o-dichlorobenzene
and spin-cast on a silicon wafer following the procedure with which the transistors
have been prepared.

The constant-high image recorded by AFM is depicted in Figure 5.16. The poly-
mer forms a very smooth surface, the height differences fall within one nanometer.
Grain boundaries are absent which lower the mobility significantly.[>®! One can even
see the steps induced by the lamellar packing of the molecule. The height difference
(about 3 nm) corresponds well to the lamellar distance obtained by X-ray diffrac-
tion. The lamellar structures are visible practically everywhere underlining the high
crystallinity of this polymer. The excellent film formation properties explain the
good performance of the corresponding transistors.

When polymer 88 is heated to 200 °C, it starts to melt, and at 220 °C it is com-
pletely liquid. Melting polythiophenes have been reported before, but they are
rare.[®0- 611 This enables one to process the polymer from solution. In order to study
the morphology of 88 upon cooling a liquid film, the material is sandwiched be-
tween two glass slides and heated to 220 °C. The cooling process is observed by
optical microscopy using cross polarizers. No birefringence is observed when let-

ting the polymer cool down slowly. If, however, the glass slides are moved against



151 5.2. Structure Optimization

Polymer Alkyl Chain M, in kg/mol sy in cm?V-igl Ton/Toss

89 C10 13 0.070 1.7-10°
88 C12 21 0.106 1.8-10°
90 Cl4 20 0.094 9.2.10°
91 C16 16 0.066 3.4-10°

Table 5.1: Dependence of field-effect mobility on alkyl chain length of benzodithiophene-
copolymers.

each other inducing a shear force, strong birefringence is detected. Figure 5.17
shows the corresponding image. This has important consequences as the material
allows the preparation of films with preferred direction of the polymer chains po-
tentially increasing the backbone current transport in the transistor leading to even

better performance. The investigations are ongoing.

5.2.5 Variation of Alkyl Chain Length

The length of the solubilizing alkyl chains of conjugated polymers can have a
strong effect on the field-effect mobility. Poly(3-alkylthiophene)s exhibit differ-
ences of four orders of magnitude between a hexyl and an octadecyl substituted
derivative.!%?] Other conjugated polymers show a similar behavior.[®3 %41 The differ-
ences in conductivity are attributed to morphological differences. Very long alkyl
chains usually lead to low order, very short to ineffective phase separation and poor
solubility. That is why a compromise has to be found for each polymer backbone.

To investigate the influence of the alkyl chain on polymer 88, three more poly-
mers have been synthesized. Following the route outlined in Figure 5.11 on
page 144, dibromo-dithiophenes (87) with different alkyl chains between ten and
sixteen carbon atoms are used.

The field-effect mobilities of the polymers are measured in the standard setup.
The results are summarized in Table 5.1. The mobility of the C12 and the C14

derivative (88 and 90 respectively) are practically identical with the former being
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Polymer M,/ kg-mol'1 Usat/ cm?V-lgl Ion/Tosg dr/ nm  djgp/ N

76 18 1.3-107% 2.4-10? 0.43 2.19
79 22 2.1-1073 7.1-10° 0.39 2.38
81 21 2.3-1072 1.2-10* 0.40 2.19
88 21 0.134 1.8-10° 0.37 1.83
P3HT 27 1.1-1072 1.7-10? 0.38 1.65

Table 5.2: Overview of the field-effect performance and the morphology parameters of the
polymer structure optimization process including P3HT as reference, djzm: thickness
of lamellae.

slightly higher. About 30 % lower mobilities are measured for the C10 and C16
derivatives (89 and 91, respectively). This is an insignificant difference considering
the slightly different molecular weights. Also the on-off ratios are all of the same
order of magnitude.

The practical independence of the mobility on the alkyl chain length is very
advantageous in that the solubility can be tuned without affecting the transistor. For
the polymer with C10 chain, it is easy to find orthogonal solvents in order to build
up layered structures. The longer chains, on the other hand, offer the possiblity
to process the device from non-chlorinated solvents. The solvent vapors can be
burned without evolving hydrochloric acid, an important environmental aspect. In

fact, polymer 91 with its C16 chain dissolves in toluene at 80 °C.

5.2.6 Summary

A summary of the optimization procedure is presented in Table 5.2. The homopoly-
mer (76) with alkyl chains attached to the benzene unit shows low order and low
mobility. The introduction of additional dithiophenes improves the performance of
the FET in the case of the all-alkylated polymer (79) and even better for the poly-
mer with the same backbone but less alkyl chains (81). The positioning of the alkyl
chains away from the benzodithiophene to the thiophenes yields a polymer (88)

with high order and good mobility, fullfilling all requirements needed for indus-
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trial applications simultaneously: easy processablity from solution, short annealing
times at low temperatures, high operational stability, high charge-carrier mobility,
and easy synthesis.

Included is the well-known P3HT which has been tested under the same condi-
tions as the other polymers. The mobility of g = 1.1- 1072 cm?V-!slis reason-
able, values of 0.1cm*V-'s !are only reached in highly optimized setups.l'!] The
X-ray data for P3HT are taken from the literature.[63]

The trend of increasing mobility with decreasing 7t — 7t distance is obvious for all
polymers. The polymer obtained after optimization (88) packs even more closely
than P3HT. Polymer 88 has a remarkably low lamellar distance in comparison to
P3HT. In the latter case, only short hexyl chains need to find a place in between two
polymer chains, whereas for 88 doubly long dodecyl chains need to fit. It seems as
if they can pack so effectively that the end of the alkyl chain comes close to the next
polymer backbone. No alkylation at the benzodithiophene unit leaves enough space
for such an interdigitation.

The fact which has become very obvious is that the alkyl chains attached to the
benzodithiophene unit have a very disadvantageous effect on the 7t — 7t distances.
The lowest value in this series is 0.39 nm which is far too much for high mobil-
ity. Close packing is undisturbed in the case of polymer 88 with an unsubstitued

benzodithiophene unit leading to a strong interchain interaction.
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Figure 5.18: Synthetic route to the linear polymer, conditions: i l,, H,SO,, 130 °C, 48 %; ii
ethynyl-trimethylsilane, Pd(PPh;),Cl,, diisopropylamine, THF, RT, 91 %,; iii 1. t-
butyllithium, THF, -78 °C to RT 2. Sg, 3. ethanol, RT, 77 %; iv Buy,NF, THF, RT,
96 %; v 1. t-butyllithium, THF, -78 °C, 2. Me;SnCl, 59 %; vi Pd,(dba),, P(o-tol)s,
o-dichlorobenzene, 140 °C, 94 %.

5.3 The Effect of Curvature

The striking feature about the benzo[2,1-b;3,4-b’]dithiophene is the fact that it intro-
duces curves into the polymer backbone (recall Figure 5.1 on page 133) in contrast
to most successful polymers reported so far having a linear backbone. The curved
polymer 88 exhibits a high charge-carrier mobility exceeding 0.1 cm?V-'s'and
shows excellent device characteristics in combination with good processablity and
high reproducibility. To examine the effect of the curvature in more detail, the linear
isomer incorporating benzo[ 1,2-b;4,5-b’]dithiophene (96) is prepared. Its electronic

structure is expected to not significantly deviate from polymer 88.
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5.3.1 Isomeric Linear Polymer

The synthesis of benzo[l,2-b;4,5-b’]dithiophene (96) is described in the
literature.[%%) Its key step is a double cycloaddition of a thiol to ethynyl moieties.
Therefore, 1,4-dibromobenzene (92) is iodinated with iodine in sulfuric acid.[®”]
The 1,4-diiodo-2,5-dibromobenzene (93) is reacted in a selective Haghihara
reaction to the 1,4-bis-trimethylsilylethynyl-2,5-dibromobenzene (94).  The
bromine atoms are lithiated by t-butyllithium and converted to the thiols by
reacting with elemental sulfur. Upon treatment with ethanol, the thiols add
to the triple bond forming two thiophene rings.[®®! The trimethylsilyl groups
are needed to allow lithiation, because ethynyl protons are more acidic than the
phenyl protons. The protection groups are cleaved by fluoride ions to afford
benzo[1,2-b;4,5-b’]dithiophene (96).

Stannylation is achieved as before by double lithiation at -78 °C with
t-butyllithium and subsequent treatment with trimethyltin-chloride to afford
monomer 97. The high symmetry of this molecule (Dj,) facilitates the
crystallization process, so no reverse phase chromatography is needed as in the
case of the ditin compound 83.

A Stille polymerization is done under identical conditions as for polymer 88 uti-
lizing dibromo-dialkyl-dithiophene (87) as the comonomer. During the polymeriza-
tion, the polymer starts to precipitate with o-dichlorobenzene as solvent at 140°C.
The high rigidity of a linear polymer thus lowers the solubility drastically. It can
still be dissolved in warm o-dichlorobenzene, but not at such high concentrations as
polymer 88.

The field-effect characteristics of polymer 98 can be seen in Figure 5.19. The
curves look relatively similar to those of polymer 88 (Figure 5.13 on page 146).
The hystersis is a bit higher, but otherwise there are little differences. The mobility,

however, is only pgy = 1.5+ 10~2 cm2V-1s!, which means one order of magnitude
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Figure 5.19: Field-effect transistor characteristics of polymer 98 on silicon wafer. a. transfer
and b. output curve.
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Figure 5.20: Morphology investigation of polymer 98. a. film X-ray reflection diffraction, b.
two-dimensional WAXD from an extruded fiber.

lower than that of polymer 88. The on-off ratio has been determined to Iop/Iogr =9.1-
10%, so roughly the same value as for polymer 88.

At the first glance, this experimental result is unexpected. A similar polymer to 98
with the same backbone geometry has shown higher values.!'® There is, however, a
report about polymer 98 with a mobility of pg = 8- 107> cm?V-!s!, but this may
be due to an ineffective device preparation.®]

Morphological differences may be the reason for the lower performance of poly-
mer 98 over polymer 88.1701 X-ray diffraction experiments in film and on an ex-
truded fiber have been performed. The results are depicted in Figure 5.20. The

peaks in the film X-ray reflection pattern are almost identical to those of 88. Sharp
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Figure 5.21: Temperature-dependent UV-vis absorption spectra of polymer 88 in o-
dichlorobenzene.

reflections and up to third order peaks arising from lamellar packing are observed
as for polymer 88 (see 5.14 on page 147), which means a comparable degree of
order. The 7t — 7t distance as determined from the wide-angle two-dimensional X-
ray diffraction pattern from the extruded fiber is identical to polymer 88 (3.7 A). It
can, therefore, be concluded that both polymers form a very similar unit cell and

crystallize to a comparable degree.

5.3.2 Optical Analysis

One difference between the two isomeric polymers 88 and 98 becomes obvious
when heating dichlorobenzene solutions. The curved polymer 88 undergoes a
strong color change from deep red at room temperature to light yellow at around
50 °C whereas the linear 98 is almost unaffected. This motivated to record
temperature-dependent UV-vis absorption spectra of the polymer.

As shown in Figure 5.21, the absorption spectra of 88 change drastically upon

heating. While there are three resolved bands between 500 and 600 nm visible at
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low temperatures, these vanish upon heating and a broad band around 450 nm arises.
A similar, but much weaker effect is observed for P3HT.I”! Such an absorption
change has also been observed when a poor solvent such as methanol is added to
the solution.!”> 73] Tt is proposed that J-aggregates of the molecules lead to this
behavior. The polymer chains line up such that the transition moment of the single
chains are oriented parallel and the angle between the transition moment and the
polymer chain is zero. The strong coupling of several self-similar chains results in
a coherent excitation at red-shifted wavelengths relative to the free chain.[74]

This thermochromic effect takes place in a very narrow temperature range for the
transition between aggregated chains (20 °C) and free chains (50 °C). In P3HT, the
transition takes place between 25 °C and 150 °C.I"H The photoluminescence inten-
sity is measured at temperatures above and below the transition. At low tempera-
tures the fluorescence intensity is about a fourth of that at high temperatures. Self-
quenching of aggregated conjugated polymers is well known in the literature.!”>> 76!

Good insight into aggregation phenomena can be obtained using light scattering
techniques.!””> 78 Dynamic light scattering has been measured for polymer 88 in
collaboration with Werner Steffen in this institute. For the excitation, a laser with
a wave length of 831.5 nm is used as the polymer absorbs too strongly at shorter
wavelengths which are normally used for light scattering. The polymer is dissolved
at 2 mg/ml in o-dichlorobenzene, filtered at 70 °C through a PTFE filter to obtain
dust-free samples.

The intensity-intensity autocorrelation functions are depicted in Figure 5.22. At
low temperatures, the correlation function possesses a decay time of more than 1 ms
which translates into particles of 100 nm to 5 um in size. A single polymer coil with
a molecular weight of 20 kg/mol is much smaller. Therefore, the polymer strongly
aggregates which leads to the intensive red-shift of the UV-vis absorption spectrum
(see Figure 5.21).

When the solution is heated to 60 °C, a temperature where the absorption bands
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Figure 5.22: Intensity-intensity autocorrelation function from a light scattering experiment with
polymer 88 in o-dichlorobenzene at various temperatures.

between 500 and 600 nm have completely vanished, the autocorrelation function is
not detectable any more. The polymer chains no longer aggregate; they are solvated
separately. The effect is completely reversible, so no permanent structural change
occurs which is consistent with an aggregation phenomenon.

When cooling a solution of polymer 88 at a very high concentration (> 10 mg/ml)
to room temperature, the solution gelates. This is, again, evidence for a fine balance
between strong interchain interaction and solubilization. This behavior stands in
contrast to that of the linear isomer (98) which precipitates already at low concentra-
tions with almost no change in the absorption spectrum. P3HT, for comparison, also
gelates under certain conditions, but only in poor solvents at low concentrations.!”"]
The higher the regioregularity, the lower is its tendency to gelate. At very high
regioregularities, it rather precipitates.

It can be concluded, that the curvature in polymer 88 increases the tendency
to remain in solution but still allows efficient intermolecular interaction. During

the fabrication process of the field-effect transistors, the polymer already organizes
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itself in solution, so a good interfacial morphology can form. The linear polymer 98,
in contrast, interacts so strongly, that precipitation sets in quickly. Under the present
processing conditions, no optimum interfacial morphology is formed because the
mutual interactions of the polymer chains are too strong. If a precipitate settles
on the silicon wafer, the bulk morphology shows high order in X-ray diffraction
experiments, but no good contact to the dielectric is formed.

It can, furthermore, be assumed that the curved structure of polymer 88 intro-
duces more flexibility to the material. Very short annealing times (five minutes) at
low temperatures (100 °C) are sufficient to reach the maximum field-effect mobil-
ity. Often, longer annealing times at higher temperatures are needed to create high

order and to reach the maximum field-effect mobility.[80- 311
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Figure 5.23: Transistor setup on flexible substrate, OSC: organic semiconductor (88), S:
source electrode, D: drain electrode, Au: gold gate electrode.

5.4 Flexible Substrate

The great advantage of organic semiconductors over their inorganic counterparts is
the mechanical flexibility which opens totally new possiblities for products.!3>-8>]
It is obvious that silicon wafers, which are typically used as substrates to measure
the mobility of organic materials, cannot be used. They are brittle, heavy, and
expensive. Flexible polymeric substrates are essential to probe the potential of a
material towards appliances.

Polyethylene terephthalate (PET) is the most promising material in this sense: it
is cheap to produce, mechanically and chemically very stable, its fabrication is well
established, and it is environmentally benign. Also, it has shown to be compatible
with organic semiconductors.[36-89]

Testing polymer 88 on such substrates seemed most promising as it fulfils all
requirements for potential applications: it is easily processed from solution, forming
transistors with high reproducibility. Furthermore, it does not need annealing at high
temperatures nor for long periods, it exhibits high charge-carrier mobility, and it is
easily synthesized. The polymer is dissolved in chlorobenzene and spin coated on
a PET film with prestructured gold source and drain electrodes. Polystyrene (PS) is

spin cast on top as the dielectric. Finally, the gate contact is made by evaporating

gold on the PS layer. The schematic setup can be seen in Figure 5.23.
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Figure 5.24: Field-effect transistor characteristics on flexible substrate a. transfer (Vgp =-30 V)
and b. output curves.

The semiconductor is sandwiched in between polymer layers. This represents an
encapsulation against air and moisture, albeit the protection is only weak. Many
materials need much more drastic protection against environmental contact.[°% 1]

The measurements are done in collaboration with Marcel Kastler and the BASF
Competence Center for Organic Electronics in Singapore. The results are depicted
in Figure 5.24. The transfer curve shows practically absent hysteresis and good
switching behavior. The field-effect mobility reaches py; = 0.1 cm?V-'s-lalready
at a gate voltage of -30 V and a source-drain voltage of -40 V. This is very favorable
with respect to applications in which the driving voltages should not be high. When
reducing the layer thicknesses, even lower driving voltages are expected because
the electric field is the effective parameter for the transistor performance.

The measurements are made at ambient conditions, which normally means high
humidity in Singapore. The PET layer on the one hand and the PS layer on the other
hand offer enough protection against oxygen and moisture that no changes can be
observed after several days. This means that the polymer is sufficiently stable for the
desired devices as was expected from the benzo annellation reducing the ionization
potential.

When the source-drain voltage is increased to -60 V as is usually done for FET on

silicon wafers, the mobility increases to pg = 0.5 cm>V-!s'l. The corresponding

transfer curve is depicted in Figure 5.25. It shows no hysteresis and good switch-
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Figure 5.25: Transfer curve of an FET with polymer 88 on PET with source-drain voltage of

-60 V.
Channel length in pm i/ em?V-1s!
10 0.104 + 0.007
25 0.098 + 0.003
50 0.103 + 0.003
75 0.096 + 0.010
100 0.095 £+ 0.008

Table 5.3: Field-effect mobility of transistors on PET substrates at a source-drain voltage of
-30 V, average value of 20 measurements.

ing behavior. There are some fluctuations in the curve which is most likely an
artifact of the instrument as the current densities are relatively high. The reliability,
however, is remarkable. For six different measurements a standard deviation of only
0.012 cm?V-!s"lor 2.4 % is observed, a very good value for polymeric transistors.[”]

The on-off ratio is just above 100 between gate voltages of 0 V and -20 V. In
all-polymer devices, however, higher values have not been reached so far. P3HT
fabricated under identical conditions also shows an on-off ration of about 100. The
transistor does not completely switch off at 0 V, a voltage of +20 V is needed
instead. Further optimization of the device which are ongoing should improve the
performance, but for low-cost applications such as radio-frequency identification

tags, this value is sufficient.[92]
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Another feature of the present material is the independence of the performance
on the channel length. Table 5.3 shows the field-effect mobility at channel lengths
between 10 and 100 um. The transistor is operated at a source-drain voltage of
-30 V and a gate voltage of -30 V. The mobility does not significantly deviate for
the different device geometries. This is a very favorable fact for the built-up of
complex circuitries.[*3-231 Also, the material may be used for a variety of different
devices regardless of their size. Again, the low standard deviations of the mobility
in different measurements stress that this material is extremely reliable which is

rarely found for the known materials so far.
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5.5 Solar Cell

Thin-film solar cells from organic materials are expected to contribute to replace
fossile energy supply in the future and open the market for new applications.!?¢-%°]
Polymers are attractive materials as they readily form films. In order to obtain a
current out of a solar cell, the tightly bound excitons have to be separated after
excitation.['0% 1011 This is best achieved when preparing a bulk heterjunction with
fullerenes.!'9% 1931 Efficiencies between 4 and 5 % have been realized with P3HT
and phenyl-Cg butyric acid methyl ester (PCBM).[8 104]

Polymer 88 is very promising towards a thin-film solar cell. It is easily processed
with high reproducibility and has proven to be highly effective in an organic field-
effect transistor (previous section). Furthermore, it is structurally similar to P3HT,
but absorbs light at longer wavelengths, thus absorbing more photons of the solar
spectrum. Its high aggregation tendency and crystallinity upon spin casting are
expected to yield efficient solar cells. The following measurements are done by
Miaoyin Liu and Chen Li in the institute.

The first issue to be resolved is choosing the appropriate acceptor. Fullerene
derivatives have proven to be very effective. Several derivatives varying in size and
substituent are available.[1%°] A good match of the electronic levels of donor and ac-
ceptor is essential for the solar cell to work and achieve a good performance.[!06- 107]

To select the right acceptor, the energy levels of polymer 88 are determined by
film cyclic voltammetry with an ITO working electrode and a platinum counter
electrode with a silver quasi reference electrode. The HOMO level is calculated
by the onset of the oxidation peak to be -5.2 eV. The LUMO level is determined by
adding the optical band gap of 2.0 eV, giving -3.2 eV. Phenyl-C,, butyric acid methyl
ester ([70]JPCBM) fits well to these energy levels. Its LUMO level is determined to
-4.3 eV and its HOMO level to -6.1 eV. This means that there is a 0.9 eV driving

force to separate the exciton and a remaining 1.1 eV offset between the HOMO
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Figure 5.26: UV-vis absorption spectra of polymer 88 and [70]PCBM in a film.

level of the polymer and the LUMO level of the PCBM which determines the open
circuit voltage.[10%]

Figure 5.26 shows the UV-vis absorption spectra of polymer 88 and [70]PCBM
in the film. For comparison, the solution spectrum of 88 is added. It can be seen that
the absorption of 88 is almost identical in solution at room temperature to the film.
This stresses, once again, the strong aggregation tendency of the polymer which
does not lead to precipitation.

The film absorption of both [70]PCBM and polymer 88 span the whole region
up to 600 nm, so harvesting of photons out of the solar spectrum is expected to
be quite efficient. The absorption spectrum of the film of blended [70]PCBM and
polymer 88 resembles the superposition of the separate film spectra. This indicates
that the two compounds have separated into different phases as required for a bulk
heterojunction.[108]

For the fabrication of photovoltaic cells, ITO substrates are first cleaned with ace-
tone and isopropyl alcohol in an ultrasonic bath, followed by a cleaning treatment
for 10 min with oxygen plasma. Subsequently, a 40 nm layer of PEDOT-PSS is spin-

cast from an aqueous solution. On top, an o-dichlorobenzene solution containing
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Figure 5.27: Current density-voltages curves of the photovoltaic cell with polymer 88 and
[70]PCBM under AM1.5G illumination.

polymer 88 (8 mg/ml) and [70]PCBM (16 mg/ml) is spin cast. 1,8-Octanedithiol is
used as a processing additive to enhance the phase separation process.l'%°! Another
PEDOT-PSS layer is spin-cast on top followed by a silver layer (100 nm) deposited
from the gas phase.

The cell is illuminated with 1000 W/m? of AM1.5G which resembles the solar
spectrum.' 191 The current density-voltage curve is shown in Figure 5.27. As cast,
the cell reaches a power conversion efficiency of 1 = 1% with an open-circuit
voltage of Voc = 0.46 V and a short-circuit current density of Jgc = 6.94 mA/cm?.
The fill factor is determined to FF = 0.31.

The cell is annealed at 120 °C for two minutes, after which the performance in-
creases significantly. Further annealing increases the performance only slightly, a
plateau is reached after five minutes. After this period a power conversion effi-
ciency of 1 = 2.7% is measured. The red curve in Figure 5.27 demonstrates the
improvement in contrast to the blue one. The open-circuit voltage has increased to

Voc = 0.68 V, the short circuit current density to Jgc = 7.61 mA/cm?. Also, the
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Figure 5.28: X-ray reflectometry of the blend of polymer 88 and [70]PCBM before and after
annealing.

fill factor increases to FF = 0.43 as can be seen by the more strongly bent curve in
Figure 5.27.

In comparison, a solar cell made of P3BHT and PCBM shows about the same open-
circuit voltage and short-circuit current.[!'!] Only the fill factor of the latter is higher
(FF =0.65) finally leading to 5 % power conversion efficiency. The annealing effect
of the power conversion efficiency is classically explained by an improved phase
separation of PCBM and the polymer leading to more percolation pathways.![!12]
Consequently, the short-circuit current density increases upon annealing while the
open-circuit voltage and the fill factor remain essentially the same. In the present
case, all values increase at the same time.

