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Abstract 
 
This thesis deals with synthesis and characterization of new oligothiophenes and 
derivatives thereof, for use in semiconductor applications. One series of regio-
defined oligothiophenes up to the octamer was prepared and evaluated. 
Photoluminescence quantum efficiencies in solution were 22-31 %, but dropped to 
2-5 % in the solid state. One oligothiophene in this series was evaluated as a new 
matrix for MALDI-TOF, with promising results. Another project deals with 
development of oligothiophenes with "in-chain" chirality, which may find use in 
polarizing light-emitting diodes. Oligothiophene-porphyrin hybrid materials were 
synthesized for evaluation as active components in light-producing and/or 
-harvesting devices. Finally, a novel and simplified synthesis of EDOT, which is a 
major monomer in oligothiophene chemistry, is presented. 
 
 

Sammanfattning 
 
Denna avhandling handlar om syntes och karakterisering av nya oligotiofener och 
dess derivat. Dessa är tänkta att användas i halvledarapplikationer. En serie med 
regiodefinierade oligotiofener, upp till och med oktameren, har framställts och 
utvärderats. Kvantutbytet av fotoluminescensen hos dessa var 22-31 % i lösning, 
men sjönk till 2-5 % i fast tillstånd. En oligotiofen i denna serie utvärderades som 
ny matris för MALDI-TOF, med lovande resultat. Ett annat projekt handlar om 
utvecklingen av oligotiofener med kiral huvudkedja, vilka kan tänkas användas för 
ljusemitterande dioder, som emitterar polariserat ljus. Oligotiofen-porfyrin-
hybrider framställdes för användning som aktiva komponenter i ljusemitterande 
dioder och/eller solceller. Slutligen presenteras en ny och förenklad syntes av 
EDOT, som är en viktig monomer inom oligotiofen-området. 



 
 
 
 
 
Den bok jag sätter mig ned att skriva måste verka meningslös på många – om jag 
alls vågar tänka mig, att “många” får läsa den – eftersom jag alldeles självmant, 
utan någons order, börjar ett sådant arbete och ändå inte själv är riktigt på det 
klara med vad avsikten är. Jag vill och måste, det är alltsammans. Allt mer och mer 
obönhörligt frågar man efter avsikten och planmässigheten i vad som göres och 
säges, så att helst inte ett ord ska falla på måfå – det är bara författaren till den här 
boken som har tvingats gå motsatta vägen, ut i det ändamålslösa. Ty fast mina år 
här som fånge och kemist – det måste vara över tjugo, tänker jag – har varit fulla 
nog ändå av arbete och brådska, måste det finnas något som inte tycker det är 
tillräckligt och som har lett och överblickat ett annat arbete inom mig, ett som jag 
själv inte hade någon möjlighet att överblicka och där jag ändå har varit djupt och 
nästan plågsamt medintresserad. Jag inser alltså, hur förnuftsvidriga mina 
skriverier måste te sig inför allt rationellt och praktiskt tänkande, men jag skriver 
ändå.*

 
 
First paragraph from Karin Boye’s Kallocain (1940) 

                                                 
* The book I now sit down to write must seem pointless to many – if indeed I dare imagine "many" 
will have the opportunity to read it – since of my own volition, without anyone's request, I 
undertake such a work, and since I myself am not quite clear as to the purpose. I must and will, 
that's all. The demand for purpose and method in one's doings and sayings has become more and 
more exacting, lest as single word might be uttered haphazardly; but the author of this book has 
been forced to take the opposite course, out into purposelessness, because even though my years 
here as prisoner and chemist – they must have been more than twenty, I suppose – have been well 
enough filled with work and urgency, there is something that feels this to be insufficient and that 
has inspired and envisioned another labor within me, one which I myself could not have envisioned, 
and in which I nevertheless have been deeply and painfully involved. That labor will be completed 
when I have finished my book. Consequently, I realize how unreasonable and irrational my 
scribblings must seem in comparison to all rational and practical thinking; yet write I must. 
 
[Translated by Gustaf Lannestock, The University of Wisconsin Press, Madison (1966)] 
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Abbreviations 
 
Most abbreviations used in this thesis are defined were they first appear. Some of 
them are not, however, and are therefore listed below. 
 
 
DMF   N,N-dimethylformamide 
HOMO  highest occupied molecular orbital 
LDA   lithium diisopropylamide 
LUMO  lowest unoccupied molecular orbital 
MS   mass spectroscopy 
NBS   N-bromosuccinimide 
NIS   N-iodosuccinimide 
NMR   nuclear magnetic resonance 
THF   tetrahydrofuran 



 



Prologue 
 
Semiconductors as key components in electronic devices have been around for 
more than half a century. Until quite recently, they have all been based on 
inorganic elements, such as silicon and germanium. Over the last decade, 
however, organic complements have emerged as promising materials for novel 
semiconductor applications. As shall be seen, organic materials may hold 
several advantages over their traditional inorganic counterparts. Among these, 
the compound class of oligothiophenes has proven increasingly important. This 
thesis deals with synthesis and characterization of new oligothiophenes and 
derivatives thereof for such purposes. 
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Introduction 
C H A P T E R   1 

 
 
 
 
 
 
 
 

Nothing exists but atoms and empty space 
All else is opinion 

 
 

Democritus (ca 460 – 370 BC) 
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1.1 Background 
 
The vast majority of all organic compounds are electrically insulating. 
However, as early as in 1862, Letheby prepared an organic polymeric material, 
most likely polyaniline (1) (Figure 1), which was “partly conductive”.1 
Nevertheless, Letheby’s finding went unnoticed by the contemporary scientific 
community and fell into oblivion. Some ninety years later, in 1954, Akamoto 
et al. reported that perylene (2) doped with bromine had semiconductor 
properties.2 In 1973 the first molecular material with metallic conductivity was 
reported by Ferraris et al. – this was the charge transfer salt between 
tetracyano-quinodimethane (TCNQ) (3) and tetrathiafulvalene (TTF) (4).3

 
For some reason, when Shirakawa et al. published their first report in 1977 on 
a highly conductive plastic, polyacetylene (5) doped with elemental halogens,4 it 
had a much higher impact on the scientific community than earlier publications. 
Possibly, this may be explained in terms of fortunate timing. The electronics’ 
industry had at that time just begun its steady rising and the demand for new 
electroactive materials was enormous, and still remains so today. So it 
happened that Shirakawa and his coworkers’ discoveries triggered enormous 
research efforts concerning electroactive molecular materials and polymers 
around the world. Today many thousands of academic and industrial 
researchers are engaged in this fascinating field of research. In 2000, Alan J. 
Heeger (University of California at Santa Barbara, USA), Alan G. MacDiarmid 
(University of Pennsylvania, USA) and Hideki Shirakawa (University of 
Tsukuba, Japan) were awarded the Nobel Prize in chemistry for their initial 
findings on this matter – "for the discovery and development of conductive 
polymers".5
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Figure 1. Polyaniline (1), perylene (2), TCNQ (3), TTF (4) and polyacetylene (5) 

                                                 
1 Letheby, H. J. Chem. Soc. 1862, 161 
2 Akamoto, H.; Inokutchi, H.; Matsunaga, Y. Nature 1954, 173, 168 
3 Ferraris, J.; Cowan, D. O.; Walatka, V. J.; Perlstein, J. H. J. Am. Chem. Soc. 1973, 95, 948 
4 Shirakawa, H.; Louis, E. J.; MacDiarmid, A. G.; Chiang, C. K.; Heeger, A. J. Chem. Commun. 
1977, 578 
5 http://www.nobel.se/chemistry/laureates/2000/press.html 
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In 1980 the first superconductive molecular material was reported; the cation-
radical salt of tetramethyltetraselenofulvalene and hexafluorophosphate.6 This 
compound had a transition temperature for superconductivity (Tc) of 1 K 
(under high pressure). The record from 1990, a cation-radical salt with a Tc of 
12.8 K under “soft pressure” (0.3 kbar), remains unprecedented to this day.7 It 
should also be noted that Schön et al. (Bell Laboratories, USA) have reported 
much higher figures than these during the last few years, for a wide range of 
materials. These spectacular results have, however, been found to be highly 
questionable and in some cases undoubtedly falsified.8

 
 

1.2 Conductivity 
 
1.2.1 Definition 
 
Conductivity is defined by Ohm’s Law: 
 
(1) U = R I 
 
When a known voltage is applied over a resistor, U is the drop of potential (unit 
Volts, V), R the proportionality constant resistance (measured in Ohms, Ω) and 
I the current (unit Amperes, A). Ohm’s Law is empirical and, obviously, linear. 
Not all materials obey Ohm’s Law, i.e. they exhibit non-linear behavior. This 
non-linearity is the foundation of all semiconductor devices, such as field-effect 
transistors and light-emitting diodes. 
 
In Ohmic materials, the resistance R is proportional to the length of the resistor 
l (unit meters, m) and inversely proportional to the cross-section area of the 
resistor A (measured in square-meters, m2) according to: 
 
(2) R = ρ l / A 
 
Here, ρ is the resistivity (SI unit Ωm – the unit Ωcm is however used more 
frequently) of the material. The inverse of the resistivity is the conductivity σ 
(unit Sm-1 or Scm-1), where Ω−1 is the conductance (unit Siemens, S). 
 
Conductivity σ is proportional to the number of charge carriers and how fast 
they can move in the material (mobility µ - unit cm2/Vs) according to: 
 
(3) σ = n µ e (e is the charge of an electron, ~1.6·10-19 C) 

                                                 
6 Bechgard, K.; Jacobsen, C. S.; Mortensen, K.; Thorup, M. J. Solid State Commun. 1980, 33, 
1119 
7 Williams, J. M.; Kini, A. M.; Wang, H. H.; Carlson, K. D.; Geiser, U.; Montgomery, L. K.; 
Pyrika, G. J.; Watkin, D. M.; Kommers, J. M.; Boryschuk, S. J.; Crouch, A. V. S.; Kwok, W. K.; 
Schirber, J. E.; Overmyer, D. L.; Jung D.; Whangbo, M.-H. Inorg. Chem. 1990, 29, 3272 
8 See for instance an article series on this topic: Nature 2002, 419, 417-421 and also: Service, R. 
F. Science 2002, 297, 34 
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For materials that do not obey Ohm’s Law, such as electrolyte solutions and 
semiconductors, an extra term must be added to equation 3 to correct for the 
presence of positive charges (holes9 or cations). 
 
Conductivity is temperature dependent. While the conductivity in metallic 
materials increase with decreasing temperature, the opposite is true for 
semiconductors. Actually, this behavior is measured when one wishes to 
determine whether a specific material is a conductor or a semiconductor. 
 
 
1.2.2 What makes material conduct electricity? 
 
The electrical properties of a material are directly related to its electronic 
structure. In metals, orbitals of one single metal atom overlap with equivalent 
orbitals of neighboring atoms, in all directions. These atom orbitals combine 
and form molecular orbitals, just like in ordinary molecules. N interacting 
atomic orbitals give N molecular orbitals. In a regular organic molecule, N is a 
rather low number, while in metals, graphite or any other continuous solid-state 
structure, N is a very large number. For instance, one mole (63.55 grams) of 
copper metal gives roughly 6·1023 (Avogadro’s number) molecular orbitals. This 
large number of molecular orbitals spaced together in such a distinct energy 
range generates apparently continuous energy bands, referred to as the band 
theory of conductivity. 
 
