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Chapter 1
General introduction

1.1 Conductive polymers

Conductive polymers are build up of a sequence of alternating single and double
bonds, forming an extended m-conjugated system. The simplest example of such a
conjugated polymer is poly(acetylene) (PA). This organic polymer was first prepared in 1958
when Natta et al.( polymerised acetylene in hexane using AIEty/Ti(OPr)s as the initiator
system. It was known as an insoluble and air sensitive black powder when in 1974 it was
again prepared as a silvery film by Shirakawa and co-workers from acetylene, using a
Ziegler-Natta catalyst® 3. However, in its neutral state it was not a conductor, indicating that
the m-conjugated system still does not answer for the conductivity. It was not until the
findings of Alan J. Heeger, Alan G. MacDiarmid and Hideki Shirakawa in 1977; one knew
what made a material conductive. They discovered that oxidation with chlorine, bromine or
iodine vapour made PA films 10° times more conductive than they were originallyt ).,
Treatment with such oxidants was called ‘doping’ by analogy with the doping of
semiconductors. It was for this discovery, which is seen as a major breakthrough in the
research in conductive polymers that the Royal Swedish Academy of Sciences had decided
to award the Nobel Prize in Chemistry for 2000 to these three scientists. Polymers then
were already known for their favourable physical properties: low density, mechanical
strength, low cost, flexibility and easy processability. The combination of the ability to
conduct electricity with these favourable physical properties gave a new dimension to the
fast expanding area of the synthesis of conjugated polymers. Another major breakthrough
was established in 1990 with the observation of electroluminescence (EL) from another
conjugated polymer, poly(p-phenylene vinylene) (PPV)®. This event gave a new boost to
this research area and in the last ten years, it became clear that these conjugated polymers
have a semiconductor behaviour that is as diverse as this of the classical inorganic
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semiconductors. In this new research area of “plastic electronics”, an intense cooperation
between chemists, physicists and engineers is needed to develop this new domain of
technology further.

1.2 Low band gap (LBG) polymers

In the class of conjugated polymers, low band gap polymers form a separate class of
materials. If we describe the electrical properties of a material with the band model, the
definition of a low band gap material becomes more obvious.

In this model, bands arise from the overlap of the atomic orbitals of each atom with
its neighbouring atoms in order to give rise to molecular orbitals which on their turn combine
to energy bands. The way in which atoms or molecules interact with each other determines
the dispersion of the bands. The highest occupied molecular band or the valence band (VB)
is generated by the m-orbitals. The lowest unoccupied molecular band or the conduction
band (CB) is produced by the ©*-orbitals. The band gap (E,), the energy spacing between
these two bands, determines whether we are dealing with an insulator (Eq > 2 eV), a
semiconductor (Eq < 2 eV) or a metal (Eq = 0 eV). For inorganic semiconducting materials
as well as for conventional conjugated polymers, conductivity is only possible when we have
partially empty valence bands or partially filled conduction bands. With this band theory, we
can now visualise the doping-induced changes in the electronic structure, explaining the
conductivity of doped PA found by Hideki Shirakawa, Alan G. MacDiarmid and Alan J.
Heeger. By doping, extra charge carriers are created by adding electron donors or electron
acceptors. In the case of electron donors, electrons are brought into the conduction band
(reduction or n-doping), in the other case, holes are created in the valence band by the
electron acceptors (oxidation or p-doping). In both cases extra localised energy levels are
created between the VB and the CB which on extensive doping lowers the band gap and
increases the conductivity. (Figure 1.1)
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Figure 1.1: (a) Band model of a conventional conjugated polymer; (b) Band model of an n-doped conjugated
polymer; (c) Band model of a p-doped conjugated polymer and (d) Band model of a low band gap polymer

On this model, we can see clearly that the extra energy bands created by doping the
conjugated semiconductor, can either be filled or be empty. They reduce the original band
gap which facilitates the excitation of electrons from the new valence band to the new
conduction band and answers for the conductivity. Investigations showed that the
conductivity of conjugated polymers results from the formation of solitons or polarons and
bipolarons(). In the case of p-doping, a hole -a position where an electron is missing- is
created and can be filled by an electron jumping in from a neighbouring position. As a result,
a new hole is created and so on, which allows charge to migrate along a certain distance of
the conjugated backbone. However, the vacancy does not delocalise completely, as would
be expected from the classical band theory. If an electron is removed locally, a radical
cation, a polaron, is created. If a second electron is removed from an already oxidised
section of the polymer, either a second independent polaron may be created or, if it is the
unpaired electron of the first polaron that is removed, a bipolaron is formed. So in general:
polarons are radical ions (radical cation or radical anion) and bipolarons are either dications
or dianions. Both polymer chain defects can be formed upon reduction or oxidation. Solitons
are other localised defects in the chain which only occur for n-systems with a degenerated
ground state. In such cases, three types can be distinguished: a neutral soliton (a stable
free radical), a cationic soliton or an anionic soliton.

Within this framework to explain the conductivity of conjugated polymers, a low band
gap material can be defined. Nowadays there is still some discussion about the precise
definition of low band gap polymers. The band gap of a conjugated polymer varies between
1 and 4 eV. According to some people poly(2,5-thienylene vinylene) (PTV) with a band gap
of 1.8 eV@® is on the borderline®®, others define a ‘low band gap’ as a conjugated material
with an energy gap smaller than 1.5 eV(10. 1), A typical property of this type of conjugated
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polymer is the fact that they show intrinsic conductivity: the band gap is small enough to
redistribute the electrons easily in an -even weak- electrical field. This property may be very
useful for some possible applications because one normally dopes the polymers to obtain
the wanted electrical or optical properties. Doping, however, is an oxidation or reduction
process in which -often unstable- charged species are created by -most of the time- toxic
dopants. In this way the created polymers are very unstable to oxygen in the air and to
humidity. Often very high doping levels are needed which can change the mechanical
properties of the materials. In this regard, low band gap polymers, which are conductive
without the addition of dopant, can offer an alternative. Reducing the band gap will increase
the population of the conduction band, increasing the number of intrinsic charge carriers.
This type of polymers can also be doped which reduces the band gap even more. As a
result, these polymers absorb light in the near infrared instead of in the visible area of the
spectrum so that they often become transparent upon doping.

1.3 Synthesis of low band gap polymers

Control of the band gap is a research issue of ongoing interest because this “band
gap engineering” may give the polymer its desired electrical and optical properties. There
are different tools to manipulate and minimise the band gap of conjugated polymers. Two
major approaches towards reduction of the band gap are the minimisation of the bond
length alternation along the main chain and the alternation of electron-donors and electron-
acceptors in the main chain®?. This second approach will not be discussed since no
materials of this class will be presented in this dissertation. Before reporting how to find out
what the band gap is, the factors determining the band gap are dealt with first.

1.3.1 Parameters influencing the band gap

According to Roncali(", the band gap of polyaromatic conjugated polymers can be
viewed at as the result of five contributions i.e. the energy related to the bond length
alternation (E), the mean deviation from planarity (E°), the aromatic resonance energy
(E™s), the inductive or mesomeric electronic effects of substituents (Es«) and the
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intermolecular or interchain coupling in the solid state (E™). All parameters are visualised in
figure 1.2.

Esub

Eg = EAr + Ee + [Eres + Esub + Eint (1-1)

Figure 1.2: Parameters determining the band gap

Kiirti et al.3 claimed that the energy gap can be approximated as given in equation
(1-2).

Eg = EgPeierIs + Egnon-plan + Eghetero + Eg1-3,4... + Egch-ch (1_2)

This is another way to express the different contributors to the band gap but in fact the two
equations mean the same. Eg¢e"s is proportional to the average bond length alternation,
Egonvlan depends on the planarity of the polymer (cf. E°), Eger describes the effect of
heteroatoms (which indirectly determine the resonance energy), E4™-4- arises from the
second and higher neighbour interactions and Es"o" describes the effect of interchain
interactions.

The band gap mainly depends on E*. This contribution is related to the difference
between single and double bond lengths. The bond length alternation (Ar) is defined as the
maximum difference between the length of a C-C bond inclined relative to the chain axis
and a C-C bond parallel to the chain axis(*. An aromatic and a quinoid geometry can be
distinguished for all polyaromatics. In the aromatic structure of PT for example, the
thiophene rings are connected by single bonds whereas in the quinoid geometry the inter-
ring bond is a double bond. (Figure 1.3) For the aromatic geometry Ar is negative and tends
to be more and more positive as the quinoid contribution to the geometry increases. In most
cases the quinoid form has a smaller band gap(*9). In figure 1.3 the decrease in band gap for
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poly(thiophene) (PT) is shown as the contribution of the aromatic mesomeric form
decreases(™).
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Figure 1.3: The band gap (Eg) of PT as a function of Ar

By means of theoretical studies, J. L. Brédas calculated the band gap of some
polyaromatics. He found that the calculated Ey for aromatic PT is 2 eV, a value that
approaches the experimental value very well, and for quinoid PT is 0.47 eV('6. Most
polyaromatics, including PT, have a non-degenerate ground state which means that the two
alternative geometries, aromatic and quinoid, are not energetically equivalent. For PT, the
aromatic form is more stable than the quinoid form and thus preferred.

The second parameter influencing Eq is the departure from planarity. Since the
bonds between the aromatic units are essentially single bonds, they allow rotations between
the rings. The orbital overlap varies approximately with the cosine of the torsion angle (6)('"-
18) so that any deviation from coplanarity results in an increase of the band gap. This is
visualised in figure 1.4 where the band gap of PT is plotted as a function of the torsion
angle.
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Figure 1.4: The band gap of PT as a function of the torsion angle @
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A decrease of interring twisting -and thus a reduction of the band gap- was
demonstrated with the synthesis of regioregular poly(3-alkylthiophenes) (P3ATs or
P3RThs). Since the discovery of insoluble PT and the determination of its
electroconductivity in 1980 20 many studies have been completed to improve its
processability. A breakthrough was accomplished in 1985 when poly(3-alkylthiophene) was
synthesised as a soluble, processable and stable polymer(@'-23), Several different synthetic
methods for polymer synthesis were developed including electrochemical polymerisation(24),
oxidative polymerisation®2) and polymerisation by catalysed dedihalogenation of 2,5-
dihalo-3-alkylthiophene, such as nickel-catalyzed coupling of thiophene Grignard
reagentsi?z 23) or dihalothiophene monomers(@). Irregularly substituted PTs have structures
where unfavourable head-to-head couplings cause a sterically driven twist of thiophene
rings, resulting in a loss of conjugation. Therefore, the challenge to develop a method which
would yield regioregular P3ATs remained. In the early nineties this goal was achieved by
different research groups®) and it was proven that these highly regioregular polymers with
long side chains tend to organise themselves in regularly ordered planar structures. The
dense packing of these polymers in the solid state therefore decreased the band gap(@0.31),

The third factor influencing the band gap is the aromatic resonance energy. In 1971,
B. A. Hess and L. J. Schaad reported on a new method of predicting aromaticity®? and
extended this approach to a variety of aromatic systems in the subsequent years(®>-%). By
comparing these calculated resonance energy per electron (REPE) values of the monomer
with the values of the band gap of the polymer(®), one can conclude that the band gap
decreases when the REPE value of the corresponding monomer is decreasing. For
example: REPE (benzene) = 0.065 and E4 (PPP) = 3 eV, REPE (pyrrole) = 0.039 and Eq
(PPy) = 2.5 eV, REPE (thiophene) = 0.032 and Eq (PT) = 2 eV, etc. This trend however is
limited by the chemical stability of the monomer. Furan with an REPE of 0.007 has a lower
stability than benzene and pyrrole which can be an explanation for the high band gap of PF
(2.3 eV).

Introducing substituents can modify both the HOMO and LUMO levels of a
ni—electron system and thus affect the band gap. When grafting an electron donating group,
especially the HOMO will be increased; lowering the oxidation potential of the polymer (it is
easier to withdraw electrons from the HOMO). With an electron accepting group especially
the LUMO is decreased and as a result the reduction potential is lowered (it is easier to put
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electrons in the LUMO and the imported electron is better stabilised). Consequently,
substituting can not only guarantee the solubility of a polymer but also will lower its band
gap.

The last determining aspects of the band gap are possible interchain interactions
between single polymers in the solid state. Due to interchain interactions the macroscopic
functional properties in the solid phase can differ significantly from the intrinsic properties of
conjugated polymer chains in solution. Whereas n—m interchain interactions between -
conjugated polymer chains are generally detrimental for luminescence efficiencies, they are
beneficial for charge carrier mobilities. This can be illustrated with poly(3-alkylthiophene)s(-
%), The regioirregular P3RThs form essentially amorphous films with no supramolecular
order and have low charge carrier mobilities (< 105 cm? V-'s-'). The regioregular P3RThs
form microcrystalline domains in which the polymer chains self-organise into lamella
structures with two-dimensional conjugated sheets formed by interchain stacking. The
mobilities inside these ordered domains are significantly higher (0.01-0.1 cm2V-'s*') and the
regioregular polymers exhibit a band gap of 1.7 eV which is 0.4 eV lower than of the
regiorandom polymer. The n—n interactions between two different regioregular poly(3-
alkylthiophene-2,5-diyl) (P3RTh) strains are visualised in figure 1.5. As mentioned before, a
decrease in Eq in thin films can be attributed to these interactions which will contribute to the
adaptation of a more planar structure.

F=f
Jer)

Figure 1.5: 7—r interactions in P3RTh

These five different parameters are evidently often related to each other: the
substitution of an alkyl group on each thiophene unit in PT not only lowers Est but will also
affect the interring twisting (E°) due to interchain interactions (E™) in the solid state.
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1.3.2 Determination of the band gap

To deduce the value of Eg, several techniques can be applied. Predictions of the
band gap can be made by theoretical calculations. A method that has been widely used to
predict the band structure of conjugated polymers is the valence effective Hamiltonian
(VEH) pseudo potential technique?. The, in this way calculated, band gaps have usually
been in good agreement with experimental data. The experimental determination can be
performed either by electrochemistry (cyclic voltammetry (CV)), ultraviolet-visible (UV-Vis)
spectroscopy or conductivity measurements.

The relationship of optical and electrochemical parameters is shown schematically in
figure 1.641.
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Figure 1.6: Relationship between electrochemically measured onset potentials and the band gap

On the left-hand side of figure 1.6, the density of states of the valence and
conduction band is drawn. On the right-hand side, the potentials for a reduction or oxidation
cycle as a function of accumulated charge are shown. In the case of the oxidation process
no charges will be removed from the polymer electrode until the applied voltage reaches an
onset value which corresponds to the highest occupied states in the valence band. The
onset voltage of the reduction cycle corresponds to the lowest unoccupied states in the
conduction band. So one can say that the band gap is proportional to the difference
between the start of the oxidation (Eo®) and the start of reduction (Eo4)('") and that the
value of these two energies can be derived from the waves obtained in the CV
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measurements. The electrolyte system, of course, has to allow one to perform both
reduction and oxidation in the same system.

To determine Egq from a UV-Vis spectrum (figure 1.7), the tangent on the low
energetic side of the absorption spectrum is drawn. The intersection of this tangent and the
abscissa gives a value for the band gap.

» ) (nm) » EeV)

Figure 1.7: Determination of the band gap from a UV-Vis spectrum

Normally, in a UV-Vis spectrum, the absorbance is plotted as a function of the
wavelength. To make the conversion of nanometre to electronvolt, one can use the equation
of Planck (equation 1-3).

E =hv=hc/A (1-3)

In this equation, E is the energy (in J), h is the Planck constant (6.626 10-* Js), c is the
speed of light (3 108 ms™'), v is the frequency (in s or Hz) and A is the wavelength (in m).
Knowing that 1 eV equals 1.602 10-*° J, calculations can be made for the conversion leading
to the simple conversion equation (1-4).

E (eV) = 1240,8/2 (nm) (1-4)

A third method derives the band gap from the evolution of the conductivity in function
of the temperature. For inorganic materials, the conductivity is related to the band gap by an
Arrhenius-like equation (o = co.eEaKT) where sigma is the conductivity, k is the Boltzmann
constant (1.381 JK') and two times the activation energy (Ea) equals the band gap®“2.
However it has been found that this is not a good method to determine the Eg of
polymers“3). Since in this dissertation we will thus not make use of this method, it will not be
further discussed.
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1.3.3 Approaches towards low band gap materials

Ever since the first low band gap material, poly(isothianaphthene) (PITN), was
synthesised in 1984 by Wudl et al.*4), scientists were eager to synthesise more of these
small band gap polymers. A problem however in the synthesis of conjugated polymers is the
insolubility of conjugated polymers due to their very rigid backbone. In order to obtain
processable polymers, we have to make them soluble. Two possible solutions are within
reach. First, we can make the polymer soluble by introducing long and flexible side chains
on the conjugated structure. Secondly, one can use precursor routes to circumvent the
problem of insolubility. Here, first a soluble, non-conjugated precursor polymer is
synthesised that can easily be processed. After processing this polymer, the precursor can
be converted to the fully conjugated polymer by a simple (e.g. thermal) elimination of a small
molecule. Today, four different precursor routes are known (scheme 1.1): the
dehalogenation or Gilch precursor route®, the sulphonium or Wessling-Zimmerman
precursor route®s: 47, the xanthate precursor route® and the sulphinyl precursor route(#-5Y),
Initially they all were focussed on the synthesis of PPV and were later -if possible- adopted
to deal with the synthesis of other poly(heteroarylene vinylenes). These four routes differ by
their polymerisation conditions (base, solvent, reaction temperature and reaction time),
leaving group (L) and eliminable group (P).

Lpﬁ,i,

Scheme 1.1: Precursor routes towards poly(arylene vinylene)s: Wessling-Zimmerman: L = P = ® SRy
Gilch: L = P = Cl; Xanthate: L = P = SC(S)OR; Sulphinyl: L = Cl, P= S(O)R

The main difference between polymers synthesised via either the side chain
approach or the precursor approach, is their solubility in the conjugated form. The precursor
approach allows synthesis of conjugated polymers without side chains but as a result, these
polymers are not soluble after elimination. Only on the precursor stage these polymers are
soluble and thus can be processed.

Very comprehensive reviews on low band gap materials have been published by
Tour®), Roncali", Kaeriyama®3), Scherf® and Pomerantz('0). It would be impossible to
discuss all the classes of LBG materials. For that reason, the history of certain polymers
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(PITN and its derivatives and PTV and its derivatives) will be presented more in detail in the
introduction of chapter two and three.

1.4 Applications

Since the report of Bourroughes in 1990 on the EL from PPV(®), the research into the
use of organic m-conjugated polymers as the active semiconductor in light-emitting diodes
has advanced rapidly. About four years ago, a pilot line for the commercial production of
polymer light-emitting diodes (PLEDs) has been realised®. Low band gap materials,
however, do not have their (possible) emission in the visible area but in the IR area of the
electromagnetic spectrum and they have low fluorescence efficiencies. For this reason
mostly broad band gap polymers are used in this type of device and LBG polymers are
applicable in devices where luminescence is not important. Although they can be potentially
useful for the fabrication of LEDs operating in the IR®9), this device will not be discussed in
detail. Conjugated polymers have also been proven to be useful as active layer in chemical
and biochemical sensors. Also here a large number of this type of sensors has already been
tested. In a gas sensor for example, the electrical resistance changes when a specific
volatile is present. Different molecules between the polymer chains can change the number
or the mobility of the charge carriers in a different way so that each sensor has its own
response to a certain gas or odour.

Today, the number of possible applications of conductive polymers seems unlimited.
They are being developed for corrosion inhibitors, antistatic coatings, electromagnetic
shielding, compact capacitors, batteries, organic lasers,... Since this dissertation will focus
on the development of new low band gap materials with possible application in organic field-
effect transistors or in solar cells, only these devices will be discussed in detail. Thus, all
materials discussed in the next chapters were designed with an eye to further testing in
such device structures.

1.4.1 Photovoltaic (solar cell) device

The strong interest nowadays in research towards organic solar cells is driven by the
necessity to reduce the production cost of solar cells in order to have a viable alternative for
energy production. The low cost can be realised thanks to, on the one hand the small

12



Introduction

amounts of material needed and on the other hand the relative ease by which large scale
production techniques potentially can be introduced. Even a rather low efficiency (5%)
would be good enough to compete with classical silicon-based (inorganic) solar cells. The
fact that polymers are thin and flexible of course opens a whole range of possibilities.

In 1998, the first conference devoted to organic solar cells was held in France(®”).
Here three types of organic solar cells were discussed: the sensitisation solar cells or dye-
sensitised solar cells of which the Grétzel cell®8 %) is the best known, the molecular organic
solar cells and the polymer organic solar cells. The third type of organic solar cell is the
youngest and its research field grows rapidly. It is this type of photovoltaic device we will
use to test our new synthesised materials. From this viewpoint low band gap materials are
excellent candidates for photovoltaic applications since the optical absorption of this class of
conjugated materials covers most of the solar spectrum. The photovoltaic effect involves the
production of electrons and holes under illumination, and their subsequent collection at the
opposite electrodes®. 61, Thus, photovoltaic cells are devices, which transform radiation
energy into electricity and in this respect they can be considered as inverse to LEDs. The
photophysics of a polymeric photovoltaic cell device is based on an extremely fast electron
transfer from light absorbing (donor-type) semiconducting conjugated polymers to
embedded fullerene (Ceo) molecules or acceptor-type conjugated polymers (e.g. CN-PPV).
After this electron transfer, the charges are transported to the electrodes: the electrons via
hopping through the fullerene network and the holes are carried by the conjugated polymer.
Time-resolved spectroscopic studies have shown that the photoinduced electron transfer in
donor-acceptor (D-A) mixtures of conjugated polymers and methanofullerenes occurs on a
time scale of about 45 fs62, Since this is several orders of magnitude faster than the
radiative and non-radiative decay of photoexcitations, the quantum efficiency for charge
transfer and charge separation is close to unity. The electron transfer is also reversible but
the back electron transfer is many orders of magnitude slower than the photoinduced
forward electron transfer. Hence, polymer photovoltaic cells are considered to be promising
devices for solar energy production. However, the conversion efficiency in n-conjugated
polymer/fullerene solar cells, is limited(®3. 84, Efficient charge separation occurs only at the
D-A interface: photoexcitations created far from the D-A junction recombine before diffusing
to the heterojunction. Even if charges are separated at the D-A interface, the efficiency is
limited by the low carrier collection efficiency. To overcome this limitation, an
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interpenetrating donor/acceptor network approach has been suggested(®. 63. 65 |n such a
single composite photoactive film, where donors and acceptors are blended, a “bulk
heterojunction” is formed between the electron donors and acceptors. Significant
improvement of the power conversion efficiency of the photovoltaic cells is achieved in this
way compared to the photovoltaic cell device in which a fullerene layer is introduced
between the anode and the polymer layer. These two device constructions are presented in
figure 1.80. The main difference between a device with a bulk heterojunction and a device
with a linear heterojunction of two organic thin films is the effective interaction area between
the donor and acceptor components. In the first it is dispersed over the entire volume of the
composite layer, in the second it is the geometrical interface.