To get a better understanding of the annealing process, the films are subjected to
X-ray reflectometry. The results are depicted in Figure 5.28. The film as cast only
shows weak reflections with some crystalline domains of the [70]JPCBM according
to the broad peak around 20 = 18°.['13] After annealing, intense peaks originating

from the lamellar packing of the polymer arise at 20 = 4° and 260 = 8°. It can,
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Figure 5.29: AFM images (tapping mode) of the blend film out of polymer 88 and [70]PCBM
before and after annealing.

therefore, be assumed that the polymer and [70]PCBM do not phase separate ef-
fectively upon spin casting. Thermal motion is needed to drive the molecules apart
allowing polymer 88 to crystallize. The lower degree of crystallinity and the contact
to PCBM influences the energy level of polymer 88 thus explaining the shift of the
open-circuit voltage.

Further insight into the film morphology is gained by AFM. Due to the softness
of polymers, structural features can only be obtained in tapping mode. The images
are depicted in Figure 5.29. Before annealing, a coarse two-phase system is seen.
Only few percolation pathways through the two phases are present limiting the
current flow by trapping the charges. Upon heating, a much finer structure is
obtained increasing the heterojunction surface leading to a more efficient exciton
separation. Also, more percolation pathways are created enabling the harvesting
of the generated charges by the electrodes. This effect is well known for other

polymer-PCBM systems. ! 141
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5.6 Varying the Degree of Curvature

In section 5.3 on page 154, it could be shown that the introduction of curvature into
the polymer backbone is avery effective method to find a compromise between high
order in the film but sufficient solubility in organic solvents. The latter is very im-
portant to fabricate devices from solution and to control the film formation process.
In order to probe if the degree of curvature of polymer 88 is the optimum compro-
mise or if other degrees of curvature are more advantageous, a series of structurally
very similar polymers are synthesized. These shall all be isomers consisting of
unsubstituted benzodithiophenes copolymerized with alkylated dithiophene units.

For the sake of stability and selectivity, only those benzodithiophenes are chosen
with thiophenes fused at their b-side, leaving one « position as a connection site
to the dithiophenes. C-fused thiophenes alter the electronic levels of the resulting
polymers due to their partial quinoid structure.!!15- 1161 The latter would render less
stable polymers which is undesirable.

Five benzodithiophene isomers are conceiveable in which both thiophenes are b-
fused to the central benzene unit. As Figure 5.30 shows, the bond angles induced
by these five building blocks differ significantly. Linear connectivity is found for
benzo[1,2-b;4,5-b’]dithiophene (96). A slight deviation from linearity is obtained
by using benzo[2,1-b;4,5-b’]dithiophene (99), i.e. an angle of 169.2°. Monomer
82 and polymers thereof have been described in section 5.2.4 on page 143. Its
bonding angle of 127° is an intermediate value in the present series. Stronger
angles are found for benzo[1,2-b;3,4-b’]dithiophene (100) (113.0°) and even more
for benzo[1,2-b;4,3-b’ [dithiophene (101) (105.9°). The bond angles are determined
by a DFT structure optimization using the B3LYP method and the 6-31G basis.
Monomer 100 is not symmetric and thus induces irregularities along the polymer

backbone as the condensation reaction is not selective with regard to the orientation
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113.0° 105.9°

Figure 5.30: Bond angles of the five benzo[b]dithiophenes as determined by DFT calculation
(B3LYP method, 6-31G basis).

Isomer Bond Angle Wavelength (nm) Amplitude (A)

96 180.0° 1.47 1.35
929 169.2° 2.82 2.86
82 127.0° 2.83 3.11
100 113.0° 2.75 5.89
101 105.9° 2.32 8.75

Table 5.4: Influence of the bonding angle of the benzodithiophene building block on the curva-
ture of the polymer backbone.

of the monomer. The electronic impact should, however, be very low due to the
very similar structure on both sides of the benzodithiophene.

The curvatures introduced to a polymer backbone consisting of the
benzo[b]dithiophenes and dithiophene as comonomer are depicted in Figure 5.31.
Following the trend of the bond angles, the curving amplitude increases and the
wavelength decreases.

A quantitative analysis is given in Table 5.4. The structures are geometry opti-

mized by the MMFF force-field method. The wavelength and amplitudes are de-
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Figure 5.31: Curved polymer backbones resulting from the benzo[b]dithiophene series copoly-
merized with dithiophene.

termined by fitting sine functions to the contour line of the polymer structure. The
“linear” isomer still leads a curved polymer backbone, but the amplitude is very
low. The wavelength for this polymer is shorter than those for the other polymers
because already half of the rings form a periodic element. If it was determined in
analogy to the other polymers, double the value would result being the highest for

all isomers.
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Figure 5.32: Synthesis of dibromobenzo[2,1-b;3,4-b’ldithiophene (103) and
dibromobenzo[1,2-b;4,5-b’]dithiophene (102), conditions: N-bromosuccinimide,
chloroform - DMF - acetic acid (5:5:1), RT, 50-60 %.

5.6.1 Synthesis

The preparation of all benzodithiophenes is described in the literature. It seemed
straightforward to synthesize the missing three benzodithiophene molecules accord-
ing to these procedures and stannylate them as it was done for 82 and 96 earlier in
this chapter. Nevertheless, it turns out that the isomers with bond angles more
strongly deviating from linearity do not crystallize from typical solvents. This
means, that only non-pure monomer is obtained which cannot be used to make
polymers of high molecular weight.

To anyway obtain the polymer series, a different strategy had to be followed.
As described in section 5.2.2 on page 138, the benzodithiophenes can be coupled
with two alkylated thiophenes first. These molecules can be polymerized in the
presence of iron(IIl) chloride. For the sake of comparability, the two polymers
already synthesized by Stille coupling (88 and 98) had to be made via this route as
well. This opened the chance to also compare the influence of the polymerization
process on the field-effect mobility of the resulting polymers.

For all benzodithiophenes, the o, x-dibromo derivatives are needed to later cou-
ple alkylated thiophenes. For dibromobenzo[2,1-b;3,4-b’]dithiophene (103) and

dibromobenzo[ 1,2-b;4,5-b’]dithiophene (102), the route is straightforward as de-
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Figure 5.33: Synthesis of dibromobenzo[2,1-b;4,5-b’]dithiophene (108), conditions: i I,,
H,S0O,-SO,, 120 °C, 35 %; ii trimethylsilylethyne, Pd(PPh,),Cl,, THF, diiso-
propylamine, RT, 71 %; iii 1. t-butyllithium, THF, -78 °C, 2. Sg, RT 3. ethanol, RT,
15 %; iv BuyNF, THF, RT, 81 %; v 1. t-butyllithium, THF, -78 °C, 2. CBr,, -78 °C,
69 %.

picted in Figure 5.32. The already available reagents 82 and 96, which have been
previously stannylated, can be brominated by nucleophilic aromatic substitution us-
ing NBS and catalytic amounts of acetic acid. The products are obtained in high
purity after crystallization. The solubility of the linear molecule (102) is much
lower than that of the kinked one (103), a consequence of the higher symmetry and
thus higher lattice energy in the crystal.

In the case of the other three benzodithiophenes, more synthetic work has to be
done. Benzo[2,1-b;4,5-b’|dithiophene (108) has been described in the literature
using a long and tedious synthetic procedure.[!!”] Here, the method described for
96 is used (compare Figure 5.18 on page 154).[681

As outlined in Figure 5.33, 1,3-dibromobenzene (104) is iodinated in oleum
with iodine to afford 1,3-dibromo-4,6-diiodobenzene (105). A subsequent selec-
tive Sonogashira-Hagihara reaction with trimethylsilylethyne yields compound 106.
This molecule can be doubly lithiated with tert-butyllithium. Upon addition of ele-
mental sulfur, the thiolate is formed. When protonated after the addition of ethanol,
the thiol adds to the triple bond to form benzodithiophene with two trimethylsilyl

groups (107).
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A direct conversion of the trimethylsilyl group into a bromine group by aromatic
ipso substitution is unsuccessful although described in the literature for a simi-
lar structure.l''3] Instead, the bromine substitutes the (3 positions and leaves the
trimethylsilyl groups unaffected.

The trimethylsilyl groups are cleaved with tetrabutylammonium fluoride, a highly
effective method.['!°! This gives the unsubstituted benzo[2,1-b;4,5-b’|dithiophene
(99), which cannot easily be converted to the dibromo compound (108) by nucle-
ophilic bromination using N-bromosuccinimide or bromine. A complex mixture of
regioisomers is obtained as evidenced by NMR spectroscopy. Both « and 3 posi-
tions seem to be of comparable reactivity towards electrophilic aromatic substitu-
tion. This can be understood when comparing similar systems. Benzo[b]thiophene
is brominated selectively at the (3 position of the thiophene instead of the & which
is the most reactive position in most thiophene derivatives.[120] Benzol[2,1-b;4,5-
b’]dithiophene (99) may be just the intermediate case with equal reactivity at both
positions.

Dibromination of 99 is, instead, done by lithiation and subsequent treatment with
tetrabromomethane. The lithiated species nucleophilically attacks a bromine atom
of the tetrabromomethane leaving a tribromomethyl anion. At temperatures above
-78 °C, it eleminates bromide and forms dibromocarbenes which decompose the
product."?!! To avoid such decompositions, the reaction needs to be quenched at -
78 °C. Tetrabromomethane as the bromination reagent is superior to other reagents,
such as dibromoethane, because no reactions can occur other than bromine transfer.

Benzo[1,2-b;4,5-b’]dithiophene (101) can be made photochemically.['?%! For this
reason, 2-carbonylthiophene (109) is reductively coupled in a McMurry reaction to
yield E-dithienylethene (110).['23 This molecule is dibrominated by lithiation and
treatment with tetrabromomethane as described above for 108, the double bond

does not tolerate electrophilic substitution with NBS or bromine. Compound 111



Chapter 5. Benzo|[2,1-b;3,4-b’]dithiophene Containing Polymers 176

S i S
!
L Y Y
109 110

_jl,, Br—¢oN—\ / \ M S S

\W/ S Br ~ =

Br Br
111 112

Figure 5.34: Synthesis of dibromobenzo[1,2-b;4,5-b’dithiophene (112), conditions: i TiCl,, Zn,
THF, reflux, 48 %; ii 1. t-butyllithium, THF, -78 °C, 2. CBr,, -78 °C, 54 %; iii
350 nm irradiation (160 W), toluene, cat. I,, RT, 86 %.

is relatively unstable; it has to be stored under argon at low temperatures. The dark

color which develops on storage suggests cleavage of the C-Br bond.

Substance 111 is cyclodehydrogenated by UV irradiation at 350 nm in toluene.
The double bond firstly isomerizes to the Z configuration from which it can undergo
an intramolecular cycloaddition reaction. In the presence of oxygen, product 112
is formed. Catalytic amounts of iodine speed up this process significantly. Sto-
ichiometric amounts, however, cannot be used because iodine adds to the double
bond irreversibly under these conditions as evidenced by NMR spectroscopy. The
isomerization reaction of the double bond is much faster than the cyclodehydro-
genation as was discovered by NMR measurements of the reaction which had not
gone to completion. Two days are needed for the reaction to complete, although
lamps with a total power of 160 W are used. The low extinction coefficients of the
Z intermediate may be responsible for this long reaction time. The use of 350 nm
irradiation is, nevertheless, advantageous as the product does not absorb this irradi-
ation and is thus hindered to undergo unwanted side reactions.

Benzo[1,2-b;3,4-b’|dithiophene (100) is also accessible via photochemical cy-
clodehydrogenation. The required dithienylethene (116) needs a few additional
steps in comparison to 110. Firstly, thiophene is chlormethylated with formalde-

hyde in concentrated hydrochloric acid through which HCI gas is bubbled.[!?* The
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Figure 5.35: Synthesis of dibromobenzo[1,2-b;3,4-b’ldithiophene (117), conditions: i HCHO,
HCI, 0 °C, 23 %; ii P(OEt),, 150 °C, quantitative; iii KO-t-Bu, 3-carbonylthiophene
(59), THF, 0 °C, 49 %; iv 350 nm irradiation (160 W), toluene, cat. 1,, RT, 28 %; v
1. t-butyllithium, THF, -78 °C, 2. CBr,, -78 °C, 29 %.

product (114) is collected by distillation. Triethylphosphite reacts with it in an
Arbusov reaction to give phosphonate 115. Best results are obtained when both
reagents are heated to 150 °C without solvent.l'>3] The product can be used without
any purification.

A Wittig-Horner reaction of 115 with 3-carbonylthiophene (59) is run with potas-
sium tert-butylate as base to afford E-dithienylethene (116). This reaction produces
the E isomer in high selectivity enhancing purification and facilitating analysis.[!2®]

Photochemical cyclodehydrogenation is performed following the procedure for
101. The yields in the present case are significantly lower than for 101. The reason
is given in the literatue and depicted in Figure 5.36.[127] After isomerization to the Z
configuration, the dithienylethene (118) cyclizes to the dihydro adduct 119. An ox-
idant like oxygen or iodine can abstract one of the two hydrogen atoms highlighted
in Figure 5.36 to form either 120 or 121. The former can gain aromaticity by ho-
molytic cleavage of the C-S bond to form molecule 122. This radical decomposes
in an undefined way giving only intractable products.

Radical 121, however, is stable enough until a second oxidant removes the adja-
cent hydrogen to form the final product (100). This means that a maximum yield of

50 % can be obtained given an equal first hydrogen radical abstraction. The higher
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Figure 5.36: Mechanism of the photochemically induced cyclodehydrogenation to from
benzo[1,2-b;3,4-b’ldithiophene (100).

yield of 101 accounts for the fact that either hydrogen abstraction leads to a rela-

tively stable radical, so no unwanted side reactions lower the yield. On the other

hand, 82 cannot be synthesized photochemically from dithiophene-3-yl-ethene be-

cause exclusively unstable radicals are formed similar to 120.

As the precursor for the cyclodehydrogenation reaction (116) can be made in
large scale, it is possible to obtain reasonable amounts of benzodithiophene 100.
This compound is an oil which is not very stable towards air oxidation. It needs to
be stored under argon in the fridge, otherwise it becomes dark brown after a few
days. Bromination of the molecule is done by lithiation and treatment with tetra-
bromomethane, in analogy to 108. Electrophilic aromatic substitution with NBS or
bromine produces an isomeric mixture in this case as well. The brominated product
(117) can be crystallized and exhibits much higher stability than the unsubstituted
parent compound (100), most likely due to the inaccessability of the reactive o
positions of the thiophene moieties.

The monomers needed for the oxidative polymerization are obtained in a Stille

coupling from the dibromobenzodithiophenes. Figure 5.37 gives the overview
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Figure 5.37: Synthesis of the dithienobenzodithiophene monomers, reaction conditions: 2-
tributylstannyl-3-dodecylthiophene, Pd(PPh,),, DMF, THF, 100 °C, 22-50 %.

of the synthesis. The dibromo compounds are reacted with 2-tributylstannyl-3-

dodecylthiophene with the aid of Pd(PPh;), in DMF at 100 °C. As the tin reagent

is not well soluble in DMF, it has firstly been dissolved in THF and added to the

mixture.

The resulting dithienylbenzodithiophenes are purified by chromatography. Sub-
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Figure 5.38: Overview of the isomeric polymers of benzodithiophene isomers copolymerized
with alkylated dithiophenes.

sequent crystallization from ethyl acetate renders optimum purity for the polymer-
ization reaction. Defects in the polymer chain shall be avoided in this way.

For the polyerization the monomer is dissolved at a high concentration in o-
dichlorobenzene (50 mg/ml) and added to anhydrous iron(IIl) chloride. To avoid
gelation, the mixture is heated to 60 °C. Figure 5.38 summarizes the thus obtained
polymers. Polymers 88 and 98 are identical to the polymers obtained by Stille
polymerization (see section 5.2.4 on page 143 and 5.3.1 on page 155).

To monitor the process of the polymerization reaction, samples of polymer 88 are
taken after certain periods of time and analyzed by size exclusion chromatography
in reference to polystyrene standards. The increase of molecular weight (My) is
depicted in Figure 5.39. It follows a logarithmic increase, reaching a plateau after
about one day at 30 kg/mol.

For the other structures, although chemically very similar, the polymerization

rate is dramatically different. For the strongly curved polymer 129, the molecular
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Figure 5.39: Molecular weight increase over time when monomer 124 is exposed to iron(lll)
chloride in dichlorobenzene at 60 °C.

weight goes up rapidly and reaches 70 kg/mol already after one day, and after two
days the polymer is insoluble. The linear polymer 98 cannot be obtained in soluble
form. Crosslinking seems to be responsible, because the polymer itself is soluble as
shown in section 5.3.1 (page 155) where it is made by Stille coupling. Upon heating

in dichlorobenzene for an extended period, the polymer forms gel-like flakes.

5.6.2 Optical Analysis

The absorption and photoluminescence spectra of the monomers 123-127 are
recorded in order to investigate the electronic differences of the isomers among
each other. If they are very similar, the differences of the polymers can be attributed
to the curvature of the polymer backbone. The spectra are shown in Figure 5.40.
All spectra are relatively similar, one broad peak between 300 and 350 nm is
the main absorption. Compounds 123, 124, and 126 show practically identical
absorption and photoluminescence spectra. In these compounds, the two sulfur
atoms on the benzodithiophene stand either in ortho or in para position to each

other. In the other two isomers (125 and 127), the sulfur atoms are meta with
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Figure 5.40: UV-vis absorption (solid lines) and photoluminescence (broken lines) of the
alkylthienyl substituted benzodithiophene isomers.

respect to the central benzene ring. Their most intense absorption peak is shifted
to a shorter wavelength by about 40 nm. Also their optical gaps as determined
by the intersection of the absorption and photoluminescence spectra are shifted
hypsochromic by about 40 nm.

The extinction coefficients also divide the monomers into two groups, three
molecules (123,125,127) possess a value of ¢ = 5000 m?/mol and two (124,126)
of £ = 3000 m%/mol. In this case, the difference does not arise from the meta posi-
tion of the sulfur atoms. There does not seem to be an obvious reason for it.

Further insight into the electronic structure is gained by quantum mechanical
calculations. Figure 5.41 shows the orbital surfaces of HOMO and LUMO of
monomers 123-127. There are only subtle differences visible between the isomers
in agreement with the very similar absorption and photoluminescence spectra. The
conjugation through the entire molecules is high, and there are no nodes either in
the center or the ends which would locate the frontier orbitals on one monomer

unit in a polymer. The orbital coefficients of the HOMO at the 5-position on the
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Figure 5.41: Orbital surfaces of the HOMO (below the formulae) and LUMO (above the formu-
lae) of monomers 123-127 as determined by HF-SCF calculations (6-31G basis).

thiophene units where the bonds are formed during polymerization are big in all
cases. Nevertheless, they are not equal. In molecule 124, they are smaller than
for the rest, explaining the lower polymerization rates leading to lower molecular
weight upon iron(III) chlorid induced polymerization.

The UV-vis absorption and photoluminescence spectra of the five polymer iso-
mers are depicted in Figure 5.42. The absorption spectra are recorded both at room
temperature and at elevated temperatures to investigate the aggregation tendency
(compare section 5.3.2 on page 157). The strong difference of the absorption spectra

of polymer 88 between room temperature and higher temperatures have been dis-
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Figure 5.42: UV-vis absorption and photoluminescence spectra of the polymer isomers, the
inset structures are the benzodithiophene core of the corresponding polymers.

cussed. The other polymers, in contrast, do not show any significant changes upon
heating. No resolved bands are apparent at room temperature which means that only
weak aggregation tendencies are present. For the strongly curved polymers 130 and
98, this result is not surprising due to the dramatic entropy loss aggregation would
induce.

The peak value of the absorption as well as the optical gap (intersection of the

absorption and photoluminescence spectra) are almost equal for all polymers, only
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the linear 98 is shifted bathochromically by 50 nm. This means that the curvature
has very little influence on the effective conjugation length as one would expect. In-
tuitively, one would predict the chain to be less likely in a fully planar conformation
the higher the amplitude of the backbone wave. This is obviously not the case as the
conjugation along the backbone seems to overcompensate the entropic shortening
of the effective conjugation length.

The extinction coefficients as calculated for the repeating unit decreases with in-
creasing curvature. The corresponding monomer does not show the same trend. The
transition dipoles may be effected by the kinks, because the antiparallel components
of a curved segment cancel mutually. A detailed quantum mechanical treatment

would be necessary to fully clarify this observation.

5.6.3 Transistor Characterization

Field-effect transistors for the polymer series are fabricated in the standard setup:
highly doped silicon wafers with silicon dioxide dielectric are treated with HMDS
to protect the hydroxy groups at the interface. The polymers are spin cast from a
5 mg/ml solution in dichlorobenzene to form a 30-50 nm thick film. Top-contact
gold electrodes are deposited from the gas phase. The measurements are run in a
nitrogen atmosphere with yellow light.

For polymer 88 oxidatively polymerized with iron(Ill) chloride, a field-effect
mobility of pg = 1.7 - 1073 cm?V-!slwith an on-off ratio of Ioy/Iok= 8.8 - 10°
has been determined. This is two orders of magnitude lower than for the same
polymer made in a Stille coupling reaction. Figure 5.43 shows the transfer and
output curves of the transistor. Significant contact resistance is observed which
is absent for the same polymer made by Stille coupling (compare Figure 5.13 on
page 146). A gate voltage of -13 V is necessary before the current flow begins. As

the energy alignment of the polymer and the gold electrode cannot be the reason
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Figure 5.43: Field-effect measurements for polymer 88 polymerized by FeCl;, a. transfer and
b. output curves.

for this, trapping must be present. Crosslinking or defects due to chlorination of the
aromatic polymer backbone are likely to be responsible. Furthermore, hysteresis is
observed, when sweeping back the gate voltage, the source-drain current does not
go back to the low value started from. The creation of permanent charges typically
causes this effect. It can be concluded that in future studies, coupling reaction
methods should be preferred.

Nevertheless, the lower results can be compared to each other. The slightly less
curved polymer 128 exhibits a mobility of about the same order as 88: g =
1.3-107% cm?V-Istand Ton/Iogr= 8.5 - 10°.

The strongly curved polymer 126 shows a dramatically lower performance. The
mobility only reaches pgy = 5.1- 107% cm?V-1s lwith an on-off ratio of Ioy/Iog=13.
The low on-off ratio may arise from residual doping which cannot be completely
removed by hydrazine treatment. The low mobility indicates a poor intermolecular
interaction. The curving of this polymer is obviously too strong for good device
performances.

No significant current flow can be measured for the polymer of intermediate cur-
vature (130). As the monomer is not symmetric, and trapping due to irregularities

may have occured. In combination with the relatively strong curvature which re-
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duces the mobility due to inefficient interchain interactions, the mobility is so low
that the current flow cannot be determined.

In conclusion, the moderate backbone curvature of polymer 88 turns out to be
the optimum for benzodithiophene containing polymers. Lower curvatures render
poorly soluble materials, higher curvature impede an efficient interchain interaction.
In this respect, polymer 128 appears very promising in addition to 88 if it can be
made via an alternative route without crosslinking. Future developments have to
always find the optimal compromise of moderate curvature which gives enough
solubility but does not hinder packing. A monomer bond angle around 127° as for

polymer 88 should be a good target value.
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5.7 Summary

In this chapter, polymers have been synthesized containing the curvature inducing
benzo[2,1-b;3,4-b’]dithiophene. After optimization of the polymer structure, i.e.
finding the right place for the alkyl chains and the right comonomer, a polymer
consisting of unsubstituted benzodithiophene copolymerized with alkylated dithio-
phenes is obtained which proves to be highly efficient in organic field-effect transis-
tors. In a standard top-contact bottom-gate setup using a silicon wafer as substrate a
field-effect mobility exceeding 0.1 cm?V-!s !can be measured without sophisticated
device optimization. The polymer satifies all critical requirements for a transistor:
(1) it possesses good solution processability, (2) it only needs short annealing times
at low temperatures, (3) it is sufficiently stable under operation, (4) it exhibits high
charge-carrier mobilities, and (5) it is easily synthesized.