Hence, any given material may be placed in one of the three categories depicted 
in Figure 2. The valence band is defined as the total sum of all HOMOs, and is 
therefore lower in energy, in accordance with the Aufbau principle.10 The 
conduction band is made up of LUMOs and is consequently higher in energy. 
 

a)           b)    c)
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Figure 2. a) Insulator, b) semiconductor and c) metal 

                                                 
9 A ”hole” is obtained upon removal of an electron from a specific site. Thus, a hole has a 
positive charge and mass of the opposite sign. (In the valence band, electrons have negative 
mass and holes have positive mass. In the conduction band it is the other way around.) 
10 Strictly speaking, the Aufbau principle refers to atomic orbitals, but the principle is exactly 
the same for molecular orbitals – electrons prefer to occupy orbitals of the lowest energy. 
(“Aufbau” is German for “building up”.) 
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As stated before, common molecular compounds are insulators (category a). 
The band gap in these materials is too wide (over 3-4 eV) for any excitation of 
charge carriers to occur. The reason for this wide bandgap in insulators is that 
the valence band is made up of bonding orbitals, which are completely filled, 
while the conduction band is constructed of anti-bonding orbitals of much 
higher energy. If a charge is injected into an insulator, it has no energetically 
favorable way to travel within the material. Electric current is, by definition, the 
uniform motion of charges. For this reason, the insulating material does not 
conduct electricity. 
 
Semiconductors (category b) have a narrow bandgap (under 3 eV), which 
allows some excitation of charge carriers to the conduction band. Since the 
overlap between the two bands is not very efficient, semiconductors usually 
have conductivities much lower than true metallic conductors. When the 
temperature of a semiconductor is lowered, the probability of thermal 
excitation to the conduction band is diminished, which explains why 
conductivity of semiconductors decrease with decreasing temperature. 
Anisotropy11 is very common among semiconductors. Semiconductors often 
have relatively high mobilites µ, but their conductivities are limited by the low 
number of charge carriers n. 
 
Metallic conductors (category c), have either an incomplete valence band (as in 
the figure), which is the case for all transition metals with unoccupied d-
orbitals, or a near-zero bandgap between the valence band and the conduction 
band. Both these situations lead to a continuous and partially filled band. 
Metallic conductors have a very large number of charge carriers n (“free 
electrons”), but are instead limited by a relatively low mobility µ. Thermal 
excitation leads to scattering of charges, which makes it less probable for them 
to move ideally along the current axis, hence lowering the conductivity. This 
explains why conductivity decreases with increasing temperature in metallic 
conductors. Still, conductivity in metals is much greater than in semiconductors. 
 
 
1.2.3 Doping 
 
Doping is the addition of “impurities” (=dopant) to the bulk material, in order 
to alter its electrical properties. The role of the dopant is either to add holes (i.e. 
remove electrons from), or to add electrons to the material. The former process 
is called p-doping, and the latter n-doping (p for positive and n for negative). 
Doping is a concept of great importance in electroactive molecular materials 
and polymers. For instance, when Shirakawa et al. treated their legendary 
polyacetylene film with elemental halogens, the magnitude of conductivity was 

                                                 
11 When the macroscopic properties, such as conductivity or flexibility, depend on the direction 
of the material, it is said to be “anisotropic”. In for instance polyacetylene, which is a quasi-one 
dimensional semiconductor, the conductivity along to the carbon chain is about 100 times 
greater than perpendicular to it. 
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increased by a factor of over ten million.12 Their p-doped polyacetylene (5b) 
now had a conductivity comparable to ordinary metals. (Figures 3 and 4.) 
 

n n

I2
.

I3

n.

I3

5a 5b  
Figure 3. Doping of polyacetylene gives a polaron 

 
As can be seen in Figure 3, the doping of polyacetylene with iodine creates a 
cation-radical on the polymer backbone - this is referred to as a polaron. The 
moving of the polaron along the polymer equals electrical current flowing 
through the material. Because of Coulomb attractions between the polaron and 
the counter ion, which has a very low mobility within the material, the polaron 
is rather localized. This explains why so much dopant (high concentration of 
counter ion) is needed – about one weight percent – in order to achieve metallic 
conductivity in these polymers. Inorganic semiconductors, as a comparison, 
often contain less than one ppm of dopant. 
 
 
1.2.4 Conductivities for some materials 
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Figure 4. Selected conductivities 

                                                 
12 Chiang, C. K.; Fincher, C. R.; Park, Y. W.; Heeger, A. J.; Shirakawa, H.; Louis, E. J.; Gau, S. 
C; MacDiarmid, A. G. Phys. Rev. Lett. 1977, 39, 1098 
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1.3 Materials of Practical Use 
 
Many different types of molecular compounds and polymers have been studied 
over the years, because of their interesting electrical and/or optical properties. 
Largely driven by commercial interest, research has come to focus on 
implementing these new materials in functional electronic devices. While 
materials with metallic conductivities, such as cation-radical salts and doped 
polymers, have so far found little use in workable devices, several other types of 
compounds have been more successfully employed. These latter are heavily 
conjugated oligomers or polymers, and are used as semiconductors, mainly 
undoped. Most important among these are poly- or oligothiophenes (6),13 poly-
para-phenylenes (7),14 polyfluorenes (8),15 poly-para-phenylenevinylenes (9)16 
and variations and combinations thereof (Figure 5). 
 

S

R
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6 9
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n n n

7 8

RRR
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Figure 5. Oligo- or polythiophene (6), poly-para-phenylene (7) polyfluorene (8) 
and poly-para-phenylenevinylene (9) 

 
Some of these materials have already been exploited in commercial products. 
AGFA, for instance, now use a commercially available17 and water soluble co-
polymer, poly(3,4-ethylenedioxythiophene)-co-(styrenesulfonate), abbreviated 
PEDOT-PSS (10),18 as the antistatic layer on photographic films.19 Philips, 
among other companies, has made several full color screens, based on organic 
light emitting diodes (OLEDs) of the PPV-family (PolyLED™).20 By altering the 
substituents on the oligomer or polymer backbone, the emitted frequencies are 
fine-tuned to cover the full visible spectrum. Examples of such materials are the 
following red- (11), green- (12) and blue-emitting (13) polymers.21 (Figure 6.) 

                                                 
13 Fichou, D. (Ed.): “Handbook of Oligo- and Polythiophenes”, Wiley-VCH, Weinheim 1998 
(ISBN 3-527-29445-7) 
14 Mohammad, F.; Calvert, P. D.; Billingham, N. C. J. Phys. D 1996, 29, 195 
15 LeClerc, M. J. Polym. Sci. Part A: Polym. Chem. 2001, 39, 2867 
16 Becker, H.; Spreitzer, H.; Kreuder, W.; Kluge, E.; Vestweber, H.; Schenk, H.; Treacher, K. 
Synth. Met. 2001, 122, 105 
17 Baytron™, Bayer 
18 The actual composition of this polymer is uncertain, see for instance: Lefebvre, M.; Qi, Z.; 
Rana, D.; Pickup, P. G. Chem. Mater. 1999, 11, 262 
19 See for example the following patents, held by AGFA: DE4238628, DE4211459 and 
EP0593111 
20 Liedenbaum, C. T. H. F.; Haskal, E. I. ;Duineveld, P. C.; van de Weijer, P. "Progress in 
polymer light emitting devices at Philips", SPIE 2001, 1-8 (ISSN: 0277-786X) and Blom, P. W. 
M.; Berntsen, A. J. M.; Liedenbaum, C. T. H. F.; Schoo, H. F. M.; Croonen, Y.; van de Weijer, 
P. J. Mater. Sci., Mater. Electron. 2000, 11, 105 
21 Johansson, M.: ”Synthesis of Conjugated Polymers: Photoactive Substances for Photoic 
Devices”, PhD Thesis, Chalmers University of Technology, Gothenburg 2001 (ISBN 91-7291-
073-9) 
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Figure 6. PEDOT-PSS (10), MEH-PPV (11), BEHP-PPV (12) and EHH-PF (13) 
 
 

1.4 Semiconductor Devices 
 
Semiconductors constitute the framework of all electronic apparatuses. The 
invention of the transistor in 1947 by W. B. Shockley, J. Bardeen and W. H. 
Brattain (Bell Laboratories, USA) was awarded the Nobel Prize in physics in 
1956.22 Their ingenious creation took us from simple amplifiers to advanced 
computers, which still in our days continue to grow faster, more powerful and 
smaller at a stunning rate.23 The processor of a modern PC contains over 40 
million transistor components, crammed into a few square centimeters, and can 
carry out well over 3 billion calculations per second.24 Obviously, the demand 
for new techniques and materials for these applications is huge. 
 
 
1.4.1 Field-effect transistors 
 
The field-effect transistor (FET), which today is the most common transistor 
type, is in principle a very simple device. It has three electrodes: source, drain 
and gate. Here it is depicted with α-sexithiophene as part of the channel 
material, which is the material between the source and drain electrodes 
(Figure 7). The source and drain electrodes are typically made of gold. The 
bottom of the channel is the gate electrode, and it is made of a semiconductive 
material, such as doped silicon with a thin layer of silicon dioxide on top. 
                                                 
22 http://www.nobel.se/physics/laureates/1956/index.html 
23 According to Moore’s Law from 1965, the number of transistors per integrated circuit will 
grow at a constant, exponential and predictable rate. A popular interpretation of this rule is: 
“Computers will double in speed at least every 18 months and do so without any increase in 
cost”. This prediction has now been valid for almost 40 years. For original paper, see: Moore, 
G. E. Electronics 1965, 38, 114 
24 Intel’s latest processor for personal use operates at 3.40 GHz and has components only 0.13 
µm wide. 
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Figure 7. Schematic picture of a field-effect transistor with an organic 
semiconductor 

 
If a voltage is applied over the source and drain electrodes alone, no electrical 
current will flow through the device, since the channel material is insulating in 
the ground state. This represents the transistor being “off.” 
 
By applying a negative bias voltage to the gate electrode, electrons are repelled 
from the surface between the organic material and the silicon dioxide film, 
creating a so-called depletion layer. This way, holes are injected into the organic 
material, leaving unoccupied valence orbitals in the organic material rendering 
it conductive. The material is said to be electrically p-doped. Now, electrical 
current can flow through the device, between the source and drain electrodes. 
This represents the transistor being “on.” 
 