ANODE (AL) ANODE (AL) —»

P-TYPE —+ / P-TYPE/N-TYPE —

(a) bilayer (b) composite

Figure 1.8: Device construction of an organic photovoltaic cell

Nowadays, strategies to achieve higher efficiencies are explored by looking at a
whole range of different aspects. Physicists look further into the device construction and the
optimalisation of the film morphology. To improve the energy conversion efficiency of a
device, the absorption of light, the charge carrier generation and the selective transport and
collection of charges at the electrodes have to be optimised. A challenge to chemists is the
synthesis of new and better materials. In this respect, low band gap materials are promising
since they may improve the efficiency by increasing the absorption in the visible and near
infrared region of the solar spectrum). Reports however on such low band gap systems
are scarce(® 6668 and various aspects need to be considered when designing new low band
gap polymers for photovoltaic applications. After all, a drawback of reducing the band gap is
the decrease of the open circuit voltage (Vo) of the device. As a consequence the optimum
band gap of a photovoltaic device is at 1.35 eV®) or, as other theoretical calculations
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indicate, at 1.4 to 1.5 eV(9. In our design of a low band gap polymer for application in bulk
heterojunction photovoltaic cells we aim at a band gap in the 1.3-1.7 eV region, as this
seems a reasonable compromise at the moment of optical absorption and expected open
circuit voltage. First conjugated polymeric photovoltaic devices showed efficiencies below
0.05%". However major increases in efficiency are obtained since. In 2001, Saraciftci et al.
reported an efficiency of more than 2.5%(2, a year ago an efficiency of nearly 3%(% was
reached and in the beginning of this year photovoltaic devices with an efficiency of around
3.5% were produced(. This only indicates the progress made in this research field and the
potential for further improvement.

1.4.2 Organic Field-Effect Transistor (OFET)

The principle of the field-effect transistor (FET) was first proposed by Lilienfeld in
19309, Essentially, a FET operates as a capacitor where one plate is a conducting channel
between the source and drain electrodes. The density of charge carriers in the channel is
modulated by the voltage applied to the second plate of the capacitor, the gate electrode.
Thus with no voltage between the source and the gate electrodes the FET is in its insulating
state. By application of a voltage between these electrodes, the device can be switched to
the conducting state, which results in the creation of charge carriers. Three types of FETs
can be distinguished®: a metal-insulator-semiconductor FET (MISFET), a metal-semi-
conductor (MESFET) and a thin film transistor (TFT). Organic field-effect transistors were
fist described in 1986 by Koezuka and co-workers(’”. 78), The conjugated polymer that was
used was PT and the transistor yielded a carrier mobility of about 10 cm2 V-'s. In this
paragraph, only the architecture of the OTFTs will be discussed. Already a lot of reviews
concemning these OTFT have been published(s. 7%-88) and for a detailed description of the
used materials, designs and applications we would like to refer to them. In figure 1.9 two
common device configurations used in OTFTs are shown®), In the top-contact device (a),
the source and drain electrodes are evaporated onto the organic semiconducting layer while
in the bottom-contact device (b), the organic semiconductor is deposited onto
(prefabricated) source and drain electrodes. Since the majority of organic semiconductors
exhibit p-type behaviour, the conductivity is carried by holes. The magnitude of the negative
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voltage applied to the gate determines the amount of current flowing between the source
and the drain.

Semiconductor ?"wlniuulldtw'.ur
Source / Drain /
. / :
Source Drain
Insulator Insulator
Gate Gate
Substrate Substrate

@ ®)

Figure 1.9: OTFT device configurations: (a) Top-contact device (b) Bottom-contact device

The crucial parameter of the application of FETs in electronics is the switching
speed, also called modulation or on-off ratio (lo/lor). This is the ratio of the conductivities
with the gate voltage switched on and off, respectively. To obtain the high on-off ratios of >
108 required in practice, a high mobility of the charge carries (the holes) is required. This is
the weakest point of FETs. A high on-off ratio can also be achieved if the pristine
semiconductor contains a very small number of charge carriers as shown in equation (1-5).
As a consequence, the material needs to be extremely pure. Incomplete purification of the
polymers results sometimes in the presence of minute amounts of dopants, which create
charge carriers in the polymeric semiconductors. These carriers are undesirable since they
increase the conductivity in the OFF-state and consecutively lower the on-off ratio.

Ion/loff“‘}llcand(s:}lNe (1'5)
In this equation, o is the conductivity, 1 the mobility (in cm?V-'s"), N the number of charge
carries and e the electron charge. The mobility gives a measure of how easily holes (or
electrons) drift through the semiconductor in response to an electric field. This field-effect
mobility e can be determined from the current-voltage (I-V) characteristics of the transistor

with the formula (1-6)(8.89),

lgs sat = HLFE G (W/2|-) (Vgs - Vt)2 (1'6)
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In this formula, W and L are the width and the length of the channel between the source and
the drain, C; is the capacity of the isolating layer, Vg is the gate voltage and V; is the
threshold voltage. By plotting the square root of lsssat @s a function of Vs, pre can be
determined from the slope of the straight line and V; from the extrapolation to the Vs axis.

When looking to the progress in performance of OTFTs from 1986 to the present,
one can observe an impressive increase in mobility which was achieved either by improving
the processes used to the fabrication of the transistors or by synthesising new organic
materials. Thus, also in this field of research, an extended collaboration between physicists
and chemists is vital to gain better device performances. These field-effect transistors are
promising for use in low-cost applications such as displays, smart cards, electronic
(identification) tags, anti-theft markers and sensors.

1.5 Aim and outline of the thesis

The aim of the research that is described in this dissertation is to discover well
defined and reliable synthetic pathways towards new low band gap materials which are all
based on a thiophene unit. The reason for the need of these well defined pathways is their
limited number existing today. In this way we can measure the intrinsic properties of these
materials. As mentioned before, a problem in the synthesis of such materials is the
processability. Due to their high rigidity, their processability is poor which complicates their
use in the introduced devices. In chapter 2 we will overcome this problem by implanting long
alkyl chains on the monomer. These groups will increase the solubility of the corresponding
polymers. In this chapter, the synthesis and characterisation of substituted
poly(isothianaphthene)s is presented. Despite the rather low molecular weights, the material
is also tested in a photovoltaic device. Another way to overcome the difficulties in the use of
the polymers is to work via a precursor route. Both the sulphinyl as the xanthate precursor
route will be used in the synthesis of 3,4-disubstituted poly(2,5-thienylene vinylene)
derivatives. The latter only will be used when the sulphinyl route is not an option due to
problems in the monomer synthesis. This monomer synthesis as well as the polymerisation
is described in chapter 3. Chapter 4 deals with the synthesis of poly(2,5-thienylene vinylene)
(PTV) via the xanthate route. Also other xanthate groups -as the conventional O-ethyl
xanthate- are explored. In chapter 5, a new precursor route is investigated and applied in
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the synthesis of PPV and PTV. Here, also the copolymerisation behaviour of these
monomers is studied. The synthesis and characterisation of another group of materials is
presented in chapter 6. Two different thienyl substituted premonomers towards substituted
poly(p-phenylene vinylene) are described. Some ideas for future work are presented in
chapter 7 and the dissertation is completed with two summaries: one in English, followed by
one in Dutch.
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Chapter 2

Soluble isothianaphthene based polymers:
poly(isothianaphthene) (PITN) and
poly(1,3-dithienylisothianaphthene) (PDTI)
derivatives

2.1 Poly(isothianaphthene)’
2.1.1 Introduction

As already mentioned in chapter one, poly(isothianaphthene) (PITN) was the first low
band gap polymer to be synthesised(). Wudl et al. obtained the polymer via electrochemical
polymerisation of isothianaphthene. The idea of synthesising PITN came with the idea that it
would exhibit a higher stability and perhaps a higher conductivity than poly(thiophene) (PT).
On explaining the factors that determine the band gap (chapter one), it was already stated
that the contribution of the quinoid resonance structure should be increased in order to
reduce the band gap of aromatic PT. By fusing a diene in the 3- and 4-positions of PT, and
thus creating PITN, this was accomplished. A joint experimental and theoretical study of the
structure of PITN( 3 showed that PITN has a quinoid structure with a band gap of 1.1 eV,
one full electronvolt smaller than that of PT. Nevertheless, the aromatic geometry of PITN
was calculated to possess an even lower band gap of 0.6 eV®. This can be explained by
the model which indicates that on going from PT to PITN, the minimum in bond length
alternation has been passed (figure 1.3) and that the quinoid geometry has been stabilised
too much.

" Part of this work has been published in J. Polym. Sci.: Part A: Polym. Chem. 2003, 41, 1034-1045.
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Since the discovery of PITN, many papers have appeared which describe the
synthesis with a variety of chemical and electrochemical methods. The different routes that
are presently known are presented in scheme 2.1.

Scheme 2.1: Different synthetic routes towards PITN:
i) electrochemical polymerisation or H2SO4; ii) NalO4 or H20; i) Al203; iv) FeCls, O2 or NCS; v) H2SO4 or NCS;
vi) electrochemical polymerisation or CHsSO3H; vii) SO2Cl2, SOCl2, NCS or electrochemical oxidation; viii) P4S1o;
ix) AT; x) PCls; xi) tBuSH/CFsCOOH or NaSC(S)OEt

Several groups reported on the synthesis of PITN, based on the electrochemical
polymerisation of isothianaphthene 1('. 59). Isothianaphthene 1 was prepared in two steps
from 1,3-dihydrobenzo(c)thiophene 2 via 1,3-dihydrobenzo(c)thiophene-2-oxide 3(19). Since
1 was unstable, Jen and Elsenbaumer showed an easy route to PITN by chemical oxidation
of 2 with iron(lll)chloridet. The conversion of 2 into PITN could also be performed with O,
or with N-chlorosuccinimide (NCS)®. The polymerisation of 3 with sulphuric acid and the
dehydrogenation of the precursor poly(1,3-dihydroisothianaphthene) 4 with sulphuryl
chloride (SO,Cl,)("2 or thionyl chloride vapour (SOCI,)("3 are the last possibilities in the list
of the “classical pathways” towards PITN. These routes however are difficult and too
expensive to perform on an industrial scale. In the last decade, there has been performed
extensive work in our research group on the development of a straightforward chemical
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polymerisation route towards PITN, in which various isothianaphthene derivatives were
utilised+17). In 1991 it was found that it is possible to treat phthalic anhydride 5 or phthalide
7 with phosphorus pentasulphide (P+S+o) to obtain PITN in one step in a reasonable yield(*4).
Mechanistic studies were performed and based on the observed intermediates; it was
proposed that both reactions occurred by a sequence of thionation, isomerisation, and
polymerisation reactions(*. The first step is a substitution reaction in which a carbonyl
(C=0) is converted to a thiocarbonyl (C=S) functionality. Recently, also the polymerisation
of dithiophthalide 8 and 1,1,3,3-tetrachlorothiophthalan 9 towards PITN were described('?).

Already since halfway the eighties, low band gap conjugated polymers have aroused
extensive interest because of their peculiar behaviour and properties which are quite
different from those of “classical” broad band gap conjugated polymers. Still, at the moment,
few reports are available that lead to good processable materials, which would open
possibilities for thorough characterisation. PITN fulfils all expectations of a low band gap
polymer (highly conductive, transparent after doping) but has the disadvantage of being
insoluble and thus not processable. A possible answer to this problem is the synthesis of
substituted analogues of isothianaphthene as new monomer precursors to soluble PITN(
2, Few substituted PITNs have been described to date. (Figure 2.1) This is probably due to
the perceived difficulty in synthesising suitable monomers.

R =COPh

R =C)oHy, R=Cl

R = C(CHy)s R = OCH,
R=F R = OCgHy3
R=CH,

R R R FF O oo
4@ 49# FﬁF
n S n S n 3 n n S n
Figure 2.1: Substituted PITNs described in literature

Introduction of substituents will not only increase the solubility but at the same time
will influence the ionisation potential or the electron affinity. Theoretical calculations indicate
that when alkyl chains are grafted onto the 5- and/or 6-position, the influence on the band
gap is in general rather low®. 29, Another possibility to introduce processability of PITN
consists of the synthesis of processable precursor polymers which may be converted to
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PITN in a simple way. Recently, such a stable and soluble precursor was obtained by
cationic, low temperature polymerisation of 2-thioalkylisothianaphthene().

In the following paragraphs, a convenient and new procedure towards the synthesis
of dithiophthalides substituted by alkyloxy and thioalkyl groups is presented. Also, the
thermal and non-oxidative polymerisation of these monomers towards poly(5,6-
dioctyloxyisothianaphthene) and poly(5,6-dithiooctylisothianaphthene) is discussed.

2.1.2 Monomer synthesis

It has been demonstrated previously that dithiophthalides are excellent precursor
monomers towards PITN(7), (Scheme 2.1) Consequently a search for new synthetic routes
towards substituted dithiophthalides seemed to be absolutely needed. In scheme 2.2 an
overview of the full monomer synthesis is presented.

Starting from 4,5-dichlorophthalic acid 10, the carboxylic groups were protected by
esterification with ethanol. A nucleophilic substitution with thiooctyl anions generated from
sodium thiooctalate was performed. Although for this type of reaction, dimethylformamide
(DMF) or dioxane is usually used as a solvent, we found that a toluene/N-methylpyrrolidone
(NMP) solution in a 20:1 ratio assured the effective reaction course®'). As the preparation of
the thiol salt, either with sodium metal or a sodium hydride suspension, always generates
noticeable quantities of disulphides, a twofold stoichiometric excess of thiol was used to
support a sufficient concentration of the octylthiolate. After heating at 120°C, the desired
diethyl 4,5-dithiooctylphthalate 12 was purified by column chromatography. To obtain the
respective 4,5-dialkyloxylated diester 17, we adapted a synthetic method for
phthalocyanines that was published by Drager and O'Brien®2. The commercially available
2,3-butadione 13 was first converted into 2,3-bis(trimethylsilyloxy)butadiene 143, which
then underwent a Diels-Alder condensation with dimethyl acetylenedicarboxylate to give the
adequate cyclohexanedione 15. The latter was then aromatised by the reaction with
bromine; next, the obtained catechol (4,5-dihydroxyphthalic acid dimethyl ester 16) gave 17
in a Williamson ether synthesis with 1-octylbromide.
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Scheme 2.2: Synthesis of 5,6-dithiooctyl- and 5,6-dioctyloxythiophthalides 23a,b:

i) EtOH, toluene, H2SOq cat., reflux; i) CsH1zSNa, toluene-NMP (20/1), 120°C, 20 h; iii) TMSCI, LiBr/EtsN;
iv) dimethyl acetylenedicarboxylate, DA; v) Bra/CCls; vi) CeH17Br, K2COs, acetone, reflux, 48 h; vii) KOH, MeOH,
40°C, 12 h; viii) Ac20, 120°C, 2 h; ix) Na2S.4H20, CH:Cl2, 40°C; x) NaBH4, THF, -5°C; xi) AcOH/HI 57% aq.
soln., 120°C, 2 h; xii) P4S10, NaHCO3, CH2Cl2, 40°C, 40 h

Both the intermediate 4,5-dithioalkyldiester 12 and 4,5-dialkyloxydiester 17 were then
hydrolysed in a 20% methanolic solution of KOH, and this was followed by the acidification
of the resultant salts with diluted HCI®4). After extraction, diacids 4,5-dithiooctylphthalic acid
18a and 4,5-dioctyloxyphthalic acid 18b were obtained in almost quantitative yields. These
last two compounds were dehydrated via heating with Ac,O to form the respective
anhydrides 5,6-dithiooctylphthalic anhydride 19a and 5,6-dioctyloxyphthalic anhydride
19b0), The next step was the conversion of the anhydrides to their corresponding thio
analogues, 5,6-dithiooctylphtalic thioanhydride 20a and 5,6-dioctyloxyphtalic thioanhydride
20b, by a reaction with sodium disulphide. After the use of commercially available sodium
sulphide nonahydrate, which only yielded about 20% of the desired thioanhydride, the
efficiency could be substantially improved by drying the nonahydrate by means of an
azeotropic distillation with toluene. The obtained orange sodium disulphide tetrahydrate
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seemed to be a better reagent, and 20a was obtained in a yield of 75%; 20b was obtained
in a moderate yield of 43%.

Recently, dr. I. Polec in our group developed an efficient procedure for a 2-step
reduction reaction, to convert thioanhydrides to 2-thiophthalides®). Regarding the generality
of this process, we applied it also here. After a low-temperature reduction of thioanhydrides
with sodium borohydride, the respective 5,6-disubstituted 3-hydroxylated intermediates 5,6-
dithiooctyl-3-hydroxy-2-thiophthalide 21a and 5,6-dioctyloxy-3-hydroxy-2-thiophthalide 21b
were synthesised with a yield of 90%. The reduction with AcCOH/HI led to the corresponding
2-thiophthalides, 5,6-dithiooctyl-2-thiophthalide 22a and 5,6-dioctyloxy-2-thiophthalide 22b.
The effectiveness and high selectivity of this transformation were in good agreement with
our previous experiences. The expected dithiophthalides 5,6-dithiooctyldithiophthalide 23a
and 5,6-dioctyloxydithiophthalide 23b were finally obtained in the thionation reaction
performed in the presence of P4S1.

2.1.3 Polymerisation

The thermal polymerisation of 23a was performed at 155-160°C in a 0.4 M o-xylene
solution and in the presence of a catalytical amount of p-toluenesulphonic acid (p-TsOH).
(Scheme 2.3) After treatment with methanol (MeOH) and removal of the solvent, a Soxhlet
extraction of 24a with acetone gave an oligomer fraction (15%, My = 1167, PD = 1.05) and a
“polymer fraction” (73%, My = 6667, PD = 2.26)f. The polymer had a very good solubility in
chloroform, chlorobenzene and other commonly used organic solvents.

Hy7CeX XCgH 7 Hy7CeX XCgHyy
AT
—
S p-TsOH
S n
23a,b 24a,b

Scheme 2.3: Polymerisation of dithiophthalides 23a,b (X =S (a), O (b))

T Mw (weight-average molecular weight) and M» (number-average molecular weight) were obtained via GPC (gel
permeation chromatrography) with DMF as the eluent. The polydispersity was calculated from PD = Mw/Mn
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Monomer 23b was polymerised in a 0.4 M o-xylene solution at 155-160°C, with a
trace of p-TsOH as a catalyst (15 mol%). Poly(5,6-dioctyloxyisothianapthene) 24b with a
molecular weight of 5918 (PD = 2.35) was obtained as a black, shinny material after
treatment with MeOH. The degree of polymerisation (DP = 14) was very similar to this
obtained for 23a.

2.1.4 Characterisation of monomers and polymers by NMR spectroscopy
(T1 determination)

When the 'H NMR spectra of polymers 24a and 24b were recorded, the aromatic
resonances were not clearly visible. Therefore the spin-lattice relaxation times (T1) were
determined. The knowledge of these relaxation times is indispensable to acquire a
quantitative spectrum since in that case a preparation delay of five times the longest T4
relaxation decay time has to be respected between consecutive pulses in order to let the
magnetisation return to equilibrium.

Under normal circumstances, two relaxation processes of proton nuclei are possible:
spin-spin relaxation and spin-lattice relaxation. Two factors mainly determine the spin-lattice
relaxation time: i) the environment i.e. the number of protons: the more protons are present,
the faster the relaxation can occur and ii) the mobility: the more mobile the chain segment,
the longer the relaxation time. The same is true for the relaxation of carbon nuclei. In
chapter six, T1c values of all the carbons in the synthesised monomer are presented. The T
decay times of all proton (or carbon) resonances of a material can be determined by means
of an inversion recovery experiment. Here a series of 'H NMR spectra were recorded using
the pulse sequence shown in figure 2.267),

1802. 902.

Figure 2.2: Pulse sequence for determining the spin-lattice relaxation time T1
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After the 180° pulse, My lies along the (-z) direction. (Figure 2.3) During the variable
time t the system relaxes with the rate constant k = Ty (the spin-lattice relaxation is a first-
order process). When t = 0, M, ~ - Mo, but M; tends to be more and more less negative
when t becomes longer. The situation in which M, = 0, is important for the quantitative
measurement of Ty and here t = 1,0. For greater values of t, M, again becomes positive
and gets more and more positive until the system has finally returned to the equilibrium
value M; = M.

Figure 2.3: Evolution of the magnetisation M with time t after a 180° pulse

In view of the fact that Mo and M, are not directly measurable quantities, the
magnetisation component M; is rotated into the direction of the y'-axis by a 90° pulse in the
second phase of the pulse sequence after the delay t. In this way a transverse
magnetization component My is given which can be observed. The intensities | of the NMR
signals obtained after the Fourier transformation are proportional to the components M.
The spin-lattice relaxation process can therefore be described by equation (2-1) from which
T1 can be calculated.

[=1o(1-2exp(-t/T1)) (2-1)

The T4 decay times of all proton resonances of the side chain of the polymers 24a
and 24b, determined through an inversion recovery experiment, are listed in table 2.1 and
2.2. Since the longest T decay times are of the order of 1.1 sec, preparation delay times of
at least 5.5 sec (a total acquisition time of 42 minutes for 460 repetitions) are needed.
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Hydrogen atom & (ppm)  Tin (sec) Hydrogen atom S (ppm)  Tin (sec)
-CH2S- 3.11 0.29 -CH20- 4.08 0.31
-CH2CH.S- 1.74 0.37 -CH2CH20- 1.87 0.25
CHs(CHz2)sCH2CH2S- 1.23 0.73 CH3(CHz)sCH2CH20- 1.27 0.64
CHs- 0.86 112 CHs- 0.87 1.01
Table 2.1: T1 values of the side chains of 24a Table 2.2: T1 values of the side chains of 24b

The '"H NMR spectra of monomer 23a and polymer 24a are presented in figure 2.4.
For 23a, the aromatic protons 4 and 7 are assigned to the resonances around 7.9 and 7.3
ppm (overlap with residual CHCl; line) respectively. The benzylic protons in the 3-position
appear at 4.4 ppm. The methylene groups directly connected to the sulphur in the thiooctyl
chain appear at 3.1 ppm. The other methylene and methyl resonances of the side chain are
situated between 0.7 and 1.9 ppm. In the polymer fraction, one can notice the absence of
the signal at 4.4 ppm. Because we are dealing with a rather rigid polymer system and the
molecular mobility is correlated with the spin-spin relaxation time (T-), a short T, value will
lead to broad NMR signals. The protons of the rigid aromatic rings are so broad that they
even become difficult to detect: a broad band with superimposed sharp peaks is observed.
The latter can be assigned to the aromatic protons of oligomers whereas the broad line
arises from higher molecular weight chains. The methylene groups directly connected to the
sulphur in the thiooctyl chain appear in the region 3.4 — 2.8 ppm.

H H
H;7CsS SCsHy7
6 5 "
7 4
—
1 3 U
S S h 'L.__L

3 (ppm)

Figure 2.4a: 'H NMR spectrum of 23a
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Figure 2.4b: "H NMR spectrum of 24a (the spectrum at the right shows the aromatic region blown up
approximately 35 times)

The H NMR spectrum of polymer 24b is very similar compared to the spectrum of
polymer 24a: the benzylic protons, in the 3-position of monomer 23b (at 4.4 ppm), also
disappear in the spectrum of the polymer. Also in this spectrum, it becomes difficult to detect
the signals of the aromatic protons, and a broad band with superimposed sharp peaks is
observed. The broad peak in the region 4.2-3.9 ppm is consistent with the protons of the
methylene group next to the oxygen.