The structural concept of introducing curvature to the polymer backbone is evi-
denced by comparison with the linear isomer. This polymer is poorly soluble and
precipitates too quickly. In contrast, the bend polymer strongly aggregate as shown
by UV-vis absorption spectroscopy and light scattering to form high order, but it
does not precipitate.

On a flexible polymeric substrate, which is technically most relevant, even better
performance can be obtained. Field-effect mobilities as high as 0.5 cm?>V-'s-!with
high reproducibility are reached, probably due to a better interfacial morphology.
The transistors show almost no dependency on the channel length, which indicates
a very effective morphology between the driving electrodes of the FET.

This highly efficient polymer is also used to fabricate an organic solar cell. A bulk
heterojunction is made with [70]PCBM and illuminated with AM1.5 standardized
solar light. A power conversion efficiency of 2.7 % is reached without major
optimization effort, even higher values are expected when the device parameters

are optimized.
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A comparative study of a series of isomeric polymers containing benzodithio-
phene copolymerized with alkylated dithiophene reveals that the degree of curva-
ture in benzo[2,1-b;3,4-b’]dithiophene is the ideal compromise between solubility
and high structural order. The polymers are made by an oxidative polymerization
with iron(III) chloride of the corresponding monomers. It turns out that this method
is detrimental to the resulting polymers as it tends to crosslink the chains. Increased
contact resistance and trapping is observed. Therefore, it is better to make new poly-
mers via coupling reactions instead of oxidative polymerization. Nevertheless, the
results suggest that the curving angle of around 127° is ideal for the optimal com-
promise between solubility and high order. Monomers of similar bond geometry

are very promising for future developments.
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6 Di(thienobenzo)thienothiophene

Containing Polymers

6.1 Introduction

In the previous chapter the outstanding properties of benzo[2,1-b;3,4-
b’]dithiophene as a building block for polythiophenes and their use in organic
eletronic devices have been demonstrated. This structural motif renders materials
of excellent film formation properties and good device stability. To go one step
further, the building block shall be extended to a rod-like molecule containing the
successfull benzo[2,1-b;3,4-b’]dithiophene.

Similar structures have been prepared as small molecules for field-effect
transistors.[! The rod-like shape enhances the propensity to crystallize on the
surface to which they can line up in parrallel. Very high field-effect mobilities in
excess of 1 cm?V-!sThave been reported for these materials.> % The excellent
crystallization properties, high intermolecular interactions, and good compatibility

to the dielectric interface lead to these performances.

Figure 6.1: Extension of benzo[2,1-b;3,4-b’]dithiophene to an extended rod-like 7t-system.
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Figure 6.1 shows the strategy of the structure extension. Benzodithiophene
is annellated by another benzodithiophene unit on the d-side of the thiophenes.
A more or less linear, rod-like structure is the consequence. At the center, a
thieno[3,2-b]thiophene unit is formed, a very successful building block for con-
jugated polymers.l5~7]

Polymers incorporating fused 7t-systems of this size are hitherto unknown. The
polymer with the biggest fused 7t-system published so far incorporates four fused
thiophene rings.!8! It shows good device characteristics and high charge-carrier
mobility. A ladder-type polymer of fused thiophenes has been reported, but due
to its insolubility, it could not be processed and thoroughly characterized.l”! Thus,
sufficient alkyl chains have to be attached to the core to solubilize the polymer and
direct the assembly into lamellar packing.

The structure optimization in the previous chapter has shown that it is unfavorable
to attach two alkyl chains in ortho positions to a benzene moiety. The reduced de-
gree of freedom for the alkyl chains do not solubilize the polymer chain effectively
and hinder the formation of ordered lamellar packing. Similar effects are known in
the literature.[10 111

To make sure that the alkyl chains possess maximum solubilization and can form
good lamellar packing, only one chain shall be attached to the benzene unit. Fig-
ure 6.2 shows the packing of a potential polymer. The space between the alkyl
chains is sufficient to allow interdigitation of the alkyl chains of neighboring poly-
mer chains, potentially leading to small lamellar distances which are favorable with

regard to charge-carrier transport.!”> 12> 13]
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Figure 6.2: Interdigitation of alkyl chains of potential polymer for efficient lamellar packing.

6.2 Synthesis

6.2.1 Monomer

The strategy towards the double benzodithiophene molecule with two alkyl chains
is outlined in Figure 6.3. The key step is the base induced cyclization of an alkynyl
moiety to form a fused system.

The route starts with the regio-selective bromination of 3-iodothiophene (131)
with NBS to afford 2-bromo-3-iodothiophene.!'! The iodine function can be selec-
tively reacted in a Sonogashira-Hagihara reaction with diisopropylamine as base at
room temperature.l'>! Hexadecyne is coupled to the thiophene as it is the longest
commercially available alkyne. This will lead to a C14 chain in the final product
which should be sufficient for solubility.

The thus obtained 3-hexadecynyl-2-bromothiophene (133) is attached to
thieno[1,2-b]Jthiophene (134) in a Stille coupling reaction. = The required
bis(trimethylstannyl)thienothiophene (135) is obtained by lithiation of

thienothiophene and subsequent treatment with trimethyltin chloride.
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Figure 6.3: Synthesis of the double-benzodithiophene building block, conditions: i NBS, DMF,
RT, 85 %; ii 1-hexyne, Cul, Pd(PPh,),Cl,, diisopropylamine, THF, RT, 98 %; iii 1.
t-butyllithium, THF, -78 °C, 2. Me;SnCl, 58 %; iv 133, Pd,(dba),, P(o-tol)3, 0-DCB,
140 °C, 64 %; v DBU, NMP, reflux, 78 %.

Thienothiophene has been synthesized in four steps according to the literature
procedure.[16]

Compound 136, obtained from the Stille coupling between stannylated thienoth-
iophene 135 and the alkynylated bromothiophene 133, needs to be cyclized to the
target molecule 137. Several methods are described in the literature. Transition
metal catalyzed cyclization reactions have been tried using platinum.['”! The de-
sired product is obtained in trace amounts, most likely due to decomposition of
the product by the catalyst, because the longer the reaction is run the less product

is obtained. Other metals such as ruthenium or gallium do not improve the yield
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Cq4H2g C14H2g
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Figure 6.4: Attempted homopolymerization of the bisbenzodithiophene monomer 137 using
FeCl, in o-dichlorobenzene at 60 °C.

significantly.[!8 1] The base-induced nucleophilic attack of the aromatic system on
the alkyne moiety using 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU) leads to 137 in
good yield.[?"] The reagent 136 is suspended in NMP, DBU is added, and the mix-
ture is refluxed overnight. Upon cooling, the product crystallizes and can easily be
collected by filtration. No additional purification is needed for the next step, the

reaction proceeds almost quantitatively.

6.2.2 Homopolymer

Substance 137 is not well soluble at room temperature, but very well at slightly ele-
vated temperatures (50 °C). A homopolymer has been attempted by oxidative poly-
merization in the presence of iron(I1I) chloride.[?!- 22! For this reason, monomer 137
is dissolved in o-dichlorobenzene, a good solvent for polythiophenes. Anhydrous
iron(IlT) chloride is added, the solution is heated to 60 °C for two days. No poly-
mer is obtained, solely chlorinated and partially decomposed monomer is recovered
after workup.

According to the mechanism of the iron(Ill) chloride induced polymerization
of thiophene, terminal thiophenes of the growing chain are protonated. The thus
formed cation electrophilically attacks a monomer or another chain.[?* 241 A pos-
sible explanation is that the monomer is not sufficiently protonated at the outer «

positions of the thiophenes.
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Figure 6.5: HOMO electron density surface of 137.

C14Ho9

138

Figure 6.6: Alternative route to homopolymer 138 via Yamamoto coupling, conditions: i NBS,
chloroform, acetic acid, reflux, 89 %; ii Ni(COD),, 1,5-cyclooctadiene, bipyridine,
toluene, DMF, 90 °C.

To get a clearer view, a DFT calculation has been run using the B3LYP method
with the 6-31G basis set. The thus obtained electron surface of the HOMO is
depicted in Figure 6.5. It is obvious that the orbital coefficient at the outer o
positions is very small in comparison to those of the central part. This means
that the electron density is low at these positions leading to a low basicity. It is
very likely, that the molecule is not sufficiently protonated to initate an electrophilic
attack on another molecule. Therefore, monomer 137 is not suitable for oxidative
homopolymerization.

An alternative strategy is the reductive dehalogenation reaction, also known as
Yamamoto polymerization.[?> 261 The route is depicted in Figure 6.6. Monomer 137

is brominated with NBS in a mixture of chloroform and acetic acid, a very effective
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bromination procedure for thiophene.?”! Due to the poor solubility of 137 at room
temperature, the solution is heated to reflux. The reaction time is crucial, because
too long times produce a dark brown side product which is difficult to remove. Too
short times leave singly brominated intermediate which can hardly be separated. A
period of 45 minutes is the optimum compromise.

Monomer 139 is subject to reductive dehalogenation polymerization.?8! Dicy-
clooctadienenickel(0) is reacted with bipyridine in DMF and toluene to prepare the
active catalyst. Compound 139 is added, the mixture is stirred at 90 °C for two days
under careful exclusion of oxygen, moisture, and light.

The thus obtained polymer cannot be dissolved in any organic solvent. Even boil-
ing 1,2.4-trichlorobenzene (214 °C) does not dissolve the material after an extended
period. This means that the extended 7t system aggregates too strongly. Even two

C14 alkyl chains per monomer unit are not able to render a soluble product.

6.2.3 Dithiophene Copolymer

Obviously, the homopolymer aggregates too stongly to get soluble material. Fol-
lowing the strategy of the previous chapter, alkylated dithiophene comonomers shall
be introduced to make the backbone more flexible and thus solubilize the product.
Figure 6.7 shows the synthesis. Bisbenzodithiophene 137 is stannylated by lithi-
ation and subsequent treatment with trimethyltin chloride. The lithiation reaction
is remarkable, because both reagent (137) and lithiated species are not soluble to a
reasonable extent in THF at -78 °C. Nevertheless, #-butyllithium is reactive enough
to deprotonate the two « protons. The stannylated product is much more soluble
than the reagent, the bulky tin moieties obviously hinder the tight packing. This
enables crystallization from ethyl acetate to render the product in high purity. Chro-
matography cannot be applied to this molecules, because it decomposes on silica

gel.
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Figure 6.7: Synthetic route towards copolymer 142, conditions: j 1. t-butyllithium, THF, -78 °C,
2. Me;SnCl, 42 %; ii Pd,(dba),, P(o-tol)3, 0-DCB, 140 °C, 80 %.

Ditetradecyl-dibromo-dithiophene (141) is made as the comonomer. The synthe-
sis of the analogous C12 derivative is described in the previous chapter and can be
found the literature.l?®! C14 chains are selected to enhance lamellar formation due
to a uniform chain length of both alkyl chains on the thiophenes as well as those
attached to the bisbenzodithiophene. The polymerization procedure of the poly-
mers in the previous chapter is followed, i.e. Pd,(dba;) as palladium source, tri-o-
tolylphosphine as ligand, and o-dichlorobenzene as solvent. The reaction mixture is
heated to 140 °C for three days. No precipitation occurs during the polymerization
process.

After precipitation in methanol, a red solid is obtained which dissolves in warm
dichlorobenzene. This allows the determination of the molecular weight via size
exclusion chromatography. A number average value of M, = 8 kg/mol and a weight
average molecular weight of My, = 16 kg/mol have been determined in reference of
polystyrene standards. These values are not very high to reveal the full potential of
the material as has been shown for other polymers.[3*-32] Nevertheless, it is enough
for first investigations of the material properties. Later on, the polymerization

procedure needs to be optimized to obtain higher molecular weights.
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Figure 6.8: UV-vis absorption and photolumescence (Aex = 350 nm) of monomer 137 in o-
dichlorobenzene at a concentration of 10> mol/l, the photoluminescence intensity
is normalized to fit the absorption spectrum.

6.3 Optical Analysis

The optical properties of materials play a very important role towards applications
such as solar cells. The analysis of absorption can yield a lot of information about
the system, such as electronic levels, transition probability, or effective conjugation
length.[33- 341 Additionally, the spectra are a good reference for quantum mechanical

calculations.

6.3.1 Monomer

The absorption and photoluminescence of monomer 137 have been measured in o-
dichlorobenzene at a concentration of 10> mol/l. This solvent is chosen to better
compare the spectrum with that of the polymer, although the monomer is soluble
in other solvents which allow recording at shorter wavelength. The corresponding
spectra are depicted in Figure 6.9.

The highly resolved band with significant degree of fine structure indicates the
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planarity of the fused 7t-system. Both absorption and photoluminescence show sev-
eral peaks which are characteristic for polycyclic aromatic hydrocarbons. Symme-
try forbidden transitions account for this phenomenon. 3> 361

The optical gap of 137 is 370 nm as determined by the intersection of absorption
and photoluminescence peak.?”] This is a bit more than the analogously fused
hexathiophene which possesses an optical gap of 350 nm. 33! The benzo annellation,
therefore, lowers the optical gap more strongly than a thiophene annellation.

The extinction coefficient is low for a polycyclic aromatic hydrocarbon
(< 4,000 m?/mol). All-carbon PAHs exhibit extinction coefficients in excess
of 20,000 m?/mol.’”) The low values in the present case account for the low

transition probabilities induced by the sulfur atom and is a typical trend for

thiophene containing discs.[40!

6.3.2 Polymer

The absorption spectra of polymer 142 have been measured in a o-dichlorobenzene
solution at a concentration of 10~ mol/l with regard to the repeat unit. The extinc-
tion coefficient is calculated accordingly. For the film measurements, the extinction
coefficient is normallized to the other values.

Figure 6.9 shows the spectra. At room temperature, three resolved bands are vis-
ible which vanish upon heating, very similar to the benzo[2,1-b;3,4-b’]dithiophene
containing polymer 88 in the previous chapter. Obviously, polymer 142 aggre-
gates in solution at room temperature, but does not any more at elevated temper-
atures. The film absorption almost resembles the solution spectrum at room tem-
perature which is consistent with the expectation of a highly aggregated polymer in
solution.[41=43]

The onset of the absorption is at about 600 nm very similar to P3HT. The effective

conjugation length is on the same order despite the stiffer backbone.[**! For P3HT
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Figure 6.9: UV-vis absorption spectrum of polymer 142 in solution at roomtemperature and
elevated temperature as well as film, the extinction coefficients are calculated with
regard to the repeat unit of the polymer.

it has been estimated to be 15 thiophene rings at room temperature by comparing
defined oligomer and polymer absorption spectra.l*’! Given the optical gap shows
the same length dependence as in P3HT, this means that the effective conjugation
length is only about two repeat units. Comparing the absorption of the polymer
(142) with the corresponding monomer (137) this seem to be reasonable. The
absorption of the polymer is red-shifted by about 200 nm. Conjugation of two
monomers with four thiophenes may be sufficient for this shift. The stiffness of the
backbone obviously does not play a significant role for the effective conjugation

length.
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Figure 6.10: Field-effect transistor characteristics of polymer 142 on silicon wafer. a. transfer
and b. output curve.

6.4 Transistor Characterization

Field-effect transistors with polymer 142 are fabricated on highly doped silicon
wafers. The silicon dioxide dielectric is treated with HMDS to enhance the interface
morphology and avoid trapping by protonation.[**8] The polymer is dissolved in
o-dichlorobenzene at elevated temperatures (60 °C) and spin cast at 3000 rpm. On
top, gold electrodes are evaporated as source and drain contacts.

The transistor characteristics are depicted in Figure 6.10. The transfer curves
show an almost linear dependence on the gate voltages at low values and quadratic
dependence at high values. This means that the transistor operates in the space
charge limited regime from -30 V on, no significant major injection barriers are
observed.

However, the mobility is relatively low. A value of pe = 1.8- 1073 cm?V-1slis
determined in the saturated regime. An on-off ratio of Ion/Iog = 1.3 - 103 is reason-
able for the low mobility as the on currents are not particularly high.

The output curves seem to indicate minor injection problems, the current flow
seems to begin at -2 V. When having a closer look (Figure 6.11), however, one

can see that there is a positive charge flow at high gate voltages but no soure-drain
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Figure 6.11: Zoom into the output curves of Figure 6.10 at low source-drain voltages.

voltage. This is a typical leakage current arising from an imperfect device, but it is
of minor relevance as it is two orders of magnitude lower than the on voltage of the
working transistor.

A switch-on voltage of about +10 V can be seen in the transfer curve. This
suggests that the polymer is slightly doped. The reactive thiophene end groups may
be oxidized in air creating doping sites. Higher molecular weights are expected to
solve this problem.

Very low hysteresis is observed on the forward and back sweep of the gate volt-
age. The back scan of the transfer curve ends at about five times the value it has
started from at zero gate voltage. Most likely, there is a small leakage current. This
effect may also indicate some degree of doping upon transistor operation, due to re-
action of the end groups. The molecular weight is relatively low, so the end groups
play an important role. If the material can be made with higher molecular weight, a

lower off current is expected.
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Figure 6.12: Two-dimensional wide-angle X-ray diffraction pattern of an extruded fiber of poly-
mer 142.

6.5 Morphology Investigation

The morphology of polymer 142 is investigated by two-dimensional X-ray diffrac-
tion in transmission mode. A fiber of the polymer is extruded and hit by an X-ray
beam at room temperature. The diffraction pattern is shown in Figure 6.12.

Lamellar packing is observed as usual for polythiophenes.['? 4% 391 The degree
of order is high, comparable to 88 as can be seen from the sharp peaks and the
appearance of up to the third order lamellar reflections. The molecular planes
are oriented perpendicularly to the lamellar planes, a very typical assembly for
polythiophenes.

The 7t — 7t distance is determined from the peak on the meridional axis to be
3.7 A, which is on the order of many other successful polymers. This low value
should be very favorable for good field-effect mobility.

The lamellar distance, derived from the peaks on the equatorial axis, is deter-
mined to 2.38 nm. This value corresponds well to the length of a linear C14 alkyl
chain plus the aromatic backbone. This means that the alkyl chains of the poly-
mers interdigitate upon lamellae formation. High lattice energy is the consequence
leading to a high degree of crystallinity and potentially large grains.>!- 3]

Based on the results of the X-ray diffraction measurements, a cartoon of the

polymer assembly has been created (Figure 6.13). It can clearly be seen that the
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Figure 6.13: Cartoon of the polymer assembly based on the X-ray measurements of polymer
142

alkyl chains of adjacent polymer chains can interdigitate without steric clashes. As
the lamellar distance measured by X-ray diffraction fits to the length of the alkyl
chain plus the width of the aromatic backbone (about 2.4 A), such an interdigitation
is very likely. The space in between two chains of one polymer leaves enough space
(11 A) to fill in another alkyl chain. Derived from a P3HT model, the alkyl chains
are 6 Aapart. This should give rise to crystallinity in the alkyl chain stabilizing
the lamellar crystals of the polymer. The distance obtained from X-ray is in good
agreement with force-field optimized molecular structures.

The alkyl chains of polymers stacked on top of each other have the possibility to
avoid each other. They are attached to alternating sides of the polymer chain which
allows a close 7t stacking favoring high charge-carrier mobility. The low value of
3.7 A which has been determined by X-ray is obviously the result of the structural
design concept.

In conclusion, the polymer shows good transistor characteristics arising from the
favorable morphology. A high degree of order, a close 7t — 7t distance, and dense
lamellae show the high potential of this material. The charge-carrier mobility is
presently not very high, i.e. in the low 10 cm?V-!s 'regime. Considering the low
molecular weight (M, = 8 kg/mol; M,, = 16 kg/mol) there is plenty of room for

improvements. It is well known that the field-effect mobility of polymers changes
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several orders of magnitude with molecular weight.>3 34 The catalytic system used
for the polymer synthesis can be reconsidered, other catalysts may be more effective
producing higher molecular weight. Also, the purity of the monomers may still be
improved.

Furthermore, the device physics offer chances for further optimizations. The
choice of dielectrics can have a strong influence on the transistor performance due
to the surface morphology changes induced.”> Also, the electrode materials play
an important role which has impressively been demonstrated for a thienothiophene
containing polymer.!%!

In summary, the benzodithiophene dimer with pending alkyl chains is a very
promising building block for conjugated polymers. Copolymerized with dithio-
phene, good transistor characteristics have been recorded already at relatively low
molecular weights. The high degree of order of the molecules exhibiting low 7T — 7t
distances and dense lamellar structures promise very good performances for this
polymer when the molecular weight is increased and the device physics are opti-

mized.
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7 Conclusion and Outlook

In this work electron rich and electron poor materials have been synthesized and
characterized with respect to their potential use in organic electronic devices. The
x-diketone moiety was focused on as electron withdrawing group, thiophene on the
other hand as the electron donor.

The incorporation of three o-diketones into one extended flat molecule requires
the development of a new coronene synthesis. The photochemical cyclodehydro-
genation of substituted cyclophanes affords substituted coronenes with the option of
choosing the symmetry. The reaction has been demonstrated with methoxy groups
which can be cleaved leaving phenolic dialcohols easily undergoing oxidation to
a-diketones. The thus obtained coronene-hexaone opens the way to a variety of

important applications:

1. Work function tuning of a metal. The «-diketone proves to efficiently
extract electrons out of a metal which creates a surface dipole increasing
the work function of the metal. It can be shown by calculations that the
a-diketones bend towards the metal strengthening the interaction with the

metal.

2. Charge-transfer complex formation. The electron poor character of
coronene-hexaone can extract partial charge out of a donor molecule
forming a charge-transfer complex. The poor solubility of the molecule can

be circumvented by cosublimation of the molecules. The charge-transfer
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Figure 7.1: Donor and acceptor molecules under investigation in this thesis, electron acceptors
are marked in red, donors in blue.

complex formation is monitored by UPS measurements which is

unprecedented.

3. Condensation reactions for larger 7 systems. o-Diketones undergo con-
densation reactions very efficiently with diamines. A series of molecules with
an extended aromatic core have been synthesized and characterized with re-
gard to their bulk properties. It could be shown that liquid crystalline behavior
is only obtained when peripheral phenyl groups are added, alkyl substitution
alone leaves the molecule in the crystalline state. A high degree of control of

the melting point is gained varying the length of the chain.

Using the route established in this thesis, a wide variety of substituted coronenes
should be accessible if the corresponding cyclophanes can be made. Future devel-
opments could focus on extended discs incorporating sulfur in the periphery. The
advantages of extended polycyclic aromatic hydrocarbons can thus be combined
with the strong intermolecular interaction forces of sulfur. Even stronger acceptors
may be obtained by attaching cyano groups or even twelve ketones to coronene.

In the second part, the x-diketone group has been attached to a thiophene con-
taining system rendering another strong acceptor. This molecule has covalently
been linked to electron rich thiophenes leading to donor-acceptor molecules. These
resemble the repeat unit of a conjugated donor-acceptor polymer, a class of high
importance towards organic electornic devices.

With this model system it could be shown that the assembly of conjugated donor-
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Figure 7.2: Curved polymer backbone with a characteristic wavelength (A) and amplitude (A).

acceptor systems is dominated by intermolecular charge transfer interactions. A
set of experimental data support this thesis: (1) the crystal adopts energetically
unfavorable contacts and conformations, (2) a charge-transfer band is visible in the
film UV-vis absorption spectrum, and (3) the interplanar distances are much shorter
than in all-donor molecules.

This observation has important implications for the design of new donor-acceptor
systems. The charge-transfer interactions bring the molecules in close contact
which is good for high charge-carrier mobility, but significantly lower the solu-
bility. Alkyl chains drive the molecular planes apart, thus increasing solubility. An
optimum compromise has to be found for a high-performance material.