The first operational FETs with organic semiconductors as the active channel 
material were first reported in the early 1980’s. Since then, oligo- and 
polythiophenes have emerged as being one of the most promising organic FET-
materials.25 From an organic chemist’s point of view, however, a device based 
solely on electroactive organic materials (i.e. a device free of inorganic source, 
drain and gate materials) would be even more satisfactory. Such devices have 
actually already been made, even screen-printed onto flexible substrates.26

 
 
1.4.2 Light-emitting diodes 
 
A diode is a rectifying semiconductor device, which means that electrical 
current can flow in only one direction through it. A light-emitting diode (LED), 
as the name implies, is capable of emitting light. It is constructed of three or 
more different semiconductors, sandwiched between two electrodes (Figure 8). 
The following discussion deals with organic LEDs (or OLEDs), which were first 
reported in the early 1990’s.27

                                                 
25 Fichou, D.; Horowitz, G.; Nishikitani, F.; Garnier, F. Chemtronics 1988, 3, 176 
26 See, for instance: Bao, Z.; Feng, Y.; Dodabalapur, V. R. R.; Lovinger, A. J. Chem. Mater. 
1997, 9, 1299 and references cited therein. 
27 For a summary on the rapid development of OLEDs, see: Ziemelis, K. Nature 1999, 399, 408 
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Figure 8. Schematic picture of a light-emitting diode 
 

When a voltage is applied over the LED, charge injections take place at both 
interfaces between the electrodes and the semiconducting organic material(s). At 
the anode, which today usually consists of indium tin oxide (ITO),28 holes are 
injected into the organic material. Highly doped organic polymers have also 
successfully been employed as the hole-injecting layer.29 Electron injection takes 
place at the cathode, which usually consists of aluminium, calcium or 
magnesium.30

 
Once injected, holes and electrons have to move within the material, in order to 
find each other. When a hole and an electron meet, they recombine via a 
proposed “exitonic state” (which is a singlet- or triplet-excited state that is not 
yet fully understood)31 and then relax back to the ground state, optimally with 
the emission of a photon, which equals light. Thermal, non-radiative decay is 
also possible and contributes to a lowered efficiency of the device. 
 
With conjugated polymers and organic molecular materials, hole transport is 
usually not a problem. Electron transport may, on the other hand, pose a 
problem in these materials.32 If the electron mobility is too low, the holes risk 
running through the whole device without meeting an electron. The quantum 
efficiency, which is the number of emitted photons per injected holes/electrons, 
was very low in the first reported OLEDs (below 0.05 %), but has now reached 
up to 4 %, which is good enough for commercial devices.33 The life-span of 
OLED-devices has in the last decade increased from only a few minutes, to over 
10,000 hours. The full visible spectrum has been covered. OLEDs typically emit 
monochromatic light, and much work is currently focused on preparing 

                                                 
28 ITO matches the energy levels of the organic semiconducting material well. ITO is chemically 
and physically durable and most important of all - it is transparent throughout the visible 
spectrum, which allows the emitted light to escape from the device. 
29 See for instance: Gustafsson, G.; Treacy, G. M.; Cao, Y.; Klavetter, F.; Colaneri, N.; Heeger, 
A. J. Synth. Met. 1993, 55-57, 4123 
30 These metals are not optimal, in terms of overlapping energy levels, which are only met by the 
alkali metals. Alkali metals, however, are not inert towards air and humidity, which limits their 
practical use. 
31 Brédas, J.-L.; Cornil, J; Heeger, A. J. Adv. Mater. 1996, 8, 447 
32 Friend, R H.; Gymer, R. W; Holmes, A. B.; Burroughes, J. H.; Marks, R. N.; Taliani, C.; 
Bradley, D. D. C.; Dos Santos, D. A.; Brédas, J. L.; Lögdlund, M.; Salaneck W. R. Nature 1999, 
397, 121 
33 According to the rules of quantum mechanics, only singlet to ground state decay is able to 
produce photons, giving a theoretical maximum quantum efficiency of 25 % [1/(1+3)]. This 
limit has however recently been questioned. See: Cao, Y.; Parker, I. D.; Yu, G.; Zhang, C.; 
Heeger, A. J. Nature 1999, 397, 414 
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functional organic semiconductor-lasers (OSLs).34 Kraft et al. have written an 
excellent review article on the chemistry and physics of OLEDs.35

 
 
1.4.3 Other semiconductor devices 
 
While FETs and LEDs based on conjugated polymers or molecular materials are 
the two most promising and important semiconductor devices, several other 
types of devices have been either prepared or proposed. These include, for 
example, light-responsive FETs,36 photo-detectors,37 photovoltaic cells38 and 
solar cells.39

 
 

1.5 Organic versus Inorganic Semiconductors 
 
“Is more research on electroactive polymers and molecular materials really 
justified?” is a relevant question. Clearly, inorganic semiconductors have 
worked just excellent for almost half a decade. Frankly, there are few functional 
devices today based on molecular semiconductors that can compete with their 
inorganic counterparts, performance-wise. Having said that, the answer to the 
question put forward remains a resounding “Yes!” It has in the last few years 
been demonstrated over and over again that molecular materials may be 
successfully implemented in workable devices. Organic materials offer several 
major advantages over their inorganic and traditional counterparts. Some 
potential benefits are: 
 

• Low weight. The densities of molecular materials and polymers are 
much lower than those of traditional metals (1-2 g/cm3 compared to 3-
10 g/cm3). In modern electronic equipment, such as cellular phones and 
portable computers, the weight of the battery constitutes 50 % or more 
of the total weight. 

• Low cost. Traditional semiconductors are extremely sensitive to 
impurities and must be produced, handled and assembled in high-tech 
clean rooms. Organic materials, on the other hand, may be synthesized 
in relatively unsophisticated laboratories and are much more tolerant to 
contaminations. A square centimeter layer of silicon costs about $1, 
while organic thin-films of the same size have been produced for as little 
as 1 cent. Prices are assumed to diminish even further, with increasing 
production. 

                                                 
34 McGeHee, M. D.; Heeger, A. J. Adv. Mater. 2000, 12, 1655 
35 Kraft, A.; Grimsdale, A. C.; Holmes, A. B. Angew. Chem. Int. Ed. 1998, 37, 402 
36 Narayan, K. S.; Kumar, N. Appl. Phys. Lett. 2001, 79, 1891 
37 Yu, G.;Wang, J.; McElvain, J.; Heeger, A. J. Adv. Mater. 1998, 10, 1431 
38 Sariciftci, N. S. Curr. Opin. Solid-State Mater. Sci. 1999, 4, 373 
39 Chirvase, D.; Chiguvare, Z.; Knipper, M.; Parisi, J.; Dyakonov, V.; Hummelen, J. C. J. Appl. 
Phys. 2003, 93, 3376 
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• Tunability. The art of organic chemistry offers an infinite amount of 
chemical modifications of the active materials, which may be fine-tuned 
to suit each desired application. 

• Flexibility. Inorganic semiconductors are terribly stiff and therefore 
useless for flexible devices. Many organic semiconductors are on the 
other hand quite flexible, making devices such as plastic color displays 
realizable. 

• Solubility/Processability. Many molecular materials are soluble in 
common organic solvents and can therefore be applied onto the desired 
substrates by simple evaporation. 

 
 

1.6 More about Oligothiophenes 
 
1.6.1 Background 
 
Oligo- and polythiophenes have been mentioned several times throughout this 
chapter. No doubt, they constitute one of the most important compound classes 
for photo- and electroactive molecular materials.40 One of the main reasons for 
the profound interest in oligo- and polythiophenes is that their physical 
properties are rather unaffected by substituents.41 In other words, they may be 
chemically modified in order to enhance solubility, enable processability, fine-
tune optical and electrical properties etc. 
 
Originally, oligothiophenes were synthesized merely to serve as model 
compounds for analogous polythiophenes.42 Stepwise oligomer syntheses, 
although more strenuous than traditional polymer syntheses, offer 
regiospecificity, precise control over chain-length and thus products easier to 
characterize, chemically and physically. Also, oligomers are normally more 
soluble than polymers, which is a key factor for the implementation of these 
compounds in devices. Not long after the first oligothiophenes were synthesized 
and evaluated, however, it became evident that they were just as, or in some 
cases, even more effective than polythiophenes in semiconductor applications. 
Most likely, this can be attributed to the fact that oligothiophenes can be 
synthesized and worked up to a high degree of purity (including regioisomer-
control), in contrast to polythiophenes. 
 
The term “conjugation length” was invented to describe at which oligomer-
length (number of linked thiophene-units) the properties of a specific 
oligothiophene resemble those of the corresponding polythiohene.43 Anywhere 
from 4-20 monomers have been suggested, but for most systems 5-8 linked 

                                                 
40 See reference 13 
41 Bäuerle, P. Adv. Mater. 1993, 5, 879 
42 Müllen, K.; Wegner, G. (eds.): ”Electronic materials: The oligomer approach”, Wiley-VCH, 
Weinheim 1998 (ISBN 3-527-29438-4) 
43 Zotti, G.; Berlin, A.; Pagani, G.; Schiavon, G.; Zecchin, S. Adv. Mater. 1994, 6, 231 
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thiophene-units seem enough. However, not all agree on this number and this 
rule of thumb has recently been questioned.44

 
 
1.6.2 Recent examples 
 
Reports on new successful implementations of oligothiophenes in electronic 
devices and other applications continue to thrive. A SciFinder search45 reveals a 
dramatic increase in published papers on oligothiophenes over the last fourteen 
years (Figure 9). 
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Figure 9. Number of published papers on oligothiophenes, years 1990-2002 

 
To further display the broad spectrum of possible oligothiophene applications, 
a few recent examples will be given (Figure 10). For instance, Barbarella et al. 
have prepared a series of isothiocyanate derivates (such as 14) as “fluorescent 
markers”.46 In this case, the optical rather than the electrical properties of 
oligothiophenes are exploited. The authors have covered the whole visible 
spectrum with these new compounds, and speculate that these may find use in 
chemical-recognition applications. Advincula et al. have reported on the first α-
sexithiophene with appreciable water solubility (15), through aggregate 

                                                 
44 Kline, R. J.; McGehee, M. D.; Kadnikova, E. N.; Liu, J.; Frechet, J. M. J. Adv. Mater. 2003, 
15, 1519 
45 SciFinder Scholar 2002, search term ”oligothiophenes”, performed on April 4, 2004 
46 Sotgiu, G.; Zambianchi, M.; Barbarella, G.; Aruffo, F.; Cipriani, F.; Ventola, A. J. Org. 
Chem. 2003, 68, 1512  
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formation.47 This opens up a whole new field of applications. As a last example, 
Suzuki et al. have synthesized the first perfluorinated α-sexithiophene (16).48 
Compounds like these may prove valuable as n-type semiconductors. 
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Figure 10. Recently reported oligothiophenes 
 
 
1.6.3 Oligothiophene synthesis 
 
Commonly, oligothiophene synthesis proceeds in two distinguishable steps: 
First monomers (or rather building blocks) are synthesized. These seldom 
contain more than three or four thiophene-units each. Subsequently, these 
building blocks are coupled to the desired products in the final step (Figure 11). 
Chemical modifications of oligothiophenes containing more than three linked 
thiophenes are uncommon. 
 