2.1.5 UV-Vis spectroscopy and cyclic voltammetry (CV)

A further spectroscopic study through UV-Vis spectroscopy was performed on the
polymers 24a and 24b. As already mentioned in chapter one, the band gap can be
estimated in this way. The two soluble PITN derivatives were also investigated via CV which
implies another way to determine the optical gap of the material. The results of both
analyses are presented in this paragraph.

UV-Vis spectroscopy:

Films of the polymers were prepared via spin-coating from a chloroform solution (1.5
wt%) on a quartz disc at 1000 rpm (rotations per minute). For 24a, the polymer absorption
shows two broad features peaking around 3.8 eV or 329 nm and 1.7 eV or 710 nm, the
|latter is corresponding to the m — =" transition. (Figure 2.5) From the low-frequency onset
(dotted line) of this absorption, a band gap of approximately 1.2 eV was estimated. Exactly
the same could be seen for compound 24b: also here a band gap of approximately 1.2 eV
was deduced from the spectrum.
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Figure 2.5: UV-Vis spectrum of 24a

Cyclic voltammetry:

CV was applied to investigate the redox behaviour of the polymers and to estimate
the HOMO and LUMO energy levels. Figure 2.6 shows the traces of the n-doping and p-
doping processes for each polymer. Both presented stable p-doping (oxidation) upon
cycling, whereas n-doping (reduction) proved to be less stable. The anodic peak was
exhibited at about 0.80 V for 24a with a corresponding cathodic peak at 0.65 V. The anodic
peak was not clearly observed for 24b and the re-reduction (p-dedoping) was located at
0.74 V. In the reduction curve, no peak was clearly defined, but two re-oxidative peaks were
revealed at- 0.96 V and - 0.83 V for 24a, and - 0.99 V and - 0.80 V for 24b.

30v10° 40x10° 24b

1(A)

T T T T T
15 10 05 00 05 10

05 00 05 5 !
E (V/Ag/AgCl) E (VIAg/AgCl)

Figure 2.6: Cyclic voltammograms of the polymer films of 24a and 24b, drop-casted on Pt in an electrolytic
solution of BusNCIO4 (0.1 M) in CH3CN at a scan rate of 50 mV s

The energy values of LUMO and HOMO were estimated from the onset potentials of
both n- and p-doping and were calculated under the premise that the energy level of
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ferrocene/ferrocenium is 4.8 eV below the vacuum level®8. 39, The onset potentials were
determined from the intersection of the two tangents drawn at the rising current and
baseline charging current of the CV traces. The correlation can be expressed as follows:
Elumo = - (4.8 + Eonset™) €V and Enomo = - (4.8 + Eonset™) €V. The onset potentials in
reduction and in oxidation were determined, respectively, at - 0.64 and 0.52 V for 24a and at
-0.72 and 0.50 V for 24b versus Ag/AgCl, corresponding to - 1.07 and 0.09 V for 24a and -
1.15 and 0.07 V for 24b versus Fc/F¢* (E® Fo/Fct = 0.43 V vs. Ag/AgCI). Therefore, the
LUMO and HOMO levels as well as the electrochemical band gap (E¢®) can be estimated.
The redox data and the energy levels are listed in table 2.3. The band gaps obtained here
are in good agreement with the ones derived from UV-Vis measurements.

Polymer Eonset®* (V) Eonset™d (V) Enomo (eV) ELumo (eV) Eg' (eV)

24a 0.52 -0.64 4.89 3.73 1.16
24b 0.50 0.72 4.87 3.65 1.22

Table 2.3: Electrochemical characteristics of polymer 24a and 24b
2.1.6 Exploratory measurements for applications in organic solar cells

As stated in chapter one, low band gap polymers are interesting materials for their
application in plastic photovoltaic cells. To obtain more insight into the nature of the species
generated upon illumination, photoinduced absorption (PIA) measurements were performed
by Ludwig Goris at the Johannes Kepler University in Linz, Austria. Such photophysical
measurements can provide essential information about the possibility to implement a certain
material in organic solar cells. PIA spectroscopy in the visible and near-infrared regions on
polymer 24a revealed the existence of charged excitations upon illumination(0. 41,

Photovoltaic studies on solar cell devices with 24b as electron donor and (6,6)-
phenyl-Css-butyric-acid or 1-(3-(methoxycarbonyl)propyl)-1-phenyl[6,6]Ce: ([6,6]-PCBM) as
electron acceptor (figure 2.7) were performed by Wim Geens at IMEC in Leuven. The
motivation for the use of [6,6]-PCBM instead of plain Cg is its improved solubility. This
methanofullerene derivative was first synthesised by J.C. Hummelen et al. in order to
improve the photoinduced electron transfer efficiency®“2.
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Figure 2.7: [6,6]-PCBM Figure 2.8: 0C1C10-PPV

Devices were made from a (1:4) blend of the polymer and the Ceo derivative and from
a (1:1:8) blend of the polymer, OC1C1-PPV (figure 2.8) and [6,6]-PCBM. The alkoxy
substituted PPV  derivative, OC4C1o-PPV or MDMO-PPV (poly(2-methoxy-5-(3',7'-
dimethyloctyloxy)-1,4-phenylene vinylene)), was used here since it shows a great
performance in various devices. The compounds were dissolved in chlorobenzene in a
concentration of 1% (w:v%) and stirred overnight. After the films were spin-coated, the gold
top contacts were deposited. (Figure 2.9)

1

Figure 2.9: Solar cell device of poly(5,6-dioctyloxyisothianapthene): PCBM (1:4) (left) and
poly(5,6-dioctyloxyisothianapthene):OC1C1o-PPV:PCBM (1:1:8) (right)

Photovoltaic studies on solar cell devices with 24a and [6,6]-PCBM were also
performed by Ludwig Goris in the group of professor N.S. Sariciftci in Linz. Solar cells,
constructed with the pristine material and a (1:1) mixture with PCBM as active layer, showed
a photovoltaic effect. However, adding the strong electron acceptor PCBM clearly improved
the diode behaviourt0).

Drawing the current-voltage (I/V) curve of a cell in the dark and under illumination (Pi,
=100 mW/cm?), permits an evaluation of most of its photovoltaic performances as well as its
electric behaviour). The short circuit current Is is the current which crosses the cell at zero
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applied voltage and the open circuit voltage Vo is measured when current in the cell is zero.
The fill factor FF is the ratio of the maximum power Prax 0Or Poy delivered by the cell to the
external short and open circuit values (FF = Pmax/Voc X lsc = Vinax X Imax/Voc X lsc) and Jsc is the
short circuit current density. An overview of the measured characteristics of the four different
photovoltaic devices is presented in table 2.4. Efficiencies (n = Pou/Pin) of 0.0075% and
0.0066% were measured.

Blend Jsc (LA/cm?) Isc (LA) Voc (mV) FF (%)  mamis(%)
24b (1:4) 45 * 550 30 0.0075
24b (1:1:8) 49 * 550 25 0.0066
24a (pristine) * 14 350 * *
24a (1:1) * 42 200 * *

Table 2.4: Device characteristics, *not determined

The results do not look very promising (low power conversion efficiencies). The main
problem here was the low molecular weight which resulted in lousy films. Thus, if we can
find a way to improve the molecular weight, this may lead to better characteristics.

2.2 Poly(1,3-dithienylisothianaphthene)
2.2.1 Introduction

Although progress has been made on the development of a straightforward
polymerisation route to PITN, it has not yet found wide application in the development of
electronic devices, partly due to the lack of a polymerisation route leading to a processable,
high molecular weight material. Therefore, it is also interesting to look for other monomeric
isothianaphthene  derivatives which can combine the interesting properties of
isothianaphthene with the possibility to improve the stability and processability of the
resulting polymer. An example of such a monomer is 1,3-di(2-thienyl)isothianaphthene
(DTI). In the early nineties four different groups reported on the synthesis of DTI®. 44-46),
Kiebooms et al.7.48) revised the synthesis reported in literature and Vangeneugden et al.*®-
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51 synthesised soluble DTI derivatives. In scheme 2.4 the optimised synthesis for DTI
derivatives towards soluble PDTIs is presented. The implementation of the latter as the
active layer in a gas-sensing device), in an amperiometric sensor®2 and in photovoltaic
devices®*%), was already successfully tested.

a
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Scheme 2.4: Monomer synthesis of 5,6-disubstituted DTls
(R’ = CsH17, C12Has; R = C4Hs, CgH17, C12Hos)

The polymerisation of these monomers leads to “formal” copolymers of bithiophene
and isothianaphthene. Detailed optoelectronic studies on the non-substituted polymer
provided values of approximately 1.6-1.7 eV for its band gap 48, a value intermediate
between that of PITN and PT. For the substituted polymers values between 1.4 and 1.5 eV
were found®, The polymerisation routes described in literature are electrochemical
polymerisations and chemical, oxidative polymerisations of the DTI monomers. However, by
applying the oxidative polymerisation with FeCls, some difficulties were experienced. Not
only a large amount of DTI dimer was formed, but also oxidant remained preventing the
recording of NMR spectra. Additionally, the traces of iron in the material are unfavourable
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for electronic applications. For this reasons it seems better to use a reductive polymerisation
route in order to circumvent the problem of the low reactivity of DTI (derivatives) and prevent
doping of the material due to the use of FeCls. It is favourable that the applied reductive
coupling does not need high temperatures. The Kumada or Grignard, the Suzuki and the
Negishi coupling fulfil this condition®8). The first is a cross coupling reaction between a
Grignard reagent (RMgX) and an organohalide (R’X) and is catalysed by a Ni or Pd complex
(e.g. NiClx(dppe), NiCly(dppp), PdCly(dppb) with dppe, dppp and dppb = 1,3-bis(diphenyl-
phosphino)ethane, -propane and -butane)). The second is a cross coupling reaction
between an organoboron reagent (RB(OR’);) and an unsaturated halide, triflate or
sulphonate and is usually catalysed by tetrakis(triphenylphosphine)palladium(0) (Pd(PPhs)s).
Finally, the Negishi coupling is a cross coupling reaction between an organozinc
intermediate (RZnX) and an unsaturated halide and is also catalysed by a Ni or Pd complex.

2.2.2 Monomer synthesis

The 5,6-disubstituted DTI derivatives were synthesised as presented in scheme 2.4.
However, to polymerise the DTI monomers by means of a reductive coupling, the 5'- and 5”-
position had to be functionalised in a proper way. All the suggested reductive polymerisation
methods require a dihalide. We therefore attempted the synthesis of 5,6-dichloro-1,3-di(5'-
bromothienyl)isothianaphthene 36. (Scheme 2.5) When 5,6-dichloro-1,3-di(5-bromo-
thienoyl)benzene 35 was synthesised, attempts were made to obtain 36 by mixing the
diketon with Lawesson’s reagent (L.R.). The main product, however, appeared to be diCIDTI
31. This was in perfect agreement with the previous results for the non-substituted DTI
obtained by R. Kiebooms®). Since the bromines are removed during the ring closure,
another method was tried. It involved the free radical bromination of 31 using N-
bromosuccinimide (NBS) in a mixture of CHCl; and acetic acid as a solvent. After extraction,
it was almost impossible to purify the mixture of brominated products by means of column
chromatography since the R values of the products in the reaction mixture (dibrominated
DTI 36, monobromide and starting product) were very similar.
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Scheme 2.5: Synthesis of 1,3-di(5'-bromothienyl)isothianaphthene 36

Another interesting approach was the reductive coupling of difunctionalised
thiophenes with DTls. In this way a “formal” copolymer of trithiophene and isothianaphthene
would be obtained. The advantage here is the commercial availability of 2,5-
dibromothiophene which implies that compound 36, the dibromo DTI derivative, does not
need to be synthesised anymore. In this way of course another appropriate DTI monomer,
functionalised on its 5'- and 5”-positions, had to be synthesised first. In a Grignard and in a
Negishi coupling the Grignard reagent and the organozinc compound respectively, are
synthesised from the corresponding halide. For this reason, these two couplings were
excluded. Hensel et al.5" reported on the synthesis of an organoboron reagent, not only
from the corresponding halide, but also from a silyl compound. This opened a way to use a
Suzuki  coupling of 2,5-dibromothiophene and 5,6-dichloro-1,3-di(thienyl-5-boronic
acid)isothianaphthene. From this viewpoint, we were able to synthesise 5,6-dichloro-1,3-
di(5'-trimethylsilylthienoyl)benzene 39. (Scheme 2.6)
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Scheme 2.6: Synthesis of silyl substituted compound 39

Unfortunately, the same problem occurred as during the bromination reaction: the
trimethylsilyl groups were removed totally or partially during ring closure with Lawesson’s
reagent.

2.3 Conclusion

The interesting properties of PITN have been described in literature ever since it was
first synthesised. For the reason that it is infusible and insoluble, substitution of the
monomers with suitable side chains seemed appropriate to solve this problem. The
synthesis of 5,6-disubstituted dithiophthalides involved a seven- or eight-step procedure in
which we made use of a new temperature dependent two-step reduction of a phthalic
thioanhydride towards a phthalide. Thermal and non-oxidative polymerisation of these
dithiophthalide monomers led to soluble PITN derivatives. As predicted by theoretical
calculations, the band gap of the obtained polymers was comparable to the band gap of
PITN itself. PIA spectroscopy in the visible and IR regions was performed, and evidence for
the existence of charged excitations upon photoinduction was found. Although photovoltaic
studies indicated that the power conversion efficiencies were rather low, a clear contribution
of the measured photocurrent could be attributed to the polymer. When in the future a
method to increase the molecular weight can be found, it is very likely that this will improve
the film forming properties and as a result also the device characteristics.
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PDTI derivatives could also be of great interest for the development of
semiconducting materials. Since some problems occurred with the oxidative polymerisation
of the DTl derivatives, the reductive polymerisation was investigated. Here, we experienced
difficulties in the synthesis of the functionalised DTI monomers. As a consequence, the
reductive polymerisation could not be valorised.

2.4 Experimental part

Materials: All solvents used in the synthesis were distilled before use.
Tetrahydrofuran (THF) was refluxed under nitrogen with sodium metal and benzophenone
until a blue colour persisted and was then distilled. Compound 10 was purchased from
Fluka, and the other commercially available products were purchased from Acros or Aldrich.

Characterisation: '"H NMR spectra were taken on a Varian Inova 300 spectrometer.
For all synthesised compounds, 'H NMR spectra were recorded in deuterated chloroform
unless otherwise stated; the chemical shift at 7.24 ppm was used as a reference (relative to
tetramethylsilane (TMS)).

CV was performed with an Autolab PGSTAT 20 potentiostat from Eco Chemie B.V.,
which was equipped with General Purpose Electrochemical System (GPES) software
(version 4.9 for windows), in an electrolytic solution of tetrabutylammonium perchlorate (0.1
M) in acetonitrile, at a scan rate of 50 mV s, at room temperature and under pressure of
dry nitrogen. A platinum disc (area = 1.6 mm?2) with a thin drop-cast film was used as the
working electrode, and a platinum wire was used as the counter electrode. All potentials
were relative to the Ag/AgCl reference electrode.

The molecular weights and molecular weight distributions were determined relative to
polystyrene standards (Polymer Labs) by Size Exclusion Chromatography (SEC).
Chromatograms were recorded on a Spectra series P100 (Spectra Physics) equipped with
two Mixed-B columns (10 pm, 2 x 30 cm, Polymer Labs) and a refractive index (RI) detector
(Shodex) at 70°C. A DMF solution of oxalic acid (1.1 10-* M) was used as the eluent at a
flow rate of 1.0 mL/min. Toluene was used as a flow-rate marker.

Gas chromatography/mass spectrometry (GC/MS) analyses were carried out with
TSQ - 70 and Voyager mass spectrometers (Thermoquest); the capillary column was a
Chrompack Cpsil5CB or Cpsil8CB. Melting points (uncorrected) were measured with a
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digital melting-point apparatus (Electrothermal 1A 9000 series). Thin-layer chromatography
(TLC) analyses were made on Merck aluminium sheets (20 x 20 cm) covered with silica gel
60 F254.

Diethyl 4,5-dichlorophthalate (11)

To a suspension of 23.5 g (100 mmol) of 4,5-dichlorophthalic acid 10, stirred in 150 mL of
toluene, 50 mL of ethanol (1 mol, 46 g) and approximately 2 mL of concentrated H2SO4
were added. The mixture was kept under reflux, and an azeotrope of toluene/H,O was
collected in a Dean - Stark apparatus. After 6 hours, the reaction was completed. The
obtained solution was washed with 100 mL of water, 100 mL of NaHCOs (5%) and again
with 100 mL of water, dried over MgSQs, and filtered. The filtrate was concentrated in the
rotavapor, and the obtained diester was crystallised from hexane. The product (27.6 g) was
obtained as white crystals (95% yield). Mp: 62-63°C; R: = 0.41 (hexane/EtOAc, 9/1, v/v); 'H
NMR (CDCls): 7.77 (s, 2H, aromatic), 4.30 (2q, J = 7.2 Hz, 4H, aliphatic), 1.31 (2t, J = 7.2
Hz, 6H, aliphatic)

Diethyl 4,5- dithiooctylophthalate (12)

NaH (4.8 g, 120 mmol; 60% dispersion in mineral oil) was suspended in 200 mL of dry
toluene. Then, 23.2 g (160 mmol) of 1-octanethiol, dissolved in 100 mL of dry toluene was
carefully dropped into a stirred suspension of NaH. The liberation of H, was observed.
During the addition, the mixture was not allowed to reach a temperature higher than 35-
40°C. When the addition of the thiol was finished, the mixture was heated to 50°C, and this
was followed by a one-portion addition of 14.5 g (50 mmol) of diethyl 4,5-dichlorophthalate
11. The temperature was increased to 80°C and 10 mL of NMP was added. The
temperature was again increased up to 120°C, and the reaction mixture was stirred for 20
hours. Then, at room temperature, it was transferred to a separating funnel, 200 mL of
EtOAc and 200 mL of H.O were added and an extraction was made. The organic layer was
dried over MgSOs and filtered, and the solvents were evaporated. After column
chromatography was performed on silica gel (eluent: hexane/EtOAc, in gradient, viv) 20.95
g of the product was obtained as a yellow oil (yield: 82%). R: = 0.43 (hexane/EtOAc, 9/1,
viv); '"H NMR (CDCls): 7.46 (s, 2H, aromatic), 4.28 (2q, J = 7.2 Hz, 4H), 2.91 (2t, J = 7.2 Hz,

42



Soluble isothianaphthene based polymers

4H), 1.62 (2qu, J = 7.2 Hz, 4H), 1.37-1.45 (m, 4H), 1.30 (2t, J = 7.2 Hz, 6H), 1.22-1.28 (m,
16H), 0.81 (2t, J = 7.2 Hz, 6H); GCIMS: 510 (M), 398 (100), 286; 240, 213, 57, 43

4,5-Dithiooctylphthalic acid (18a)

Diethyl 4,5-dithiooctylphthalate 12 (25.95 g, 50.9 mmol) was stirred at a temperature of 40-
45°C in a KOH/MeOH solution (KOH (16.8 g, 300 mmol) dissolved in 250 mL of MeOH).
After 2 hours, the reaction was completed, methanol was evaporated, and the residue was
dissolved in 300 mL of H20; this was followed by acidification with 3N HCI to pH~1-2. The
acidified mixture was extracted with Et,0 (3 x 200 mL). The organic layers were dried over
MgSO. and filtered, the solvent was evaporated, and the residue was precipitated from
hexane. The pure acid (22.0 g) was obtained as white crystals (95% yield). Mp: 79.8-
81.2°C; Rr = 0.67 (EtOAc/MeOH, 85/15, viv); TH NMR (deuterated acetone): 7.97 (s, 2H,
aromatic), 3.41 (2t, J = 7.2 Hz, 4H), 2.38-2.40 (m, 2H, 2 - OH), 2.01 (qu, J = 7.2 Hz, 4H),
1.62-1.88 (m, 20H), 1.18-1.22 (2t, J = 6.8 Hz, 6H); DIP MS: 455 (M* + 1), 345 (100), 329,
261,217,114, 95

5,6-Dithiooctylphthalic anhydride (19a)

4 5-Dithiooctylphthalic acid 18a (22.0 g, 48.5 mmol) was refluxed for 1 hour in 20 mL of
acetic anhydride. The reaction mixture was then cooled to room temperature, and 50 mL of
hexane was added; this was followed by cooling to 0°C. The liquid layer was filtered off, and
the solid residue was dried in air. The anhydride (19.95 g) was obtained as white crystals
(94% yield). Mp 73.8-74.2°C; Rs = 0.45 (hexane/EtOAc, 95/5, v/v); '"H NMR (CDCls): 7.61(s,
2H, aromatic), 3.03 (2t, J = 7.6 Hz, 4H), 1.71 (2qu, J = 7.6 Hz, 4H), 1.52-1.25 (m, 20 H),
0.84 (2t, J = 7.6 Hz, 6H); GC/MS: 436 (M*), 324, 212 (100), 71, 57, 43

5,6-Dithiooctylphtalic thioanhydride (20a)

5,6-Dithiooctylphthalic anhydride 19a (19.95 g, 45.6 mmol) was dissolved in a mixture of
100 mL of hexane and 100 mL of dichloromethane and was added to 16.0 g of Na,S.~4H,0,
obtained from the azeotropic removal of water from 25.6 g (110 mmol) of Na,S.9H,0. This
two-phase reaction mixture was stirred at room temperature for 60 hours (pH~7-8). Then, it
was acidified with a 10% HCI aqueous solution to pH~1-2. Dichloromethane was distilled
off. To the rest, 100 mL of H.O was added, and the mixture was extracted with EtOAc (3 x
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150 mL). Organic layers were separated, dried over MgSOs, filtered and the solvents were
evaporated. After flash column chromatography on silica gel (eluent: hexane/EtOAc, in
gradient, v/v), 15.4 g (75% yield) of pure thioanhydride was obtained as a yellow solid. Mp:
47.4-48.3°C; R = 0.60 (hexane/EtOAc, 95/5, viv); 'TH NMR (CDCls): 7.55 (s, 2H, aromatic),
3.02 (2t, J = 7.5 Hz, 4H), 1.20-1.79 (m, 24H), 0.83-0.88 (m, 6H); GC/MS: 452 (M*), 340, 228
(100), 168, 71, 57, 43

5,6-Dithiooctyl-3-hydroxy-2-thiophthalide (21a)

NaBH4 powder (98%, 1.42 g, 37.6 mmol) was suspended (under an atmosphere of Ny) in
100 mL of dry THF, and cooled to -20°C (NaCl - ice-bath). Then, 17.0 g (37.6 mmol) of 5,6-
dithiooctylphthalic thioanhydride 20a in 100 mL of THF was added drop by drop to this
suspension. The reaction mixture was then stirred at -5°C, and this was followed by careful
acidification with an approximately 5% HCI aqueous solution. The mixture was transferred to
a separatory funnel, 100 mL of a saturated NaCl solution was added, and extraction with
100 mL of Et;O was made. The water layer was additionally extracted with 150 mL of Et,0.
Organic layers were combined, dried over MgSQOs, and filtered, and the solvents were
distilled. The crude product (16.45 g) was obtained, and crystallisation from hexane/EtOAc
(8/2, viv) gave 15.1 g (88%) of the pure product as a yellow solid. Mp: 47.5-49.3°C; R; =
0.28 (hexane/EtOAc, 9/1,v/v); 'H NMR (CDCls): 7.36 (s, 1H, aromatic), 7.34 (s, 1H,
aromatic), 6.59 (s, 1H, CHOH), 2.86-3.02 (m, 4H), 1.25-1.78 (m, 24H), 0.82-0.87 (m, 6H);
DIP MS: 454 (M*), 340, 228 (100), 168, 97, 84, 57