Purely donor molecules are important hole conductors for organic field-effect
transistors. Benzo[2,1-b;3,4-b’]dithiophene has been copolymerized with dithio-
phenes. After a rational optimization process for the position of the solubilizing
alkyl chains, a polymer is obtained which satisfies all requirements for industrial
applications: (1) it is well soluble and can thus be processed from solutions, (2)
it is easily synthesized and can be scaled up for production, (3) it exhibits high
charge-carrier mobility exceeding 0.1 cm?V-!s!, (4) it does not need long anneal-
ing at elevated temperatures for good performance, and (5) is stable enough against
air and moisture for applications. On a flexible substrate, mobilities as high as
0.5 cm?V-!s"lare measured which is among the best values for polymers reported
so far.

The kink induced by the benzodithiophene creates a curved polymer backbone.
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This geometry is very favorable as it represents a compromise between efficient
packing and good solubility. UV-vis spectroscopy and light scattering reveal that
the polymer is highly organized in solution, but does not precipitate. In contrast,
the linear isomer can only be dissolved with difficulties. Lower field-effect mobil-
ities are the result. Different benzodithiophene isomers have been incorporated in
polymers to show that benzo[2,1-b;3,4-b’ |dithiophene consitutes the optimum com-
promise. Stronger curvatures reduce the interchain overlap, less curvature decreases
the solubility hindering the device fabrication.

A solar cell based on the successful benzodithiophene copolymer has been made.
In a bulk heterojunction with [70]PCBM a power conversion efficiency of 2.7 %
has been measured without significant optimization effords.

Further developments in the field of polymeric materials for organic transistors
should focus on other building blocks which induce a moderate curvature, for exam-
ple dithienothiophene. This opens up a wide field of new materials with promising
fabrication properties. Whenever possible, coupling reactions should be used to
avoid crosslinking as shown in this thesis.

In the last part, the benzodithiophene building block has been doubled to yield
an extended, rod-like monomer with pending alkyl chains. They can be copolymer-
ized with alkylated dithiophene to afford a polymer with the largest fused 7t-system
so far. The transistor characterization and especially the X-ray diffraction analy-
sis reveal the high potential of this material. If polymerized with higher molecular
weight, very good performance can be expected. These results suggest that simi-
lar rod-like thiophene containing structures which have successfully been tested in
FETs should be copolymerized with dithiophene as well to explore this new poly-
mer class. Improvements of field-effect mobility, processing, and light harvesting

seem very realistic.



8 Experimental Part

8.1 General Methods

8.1.1 Chemicals and Solvents

All used chemicals and solvents were obtained from the companies ABCR, Acros,
Aldrich, Alpha-Aesar, Fluka, Lancaster, Merck and Strem. Unless otherwise men-

tioned, they were used as obtained.

8.1.2 Chromatography

Preparative column chromatography was performed on silica gel from Merck with
a grain size of 63 - 200 um (silica gel) or 40 - 63 um (flash silica gel, Geduran Si
60). For analytical thin layer chromatography (TLC), silica gel coated substrates
760 F254” from Merck were used. Compounds were detected by fluorescence
quenching at 254 nm, self-fluorescence at 366 nm or staining in an iodine vapor
chamber. For eluents, analytically pure solvents (p.a. or technical grade) were

distilled prior to the use.

219
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8.1.3 Inert Atmosphere

Oxygen or moisture sensitive reactions were carried out in an argon atmosphere
(Westfalen AG). If not mentioned specifically, reactions were degassed by bubbling

a stream of argon through the reaction mixture.

8.1.4 UV reactions

UV reactions were done in a Rayonet RPR-100 with up to eight lamps (20 W each)
of either 300 or 350 nm as indicated. The lamps possess a half width wavelength
distribution of 40 nm. The apparatus was cooled by a 15 W air fan. Quartz
glassware was used as reaction vessel, the solution was stirred by a magnetic stir

bar.

8.2 Analytical Techniques

8.2.1 Melting Points

Melting points were determined on a Biichi hot stage apparatus and were uncor-

rected.

8.2.2 Mass Spectrometry

Field-desorption mass spectra were obtained on a VG Instruments ZAB 2-SE-FPD
spectrometer. MALDI-TOF spectrometry was conducted on a Bruker Reflex II-
TOF spectrometer, utilizing a 337 nm nitrogen laser. If not specifically mentioned,
tetracyanoquinodimethane (TCNQ) was used as the matrix substance for solid state
prepared samples. Varying thicknesses of the prepared sample on the MALDI target
reduced the resolution; therefore only integers of the molecular peaks were given.

The most intense peak was compared to the calculated isotope of highest abundance.
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8.2.3 NMR Spectroscopy

TH-NMR, IBC.NMR, H,H-COSY, C,H-COSY and NOESY experiments were
recorded in the listed deuterated solvents on a Bruker DPX 250, Bruker AMX 300,
Bruker DRX 500 or a Bruker DRX 700 spectrometer. The deuterated solvent
was used as an internal standard, CD,Cl, was set to 0y = 5.32 ppm and 6¢c =
54.00 ppm, THF to &y = 3.58 ppm and d¢ = 67.57 ppm, DMSO to &y = 2.50 ppm
and 8¢ = 39.51 ppm, C,D,Cl, to 8y = 5.91 ppm and 5¢ = 74.20 ppm.!!]

8.2.4 Elemental Analysis

Elemental analysis of solid samples was carried out on a Foss Heraeus Vario EL
as a service of the Institute for Organic Chemistry, Johannes Gutenberg-Universitét
of Mainz. Liquid compounds or oils were not analyzed because of the difficulties
to remove residual solvents and atmospheric gases like CO,. The coroneneketones
could not be analyzed due to the strong interaction of diktones and DMSO. The
latter was crucial for the oxidation process, but cannot be removed completely .
Halogen containing molecules evolve hydrohalogenic acids on burning such that for
each halogen atom one hydrogen atom escapes the measurement. The theoretical

values were corrected accordingly, a note was given when doing so.

8.2.5 UV-vis Spectroscopy

Solution UV-vis spectra were recorded at room temperature on a Perkin-Elmer
Lambda 100 spectrophotometer. The molar extinctions were given in the unit
mZmol™! which was consistent with the SI standard. Unless otherwise noted, a con-
centration of 10~ mol/l was used. Solvents of spectroscopic grade were employed.
The baseline was corrected by substracting a measurement of the cuvette filled with
pure solvent used for the measurement.

Solution photoluminescence spectra were recorded on a SPEX-Fluorolog II
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(212) spectrometer. Quantum yields of selected compounds were calculated
by comparing to the known standard 5,10-diphenylanthracene (three different
concentrations).!”) Unless otherwise stated, the measurement was performed at

room temperature.

8.2.6 Infrared Spectroscopy

Infrared spectroscopy was measured on a Nicolet 730 FT-IR spectrometer in the
evanscence field of a diamond. The sample was deposited as pristine material on
the diamond crystal and pressed on it with a stamp. 64 measurements were recorded

for each sample, the background was substracted.

8.2.7 Cyclic Voltammetry

Cyclic volatammetry was measured on a Princeton Applied Research Parstat 2273
instrument with anhydrous solvents under argon atmosphere. Tetrabutylammoni-
umperchlorate was used as conductive salt at a concentration of 0.1 mol/l. Ferrocen
was added as internal standard (1 mM). A platinum working electrode (0.5 mm di-
ameter), a platinum wire as counter electrode, and a silver wire as quasi-reference
electrode were used. The peaks were calibrated according to the oxidation peak of

ferrocene. Half-step potentials were used for the evaluation.'!

8.2.8 Field-Effect Transistors

Standard procedure for transistors on silicon substrates: Heavily doped silicon
wafers with a 200 nm thick thermally grown silicon dioxide layer were used as
substrates. Hexamethyldisilazane was deposited out of the gas phase at 120 °C.
The semiconductor polymeric film was prepared by spin-coating (3000 rpm, 60 s) a
5 mg/ml 1,2-dichlorobenzene solution (roughly 47.5 nm thick). After annealing the

substrate at 100 °C for 5 min and slow cooling (1 °C/min), source and drain elec-
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trodes were fabricated by vapor-depositing gold (3 - 107 mbar, 1 A/s, ~ 100 nm
thick) onto the semiconductor thin films through a shadow mask to obtain devices
with channel lengths of between 25-75 pm and of widths about 0.5 to 1.5 mm (W/L
= 20). All preparations and electrical measurements using a Keithley 4200 semi-
conductor parameter analyzer were performed under nitrogen atmosphere in yellow
light.

The charge carrier mobility was calculated in saturation from the equation

2UspL
WC; (Vsg —Vin)?

Hsat =

PET substrates: Gold electrodes were evaporated onto an FET foil (roughly
35 nm thick). A solution (2 mg/ml) of the polymer in chlorobenzene was spin-cast
at 90 °C onto the substrate and dried for 30 seconds at 100 °C. Polystyrene (MW =
820 kg/mol, BASF) was spin-cast on top from a 5.5 weight-percent solution in ethyl
acetate. The gate contact was made by evaporating a layer of about 50 nm of gold on
top by the aid of a shadow mask. Measurements were performed using a Keithley
4200 machine under ambient conditions in the absence of light. Gate-dependent
mobility was calculated according to

dlsp W

Ve statCiVSD

8.2.9 X-ray scattering

The two-dimensional wide-angle X-ray diffraction experiments were performed by
means of a rotating anode (Rigaku 18 kW) X-ray beam with a pinhole collimation
and a 2D Siemens detector with a beam diameter of ca 1 mm. A double graphite
monochromator for the Cu-K« radiation (A = 0.154 nm) was used.

Film X-ray diffraction was performed on a theta-theta Philips PW 1820

Kristalloflex diffractometer with a graphite-monochromized Cu-Ka X-ray beam



Chapter 8. Experimental Part 224

hitting a drop-cast film on a silicon wafer. The diffraction patterns were recorded

in the 2 0 range from 1° to 32°.

8.2.10 Polarized Optical Microscopy

A Zeiss microscope equipped with polarizing filters and equipped with a Hitachi
KPD50 Colour digital CCD camera was used in order to investigate the optical
textures of the compounds. The samples were sandwiched between two glass slides
and then thermally treated on a Linkam hotstage fitted with a Linkam TMS 91

temperature controller.

8.2.11 Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) was measured on a Mettler DSC 30 with

heating and cooling rates of 10 K/min.

8.2.12 Atomic force microscopy

Atomic force microscopy was performed by using a Nanoscope Illa MultiMode

scanning probe microscope; Digital Instruments, Santa Barbara, CA.
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8.3 Coronene Chemistry

8.3.1 3,6-Dihydroxymethylveratrol

OH

1 g (5.1 mmol) 2,3-Dimethoxyterephthalicdialdehyde was dissolved in 50 ml iso-
propanol and 200 mg (5.3 mmol) sodium borohydride were added. The suspension
was stirred overnight. 20 ml 1M hydrochloric acid was added, and isopropanol
was removed under reduced pressure. The remaining solution was extracted with
dichloromethane. The organic phase was dried and the solvent removed in vaccum.
850 mg (84 %) of 3,6-dihydroxymethylveratrol was obtained as colorless crystals
(mp: 82 °C); MS (FD, 8 kV) m/z = 198.3 g/mol - calculated: 198.1 g/mol for
C,0H,4,04; 'H-NMR (250 MHz, CD,Cl,, RT, & in ppm) 7.03 (s, 2 H), 4.62 (s, 4 H),
3.85 (s, 6 H); 2.46 (s, 2 H); '>*C-NMR (62.5 MHz, CD,Cl,, RT, & in ppm) 151.2,
135.4, 124.0, 61.2; EA found: 60.59 % C, 7.09 % H - calculated for C,,H,;,Oy:
60.59 % C, 7.12 % H, 32.29 % O

8.3.2 3,6-Di(triphenylposphoniumbromide)methylveratrol

PPhBr
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500 mg (2.6 mmol) 3,6-Dihydroxymethylveratrol were dissolved in 2 ml di-
chloromethane. 2 ml hydrobromic acid (48 %) were added and stirred overnight
at room temperature. The solution was extracted with dichloromethane, neutralized
with 1M aqueous sodium carbonate solution and dried. To the resulting solution
1.36 g (5.2 mmol) triphenylphosphine was added and stirred for 30 minutes. The
solution was poured into toluene (30 ml), the precipitate was filtered off, washed
with toluene and dried in vacuum. 2.2 g (quantitative) of a yellow powder was
obtained (mp: 230 °C); 'H-NMR (700 MHz, CD,Cl,, RT, 4 in ppm) 7.78 (t, 6 H, J
=7.2Hz),7.71 (dd, 12 H,J =12.4 Hz, 8.1 Hz), 7.64 (td, 12 H, J = 7.8 Hz, 3.3 Hz),
6.80 (s, 2 H),5.23 (d, 4 H,J = 13.4 Hz), 3.35 (s, 6 H); 13C-NMR (175 MHz, CD,Cl,,
RT, & in ppm) 152.1, 135.5, 134.8 (t, J = 4.8 Hz), 130.6 (t, J = 6.1 Hz), 127.3,
123.7, 118.5 (d, J = 86.9 Hz), 60.6, 26.3 (d, J = 49.8 Hz); *'P-NMR (202 MHz,
CD,Cl,, RT, 9 in ppm) 22.2 (s); EA found: 65.22 % C, 5.16 % H - calculated for
C4cH,,Br,O,P,: 65.11 % C, 4.99 % H

8.3.3 Z,Z2-1,4-Bis(4-carbonylstyryl)veratrol

z
_0 20
\O O o
N

10

3.0 g (3.5 mmol) 3,6-Di(triphenylposphoniumbromide)methylveratrol and 1.15 g
(8.5 mmol) terephthalic dialdehyde were dissolved in 50 ml dichloromethane and
cooled to -40 °C. A mixture of 20 ml ethanol and 4.6 ml (7.4 mmol) n-butyllithium
(1.6 M in hexanes) were slowly added. The mixture was kept at -40 °C for another
10 hours and then slowly warmed to room temperature. The solvents were removed

in vacuum. The residue was dissolved in dichloromethane and extracted with 1 M
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HCI. The organic phase was dried and the solvent removed under reduced pressure.
The residue was purified by chromatography (petroleum ether - diethyl ether 1:1 v/v
as eluent) to yield 340 mg (24 %) of a yellow oil; MS (FD, 8 kV) m/z = 398.7 g/mol
- calculated: 398.2 g/mol for C,cH,,0y; TH-NMR (250 MHz, CD,Cl,, RT, % in
ppm) 9.92 (s, 2 H), 7.70 (d, 4 H, J = 8.2 Hz), 7.38 (d, 4 H, J = 8.2 Hz), 6.84 (d,
2H,J=122Hz), 6.69 (d, 2 H,J = 12.2 Hz), 6.60 (s, 2 H), 3.88 (s, 6 H); >*C-NMR
(62.5 MHz, CD,Cl,, RT, 6 in ppm) 192.1, 152.1, 144.1, 135.7, 131.8, 130.4, 130.0,
129.9, 128.7, 125.1, 61.4

8.3.4 Dimethoxy-[2.2.2]paracyclophan-triene

11

2.2 ml (20 mmol) Titanium(IV)-chloride were dissolved to 75 ml THF at 0 °C,
2.6 g (40 mmol) zinc dust and 1 ml pyridine were added and heated to reflux for
one hour. 320 mg (0.8 mmol) Z,Z-1,4-Bis(4-carbonylstyryl)veratrol were dissolved
in 50 ml THF and added dropwise over a period of 3 hours. The solution was kept
at reflux for another hour, then cooled down to room temperature, 30 ml of 1 M
HCI was added, the solution was decanted, most of the THF evaporated in vacuum.
The residue was extracted with dichloromethane, dried, and the solvent removed.
The residue was purified by chromatography (petroleum ether - dichloromethane
6:4 v/v as eluent) to yield 80 mg (27 %) of a yellow oil which solidifies after five
days (mp: 70°C); MS (FD, 8 kV) m/z = 366.6 g/mol - calculated: 366.2 g/mol for
Cy6H,,0,; 'H-NMR (250 MHz, CD,Cl,, RT, & in ppm) 6.89 (d, 2 H, J = 11.4 Hz),
6.83 (s,2H),6.80(d,4H,J=83Hz)6.78 (d,2H,J=11.3Hz),6.68 (d,4H,J =
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8.3 Hz), 6.36 (s, 2 H); 3C-NMR (62.5 MHz, CD,Cl,, RT, & in ppm) 151.4, 137.2,
136.5, 133.6, 133.3, 131.9, 129.6, 129.0, 128.6, 126.3, 60.7; EA found 85.29 % C,
5.91 % H - calculated: 85.22 % C, 6.05 % H, 8.73 % O

8.3.5 1,2-Dimethoxycoronene

o LIC
% OO‘O‘
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100 mg (0.27 mmol) Dimethoxy-[2.2.2]paracyclophan-triene were dissolved in
100 ml cyclohexane, 300 mg (0.86 mmol, 3.15 eq) iodine were added. After de-
gassing three drops of propylene oxide was added. The solution was irradiated with
300 nm (40 W) overnight. The solution was diluted with 10 ml dichloromethane
and extracted with aqueous sodium sulfite. After drying and evaporation of the sol-
vent, the substance was purified crystallization from hexane to yield 15 mg (76 %)
as yellow needles (mp: 213 °C); MS (FD, 8 kV) m/z = 360.6 g/mol - calculated:
360.1 g/mol for CygH,0,; TH-NMR (250 MHz, CD,Cl,, RT, 6 in ppm) 9.17 (d,
2H,J=87Hz),890(d,2H,J=8.8 Hz), 8.86 (d,2 H,J =8.7 Hz), 8.84 (s, 2 H),
8.81 (d, 2 H, J = 8.6 Hz), 4.45 (s, 6 H); 3C-NMR (62.5 MHz, CD,Cl,, RT, & in
ppm) 156.4, 129.3, 128.7, 126.8, 126.7, 126.6, 126.4, 125.5, 122.9, 122.7, 120.7
(two peaks), 62.4; UV-vis (CHCl;, A in nm) 294 (rel 0.66), 304 (rel 1.00), 324 (rel
0.25), 341 (rel 0.27), 404 (rel 0.068), 429 (rel 0.065)

8.3.6 1,2-Coronene-dione

50 mg (0.14 mmol) 1,2-Dimethoxycoronene were dissolved in 10 ml

dichloromethane and added to 10 ml 1 M BBr; solution in dichloromethane. The
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suspension was stirred overnight. The volatile substances were removed under
high vacuum at room temperature. To the residue 5 ml concentrated nitric acid was
added, after 1 minute, the solution was diluted with 20 ml water and centrifuged.
The solid was refluxed in THF for 30 minutes and filtered to yield 30 mg (65 %) of
a dark violet solid (mp: dec.); MS (FD, 8 kV) m/z = 330.7 g/mol - calculated:
330.1 g/mol for C,,H,,0,; 'H-NMR (250 MHz, CD,Cl,, RT, 4 in ppm) (coronene
added) 8.04 (d, 2 H, J = 8.0 Hz), 8.10 (s, 2 H), 7.78 (d, 2 H, J = 8.9 Hz), 7.66 (d,
2 H,J=8.0Hz), 7.56 (d, 2 H, ] =9.1 Hz), 7.35 (s, 2 H); IR (neat, 1/A in cm'l)
1664, 1651, 1606, 1510, 1300, 995, 850, 795, 563

8.3.7 Z,Z-1,4-Bis(4-carbonyl-2,3-dimethoxystyryl)benzene

1.7 g (2.2 mmol) 1,4-Xylene-bis-triphenylphosphoniumbromide and 1.0 g
(5.1 mmol) 2,3-dimethoxyterephthalic dialdehyde were dissolved in 40 ml
DMF and cooled to -40 °C. A mixture of 15 ml ethanol and 2.2 ml (3.5 mmol)
n-butyllithium (1.6 M in hexanes) were slowly added. The mixture was kept at

-40 °C for another 10 hours and then slowly warmed to room temperature. The
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solvents were removed in vacuum. The residue was dissolved in dichloromethane
and extracted with 1 M HCI. The organic phase was dried and the solvent removed
under reduced pressure. The residue was purified by chromatography (hexane -
ethylacetate 3:1 v/v as eluent) to yield 210 mg (21 %) of a yellow powder (mp
= 157-159 °C); MS (FD, 8 kV) m/z = 459.2 g/mol - calculated: 458.2 g/mol for
CygH560g; 'H-NMR (250 MHz, CD,Cl,, RT, & in ppm) 10.32 (s, 2 H), 7.30 (d,
2 H,J=82Hz),7.08 (s, 4 H), 7.30 (d, 2 H, J = 8.2 Hz), 6.69 (s, 2 H), 6.68 (s,
2 H), 3.99 (s, 6 H), 3.86 (s, 6 H); >*C-NMR (62.5 MHz, CD,Cl,, RT, § in ppm)
189.7, 157.1, 152.0, 139.6, 136.5, 132.8, 130.0, 129.8, 129.4, 125.7, 125.5, 122.5,
62.6,61.3

8.3.8 Tetramethoxy-[2.2.2]paracyclophan-triene

10.2 ml (2 mmol) titanium(IV)-chloride were dissolved to 15 ml THF at 0 °C,
260 mg (4 mmol) zinc dust and 0.1 ml pyridine were added and heated to re-
flux for one hour. 100 mg (0.22 mmol) Z,Z-bis(4-carbonyl-2,3-dimethoxyphenyl)-
divinylbenzene were dissolved in 20 ml THF and added dropwise over a period
of 3 hours. The solution was kept at reflux for another hour, then cooled down to
room temperature, 5 ml of 1M HCI was added, the solution was decanted, most of
the THF evaporated in vacuum. The residue was extracted with dichloromethane,

dried, and the solvent removed. The residue was purified by chromatography
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(dichloromethane as eluent) to yield 34 mg (36 %) of a yellow oil which solidi-
fies after five days (mp: 85 °C); MS (FD, 8 kV) m/z = 427.0 g/mol - calculated:
426.2 g/mol for CyqH,(Oy,; 'H-NMR (700 MHz, C,D,Cl,, 100 °C,  in ppm) 6.82
(d,2H,J=112Hz), 6.78 (s, 2 H), 6.75 (d,2 H,J = 11.3 Hz), 6.29 (d, 2 H, ] =
7.8 Hz), 6.15 (d, 2 H,J = 8.0 Hz), 3.78 (s, 6 H), 3.73 (s, 6 H); '>*C-NMR (175 MHz,
C,D,Cly, 100 °C, 6 in ppm) 151.0, 136.7, 133.2, 131.4, 131.4, 129.6, 129.5, 128 4,
126.5, 125.4, 60.5, 60.4; EA found 78.75 % C, 6.12 % H - calculated: 78.85 % C,
6.14 % H, 15.00 % O

8.3.9 1,2,5,6-Tetramethoxycoronene

120 mg (0.47 mmol) Tetramethoxy-[2.2.2]paracyclophan-triene were dissolved
in 200 ml cyclohexane, 530 mg (1.48 mmol; 3,15 eq) iodine were added. Af-
ter degassing 0.1 ml of propylene oxide was added. The solution was irradiated
with 300 nm (40 W) overnight. After extraction with aqueous sodium sulfite, dry-
ing, and evaporation of the solvent, the substance was purified by chromatography
(dichloromethane - acetone 100:1 v/v) to yield 160 mg (80 %) of a yellow crystalline
substance (mp: 195 °C); '"H-NMR (500 MHz, CD,Cl,, RT, 6 in ppm) 9.21 (s, 2 H),
9.17(d,2H,J=8.7Hz),891 (d,2H, ] =8.7Hz), 8.84 (s, 2 H), 3.78 (s, 6 H), 3.73
(s, 6 H); 1>*C-NMR (125 MHz, CD,Cl,, RT, & in ppm) 146.5, 146.2, 129.0, 126.9,
125.8, 125.2, 123.0, 121.0, (two peaks), 120.9, 120.8, 62.4 (two peaks); MALDI-
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TOF (TCNQ as matrix) m/z = 420.0 g/mol - calculated: 420.1 g/mol for C,gH,,O,;
EA found 79.87 % C, 4.84 % H - calculated: 79.98 % C, 4.79 % H, 15.22 % O;
UV-vis (CHCl;, A in nm) 311 (rel 1.00), 323 (0.64), 353 (0.34), 391 (0.007), 414
(0.011), 430 (0.012), 438 (0.013); IR (neat, 1/A in cm™) 3076, 1660, 1595, 1338,
1327, 1275, 1115, 1037, 991, 860, 758, 571