Building block synthesis,
several steps

BUILDING BLOCK(S)

Coupling reaction,
one step

PRODUCT 
 

Figure 11. General scheme for synthesis of oligothiophenes 
 
It is difficult to speak of building block synthesis in general terms, since such a 
massive array of strategies are utilized. However, only a limited number of 
coupling reactions, for the final assembly of the oligothiophene, are normally 
employed. These include the Suzuki,49 Kumada,50 Stille51 and Negishi52 coupling 
reactions, respectively. For symmetrical products, reductive dimerization of 

                                                 
47 Xia, C.; Locklin, J.; Youk, J. H.; Fulghum, T.; Advincula, R. C. Langmuir 2002, 18, 955 
48 Sakamoto, Y.; Komatsu, S.; Suzuki T. J. Am. Chem. Soc. 2001, 123, 4643 
49 Miyaura, M.; Suzuki, A. Chem. Rev. 1995, 2457 
50 Tamao, K.; Sumitani, K.; Kiso, Y.; Zembayashi, M.; Fujioka, A.; Kodma, S. I.; Nakajima, I.; 
Minato, A. Kumada, M. Bull. Chem. Soc. Jpn. 1976, 49, 1958 
51 Milstein, D.; Stille, J. K. J. Am. Chem. Soc. 1978, 100, 3636 
52 Negishi, E.-I.; Baba, S. Chem. Commun. 1976, 596 
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thienyl halides is an attractive alternative.53 For the synthesis of thienylene-
vinylenes, Wittig54 or Horner-Wadsworth-Emmons55 protocols are followed. 
The reaction conditions in these coupling reactions are commonly modified to 
suit thiophene substrates. An example of this is the rapid palladium-catalyzed, 
one-pot and solvent free Suzuki-type coupling of thienyl bromides, under 
microwaves, recently reported by Barbarella et al.56

 
 
 1.6.4 Oligothiophenes in nature 
 
It should be noted that non-synthetic oligothiophenes are uncommon in nature. 
The parent heterocycle thiophene plays no role in animal metabolism. However, 
a few derivatives have been found in plants. The thiophene-trimer, α-
terthiophene, is a natural nematocide and is for instance found in marigold 
(tagetes erecta).57 It is also known to possess phototoxic properties, likely by 
converting natural oxygen to singlet oxygen. Several analogs have been 
prepared, with both antibiotic and antiviral qualities.58 Compounds of this kind 
could possibly find therapeutic uses. 
 
 

1.7 My Contribution 
 
Although a number of physical characteristics of our oligothiophenes are 
discussed throughout this thesis, my work has been that of organic synthesis. 
Physical characterizations have been made in collaboration with physicists; 
mainly Professor Olle Inganäs’ research group at the Department of Physics and 
Measurement Technology, Linköping University, and Assistant Professor 
Rainer Friedlein, at the same university. Our ambition has been to establish 
reliable synthetic strategies for new and interesting oligothiophenes, as active 
materials for semiconductor applications. The syntheses have often been carried 
out in several-gram scales, simply because much material is needed for proper 
evaluation. 

                                                 
53 For an example, see: Destri, S.; Ferro, D. R.; Khotina, I. A.; Porzio, W.; Farrina, A. 
Macromol. Chem. Phys. 1998, 199, 1973 
54 Wittig, G.; Schöllkopf, U. Chem. Ber. 1954, 87, 1318 
55 Horner, L.; Hoffmann, H.; Wippel, H. G.; Klahre, G. Chem. Ber. 1959, 92, 2499 and 
Wadsworth, W. S. Jr.; Emmons, W. D. J. Am. Chem. Soc. 1961, 62, 1733 
56 Manuela, M.; Barbarella, G.; Sotgiu, G. J. Org. Chem. 2002, 67, 8877 
57 Zechmeister, L.; Sease, J. W.; Sandoval, A. J. Am. Chem. Soc. 1947, 69, 273 
58 Rossi, R.; Carpita, A.; Ciofalo, M.; Houben, J. L. Gazz. Chim. Ital. 1990, 120, 793 
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In order to make an apple pie from scratch 
you must first invent the universe 

 
 

Carl Sagan (1934 – 1996) 
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2.1 A Series of β-Alkylated Oligothiophenes 
 
One major disadvantage with compounds containing extended π-systems is 
their low solubility in organic solvents. This may be attributed to strong 
intermolecular π-π interactions that cause the molecules to form highly stable 
stacks (or “π-slabs”), not easily resolved. It is true that most semiconductors 
rely on electroactive materials in the solid state, where solubility is insignificant. 
But good solubility allows for major simplifications in the actual assembly of 
the devices. Compounds with appreciable solubility may be processed by simple 
evaporation methods such as spin-coating or doctor blade technique. Insoluble 
compounds must be carefully sublimed or vapor deposited in high-vacuum, 
with great effort. With these two latter techniques, it may be difficult to control 
the desired thickness of the thin-film. 
 
Unsubstituted sexithiophene (17), albeit a potent material for FETs,59 is indeed 
very insoluble.60 One simple and commonly used approach to enhance 
solubilities of organic compounds is to introduce solubilizing substituents to the 
molecule. This approach has also been used on oligothiophenes. For instance, 
α,ω-dihexylsexithiophene (18) is described as one of the most promising 
molecular FET-materials.61 Alkyl chains in the peripheral α-positions have little 
effect on the hole mobility of the material, which is of great importance in FET-
applications, but increases the solubility and thereby the processability of the 
material greatly. In the solid state, compounds of this kind form stacks with 
well separated π- and sp3-regions. 
 

S S S S S S
R1R1

R2 R2

 
 

Figure 12. (17): R1, R2 = H; (18): R1 = C6H13, R2 = H; (20): R1 = H, R2 = C12H25

 
On the other hand, if alkyl chains are introduced at the β-positions of the 
oligothiophene, they have a more profound effect on the physical properties of 
the material. Due to intramolecular steric interactions between the β-
substituents, the oligomer backbone is twisted. This is demonstrated by the 
following computer calculations62 of oligothiophene 19, with alkyl chains in the 
peripheral α-positions, and oligothiophene 20 with alkyl chains in two of the 
middle β-positions (Figure 13). From this picture it is obvious that 19 adopts 
one single plane, while 20 forms two almost perfectly orthogonal planes. 

                                                 
59 Horowitz, G.; Peng, X. Z.; Fichou, D.; Garnier, F. Synth. Met. 1992, 51, 419 
60 In my experience, 400 mg of 17 did not dissolve properly in 200 mL boiling chlorobenzene 
(bp ~132 °C), on an attempted recrystallization. 
61 Dimitrakopoulos, C. D.; Furman, B. K.; Graham, T.; Hegde, S.; Purushothaman, S. Synth. 
Met. 1998, 92, 47 
62 The calculations were made with the Gaussian 98 program package and the SCF (Self 
Consistent Field), 6-31G basis set was employed. The choice of rather small basis set was done 
in favor of the affordability of calculations and the emphasis of our interest on the qualitative 
geometries of the complexes, rather than their relative stability. Gaussian 98, Revision A.9: 
Gaussian, Inc., Pittsburgh PA, 1998 
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5,5'''''-Dihexyl-[2,2':5',2'':5'',2''':5''',2'''':5'''',2''''']sexithiophene (19)

3''',4''-Dihexyl-[2,2';5',2'';5'',2''';5''',2'''';5'''',2''''']sexithiophene (20)  
 

Figure 13. Gas-phase optimized structures of two oligothiophenes 
 
This twisting of the oligomer backbone contributes to a lowered mobility 
within the material, since the π-π conjugation along the oligomer chain is 
interrupted. A lowered mobility is of course disadvantageous in semiconductor 
applications and oligothiophenes of this type are therefore not suitable for FET-
applications. 
 
However, β-substituents have another important influence on the material: Due 
to intermolecular steric interactions, the substituents hinder the otherwise so 
effective stacking of oligothiophene molecules in the solid state. 
Oligothiophenes of this kind are therefore usually amorphous, rather than 
crystalline. 
 
In LED-materials it is believed that interchain quenching of excitons, leading to 
non-radiative decay, is one major factor contributing to decreased device 
efficiencies.63 This quenching may accordingly be repressed by disturbing the 
molecular stacking in the solid state structure. Such disturbances give higher 
fluorescence yields and electroluminescence efficiencies, which are two good 
measures of potent LED-materials. However, if the material is too disturbed or 
interrupted, the mobility drops sharply and instead the material becomes useless 
for this reason. Somewhere in between of these two extremes lies the optimum 
for an efficient LED-material. Oligothiophenes selectively alkylated in the β-
positions may therefore be promising LED-candidates. 
 
Such oligothiophenes, for example 20,64 have been known for over a decade.65 

However, all hitherto reported syntheses of building blocks suitable for this 
class of compounds have been non-regioselective. This leads to cumbersome 

                                                 
63 Shinar, J. Synth. Met. 1996, 78, 277 
64 Bäuerle, P.; Pfau, F.; Schlupp, H.; Würthner, F.; Gaudl, K. U.; Balparda C. M.; Fischer, P. J. 
Chem. Soc, Perkin Trans. 2 1993, 3, 489 
65 Ten Hoeve, W.; Wynberg, H.; Havinga, E. E.; Meijer, E. W. J. Am. Chem. Soc. 1991, 113, 
5887 
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separation problems of the obtained region-isomers. Sometimes the isomers 
cannot be resolved at all. 
 
It should also be noted that the β-positions of thiophene is synthetically much 
more difficult to target, as compared to the α-position. Measurements of acid-
catalyzed proton exchange show the rate of proton attack at the α-position to 
be about 1000 times faster than at the β-position.66 The β-position must 
therefore be targeted via indirect methods. 
 
Keeping all this in mind, we decided to try and develop a new synthetic strategy 
for building blocks, fulfilling the requirements of one selectively positioned 
“handle” (in our case a bromide) at one of the α-positions, for the final 
coupling reaction, and one alkyl chain in one defined β-position. 
 
By early introduction of halogen and alkyl chain, we were able to prepare two 
such building blocks (21 and 22), completely free of region-isomer impurities, 
in a five-step synthesis sequence (Paper I). 
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21 22

H21C10

 
 

Figure 14. Structurally defined terhiophene buliding blocks 
 
Our new synthesis contains only relatively simple steps and is suitable for 
several-gram scales.67 Since our route was published, we have been able to 
optimize the last step, which is a ring-closure of a 1,4-diketone to a thiophene, 
even further. Our published method relies on the in situ formation of boron 
trisulfide (B2S3), from boron trichloride and bis(trimethylsilyl)sulfide, as the 
thionating agent. These two reagents are expensive and air and moisture 
sensitive, which are major disadvantages in large-scale preparations. Also, this 
specific silylsulfide reeks horribly. It was Professor Jan Bergman, Södertörn 
University College, who turned our attention to the rather esoteric thionating 
agent 23, which was reported in 196768 and has thereafter appeared very 
sparsely in the literature. It is easily prepared from phosphorus(V)sulfide (P4S10) 
and pyridine, two cheap and readily available reagents, and can be stored at 
ambient temperature and atmosphere without deteriorating. 

                                                 
66 Joule, J. A.; Mills, K.: ”Heterocyclic Chemistry”, 4th Ed, Blackwell Science, Oxford 2000 
(ISBN 0-632-05453-0) 
67 I have at most prepared 11 grams of analytically pure 21 in three days, starting from 
commercially available reagents, using only standard equipment and procedures. 
68 Fluck, E.; Binder, H. Z. Anorg. Allgem. Chem. 1967, 354(3-4), 113 
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Figure 15. Bis-P,P-pyridinium-perthiophosphoric acid-betaine (23) 
 
In our hands, this thionating agent was just as effective as boron sulfide 
(meaning equal yields, see experimental details in Chapter 8), and much more 
pleasant to handle. It is our opinion that this reagent deserves greater attention 
among chemists in the field of thiophene synthesis. 
 
To demonstrate the usefulness of our building blocks 21 and 22, we used them 
to prepare a series of sexi-, septi- and octithiophenes (Figure 16). 
 