5,6-Dithiooctyl-2-thiophthalide (22a)

5,6-Dithiooctyl-3-hydroxy-2-thiophthalide 21a (15.1 g, 33.2 mmol) was added to a solution of
15 mL of AcOH and 5 mL of a 57% HI aqueous solution. The reaction mixture was kept at
120°C for 2 hours. Then, it was cooled to room temperature and poured carefully into 100
mL of 1 N NaOH containing 5 g NaHSOs. The mixture was extracted with 250 mL of Et,O.
The organic layer was additionally washed with a saturated aqueous solution of NaHCOs,
for removal of the rest of the acetic acid, and it was then dried over MgSO, and filtered; the
solvent was evaporated. The product (12.4 g, 85% yield) was obtained as a slightly brown
solid. Mp: 38.6-39.8°C; R = 0.34 (hexane/EtOAc, 9/1, viv), 0.33 (hexane/chloroform, 7/3,
viv); '"H NMR (CDCls): 7.57 (s, 1H, aromatic), 7.22 (s, 1H, aromatic), 4.36 (s, 2H, CH, from
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thiolactone ring), 2.91-2.98 (m, 4H), 1.24-1.77 (m, 24H) 0.82-0.86 (m, 6H); GC/MS: 438
(M+), 326, 214 (100), 181, 153, 109, 69, 57; HR MS: calculated 438.20848; found 438.20839

5,6-Dithiooctyldithiophthalide (23a)

5,6-Dithiooctyl-2-thiophthalide 22a (10.95 g, 25 mmol) was dissolved in 300 mL of
dichloromethane. To this stirred solution, 19.05 g (85.8 mmol) P4S1 and 3.6 g (42.9 mmol)
NaHCO; were added. The resulted mixture was kept at 40°C for 40 hours, and this was
followed by the addition of a saturated aqueous solution of NaHCOs to reach pH~6-7. After
conventional layer separation, the aqueous layer was additionally extracted with 200 mL of
dichloromethane; the organic layers were combined, dried over MgSQs, and filtered; and the
solvent was evaporated. The result was 10.4 g of a crude postreaction mixture. The crude
product underwent column chromatography on silica gel (eluent: hexane/chloroform,
gradient of eluents), and after purification, 4.80 g (42% yield) of the product was obtained as
a brown solid. Mp: 47.5-48.5°C; Rr = 0.36 (hexane/EtOAc, 9/1, vlv), 0.44 (hexane/
chloroform, 7/3, viv); 'H NMR (CDCls): 7.85 (s, 1H, aromatic), 7.24 (s, 1H, aromatic), 4.45
(s, 2H, thiolactone), 2.96-3.02 (m, 4H), 1.26-1.76 (m, 24H), 0.84-0.90 (m, 6H); GC/MS: 454
(M*), 421, 341 (100), 309 (100), 230, 198, 167, 121, 69, 55; HR MS: calculated 454.18564;
found 454.18557

4,5-Dioctyloxyphthalic acid dimethyl ester (17)

4,5-Dihydroxyphthalic acid dimethyl ester 162 (14.4 g, 64.3 mmol), 43.4 g (225 mmol, 38.9
mL) of octyl bromide and 42.0 g (300 mmol) of K.CO3; were refluxed for 48 hours. Then,
acetone was evaporated, 500 mL of water was added to the reaction mixture, and this was
followed by extraction with EtO (3 x 200 mL). The organic layer was dried over MgSO, and
filtered, the solvent was evaporated, and column chromatography was performed (eluent:
hexane/EtOAc, in gradient, v/v). This resulted in 23.6 g (82% yield) of the product as a white
solid. Mp: 39.3-40.9°C; R = 0.44 (hexane/EtOAc, 8/2, v/v); '"H NMR (CDCls): 7.15 (s, 2H,
aromatic), 3.99 (t, 4H, J = 6.9 Hz), 3.85 (s, 6H), 1.76-1.85 (m, 4H), 1.25-1.48 (m, 20 H), 0.83
(m, 6H); GC/MS: 450 (M*), 419, 338, 307, 226 (100), 195, 71, 57
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4,5-Dioctyloxyphthalic acid (18b)

4,5-Dioctyloxyphthalic acid dimethyl ester 17 (30.5 g, 67.8 mmol) was treated with 15.1 g
(270 mmol) of KOH dissolved in 300 mL of MeOH. The mixture was stirred at 40°C for 12
hours, the solvent was evaporated, and 200 mL of water was added to the reaction mixture;
this was followed by careful acidification with aqueous HCI. Next, an extraction with Et,0
was performed (3 x 200 mL), and after drying over MgSQs,, filtration, solvent evaporation,
and precipitation from hexane, 27.5 g of the product was obtained as a white solid (96%
yield). Mp: 137.1-139.5°C; Rr = 0.44 (EtOAc/MeOH, 85/15, v/v); '"H NMR (acetone
deuterated): 7.32 (s, 2H, aromatic), 4.09 (2t, 6H, J = 6.6 Hz), 1.77-1.88 (m, 4H), 1.31-1.58
(m, 20H), 0.86-0.92 (m, 6H); DIP MS: 423 (M* + 1) (100), 309

5,6-Dioctyloxyphthalic anhydride (19b)

4,5-Dioctyloxyphthalic acid 18b (25.0 g, 59.2 mmol) was refluxed with 65 mL of acetic
anhydride for 1 hour. After a workup procedure analogous to that described for the 5,6-
dithiooctylphthalic anhydride 19a synthesis, 22.1 g (92% vyield) of the product was obtained
as a white solid. M.p.: 118.6-119.5°C; Rr = 0.64 (hexane/EtOAc, 8/2, viv); '"H NMR (CDCls):
7.28 (s, 2H, aromatic), 4.07 (t, 4H, J = 6.6 Hz), 1.81-1.90 (m, 4H), 1.26-1.51 (m, 20H), 0.84-
0.88 (m, 6H); GC/MS: 404 (M*), 293 (100), 193, 180, 112, 71, 57

5,6-Dioctyloxyphthalic thioanhydride (20b)

5,6-Dioctylphthalic anhydride 19b (20.2 g, 50.0 mmol) was dissolved in 300 mL of
dichloromethane with 12.6 g of Na,S.4H,0, and kept for 40 hours at 45 — 50°C. After a
workup procedure analogous to that described for the 5,6-dithiooctylphthalic thioanhydride
20a synthesis, 9.0 g of the product was obtained as a yellow solid (43% vyield). Mp: 96.3-
98.5°C; Ri = 0.69 (hexane/EtOAc, 9/1, v/v); 'H NMR (CDCls): 7.27 (s, 2H, aromatic), 4.06
(2t, 4H, J = 6.6 Hz), 1.80-1.90 (m, 4H), 1.23-1.51 (m, 20H), 0.84-0.89 (m, 6H); GC/MS: 420
(M*), 309, 209, 196 (100), 180, 112, 71, 57; HR MS: calculated 420.23343; found 420.23408

5,6-Dioctyloxy-3-hydroxy-2-thiophthalide (21b)

5,6-Dioctyloxyphthalic thioanhydride 20b (8.4 g, 20 mmol) was treated with 0.74 g (20
mmol) of NaBH.. The reaction conditions were analogous to those applied for the 5,6-
dithiooctylphthalic thioanhydride 20a reduction. After crystallisation from hexane/EtOAc, 7.8
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g of the product was obtained as a slightly yellow solid (92% yield). Mp: 68.5-71.0°C; R; =
0.37 (hexane/EtOAc, 8/2, viv); 'H NMR (CDCls): 6.99 (s, 1H, aromatic) 6.93 (s, 1H,
aromatic), 6.49 (s, 1H, CHOH, hydroxythiolactone), 3.97-4.04 (m, 2H), 3.88-3.94 (m, 2H),
1.75-1.88 (m, 4H), 1.23-1.45 (m, 20H), 0.84-0.88 (m, 6H); DIP MS: 423 (M* + 1), 422, 389,
310, 277, 198 (100), 165, 137, 71, 57, 43; HR MS: calculated 422.24908; found 422.24915

5,6-Dioctyloxy-2-thiophthalide (22b)

5,6-Dioctyloxy-3-hydroxy-2-thiophthalide 21b (7.3 g, 17.3 mmol) was treated with a mixture
of 9 mL of AcOH and 3.7 mL of a 57% aqueous solution of HI and kept at 120°C for 1 hour.
After a workup analogous to that applied for the 5,6-dithiooctyl-2-thiophthalide 22a
synthesis, which was followed by column chromatography on silica gel (eluent:
hexane/EtOAc, 1/0, 9/1 and 8/2, viv), 5.95 g of the product was obtained as a slightly yellow
solid (84% yield). Mp: 50.5-51.9°C; R¢ = 0.67 (hexane/EtOAc, 8/2, viv); Ri = 0.47
(hexane/CHCls, 6/4, viv); '"H NMR (CDCls): 7.18 (s, 1H, aromatic) 6.89 (s, 1H, aromatic),
4.32 (s, 2H, thiolactone ring), 3.98-4.06 (m, 4H), 1.77-1.90 (m, 4H), 1.26-1.49 (m, 20H),
0.84- 0.88 (m, 6H); GC/MS: 406 (M), 294, 195, 182 (100), 154, 71, 57; HR MS: calculated
406.25417; found 406.25422

5,6-Dioctyloxydithiophthalide (23b)

5,6-Dioctyloxy-2-thiophthalide 22b (5.6 g, 13.8 mmol) was dissolved in 75 mL of
dichloromethane; 2.3 g (27 mmol) of NaHCO3 and 10.4 g (47 mmol) of P4S1 were then
added. The mixture was kept at 40-45°C for 40 hours, and this was followed by the addition
of a saturated aqueous solution of NaHCO; to reach pH~6-7. After a workup analogous to
that applied for the 5,6-dithiooctyldithiophthalide 23a, followed by the purification of the
crude product by column chromatography on silica gel (eluent: hexane/CHClIs, in gradient,
vlv), 3.1 g of the pure product was obtained as a brown solid (53% yield). Mp: 47.9-49.9°C,
R: = 0.60 (hexane/CHCls, 6/4, v/v); '"H NMR (CDCls): 7.41 (s, 1H, aromatic), 6.89 (s, 1H,
aromatic), 4.35 (s, 2H, thiolactone), 3.98-4.07 (m, 4H), 1.78-1. 90 (m, 4H), 1.22-1.51 (m, 20
H), 0.83-0.87 (m, 6H); GC/MS: 422 (M*), 389, 359, 323, 309, 293, 211, 198 (100), 71, 57;
HR MS: calculated 422.23133; found 422.23120
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Polymerisation of 5,6-dithiooctyldithiophthalide (24a)

5,6-Dithiooctyldithiophthalide 23a (908 mg, 2 mmol) was dissolved in 5 mL of o-xylene, and
57 mg (0.3 mmol) of p-TsOH.H.O was added. The mixture was stirred for 30 hours at a
temperature of 155-160°C under an atmosphere of N.. Then, the mixture was cooled to
room temperature, and the solvent was removed under reduced pressure. The black, sticky
residue was treated with a MeOH/H,0 solution (200 mL), which was removed; this led to a
decanted, sticky solid. As it was still not in the precipitate form, more MeOH (150 mL) was
added, and the mixture was refluxed for 1 hour. During this refluxing, the mass
agglomerated in one piece. The MeOH solution was removed, and the solid was transferred
to a Soxhlet tube. First, an extraction with acetone (24 hours) was performed to collect the
lower oligomer fraction (My, = 1167). After solvent evaporation and drying of the residue in
vacuo, 122.6 mg (15%) of this fraction was obtained in the form of a black solid. Then, an
extraction with chloroform was performed for the residue left in the Soxhlet tube. This
resulted in 611.9 mg (73%) of the polymer fraction after solvent evaporation and
precipitation of the residue with methanol (Mw = 6667). 'H NMR (CDCl3): 8.25 (br), 7.92 (br),
7.59 (br), 3.11 (br, 4H), 1.74 (br, 4H), 1.23 (br, 20H), 0.86 (br, 6H)

Polymerisation of 5,6-dioctyloxydithiophthalide (24b)

5,6-Dioctyloxydithiophthalide 23b (844 mg, 2 mmol) was dissolved in 5 mL of o-xylene and
57 mg (0.3 mmol) of p-TsOH.H.O was added. The mixture was stirred for 30 hours at a
temperature of 155-160°C under an atmosphere of N,. Then, the mixture was cooled to
room temperature, and the o-xylene was removed under reduced pressure. The residue
was treated with a MeOH/H,O solution (200 mL). The black precipitate that was formed,
was filtered and transferred into a Soxhlet extraction tube. An extraction for 24 hours with
MeOH was performed, followed by a 24-hour extraction with acetone for the removal of
lower oligomeric fractions. Both fractions were evaporated and after a period of drying in
vacuo, 109.4 mg (14%, M. = 809) of a methanol-soluble fraction and 134.4 mg (17%, My =
6138) of an acetone-soluble fraction were obtained. Finally, the polymer was extracted with
chloroform. No precipitation occurred with the addition of methanol to the chloroform
solution, so all solvents were evaporated, and the residue was treated only with MeOH. The
black precipitate then formed easily. After a period of drying in vacuo, 358.4 mg of this
polymer fraction was obtained (46%, My = 5918). As the M,, values for the two last fractions
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were practically the same, they were combined, and the yield of the polymerisation was
estimated as the combined yield of these two (64%). 'H NMR (CDCls): 7.67 (br), 7.59 (br),
7.53 (br), 4.08 (br, 4H), 1.87 (br, 4H), 1.27 (br, 20H), 0.87 (br, 6H)

The synthesis of compounds 25 to 33 is described elsewhere(0),

2-Bromo-5-trimethylsilylthiophene (37)(%)

2-Bromothiophene 27 (4.0 g, 0.0245 mol) was dissolved in 40 mL of THF and cooled to -
78°C. Then, 12.5 mL of a LDA (lithium diisopropylamide) solution (2 M in THF/hexane) was
added with a syringe and the mixture was stirred at -78°C for 40 minutes. To this stirred
solution, TMSCI (trimethylsilyl chloride) (3.1 g, 0.0287 mol) was added and the mixture was
stirred for 12 hours. The mixture was quenched with a saturated aqueous solution of NH.CI
(20 mL) and extracted with Et,0 (3 x 100 mL). The combined organic layers were washed
with water (2 x 100 mL) and brine (1 x 100 mL), and it was then dried over MgSO, and
filtered. The crude product underwent a vacuum distillation which yielded the pure product
as a colourless liquid (5.1 g, 89%). 'H NMR (CDCls): 7.06 (d, 1H, J = 3.6 Hz), 6.96 (d, 1H, J
= 3.6 Hz), 0.29 (s, 9H); GC/MS (EI): 234 (M*), 219 (M* - CHs), 139 (M* - CHs - Br)

5,6-Dichloro-1,3-di(5’-trimethylsilylthienoyl)benzene (39)

A solution of 2-bromo-5-trimethylsilylthiophene 37 (2.0 g, 8.511 mmol) in 40 mL of THF was
added drop by drop to iodine activated Mg (204 mg, 8.511 mmol) in 40 mL of THF. After
refluxing for one and a half hours, the obtained Grignard reagent 38 was cooled down and
slowly added to a solution of 26 (1.62 g, 3.869 mmol) in 60 mL of THF at 0°C. The mixture
was stirred for 30 minutes after which 40 mL of HCI (5%) was added. Extraction with Et,0 (3
x 100 mL) and washing of the combined organic layers with NaOH (10%) was followed with
drying over MgSOs. The crude product was further purified by column chromatography
(silica, CHCl3) and this gave 1.4 g (71%) of the pure product. 'H NMR (CDCls): 7.79 (s, 2H),
747 (d, 2H, J = 3.6 Hz), 7.17 (d, 2H, J = 3.6 Hz), 0.30 (s, 18H); GC/MS (EI): 510 (M*), 495
(M* - CHs)
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Chapter 3
3,4-Disubstituted poly(2,5-thienylene
vinylene)s

3.1 Introduction

Of all heteropolymers, thiophene derivatives seem to be most promising as semi-
conductor in FET devices. When looking in literature more than 80% of the research
towards materials for organic transistor applications involves thiophene based conductive
polymers. Poly(2,5-thienylene vinylene) (PTV) proved already to be useful in plastic
transistors(") and photovoltaic devices. This polymer can be regarded as an alternating
copolymer of thiophene and acetylene and thus should have properties of PT and PA®. Due
to the extra vinylene double bond in PTV, compared to PT, the band gap of PTV is smaller.
This is the result of two effects (i) a decrease in the overall aromatic character of the 7-
conjugated system, allowing a better delocalisation of m-electrons over the whole polymer
chain, and (i) a limitation in rotational disorder due to the presence of ethylenic linkages of
defined configuration®.

In 1970, PTV was prepared for the first time by Kossmehl et al.®. The polymer was
synthesised as an insoluble powder via a Wittig reaction of thiophene-2,5-dicarbaldehyde 40
and 2,5-bis(triphenylphosphoniomethyl)thiophene dichloride 41. (Scheme 3.1) During this
reaction, cis and trans vinylene units were formed. By a catalytic amount of iodine, cis
vinylene units could be isomerised into their trans isomers in boiling aromatic solvents. The
major drawback however in this synthesis was the difficulty to process the material due to
the insolubility of the PTV powder.

€} © i
OHC—Z/ \LCHO + Clg P/_@ﬁ@ﬂ ! . I\ N
S Ph, S PPh, S

40 41 42

n

Scheme 3.1: Synthesis of PTV via a Wittig reaction: i) base, DMF
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More than a decade later Kossmehl et al. synthesised PTV via the self-condensation
of 5-methylthiophene-2-carbaldehyde 436, (Scheme 3.2) The polymers were identical with
the polymers synthesised from the Wittig reaction and the vinylene units were trans
configurated because of the trans elimination of water during the synthesis.

el Dcno —m el M

43 42

Scheme 3.2: Synthesis of PTV via an Aldol condensation: i) KtBuO, DMF, reflux

Later, this aldol polycondensation toward poly(2,5-heteroarylene vinylene)s was
patented and used by other research groups®®). Kreja et al. suggested that two kinds of
repeating units were present in the obtained polymers: aldol (-CHOH-CH,-) and vinylene
structural units®. (Figure 3.1) The vinylene form was produced by dehydration of the
intermediate aldol form. This dehydration (-H20) is a consecutive reaction following the aldol
condensation. Normally drastic conditions are necessary for the E2-elimination of an alcohol
but here the improved acidity of the a-proton and the conjugational stabilisation of the final
product increase the reaction rate. If the polymer had mainly aldol structural units it should
be soluble in water, when it contained mainly vinylene structural units, in our view it is
expected to be insoluble in virtually every solvent. Therefore, production of the polymer in
the aldol form should enable processing and the transformation into the vinylene form by
means of a thermal treatment. However, when 43 was used as a substrate, the reaction
equilibrium was always shifted toward the formation of mainly vinylene moieties. Average
molecular weights for the polymer fractions were not determined due to the insolubility of the
PTV 42 in THF and other suitable eluents.

OH OH

repeating unit aldol form

CH3~Q— CH€ CH—Q—CH)BCH—@— CHO

repeating unit vinylene form

Figure 3.1: Aldol and vinylene form obtained after aldol condensation of 43
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An indirect synthesis via a precursor polymer could be a solution to achieve
processability. In 1984, Harper and Watson® noticed that in the patents of Wessling and
Zimmerman('9 and in the report of Kanbe and Okawara('"), only the synthesis towards water
soluble precursors of PPV and its derivatives was reported and that they did not mention the
poly(heteroaromatic vinylene)s. Despite the fact that Harper and Watson patented the
indirect route towards PTV, it was not until 1987, when Elsenbaumer et al.('z'4 first
polymerised 2,5-bis(tetrahydrothiophenonium methyl)thiophene dichloride in water, that
research was accelerated. They found that the polymerisaton of the
tetrahydrothiophenonium salt yielded a higher molecular weight polymer than the
polymerisation of the dimethylsulphonium salt. However, the obtained precursor polymer
was not stable and a spontaneous elimination to the unprocessable PTV could occur. The
electrochemical, optical and magnetic properties of this polymer during electrochemical p-
type doping were investigated by Onada et al.(*®. This complemented earlier work on the
electronic properties of PTV(6), Saito et al.('-20) and Murase et al.?" 2 independently
reported on the synthesis of a precursor polymer bearing methoxy leaving groups. (Scheme
3.3) This polymer precipitated from the reaction mixture when the water soluble sulphonium
precursor was treated with methanol. This precursor was soluble in organic solvents which
was favourable for the characterisation and processability of the polymer. The electro-optic
nonlinearity in PTV was studied by Gelsen et al.(?3 using spectroscopic methods. Later, also
Eevers et al.? % and Xie et al.®) reported on a preparation method for PTV from a
methoxy precursor polymer.

®Cl

(€]
o <) SR. OM
Clo /_@ﬂ ® Cl—i> / ’ B [\ : o, I\
R,S S SR, S A
n n n
44 45 46 42

Scheme 3.3: Synthesis of PTV via a soluble precursor route (R2 = Mez or (CHz)4):
i) NaOH, H20; ii) MeOH, H20; iii) AT, HCI

In 1989, Iwatsuki et al.@" described an alternative method to prepare a film of fully
conjugated PTV by a dehydrogenation reaction in dioxane from a poly(2,5-thienylene
ethylene) (PTE) 50 film by using 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) as an
oxidising reagent. (Scheme 3.4) The PTE film was obtained in the vapour deposition
process with [2.2](2,5)thiophenophane 47 as a starting material®). The vapour phase
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pyrolysis of heterophane 47 formed a reactive p-quinodimethane intermediate 48 and the
subsequent polymerisation led to PTE. Another way to obtain a PTE film was by vapour
pyrolysis of (5-methyl-2-thienyl)methyl benzoate 49 to obtain 2,5-dimethylene-2,5-
dihydrothiophene 482 which again spontaneously polymerised via a diradical
intermediate(@0. 31),

0
i = iii [\ a CN
i . DDQ
S S Cl CN
o e O
i, ii
. b
/ \ Cl CN
CH3~Q— CH,0COPh / S ) SN DDOH,

n Cl CN
49 42 OH

Scheme 3.4: Synthesis of PTV via hydrogen transfer of PTE with DDQ: i) vaporising; ii) pyrolysis; i) deposition

More recently, Philips Eindhoven patented another method to obtain PTV involving
the polymerisation of 2,5-bisthioalkylmethylthiophenes(®2.