8.3.10 1,2,5,6-Coronene-tetraone

24

50 mg (0.12 mmol) 1,2,5,6-Tetramethoxycoronene were dissolved in 5 ml
dichloromethane and added to 5 ml 1 M BBr; solution in dichloromethane.
The suspension was stirred overnight. The volatile substances were removed
under high vacuum at room temperature. To the residue 5 ml concentrated nitric
acid were added, after 1 minute, the solution was diluted with 20 ml water and
centrifuged. The solid was refluxed in THF for 30 minutes and filtered to yield
32 mg (74 %) of a reddish solid (mp: dec.); MS (FD, 8 kV) m/z = 360.8 g/mol -
calculated: 360.0 g/mol for C,,HgO,; ITH-NMR (250 MHz, DMSO—dg, RT, 6 in
ppm) 8.69 (d,2 H,J =7.7 Hz), 8.55 (d, 2 H, J = 8.0 Hz), 8.51 (s, 2 H), 8.47 (s, 2 H)

8.3.11 Z,Z2-3,6-Bis(4-carbonyl-2,3-dimethoxystyryl)veratrol

8.5 g (10 mmol) 3,6-Di(triphenylposphoniumbromide)methylveratrol and 4.3 g

(22 mmol) of 2,3-dimethoxyterephthalic dialdehyde were dissolved in 150 ml
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dichloromethane. The solution was cooled to -40 °C. A mixture of 13 ml (21 mmol)

butyllithium (1.6 M in hexanes) and 60 ml ethanol were slowly added. The reac-

tion mixture was kept at -40 °C for 6 hours and slowly warmed to room temper-

ature overnight. 10 ml of 1 M hydrochloric acid was added and extracted with

dichloromethane. After drying, the solvent was removed in vacuum. The residue

was purified by chromatography (diethylether - petroleum ether 5.5:4.5 v/v as elu-

ent). 2.4 g of a yellow oil was obtained. MS (FD, 8 kV) m/z = 518.1 g/mol - cal-

culated: 518.2 g/mol for C5oH;,Og; 'TH-NMR (250 MHz, CD,Cl,, RT, % in ppm)

10.28 (s, 2 H), 7.25 (d, J = 8.2 Hz, 2 H), 6.92 (d, ] = 8.2 Hz, 2 H), 6.87 (d, J =

12.2 Hz, 2 H), 6.74 (d, J = 12.3 Hz, 2 H), 6.57 (s, 2 H), 3.97 (s, 6 H), 3.86 (s, 6 H),

3.85 (s, 6 H); 1>*C-NMR (62.5 MHz, CD,Cl,, RT, & in ppm) 189.7, 157.0, 152.1,

152.0, 139.5, 131.6, 129.7, 128.4, 125.8, 125.5, 124.8, 122.3, 62.7, 61.4, 61.3

8.3.12 Hexamethoxy[2.2.2]paracyclophane-triene

16
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5 ml (50 mmol) Titanium(IV)-chloride was dropped at 0° C into 250 ml an-
hydrous THE. 6.5 g (100 mmol) zinc powder and 2.5 ml pyridine were added.
The mixture was refluxed for one hour. 2.5 g (4.8 mmol) 3,6-Bis(4-carbonyl-2,3-
dimethoxystyryl)veratrol in 500 ml anhydrous THF were added dropwise to the
boiling solution over a period of about 2 hours. The mixture was refluxed for one
additional hour. After cooling to room temperature, 50 ml 1 M hydrochoric acid
was added. The solution was separated from the solid by decanting. Most of the
THF was removed under reduced pressure. The remaining solution was extracted
with dichloromethane, and dried. After removal of the solvent, the residue was pu-
rified by column chromatography (dichloromethane - acetone 100:1 v/v as eluent)
to yield 1.13 g (48 %) of a yellow oil which becomes solid after several days (mp:
145 °C); MS (FD, 8 kV) m/z = 486.3 g/mol - calculated: 486.2 g/mol for C3H;,O¢;
'H-NMR (500 MHz, C,D,Cl,, 120 °C, b in ppm) 6.78 (s, 6 H), 6.23 (s, 6 H), 3.77
(s, 18 H); '3C-NMR (125 MHz, C,D,Cly, 120 °C, 6 in ppm) 150.9, 131.5, 129.5,
125.6, 60.4; EA found 73.97 % C, 6.24 % H - calculated: 74.06 % C, 6.21 % H
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8.3.13 1,2,5,6,9,10-Hexamethoxycoronene

19

200 mg (0.4 mmol) Hexamethoxy[2.2.2]paracyclophane-triene and 420 mg
(1.6 mmol) iodine were dissolved in 200 ml cyclohexane. The solution was purged
with argon for 10 minutes, then 1 ml of propylene oxide was added. The solution
was irradiated for 10 hours with UV irradiation (300 nm, 40 W). Excess iodine
was removed by extraction with aqueous 2 M sodium sulfite solution. After drying
and evaporation of the cyclohexane, the residue was purified by chromatography
yielding 146 mg (73 %) of a yellow crystalline substance (mp: 218 °C); MS (FD,
8 kV) m/z = 479.9 g/mol - calculated: 480.2 g/mol for CyyH,,Of; 'H-NMR
(300 MHz, CD,Cl,, RT, & in ppm) 9.20 (s, 6 H), 4.43 (s, 18 H); *C-NMR
(75 MHz, CD,Cl,, RT, 6 in ppm) 146.0, 125.2, 102.9, 120.6, 62.3; EA found:
74.91 % C, 5.09 % H - calculated: 74.99 % C, 5.03 % H; UV-vis (CHCl;, A in nm)
306 (rel 0.99), 328 (1.00), 358 (0.47), 395 (0.006), 417 (0.013), 443 (0.013)

8.3.14 1,2,5,6,9,10-Coronene-hexaone

50 mg (0.12 mmol) 1,2,5,6,9,10-Hexamethoxycoronene were dissolved in 5 ml
dichloromethane and added to 5 ml 1 M BBr; solution in dichloromethane. The
suspension was stirred for two hours. The volatile substances were removed under
high vacuum at room temperature. To the residue 5 ml concentrated nitric acid was

added, after 1 minute, the solution was diluted with 20 ml water and centrifuged.
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The solid was dissolved in 5 ml DMSO and heated for 30 min to 80°C while air
was bubbled through the solution. After evaporation of DMSO, 34 mg (85 %)
of a reddish solid was obtained (mp: dec.); MS (FD, 8 kV) m/z = 390.7 g/mol -
calculated: 390.0 g/mol for C,,HOg; '"H-NMR (250 MHz, DMSO—dg, RT, 6 in
ppm) 8.57 (s, 6 H); IR (neat, 1/A in cm™!) 1676, 1599, 1574, 1469, 1327, 1313,
1277, 1207, 1022, 985, 864, 588

8.3.15 1,2-Diamino-4,5-dialkylbenzenes

R=CgHiz 43

R NH,
@: R=CiHzs 44
R NH,

R=CieHaz 45

1,2-Diamino-4,5-dialkylbenzenes were prepared in analogy to the literature!*!

Octyl derivative 43
'H-NMR (250 MHz, CD,Cl,, RT, & in ppm) 6.47 (s, 2H), 3.27 (br, 4H), 2.46 (t, J
= 7.7 Hz, 4H), 1.52 (m, 4H), 1.32 (m, 20H), 0.92 (t, J = 6.5 Hz, 6H); >*C-NMR
(62.5 MHz, CD,Cl,, RT, & in ppm) 133.1, 132.6, 118.0, 32.64, 32.55, 32.46, 30.4,
30.2, 30.0, 23.3, 14.5; MS (FD, 8 kV) m/z 332.1 g/mol - calculated for C,,H,,N,:
332.3 g/mol

Dodecyl derivative 44
'H-NMR (250 MHz, CD,Cl,, RT, & in ppm) 6.46 (s, 2H), 3.26 (br, 4H), 2.43 (t, J
= 7.7 Hz, 4H), 1.49 (m, 4H), 1.27 (m, 36H), 0.89 (t, J = 6.5 Hz, 6H); *C-NMR
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(62.5 MHz, CD,Cl,, RT, 6 in ppm) 133.1, 132.6, 118.0, 32.60, 32.52, 32.42, 30.3-
30.2 multiple peaks unresolved, 30.0, 23.3, 14.5; MS (FD, 8 kV) m/z = 444.5 g/mol
- calculated for C3yHsN,: 444.4 g/mol
Hexadecyl derivative 45

'H-NMR (250 MHz, CD,Cl,, RT, & in ppm) 6.46 (s, 2H), 3.24 (br, 4H), 2.42 (t,] =
7.8 Hz, 4H), 1.48 (quin, J = 7.3 Hz, 4H), 1.4-1.2 (m, 52H), 0.88 (t, J = 6.5 Hz, 6H);
I3C-NMR (62.5 MHz, CD,Cl,, RT, § in ppm) 133.1, 132.5, 118.0, 32.60, 32.55,
32.44, 30.3-30.2 multiple peaks unresolved, 30.1, 23.3, 14.4; MS (FD, 8 kV) m/z =
556.4 g/mol - calculated for C33H-,N,: 556.6 g/mol

8.3.16 a,g,m-Tris(1,4-diaza-6,7-dialkylnaphtho)coronene

R=CgHi7 46
R=CoHxs 47
R=CeHaz 48

50 mg (0.13 mmol) 1,2,5,6,9,10-Coronene-hexaone and 0.57 mmol 1,2-diamino-
4,5-dialkylbenzene were suspended in 5 ml o-dichlorobenzene and 5 ml acetic acid.
The mixture was heated to reflux for two hours. The solution was cooled to room
temperature and precipitated in methanol. After filtration the solid was dissolved in
warm chlorobenzene and precipated in methanol, filtered and dried in vaccum.

Octyl derivative 46
Yield: 83 %; Mp: 198 °C; 'H-NMR (500 MHz, C,D,Cly, 100 °C, 6 in ppm) (10
mg/ml) 9.48 (s, 6H), 7.94 (s, 6H), 2.85 (t, ] = 7.6 Hz, 12H), 1.88 (quin, J = 7.4 Hz,
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12H), 1.61 (quin, J = 6.7 Hz, 12H), 1.52 (quin, J = 7.0 Hz, 12H), 1.50-1.35 (m,
36H), 0.98 (t, J = 6.7 Hz, 18H); '>*C-NMR (125 MHz, C,D,Cl,, 100 °C, & in ppm)
(10 mg/ml) 144.6, 141.4, 141.1, 129.7, 127.7, 124.0, 123.7, 33.3, 32.2, 30.7, 30.3,
29.9,29.6,23.0, 14.2; MS (MALDI, TCNQ matrix) m/z = 1280.1 g/mol - calculated
for Cy4H; 6 Ng: 1279.9 g/mol

Dodecyl derivative 47
Yield: 82 %; Mp: 116 °C; 'H-NMR (700 MHz, C,D,Cl,, 100 °C, & in ppm) (10
mg/ml) 9.38 (s, 6H), 7.88 (s, 6H), 2.82 (t, J = 6.8 Hz, 12H), 1.85 (quin, J = 7.0 Hz,
12H), 1.59 (quin, J = 6.8 Hz, 12 H), 1.51 (quin, J = 7.0 Hz, 12H), 1.45-1.30 (m,
84H), 0.90 (t, J = 6.6 Hz, 18H); >*C-NMR (175 MHz, C,D,Cl,, 100 °C, & in ppm)
(10 mg/ml) 145.0, 141.6, 141.3, 123.0, 127.9, 124.3, 123.9, 33.4, 32.1, 30.8, 30.3,
30.0 (multiple peaks), 29.9, 29.5, 22.8, 14.2; MS (MALDI, TCNQ matrix) m/z =
1616.1 g/mol - calculated for C; | ,H ¢, Ng: 1616.3 g/mol

Hexadecyl derivative 48
Yield: 81 %; Mp: 85 °C; 1H-NMR 'H-NMR (700 MHz, C,D,Cl,, 100 °C, & in
ppm) (10 mg/ml) 9.27 (s, 6H), 7.74 (s, 6H), 2.68 (t, J = 6.9 Hz, 12H), 1.75 (quin,
J=7.1 Hz, 12H), 1.52 (quin, J = 6.6 Hz, 12H), 1.44 (quin, J = 6.9 Hz, 12H), 1.40-
1.20 (m, 156H), 0.84 (t, J = 7.0 Hz, 18H); MS (FD, 8 kV) m/z = 1952.4 g/mol -

calculated for C 3gH,,,Ng: 1952.7 g/mol

8.3.17 4-Trimethylsilyldodecylbenzene

1.7 ml (8.6 mmol) 4-Trimethylsilybromobenzene were dissolved in 20 ml anhy-

drous THF under an argon atmosphere. 10 ml of a 1 M dodecylmagnesium bromide
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solution in diethylether were added followed by 200 mg (0.25 mmol) Pd(dppf)Cl,.
The solution was heated to reflux for two hours. The solution was cooled to room
temperature and poured into 1 M HCI, extracted with diethylether, dried and evacu-
ated. The residue was chromatographed on silica gel with petroleum ether as eluent
to yield 2.4 g (88 %) of a colorless oil. 'H-NMR (250 MHz, CD,Cl,, RT, 6 in ppm)
7.43 (d, J =7.8 Hz, 2H), 7.17 (d, J = 7.8 Hz, 2H), 2.59 (t, J = 7.7 Hz, 2H), 1.60
(quin, J = 7.1 Hz, 2H), 1.4-1.2 (m, 18H), 0.89 (t, ] = 6.5 Hz, 3H), 0.25 (s, 9H); '3C-
NMR (62.5 MHz, CD,Cl,, RT, & in ppm) 144.3, 137.6, 133.9, 128.4, 36.5, 32.5,
32.2, 30.3-30.2 multiple peaks, 30.1, 30.02, 29.98, 23.3, 14.5, -0.8; MS (FD, 8 kV)
m/z = 317.8 g/mol - calculated for C,;H;4Si: 318.3 g/mol

8.3.18 4,5-Bis-(4’-dodecylphenyl)-1,2-dinitrobenzene

CqoHazs O

CqoHazs

l NO,
NO,
50

540 mg (1.7 mmol) 4-Trimethylsilyldodecylbenzene were dissolved in 20 ml
anhydrous dichloromethane, 2.5 ml of a 1 M BBr; solution in dichloromethane
were added and stirred for three hours. Water was added, and the organic phase
was separated. The water phase was extracted with dichloromethane. The com-
bined extracts were dried with anhydrous magnesium sulphate and evaporated.
The remaining colorless solid was dissolved in 5 ml toluene. 2 ml Ethanol and
240 mg (0.57 mmol) 4,5-dinitro-1,2-diiodobenzene were added. After addition of
2 ml of a 2 M potassium carbonate solution, the solution was degassed and 33 mg
(28 wmol) tetrakis(triphenylphosphine)palladium(0) were added. The mixture was

heated to 100 °C over night. After cooling down, the solution was extracted with
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toluene, dried and evaporated. The residue was chromatographed on silica gel with
petroleum ether - dichloromethane 3:1 v/v as eluent to yield 245 mg of a yellow
oil (65 % with regard to diiodobenzene). 'H-NMR (250 MHz, CD,Cl,, RT, b in
ppm) 7.96 (s, 2H), 7.11 (d, J = 8.4 Hz, 4H), 7.06 (d, J = 8.4 Hz, 4H), 2.59 (t, J =
7.6 Hz, 4H), 1.58 (quin, J = 6.7 Hz, 4H), 1.3-1.2 (m, 36H), 0.88 (t, J = 6.5 Hz, 6H);
I3C-NMR (62.5 MHz, CD,Cl,, RT, & in ppm) 146.8, 144.4, 141.7, 135.4, 129.8,
129.1, 127.6, 36.1, 32.5, 31.8, 30.2 (multiple peaks), 30.0, 29.9, 29.7, 23.3, 14.5;
MS (FD, 8 kV) m/z = 656.8 g/mol - calculated for C3HssN,: 656.5 g/mol

8.3.19 4,5-Bis-(4’-dodecylphenyl)-1,2-diaminobenzene

CioHos O

Ci2Hos

O NH,

NH.

51

In a flask 1 g (1.5 mmol) 4,5-bis-(4-dodecylphenyl)-1,2-dinitrobenzene were
combined with 10 ml methanol and 300 mg palladium on charcoal (10 %). The
solution was degassed and put into a water cooling bath. 5 ml (30 mmol) Tri-
ethylsilane were added slowly such that the gas evolution remains moderate. After
complete addition, the solution was stirred for 10 min, filtered through celite and
evaporated. The residue was chromatographed on silica gel with hexane - ethyl ac-
etate (1:1 v/v) as eluent to afford 730 mg (82 %) of an orange waxy solid; 'H-NMR
(250 MHz, CD,Cl,, RT, ¢ in ppm) 6.99 (s, 8H), 6.73 (s, 2H), 3.50 (br, 4H), 2.55 (t,
J=7.7Hz, 4H), 1.58 (quin, J = 6.8 Hz, 4H), 1.4-1.2 (m, 36H), 0.89 (t, J = 6.5 Hz);
I3C-NMR (62.5 MHz, CD,Cl,, RT, 6 in ppm) 141.0, 139.8, 134.8, 130.2, 128.2,
119.1, 36.0, 32.5, 32.1, 30.3 (multiple peaks), 30.1, 30.0, 29.9, 23.3, 14.5; MS (FD,
8 kV) m/z = 596.1 g/mol - calculated for C5,HscN,: 596.5 g/mol
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8.3.20 a,g,m-Tris(1,4-diaza-6,7-(4’-didodecylphenyl)-naphtho)coronene

50 mg (0.13 mmol) 1,2,5,6,9,10-Coronene-hexaone and 345 mg (0.58 mmol)
4,5-bis-(4’-dodecylphenyl)-1,2-diaminobenzene were suspended in 5 ml
o-dichlorobenzene and 5 ml acetic acid. The mixture was heated to reflux for two
hours. The solution was cooled to room temperature and precipitated in methanol.
After filtration the solid was dissolved in warm chlorobenzene and precipated in
methanol, filtered and dried in vaccum. 210 mg of an orange sticky solid were
obtained (85 %). Mp: ¢ 350 °C (dec.); 'TH-NMR (500 MHz, C,D,Cly, 100 °C, 8 in
ppm) (10 mg/ml) 8.97 (s, 6H), 8.04 (s, 6H), 7.17 (d, J = 7.3 Hz, 12H), 7.07 (d, J =
7.5 Hz, 12H), 2.67 (t, J = 7.2 Hz, 12H), 1.72 (quin, J = 6.5 Hz, 12H), 1.45-1.30
(m, 108H), 0.92 (t, J = 7.2 Hz, 18H); *C-NMR (125 MHz, C,D,Cl,, 100 °C,
o in ppm) (10 mg/ml) 143.8, 141.9, 141.8, 138.2, 130.4, 129.5, 128.1, 123.8,
123.7, 36.0, 32.1, 31.5, 30.0 (multiple peaks), 29.9, 29.8, 29.7, 29.5, 22.8, 14.2;
MS (MALDI, TCNQ matrix) m/z = 2072.8 g/mol - calculated for C;5)H,gsN:
2072.5 g/mol
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8.4 Donor-Acceptor Model Systems for Polythiophenes

8.4.1 5,5’-Dibromobenzo[2,1-b;3,4-b’]dithiophene-4,5-ethyleneoxolane

I

0
g

64

154 mg (0.5 mmol) Benzo[2,1-b;3,4-b’|dithiophene-4,5-ethyleneoxolanel! were
dissolved in 5 ml DME. 178 mg (1 mmol) N-bromosuccinimid were added. The
mixture was stirred at room temperature for two hours, diluted with diethylether,
extracted three times with water, and dried. After evaporation of the solvent, the
residue was chromatographed on silica gel with dichloromethane as eluent. The ob-
tained solid was recystallized from ethyl acetate to afford 130 mg (56 %) of slightly
yellow needles. Mp = 130 °C; MS (FD, 8 kV) m/z = 465.9 g/mol - calculated:
465.8 g/mol for C;,H,,Br,0,S,; TH.NMR (250 MHz, CD,Cl,, RT, 6 in ppm) 7.14
(s, 2H), 4.1 (m, 4H), 3.6 (m, 4H); 3C-NMR (62.5 MHz, CD,Cl,, RT, & in ppm)
137.1, 133.9, 129.0, 111.8, 93.4, 67.2, 62.1; elemental analysis: found 35.76 % C,
1.83 % H, 13.45 % S - calculated: 36.07 % C, 2.16 % H, 13.76 % S

8.4.2 5,5’-(5-hexylthiophene-2-yl-)benzo[2,1-b;3,4-b’]dithiophene-4,5-
ethyleneoxolane

92 mg 0.2 mmol) 5,5’-Dibromobenzo[2,1-b;3,4-b’]dithiophene-4,5-
ehyleneoxolane and 228 mg (0.5 mmol) 5-hexyl-2-tributylstannylsthiophene
were dissolved in 5 ml anhydrous DMF and degassed. 10 mg (1 pmol)
Tetrakis(triphenylphsophine)-palladium was added. The resulting mixture was

stirred for two hours under an argon atmosphere. After cooling, the solvent was
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J 4
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evaporated in high vacuum. The residue was chromatographed on silica gel with
dichloromethane as eluent. 110 mg of a yellow substance were obtained (86 %).
Mp = 148 °C; MS (FD, 8 kV) m/z = 640.5 g/mol - calculated: 640.2 g/mol for
C34Hy00,4S,; 'H-NMR (300 MHz, CD,Cl,, RT, § in ppm) 7.16 (s, 2H), 7.02 (d,
J =3.6 Hz, 2H), 6.72 (d, J = 3.6 Hz, 2H), 4.2 (m, 4H), 3.7 (m, 4H), 2.81 (t, J =
7.5 Hz, 4H), 1.69 (quin, J = 7.1 Hz, 4H), 1.4-1.3 (m, 12H), 0.93 (t, J = 6.5 Hz);
I3C-NMR (75 MHz, CD,Cl,, RT, b in ppm) 146.9, 137.4, 137.0, 134.6, 131.2,
125.6, 124.3, 121.7, 93.9, 62.2, 32.2, 32.1, 30.7, 29.3, 23.2, 14.4; elemental
analysis: found 63.40 % C, 6.03 % H, 19.64 % S - calculated: 63.71 % C, 6.29 %
H, 20.01 % S

8.4.3 5,5’-Di(5-hexylthiophene-2-yl-)benzo[2,1-b;3,4-b’]dithiophene-4,5-

diketone
@) 0]
| N\
S S S S
CeHiz—\ | | ) CeHis
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64 mg 0.1 mmol) 5,5’-(5-Hexylthiophene-2-yl-)benzo[2,1-b;3,4-
b’]dithiophene-4,5-ehyleneoxolane were dissolved in 5 ml dichloromethane/THF