S S S S S S

C10H21 C10H21

S S S S S S

C10H21 C10H21

S S S S S S

C10H21

S

C10H21

S S S S S S S

C10H21C10H21

S S S S S S

C10H21

S S

C10H21

S S S S S S S S

C10H21 C10H21

S S S S S S

C10H21 C10H21

In6

Out6

In7

Out7

In8

Out8

Unsym6

 
 

Figure 16. A series of oligothiophenes 
 
The photoluminescence quantum efficiencies69 for these oligothiophenes were 
22-31 % in chloroform solution, but dropped to around 2-5 % in the solid 
state. We believe that these fairly low numbers are due to effective interchain 
quenching of the excited states. It should be noted that all “In”-oligomers show 
a slightly higher efficiency in the solid state, compared to the “Out”-isomers. In 
the “In”-isomers, the steric interactions between the alkyl chains are greater, 
which in accordance with theory increases the fluorescence yields. In solution 

                                                 
69 Photoluminescence quantum yields - relatively uncomplicated to determine - give a rough 
approximation of electroluminescence efficiencies, which are more difficult to measure. 
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however, the “Out”-isomers are slightly more efficient, which is more difficult 
to explain. On the whole, all these oligomers seem to contain too little “sp3-
dilution” to be considered interesting LED-candidates. 
 
However, the main objective of this study was not to develop new LED-
candidates, but rather to a) establish a reliable route to valuable building blocks 
and b) to show that these building blocks can be used effectively in coupling 
reactions to afford higher oligothiophenes. We consider these goals 
accomplished. 
 
 

2.2 Oligothiophene IN6 as Matrix in MALDI-TOF 
 
This section is a perfect example on how serendipity rules scientific outcome.70 
One day nearly two years ago Professor Johan Roeraade, head of Analytical 
Chemistry at our Chemistry Department, was strolling our Organic Chemistry 
corridor for reasons I cannot recall as of now. At that time I had a poster up on 
the wall, which in principle was a summary of Section 2.1 and Paper I in this 
thesis. Roeraade is deeply committed to research in mass spectroscopy, 
especially matrix assisted laser desorption/ionization (MALDI), and one can 
imagine how he is constantly on the lookout for new angles and approaches in 
his field of research. 
 
In a few words, MALDI is perhaps the most important and interesting mass 
spectroscopy technique available at present. It was first described in 1988, 
concurrently by two independent research groups.71,72 In MALDI analysis, the 
analyte is mixed with a matrix material and subsequently subjected to laser 
pulses, which the matrix absorbs. The energy is thus transferred from the 
matrix to the analyte, to give ions of the latter, which may be detected by 
several methods. Most selective and sensitive is the time of flight-detector 
(TOF), which today is capable of detecting single ions of the analyte, under 
ideal conditions. Optimally, the matrix should be a good absorbent at the laser 
wavelength, and chemically inert towards the analyte. Suitable analytes for 
MALDI-TOF have previously been high-molecular weight compounds, such as 
polymers and proteins. No general matrices that cover wide ranges of 
compound classes have yet been put forward, which makes MALDI-TOF 
analysis of new sample types a cumbersome trial and error-procedure. Since 
traditional matrix materials themselves fragment to a great extent, it has not 
been possible to analyze low-molecular weight analytes, because of the poor 
signal to noise-ratio in the lower mass region. Therefore, much effort is 
currently devoted toward finding new matrices to overcome these problems. 
 

                                                 
70 Roberts, R. M.: “Serendipity - Accidental Discoveries in Science”, Wiley, New York 1989 
(ISBN 0471602035) 
71 Karas, M.; Hillenkamp, F. Anal. Chem. 1998, 60, 2299 
72 Tanaka, K.; Waki, H.; Ido, Y.; Akita, S.; Yoshidda, Y.; Yoshidda, T. Rapid Commun. Mass. 
Spectrom. 1988, 2, 151 
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This explains why Roeraade shouted “bull’s-eye!” out loud in the corridor, 
when he realized that our oligothiophenes are soluble in common solvents, 
good absorbents at common laser pulse wavelengths (typically 337 nm), 
chemically stable and indeed good hosts for both positive and negative charges - 
in other words, definitely worth evaluating as new MALDI matrices. 
 
Said and done, I synthesized a new batch of IN6 for Andreas Woldegiorigis, 
graduate student in Roeraade’s group, who immediately set out to evaluate its 
properties in this regard. In fairness to other past and present members of my 
own group, several other matrix candidates were also supplied. I also prepared 
a sample of very pure unsubstituted α-sexithiophene (17), essentially following 
a literature procedure,73 as a reference material in order to determine whether 
our oligothiophenes might be preferable over those materials already known. 
 
The results of this study are available in Paper II. In summary, our molecules 
indeed look promising as matrices for organic low-molecular weight analytes. 
IN6 gives very little fragmentation itself, which makes this possible. The 
ionization mechanism in the positive mode (which is the “normal” mode) seems 
to differ from the usual protonation mechanism. Instead, we believe that one 
electron-abstraction from the matrix is responsible for the formation of cations, 
as oligothiophenes are generally excellent hosts for cation radicals. Another 
observed anomaly was that it was in some cases possible to ionize analytes of 
higher ionization potential than those of the matrices. This is normally 
considered impossible in MALDI74 and we speculate that this fascinating effect 
may be due to energy pooling from several excited and aggregated matrix 
molecules. It should also be noted that the unsubstituted sexithiophene was, due 
to its limited solubility, less attractive than IN6 in this study, because it makes 
sample preparation a more strenuous task than necessary. 

                                                 
73 Nakayama, J.; Konishi, T.; Murabayashi, S.; Hoshino, M. Heterocycles 1987, 26, 1793 
74 McCarley, T. D.; McCarley R. L.; Limbach P. A. Anal. Chem. 1998, 70, 4376 
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Toward Oligothiophenes with 
“In-Chain” Chirality 

C H A P T E R   3 
 
 
 
 
 
 
 
 

We are all in the gutter 
but some of us are looking at the stars 

 
 

Oscar Wilde (1854 - 1900) 
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3.1 Foreword 
 
This chapter is by far the greatest let down of this thesis. It deals with a project 
aiming at oligothiophenes with “in-chain” chirality (defined below), which I 
invested more time in than any other project, during my four years as a 
graduate student. It started off very well, but met with failure at the critical last 
step. Here goes: 
 
 

3.2 Oligothiophenes and Chirality 
 
As already mentioned in section 2.1, physical characteristics and especially 
radiative properties of photo- and electroactive polymers and molecular 
materials depend strongly on the conformation around the π-π conjugated 
main-chain of the molecule. One powerful way of manipulating these 
conformations is to introduce chirality to the material, usually by attaching 
optically active auxiliaries to the molecule. It should be noted that it is not the 
stereogenic centers in these substituents per se that give rise to these effects, but 
rather their contribution to the overall alignments of the molecules, through 
intra- and intermolecular interactions. Enantiomerically pure materials of this 
kind typically display different electric and optical properties, compared to their 
respective racemic mixtures. 
 
Polythiophenes with chiral auxiliaries have been known for over a decade.75 
Except from sheer conformational studies in order to elucidate the origin of 
optical activity in polythiophenes, which still remains somewhat unclear,76 
several possible applications based on chiral conjugated polymers and oligomers 
have been put forward. These include for instance enantioselective sensors77 and 
catalysts.78 Most important of all however, are the possible electro-optical 
applications. 
 
Two crucial factors for optical activity in poly- and oligothiophenes are 
temperature and choice of solvent. Optical activity is generally only observed in 
solvents in which the polymer or oligomer has a limited solubility (“poor 
solvents”). In such solvents the molecules may align in defined helices, whose 
rotations (left or right-handed) are determined by its substituents. In “good 
solvents” the energy barrier between opposite helix conformers and other 
random conformations is diminished to such an extent that the optical activity 
is lost. This also occurs in “poor solvents” at elevated temperatures. Optically 
active materials in the solid state are therefore only obtained by thoroughly 
controlling the evaporation conditions. Meijer et al. have elegantly 
demonstrated this by cooling the same single enantiomer of a polythiophene 
from a poor solvent, either rapidly or slowly, and thereby obtained optically 

                                                 
75 Lemaire, M.; Delabouglise, D.; Garreau, R.; Guy, A.; Roncali, J. Chem Commun. 1988, 658 
76 Langeveld-Voss, B. M. W.; Janssen, R. A. J.; Meijer, E. W. J. Mol. Struct. 2000, 521, 285 
77 McQuade, D. T.; Pullen, A. E.; Swager, T. M.; Chem. Rev. 2000, 100, 2537 
78 Pu, L. Chem. Eur. J. 1999, 5, 2227 
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active materials of opposite rotations.79 This “stereomutation” is, however, a 
rather uncommon occurrence. 
 
In should be stressed that “optical activity” in this context does not refer to 
traditional optical rotation and polarimetry, but rather circular dichroism (CD). 
In ordinary polarimetry, plane polarized light is passed through a sample, which 
is said to be optically active (and by definition chiral) if it rotates the plane of 
polarization. In CD-spectrometry, a sample is subjected to both left-handed and 
right-handed circularly polarized light (Figure 17). If the sample absorbs these 
two differently, it is said to induce circular dichroism. The difference observed 
between these two absorptions is called the Cotton-effect and is usually very 
small (corresponding to less than a hundredth of a degree), which is why CD-
spectrometers are rather expensive and sophisticated analysis tools. The 
physical phenomena that account for these effects are beyond the scope of this 
thesis (and my own expertise and understanding), and shall not be discussed 
further. Roughly speaking, polarimetry provides information about primary 
structures (definition-wise chirality), while CD-spectrometry yields data on 
secondary and macroscopic structures. If chiral substituents cause Cotton-
effects, these are said to exercise “chiral influence” on the material. 
 

a)

b)

c)

d)

 
 
Figure 17. a) Natural light, b) circularly polarized light, c) elliptically polarized 

light and d) plane polarized light 
 
Chiral oligothiophenes occur much less frequently in the literature, than do 
chiral polythiophenes. Since the origin of optical activity is thought to stem 
from stable helix conformations, it has generally been believed that oligomers 
are too short for these to form. There are however some recent examples that 
demonstrate that chiral oligothiophenes may indeed be optically active. For 
example, Rajca et al. have prepared the annelated oligothiophene 24 (Figure 18) 
and shown that it adopts a rigid helix conformation.80 Yashima et al. have 
synthesized a series of regio-regular oligothiophenes with chiral auxiliaries, up 
to the octamer 25, which did show some induced circular dichroism in 

                                                 
79 Bouman, M. M.; Meijer, E. W. Adv. Mater. 1995, 7, 385 
80 Rajca, A.; Wang, H.; Pink, M. Rajca, S. Angew. Chem. Int. Ed. 2000, 39, 4481 
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acetonitrile – a typical poor solvent – but not in good solvents, such as 
chloroform (the lower oligomers were optically inactive in all solvents).81
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Figure 18. Two reported chiral oligothiophenes 
 
One major breakthrough in the applied field of research would be the 
construction of LEDs capable of emitting polarized light. Plane polarized light is 
the foundation of liquid crystal displays (LCDs), which today must include a 
polarizing layer that filters the non-desired light off, with major losses in 
efficiency. Should polarized LEDs be realized, it would simplify the production 
of the LCDs and at the same time enable increased efficiencies in these devices. 
Several other potential devices utilizing plane or circularly polarized light have 
also been proposed, such as optical data storage devices and ultra-thin flat-
panel displays.82 For these reasons, much work has been devoted to this subject. 
 