Up till now, no reproducible, versatile, high yield polymerisation process toward PTV
is developed. After all, the commonly used synthesis of PTV via the adapted Wessling route
is not ideal. The synthesis is cumbersome and the reproducibility is rather poor. Due to the
high reactivity, originating from the electron rich thiophene ring, monomer and thus polymer
synthesis is difficult. Additionally, an alkoxy leaving group precursor polymer as 46 requires
acid catalysis for the conversion process. Since this is incompatible with device fabrication,
this PTV is not a suitable candidate for device applications. For that reason an effort to
develop the synthesis of PTV via the sulphinyl precursor route was started in our lab®3).
However we encountered major difficulties in the synthesis of the sulphinyl monomer.
Solvent substitution and instability of the intermediary products, caused by the high
reactivity of the “benzylic” chlorine atoms, were the main problems. Due to these synthetical
problems it was almost impossible to apply the sulphinyl route in the synthesis of PTV. This
finally resulted in testing another precursor route for PTV synthesis (see chapter four). In a
parallel approach, we also started with substituting the 3- and 4-position of the thiophene
ring. In this way we wanted to facilitate the monomer synthesis by creating more stable
intermediary products. The first time poly(2,5-thienylene vinylene) was substituted on its 3-
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and/or 4-position was in 1987 when Elsenbaumer et al. synthesised the 3-methoxy and 3-
ethoxy variant®). They used a Grignard reaction to couple trans-1,2-dichloroethylene with 3-
alkoxy-2-litiated thiophene. (Scheme 3.5)

R, R,
Ry R, R, R, I\
. . S S
/ \ 1 / \ . 11 S N\ i+1
Li \ /
S S
51 52 53 Ry R

Scheme 3.5: Grignard route to substituted PTV derivatives: i) BuLi; ii) MgBr2.Et:0, NiCl2(dppp), CICH=CHCI
(Elsenbaumer: R1 = H, R2= OMe or OEt; Blohm: R1 = Rz = OBu; Peeters: R1 = H, R2 = octyl and R1 = Rz = butyl,
octyl or 2"-ethylhexyl)

A few year later, Blohm et al.®>%) performed the nickel catalysed coupling of 3,4-
dibutoxy-2,5-dilithiothiophene - with 1,2-dichloroethylene to obtain poly(3,4-dibutoxy-2,5-
thienylene vinylene) and Peeters et al.®9 synthesised poly(3-octyl-2,5-thienylene vinylene),
poly(3,4-dibutyl-2,5-thienylene  vinylene), poly(3,4-dioctyl-2,5-thienylene vinylene) and
poly[3,4-di(2"-ethylhexyl)-2,5-thienylene vinylene] via the same Grignard coupling.

A second possible route that leads to substituted PTV derivatives is the Stille
coupling. This is a cross coupling of organo stannanes with aryl halides“?. The main
advantage of the Stille coupling is its compatibility with a wide variety of functional groups.
Disadvantages are the relative long reaction times (days) and quite elevated temperatures
(100°C) required. Bolognesi et al.'43) used this method for the first time in the palladium
catalysed coupling reaction of alkyl-substituted 2,5-diiodothiophene and 1,2-
bistributylstannylethylene. (Scheme 3.6) In the same way Havinga et al.4 synthesised four
different alkoxy-substituted poly(2,5-thienylene vinylene)s and recently, in the group of
McCullough9 attempts to prepare poly(3-dodecyl-2,5-thienylene vinylene) by a Stille
polymerisation led to a polymer that is at least 90% regioregular.

R, R, R, R, R, R,
i i
s R s
S n
55 56 57

Scheme 3.6: Stille variant of the Heck route to substituted PTV derivatives: i) Iz, HNOs (X = I) or NBS (X = Br);
ii) BusSnCH=CHSnBus, Pd[(PPh3)(CH3COO)z]2 or Pd(PPhs)+ (Bolognesi: R1 = Rz = decyl and R1 = H, Rz = butyl;
Havinga: R1 = H, R2 = OC12Hz2s, R1 = R2 = OC4Hs, R1 = R2 = OC12H25, OCH2CH(CsH13)O; McCullough: R1 = H,
R2 = dodecyl)
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Another method to synthesise substituted PTV derivatives is the McMurry reaction
which is a titanium-induced reductive coupling of carbonyls to olefins®6. 47). (Scheme 3.7)
Poly(3,4-dibutoxy-2,5-thienylene vinylene), already synthesised by Blohm et al., was
somewhat later obtained by Iwatsuki et al.®) by subjection of 3,4-dibutoxythiophene-2,5-
dicarbaldehyde to the McMurry reaction. In the late nineties this route was used further in
the group of S. Iwatsuki to synthesise poly(5-hexyloxybenzo[c]thiophene-1,3-vinylene)®“9).
The group of E. W. Meijer reported on the synthesis of poly(3,4-bis[(S)-2-methylbutoxy]2,5-
thienylene vinylene)®0, the first example of a PTV derivative with optically active side
chains, and of poly(2,5-thienylene vinylene)s with chiral thioether side chains®". Cheng et
al.®2 presented the synthesis of poly(3-hexyl-2,5-thienylene vinylene) on the International
Conference on Science and Technology of Synthetic Metals (ICSM 2002) in Shanghai,

China.
R, R, R, R, R, R,
C i C i
Iy —— one—l! N cno — > ‘(@_\r
58 59 60 "

Scheme 3.7: McMurry route to substituted PTV derivatives: i) BuLi, DMF; ii) TiCls/Zn (lwatsuki: R1 = R2 = OBu,
CHCHC(CeH13)CH; Meijer: R1 = R2 = OCH2CH(CH3)CH2CHs, R1 = R2 = SCH2CH2CH(CHs)CHjs or
SCH2CH(CHs3)CH2CHs; Cheng: R1 = H, Rz = hexyl)

A final example of a substituted PTV derivative came from Bicknell et al.%3. They
synthesised an insoluble crown-ether ((O(CH)2)s0) containing PTV from a direct base
catalysed polymerisation(® of the unstable 2,5-bis(chloromethyl) derivative.

The methods described above are all direct methods in which the conjugated
polymer is formed in one step. An indirect method was reported in 1995 by Elsenbaumer et
al.® and was based on the sulphinyl precursor route(charter one) Previous attempts to use the
Gilch and the Wessling-Zimmerman precursor route in the preparation of electron rich
polymers(3.56) were not successful due to the high reactivity and instability of the monomers
as indicated before. The preparation by a precursor route thus needs a less reactive leaving
group such as the phenylsulphoxide group used in the group of Elsenbaumer. In their route,
the bis(sulphoxomethylene) monomer 65 could be prepared as shown in scheme 3.8 and
with potassium tert-butoxide (KtBuO) it polymerised to the precursor polymer 66. The
sulphoxide group in the polymer could be thermally eliminated at moderate temperature
(80°C) to provide the double bond®”). The molecular weight of the polymers obtained in this
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way (M, = 87 000), was higher compared to the same polymers synthesised by a Grignard
reaction®) (M, = 57 000) or a McMurry reaction®® (M, = 35 000).

O

ok
OR' RO OR RO OR
O 61 ! U ii /_U_\ i
R'00C COOR'
S HO S OH
63 64

R'O0OC™ > > COOR'
62

RO OR

RO OR RO OR
/_Z—§_\ iv SO v =
Ph(O)S S S(O)Ph S . N .
65 67

66

Scheme 3.8: Bis-sulphoxide route to poly(3,4-dialkoxy-2,5-thienylene vinylene)s:
i) R’Or, RX; ii) LiAlHs, MeOH; iii) PhSH, Znls, MCPBA; iv) KtBuO, THF; v) AT

Substitution with alkoxy or alkyl groups was mainly performed to guarantee the
solubility and processability of the conjugated polymers. Additionally, introducing an electron
donating group at the B position of a thiophene unit may decrease the band gap of the
polymer. The vinylene spacers between the aromatic units reduce the steric hindrance
between the substituents and therefore ensure the coplanarity of the conjugated polymer
chain and thus the low band gap. It has been demonstrated that the incorporation of the
vinylene linkages lowers the band gaps by about 0.4 eV(16),

3.2 Synthesis of poly(3,4-dichloro-2,5-thienylene vinylene) and
poly(3,4-dibromo-2,5-thienylene vinylene) via the sulphinyl
precursor route

In the synthesis of all the higher described substituted PTV derivatives, a precursor
route was only applied once. However, the use of a precursor route is interesting with an
eye on further applications. After all, if the conjugated polymer is insoluble, the synthesis of
a soluble precursor polymer -that can be processed- can cancel this limitation.

In this paragraph, the use of the sulphinyl precursor route (scheme 3.9) in the
synthesis of poly(3,4-disubstituted-2,5-thienylene vinylene)s will be examined. This route,
designed to overcome the problems that are attached to the Gilch, Wessling and xanthate
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precursor route, is the only route in which an unsymmetrical monomer 68 is used. This
chemical differentiation between the polariser (a sulphinyl group) and the leaving group (a
halogen atom) is what makes this route so attractive to use. The polariser makes the
abstraction of the proton in the o position possible by stabilising the created anion in 69.
The p-quinodimethane system (p-QM) 70a-c is formed by a 1,6-elimination of the leaving
group. This QM molecule is the actual monomer in the polymerisation process. The
sulphinyl group polarises the p-quinodimethane system in such a way that propagation
occurs via consecutive head to tail additions. Thanks to the flexible side chain in the
polariser, the non-conjugated precursor polymer 71 is soluble in different organic solvents.
As the conversion of the precursor into the (non-processable) conjugated polymer 72 is
performed via a thermal treatment, the polariser group should be stable at room
temperature but convert smoothly at higher temperature.
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Scheme 3.9: The sulphinyl precursor route towards poly(3,4-disubstituted-2,5-thienylene vinylene)s

As stated before, due to the electron rich character of the thiophene unit, it was
difficult to synthesise premonomer 68 with R = H®3), For that reason, our goal was to
synthesise the dichloro and dibromo derivative. By choosing electron withdrawing R groups
we hoped to obtain less reactive intermediates in the monomer synthesis.
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3.2.1 Monomer synthesis

In the synthesis of the asymmetric, electron poor premonomer 68a (R = Cl), different
pathways were tested. They all started from the commercially available tetrachlorothiophene
73 which was also successfully synthesised in our lab by refluxing hexachloro-1,3-butadiene
and sulphur®), The synthesis of 3,4-dichlorothiophene-2,5-dicarbaldehyde 75 however
proved to be a problem. By using 2.2 equivalents of n-BuLi 3,4-dichlorothiophene-2-
carbaldehyde 76 was obtained. (Scheme 3.10) This is rather surprisingly since other
research groups succeeded in the synthesis of other 3,4-disubstituted 2,5-
thiophenedialdehydes8 5. 51 by using the method of Feringa®. Also starting from 2,5-
dibromothiophene the synthesis of 2,5-thiophenedialdehyde has been reported with a yield
of 59%1®0). Our problem was not so much the synthesis of the dilithium salt 74 seeing that
the salt precipitated as a white solid. The problems thus started with the addition of
anhydrous N,N-dimethylformamide (DMF). Insufficient drying of the reagents and the

glassware could therefore be the problem.
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Scheme 3.10: Attempt to synthesise 3,4-dichlorothiophene-2,5-dicarbaldehyde: i) n-BuLi; ii) DMF

Other attempts in which the Vilsmeier reagent (POCIs/DMF) or ethyl formate
(HC(O)OEt) were used as formylating reagents also failed. Nevertheless the reaction with n-
BuLi and DMF could be tuned in such a way that only one equivalent of n-BuLi was used to
obtain 3,4,5-trichlorothiophene-2-carbaldehyde 77. (Scheme 3.11) Subsequent reduction of
the aldehyde with NaBH. yielded alcohol 78 which was chlorinated with thionyl chloride.
Further transfer into thioether 80 was accomplished using 1-octanethiol. At this level we
tried to build in a second aldehyde. Unfortunately no aldehyde was detected in the NMR
spectrum of the reaction mixture.
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Scheme 3.11: Attempt to synthesise 2-th/ooctylmethyl-3, 4-dlchloroth/ophene-S-carbaldehyde 81:
i) n-BuLi, DMF; i) NaBHs, THF; iii) SOCl2, THF; iv) CsH17SH; v) n-BuLi, DMF

Another way to obtain compound 81 was via the route presented in scheme 3.12. In
this approach first the mono-aldehyde was protected after which the second aldehyde could
be built in. Again the aldehyde was reduced with NaBH4 to yield the corresponding alcohol.
But when 84 was treated with thionyl chloride, the protective group went off due to the high
acidity of the reaction mixture. The chlorination therefore mainly yielded compound 86 and
the protected variant 85 was only for less than 15% present in the reaction mixture. The
next step, the conversion to the thioether, had a disappointing yield of 5% and purification of
81 was difficult because the Ry values of starting and end product were similar.
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Scheme 3.12: Second pathway to obtain compound 81:
i) HOCH2CH:0H, p-TsOH; ii) n-BuLi, DMF; iii) NaBHs, THF, iv) SOClz, THF; v) CsH17SH

Due to the complexity and low overall yields of the reactions described above, we
started with the synthesis of the 2,5-bischloromethylthiophenes 88a and 88b. (Scheme
3.13) This symmetric product could be synthesised from the corresponding dihalothiophene
by means of a chloromethylation reaction®!). We opted to use the method reported by
Becker et al.62, This reaction is an electrophilic substitution of formaldehyde in acid
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conditions to the substrate, followed by a nucleophilic substitution of the formed diol to the
chlorine anions in the reaction mixture. 3,4-Dibromothiophene is commercially available but
3,4-dichlorothiophene had to be synthesised. By treatment of 73 with n-BuLi, the dilithium
salt 74 was again formed as a white precipitate®®. After addition of water and acidification
with an aqueous HCI solution until neutral, 87a could be obtained.
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Scheme 3.13: Synthesis of the symmetric 3,4-dihalo-2,5-bischloromethylthiophene:
i) n-BuLi; i) H20; iii) CH20, HCI, Ac20

The next step in the monomer synthesis involves the formation of the monosulphide.
This sulphide could be formed directly via a classical nucleophilic substitution of the halide
with an alkylthiolate or indirectly via the bissulphonium salt®). (Scheme 3.14) The reaction
towards 89a is a nucleophilic substitution of the chlorine atoms with tetrahydrothiophene
(THT) groups. Subsequently, a thiolate anion extracts a proton and a 1,6-elimination can
occur. The intermediary p-quinodimethane system immediately reacts to form monosulphide
90a which is however not isolated. An azeotropic distillation with n-octane leads to
monosulphide 91a. Because it was difficult to isolate bissulphonium salt 89a, we only
performed the indirect synthesis for the chloro variant. An increase in reaction time and
temperature could possibly lead to an improved synthesis of the salt. This was already
proven earlier® but was however not tested here. The direct synthesis involves a two
phase reaction in which a phase transfer catalyst, methyltrioctylammonium chloride (Aliquat
3369), is used to ensure the transfer of the hydroxyl anions (OH-) from the water phase to
the organic (toluene) phase. The overall yield for the reaction from 88a to 68a (direct
synthesis) was 35% (R’ = octyl) and 18% (R’ = ethyl). However in these procedures
respectively 55% and 71% of the starting product could be recovered.
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Scheme 3.14: Synthesis of the sulphinyl premonomers (R = Cl, Br; R’ = ethyl, octyl):
i) THT, MeOH; ii) R'SH, NatBuO; iii) n-octane; iv) R'SH, NaOH, Aliquat 336; v) H20,, TeO2, MeOH
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The last step in the preparation of the sulphinyl monomer is the oxidation of the
corresponding sulphide. Since the tellurium dioxide (TeO,) catalysed oxidation of thioethers
with hydrogen peroxide (H202) in methanol had proven to work properly®* 66, it was also
applied here.

3.2.2 Stop flow UV-Vis measurements on the monomers: formation of p-QM

To learn something about the polymerisation capabilities of the monomer, the
formation of the p-quinodimethane (p-QM) system was followed by means of UV-Vis
measurements. This was possible because a p-QM system has a strong absorption in the
UV area. For this purpose, a stop flow apparatus, depicted in figure 3.2, was used. With
syringe 1 and 2, the monomer and base solutions were brought together at the same time

into the measuring cell of the spectrometer.
12 3

Syringe 1: monomer solution
Syringe 2: base solution
Syringe 3: waste

Figure 3.2: Stop flow apparatus

The concentrations used for the monomer (104 M) and the base (10-* M) solutions,
were too low to initiate polymerisation of the p-quinodimethane system. For the
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measurements on 68a, 1,4-dioxane was used as the solvent and for 68b this was 2-BuOH.
In both cases, sodium tert-butoxide (NatBuO) was used as the base. Figure 3.3 shows the
UV-Vis spectra of 68a after monomer and base solutions were brought together. In figure
3.4 the absorption at 366, 378 and 357 nm are plotted as a function of time. The formation
of the p-QM -with absorption at 357 nm- is clearly visible in this way.
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Figure 3.3: UV-Vis spectra of 68a (R'=octyl) Figure 3.4: Absorption at 266, 278 and
after addition of NatBuO 357 nm versus time

This measurement was performed in triplicate to check the reproducibility. Since the
solubility of NatBuO in 1,4-dioxane is poor, the base precipitated. As a result the p-
quinodimethane system was formed slower when looking at the successive measurements.
From the figures presented here, we can not draw conclusions regarding the kinetics of the
p-quinodimethane formation but we can say that polymerisation of monomer 68a looks
possible since the corresponding quinoid formation is possible.

Exactly the same measurement could be done for 68b. 2-BuOH was used as the
solvent thus no solubility problems occurred here. In figure 3.5 we can see that the quinoid
absorption also here is at 357 nm. The quinoid formation was however so fast that, when
the absorbance is plotted as a function of time, we can not see the formation anymore but
only the decline in absorption at 357 nm. (Figure 3.6)
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Figure 3.5: UV-Vis spectra of 68b (R’ = octyl) Figure 3.6: Absorption at 257, 288 and
after addition of NatBuO 357 nm versus time

3.2.3 Polymerisation via the sulphinyl precursor route

The polymerisation of the premonomer 68 was performed in a thermostatic flask in
which the monomer solution was inserted first. (Scheme 3.15) The base, dissolved in the
same solvent, was added in one go via a thermostatic funnel after both solutions were made
oxygen free by passing nitrogen gas through them. The monomer concentration was set at
0.1 M, calculated on the total volume of solvent that was used. After one hour the mixture
was poured into ice water, acidified to neutral with an aqueous solution of HCI (1 M) and
extracted with chloroform. After the solvent was removed, the polymer was precipitated in
an ice-cold hexane/ether (3/1) mixture, collected and dried. The residual fraction was

concentrated in vacuo.
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Scheme 3.15: Synthesis of precursor polymer 71 (R = Cl, Br and R’ = ethyl, octyl)

The yield, the weight-average molecular weight (My, in g/mol) and the polydispersity
(PD) depend on the polymerisation conditions. In contrast to other precursor routes, the
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sulphinyl precursor route is not limited by one or two conditions. The parameters that can be
varied in the polymerisation process are: the choice of solvent, base, temperature ... It was
not our intention to fully optimize the polymerisation conditions. The polymerisations
presented in table 3.1, were performed to indicate that polymer could be obtained in the
applied conditions. The temperature was kept constant at 30°C during the whole
polymerisation process (1 hour) and NatBuO was used as the base. The molecular weight
of the precursor polymers was determined by Gel Permeation Chromatography (GPC)
relative to polystyrene (PS) standards and THF was used as the eluent. All GPC analyses
present a monomodal molecular weight distribution.

Entry R R’ Solvent  #Eq base Yield (%) Mw (x 10-3) PD
1 Cl Octyl 2-BuOH 1.2 89 89.2 23
2 Cl Octyl 2-BuOH 1.05 75 63.5 23
3 cl Octyl THF 1.05 30 48.9 24
4 Br Octyl 2-BuOH 1.05 70 121 4.8
5 Br Octyl THF 1.05 48 86.5 3.0
6 cl Ethyl 2-BuCH 1.05 48 28 1.6

Table 3.1: Polymerisation results for the monomers 68a,b

The best results were obtained with the synthesis of the octylsulphinyl precursor. The
dichloro and dibromo premonomers behaved more or less in the same way and 2-BuOH
was particularly suitable as the polymerisation solvent. The latter had already been proven
in previous polymerisations of other sulphinyl monomers(®. ), In cases where the residual
fraction was analysed with 'H NMR only starting product was found.

3.2.4 Study of the thermal conversion of the precursor polymers to the
conjugated structure

To obtain the conjugated polymer, the precursor polymer had to be submitted to a

thermal treatment. The thermal elimination of the sulphinyl group towards 3,4-dihalo
substituted PTV as well as the stability of the conjugated polymer could be studied with
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different techniques. In-situ UV-Vis and in-situ FT-IR measurements as well as DIP-MS
(Direct Insert Probe Mass Spectrometry) were used to study the thermal elimination reaction
and the thermal stability behaviour of the polymer. For the first two, a thermo-cell was
especially designed to fit in both a UV-Vis and a FT-IR spectrometer. A dynamic heating
rate of 2°C/min up to 300°C under a continuous flow of nitrogen was used. DIP-MS
measurements were performed at a heating rate of 10°C/min up to 600°C in order to get
information on the elimination products. In this technique the material is brought directly on
the heating element of the probe as a thin film and enables to study the products that are
liberated in the high vacuum (4.10- Pa) inside the spectrometer upon elimination. Liberated
products were ionised by electron impact.

UV-Vis measurements:

A precursor route has the advantage of producing a soluble and processable
precursor polymer. An inherent drawback however is the elimination step needed to obtain
fully conjugated polymers. The temperature program, applied after the precursor is spin-
coated, is contributory for the functioning of the device. For example: when the heating rate
is too high, cracks can arise in the polymer film resulting in a low device performance. When
the applied temperature is too low, the precursor will not be fully converted which also
results in poor or non-functioning of the device. In order to deduce the protocol one has to
use to convert the precursor into the conjugated form, an in-situ UV-Vis measurement is
indispensable. In figure 3.7, the gradual formation of the conjugated structure for poly{(3,4-
dichlorothienylene)-[1-(n-octylsulphinyl)ethylene]} 71a (M = 63 500) is shown. The higher
the degree of conjugation, the more the absorption maximum shifts to higher wavelength.
With an eye on further applications of the materials in TFTs, a high absorption maximum is
favourable. After all, a large m-conjugation length results in wide valence and conduction
bands, leading to a higher carrier mobility® 70. The maximum wavelength (Amax) Of the
conjugated polymer 72a is 583 nm. Though, we should make the remark that this value has
been measured at 150°C and that Amax at room temperature is expected to have a higher
value. This could be attributed to the ‘thermochromic effect’. Indeed on cooling down, a
bathochromic shift is visible because at lower temperature, the conjugation is better and
thus a higher maximum wavelength is seen. In order to obtain the Amax at room temperature,
the precursor was heated at 2°C per minute up till 150°C. After this, the sample was hold at
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this temperature for 5 minutes and cooled back to 25°C. A Amax value of 595 nm could then
be observed. By plotting the absorbance at the absorption maximum (at 150°C) as a
function of temperature (figure 3.8), an increase in this absorbance could be seen between
65 and 95°C. In the region between 55 and 95°C, the formation and disappearance of
oligomeric fragments (388 nm) is visible. Their formation goes up to a maximum and is then
taken over by the absorption at 583 nm, in favour of the longer conjugated chains. The
decrease in absorbance at 267 nm, which corresponds to the Amax Of the precursor polymer
71a, takes place in the same temperature interval as the increase in the absorbance at 583
nm. We thus can conclude that elimination takes place in a temperature range from 65 up to
95°C.
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Figure 3.7: UV-Vis spectra of 71a (R’ = octyl) Figure 3.8: Absorption at 583, 388 and 267 nm
at different temperatures as a function of temperature

As explained in chapter one, we can derive the band gap of the conjugated polymer
from its UV-Vis spectrum. At a temperature of 240°C, elimination of the sulphinyl group is
completed. When drawing the tangent on the low energetic side of the spectrum taken at
243°C (figure 3.7), the intersection with the abscissa is at 776 nm which corresponds to a
band gap of 1.6 eV. But due to the thermochromic effect the band gap should be
determined from the UV-Vis spectrum recorded at room temperature. The value of the band
gap thus derived was 1.55 eV.