(2:1) and degassed. 2 ml tetrafluoroboronic acid (50 % in water) were added. The
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mixture was intensively stirred for two days, extracted with dichloromethane and
chromatographed on silica gel with dichloromethane as eluent. 45 mg of a blue
solid were obtained (82 %). Mp = 150 °C; MS (FD, 8 kV) m/z = 552.2 g/mol -
calculated: 552.1 g/mol for C;,H;,0,S,; 'H-NMR (250 MHz, CD,Cl,, RT, 4 in
ppm) 7.30 (s, 2H), 7.03 (d, J = 3.6 Hz, 2H), 6.71 (d, J = 3.6 Hz, 2H), 2.79 (t, J =
7.5 Hz, 4H), 1.67 (quin, J = 7.0 Hz, 4H), 1.4-1.2 (m, 12H), 0.90 (t, J = 6.6 Hz);
I3C-NMR (62.5 MHz, CD,Cl,, RT, § in ppm) 174.6, 148.6, 141.5, 139.0, 136.2,
132.8, 125.8, 125.7, 122.1, 32.1, 32.0, 30.7, 29.3, 23.2, 14.4; elemental analysis:
found 64.90 % C, 5.76 % H, 23.22 % S - calculated: 65.18 % C, 5.83 % H,
23.20% S

8.4.4 5,5’-Dithien-2-ylbenzo[2,1-b;3,4-b’]dithiophene-4,5-ethyleneoxolane

ey

69

47 mg (0.1 mmol) 5,5 -Dibromobenzo[2,1-b;3,4-b’]dithiophene-4,5-
ehyleneoxolane were dissolved in 2 ml anhydrous DMF under argon. 93 mg
(0.25 mmol) 2-Tributylstannylthiophene were added, followed by 5 mg (5 pwmol)
Pd(PPhs),. The mixture was heated for two hours to 100 °C, diluted with
diethylether, extracted with water three times, and dried. The solvents were
evaporated, the residue was purified by preparative chromatography on silica
gel with a gradient of petroleum ether - dichloromethane (9:11 v/v) to pure
dichloromethane. After crystallization from ethyl acetate at -20 °C, 28 mg of
a yellow crystalline substance were obtained (59 %). Mp = 262 °C, MS (FD,

8 kV) m/z = 471.8 g/mol - calculated: 472.0 g/mol for Cy,H,c0,4S,; 'H-NMR
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(250 MHz, CD,Cl,, RT, & in ppm) 7.28 (dd, J; = 5.1 Hz, J, = 1.1 Hz, 2H), 7.26 (s,
2H), 7.23 (dd, J| = 3.6 Hz, J, = 1.1 Hz, 2H), 7.05 (dd, J; = 5.1 Hz, J, = 3.6 Hz,
2H), 4.15 (m, 4H), 3.70 (m, 4H); 3C-NMR (62.5 MHz, CD,Cl,, RT, & in ppm)
137.7, 1372, 136.6, 131.7, 128.6, 125.6, 124.6, 122.5, 93.8, 62.2

8.4.5 5,5’-Dithiophene-2-yl-benzo[2,1-b;3,4-b’]dithiophene-4,5-diketone

70

150 mg (0.32 mmol) 5,5 -Thiophene-2-yl-benzo[2,1-b;3,4-b’]dithiophene-4,5-
ehyleneoxolane were dissolved in a mixture of 5 ml dichloromethane and 2.5 ml
THE. After degassing, 3 ml tetrafluoroboronic acid (50 % in water) were added.
The mixture was intensively stirred overnight, extracted with dichloromethane and
chromatographed on silica gel with dichloromethane as eluent. 100 mg of a blue
solid were obtained (81 %). Mp = 292 °C; MS (FD, 8 kV) m/z = 383.7 g/mol -
calculated: 383.9 g/mol for C,;4Hg0,S,; 'H-NMR (300 MHz, THF—dg, RT, & in
ppm) 7.57 (s, 2H), 7.47 (dd, J; = 5.1 Hz, J, = 1.1 Hz, 2H), 7.40 (dd, J; = 3.6 Hz,
Jp = 1.1 Hz, 2H), 7.09 (dd, J; = 5.1 Hz, J, = 3.6 Hz, 2H); 3C-NMR (175 MHz,
THF—dg, RT, & in ppm) 172.3, 138.9, 136.5, 136.1, 134.3, 127.2, 125.5, 124.5,
121.5
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8.5 Benzo[2,1-b;3,4-b’]dithiophene Containing Polymers

8.5.1 3-Heptanoylthiophene

7.8 ml (89 mmol) Thiophene-3-carbaldehyde were dissolved in 45 ml anhydrous
THF under argon, cooled in an ice bath to 0 °C. Then, 45 ml (90 mmol) of a2 M
solution of hexylmagnesium bromide in diethylether was added slowly. After com-
plete addition, the solution was warmed to room temperature and stirred for two
hours. The solution was diluted with 100 ml diethylether, extracted with ammo-
nium chloride solution, dried, and evaporated. The residue is dissolved in 200 ml
methylene chloride, and cooled to 0 °C in an ice bath. 20 g of celite and 21.5 g
(100 mmol) pydridinium chlorochromate were added in small portions after which
the suspension was stirred for one hour at room temperature. The suspension was
filtered over celite, the solvent was evaporated, and the residue was purified by col-
umn chromatography with petroleum ether as eluent. 11.7 g of a light yellow oil
were obtained (67 %). "H-NMR (250 MHz, CD,Cl,, RT, 6 in ppm) 8.05 (dd, J; =
29 Hz, J, = 1.2 Hz, 1H), 7.53 (dd, J; = 5.1 Hz, J, = 1.6 Hz, 2H), 7.34 (dd, J; =
5.1 Hz, J, =29 Hz, 1H), 2.87 (t,J = 7.4 Hz, 2H), 1.70 (quin, J = 7.2 Hz, 2H), 1.34
(m, 6H), 0.90 (t, J = 6.5 Hz, 3H); *C-NMR (62.5 MHz, CD,Cl,, RT, & in ppm)
195.1, 143.1, 132.1, 127.4, 126.8, 40.4, 32.3, 29.6, 24.8, 23.1, 14.4
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8.5.2 2-(Thiophen-3-yl)-2-hexyl-1,3-dioxolan

(0]
CeH13 _>
O
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10 g (51 mmol) 3-Heptanoylthiophene were dissolved in 100 ml benzene. 10 ml
(180 mmol) Ethylene glycol and 20 mg (0.12 mmol) toluenesulfonic acid were
added. The mixture was heated with a dean stark trap for 24 hours after which the
solution was extracted with sodium carbonate solution, dried and evaporated. 12.2 g
of a slightly yellow oil was obtained (99 %). 'H-NMR (250 MHz, CD,Cl,, RT,
in ppm) 7.37 (s, 1H), 7.27 (d, J = 4.4 Hz, 1H), 7.03 (dd, J; = 4.5 Hz, J, = 1.7 Hz,
1H), 3.98 (m, 2H), 3.82 (m, 2H), 1.91 (t, J = 7.8 Hz, 2H), 1.26 (m, 8H), 0.88 (t, J
= 6.9 Hz, 3H); 3C-NMR (62.5 MHz, CD,Cl,, RT, & in ppm) 145.5, 128.9, 126.7,
126.1, 122.3, 109.8, 65.3, 40.6, 32.4, 30.0, 24.2, 23.2, 14.4

8.5.3 3,3’-Diheptanoyl-2,2’-dithiophene

CeH13

100 ml Anhydrous THF was cooled to 0 °C under argon. 3 ml (21 mmol) anhy-
drous diisopropylamine and subsequently 13 ml (21 mmol) n-butyllithium (1.6 M in
hexanes) were added. The mixture was stirred for 30 minutes, then 5 g (21 mmol) of
2-(thiophene-3-yl)-2-hexyl-1,3-dioxolan were added and stirred for one hour. The

mixture was cooled to -78 °C and 10.6 g (3 mmol) iron(Ill)-acetylacetonate were
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added in small portions. The resulting suspension was warmed to room tempera-
ture over night. The reaction mixture was poured into 50 ml 6 M HCI, extracted
with dichloromethane and dried. After evaporation of the solvent, the residue was
purified by column chromatography on silica gel with petroleum ether as eluent to
yield 2.6 g of a colorless oil (63 %). MS (FD, 8 kV) m/z = 390.8 g/mol - calculated:
390.2 g/mol for C,,H;,0,S,; "H-NMR (250 MHz, CD,Cl,, RT, & in ppm) 7.47 (d,
J=5.4Hz,2H), 7.41 (d,J =5.4 Hz, 2H) 2.60 (t, ] = 7.3 Hz, 4H), 1.54 (m, 4H), 1.21
(m, 12H), 0.85 (t, ] = 6.7 Hz, 6H); >*C-NMR (62.5 MHz, CD,Cl,, RT, & in ppm)
196.0, 140.6, 138.8, 128.9, 126.7,41.7, 32.3,29.9, 24.3, 23.1, 14.3

8.5.4 5,6-Dihexylbenzo[2,1-b;3,4-b’]dithiophene

CeHiz  CeHi3

75

5 ml Titanium(IV)-chloride (50 mmol) were slowly dropped into 250 ml ice-
cooled anhydrous THFE. 6.5 g (100 mmol) zinc powder and 2.5 ml pyridine were
added. The solution was heated to reflux for one hour. 3.5 g (9.0 mmol) 3,3’-
diheptanoyl-2,2’-dithiophene were dissolved in 500 ml anhydrous THF and added
to the boiling titanium solution dropwise over 2 hours. The solution was refluxed for
another two hours, cooled to room temperature. After addition of 100 ml 1 M HCI
the solution was decanted and most of the THF was evaporated. The residue was
extracted with dichloromethane, dried and evaporated. The product was purified
by column chromatography on silica gel with petroleum ether as eluent. 1.2 g of a
colorless oil were obtained (37 %). MS (FD, 8 kV) m/z = 358.9 g/mol - calculated:
390.2 g/mol for C5,H;,0,S,; TH-NMR (250 MHz, CD,Cl,, RT, 4 in ppm) 7.50 (d,
J=5.4Hz,2H),7.40 (d,J =5.4 Hz, 2H) 3.03 (t, ] = 8.0 Hz, 4H), 1.65 (m, 4H), 1.51
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(m, 4H), 1.38 (m, 8H), 0.93 (t, J = 6.9 Hz, 6H); *C-NMR (62.5 MHz, CD,Cl,, RT,
din ppm) 138.2, 132.4, 131.7, 124.3, 124.0, 32.4, 32.1, 31.0, 30.7, 23.3, 14.5

8.5.5 5,6-Didodecylbenzo[2,1-b;3,4-b’]dithiophene

CioHos  CqoHos

5,6-Didodecylbenzo(2,1-b;3,4-b’]dithiophene was prepared like
5,6-dihexylbenzo([2,1-b;3,4-b’ ]dithiophene.

MS (FD, 8 kV) m/z = 527.1 g/mol - calculated: 526.4 g/mol for C;,H5,0,S,;
'H-NMR (250 MHz, CD,Cl,, RT, & in ppm) 7.50 (d, J = 5.4 Hz, 2H), 7.40 (d, J =
5.4 Hz, 2H) 3.03 (t, ] = 7.9 Hz, 4H), 1.66 (m, 4H), 1.51 (m, 4H), 1.30 (m, 32H),
0.90 (t, J = 6.8 Hz, 6H); 13C-NMR (62.5 MHz, CD,Cl,, RT, 6 in ppm) 138.2, 132.4,
131.7, 124.3, 124.0, 32.5, 32.1, 31.0, 30.7, 30.3 (four signals, not resolved), 30.1,
30.0,23.3, 14.5

8.5.6 Poly(5,6-didodecylbenzo[2,1-b;3,4-b’]dithiophene)

CioHos  CqoHps

100 mg of (5,6-Didodecylbenzo)-2,2’-dithiophene were dissolved in 1 ml an-
hydrous o-dichlorobenzene and added to a suspension of 123 mg (0.76 mmol)
iron(IlT)-chloride in dry o-dichlorobenzene under argon. The resulting mixture was

stirred at 60 °C for one day. After this period 2 ml o-dichlorobenzene were added.
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The solution was precipitated into methanol. After filtration, the polymer was dis-
solved in o-dichlorobenzene, 1 ml 65 % hydrazine in water was added, and stirred
over night at room temperature. The mixture was poured into methanol, filtered
and reprecipitated in methanol. 85 mg of a orange-red solid were obtained (85 %)
GPC (1,2,4-trichlorobenzene, 135 °C) analysis gives M;, = 18 kg/mol and My, =
124 kg/mol against polystyrene standard. 'H-NMR (500 MHz, C¢D,Cl,, 80 °C,
d in ppm) 7.88 (s, 2H), 3.24 (br, 4H), 1.94 (br, 4H), 1.73 (br, 4H), 1.58 (br, 4H),
1.5-1.3 (br, 28H), 0.99 (br, 6H)

8.5.7 5,5’-Dibromo-(5,6-dihexylbenzo[2,1-b;3,4-b’]dithiophene)

CeHiz  CeHis

77

770 mg (2.2 mmol) (5,6-Dihexylbenzo)-2,2’-dithiophene were dissolved in a
mixture of 5 ml chloroform and 5 ml acetic acid. 806 mg (4.5 mmol) N-
bromosuccinic imide were added at room temperature. The resulting mixture was
stirred for two hours. The solution is poured onto a 2 M sodium carbonate solu-
tion and extracted with chloroform. The organic phase was dried with anhydrous
magnesium sulphate, the solvent was removed in vacuum and the residue was chro-
matographed on silica gel with petroleum ether as eluent. 790 mg of a colorless
solid were obtained (71 %). Mp: 77 °C; MS (FD, 8 kV) m/z = 515.3 g/mol - calcu-
lated: 516.0 g/mol for C,,H,¢S,Br,; 'H-NMR (250 MHz, CD,Cl,, RT, & in ppm)
7.45 (s, 2H), 2.90 (t,J = 8.0 Hz, 4H), 1.57 (m, 4H), 1.50 (m, 4H), 1.34 (m, 8H), 0.92
(t, J = 6.9 Hz, 6H); >*C-NMR (62.5 MHz, CD,Cl,, RT, 6 in ppm) 138.0, 132.4,
131.8, 127.1, 112.9, 32.3, 32.0, 30.9, 30.3, 23.3, 14.4; elemental analysis: found
50.76 % C, 5.28 % H, 12.37 % S - calculated: 51.17 % C, 5.47 % H, 12.42 % S
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8.5.8 5,5-Di(3-dodecyl-thiophene-2-yl)-(5,6-dihexylbenzo[2,1-b;3,4-

b’]dithiophene)

CioHps CyoHas
78

50 mg (0.1 mmol) 35,5’-Dibromo-(5,6-dihexylbenzo)-2,2’-dithiophene and
216 mg (0.4 mmol) 3-dodecyl-2-tributylstannylthiophene were dissolved in 5 ml
anhydrous DMF by the aid of gentle heating. The solution was degassed, and 6 mg
(5 umol) tetrakis(triphenylphosphine)palladium(0) were added. The solution was
heated to 100 °C for one hour. After being cooled to room temperature, 50 ml
diethylether were added. The solution was extracted four times with water, dried
and evaporated. The residue was purified by column chromatography on silica gel
with hexane as eluent. 60 mg of a slightly yellow oil were obtained (70 %). MS
(FD, 8 kV) m/z = 859.7 g/mol - calculated: 858.5 g/mol for Cs,Hg,S,; TH-.NMR
(250 MHz, CD,Cl,, RT, 6 in ppm) 7.46 (s, 2H), 7.27 (d, J = 5.2 Hz, 2H), 7.01 (d, J
=5.2 Hz, 2H), 3.03 (t, ] = 7.9 Hz, 4H), 2.87 (t, ] = 7.7 Hz, 4H), 1.7 - 1.2 (m, 56H),
0.93 (t, ] = 6.7 Hz, 6H), 0.88 (t, J = 6.8 Hz, 6H); '>C-NMR (62.5 MHz, CD,Cl,,
RT, 6 in ppm) 141.4, 138.5, 134.5, 132.7, 131.2 (two peaks), 130.9, 125.2, 122.6,
32.6, 32.4, 32.1, 31.4, 31.0, 30.5, 30.3 (multiple peaks), 30.2, 30.1, 30.0, 29.9,
23.3,14.5
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8.5.9 Poly(5,5’-Di(3-dodecyl-thiophene-2-yl)-(5,6-dihexylbenzo[2,1-b;3,4-

b’]dithiophene)

100 mg (0.12 mmol) 5,5 -Di(3-dodecyl-thiophene-2-yl)-(5,6-dihexylbenzo)-
2,2’-dithiophene were dissolved in 1.5 ml anhydrous o-dichlorobenzene and
added to a suspension of 75 mg (0.46 mmol) iron(IIl)-chloride in anhydrous
o-dichlorobenzene under argon. The solution was stirred for 24 hours at 60 °C.
After that period, 5 ml o-dichlorobenzene were added. The polymer was
precipitated in methanol, filtered, redissolved in o-dichlorobenzene and added to
methanol. Upon addition of a few droplets of hydrazine hydrate, a red precipitate
was formed which was filtered off, dissolved in o-dichlorobenzene and stirred
vigorously over night in the presence of hydrazine (65 % in water). The polymer
was precipitated in methanol and reprecipitated from o-dichlorobenzene/methanol
to yield 80 mg of a red solid (80 %). GPC (1,2,4-trichlorobenzene, 135 °C)
analysis gives My, = 22 kg/mol and My, = 104 kg/mol against polystyrene standard.
'H-NMR (250 MHz, C,D,Cl,, RT, & in ppm) (10 mg/ml) 7.38 (s, 2H), 7.03 (s,
2H), 2.93 (br, 4H), 2.78 (br, 4H), 1.7-1.0 (m, 56H), 0.87 (br, 6H), 0.79 (br, 6H)

8.5.10 5,5’-Dibromo-(5,6-dihexadecylbenzo[2,1-b;3,4-b’]dithiophene)

5,5’-Dibromo-(5,6-dihexadecylbenzo[2,1-b;3,4-b’ |dithiophene) was prepared in
analogy to 5,5’-dibromo-(5,6-dihexylbenzo)-2,2’-dithiophene.
Mp: 79 °C; MS (FD, 8 kV) m/z = 797.7 g/mol - calculated: 796.3 g/mol for
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CieHazzs  CisHsz
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C4HggBr,S,; 'H-NMR (250 MHz, CD,Cl,, RT, 4 in ppm) 7.45 (s, 2H), 2.91 (t,
J = 8.0 Hz, 4H), 1.59 (m, 4H), 1.51 (m, 4H), 1.34 (m, 48H), 0.89 (t, J = 6.5 Hz,
6H); 3C-NMR (62.5 MHz, CD,Cl,, RT, & in ppm) 138.0, 132.4, 131.8, 127.2,
113.0, 32.5, 32.0, 30.9, 30.6, 30.2 (multiple peaks) 30.1, 29.9, 23.3, 14.5; elemental
analysis: found 62.78 % C, 8.04 % H, 7.93 % S - calculated: 63.30 % C, 8.60 % H,
8.05 % S

8.5.11 5,5’-Bis(trimethylstannyl)-2,2’-dithiophene

80

1 g (6 mmol) 2,2’-Dithiophene were dissolved in 50 ml anhydrous THF and
cooled to -0 °C. 10 ml (16 mmol) n-butyllithium (1.6 M in hexanes) were slowly
added which causes a white precipitate. After two hours at 0 °C the mixture was
cooled to -78 °C and 4 g (20 mmol) solid trimethyltin chloride were added. The so-
lution was warmed to room temperature, and stirred for two hours. Most of the THF
was evaporated, the rest dissolved in diethylether, extracted with aqueous sodium
bicarbonate, washed with water, dried and evaporated. The residue was crystallized
three times from acetonitrile at 4 °C to obtain 1.56 g (53 %) of colorless platelets.
Mp = 98-99 °C; MS (FD, 8 kV) m/z = 491.3 g/mol - calculated: 490.9 g/mol for
C,4H5,S,5n,; 'H-NMR (250 MHz, CD,Cl,, RT, & in ppm) 7.30 (d, 2H, ] = 3.4 Hz),
7.12 (d, 2H, J = 3.4 Hz), 0.41 (s, 18H); 3C-NMR (62.5 MHz, CD,Cl,, RT, & in
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ppm) 143.4, 137.9, 136.5, 125.3, 8.0; elemental analysis: found 34.16 % C, 4.37 %
H, 13.04 % S - calculated: 34.19 % C, 4.51 % H, 13.04 % S

8.5.12 Poly(5,5’-dithieno-2-yl-(5,6-dihexylbenzo[2,1-b;3,4-

b’]dithiophene))

79.70 mg (0.1 mmol) 5,5 -Dibromo-(5,6-dihexadecylbenzo)-2,2’-dithiophene
and 49.18 mg (0.1 mmol) 5,5 -bis(trimethylstannyl)-2,2’-dithiophene were
dissolved in 2 ml anhydrous 1,2-dichlorobenzene under argon. 2.4 mg (8 pmol)
tri-o-tolylphosphine and 1.8 mg (2 mmol) Pd,(dba); were added. The resulting
mixture was heated to 140 °C for three days. The solution was diluted with
1,2-dichlorobenzene and precipitated in methanol. After filtration the polymer
was reprecipitated twice in methanol and dried. 74 mg of a red solid was obtained
(92 %). GPC (1,2,4-trichlorobenzene, 135 °C) analysis gives M;, = 21 kg/mol and
M,, = 49 kg/mol against polystyrene standard. 'H-NMR (500 MHz, CD,(Cl,,
140 °C, & in ppm) 7.68 (br, 2H), 7.16 (br, 2H), 7.11 (br, 2H), 3.20 (br, 4H), 1.91
(br, 4H), 1.70 (br, 4H), 1.58 (br, 4H), 1.5-1.3 (m, 44H), 0.93 (br, 6H)

8.5.13 5,5’-Dibromo-4,4’-didodecyl-2,2’-dithiophene

5,5’-Dibromo-4,4’-didodecyl-2,2’-dithiophene was prepared in analogy to the
literature.[®]

Mp = 57 °C; MS (FD, 8 kV) m/z = 660.5 g/mol - calculated: 660.2 g/mol for
C;,Hs,Br1,S,; 'H-NMR (250 MHz, CD,Cl,, RT, 6 in ppm) 6.82 (s, 2H), 2.53 (t,J =
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7.5 Hz, 4H), 1.58 (quin, J = 7.1 Hz, 4H), 1.4-1.2 (m, 36H), 0.88 (t, J = 6.5 Hz, 6H);
I3C-NMR (62.5 MHz, CD,Cl,, RT, & in ppm) 143.8, 136.7, 125.1, 108.3, 32.2,
30.3-30.2 (multiple peaks), 30.1, 30.0, 29.8, 23.3, 14.5; elemental analysis: found
57.86 % C, 8.03 % H, 9.58 % S - calculated: 58.17 % C, 7.93 % H,9.71 % S

8.5.14 5,5’-Bis(trimethylstannyl)-benzo[2,1-b;3,4-b’]dithiophene

250 mg (1.3 mmol) Benz0[2,1—b;3,4—b’]dithi0phene[7] were dissolved in 10 ml
anhydrous THF under argon. The solution was cooled to -78 °C, then 2.3 ml
n-butyllithium (3.9 mmol, 3 eq) were added upon which a white precipitated
was formed. The suspension was stirred for another 2 hours at -78 °C, 900 mg
(4.5 mmol) trimethyltin chloride were added as solid. The solution was slowly
warmed to room temperature over night. 30 ml Methylene chloride were added to
the solution, extracted with sodium bicarbonate, dried and the solvent was evapo-
rated. The residue was crystallized three times from acetonitrile at 4 °C to yield
colorless needles (300 mg, 44 %). Mp = 87 °C; MS (FD, 8 kV) m/z = 516.1 g/mol
- calculated: 515.9 g/mol for C,cH,,S,Sn, hnmr250CD2CI2RT 7.74 (s, 2H), 7.53
(s, 2H), 0.45 (s, 18H); 3C-NMR (62.5 MHz, CD,Cl,, RT, % in ppm) 138.9, 138.8,
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138.3, 133.3, 120.1, -8.0; elemental analysis: found 37.08 % C, 4.31 % H, 12.32 %
S - calculated: 37.25 % C, 4.30 % H, 12.43 % S