Polarization ratio is a widely used term and refers to the dichroism along the 
emitting material, divided by the dichroism perpendicular to it. The larger the 
ratio, the higher the anisotropy. It has been estimated that ratios anywhere from 
12-200 are needed for achieving functional polarizing LEDs, depending on the 
desired application.83 Conjugated polymers are certainly able to emit somewhat 
polarized light.84 So far however, the observed ratios from polymers with chiral 
auxiliaries have been much too low for realizing functional devices (typically 
below 1.01).85 A tad disappointing from a synthetic chemist’s point of view, 
much higher ratios (up to 60) have been obtained by aligning polymers – not 
even necessarily chiral - by simply rubbing them back and forth in one direction 
on the device surface. This was first demonstrated by Inganäs et al.,86 and this 
method has since then been used by many others.87 Even “completely 
polarized” (300) light has been obtained, although this refers only to a narrow 
section of the emitted spectrum, unsuitable for practical devices.88

                                                 
81 Sakurai, S.-I.; Goto, H.; Yashima, E. Org. Lett. 2001, 3, 2379 
82 Tian, Y.; Chen, Y.; Zhao, Y. Appl. Phys. Lett. 1999, 74, 19 
83 Grell, M.; Bradley, D. D. C. Adv. Mater. 1999, 7, 895 
84 Dieter, N. Macromol. Rapid Commun. 2001, 22, 1365 
85 For an example, see: Oda, M.; Nothofer, H.-G.; Lieser, G.; Scherf, U.; Meskers, S. C. J.; 
Neher, D. Adv. Mater. 2000, 12, 362 
86 Dyreklev, P.; Berggren, M.; Inganäs, O.; Andersson, M. R.; Wennerström, O.; Hjertberg, T. 
Adv. Mater. 1995, 7, 43 
87 For an example, see: Jandke, M.; Strohriegl, P.; Gmeiner, J.; Brutting, W.; Schwoerer, M. 
Synth. Met. 2000, 111-112, 177 
88 Virgili, T.; Lidzey, D. G.; Grell, M.; Walker, S.; Asimakis, A.; Bradley, D. D. C. Chem. Phys. 
Lett. 2001, 341, 219 
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3.3 BiTOT – A Chiral Building Block 
 
Keeping the above said in mind, we hypothesized that if we could introduce 
chirality into oligothiophenes, not by auxiliaries, but instead by a chiral 
interruption of the oligomer backbone (hence “in-chain” chirality), hopefully 
this would contribute to a greater chiral influence on the material. Such an 
oligothiophene would be very interesting to evaluate for polarizing LED 
properties. Oligomers lack the intrinsically random nature of polymers and 
should therefore be able to align with higher perfection, perhaps even through 
self-organization, thereby hopefully making mechanic aligning methods 
obsolete. At that time, in the beginning of 2000, no oligothiophenes with such 
properties were to be found in the literature. Therefore, my first project as a 
graduate student came to be the preparation of BiTOT (31) (Scheme 1), which 
is a building block that we expected to meet these criteria. It has a short sp3-
interruption with two stereogenic centers and four heteroatoms, sulfur and 
oxygen, in close proximity to the asymmetric centers. Heteroatoms like this are 
known to extend the conjugated π-system over a larger area,89 hopefully making 
the sp3-interruption less abrupt. Also, it is a known fact that the closer the 
stereogenic centers are to the conjugated main-chain of the molecule, the higher 
chiral influence they impose on the material.90 Our building block has chirality 
within the main-chain of the molecule and should thus be even more efficient. 
This five-step synthesis of the racemate d,l-31 was published as Paper III. 
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Scheme 1. Synthesis of d,l-BiTOT: a) DMSO, b) triphosgene, c) i) SO2Cl2, ii) 3-

methoxythiophene, d) NaOH, e) CH3SO3H 
 
Ironically, I was later able to synthesize enantiopure (S,S)-31 via a completely 
different route and in only three steps (Scheme 2 and Chapter 7). This synthesis 
starts with 3-methoxythiophene (32),91 which was selectively lithiated in the 2-
position, quenched with elemental sulfur and reacted with (2S,3S)-1,4-dichloro-

                                                 
89 Remonen, T.; Hellberg, J.; Slätt, J. Synth. Met. 1999, 101, 107 
90 Lebon, F.; Longhi, G.; Abbate, S.; Catellani, M.; Luzzati, S.; Bolognesi, A. Materials Research 
Society Symposium Proceedings 2002, 708, 341 
91 Keegstra, M. A.; Peters, T. H. A.; Brandsma, L. Synth. Commun. 1990, 20, 213 
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2,3-butanediol92 in a one-pot procedure. The obtained diol (S,S)-30 was then 
ring-closed with methanesulfonic acid in refluxing 1,2-dichloroethane, with the 
elimination of methanol, to give pure (S,S)-31 after sublimation in vacuum, in 
good overall yield on a several gram-scale (Scheme 2). 
 

S

OCH3

S
S S

S

HO OHOMe MeO

32 (S,S)-30

a) b)

S

OO

SS S

(S,S)-31  
 

Scheme 2. Synthesis of (S,S)-BiTOT: a) i) n-BuLi, ii) neat S8, iii) (2S,3S)-1,4-
dichloro-2,3-butanediol; b) CH3SO3H 

 
It should be noted though that in 2001, Rajca et al. published a synthesis of an 
oligothiophene with a “chiral 1,1-binaphtyl kink”.93 However, no physical 
measurements, such as CD-spectroscopy and photoluminescence measurements, 
were made and they seem to have prepared it for establishing structure-property 
relationships only, thereby overlooking potential device applications. 
 
Now, having both racemic and enantiopure BiTOT at hand, we thought we 
were close to some very interesting oligothiophenes, could we only couple these 
with appropriate side groups, such as terthiophene 21. As a first measure, 
several functionalizations of (S,S)-31 were made, with little effort, in order to 
obtain compounds suitable for subsequent coupling reactions (Table 1). 
 

Starting material Reagent(s) Product Yield 

NBS S

OO

SS S

(S,S)-33

BrBr

 

99 % 

i) NBS, ii) n-BuLi, 
iii) Bu3SnCl S

OO

SS S

(S,S)-35

SnBu3Bu3Sn

 

97 % (S,S)-31 

(COCl)2, DMF S

OO

SS S

(S,S)-36

O

HH

O

 

43 % 

 
Table 1. Initial functionalizations of (S,S)-BiTOT 

                                                 
92 Vanhessche, K. P. M.; Wang, Z.-M.; Sharpless, K. B. Tetrahedron Lett. 1994, 35, 3469 (I 
scaled up this procedure 100 times and obtained 42 grams of AD-product.) 
93 Rajca, A.; Wang, H.; Pawitranon, T. J B.; Stezowski, J. J. Chem. Commun. 2001, 1060 
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3.4 X-Ray Structures of BiTOT 
 
During the course of this project, we were able to collect good x-ray structure 
determinations of both racemic and enantiopure BiTOT (31) (Figures 19 and 
20). It is apparent that unit cells and preferred conformations differ noticeably 
between the two, which again shows how important stereochemistry is to 
packing and consequently to physical properties of materials of this kind (cf 
section 3.1). Moreover, this analysis confirmed the absolute stereochemistry of 
(S,S)-31 and gave a good indication on the high purity of both compounds. 
 

 
 

Figure 19. X-ray determined solid state structure of d,l-BiTOT (31) 
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Figure 20. X-ray determined solid state structure of (S,S)-BiTOT (31) 
 
 

3.5 Attempted Coupling Reactions 
 
The Stille coupling has always been a pet reaction of mine, and we had a good 
hunch that it would be appropriate for the last step in this case as well. 
However, all reactions failed in one way or the other. We did try a lot of 
variations over the years, to little avail. As time was running out, we moved on 
to microwave reactions for quicker results. We also did quite a few Suzuki 
coupling attempts, but they were just as unrewarding. The closest we ever got 
was trace amounts of one desired product 39, as determined by MALDI-TOF, 
but in such a small quantity that work-up would not be worthwhile. Many 
reactions led to reduced starting materials, while other attempts gave no 
reaction at all or in a few cases non-desired homo-coupled materials (such as 
IN6) and half way-products (such as 38). A selection of the results is given in 
Table 2. The obtained products were mostly isolated by column 
chromatography and identified by MS and NMR. It should also be noted that 
due to low solubility of the starting material, time constraints and lack of 
adequate Wittig reagents, compound (S,S)-36 has not yet been evaluated 
properly. 
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Starting materials Catalyst(s) Products 

S

OO

SS S

(S,S)-33

BrBr

S S S

C10H21

SnBu3

37  

Herrmann’s 
catalyst,94 
Pd(PPh3)4

S S S

C10H21

S S S

C10H21

IN6 (40% yield)

S S S

C10H21

S

OO

SS S

S S S

C10H21

S

OO

SS S S S S

C10H21
38  (40 % yield)

39 (trace amounts)

 

S

OO

SS S

(S,S)-35

SnBu3Bu3Sn

S S S

C10H21

Br

21
 

Herrmann’s 
catalyst, 
Pd(PPh3)4

S S S

C10H21

S S S

C10H21

IN6

S

OO

SS S

(S,S)-31

 

S

OO

SS S

(S,S)-33

BrBr

SnBu3

H17C8 C8H17

40  

Pd(PPh3)4

Starting materials 
Many unidentified byproducts 

No indication of desired product 

S

OO

SS S

(S,S)-33

BrBr

41

S

S

S
B

O

O

 

Pd(OAc)2, 
Na2CO3

or 
Herrmann’s 

catalyst, 
CsF 
or 

Pd(PPh3)4, 
CsF 

S

OO

SS S

(S,S)-33

BrBr

42

S

S

S

 
 

Table 2. Selected results from attempted coupling reactions 
 
It should also be mentioned that (S,S)-33 refused to react with Grignard 
reagents under Kumada conditions, and with aryl zinc reagents under Negishi 
conditions. In these cases, reduction back to (S,S)-31 was the only observed 
reaction and not even traces of coupled material could be detected. To 

                                                 
94 Herrmann’s catalyst, trans-di(µ-acetato)-bis[o-(di-o-tolyl-phosphino)benzyl]dipalladium(II), is 
an air and water stable catalyst, and a good source of palladium(0), that gives very high turn 
over-numbers in a variety of coupling reactions, see: Hogenauer, K. Synlett 2001, 878 
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conclude, BiTOT is obviously too electron rich for conventional metal-catalyzed 
coupling reactions – at least for those we have attempted so far. 
 
One possible solution to overcome these problems, might be the synthesis of 
another BiTOT-analog 44 (Scheme 3), starting not from 3-methoxythiophene 
(32), but instead from 4-methoxy-2,2’-bithiophene (43).95 This would give us 
45 with the “halogen handle” farther away from the electron-rich core of the 
molecule, which we contribute all coupling problems to. 
 

S S

OMe

S

OO

S SS SS

43 44

S

OO

S SS SS

45

BrBr

 
 

Scheme 3. Synthesis of a BiTOT analog (cf Scheme 2) 
 
Nevertheless, due to time constraints, this route has not yet been synthetically 
performed. 

                                                 
95 Blake, A. J.; Hunter, G. A.; McNab, H. Chem. Commun. 1990, 734 
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Porphyrin Derivatives 
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My goal is simple 
It is a complete understanding of the universe 

why it is as it is and why it exists at all 
 
 

Stephen Hawking (1942 –) 
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4.1 Foreword 
 
This chapter is a brief summary of Paper V. It deals with synthesis and 
characterization of symmetrical oligothienyl-porphyrins and some transition 
metal-complexes thereof, which we hope may find use in light-producing and/or 
–harvesting devices. 
 