Exactly the same UV-Vis profiles could be derived from the measurements of poly-
{(3,4-dibromothienylene)-[1-(n-octylsulphinyl)ethylene]} 71b. The corresponding conjugated
polymer also has a band gap of 1.55 eV and the Amax value measured at 150°C was 598
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nm. A Amax Value of 609 nm was observed at 25°C after performing an analogue heating-
cooling experiment as done for the conversion of 71a.

Since the absorbance at 583 nm for 71a and at 598 nm for 71b stayed constant until
at least 250°C, the degradation of the conjugated polymer occurred at a temperature higher
than 250°C. To have a better idea of the stability, an additional experiment was performed.
Here 71b, spin-coated on a quartz disc, was exposed to four successive temperature ramps
from ambient temperature to 250°C at 2°C per minute (dotted line in figure 3.9). The
absorbance at 268 and at 590 nm is plotted as a function of time. When an overlay of the
absorbance at 590 nm in the second and third temperature ramp is made, we can see that
this overlay is quite good. (Figure 3.10) However, in an experiment where the successive
temperature ramps only went to a temperature of 200°C, the same overlay was better,
indicating possibly some signs of degradation at 250°C.
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Figure 3.9: Heating-cooling experiment on 71b Figure 3.10: Overlay of ramp two and three

The undulating motion in the absorbance as a function of time in figure 3.9 is caused
by the thermochromic effect. With decreasing temperature, the absorbance at 268 and 590
nm will increase as there is a bathochromic shift on cooling down the polymer. To be sure
that no changes occurred at these two wavelengths due to the quartz disc on which the
polymer was spin-coated, also a pure quartz disc was heated from ambient temperature to
250°C at 2°C per minute. In figure 3.11 the absorbance at 258 and 587 nm is plotted as a
function of time. The absorbance remains unchanged which means that the quartz disc itself
has no influence on the absorbance at these wavelengths. Nevertheless the quartz disc
does influences the absorbance at higher wavelengths (1304 nm) but this is of no
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importance since these wavelengths are not studied during the elimination and degradation
process of the polymers.
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Figure 3.11: The absorbance at different wavelengths as a function of temperature for a quartz disc

FT-IR measurements:

In-situ FT-IR spectroscopy is a second technique to get more insight in the
elimination process of the polariser and thus the formation of the conjugated system. The
same dichloro precursor polymer as used in the UV-Vis measurements was examined here.
In the IR spectrum of the precursor polymer the signal at 1048 cm- originates from the octyl
sulphinyl group. (Figure 3.12) The formation of the vinylene double bond is visible at 926
cm'. The intensity of these bands is plotted as a function of temperature in figure 3.13. The
decrease in intensity of the signal at 926 cm is probably not due to degradation of the
conjugated system but can possibly be attributed to the thermochromic effect.
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Figure 3.12: IR spectra of 71a (R’ = octyl) Figure 3.13: Absorption at 926 and 1048 cm?
at different temperatures as a function of temperature

From the absorption profies we can conclude that UV-Vis and FT-IR are
complementary techniques. The absorption at 583 nm increases in more or less the same
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temperature interval than the absorption at 926 cm-'. Also here exactly the same FT-IR
profiles could be derived from the measurements of 71b.

DIP-MS measurements:

With the thermal analysis of a precursor polymer by DIP-MS, information about the
structure of the elimination products can be obtained as well as the kinetics of the
evaporation process. In the thermogram of both the dichloro and the dibromo octylsulphinyl
precursor polymer shown in figure 3.14, the total ion current (TIC) is plotted as a function of
temperature. It shows two signals of which the first has a maximum at 101°C. By looking at
the fragments observed in the mass spectrum of the first peak, this signal could be assigned
to the elimination of the octylsulphinyl polariser. The second signal shows its maximum at
398°C for 71a and at 379°C for 71b and corresponds to the evaporation of degradation
products of the conjugated polymer.
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Figure 3.14: DIP-MS thermogram of 71a and 71b both with R’ = octyl

3.2.5 Photovoltaic studies
3.2.5.1. Introductory experiments needed for photovoltaic studies

The main difference between the material described in this chapter and the soluble
PITNs described in chapter two is their solubility in the conjugated phase. Up till now, all

polymer materials, tested for their applicability in solar cells, were soluble in the conjugated
form thanks to side chains on the monomer unit. Here, the precursor polymer is soluble but

72



Substituted PTVs

once transferred to the conjugated form, the material becomes insoluble. To test these
materials in solar cell devices, we first have to spin-coat the precursor material and
afterwards do a conversion at high temperature. Since we mix the precursor with [6,6]-
PCBM and the elimination temperature sometimes can be quite high, we first investigated
the thermal stability of this Cg derivative. Two techniques were used to evaluate the
resistance of PCBM towards high temperatures and thus the applicability of PCBM as
electron acceptor in a solar cell device even with high temperature processing. First, a
simple in-situ UV-Vis measurement was done. The PCBM was dissolved in chlorobenzene
1% (w:v%) and brought on a quartz disc which is then placed in the temperature cell
positioned in the beam of the UV-Vis spectrophotometer. The sample was heated at 2°C
per minute from ambient temperature to 350°C and this under nitrogen atmosphere. The
UV-Vis absorption spectra of [6,6]-PCBM at different temperatures are given in figure 3.15.
Here we can see clearly the decrease in absorbance at 267 nm beyond 220°C. When
plotting the absorbance at this wavelength as a function of temperature (figure 3.16) a
decrease can be observed between 215 and 250°C. We thus expect no problems
concerning the thermal stability on in-situ conversion of the precursor polymer to the
conjugated structure in the presence of [6,6]-PCBM.
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Figure 3.15: UV-Vis spectra of [6,6]-PCBM Figure 3.16: Absorption at 267 nm as
a function of temperature

These conclusions were confirmed by Thermo Gravimetric Analysis (TGA). A [6,6]-
PCBM sample was inserted in the solid state in a thermogravimetric analyser. A continuous
flow of nitrogen (50 mL/min) and a heating rate of 10°C per minute were used. In TGA, the
weight of the sample is measured as a function of temperature. (Figure 3.17) As no weight
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loss is observed before 350°C, there is no degradation of the PCBM before this
temperature.
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Figure 3.17: TGA spectrum of [6,6]-PCBM

3.2.5.2. Solar cell behaviour of poly(3,4-dichloro-2,5-thienylene vinylene) and
poly(3,4-dibromo-2,5-thienylene vinylene)

Photovoltaic studies on solar cell devices were performed by Martin Knipper at the
physics division of the Institute for Materials Research (IMO). Solar cells were prepared
according to the following procedure. Glass substrates coated with ITO (resistance ~ 90
ohm per square) were cleaned first with isopropanol in an ultrasonic bath for 20 minutes and
dried in a nitrogen flow. The samples were brought into a glove box with a nitrogen
atmosphere. Inside the glove box, an 80 nm layer of PEDOT/PSS (BAYTRON P from Bayer
AG) was spin-coated on top of the ITO and heat treated for 10 minutes at 180°C on a hot
plate. After this, the sample was cooled down to room temperature and the photoactive
layer was spin-coated on top of the PEDOT. It was cast from a 0.5 wt% solution of poly{(3,4-
dichlorothienylene)-[1-(n-octylsulphinyl)ethylene]} 71a (M = 48 900) mixed with PCBM in
chlorobenzene. The ratio by weight from 71a and PCBM was 1:4 (1.5 mg of 71a; 6 mg of
PCBM). The solution was stirred with a magnetic stirrer overnight at room temperature. The
spin-coating of the active layer was a two-step procedure: the first step, to determine the
thickness, was with a closed cover at 600 rpm for 5 seconds. The second step, to dry the
film, was with an open cover at 40 rpm for 2 minutes. The converted film was approximately
150 nm thick. The conversion of the precursor polymer was done on a hot plate from room
temperature to 150°C with a temperature increase of 2°C per minute after which the
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temperature was held constant at 150°C for 10 minutes. Then the top electrode was
evaporated in a vacuum of 2.10 mbar. First a 0.7 nm thick layer of LiF and then a second
layer of 70 nm aluminium were evaporated. The active area of each cell was 6 mm2,
Afterwards the samples were measured with a solar simulator (AM1.5 spectrum, 1000
Wim2). A postproduction heat treatment took place at 70°C for several times, starting with 5
minutes. Then the samples were measured again at room temperature and after that
annealed again (55 minutes, in total 1 hour). Five annealing steps were done with a total
time of 9 hours.
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Figure 3.18 to 3.21: Vi, Jsc, FF and efficiency as a function of annealing time for 71a

Recently, Padinger et al. reported on an improvement of the performance of solar
cells after a postproduction treatment("™). Also here it is shown (figures 3.18 to 3.20) that the
open circuit voltage (Voc), the short circuit current density (Js) and the fill factor (FF)
increase with postproduction temperature treatment. Therefore also the efficiency (product
of these three values) increases as shown in figure 3.21. Since there were eight solar cells
on each substrate, the boxes present the data off all eight measurements. The boundary of
the box closest to zero indicates the 25" percentile, the line within the box marks the
median, and the boundary of the box farthest from zero indicates the 75t percentile. The
values listed in table 3.2 are the averages of the eight data points.
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The same procedure as described above was used to construct devices with an
active layer that was produced from precursor polymer 71b (M, = 121 000). As shown in
figures 3.22 to 3.25 analogous curves were obtained.
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Figure 3.22 to 3.25: Ve, Jsc, FF and efficiency as a function of annealing time for 71b

Polymer  Annealing time Voc (mV) Jsc (MA/cm?) FF (%) 1 (%)

71a 5 minutes 252 0.966 273 0.070
71a 9 hours 408 1.437 29.9 0.18
71b 5 minutes 106 0.781 254 0.021
71b 9 hours 333 1.165 314 0.12

Table 3.2: Device characteristics

The increase in Vo and FF can be due to a burning of shunts in the bulk. The
leakage current decreased with heat treatment as shown in figures 3.26a and 3.26b. We still
have a high leakage current, but we see a little bit of rectification in the solid line of figure
3.26b. Due to the postproduction thermal treatment an improved diode behaviour is
observed.
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Figure 3.26: JIV curves before annealing (dashed line) and after 9 hours (solid line) for 71a, (b): log-scale

The increase in Jsc normally results from an increase of the charge carrier mobility").
In this case it can be due to an ongoing conversion from the precursor to the conducting
polymer. To know if this is the case a comparative UV-Vis study was set up between the
conversion of pristine 71a and the conversion of a mixture of 71a and PCBM. If the
elimination temperature of the mixture was higher compared to the temperature of the
precursor polymer alone, an explanation for the observed solar cell characteristics could be
given.

—— spectrum at RT before conversion
spectrum at 150°C

71a+PCBM  \} - - spectrum at RT after conversion

Absorbance

Absorbance 71a
Absorbance 71a + PCBM

T T T T T — T T T T
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Figure 3.27: UV-Vis spectra of 71a and Figure 3.28: Absorption at 558 nm as
the mixture of 71a with PCBM a function of temperature

In these two experiments, the precursor polymer and the polymer mixed with PCBM
were heated at 2°C per minute from ambient temperature up till 150°C. After the sample
was hold at this temperature for 10 minutes, it was cooled back to room temperature. For
both samples the UV-Vis spectra at room temperature (solid line), at 150°C (dotted line) and
after cooling down (dashed line) are given in figure 3.27. The strong absorption of the
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mixture before 500 nm is due to the presence of the Cg derivative of which the UV-Vis
spectrum is shown in figure 3.15. If we compare the profile of the absorption at 558 nm for
the conjugated polymer alone with the profile for the polymer mixed with PCBM (figure
3.28), we observe a slight shift (5°C) towards higher temperature for the mixture. This small
change however is in our view too small to be helpful to explain the improved characteristics
with increasing annealing time.

3.2.6 Transistor behaviour of poly(3,4-dichloro-2,5-thienylene vinylene) and
poly(3,4-dibromo-2,5-thienylene vinylene)

The two sulphinyl precursor polymers 71a and 71b were also tested in a TFT device.
The measurements were performed on a bottom-contact ring transistor (L = 10 um; W =
2500 pum) and carried out by Patrick Baesjou at Philips Research in Eindhoven, The
Netherlands. Despite the good stability of the material, the transistor properties were very
bad. For this reason, we looked for other possible substituents and the synthesis of 3,4-
diphenyl substituted PTV was planned and started.

3.3 Synthesis of poly(3,4-diphenyl-2,5-thienylene vinylene)

Since the synthesis of non-substituted poly(2,5-thienylene vinylene) via the sulphinyl
route has proven to be difficult, the synthesis of poly(3,4-diphenyl-2,5-thienylene vinylene)
via this precursor route would probably be impossible. After all, substituting the [3 positions
of the thiophene with electron donating phenyl groups, makes the aromatic core even more
electron rich. Therefore, the xanthate precursor route was used to test the applicability of
this route in the synthesis of electron rich PTV derivatives. At first, not much has been
published about the use of the xanthate route( 73 in comparison to the other three
precursor routes. It is only in the past few years that the number of reports on this route is
increasing(™-82. An important drawback inherent to the xanthate route is the strict conditions
in which the polymerisation has to be performed. Whereas in the sulphinyl route a whole
range of solvents and temperatures could be tested, here the use of dry THF as the solvent
is necessary and the polymerisation has to be performed at a sufficiently low temperature.
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3.3.1 Monomer synthesis

In the reports on the xanthate precursor route, the bisxanthate monomer was always
synthesised in one step by addition of the potassium salt of ethylxanthic acid to the
corresponding bishalomethyl compound. Thus, to obtain the bisxanthate monomer, 2,5-
bisethoxy(thiocarbonyl)thiomethyl-3,4-diphenylthiophene, the first goal was finding a
synthetic route towards 3,4-diphenyl-2,5-bischloromethylthiophene 97. In this regard, two
possible routes were successfully tested. The first route (scheme 3.16) started with the
esterification of the two carboxylic groups of the commercially available thiodiglycolic acid
92 with ethanol®. Next, the Hinsberg reaction between diethyl thiodiacetate 93 and benzil
produced the thiophene ring system(®4. Consecutive reduction of the two carboxylic groups
of 95 with lithium aluminium hydride (LiAlH4) followed by chlorination of the diol with thionyl
chloride (SOCIy) yielded the desired dichloride 97. Compound 97 is quite unstable and
degradation occurred in the attempt to purify it by means of column chromatography.

. . e -©
1
HOOC g ™SCooH ——> E00C s “COOEt ——» E00C s > COOE

92 93 94
Ph Ph Ph Ph Ph Ph
U G TG o SR § SN
HOO S COOH HO S OH Cl S cl
95 96 97

Scheme 3.16: First possibility in the synthesis of 3,4-diphenyl-2,5-bischloromethylthiophene:
i) 2 EtOH; ii) NaOH, EtOH; iii) PhC(O)C(O)Ph; iv) LiAlH4, THF; v) SOCI;, THF

In the second possible route towards dichloride 97, first 3,4-diphenylthiophene 101
was synthesised. (Scheme 3.17) Compound 101 could be obtained either via a Suzuki
coupling reaction between the commercially available phenylboronic acid 102 and 3,4-
dibromothiophene 103, or via the method developed by Nakayama et al.® 8). The latter
involves the synthesis of thiophenes with two substituents on the 3- and 4-positions. Starting
from commercially available 2-bromoacetophenon 98, the reaction with sodium sulphide
nonahydrate (Na,S.9H,0) vyielded 1,5-diphenyl-3-thiapentane-15-dione 99. Next 34-
diphenylthiolane-3,4-diol 100 was formed by the intramolecular reductive coupling reaction
with a low-valent titanium reagent prepared from titanium(IV)chloride (TiCls) and Zn powder.
Treatment of the diol with p-toluenesulphonic acid (TsSOH.Hz0) in refluxing benzene gave
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3,4-diphenylthiophene 101. The synthesis via the Suzuki coupling reaction is preferred since
it requires only one step and the yield (77%) is better than the overall yield (29%) of the
three step synthesis towards 101.

e}
o Ph ° Ph Ph Ph
. . H OH
BI‘ 1 11
Phi S S
99
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100
Ph Ph Br Br
_ i Z/ \S Y QB(OH» + Z/ \§
S
101 102 87b
¢v

Ph Ph Ph Ph

a S al EtO(S)CS S SC(S)OEt
97 103

Scheme 3.17: Second possibility in the synthesis of 3,4-diphenyl-2,5-bischloromethylthiophene:
i) Na2S.9H20, Me2CO/H:0; ii) TiCls, Zn, THF; iii) TSOH.H20, PhH; iv) Pd(PPhs)4, KF, toluene/H20; v) CH20,
HCI, Ac20; vi) KSC(S)OEt, MeOH

The desired dichloride 97 was then obtained via the same chloromethylation reaction
as used in the synthesis of 88a. Another possible route to obtain compound 97 was reported
in literature®). It involved the synthesis of 2,5-dibromo-3,4-diphenylthiophene by
dibromination of 3,4-diphenylthiophene with N-bromosuccinimide (NBS) which was treated
with &-BuLi. The resulting 2,5-dilithiated thiophene was treated with N,N-dimethylformamide
(DMF) to give 3,4-diphenylthiophene-2,5-dicarbaldehyde, which was then reduced to 97 by
NaBH,. This route however was not applied in our lab because we already had experienced
problems to obtain 3,4-dichlorothiophene-2,5-dicarbaldehyde (paragraph 3.2.1). Finally the
bis-(O-ethyl xanthate) monomer 103 was synthesised as mentioned earlier from the
bischloromethyl compound 97 by reaction with the potassium salt of ethylxanthic acid.

3.3.2 Polymerisation via the xanthate precursor route

When Son et al. reported for the first time on the xanthate route, they proposed that
the polymerisation proceeded via a p-quinodimethane intermediate since the solution
became red after addition of the base (KtBuO)("2. However no real evidence could be found.
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We neither could demonstrate the presence of a p-QM intermediate with stop flow UV-Vis
measurements on monomer 103. Nevertheless polymerisation in dry THF with 1.05
equivalents of NafBuO as the base was possible. The polymerisations were performed
using the same procedure as described in paragraph 3.2.3 and the results are given in table
3.3. The eluent used to determine the molecular weight of the precursor polymers by GPC
was THF. After the precursor polymer is precipitated in the cold n-hexane/ether solution, the
filtrate was evaporated which yielded the residual fraction. Analysis of this fraction with H
NMR spectroscopy indicated that it consisted only of monomer 103.

Ph Ph Ph Ph
/M\ NarBuO J SC(S)OEt
EtO(S)CS S SC(S)OEt S A
103 104

Entry  Temperature (°C) Yield (%) Mw (x 10-3) PD
1 -15 32 7.2 14

2 0 38 35.7 8.4

3 15 34 16.1 3.9

Table 3.3: Polymerisation results for monomer 103

Precursor polymers could be synthesised from the bisxanthate monomer 103 but
their molecular weights were rather low. From in-situ UV-Vis and FT-IR measurements it
could be seen that the elimination of the xanthate groups occurred between 105 and 175°C.
The UV-Vis spectra of the precursor polymer 104 and of poly(3,4-diphenyl-2,5-thienylene
vinylene) are given in figure 3.29. The band gap derived from the low energy side of the
spectrum of the conjugated polymer (dashed line) is 1.6 eV.

— Precursor polymer
- - - Conjugated polymer

Absorbance
°
®

T T T T T 1
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Wavelength (nm)

Figure 3.29: UV-Vis spectra of precursor polymer 104 and of poly(3,4-diphenyl-2,5-thienylene vinylene)
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3.4 Synthesis of poly(3,4-dichloro-2,5-thienylene vinylene) and
poly(3,4-dibromo-2,5-thienylene vinylene) via the xanthate
precursor route

Since the synthesis of electron rich PTV derivatives was possible via the xanthate
precursor polymerisation route, this route was also tested for the electron poor dichloro PTV
derivative discussed earlier. Starting from compound 88a, the monomer was obtained using
exactly the same procedure as described in the previous paragraph. (Scheme 3.18)

cl cl cl cl cl cl
) . SC(S)OEt
/m\ — /ﬂ\ — &
Cl S Cl EtO(S)CS S SC(S)OEt S o
88a 105 106

Scheme 3.18: Synthesis of xanthate monomer and precursor polymer:
i) KSC(S)OEt, MeOH; ii) NatBuO, THF

Also the polymerisation conditions were analogous as describes above. An overview
of the polymerisation results is depicted in table 3.4. THF and chloroform are the two
eluents used in the GPC analyses. Except for entry 2, a higher molecular weight was found
with CHCls as the eluent indicating that the latter is a better solvent for precursor polymer
106. Very high polydispersities were detected and analysis of the residual fraction indicated
that it consisted only of monomer 105.

Entry Temperature  Yield Mw(x10%)  PD  Mu(x10%)  PD

(°C) (%) (THF) (THF) (CHCI3) (CHCI3)
1 -15 20 475.7 69.9 491.3 50.5
2 0 40 439.4 35.1 172.9 28.0
3 15 14 3974 67.6 4401 67.7
4 40 9 38.5 75 437 6.6

Table 3.4: Polymerisation results for monomer 105
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It has now been proven that both electron rich and electron poor monomers can be
polymerised via the xanthate precursor route.

The high elimination temperature of the xanthate groups in the precursor polymer is
an important drawback of the xanthate route. In-situ UV-Vis and complementary in-situ FT-
IR studies on polymer 106 with M, = 439 400 in THF, showed that the elimination occurred
in a temperature range from 125 to 175°C. In figure 3.30 the absorption at Ama of the
conjugated polymer (492 nm) and at Amax Of the precursor polymer (285 nm) is plotted as a
function of increasing temperature.

125 175 250

Absorbance

--- 285nm

492 nm

T T T T T T T
100 150 200 250 300 350 400
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Figure 3.30: UV-Vis profiles for the absorption at 285 nm and 492 nm as a function of temperature
3.5 Conclusion

Two different precursor routes towards poly(3,4-disubstituted-2,5-thienylene
vinylene)s were successfully tested. Whereas the use of the sulphinyl precursor route is
limited to electron poor derivatives like poly(3,4-dichloro-2,5-thienylene vinylene) and
poly(3,4-dibromo-2,5-thienylene vinylene), the xanthate precursor route can be used in the
synthesis of both electron poor and electron rich derivatives. The synthesis of the
bischloromethyl monomer of an electron rich system still forms the most important obstacle
in the synthesis of the bisxanthate monomer. This however does not alter the fact that the
xanthate route could be an alternative in the cases where the synthesis of the sulphinyl
monomer is problematic. For this reason an investigation of the xanthate route towards
poly(2,5-thienylene vinylene) was performed. This will be dealt with in chapter four.
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3.6 Experimental part

Materials: All solvents used in the synthesis were distilled before use.
Tetrahydrofuran (THF) was refluxed under nitrogen with sodium metal and benzophenone
until a blue colour persisted and was then distilled. All commercially available products were
purchased from Acros or Aldrich.