8.5.15 Poly(5,5’-bis(3-dodecylthiophene-2-yl)-benzo[2,1-b;3,4-

b’]dithiophene)

103.17 mg (0.2 mmol) 5,5 -Bis(trimethylstannyl)benzo-2,2’-dithiophene and
132.14 mg (0.2 mmol) 4,4’-didodecyl-5,5’-dibromo-2,2’-dithiophene were dis-
solved in 2 ml anhydrous 1,2-dichlorobenzene under argon. 5 mg (16 wmol) Tri-o-
tolylphosphine and 4 mg (4 umol) Pd,(dba); were added. The resulting mixture was
heated to 140 °C for three days. The solution was diluted with 1,2-dichlorobenzene
and precipitated in methanol. After filtration the polymer was reprecipitated twice
in methanol and dried. 120 mg of a red solid was obtained (87 %). GPC (1,2,4-
trichlorobenzene, 135 °C) analysis gives M, = 21 kg/mol and M, = 54 kg/mol
against polystyrene standard. '"H-NMR (500 MHz, Ce¢D;Cls, 80 °C, b in ppm) 7.79
(s, 2H), 7.59 (s, 2H), 7.29 (s, 2H), 3.09 (t, J = 6.8 Hz, 4H), 1.96 (quin, J = 6.7 Hz,
4H), 1.65 (quin, J = 6.9 Hz, 4H), 1.54 (quin, J = 6.7 Hz, 4H), 1.5-1.3 (m, 28H), 1.01
(t,J = 6.8 Hz, 6H)

8.5.16 5,5’-Bis(trimethylstannyl)benzo[1,2-b:4,5-b’]dithiophene

500 mg (2.6 mmol) Benzo[l,2—b:4,5—b’]dithiophene[g] were dissolved in 20 ml an-
hydrous THF under argon. The mixture was cooled to -78 °C, 4.1 ml (6.6 mmol)

of n-butyllithium (1.6 M in pentane) were added whereupon a white precipitate



257 8.5. Benzo[2,1-b;3,4-b’]dithiophene Containing Polymers

I S
| s |

97

was formed. After 2 hours at -78 °C 1.55 g (7.8 mmol) trimethyltin chloride were
added as solid. The solution was left in the cold bath to warm up over night. 50 ml
diethylether were added to the solution which was then extracted with sodium bi-
carbonate solution and water, the solvent was evaporated, and the residue was crys-
tallized from acetonitrile three times to yield 790 mg (59 %) of colorless platelets.
Mp = 166 °C; MS (FD, 8 kV) m/z = 515.1 g/mol - calculated: 515.9 g/mol for
C,6H,,5,Sn,; 'H-NMR (250 MHz, CD,Cl,, RT, & in ppm) 8.30 (s, 2H), 7.46 (s,
2H), 0.46 (s, 18H); 3C-NMR (62.5 MHz, CD,Cl,, RT, & in ppm) 142.7, 141.9,
139.2, 131.5, 115.5, -8.1; elemental analysis: found 37.21 % C, 3.89 % H, 12.48 %
S - calculated: 37.25 % C,4.30 % H, 12.43 % S

8.5.17 Poly(5,5’-di(3-dodecyl-thiophene-2-yl)benzo[1,2-b:4,5-

b’]dithiophene)

98

103.17 mg (0.2 mmol) 5,5’-Bis(trimethylstannyl)benzo[1,2-b:4,5-b’ |dithiophene
and 132.14 mg (0.2 mmol) 4,4’-didodecyl-5,5’-dibromo-2,2’-dithiophene were dis-
solved in 2 ml anhydrous 1,2-dichlorobenzene under argon. 5 mg (16 wmol) Tri-o-
tolylphosphine and 4 mg (4 umol) Pd,(dba); were added. The resulting mixture was
heated to 140 °C for three days. The solution was diluted with 1,2-dichlorobenzene

and precipitated in methanol. After filtration the polymer was reprecipitated twice
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in methanol and dried. 130 mg of a red solid was obtained (94 %). GPC (1,2,4-
trichlorobenzene, 135 °C) analysis gives M, = 17 kg/mol and My, = 42 kg/mol
against polystyrene standard. 'H-NMR (500 MHz, CD,Cl,, 120 °C, § in ppm) 8.27
(s, 2H), 7.61 (s, 2H), 7.40 (s, 2H), 3.17 (t,J =7 Hz, 4H), 2.03 (quin, J = 7 Hz, 4H),
1.73 (quin, J = 7 Hz, 4H), 1.62 (quin, J = 7 Hz, 4H), 1.6-1.4 (m, 28H), 1.08 (t, J =
7 Hz, 6H)

8.5.18 5,5’-dibromobenzo[1,2-b;4,5-b’]dithiophene

Br \ Br
102

540 mg (2.8 mmol) Benzo[1,2-b;4,5-b’]dithiophene were dissolved in 70 ml
anhydrous THF under argon and cooled to -78 °C. 5.3 ml (8.5 mmol, 3 eq) n-
butyllithium (1.6 M in pentane) were added. The solution was stirred for one hour
in the cold bath. After this period, a solution of 2.8 g (8.5 mmol) tetrabromomethane
in 5 ml anhydrous THF were added, stirred for 30 minutes in the cold bath. 10 ml of
a concentrated sodium bicarbonate solution were added at -78 °C. After warming to
room temperature, the solution was extracted with 100 ml dichloromethane, washed
with water, dried, and the solvents were evaporated. The product was crystallized
from chloroform to give 490 mg (50 %) of colorless platelets. Mp = 253 °C; MS
(FD, 8 kV) m/z = 347.3 g/mol - calculated: 347.8 g/mol for C,,H,Br,S,; 'H-NMR
(700 MHz, C,D,Cl,, RT, & in ppm) 7.97 (s, 2H), 7.27 (s, 2H); I3C-NMR (125 MHz,
C,D,Cly, 60 °C, 6 in ppm) 138.8, 137.2, 126.1, 116.4, 115.5; elemental analysis:
found 34.33 % C, 0.59 % H, 18.38 % S - calculated: 34.51 % C, 0.58 % H (HBr
loss), 18.42 % S
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8.5.19 5,5’-di(3-dodecylthiophene-2-yl-)benzo[1,2-b;4,5-b’]dithiophene

350 mg (1 mmol) 5,5’-Dibromobenzol1,2-b;4,5-b’ ]dithiophene and 1.6 g (3 mmol)
3-dodecyl-2-tributylstannylthiophene were dissolved in 15 ml anhydrous DMF un-
der argon. 50 mg (50 wmol) tetrakis(triphenylphosphine)palladium(0) were added.
The resulting solution was heated to 110 °C overnight. The solvents were removed
in vacuum, the residue was crystallized twice from ethyl acetate to yield 340 mg
(49 %) of a yellow powder. Mp = 111 °C; MS (FD, 8 kV) m/z = 690.5 g/mol
- calculated: 690.3 g/mol for Cy,HsgSy; ITH-NMR (300 MHz, THF—dg, RT, 6 in
ppm) 8.25 (s, 2H), 7.42 (s, 2H), 7.36 (d, ] = 5.2 Hz, 2H), 7.01 (d, J = 5.2 Hz, 2H),
291 (t, J = 7.7 Hz, 4H), 1.68 (quin, J = 7.8 Hz, 4H), 1.5-1.2 (m, 18H), 0.88 (t, J
= 6.6 Hz, 6H); 3C-NMR (75 MHz, THF—dg, RT, 6 in ppm) 141.9, 139.1, 138.6,
138.0, 131.7, 131.3, 126.1, 122.2, 117.1, 33.0, 31.8, 30.8 (multiple peaks) 30.6
(two peaks), 30.5, 30.3, 23.7, 14.6; elemental analysis: found 72.85 % C, 8.49 %
H, 18.30 % S - calculated: 72.99 % C, 8.46 % H, 18.56 % S

8.5.20 Poly(5,5-di(3-dodecylthiophene-2-yl-)benzo[1,2-b;4,5-

b’]dithiophene)

98

50 mg (0.7 mmol) 5,5 -Di(3-dodecylthiophene-2-yl-)benzo[1,2-b;4,5-

b’]dithiophene were dissolved in 1 ml anhydrous dichlorobenzene under argon and
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added to of 47 mg (2.9 mmol) anhydrous iron(IIl) chloride in dichlorobenzene.
The mixture was heated to 60 °C for 8 hours whereupon it was poured into
methanol. The solid precipitate was filtered off, dissolved in dichlorobenzene, and
added to methanol. The addition of a few drops of hydrazine (98 %) induces
precipitation. The solid was obtained by filtration, dissolved in dichlorobenzene,
hydrazine was added, and stirred for 24 hours at room temperature. The polymer
was precipitated in methanol, filtered, and dried in vacuum to afford 41 mg of a
red solid (82 %). GPC (1,2,4-trichlorobenzene, 135 °C, polystyrene standards):
M, = 17 kg/mol, My, = 56 kg/mol; 'H-NMR (500 MHz, o—dichlorobenzene—d,,
120 °C, § in ppm) 8.27 (s, 2H), 7.61 (s, 2H), 7.40 (s, 2H), 3.17 (t, J = 7 Hz, 4H),
2.03 (quin, J =7 Hz, 4H), 1.73 (quin, J = 7 Hz, 4H), 1.62 (quin, J = 7 Hz, 4H),
1.6-1.4 (m, 28H), 1.08 (t, J =7 Hz, 6H)

8.5.21 5,5’-Dibromobenzo[2,1-b;3,4-b’]dithiophene

380 mg (2 mmol) Benzo[2,1-b;3,4-b’]dithiophene were dissolved in 10 ml of a
9:1 mixture dichloromethane and acetic acid. After addition of 750 mg (4.2 mmol)
N-bromosuccinimide the mixture was stirred at room temperature for three hours.
The solvents were evaporated, the residue was adsorbed on silica gel and eluated
with petroleum ether. Crystallization from ethanol yields 420 mg (60 %) of col-
orless needles. Mp = 147 °C; MS (FD, 8 kV) m/z = 348.3 g/mol - calculated:
347.8 g/mol for C,yH,Br,S,; ITH.NMR (300 MHz, CD,Cl,, RT, % in ppm) 7.62
(s, 2H), 7.41 (s, 2H); 1>*C-NMR (75 MHz, CD,Cl,, RT, § in ppm) 137.7, 134.1,
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128.2, 120.6, 113.8; elemental analysis: found 34.32 % C, 0.52 % H, 18.01 % S -
calculated: 34.51 % C, 0.58 % H (HBr loss), 18.42 % S

8.5.22 5,5’-Di(3-dodecylthiophene-2-yl-)benzo[2,1-b;3,4-b’]dithiophene

700 mg (2 mmol) 5,5’-Dibromobenzo[2,1-b;3,4-b’]dithiophene were dissolved
in 50 ml anhydrous DMF under argon. A solution of 2.38 g (4.4 mmol) 3-
dodecyl-2-tributylstannylthiophene in 5 ml anhydrous THF and, finally, 50 mg
(50 pwmol) tetrakis(triphenylphosphine)palladium(0) were added. The resulting
solution was heated to 100 °C overnight. DMF was removed in vacuum, the
residue was adsorbed on silica gel and eluted with a mixture of petroleum ether
and dichloromethane (20:1 v/v). Crystallization from ethyl acetate yields 680 mg
(50 %) of a yellow powder. Mp = 72 °C; MS (FD, 8 kV) m/z = 690.3 g/mol - cal-
culated: 690.3 g/mol for Cy,HsgS,; 'H-NMR (300 MHz, CD,Cl,, RT, 6 in ppm)
7.74 (s, 2H), 7.44 (s, 2H), 7.29 (d, J = 5.2 Hz, 2H), 7.01 (d, J = 5.2 Hz, 2H), 2.88 (t,
J =7.8 Hz, 4H), 1.69 (quin, J = 7.5 Hz, 4H), 1.4-1.2 (m, 36H), 0.87 (t, J = 6.7 Hz,
6H); 13C-NMR (75 MHz, CD,Cl,, RT, 6 in ppm) 141.6, 138.1, 135.5, 133.3, 130.9,
130.8, 125.4, 123.6, 121.2, 32.5, 31.3, 30.2 (multiple peaks), 30.18, 30.05, 30.02,
29.94, 29.85, 23.3, 14.5; elemental analysis: found 73.34 % C, 8.15 % H, 18.74 %
S - calculated: 72.99 % C, 8.46 % H, 18.56 % S
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8.5.23 Poly(5,5’-di(3-dodecylthiophene-2-yl-)benzo[2,1-b;3,4-
b’]dithiophene)

50 mg (0.7 mmol) 5,5 -Di(3-dodecylthiophene-2-yl-)benzo[2,1-b;4,5-
b’]dithiophene were dissolved in 1 ml anhydrous dichlorobenzene under argon and
added to of 47 mg (2.9 mmol) anhydrous iron(Ill) chloride in dichlorobenzene.
The mixture was heated to 60 °C for 24 hours whereupon it was poured into
methanol. The solid precipitate was filtered off, dissolved in dichlorobenzene, and
added to methanol. The addition of a few drops of hydrazine (98 %) induces
precipitation. The solid was obtained by filtration, dissolved in dichlorobenzene,
hydrazine was added, and stirred for 24 hours at room temperature. The
polymer was precipitated in methanol, filtered, and dried in vacuum to afford
45 mg of a yellow-red solid (90 %). GPC (1,2,4-trichlorobenzene, 135 °C,
polystyrene standards): M, = 7 kg/mol, My, = 31 kg/mol, 'H-NMR (500 MHz,
1,2,4 —trichlorobenzene — d3, 80 °C, & in ppm) 7.79 (s, 2H), 7.59 (s, 2H), 7.29
(s, 2H), 3.09 (t, ] = 6.8 Hz, 4H), 1.96 (quin, J = 6.7 Hz, 4H), 1.65 (quin, J = 6.9 Hz,
4H), 1.54 (quin, J = 6.7 Hz, 4H), 1.5-1.3 (m, 28H), 1.01 (t, J = 6.8 Hz, 6H)

8.5.24 1,5-Dibromo-2,4-bis(trimethylsilylethynyl)benzene

Br Br

\ F# X/
Si\ /Si
106

7 ~N
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1.75 g (3.6 mmol) 1,5-Diiodo-2,4-dibromobenzene were dissolved in 20 ml
anhydrous THF and 4 ml anhydrous diisopropylamine. 1.1 ml (7.8 mmol)
trimethyethynylsilane were added, followed by 76 mg (0.4 mmol) and 56 mg
(80 wmol) bis(triphenylphosophine)palladium(Il)-dichloride. The mixture was
stirred overnight at room temperature. The reaction mixture was poured onto 1M
aqueous hydrochloric acid, extracted with dichloromethane, dried, and evaporated.
The residue was adsorbed on silica gel and eluted with petroleum ether. 1.1 g of a
colorless oil was obtained (71 %). MS (FD, 8 kV) m/z = 428.4 g/mol - calculated:
427.9 g/mol for C;sH,,Br,Si,; 'H-NMR (300 MHz, CD,Cl,, RT, & in ppm) 7.83
(s, 1H), 7.58 (s, 1H), 0.26 (s, 18H); '3C-NMR (75 MHz, CD,Cl,, RT, & in ppm)
137.9, 136.2, 126.1, 125.1, 102.1, 101.7, -0.1

8.5.25 5,5’-Bistrimethylsilylbenzo[2,1-b;4,5-b’]dithiophene

107

428 mg (1 mmol) 1,5-Dibromo-2,4-bis(trimethylsilylethynyl)benzene were dis-
solved in 15 ml anhydrous diethylether under argon. The solution was cooled to
-78 °C, 2.5 ml (4 mmol) of a n-butyllithium solution (1.6M in pentane) were added
and stirred for 15 minutes at that temperature. The mixture was warmed to room
temperature, stirred for another 15 minutes. Then, 64 mg (2 mmol) sulfur were
added, stirred for 15 minutes, whereupon 25 ml ethanol were poured into the re-
action solution. After stirring for one hour, the product was extracted with diethyl
ether, dried, and evaporated. The residue was adsorbed on silica gel, eluted with
petroleum ether, and crystallized with ethanol to afford 51 mg (15 %) of colorless
needles. Mp = 156 °C; MS (FD, 8 kV) m/z = 334.1 g/mol - calculated: 334.1 g/mol
for C,¢H,,5,Si,; 'H-NMR (300 MHz, CD,Cl,, RT, § in ppm) 8.35 (s, 1H), 8.24
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(s, 1H), 7.55 (s, 2H), 0.41 (s, 18H); 13C-NMR (75 MHz, CD,Cl,, RT, 6 in ppm)
143.1, 141.5, 139.9, 131.3, 117.6, 115.4, -0.14; elemental analysis: found 57.33 %
C,6.72 % H, 18.65 % S - calculated: 57.43 % C, 6.63 % H, 19.16 % S

8.5.26 Benzo[2,1-b;4,5-b’]dithiophene

929

330 mg (1 mmol) 5,5 -Bistrimethylsilylbenzo[2,1-b;4,5-b’ |dithiophene were dis-
solved in 5 ml anhydrous THF under argon and cooled to 0 °C. 2 ml (2 mmol) of
a IM solution of tetrabutylammonium fluoride in THF were slowly added. The
mixture was stirred for 10 minutes at 0 °C and poured onto an aqueous sodium bi-
carbonate solution. The product was extracted with dichloromethane, dried, evap-
orated, and chromatographed on silica gel with petroleum ether as eluent. 153 mg
(81 %) of colorless crystals were obtained. Mp = 186 °C; MS (FD, 8 kV) m/z =
190.1 g/mol - calculated: 190.0 g/mol for C,,H¢S,; '"H-NMR (300 MHz, CD,Cl,,
RT, 6 in ppm) 8.38 (s, 1H), 8.28 (s, 1H), 7.47 (d,J =5.6 Hz, 2H), 7.42 (d, ] = 5.6 Hz,
2H); '3C-NMR (75 MHz, CD,Cl,, RT, 6 in ppm) 138.2, 137.8, 126.9, 124.2, 118.3,
116.2; elemental analysis: found 63.14 % C, 2.76 % H, 33.41 % S - calculated:
63.12 % C, 3.18 % H, 33.70 % S

8.5.27 5,5’-Dibromobenzo[2,1-b;4,5-b’]dithiophene

Br \ / Br

108

300 mg (1.58 mmol) Benzo[2,1-b;4,5-b’]dithiophene were dissolved in 30 ml
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anhydrous THF under argon and cooled to -78 °C. 3 ml (4.7 mmol, 3 eq) n-
butyllithium (1.6 M in pentane) were added. The solution was stirred for one hour
in the cold bath. After this period, a solution of 1.66 g (5 mmol) tetrabromomethane
in 5 ml anhydrous THF were added, stirred for 30 minutes in the cold bath. 5 ml of
a concentrated sodium bicarbonate solution were added at -78 °C. After warming to
room temperature, the solution was extracted with 50 ml diethyl ether, washed with
water, dried, and the solvents were evaporated. The crude product was dissolved in
dichloromethane and filtered through a pad of silica gel. After evaporation of the
solvent, the residue was crystallized from ethanol containing a bit of chloroform.
380 mg (69 %) of colorless platelets were obtained. Mp = 240 °C; MS (FD, 8 kV)
m/z = 348.2 g/mol - calculated: 347.8 g/mol for C;,H,Br,S,; '"H-NMR (300 MHz,
CD,Cl,, RT, & in ppm) 8.10 (s, 2H), 8.03 (s, 2H), 7.41 (s, 2H); 1*C-NMR (75 MHz,
CD,Cl,, RT, % in ppm) 138.8, 138.0, 126.9, 116.7, 116.0, 114.7; elemental analysis:
found 34.51 % C, 0.41 % H, 18.84 % S - calculated: 34.51 % C, 0.58 % H (HBr
loss), 18.42 % S

8.5.28 5,5’-di(3-dodecylthiophene-2-yl-)benzo[2,1-b;4,5-b’]dithiophene

| S/ /4 \ \S |
S S
Ci2Hos Ci2Hos
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348 mg (1 mmol) 5,5’-Dibromobenzo[2,1-b;4,5-b’ |dithiophene were dissolved
in 10 ml anhydrous DMF under argon. A solution of 1.35 g (2.5 mmol) 3-dodecyl-
2-tributylstannylthiophene in 5 ml anhydrous THF and, finally, 50 mg (50 pumol)
tetrakis(triphenylphosphine)palladium(0) were added. The resulting solution was
heated to 100 °C overnight. After cooling to room temperature, diethylether was

added, extracted three times with water, dried, adsorbed on silica gel and eluted with
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a mixture of petroleum ether and dichloromethane (20:1 v/v). Crystallization from
ethyl acetate yields 150 mg (22 %) of a yellow powder. Mp = 86 °C; MS (FD, 8 kV)
m/z = 690.4 g/mol - calculated: 690.3 g/mol for C;,HsgS,; I'H.NMR (300 MHz,
CD,Cl,, RT, % in ppm) 8.23 (s, 2H), 8.16 (s, 2H), 7.40 (s, 2H), 7.29 (d, J = 5.2 Hz,
2H), 7.01 (d, J =5.2 Hz, 2H), 2.88 (t, ] = 7.8 Hz, 4H), 1.69 (quin, J = 7.6 Hz, 4H),
1.4-1.2 (m, 36H), 0.87 (t, J = 6.7 Hz, 6H); >C-NMR (75 MHz, CD,Cl,, RT, % in
ppm) 141.8, 138.8, 137.7, 136.9, 131.0, 125.5, 122.2, 117.9, 115.2, 32.5, 31.3, 30.2
(multiple peaks), 30.18, 30.08, 30.01, 29.94, 29.91, 23.3, 14.5 ; elemental analysis:
found 73.51 % C, 8.25 % H, 18.08 % S - calculated: 72.99 % C, 8.46 % H, 18.56 %
S

8.5.29 Poly(5,5-di(3-dodecylthiophene-2-yl-)benzo[2,1-b;4,5-

b’]dithiophene)

| S/ /4 \ \S |
S S
Ci2Hzs Ci2Hos
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50 mg (0.7 mmol) 35,5 -Di(3-dodecylthiophene-2-yl-)benzo[2,1-b;4,5-
b’]dithiophene were dissolved in 1 ml anhydrous dichlorobenzene under argon and
added to of 47 mg (2.9 mmol) anhydrous iron(Ill) chloride in dichlorobenzene.
The mixture was heated to 60 °C for 12 hours whereupon it was poured into
methanol. The solid precipitate was filtered off, dissolved in dichlorobenzene, and
added to methanol. The addition of a few drops of hydrazine (98 %) induces
precipitation. The solid was obtained by filtration, dissolved in dichlorobenzene,
hydrazine was added, and stirred for 24 hours at room temperature. The

polymer was precipitated in methanol, filtered, and dried in vacuum to afford

42 mg of a yellow-red solid (84 %). GPC (1, 2, 4-trichlorobenzene, 135 °C,
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polystyrene standards): M, = 8 kg/mol, My, = 18 kg/mol; '"H-NMR (500 MHz,
1 ,,—trichlorobenzene—d;, 100 °C, 6 in ppm) 8.14 (br, 1H), 8.08 (br, 1H), 7.47
(br, 2H), 6.97 (br, 2H), 3.01 (br, 4H), 1.88 (br, 4H), 1.58 (br, 4H), 1.47 (br, 4H),
1.4-1.2 (m, 28H), 0.93 (t, J = 6 Hz, 6H)