 

4.2 About Porphyrins 
 
Porphyrins are of paramount importance to several biochemical systems, where 
they participate in different energy transfer processes. For instance, both 
hemoglobin, which is made up of the protein globin and the so called prostheric 
group haem (46), and chlorophyll-a (47) contain porphyrin as the parent 
heterocycle (Figure 21). The former is the agent which carries oxygen from lung 
to tissue via the arterial blood stream in mammals, and the latter is utilized in 
the incorporation of carbon dioxide to carbohydrates - photosynthesis – a 
process on which all life on earth relies. Their striking structural resemblance 
suggests a common evolutionary origin. 
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Figure 21. Haem (46) and chlorophyll-a (47) 
 
Porphyrin synthesis is covered quite extensively in the literature.96 Porphyrin is 
a fully π-conjugated system that is known from biological systems to effectively 
take part in photochemical reactions. It may be modified (or fine-tuned) not 
only by substituents, but also by metal complexation. These reasons explain 
why this heterocyclic system has caught interest among many researchers in the 
field of photo- and electroactive materials. Compounds incorporating porphyrin 
may prove very valuable in organic solar cells97, LEDs98 and 
electrophosphorescent devices.99 Other optical applications, such as active layer 

                                                 
96 For a review, see: Shanmugathasan, S.; Edwards, C.; Boyle, R. W. Tetrahedron 2000, 56, 
1025 
97 Löwe, R. S.; Tomizaki, K.-Y.; Youngblood, W. J.; Bo, Z.; Lindsey, J. S. J. Mater. Chem. 
2002, 12, 3438 
98 Higgins, R. W. T.; Monkman, A. P.; Hothofer, H.-G.; Scherf, U. J. Appl. Phys. 2002, 91, 99 
99 Lupton, J. M.; Klein, J. Chem. Phys. Lett. 2002, 363, 204 
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in rewriteable data storage media (CDs and DVDs),100 have also been put 
forward. 
 
Compounds including both porphyrin and oligothiophenes have been reported 
before. For instance, Effenberger et al. conclude that these systems “represent 
excellent candidates for molecular photonic wires”,101 and Otsubo et al. 
elaborate further on this topic.102 A series of porphyrins bearing oxaalkyl chain 
spacers with oligothiophene end groups was recently reported by Bäuerle 
et al.103

 
 

4.3 Oligothienyl-Porphyrin Synthesis 
 
To the best of our knowledge, no-one has previously reported on 5,10,15,20-
tetrakis(oligothienyl)-porphyrins with solubilizing alkyl chains at defined 
positions on the oligothiophene substituents. 
 
5,10,15,20-tetraaryl-porphyrins are generally synthesized from pyrrole, 
aromatic or aliphatic aldehydes, a Lewis acid and an oxidant according to a 
general protocol developed by Lindsey et al.104 Hence, in order to obtain our 
desired products, we had to develop syntheses of appropriate oligothienyl 
aldehydes (Paper V). Having those available, we were subsequently able to 
prepare two different regio-isomers, H2POR1 and H2POR2 (Figure 22), and 
zinc, palladium and iridium complexes of the latter. It could be noted that 
iridium complexes of thienyl-porphyrins have not been described before. 

                                                 
100 Norsten, T. B.; Branda, N. R. Adv. Mater. 2001, 13, 347 
101 Vollmer, M. S.; Würthner, F.; Effenberger, F.; Emele, P.; Meyer, D. U.; Stümpfig, T.; Port, 
H.; Wolf H. C. Chem. Eur. J 1998, 4, 260 
102 Ikemoto, J.; Kazuo, T.; Yoshio, A.; Otsubo, T.; Fujitsuka, M.; Osamu, I. Org. Lett. 2002, 4, 
309 
103 Schäferling, M.; Bäuerle, P. J. Mater. Chem. 2004, 14, 1132 
104 Lindsey, J. S.; Schreiman, I. C.; Hsu, H. C.; Kearney, P. C.; Marguerettaz, A. M. J. Org. 
Chem. 1987, 52, 827 
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Figure 22. Symmetrical oligothienyl-porphyrins 
 
The porphyrins in this series were rigorously purified by gradient column 
chromatography, until no impurities could be detected by NMR analysis. High 
resolution MS confirms the proposed structures, but yields no data about 
possible contaminations. 
 
 

4.4 Oligothienyl-Porphyrin Characterization 
 
All porphyrins in Figure 22 were sent to the Inganäs group in Linköping for 
evaluation. For us as organic chemists, it is always satisfying when we succeed 
in confusing the physicists with our materials; some of these porphyrins seem to 
display unique photophysical behaviors that are not easily rationalized. It 
should be emphasized that the following measurements are preliminary and 
more studies need to be done before any definitive conclusions can be drawn. 
 
So far, we have been able to obtain the following absorption (Figure 23), 
emission (Figure 24) and excitation (Figure 25) spectra. 
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Figure 23. Absorption spectra 
 

 
 

Figure 24. Emission spectra 
 

 
 

Figure 25. Excitation spectra 
 

 41



First of all, porphyrins H2POR1 and H2POR2 display unusual absorbances at 
longer wavelengths (above 600 nm), and this phenomenon is more pronounced 
for H2POR2, which has its alkyl chains at the peripheral positions. This 
behavior may indicate presence of dimers or other types of aggregates, since 
neither porphyrins nor oligothiophenes typically absorb in this region. 
Porphyrin H2POR2 should be more prone to intermolecular π-π interactions of 
this kind, since it lacks the disrupting β-alkyl chains of H2POR1. As an 
alternative explanation, one could imagine that the samples contain unidentified 
impurities with extraordinarily strong extinction coefficients in this low-energy 
region. On the other hand, no such impurities could be detected by NMR or 
MS analysis. 
 
The emission spectra show strong luminescence for both free-bases H2POR1 
and H2POR2, with a maximum at roughly 725 nm. If the impurity hypothesis is 
incorrect, the luminescence between 500 and 650 nm for H2POR1 is difficult to 
explain. This anomaly is also seen in H2POR2, but to a smaller extent. The 
luminescence seems completely quenched for all metal complexes. As the 
measurements were performed without any attempts to exclude atmospheric 
oxygen, this is a normal behavior. It may also be that the luminescence for the 
metal complexes is shifted to a wavelength region were it could not be detected. 
The presence of phosphorescence cannot be proven until further measurements 
have been made. 
 
In order to shed some light on the relationship between the different 
luminescence bands, so-called excitation spectra were recorded. With this 
method, the efficiencies of different excitation wavelengths are measured at a 
fixed emission wavelength. These spectra show that the luminescence peaks 
around 725 nm, for H2POR1 and H2POR2, are attributed to excitation by light 
between 500 and 600 nm, whereas the luminescence at 570 nm stems from 
excitation by light in the UV-region, plus light at around 490 nm for H2POR1. 
It is therefore tempting to assume that two different luminescent species are 
present in the solution. As stated earlier, we are clueless as to the composition 
of this potential second specie. 
 
One could argue that the analyses were performed in chloroform, which is 
known to become quite acidic on standing. We speculate that the unknown 
specie (if any) could be a protonated porphyrin, but we have no evidence for 
this; no such specie could be detected by NMR, which is also run in 
chloroform, and such a compound would therefore have to be present in very 
low concentration, but at the same time have a profound impact on the 
luminescence. 
 
Finally, it is interesting to note the broad band of excitation for H2POR1 
between 450 and 700 nm. This feature makes this compound attractive for 
evaluation as active material in photovoltaic devices.  
 
A natural next step is to collect all spectra again in dichloromethane – a solvent 
that does not decompose into hydrogen chloride. 
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Improved Synthesis of EDOT 
C H A P T E R   5 

 
 
 
 
 
 
 
 

Chemistry [...] is an art, it's music, it's a style of thinking 
Orbitals are for mathematicians 

Chemistry is for people who like to cook! 
 
 

Alexander Shulgin (1924 –) 
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5.1 EDOT – An Important Monomer 
 
The monomer 3,4-ethylenedioxythiophene (EDOT) (48) (Figure 26) plays a 
fundamental role in both poly- and oligothiophene chemistry. The polymer 
poly(3,4-ethylenedioxythiophene) (PEDOT) (10), which is directly derived from 
monomer 48 by chemical and/or electrical oxidation, is produced at a yearly 
several-ton scale (cf section 1.3). Moreover, many recently reported 
oligothiophenes, such as 49105 and 50106, also contain EDOT as the key 
monomer. 
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Figure 26. EDOT (48) and some oligothiophene derivatives thereof 
 
In this chapter and in Paper VI, we present a new and advantageous method to 
prepare EDOT (48). 
 
 

5.2 The Old Route 
 
Until now, thiophene 48 has been prepared according to a multi-step synthesis 
(Scheme 4), which originates from 1938.107 The synthesis has been improved 
many times since,108 but the industrial synthesis still in use today contains just 
as many steps as the original. 
 

                                                 
105 Jönsson, S. K. M.; de Jong, M. P.; Groenendaal, L.; Salaneck, W. R., Fahlman, M. J. Phys. 
Chem. B 2003, 107, 10793 
106 Turbiez, M.; Frère, P.; Roncali, J. J. Org. Chem. 2003, 68, 5357 
107 Gruha, P. C.; Iyer, B. H. J. Ind. Inst. Sci. A21 1938, 115 
108 a) Fager, W. J. Am Chem. Soc. 1945, 67, 2217, b) Gogte, V. N.; Shah, L. G.; Tilak, B. D.; 
Gadekar, K. N.; Sahasrabudhe, M. B. Tetrahedron 1967, 23, 2437, c) Dallacker, F.; Mues, V. 
Chem. Ber. 1975, 108, 569, c) Thaoker, M. R.; Bhagavant, G. J. Indian Chem. Soc. 1968, 45, 
885, d) Dallacker, F.; Mues, V. Chem. Ber. 1975, 108, 576, e) Mortensen, J. Z.; Hedegaard, B.; 
Lawesson, S.-O. Tetrahedron 1971, 27, 3839, f) Caras-Quintero, D.; Bäuerle, P. Chem. 
Commun. 2002, 2690 
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Scheme 4. a) diethyloxalate, NaOEt, b) 1,2-dibromoethane, NaH, 
c) NaOH(aq), d) CuCO3, Cu(OH)2

 
The first step is the reaction between thiodiacetic acid (51) with diethyloxalate 
under basic conditions, to give thiophene 52. This step has known problems 
with temperature and pressure build-up and run-away reactions are not 
unheard of. The second step is a double Williamson etherification with 1,2-
dibromoethane, which is a carcinogen that is even illegal to use in Sweden 
today. The third step is a normal ester hydrolysis of 53 with aqueous sodium 
hydroxide. The route finally ends with a decarboxylation of 54, catalyzed by 
copper salts, under high temperatures to give the desired monomer 48. To sum 
up – a rather extensive, expensive and potentially dangerous synthesis scheme 
for a relatively simple product. 
 