Characterisation: '"H NMR spectra were taken at 300 MHz on a Varian Inova
spectrometer. For all synthesised compounds, 'H NMR spectra were recorded in deuterated
chloroform or deuterated water; chemical shifts (8) in ppm were determined relative to the
residual CHCl3 or H,O absorption at 7.24 ppm and 4.72 ppm respectively. 13C NMR spectra
were recorded at 75 MHz on the same spectrometer. Chemical shifts are determined
relative to the 3C resonance shift of CHCIl; at 77.0 ppm. All spectra were obtained at
ambient temperature.

The molecular weights and molecular weight distributions were determined in the
same way as described in chapter two. Not only a DMF solution of oxalic acid (1.1 10 M)
was used as the eluent but also THF could be used. To characterise the materials further
(TLC, GC/MS, CV), the same instruments were used as described in chapter two.

Fourier transform-infrared (FT-IR) spectroscopy was performed on a Perkin Elmer
Spectrum One FT-IR spectrometer (nominal resolution 4 c¢cm!, summation of 16 scans).
Samples for the FT-IR characterisation were prepared by spin-coating the precursor
polymer from a chloroform solution (6 mg/mL) onto NaCl discs (diameter 25 mm and
thickness 1 mm) at 500 rpm. The NaCl discs were heated in a Harrick oven high
temperature cell (purchased from Safir), which was positioned in the beam of the FT-IR to
allow in-situ measurements. The temperature of the sample and the heating source were
controlled by a Watlow temperature controller (serial number 999, dual channel). The
heating source was in direct contact with the NaCl disc. Spectra were taken continuously
and the heating rate was 2°C/min up to 400°C. All measurements were performed under a
continuous flow of nitrogen. Timebase software was used to investigate regions of interest.

Ultraviolet visible (UV-Vis) spectroscopy was performed on a VARIAN CARY 500
UV-Vis-NIR spectrophotometer (interval: 1 nm, scan rate: 600 nm/min, continuous run from
200 to 700 nm). The precursor polymer was spin-coated from a chloroform solution (6
mg/mL) onto quartz glass (diameter 25 mm and thickness 3 mm) at 700 rpm. The quartz
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glass was heated in the same Harrick oven high temperature cell as was used in the FT-IR
measurements. The cell was placed in the beam of the UV-Vis spectrophotometer and
spectra were taken continuously. The heating rate was 2°C/min. All measurements were
performed under a continuous flow of nitrogen. Scanning kinetics software was used to
investigate the regions of interest.

Direct insertion probe mass spectroscopy (DIP-MS) was performed on a FINNIGAN
TSQ 70, in electron impact mode, mass range of 35-650 and scan rate of 2 s. The electron
energy was 70 eV. A chloroform solution of the precursor polymer was placed directly on
the heating element of the probe and measurements were performed under high vacuum
(4.10 Pa). The polymer was heated from ambient temperatures till 650°C at a heating rate
of 10°C/min.

Thermo Gravimetric analysis (TGA) was carried out on a TA INSTRUMENT 951
thermo gravimetric analyser with a continuous flow of nitrogen (50 mL/minute) and a heating
rate of 10°C/min. The sample was inserted in the solid state.

Tetrachlorothiophene (73)

A flask with hexachloro-1,3-butadiene (15.06 g, 57.75 mmol) was placed in a heating mantle
and refluxed. Sulphur (5.54 g, 0.173 mol) was added in portions. After this, the mixture was
refluxed for 13 hours. A vacuum distillation resulted in 9.5 g (75% yield) of the pure product.
MS (El, m/e): 220 (M*), 185 (M* - Cl), 150 (M* -2 Cl), 115 (M* -3 Cl), 79 (M* -4 Cl)

3,4-Dichlorothiophene-2-carbaldehyde (76)

A solution of tetrachlorothiophene 73 (1 g, 4.545 mmol) in dry ether (10 mL) was cooled to
5°C on an ice-bath. A 1.6 M solution of n-BuLi in hexane (6.25 mL) was added to the
solution over a period of 15 to 20 minutes. When the precipitation of the dilithium salt
started, the ice bad was removed and the mixture was stirred for two hours at room
temperature. Then the solvents were removed and dry THF (40 mL) was added. The
mixture was cooled to -40°C and anhydrous DMF (0.94 mL, 12.27 mmol) was added drop
wise. The mixture was first warmed to room temperature and then refluxed overnight. The
reaction mixture was poured into 100 mL of an aqueous HCI solution (0.1 M) and a
saturated aqueous sodium hydrogen carbonate (NaHCOs) solution was added until the
mixture was neutral. Further work-up consisted in extracting the mixture with CHCI3 (3 x 10
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mL) and drying the combined organic phases over MgSOs. Evaporation of the solvent
yielded only compound 76. '"H NMR (CDCls): 9.99 (s, 1H), 7.60 (s, 1H)

3,4,5-Trichlorothiophene-2-carbaldehyde (77)

The procedure is quite similar to the one described above but here only one equivalent of n-
BuLi is used instead of 2.2 equivalents. After 3 g (13.64 mmol) of 73 was dissolved in dry
THF (20 mL) and cooled to 0°C, 8.5 mL of a 1.6 M solution of n-BuLi in hexane was added.
After two hours of stirring at room temperature, the mixture was cooled to -40°C and
anhydrous DMF (1.41 mL, 18.41 mmol) was added. The work-up was analogous as
described for 76 and the crude product was purified by column chromatography (silica gel,
n-hexane/chloroform 7/3). 1.3 g (45% yield) of 77 was obtained as a white solid. '"H NMR
(CDCl3): 9.96 (s, 1H); MS (El, m/e): 214 (M*), 185 (M* - C(O)H), 150 (M* - C(O)H - Cl), 115
(M*-C(O)H-2Cl)

2-Chloromethyl-3,4,5-trichlorothiophene (79)

A solution of aldehyde 77 (1 g, 4.672 mmol) in THF (20 mL) was cooled on an ice-bath.
After NaBH. (0.27 g, 7.009 mmol) was added portion wise, the mixture was allowed to warm
to ambient temperature. Then it was stirred at this temperature for one hour. An aqueous
solution of HCI (1M) was added until the mixture was neutral. After extraction with CHClI3 (3
x 20 mL) the combined organic layers were dried over MgSOs and the solvent was
evaporated. The alcohol formed in this way was used without further purification. To an ice-
cold solution of the alcohol in THF (5 mL), thionyl chloride (0.38 mL, 5.14 mmol) was added
drop wise. The mixture was stirred at room temperature for one hour and NaHCO; was
added until the mixture was neutral. After extraction with CHCI; (3 x 20 mL), the combined
organic layers were dried over MgSO4 and the solvent was evaporated. Overall yield: 60%;
'H NMR (CDCls): 4.68 (s, 2H); MS (El, m/e): 234 (M*), 199 (M* - Cl), 164 (M* - 2 Cl), 129
(M+-3Cl)

2-Thiooctylmethyl-3,4,5-trichlorothiophene (80)

1-Octanethiol (0.45 g, 3.056 mmol) was added drop wise to a solution of sodium tert-
butoxide (0.4 g, 4.167 mmol) in dry THF (10 mL). The mixture was stirred at room
temperature for half an hour. Then compound 79 (0.65 g, 2.778 mmol) in dry THF (10 mL)
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was added and the mixture was stirred for two hours. An aqueous solution of HCI (1M) was
added until the mixture was neutral. After extraction with CHCls (3 x 20 mL) the combined
organic layers were dried over MgSO4 and the solvent was evaporated. Yield: 85%; 'H NMR
(CDCls): 3.80 (s, 2H), 2.50 (t, 2H), 1.58 (m, 2H), 1.14-1.45 (m, 10H), 0.86 (t, 3H); MS (El,
m/e): 344 (M*), 231 (M* - CgHy7), 199 (M* - SCeH17), 164 (M* - SCgH17 - Cl), 129 (M* -
SCgH17 - 2 Cl)

2,3,4-Trichloro-5-(dioxolan-2-yl)thiophene (82)

To a solution of 3,4,5-trichlorothiophene-2-carbaldehyde 77 (1 g, 4.673 mmol) in 20 mL of
toluene, ethylene glycol (1,2-ethanediol) (0.29 mL, 5.14 mmol) and a catalytic amount of p-
TsOH were added. The mixture was kept under reflux, and an azeotrope of toluene/H,0
was collected in a Dean — Stark apparatus. After three hours, the reaction was completed.
The solvent was evaporated and the crude reaction product was purified by column
chromatography (silica gel, n-hexane/CHCI; 1/1) which yielded 1.02 g of the pure product.
Yield: 85%; 'H NMR (CDCls): 6.10 (s, 1H), 4.07 (td, 2H), 4.01 (td, 2H); MS (El, m/e): 258
(M*), 223 (M* - Cl), 188 (M* - 2 Cl), 73 (C3Hs02")

3,4-Dichloro-5-(dioxolan-2-yl)thiophene-2-carbaldehyde (83)

This compound was obtained in an analogous way as described for 77, starting from 82 (1
g, 3.876 mmol), 2.5 mL of a 1.6 M solution of n-BuLi in hexane and DMF (0.4 mL, 5.232
mmol). The crude reaction product was purified by column chromatography (silica gel, n-
hexane/CHCI3 1/1). Yield: 51%; 'H NMR (CDCls): 10.03 (s, 1H), 6.18 (s, 1H), 4.11 (td, 2H),
4.06 (td, 2H); MS (El, m/e): 252 (M*), 217 (M* - Cl), 182 (M* - 2 Cl), 73 (C3H50,")

3,4-Dichloro-5-chloromethylthiophene-2-carbaldehyde (86)

This compound was obtained in an analogous way as described for 79, starting from 83 (0.5
g, 1.984 mmol) in THF (10 mL), NaBH4 (0.11 g, 2.976 mmol) and SOCI, (0.16 mL, 2.183
mmol). The crude reaction product was purified by column chromatography (silica gel, n-
hexane/CHClIs 3/7) which yielded a white solid. Yield: 40%; 'H NMR (CDCls): 10.03 (s, 1H),
4.73 (s, 2H); MS (El, m/e): 228 (M*), 193 (M* - Cl). For compound 85 which was obtained as
a side product: '"H NMR (CDCls): 6.14 (s, 1H), 4.70 (s, 2H), 4.10 (td, 2H), 4.02 (td, 2H); MS
(El, m/e): 272 (M*), 237 (M* - Cl), 73 (C3Hs02*)
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3,4-Dichloro-5-thiooctylmethylthiophene-2-carbaldehyde (81)

This compound was obtained in an analogous way as described for 80. However, the yield
after column chromatography (silica gel, n-hexane/CHCI; 7/3) was only 5%. 'H NMR
(CDCl3): 10.00 (s, 1H), 3.85 (s, 2H), 2.52 (t, 2H), 1.57 (m, 2H), 1.14-1.44 (m, 10H), 0.86 (t,
3H)

3,4-Dichlorothiophene (87a)

Tetrachlorothiophene 73 (15 g, 0.0682 mol) was dissolved in dry ether (10 mL) and cooled
down to 5°C. 93.75 mL of a 1.6 M n-BuLi solution in hexane (0.15 mol) was dropped to the
solution over 15 to 20 minutes. When the precipitation of the dilithium salt started, the ice
bad was removed and the mixture was stirred for two hours at room temperature. Then
water (10 mL) and a 1 M HCI aqueous solution was added until the mixture was neutral.
Further work-up consisted in extracting the mixture with CHCl; (3 x 10 mL) and drying of the
combined organic phases over MgSQOs. The crude reaction product was purified by column
chromatography (silica gel, n-hexane) which yielded 6.9 g of the pure product as a
colourless oil. Yield: 67%; 'H NMR (CDCls): 7.19 (s, 2H); MS (El, m/e): 152 (M*), 117 (M* -
Cl)

3,4-Dichloro-2,5-bischloromethylthiophene (88a)

To paraformaldehyde (2.67 g, 0.0888 mol) and 3,4-dichlorothiophene (5 g, 0.0329 mol) in a
three-necked flask, concentrated HCI (18.25 g, 0.1875 mol) and acetic anhydride (33.55 g,
0.329 mol) were added under nitrogen atmosphere. After 22 hours refluxing this mixture at
70°C, 10 mL of a cold saturated aqueous solution of sodium acetate and 10 mL of a 25%
aqueous solution of sodium hydroxide were added. The mixture was extracted with CHCl; (3
x 50 mL) and dried over MgSQOs. Purification by column chromatography (silica, CHCls/n-
hexane 1/1) gave the pure product as white crystals. Yield: 79%; 'H NMR (CDCls): 4.71 (s,
4H); MS (El, m/e): 248 (M*), 213 (M* - Cl), 178 (M* -2 Cl), 143 (M* - 3 Cl), 108 (M* -4 Cl)

3,4-Dibromo-2,5-bischloromethylthiophene (88b)

This compound was obtained in an analogous way as described for 58a, starting from 3,4-
dibromothiophene (5 g, 20.661 mmol), paraformadehyde (1.67 g, 55.785 mmol), HCI (11.46
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g, 117.768 mmol) and acetic anhydride (21.07 g, 0.2066 mol). Yield: 67%; 'H NMR (CDCls):
4.73 (s, 4H); MS (El, m/e): 338 (M*), 303 (M* - Cl), 268 (M* -2 CI)

3,4-Dichloro-2,5-bis(tetrahydrothiopheniomethyl)thiophene dichloride (89a)

A solution of 3,4-dichloro-2,5-bischloromethylthiophene (820 mg, 3.306 mmol) and THT
(1.28 g, 14.548 mmol) in methanol (10 mL) was stirred for five days at room temperature.
The reaction mixture was precipitated in cold acetone. The salt was filtered off and dried in
an exsiccator. Yield: 12%; 'H NMR (D20): 4.80 (s, 4H), 3.53 (m, 8H), 2.34 (m, 8H)

3,4-Dichloro-2-chloromethyl-5-thiooctylmethylthiophene (91a)

A mixture of sodium tert-butoxide (153 mg, 1.595 mmol) and 1-octanethiol (233 mg, 1.595
mmol) in methanol (10 mL) and a mixture of 3,4-dichloro-2,5-bis(tetrahydrothiophenio-
methyl)thiophene dichloride 89a in methanol (50 mL) were stirred at room temperature for
half an hour. Then the anion was added to the salt and the mixture was stirred at room
temperature for one hour. Methanol was removed and the oil thus obtained was diluted with
n-octane or petroleum ether (boiling range 100-130°C) and concentrated to remove
tetrahydrothiophene. The sequence was repeated three times to afford a crude mixture that
was purified by column chromatography (silica, CHCls/n-hexane 1/9). Yield: 35%; 'H NMR
(CDCls): 4.70 (s, 2H), 3.83 (s, 2H), 2.50 (t, 2H), 1.56 (m, 2H), 1.12-1.45 (m, 10H), 0.86 (t,
3H); MS (El, m/e): 358 (M*), 323 (M* - Cl), 213 (M* — SCgH17)

3,4-Dichloro-2-chloromethyl-5-(n-octylsulphinyl)methylthiophene (68a, R’ = octyl)

An aqueous (35 wt%) solution of H,O, (1 mL) was added drop wise to a solution of 91a
(1.82 g, 5.096 mmol), TeO, (84 mg, 0.526 mmol) and three drops of concentrated HCI in
methanol (30 mL). After three hours the reaction was quenched by adding a saturated
aqueous NaCl solution (10 mL). The reaction mixture was extracted with CHCI3 (3 x 20 mL),
the combined organic layers were dried over MgSOs, and concentrated in vacuo to afford a
reaction mixture that was purified by column chromatography (silica, CHCls/diethyl ether
8/2). Yield: 95%

Direct synthesis of 68a, R’ = octyl

A mixture of 3,4-dichloro-2,5-bischloromethylthiophene 88a (2 g, 8.065 mmol) in 10 mL of
toluene, NaOH (839 mg, 20.97 mmol) in 10 mL of H,O and a catalytical amount of
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methyltrioctylammonium chloride or Aliquat 336, was stirred at room temperature. A solution
of 1-octanethiol (589 mg, 4.032 mmol) in toluene (5 mL) was dropped to this mixture. The
reaction mixture was then stirred at room temperature for an additional five hours. After
extraction with CHCI5 (3 x 30 mL), drying over MgSQ4 and evaporation of the solvent, the
product was oxidised as described above. Overall yield: 35%; 'H NMR (CDCls): 4.71 (s, 2H),
4.18 (d, J = 14.1 Hz, 1H), 4.09 (d, J = 14.1 Hz, 1H), 2.62 (t, 2H), 1.73 (m, 2H), 1.42 (m, 2H),
1.16-1.37 (m, 8H), 0.86 (t, 3H); UV-Vis (CHCls): Amax at 266 nm

3,4-Dichloro-2-chloromethyl-5-(n-ethylsulphinyl)methylthiophene (68a, R’ = ethyl)

This compound was obtained in an analogous way as described for the direct synthesis of
68a with R’ = octyl, starting from 88a (2 g, 8.065 mmol), NaOH (839 mg, 20.97 mmol) and
ethanethiol (250 mg, 4.032 mmol). Overall yield: 18%; '"H NMR (CDCl): 4.70 (s, 2H), 4.18
(d, J =14.1 Hz, 1H), 4.08 (d, J = 14.1 Hz, 1H), 2.65 (m, 2H), 1.34 (t, 3H); UV-Vis (CHCl,):
Amax at 265 nm

3,4-Dibromo-2-chloromethyl-5-(n-octylsulphinyl)methylthiophene (68b, R’ = octyl)

This compound was obtained in an analogous way as described for the direct synthesis of
68a with R’ = octyl, starting from 88b (2 g, 5.917 mmol), NaOH (615 mg, 15.38 mmol) and
1-octanethiol (432 mg, 2.959 mmol). Overall yield: 38%; 'H NMR (CDCls): 4.73 (s, 2H), 4.23
(d, J =14.1 Hz, 1H), 4.13 (d, J = 14.1 Hz, 1H), 2.63 (t, 2H), 1.75 (m, 2H), 1.42 (m, 2H), 1.16-
1.37 (m, 8H), 0.85 (t, 3H); *C NMR (CDCls): 136.36, 127.56, 115.97, 115.06, 51.88, 51.27,
39.52, 31.66, 29.11, 28.92, 28.77, 22.56, 22.51, 14.05; UV-Vis (CHCl3): Amax at 266 nm

Poly{(3,4-dichlorothienylene)-[1-(n-octylsulphinyl)ethylene]} (71a, R’ = octyl)

A solution of monomer 68a, R’ = octyl (250 mg, 0.668 mmol) and a solution of sodium tert-
butoxide (77 mg, 0.802 mmol for entry 1 and 67 mg, 0.702 mmol for entry 2-3) were
degassed for one hour at 30°C by passing through a continuous stream of nitrogen. The
base solution was added in one portion to the stirred monomer solution. After one hour the
reaction mixture was poured in a well-stirred amount (100 mL) of ice water. The mixture was
neutralised with aqueous hydrogen chloride solution (1 M) and extracted with CHCI3 (3 x
100 mL). The combined organic layers were concentrated in vacuo. The crude product was
dissolved in CHCI3 and precipitated in 100 mL of an ice-cold n-hexane/diethyl ether (3/1)
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solution. The polymer was collected and dried. The residual fraction was concentrated in
vacuo. The polymerisation results are summarised in table 3.1. UV-Vis (CHCI3): Amax at 267
nm

Poly{(3,4-dibromothienylene)-[1-(n-octylsulphinyl)ethylene]} (71b, R’ = octyl)

This compound was obtained in an analogous way as described for 71a, R’ = octyl, starting
from monomer 68b (250 mg, 0.541 mmol) and sodium tert-butoxide (55 mg, 0.568 mmol).
UV-Vis (CHCl3): Amax at 267 nm

Poly{(3,4-dichlorothiophene)-[1-(ethylsulphinyl)ethylene]} (71a, R’ = ethyl)

This compound was obtained in an analogous way as described for 71a, R’ = octyl, starting
from monomer 68a, R’ = ethyl (250 mg, 0.862 mmol) and sodium tert-butoxide (87 mg,
0.905 mmol)

Diethyl thiodiacetate (93)

Thiodiglycolic acid (10 g, 0.0667 mol) was refluxed with 30 mL of absolute ethanol in the
presence of 3 drops of concentrated H,SO. as a catalyst. After the reaction mixture was
refluxed overnight, an extraction with CHCl; (3 x 50 mL) was performed, the combined
organic layers were dried over MgSO4 and the solvent was evaporated. Yield: 90%; '"H NMR
(CDCls): 4.17 (qu, 4H), 3.60 (s, 4H), 1.26 (t, 6H); MS (El, m/e): 206 (M*), 161 (M* — OEt),
133 (M* — COOEt), 104 (M* - COOEt - Et)

3,4-Diphenylthiophene-2,5-dicarboxylic acid (95)

To a mixture of thiodiglycolic ethylester 93 (2 g, 9.709 mmol) and benzil (2.04 g, 9.709
mmol) in methanol (15 mL), NaOMe (1.57 g, 29.13 mmol) was added as a solid. The
mixture was stirred at ambient temperature for three days. Water was added and the alcohol
was evaporated. The solid (benzil) was filtered off and the filtrate was acidified with HCI.
The white solid that was formed in this way was filtered off. Yield: 64%; 'H NMR (CD;OD):
7.12-7.05 (m, 6H), 7.02-6.93 (m, 4H); DIP MS (CI, m/e): 325 (M* + 1), 281 (M* + 1 - COO)
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3,4-Diphenyl-2,5-bischloromethylthiophene (97)

3,4-Diphenylthiophene-2,5-dicarboxylic acid 95 (1 g, 3.086 mmol) in dry THF was added to
a solution of LiAlHs (0.35 g, 9.259 mmol) in dry THF, cooled on an ice-bath. The mixture
was allowed to warm to ambient temperature, was stirred at this temperature for two hours
and was afterwards refluxed for another two hours. The reaction was worked up by the
addition of HCI (1M). After extraction with CHCI; (3 x 20 mL) the combined organic layers
were dried over MgSOs4 and the solvent was evaporated. The alcohol formed in this way
was used without further purification [DIP MS (El, m/e): 296 (M*), 279 (M* - OH), 249]. To an
ice-cold solution of the alcohol in THF (5 mL), thionyl chloride (0.5 mL, 6.790 mmol) was
added drop wise. The mixture was stirred at room temperature for two hours and NaHCO3
was added until the mixture was neutral. After extraction with CHCl; (3 x 20 mL) the
combined organic layers were dried over MgSO,4 and the solvent was evaporated. Yield:
42%; "H NMR (CDCls): 7.24-7.21 (m, 6H), 7.08-7.05 (m, 4H), 4.67 (s, 4H); MS (El, m/e): 332
(M*), 297 (M* - Cl), 261 (M* -2 CI)