8.5.30 5,5’-Dibromobenzo[1,2-b;4,3-b’]dithiophene

Br Br

112

350 mg (1 mmol) Trans-di(5-bromthiophene-2-yl)ethene!® were dissolved in
200 ml toluene. About 2 mg (~ 10 umol) iodine were added. The solution was
irradiated with UV light (350 nm, 160 W) overnight while stirring rigorously in air.
The solution was extracted with an aqueous solution of sodium sulfite, dried, and the
solvent was evaporated. The residue was crystallized from ethanol to yield 300 mg
(86 %) of colorless needles. Mp = 160 °C; MS (FD, 8 kV) m/z = 348.5 g/mol -
calculated: 347.8 g/mol for C,,H,Br,S,; 'H-NMR (250 MHz, CD,Cl,, RT, 8 in
ppm) 7.65 (s, 2H), 7.61 (s, 2H); I3C-NMR (62.5 MHz, CD,Cl,, RT, & in ppm)
138.6, 133.9, 125.2, 118.6, 116.2; elemental analysis: found 34.59 % C, 0.50 % H,
18.41 % S - calculated: 34.51 % C, 0.58 % H (HBr loss), 18.42 % S

8.5.31 5,5’-Di(3-dodecylthiophene-2-yl-)benzo[1,2-b;4,3-b’]dithiophene
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209 mg (0.6 mmol) 5,5 -Dibromobenzo[ 1,2-b;4,3-b’ |dithiophene were dissolved
in 10 ml anhydrous DMF under argon. A solution of 810 mg (2.5 mmol) 3-
dodecyl-2-tributylstannylthiophene in 5 ml anhydrous THF and, finally, 30 mg
(30 umol) tetrakis(triphenylphosphine)palladium(0) were added. The resulting so-
lution was heated to 100 °C overnight. The solvents were removed in vacuum, the
residue was adsorbed on silica gel and eluted with a mixture of petroleum ether
and dichloromethane (20:1 v/v). Crystallization from ethyl acetate yields 155 mg
(37 %) of a yellow powder. Mp = 84 °C; MS (FD, 8 kV) m/z = 690.6 g/mol - calcu-
lated: 690.3 g/mol for C4,HsgS,; 'H-NMR (300 MHz, CD,Cl,, RT, & in ppm) 7.75
(s, 2H), 7.71 (s, 2H), 7.29 (d, J = 5.2 Hz, 2H), 7.02 (d, J = 5.2 Hz, 2H), 2.88 (t,J =
7.8 Hz, 4H), 1.69 (quin, J = 7.6 Hz, 4H), 1.4-1.2 (m, 36H), 0.87 (t, J = 6.7 Hz, 6H);
I3C-NMR (75 MHz, THF—dg, RT, § in ppm) 141.7, 138.0, 137.9, 135.9, 131.6
131.2, 126.0, 121.6, 119.3, 33.1, 31.9, 30.80, 30.76 (multiple peaks), 30.6, 30.5,
30.3, 23.7, 14.6 ; elemental analysis: found 73.10 % C, 8.27 % H, 18.50 % S -
calculated: 72.99 % C, 8.46 % H, 18.56 % S

8.5.32 Poly(5,5’-di(3-dodecylthiophene-2-yl-)benzo[1,2-b;4,3-

b’]dithiophene)

69 mg (I mmol) 5,5-Di(3-dodecylthiophene-2-yl-)benzo[1,2-b;4,3-
b’]dithiophene were dissolved in 1 ml anhydrous dichlorobenzene under argon
and added to a suspension of 65 mg (4 mmol) anhydrous iron(IIl) chloride

in dichlorobenzene. The mixture was heated to 60 °C for 24 hours whereupon
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it was poured into methanol. The solid precipitate was filtered off, dissolved
in dichlorobenzene, and added to methanol. The addition of a few drops of
hydrazine (98 %) induces precipitation. The solid was obtained by filtration,
dissolved in dichlorobenzene, hydrazine was added, and stirred for 24 hours
at room temperature. The polymer was precipitated in methanol, filtered,
and dried in vacuum to afford 62 mg of a yellow-red solid (90 %). GPC
(1,2,4-trichlorobenzene, 135 °C, polystyrene standards): M, = 26 kg/mol, My, =
72 kg/mol; 'H-NMR (500 MHz, o—dichlorobenzene—d,, 100 °C, & in ppm) 8.16
(s, 2H), 7.55 (s, 2H), 7.19 (s, 2H), 3.06 (br, 4H), 1.92 (br, 4H), 1.62 (br, 4H), 1.51
(br, 4H), 1.4-1.2 (m, 28H), 0.97 (br, 6H)

8.5.33 5,5’-Dibromobenzo[1,2-b;3,4-b’]dithiophene

117

570 mg (3 mmol) Benzo[1,2-b;3,4-b’]dithiophene were dissolved in 50 ml anhy-
drous THF under argon and cooled to -78 °C. 4.7 ml (7.5 mmol, 3 eq) #-butyllithium
(1.6 M in pentane) were added. The solution was stirred for one hour in the cold
bath. After this period, a solution of 2.49 g (7.5 mmol) tetrabromomethane in 5 ml
anhydrous THF were added, and stirred for 30 minutes in the cold bath. 10 ml of
a concentrated sodium bicarbonate solution were added at -78 °C. After warming
to room temperature, the solution was extracted with 100 ml diethyl ether, washed
with water, dried, and the solvents were evaporated. The crude product was ad-
sorbed on silica gel and eluted with petroleum ether. The product was crystallized
from ethanol to give 300 mg (29 %) of colorless needles. Mp = 128 °C; MS (FD,
8 kV) m/z = 348.2 g/mol - calculated: 347.8 g/mol for C,,H,Br,S,; 'H-NMR
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(300 MHz, CD,Cl,, RT, & in ppm) 8.70 (d, J = 7.6 Hz, 1H), 8.59 (d, J = 7.6 Hz,
1H), 7.46 (s, 1H), 7.43 (s, 1H); 3C-NMR (75 MHz, CD,Cl,, RT, & in ppm) 138.2,
137.6, 134.9, 133.1, 128.0, 124.7, 120.0, 119.1, 117.1, 114.0; elemental analysis:
found 34.66 % C, 0.56 % H, 18.41 % S - calculated: 34.51 % C, 0.58 % H (HBr
loss), 18.42 % S

8.5.34 5,5’-Di(3-dodecylthiophene-2-yl-)benzo[1,2-b;3,4-b’]dithiophene

245 mg (0.7 mmol) 5,5 -Dibromobenzol[1,2-b;3,4-b’]dithiophene and 1.1 g
(2 mmol) 3-dodecyl-2-tributylstannylthiophene were dissolved in 10 ml anhydrous
DMF under argon. 50 mg (50 wumol) Tetrakis(triphenylphosphine)palladium(0)
were added. The resulting solution was heated to 110 °C overnight. The solvents
were removed in vacuum, the residue was adsorbed on silica gel and eluted with a
mixture of petroleum ether and dichloromethane (20:1 v/v). Crystallization from
ethyl acetate yields 170 mg (35 %) of a beige powder. Mp = 54 °C; MS (FD, 8 kV)
m/z = 690.5 g/mol - calculated: 690.3 g/mol for C,yHseS,; 'H-NMR (300 MHz,
CD,Cl,, RT, 6 in ppm) 7.78 (d, J = 8.4 Hz, 1H), 7.71 (d, J = 8.5 Hz, 1H), 7.55 (s,
1H), 7.45 (s, 1H), 7.30 (d, J = 5.3 Hz, 1H), 7.28 (d, J = 5.3 Hz, 1H), 7.02 (d, J =
5.2 Hz, 2H), 2.89 (t, J = 7.8 Hz, 2H), 2.88 (t, J = 7.8 Hz, 2H), 1.69 (m, 4H), 1.4-1.2
(m, 36H), 0.87 (t, J = 6.9 Hz, 6H); 13C-NMR (75 MHz, THF—dg, RT, & in ppm)
141.6, 141.3, 138.4, 138.3, 137.9, 137.7, 136.6, 135.3, 133.8, 130.8, 130.7, 130.6,
125.3, 125.0, 123.4, 120.4, 119.9, 119.2; elemental analysis: found 72.99 % C,
8.45 % H, 18.38 % S - calculated: 72.99 % C, 8.46 % H, 18.56 % S
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8.5.35 Poly(5,5’-di(3-dodecylthiophene-2-yl-)benzo[1,2-b;3,4-

b’]dithiophene)

50 mg (0.7 mmol) 5,5 -Di(3-dodecylthiophene-2-yl-)benzo[1,2-b;3,4-
b’]dithiophene were dissolved in 1 ml anhydrous dichlorobenzene under argon and
added to of 47 mg (2.9 mmol) anhydrous iron(III) chloride in dichlorobenzene.
The mixture was heated to 60 °C for 8 hours whereupon it was poured into
methanol. The solid precipitate was filtered off, dissolved in dichlorobenzene, and
added to methanol. The addition of a few drops of hydrazine (98 %) induces
precipitation. The solid was obtained by filtration, dissolved in dichlorobenzene,
hydrazine was added, and stirred for 24 hours at room temperature. The polymer
was precipitated in methanol, filtered, and dried in vacuum to afford 41 mg of a red
solid (82 %). GPC (1,2,4-trichlorobenzene, 135 °C, polystyrene standards): My =
17 kg/mol, My, = 88 kg/mol



Chapter 8. Experimental Part 272

8.6 Di(thienobenzo)thienothiophene Containing Polymers
8.6.1 1,3-Bis(trimethylstannyl)-thieno[3,2-b]thiophene

‘8{15
A\

135

1 g (7.1 mmol) Thieno[3,2-b]thiophene was dissolved in 40 ml anhydrous THF
under argon and cooled to -78 °C. 11 ml (17.6 mmol) of a 1.6M ¢-butyllithium
solution in pentane were added slowly. The mixture was stirred for 2 hours at
-78 °C, then 4 g (20 mmol) trimethyltin chloride were added as solid. The solu-
tion was warmed to room temperature, and stirred for one hour. The solution was
diluted with 100 ml diethylether, extracted with aqueous sodium bicarbonate solu-
tion, dried, and evaporated. The residue was crystallized from acetonitrile at -20 °C
to yield 1.9 g (58 %) of colorless crystals. Mp = 130 °C; MS (FD, 8 kV) m/z
= 465.4 g/mol - calculated: 465.9 g/mol for C,,H,,S,Sn,; 'H-NMR (300 MHz,
CD,Cl,, RT, & in ppm) 7.28 (s, 2H), 0.41 (s, 2H); '3C-NMR (75 MHz, CD,Cl,, RT,
0 in ppm) 148.0, 142.0, 16.6, -8.0; elemental analysis: found 30.91 % C, 4.48 % H,
13.61 % S - calculated: 30.94 % C,4.33 % H, 13.77 % S

8.6.2 1,3-Bis(3-hexadecynylthiophene-2-yl)-thieno[3,2-b]thiophene

932 mg (2 mmol) 1,3-Bis(trimethylstannyl)-thieno[3,2-b]thiophene and 843 mg
(2.2 mmol) 2-bromo-3-hexadecynylthiophene were dissolved in 20 ml anhydrous
o-dichlorobenzene under argon. 61 mg (0.2 mmol) Tri-o-tolylphosphine and 47 mg
(50 upmumol) Pd,(dba); were added. The solution was heated to 120 °C for
three hours. The solvent was removed in high vacuum. The residue was purified

by column chromatography on silica gel with petroleum ether - dichloromethane
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C14H2g

Cq4H2g

(17:3 v/v) as eluent. After crystallization from hexane at 0 °C, 950 mg (64 %)
of an orange-yellow powder were obtained. Mp = 71 °C; MS (FD, 8 kV) m/z =
743.3 g/mol - calculated: 744.4 g/mol for CygH,Sy; 'H.NMR (250 MHz, CD,(l,,
RT, & in ppm) 7.68 (s, 2H), 7.14 (d, J = 5.3 Hz, 2H), 7.02 (d, J = 5.3 Hz, 2H)
2.54 (t,J =7.0 Hz, 4H), 1.69 (quin, J = 7.4 Hz, 4H), 1.6-1.1 (m, 48H), 0.89 (t, J =
6.5 Hz, 6H); 1>*C-NMR (62.5 MHz, CD,Cl,, RT, 6 in ppm) 140.0, 138.99, 138.94,
132.3,123.7, 119.2, 117.5,97.4, 76.6, 32.6, 30.4-30.2 (multiple peaks), 30.0, 29.9,
29.7,29.1, 23.3, 14.5; elemental analysis: found 74.00 % C, 8.62 % H, 17.30 % S -
calculated: 74.14 % C, 8.66 % H, 17.21 % S

8.6.3 4,8-Bis(tetradecyl)-dithienobenzo- thieno[3,2-b]thiophene

C14H2g

500 mg (0.67 mmol) 1,3-Bis(3-hexadecynylthiophene-2-yl)-thienol[3,2-
b]thiophene were dissolved in 15 ml NMP. After degassing the solution, 0.11 ml

(0.74 mmol) DBU were added. The resulting solution was refluxed over night,
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cooled to room temperature, diluted with 20 ml methanol and filtered. The yellow
solid was recrystallized from hexane to give 390 mg (78 %) slightly yellow fine
needles. Mp: 118 °C, MS (FD, 8 kV) m/z = 743.5 g/mol - calculated: 744.4 g/mol
for CyHe,S,; "H-NMR (500 MHz, C,D,Cl,, 60 °C, & in ppm) 7.65 (s, 2H), 7.40
(d,J=5.2 Hz, 2H), 7.38 (d, J = 5.2 Hz, 2H), 3.20 (t, J = 7.9 Hz, 4H), 1.85 (quin, J
=7.7 Hz, 4H), 1.56 (quin, J = 7.6 Hz, 4H), 1.39 (quin, J = 7.5 Hz, 4H), 1.3-1.1 (m,
36H), 0.82 (t, J = 7.0 Hz, 6H); '>*C-NMR (125 MHz, C,D,Cl,, 60 °C, & in ppm)
138.3, 136.5, 134.2, 132.1, 131.8, 130.0, 125.1, 125.0, 120.8, 34.8, 32.2, 31.3,
29.9 (multiple peaks), 29.8, 29.6, 22.9, 14.4; elemental analysis: found 74.12 % C,
8.67 % H, 17.04 % S - calculated: 74.14 % C, 8.66 % H, 17.21 % S

8.6.4 2,8-Dibrom-5,12-bis(tetradecyl)-dithienobenzo-thieno[3,2-

b]thiophene

139

150 mg (0.2 mmol) 4,8-Bis(tetradecyl)-dithienobenzo-thieno[3,2-b]thiophene
and 142 mg (0.8 mmol) N-bromosuccinimid were refluxed in 9 ml chloroform
and 1 ml acetic acid for three hours. To the warm solution methanol was added,
the precipitate was filtered off and crystallized from chloroform to yield 160 mg
(89 %) of slightly reddish needles. Mp: 143 °C, MS (FD, 8 kV) m/z = 900.3 g/mol
- calculated: 900.2 g/mol for C4¢H,,S,Br,; IH.NMR (500 MHz, C,D,Cly, 60 °C,
d in ppm) 7.65 (s, 2H), 7.40 (d, J = 5.2 Hz, 2H), 7.38 (d, ] = 5.2 Hz, 2H), 3.20 (t,J
=7.9 Hz, 4H), 1.85 (quin, J = 7.7 Hz, 4H), 1.56 (quin, J = 7.6 Hz, 4H), 1.39 (quin,
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J = 7.5 Hz, 4H), 1.3-1.1 (m, 36H), 0.82 (t, ] = 7.0 Hz, 6H); >’C-NMR (125 MHz,
C,D,Cly, 60 °C, & in ppm) 138.3, 136.5, 134.2, 132.1, 131.8, 130.0, 125.1, 125.0,
120.8, 34.8, 32.2, 31.3, 29.9 (multiple peaks), 29.8, 29.6, 22.9, 14.4

8.6.5 2,8-Bistrimethylstannyl-5,12-bis(tetradecyl)-dithienobenzo-

thieno[3,2-b]thiophene

140

74.5 mg (0.1 mmol) 4,8-Bis(tetradecyl)-dithienobenzo-thieno[3,2-b]thiophene
were suspended in 5 ml anhydrous THF under an argon atmosphere. The suspen-
sion was cooled to 0 °C, 0.16 ml (0.25 mmol) z-butyllithium (1.6M in pentane) were
added slowly whereupon the suspension turns from light yellow to dark brown. The
mixture was stirred for two hours at O °C while the color brightens up again. 50 mg
(0.25 mmol) Trimethyltin chloride in 2 ml THF was added slowly, the mixture was
warmed up to room temperature and stirred for one hour at that temperature. 20 ml
Methanol were added, the precipitate was filtered off and recrystallized twice from
ethyl acetate at 4 °C to obtain 45 mg of yellow needles (42 %). Mp: 67 °C, MS
(FD, 8 kV) m/z = 1070.1 g/mol - calculated: 1070.3 g/mol for Cs5,Hg,S,Sn,; 'H-
NMR (250 MHz, CD,Cl,, RT, & in ppm) 7.67 (s, 2H), 7.51 (s, 2H), 3.23 (t, ] =
7.7 Hz, 4H), 1.87 (quin, J = 7.6 Hz, 4H), 1.59 (quin, J = 7.4 Hz, 4H), 1.4-1.1 (m,
40H), 0.87 (t, J = 6.5 Hz, 6H), 0.48 (s, 18H); 3C-NMR (75 MHz, CD,Cl,, RT, 6 in
ppm) 140.2, 139.6, 136.8, 136.2, 134.2, 133.2, 132.1, 129.5, 120.4, 35.2,32.5, 31.7,
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30.3 (multiple peaks), 30.2, 29.9, 23.3, 14.5; elemental analysis: found 58.84 % C,
7.66 % H, 11.38 % S - calculated: 58.33 % C,7.53 % H, 11.98 % S

8.6.6 Poly(2,8-Bis-3-tetradecylthiophene-2-yl)-5,12-bis(tetradecyl)-

dithienobenzo-thieno[3,2-b]thiophene

142

32.13 mg (30 pmol) 2,8-Bistrimethylstannyl-5,12-bis(tetradecyl)-dithienobenzo-
thieno[3,2-b]thiophene and 21.50 mg (30 umol) 5,5’-dibromo-4,4’-didodecyl-2,2’-
dithiophene were dissolved in 2 ml anhydrous 1,2-dichlorobenzene under argon.
1.2 mg (4 pumol) Tri-o-tolylphosphine and 0.9 mg (1 umol) Pd,(dba); were added.
The resulting mixture was heated to 140 °C for three days. The solution was diluted
with 1,2-dichlorobenzene and precipitated in methanol. After filtration the polymer
was reprecipitated twice in methanol and dried. 31 mg of a red solid was obtained
(80 %). GPC (1,2,4-trichlorobenzene, 135 °C) analysis gives M, = 8 kg/mol and
M,, = 16 kg/mol against polystyrene standard. 'H-NMR (500 MHz, C,D,Cly,
120 °C, 6 in ppm) 7.6 (br, 2H), 7.5 (br, 2H), 7.2 (br, 2H)
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8.7 Crystal Structures

The single crystal analysis was performed on a Nonius-KCCD diffractometer with a
Mo-K,, (A =0.71923 A, graphite monochromatized) at a temperature of 150 K. The
structures were solved by direct methods (Shelxs) and refined on F with anisotropic
temperature factors for all non-hydrogen atoms. The H atoms were refined with

fixed isotropic temperature factors in the riding mode.

8.7.1 Dimethoxycoronene (17)

Cy6H;60,, M; =360.41 g/mol, monoclinic, space group P2;/a, a=16.0660(6) A,
b =4.5830(4) A, ¢ = 23.2180(7) A, B = 99.842(1)°, V = 1684.39(17) A3, Z = 4,
Pealcd = 1.421 g/lem?, 1 = 0.089, 20,,x = 27.4968°, 22586 reflections measured,
3817 unique, 1854 observed, R = 0.087, R =0.0519, Ry, = 0.0432

Cambridge Crystallographic Data Centre identifyer: CCDC-678259
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8.7.2 Tetramethoxycoronene (18)

CysH,,04, M; = 420.46 g/mol, monoclinic, space group P2/c, a=12.7901(6) A,
b=11.7359(5) A, ¢ = 13.5211(6) A, B = 107.344(1)°, V = 1937.29(15) A®, Z = 4,
Pcaled = 1.442 g/cm3, u = 0.096, 20max = 30.000°, 21 479 reflections measured,
5540 unique, 2224 observed, Rj,; = 0.077, R = 0.0656, Ry, = 0.0299

Cambridge Crystallographic Data Centre identifyer: CCDC-678260

8.7.3 Hexamethoxycoronene (19)

C50H,,0¢, M; = 480.52 g/mol, monoclinic, space group P2;/c, a=10.2336(5) A,
b =13.6684(5) A, ¢ = 16.1664(6) A, B = 101.541(1)°, V = 2215.58(16) A3, Z = 4,
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Pealed = 1.440 g/cm3, w=0.100, 20max =29.499°, 28868 reflections measured, 6095
unique, 1726 observed, Rj,; = 0.076, R = 0.0491, Ry, = 0.0536
Cambridge Crystallographic Data Centre identifyer: CCDC-678261

8.7.4 Hexamethoxycoronene (19) - TCNQ

C4,HygN,O¢ - THF solvate, M; = 648.69 g/mol, monoclinic, space group P2,/c,
a = 21.5570(6) A, b = 20.1480(6) A, ¢ = 23.7650(7) A, B = 93.3420(12)°, V =
10304.3(5) A3, Z = 12, peaica = 1.308 g/em?, = 0.090, 20 max = 29.500°, 132298
reflections measured, 27898 unique, 7709 observed, R = 0.045, R = 0.1006, R, =
0.1004
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8.7.5 Benzo[2,1-b;3,4-b’]dithiophene-5,6-dione (36)

P2

CoH40,S,, M; = 220.27 g/mol, orthorhombic, space group P2inb, a =
3.8339(2) A, b = 12.8622(12) A, ¢ = 17.0125(16) A, V = 838.93(12) A3, Z = 4,
Pealed = 1.744 g/cm3, n=0.594, 20hax = 29.563°, 6811 reflections measured, 2228
unique, 1874 observed, Rj,; = 0.051, R = 0.0335, Ry, = 0.0375

Cambridge Crystallographic Data Centre identifyer: CCDC-740346

8.7.6 Benzo[2,1-b;3,4-b’]dithiophene-5,6-bisdioxane (62)

C4H,0,4S,, M; = 308.38 g/mol, monoclinic, space group Pl 2i/c, a =
11.4002(4) A, b = 8.4816(2) A, ¢ = 13.8504(4) A, B = 103.3233(12)°, V =
1303.18(7) A3, Z = 4, peatea = 1.572 glem?, p = 0.418, 20,,.¢ = 29.586°, 12270
reflections measured, 3644 unique, 3073 observed, R;, = 0.050, R = 0.0325, Ry, =

0.0382
Cambridge Crystallographic Data Centre identifyer: CCDC-740345
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8.7.7 5,5’-Di(5-hexylthiophene-2-yl-)benzo[2,1-b;3,4-b’]dithiophene-4,5-

diketone (66)

C30H3,0,S,4, M; = 552.85 g/mol, triclinic, space group P -1, a = 10.7680(4) A,
b = 11.3767(4) A, ¢ = 12.2773(3) A, « = 100.264(2)°, p = 105.346(2)°, v =
103.265(2)°, V = 1365.21(8) A3, Z = 2, peatea = 1.345 g/lem?, 1 = 0.375, 20max
=29.569°, 19251 reflections measured, 7575 unique, 5403 observed, R, = 0.066,
R =0.0394, Ry, =0.0478

Cambridge Crystallographic Data Centre identifyer: CCDC-740343
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8.7.8 5,5’-Dithiophene-2-yl-benzo[2,1-b;3,4-b’]dithiophene-4,5-

diketone (70)

CsH,0,S,, M; = 383.52 g/mol, monoclinic, space group P 1 2i/n, a
15.9180(6) A, b = 5.47300(10) A, ¢ = 17.6830(6) A, p = 96.4220(14)°, V

1530.86(8) A3, Z = 4, peatea = 1.664 g/em®, p = 0.628, 20max = 29.523°, 14386
reflections measured, 4276 unique, 3114 observed, R;, = 0.080, R = 0.0502, Ry, =
0.0572

Cambridge Crystallographic Data Centre identifyer: CCDC-740344
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