 

5.3 Our New Route 
 
For an earlier and completely different project, we had prepared multigram 
quantities of 2,3-dimethoxy-1,3-butadiene (51) (Scheme 5).109 Then one day as 
we were drawing reactions on the white board, it suddenly struck us that maybe 
we could allow this butadiene to react with sulfur dichloride (SCl2), to give 3,4-
dimethoxythiophene (52) in one step. This thiophene should then easily 
undergo trans-etherification with ethylene glycol to give EDOT (48) in a second 
simple step. It looked effortless enough on paper – a one-pot addition-
elimination reaction followed by a standard reaction – but our initial 
experiments were rather disappointing. We first tried the addition-elimination 
reaction in dichloromethane, but in this solvent the reaction was too rapid and 
exothermic and gave many byproducts together with very small amounts of 
desired product. Not until we tried hexanes as solvent did we gain some control 
over the reaction, but it still suffered from low yields. We noticed that the 
reaction was always accompanied by formation of large amounts of insoluble 
material, likely with a high degree of elemental sulfur. Also, because of the 
hydrogen chloride evolution, the pH decreased rapidly as the reaction 
                                                 
109 McDonald, E.; Suksamararn, A.; Wylie, R. D J. Chem. Soc. Perkin Trans. 1 1979, 1893 
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progressed. Since the desired product is known to be acid sensitive, we thought 
a buffer might be beneficial. We first tried some soluble nitrogen bases, like 
pyridine and triethylamine, but these seemed completely incompatible with 
sulfur dichloride, and were therefore abandoned. Finally, when we tried an 
insoluble buffer, sodium acetate, were we able to afford the desired product in 
workable yields. 
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Scheme 5. a) NaOAc, SCl2 b) ethylene glycol, cat. p-TsOH 
 
The second step, the trans-etherification of 52 to EDOT (48), was 
straightforward under standard conditions and further details are given in 
Paper VI. 
 
In conclusion, we have developed a much simpler synthesis of EDOT (48), 
which is an important monomer in the field of poly- and oligothiophenes, than 
those currently employed. We believe that our route should be attractive to 
both academia and industry. 
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Atom by atom, molecular beings 
transport me away to the place of my dreams 

A point in space where time is still 
Colliding worlds in limbo until 

 
Extremis 

 
 

From Extremis by HAL (feat. Gillian Anderson) 

 47



6.1 Foreword 
 
This chapter contains two promising projects that we were involved in right to 
the end, but unfortunately had no time to finish. The first one deals with 
annelated oligothiophenes, which occur sparsely in the literature. The second 
one deals with a possible synthetic extension of the oligothienyl-porphyrin 
project (cf chapter 4). 
 
 

6.2 Penta-Thienoacene 
 
Annelated oligothiophenes are not common in the literature and not much is 
known about their synthesis. Our group has earlier reported on an improved 
preparation of dithieno[3,2-b:2',3'-d]thiophene,110 but more extended systems 
are rare. The synthesis of penta-thienoacene (55) was covered in an article series 
from 1989 through 1992 by Kobayashi et al.,111 but as this was a nine-step 
synthesis with very low overall yields, it is quite understandable that it has not 
been repeated by others. 
 
Since annelated oligothiophenes may be anticipated to have interesting 
properties as semiconductor materials, we therefore argued that a new and 
simpler synthesis of 55 would be interesting to develop. None of these materials 
have before been evaluated for semiconductor properties. We herein propose a 
novel strategy toward penta-thienoacene (55) (Scheme 6), in only two steps 
from known materials. 
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Scheme 6. Proposed new penta-thienoacene synthesis: a) i) LDA, ii) CuCl2, 
b) thionating agent 

 
Several grams of thieno[3,2-b]thiophen-3(2H)-one (53) were prepared 
according to a recent procedure.112 After some modification of the original 
procedure,113 we were able to dimerize 53 into 1,4-diketone 54, using LDA as 
base and copper(II) chloride as oxidant in a solvent mixture of THF and DMF. 
Compound 54 was obtained as a viscous, insoluble oil and was therefore rather 
difficult to work with. Several thionation attempts were then made in an effort 
to obtain target compound 55. Boron sulfide (B2S3) did not give even traces of 

                                                 
110 Allared, F.; Hellberg, J.; Remonen, T. Tet. Lett. 2002, 43, 1553 
111 a) Kobayashi, K. Phosphorus, Sulfur Silicon Relat. Elem. 1989, 43, 187, b) Mazaki, Y.; 
Kobayashi, K. Tet. Lett. 1989, 30, 3315, c) Sato, N.; Mazaki, Y.; Kobayashi, K.; Kobayashi, T. 
J. Chem. Soc., Perkin Trans. 2 1992, 765 
112 Leriche, P.; Raimundo, J.-M.; Turbiez, M.; Monroche, V.; Allain, M.; Sauvage, F.-X.; 
Roncali, J.; Frere, P.; Skabara, P. J. J. Mater. Chem. 2003, 13, 1324 
113 Ito, Y.; Konoike, T.; Saegusa, T. J. Am. Chem. Soc. 1975, 97, 2912 
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the desired product according to NMR and MS. Phosphorous pentasulfide 
(P4S10) and bis(trimethylsilyl)oxide114 gave a new product, which in MS had a 
molecular peak at M+32, i.e. with one sulfur atom too many. And as I write 
this chapter, the crude mixture from the reaction between 54 and thionating 
agent 23 still awaits proper analysis. 
 
We still have high hopes for this new route and, once again, it is such a pity that 
time was never on our side during the course of our projects. If we could 
develop this method further and truly come up with a scheme that produces 
penta-thiencoacene (55) in workable yields, we believe it would lead to many 
promising materials to be evaluated in semiconductor applications. For 
instance, alkylated analogs of 55 would be particularly interesting to assess. 
 
 

6.3 Extended Oligothienyl-Porphyrins 
 
For Paper IV, we prepared multi-gram quantities of porphyrins H25BrTTP and 
its zinc complex Zn5BrTTP (Figure 27). The latter was evaluated for its self-
organizing properties in thin-film applications. 
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Figure 27. Two 5,10,15,20-tetrakis(5-bromothien-2-yl)porphyrins 
 
We later realized that these porphyrins should be excellent candidates as 
electrophiles for further functionalization via for instance Stille or Suzuki 
couplings. 
 
Our initial experiments show that H25BrTTP is not suitable for palladium 
catalyzed couplings, since the catalyst instantaneously forms a complex with the 
starting material, as could be anticipated. On the other hand, porphyrin 
Zn5BrTTP, which could be viewed as a metal protected system, looks more 
promising. So far, judging from NMR analysis, it looks like we have been able 
to functionalize three of the four desired positions (Scheme 7). 
 

                                                 
114 Curphey, T. J. Tet. Lett. 2002, 43, 371 
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Scheme 7. Stille coupling results so far. a) i) n-BuLi ii) Bu3SnCl, 

b) i) Pd(PPh3)4 ii) H+/H2O 
 
This particular experiment was run under standard Stille conditions (refluxing 
toluene overnight, 5 mol-% catalyst) with 5 molar equivalents of building block 
56. It is likely that the fully functionalized material could be obtained if we 
increase the ratio between the Stille reagent and the porphyrin. We may also 
have to optimize the reaction conditions further for optimal yields. 
 
It should also, of course, be very interesting to try a wide range of other Stille 
reagents with this system. 
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The fundamental cause of trouble in the world today 
is that the stupid are cocksure 

while the intelligent are full of doubt 
 
 

Bertrand Russell (1872 – 1970) 
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Experimental Details 
 
All operations except where indicated were performed in ambient atmosphere, 
without any special care taken for the exclusion of air or moisture. 1H-NMR 
and 13C-NMR spectra were recorded at 400 and 100 MHz, respectively, on a 
Bruker AM 400. Mass spectra were recorded on a Finnegan SSQ 7000 (Direct 
inlet, Electron impact). THF was freshly distilled from sodium benzophenone 
ketyl, and DMF was distilled from P2O5 and stored over molecular sieves. All 
other commercial reagents and solvents were used as received. Melting points 
are uncorrected. 
 
 
Improved method for 5-bromo-3'-decyl-[2,2';5',2'']terthiophene (21): 1-(5-
Bromothien-2-yl)-2-decyl-4-thien-2-ylbutane-1,4-dione (18.78 g, 40 mmol) was 
dissolved in 300 mL acetonitrile and betaine 23 (21.6 g, 70 mmol) was added. 
The resulting mixture was refluxed overnight and then gently concentrated. The 
resulting crude material was partitioned between 300 mL hexane and 300 mL 
10 % (w/v) Na2CO3 solution. The organic phase was separated, washed with 
200 mL 2M HCl, 200 mL water and then directly passed through a silica pad 
(6 cm wide, 6 cm high) in a glass-filtered funnel. The silica was washed with 
500 mL hexane and the resulting solution evaporated to a yellow solid, 11.0 g. 
This was the desired product of analytical purity. Yield 59 %. 
 
1H-NMR and 13C-NMR spectra were identical to those reported earlier 
(Paper I). 
 
 
(2S,3S)-1,4-Bis[(3-methoxythien-2-yl)sulfanyl]butane-2,3-diol (30): 3-methoxy-
thiophene (33) (2.283 g, 20 mmol) was dissolved in 25 mL anhydrous THF 
under argon. n-BuLi (2.5 M, 8.8 mL, 22 mmol) was added at rt and the 
resulting solution refluxed for 15 min and then cooled to 0 °C. In a brisk 
counterflow of argon, elemental sulfur (641 mg, 20 mmol “S”) was added in 
portions and the resulting solution stirred 15 min at rt. A solution of (2S,3S)-
1,4-dichloro-2,3-butanediol (1.590 g, 10 mmol) in 10 mL abs EtOH was added 
dropwisely and the resulting clear solution stirred at rt for 20 min and then 
refluxed for 2.5 h. The solvents were evaporated and the crude product was 
taken up in 100 mL CH2Cl2. The organic phase was washed with 2x100 mL 
water, dried with MgSO4 and evaporated to a brown oil. This crude product 
was chromatographed over a silica column (3 cm diameter, 12 cm long) with 
EtOAc:hexane 50:50 as eluent. This gave a yellow oil, 2.32 g of adequate purity 
for the next step. Yield 61 %. 
 
1H-NMR, 13C-NMR and MS-spectra were identical to those reported earlier for 
the racemate (Paper III). X-ray of compound (S,S)-31 confirms the absolute 
stereochemistry. 
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2,2'-Bi(thieno[3,2-b]thiophene-3(2H)-one) (54): Diisopropylamine (506 mg, 5.0 
mmol) was dissolved in 5 mL dry THF under argon. The solution was cooled to 
-78 ˚C and n-BuLi (2 mL, 2.5 M in hexanes, 5.0 mmol) was added. After 15 
mins a solution of ketone 53 (703 mg, 4.5 mmol) in 10 mL dry THF was added 
dropwise. 10 mins later, a solution of CuCl2 (672 mg, 5.0 mmol) in 5 mL dry 
DMF was added. The slurry instantly turned deep purple and was left to stir on 
the thawing cool bath overnight. The reaction was quenched by 10 mL 4 M 
HCl and extracted with 3x20 mL CH2Cl2. The combined organic phases were 
washed with 50 mL water, dried over MgSO4 and evaporated. The product was 
purified by column chromatography over silica gel with CH2Cl2 as eluent. This 
gave a viscous yellow oil, 307 mg. Yield 61 %. 
 
1H-NMR δ 4.15 (s, 2H), 7.02 (d, J = 3.0 Hz, 2H), 7.93 (d, J = 3.0 Hz, 2H) 
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The rumor that computer games have an 
adverse affect on children is just plain nuts 

If Pacman ever affected us as kids 
we'd all be running around darkened rooms 

munching strange pills and listening 
to repetitive music 

 
 

Kristian Wilson of Nintendo, Inc. in 1989 
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