1,5-Diphenyl-3-thiapentane-1,5-dione (99)

A solution of Na2S.9H,0 (10.47 g, 43.60 mmol) in water (50 mL) was added to an ice-cold
solution of 2-bromoacetophenon (15 g, 87.21 mmol) in acetone (70 mL) in a period of one
hour. The mixture was allowed to warm to ambient temperature and was stirred for one
hour. After dilution with water, an extraction with CHCls (3 x 50 mL) was performed, the
combined organic layers were dried over MgSO4 and the solvent was evaporated. Yield:
42%; '"H NMR (CDCls): 7.97 (dd, 4H), 7.60-7.55 (tt, 2H), 7.48-7.43 (t, 4H), 3.97 (s, 4H); MS
(El, m/e): 270 (M), 237, 165, 105

3,4-Diphenythiolane-3,4-diol (100)

To a well-stirred solution of Zn powder (7.22 g, 111.11 mmol) and 1,5-diphenyl-3-
thiapentane-1,5-dione 99 (5 g, 18.52 mmol) in dry THF (60 mL) under argon and at —18°C,
TiCls (6.1 mL, 55.56 mmol) was dropped over a period of three hours. The mixture was
allowed to warm to 0°C and stirred for three hours at 0 — 15°C. The reaction was quenched
by addition of crushed ice and the pH of the solution was brought to 9 by adding an aqueous
solution of K2COs. Dichloromethane was added and the mixture was stirred overnight. The
mixture was filtered by a large glass filter on which a pad of Celite was placed. The organic
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layer of the filtrate was washed with water 5 times, dried over MgSO4 and evaporated. Yield:
89%; '"H NMR (CDCla): 7.19-7.05 (m, 10H), 3.62 (d, 2H), 3.15 (d, 2H); MS (EI, m/e): 236 (M*
- H20), 152, 120, 105

3,4-Diphenylthiophene (101)

(a) A mixture of 3,4-diphenythiolane-3,4-diol 100 (4.5 g, 16.544 mmol) and TsOH.H,0 (1.57
g, 8.272 mmol) in benzene (30 mL) was refluxed for 4 hours and an azeotrope of
toluene/H,0 was collected in a Dean - Stark apparatus. The obtained mixture was washed
with an aqueous solution of NaHCO; (5%) and then with water, dried over MgSOs4 and
evaporated. The crude mixture was purified by column chromatography (silica, CHCla/n-
hexane 1/4). Yield: 77%

(b) Phenylboronic acid (5 g, 40.984 mmol), 3,4-dibromothiophene (2.14 g, 8.852 mmol) and
KF (2.10 g, 36.204 mmol) were dissolved in water (40 mL) and toluene (40 mL). Pd(PPhs)s
(730 mg) was added as a catalyst. After refluxing the mixture for 18 hours, an extraction
with CHCl3 (3 x 50 mL) was performed and the combined organic phases were dried over
MgSOs. The crude reaction product was purified by column chromatography (silica, n-
hexane). Yield: 77%; '"H NMR (CDCls): 7.30 (s, 2H), 7.25-7.21 (m, 6H), 7.19-7.16 (m, 4H);
MS (EI, m/e): 236 (M*)

3,4-Diphenyl-2,5-bischloromethylthiophene (97)

To paraformaldehyde (343 mg, 11.440 mmol) and 3,4-diphenylthiophene (1 g, 4.237 mmol)
in a three-necked flask, concentrated HCI (2.35 g, 24.151 mmol) and acetic anhydride (4.32
g, 42.372 mmol) were added under nitrogen atmosphere. After 4.5 hours refluxing this
mixture at 70°C, 10 mL of a cold saturated aqueous solution of sodium acetate and 10 mL
of a 25% aqueous solution of sodium hydroxide were added. The mixture was extracted
with CHClI3 (3 x 50 mL) and dried over MgSOs. Yield: 98%; 'H NMR (CDCls): 7.24-7.21 (m,
6H), 7.08-7.05 (m, 4H), 4.67 (s, 4H); MS (El, m/e): 332 (M), 297 (M* - Cl), 261 (M* -2 Cl)

2,5-Bisethoxy(thiocarbonyl)thiomethyl-3,4-diphenylthiophene (103)

A mixture of 3,4-diphenyl-2,5-bischloromethylthiophene 97 (1.5 g, 4.518 mmol) and
ethylxanthic acid potassium salt (3.61 g, 22.59 mmol) in 10 mL of methanol was stirred for
three hours at room temperature. The mixture was extracted with CHCls (3 x 50 mL), dried
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over MgSO4 and after the solvent was evaporated, 1.9 g (82% yield) of bisxanthate
monomer was obtained as an orange solid; 'H NMR (CDCls): 7.22-7.18 (m, 6H), 7.01-6.97
(m, 4H), 4.65 (q, 4H), 4.43 (s, 4H), 1.42 (t, 6H)

Poly{(3,4-diphenylthienylene)-[1-(O-ethylxanthate ethylene]} (104)

This compound was obtained in an analogous way as described for 71a, starting from a
solution of monomer 103 (250 mg, 0.496 mmol) in dry THF (3 mL) and a solution of sodium
tert-butoxide (50 mg, 0.521 mmol) in dry THF (2 mL); UV-Vis (CHCl3): Amax at 280 nm

2,5-Bisethoxy(thiocarbonyl)thiomethyl-3,4-dichlorothiophene (105)

This compound was obtained in an analogous way as described for 103, starting from 88a
(1 g, 4.032 mmol) and ethylxanthic acid potassium salt (3.23 g, 20.16 mmol). Yield: 1.63 g
of monomer (96%) as a white solid; 'H NMR (CDCls): 4.65 (q, 4H), 4.47 (s, 4H), 1.42 (t, 6H);
13C NMR (CDCl3): 212.45, 131.06, 122.98, 70.64, 33.02, 13.77; UV-Vis (CHCl3): Amax at 280
nm

Poly{(3,4-dichlorothienylene)-[1-(O-ethylxanthate ethylene]} (106)

This compound was obtained in an analogous way as described for 71a, starting from a
solution of monomer 105 (250 mg, 0.595 mmol) in dry THF (4 mL) and a solution of sodium
tert-butoxide (60 mg, 0.625 mmol) in dry THF (2 mL), the reaction temperature here is not
30°C but -15°C (entry 1), 0°C (entry 2), 15°C (entry 3) or 40°C (entry 4); UV-Vis (CHCl3):
Amax at 285 nm
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Chapter 4
Poly(2,5-thienylene vinylene)

4.1 Introduction

Poly(2,5-thienylene vinylene) (PTV) is a conjugated polymer that has attracted a lot
of attention because of its high electrical conductivity upon doping(" and its possible
application as a semi-conductor in all-polymer field effect transistors@® or as a
chemiresistor® 4. However, as mentioned in the introduction of chapter three, still no good
polymerisation process toward PTV is developed. Given that substituted PTV derivatives
could be synthesised via the xanthate precursor route(chapter tree)  the xanthate route is a
possible alternative to obtain PTV. It was recently reported that xanthate leaving groups do
not react with ITO (indium tin oxide), a commonly used electrode material, and hence
xanthate groups should be suitable for device applications®). Moreover, the elimination
products that are liberated during the elimination of xanthate groups are unstable and
further react to form ethanol and carbon disulphide (CS2) on one hand and ethanethiol
(EtSH) and carbonoxy sulphide (OCS) on the other® 7). These are all products with low
boiling points and therefore evaporate fast. As a result they do not stay in the polymer film
and the resulting conjugated polymer shows a high stability, which is of course of utmost
importance for applications. So we decided to evaluate the applicability of the xanthate route
in the synthesis of PTV.

4.2 Synthesis of PTV via the xanthate precursor route
4.2.1 Monomer synthesis

As already mentioned in chapter three, the bisxanthate monomer was always
synthesised from the corresponding bishalomethyl compound. Synthesis of 2,5-
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bischloromethylthiophene via a chloromethylation reaction of thiophene was already
reported by different groups®19. However, in the synthesis of the sulphinyl monomer,
another procedure, which was more suitable towards upscaling and avoided the health risks
of a chloromethylation reaction, was developed(. Here first the commercially available 2,5-
thiophenedicarboxylic acid 107 was converted to diester 108 which subsequently was
transferred into diol 109 using LiAlHs. (Scheme 4.1) Then 2,5-bischloromethylthiophene 110
was obtained by reaction with thionylchloride (SOCI,). Since also here the dichloride proved
to be highly unstable, an in-situ reaction towards 2,5-bis(tetrahydrothiopheniomethyl)-
thiophene dichloride 111 was performed. This hygroscopic bissulphonium salt was less
reactive and as already reported was best stored under N, atmosphere at low
temperature(', The synthesis of the xanthate monomer was a very easy, single step
reaction from the bissulphonium salt 111: the salt was dissolved in acetonitrile with a
minimal amount of water and ethylxanthic acid potassium salt was added as a solid.

(0] 0 . (0] 0 .. ...
>\ {/ \5 /< i >\ // \5 /< i /_@ﬁ iii
HO OH MeO S OMe HO S OH
107 108 109

i ° /_@j
Cl S Cl Q EtQ(S)CS S SC(S)OEt
110 111 112a

Scheme 4.1: Synthesis of xanthate monomer 112a:
i) MeOH, H2S04, AT; ii) LiAlHs, THF; iii) SOCl2, THF; vi) THT; v) KSC(S)OEt, CH3CN/H20

It was of course also possible to synthesise the xanthate monomer 112a directly from
dichloride 110. But owing to the possibility of storage of salt 111, the synthesis via scheme
4.1 was preferred. When new monomer was needed, only one step had to be performed
and it was not necessary to go through the synthesis of the unstable dichloride.

4.2.2 Polymerisation

The polymerisation of monomer 112a was not performed in a thermostatic flask as
described in chapter three but in a three-necked flask. In this flask, the monomer was
dissolved in dried THF or dried 1,4-dioxane and degassed for 1 hour by passing through a
continuous stream of nitrogen. Depending on the applied polymerisation temperature, this
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was done at -78°C, 0°C or ambient temperature. Then, an equimolar amount of base
solution was added. When the polymerisation was performed at 0°C and KtBuO (or
NatBuO) was used as the base, precursor polymer was obtained in relatively low yield
(18%) and low molecular weight (M, of 21 900)(""). By using lithium diisopropyl amide (LDA)
as the base, the yield could be increased thanks to the improved solubility of LDA at low
temperature. In all the performed polymerisations a 2 M LDA solution in THF/n-hexane was
used and it was added through a septum that was placed on one neck of the flask. After the
addition of the base solution, the reaction was stirred at a given temperature for 90 minutes
under nitrogen atmosphere. Then, the mixture was poured out in ice water. When the
polymerisation temperature was -78°C, first the mixture was quenched with ethanol
because water would freeze at this temperature. After extraction with chloroform, the
combined organic layers were concentrated in vacuo. The crude product was dissolved in
chloroform, precipitated in a 1/1 mixture of diethyl ether and n-hexane at 0°C, collected and
dried in vacuo. An overview of the performed polymerisations is given in table 4.1. The
molecular weights listed in this table were determined by GPC relative to PS standards and
THF was used as the eluent. The residual fractions consisted of monomer 112a.

SC(S)OE
/_@ﬁ LDA R (S)OEt
EtO(S)CS S SC(S)OEt S =

112a 113a

Entry Solvent Monomer Polymerisation =~ Mw (x 10-%) PD Yield

conc. (M) temperature (g/mol) (%)
1 THF 0.05 -78°C — 0°C 108.7 21.7 31
2 THF 0.1 -78°C > 0°C 238.6 30.0 36
258.3 22.1 34
3 THF 0.2 -78°C > 0°C 360.6 19.7 36
4 THF 0.3 -78°C > 0°C 107.6 28.3 38
5 THF 0.1 Room temp. 48.7 111 16
6 THF 0.1 0°C 37.0 6.7 18
7 THF 0.1 -78°C 350.8 26.0 37
8 1,4-dioxane 0.1 Room temp. 6.0 2.2 8
9 1,4-dioxane 0.2 Room temp. 3.85 1.8 11

* Polymerisation at -78°C for 90 minutes, warming up to 0°C for 15 minutes and afterwards quenching with ice water
Table 4.1: Polymerisation results for monomer 112a
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These data demonstrate that the concentration and especially the temperature are
important parameters in the polymerisation process. By changing the concentration (entry 1-
4), the yield stayed more or less constant but it seems that the molecular weight reached an
optimum for a monomer concentration of 0.2 M. To check the influence of temperature, four
polymerisations were executed at different polymerisation temperatures (entry 2, 5-7).
Increasing the temperature decreased the yield and the molecular weight so that apparently
a low temperature is favourable for the xanthate polymerisation route. The need to use a
sufficiently low polymerisation temperature in this route was already reported earlier(-14),
THF proved to be a better solvent compared to 1,4-dioxane (entry 8-9). Due to the high
melting point of 1,4-dioxane (12°C), only the polymerisation at higher temperatures could be
executed which is certainly unfavourable. All the precursor polymers had very broad
molecular weight distributions. The polydispersity values range from 7 to 30. This could be
an indication for the occurrence of different polymerisation mechanisms in competition with
each other.

After these results were obtained in our lab, also Burn et al. published an article on
the preparation of PTV via the xanthate precursor route('d. They polymerised monomer
112a as a 1 M (dried) THF solution at room temperature with 0.9 equivalents of KtBuO.
Under these conditions the precursor polymer was isolated in a 16% yield. A weight-
average molecular weight of 78.103 and a polydispersity of 4.5 were found. These results
are in good agreement with the ones obtained in our lab. The rather low yield and low
molecular weight result from the choice of the base and the relatively high temperature that
was used.

4.3 Variation of the xanthate group

Because the elimination temperature of the commonly used O-ethyl xanthate group
was quite elevated (see next paragraph), the idea to alter this group arose. After all, a
different eliminable group could possibly lower the temperature necessary for the
conversion of the precursor polymer to the conjugated polymer. Another disadvantage
inherent to the O-ethyl xanthate group in the xanthate monomer is the lower leaving group
capacity compared to the chlorine atom in the sulphinyl monomer. As a result the yield of a
polymerisation via this route is lower than of a polymerisation via the sulphinyl precursor
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route. By placing electron withdrawing groups on the xanthate salt, the group could possibly
be a better leaving group and as a result increase the yield. For this purpose, first new
xanthic acid salts had to be synthesised since they were not commercially available. Alkali
metal salts of the O-alkyl dithiocarbonates (xanthates) are prepared by the reaction of
carbon disulphide (CS;) with an alcohol (ROH) and an alkali metal hydroxide('®).
ROH + KOH + CS; — KSC(S)OR + H,O

Two new salts with electron withdrawing groups could be prepared. After refluxing the
corresponding alcohol (2-methoxyethanol or 2,2,2-trifluoroethanol) in the presence of
potassium hydroxide, carbon disulphide was added under constant stirring. The salt
precipitated and could be filtered off. Reaction of the 2-methoxyethyl xanthate salt 114b with
bissulphonium salt 111 yielded monomer 112b. (Scheme 4.2) This reaction was performed
in the same way as for monomer 112a.

S
/lk ISXc)
@@/—@ﬂca o RO °F /—@ﬂ
<% S Cl —>  RO(S)CS S SC(S)OR
O @
111 114c 112b: R = CH;0CH,CH,-

112c: R = CF3CH,-

Scheme 4.2: Synthesis of new xanthate monomers

By adding the trifluoroethyl xanthate salt 114c to bissulphonium salt 111, no
trifluoroethyl xanthate monomer 112¢ could be obtained. Instead an insoluble orange solid
was formed which was characterised by solid state NMR (Cross Polarisation/Magic Angle
Spinning ®C NMR) as PTV. This could be explained by assuming that a Wessling
polymerisation had occurred. The pH of an aqueous solution of 114¢ was 14 and thus basic
enough to start the polymerisation of the bissulphonium salt. Diluting the reaction mixture
350 times reduced the formation of PTV but despite the correct mass spectrum, the NMR
spectrum was not in agreement with monomer 112c¢. Direct synthesis from the reaction of
dichloride 110 with 114¢ did also not yield the new monomer. Therefore, only the
methoxyethyl xanthate monomer 112b was polymerised. The procedure, as described
above, to polymerise the ethyl xanthate monomer was also applied here. The
polymerisation results are listed in table 4.2. The molecular weights were determined by
GPC in THF relative to PS standards.
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SC(S)OCH,CH,0CH;

7\ LDA /A
—_—
CH;OCH,CH,O(S)CS S SC(S)OCH,CH,0CH; S
112b 113b

n

Entry Solvent Monomer Polymerisation Mw (x 10-%) PD Yield

conc. (M) temperature (g/mol) (%)
1 THF 0.05 -78°C —» 0°C’ 317 6.9 1
2 THF 0.2 -78°C —» 0°C 28.6 6.2 15
3 THF 0.3 -78°C > 0°C 20.2 6.5 16

* Polymerisation at -78°C for 90 minutes, warming up to 0°C for 15 minutes and afterwards quenching with ice water

Table 4.2: Polymerisation results for monomer 112b

Compared to the O-ethyl xanthate precursor polymers, the yield and molecular
weight decreased dramatically. From synthetic point of view we can thus conclude that the
use of the methoxyethyl xanthate functional group does not lead to a good alternative for the
synthesis of PTV.

4.4 Comparative study of the elimination of the two different
xanthate groups

Also here the last step in the synthesis of the polymer (PTV) is the thermal
elimination of the xanthate groups in the precursor polymer to obtain the double bonds and
thus the conjugated structure. The techniques to investigate this conversion are the same
as described for the poly(3,4-dihalo-2,5-thienylene vinylene)s in chapter three: in-situ UV-
Vis spectroscopy, in-situ FT-IR spectroscopy and DIP-MS. For the in-situ techniques, a non-
isothermal heating program of 2°C per minute up to 350°C under a continuous flow of
nitrogen was used. Since one of the reasons to perform the synthesis of the new xanthate
was to reduce the elimination temperature, the results derived from these techniques for
both xanthate precursor polymers 113a and 113b are compared below.

The gradual formation of the conjugated structure, starting from the ethyl (Et) and the
methoxyethyl (CHsOCH,CH,) xanthate precursor polymers, as obtained from UV-Vis
measurements are shown in figures 4.1 and 4.2 respectively. The ethyl xanthate precursor
polymer shows a maximum absorption at 289 nm, the methoxyethyl xanthate precursor
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polymer at 252 nm. On heating the precursor, a new absorption band is formed which red
shifts by increasing the temperature. The absorption peaks at 520 nm for the ethyl and at
480 nm for the methoxyethyl xanthate. We should however again make the remark that this
maximum wavelength has been measured at high temperature (200°C). If we want to
compare our Amax values with the reported values from ex-situ UV-Vis measurements, the
thermochromic effect has to be taken into account as explained in chapter three. To acquire
Amax at room temperature, an additional experiment was performed. Here the ethyl xanthate
precursor 113a was heated from ambient temperature to 185°C at 2°C per minute under a
continuous flow of nitrogen. After the sample was heated for 5 minutes at 185°C, it was
cooled back to room temperature. The Amax value then measured at 25°C was 536 nm
which is, as expected, higher than Amax at 200°C. In a previous report from Kossmehl,
where PTV oligomers (Th[CH=CHTh],) were prepared via the Wittig reaction, it has already
been shown that the maximum increased with increasing conjugation length from Amax = 340
nm for n = 1 via Amax = 460 nm for n = 3 and Amax = 490 nm for n = 4 to the limiting value of
Amax = 520 nm("7). By looking at a series of oligomers and extrapolating to high polymer,
Kossmehl('8) predicted that the absorption maximum for PTV should be 550 nm. Jen et al.("®
observed an absorption maximum at about 600 nm and therefore concluded that PTV
prepared by the modified Kanbe@ and Wessling?': 22 procedure is extensively conjugated
and of high quality. The by us observed value of 536 nm is therefore quite low compared to
the higher values reported in literature. This blue shift was also reported by Burn et al.(%)
and may relate to defects in the structure of the PTV obtained.
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Figure 4.1: UV-Vis spectra of 113a at Figure 4.2: UV-Vis spectra of 113b at
different temperatures different temperatures

105



Chapter 4

When these two characteristic wavelengths of both polymers are plotted as a
function of temperature, the trends in elimination behaviour are clearly observed. For the
ethyl xanthate, the formation of the first conjugated segments begins at about 115°C and
the elimination is completed at 175°C. For the methoxyethyl xanthate, similar results are
obtained. However, PTV obtained via the new xanthate seems to be less stable since the
temperature area of stability of the conjugated polymer is smaller. In the region between
175°C and 250°C, no decrease in the absorbance of the double bond is visible for PTV from
113a but for PTV from 113b there is a slight decrease.
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Figure 4.3: Absorbance profiles at 289 and 520 nm Figure 4.4: Absorbance profiles at 252 and 480 nm
as a function of temperature for 113a as a function of temperature for 113b

In-situ FT-IR measurements are strictly speaking expected to yield a confirmation of
the conclusions derived from the in-situ UV-Vis measurements. In the precursor polymer,
most of the IR absorptions arise from stretchings within the xanthate group. From the ethyl
xanthate group, strong absorption bands at 1216 cm-', 1109 cm-' and 1044 cm-' are visible
which is in perfect agreement with previous reported values®. From the methoxy ethyl
xanthate group an absorption band at 1060 cm" appears. When heating the precursor, a
new absorption band at 930 cm is formed for both precursors. This band is assigned to the
trans-vinylene C-H out-of-plane bending band('523). At the same time as this band is formed,
the bands from the xanthate group decline in intensity which is an indication that the
xanthate group is being eliminated. The changes in intensity for the different peaks are
shown in figure 4.5 and 4.6 where an overlay of IR spectra at different temperatures is
plotted. By plotting these absorptions as a function of temperature, we can again see the
trends in elimination behaviour. (Figure 4.7 and 4.8) The slight decrease in intensity of the
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signal at 930 cm™ at increasing temperature in the region between 115 and 250°C, is
difficult to interpret because a very small signal is followed here.
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Figure 4.5: IR spectra of 113a at 22, 130 and 206°C
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Figure 4.7: IR absorption profiles at 1216, 1109, 1044

and 930 cmr as a function of temperature for 113a
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Figure 4.6: IR spectra of 113b at 24, 115 and 164°C
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Figure 4.8: IR absorption profiles at 1060 and
930 cm as a function of temperature for 113b

The comparison of the profiles for the two different xanthate groups, obtained from
these in-situ techniques, reveals no major difference in elimination temperature. We can
thus conclude that placing a methoxy group on the ethyl xanthate functionality does not

cause a decrease in elimination temperature.

From the last technique (DIP-MS), information on the elimination and degradation
products is obtained. In this technique the precursor polymer is heated from ambient
temperatures till 600°C under reduced pressure (4.10# Pa). The elimination products of the
ethyl xanthate precursor polymer correspond well with the elimination products reported
beforet® 12 14 When the total ion current is plotted as a function of temperature (figure 4.9
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and 4.10), two signals are observed of which the first one (ethyl: 170-240°C, methoxyethyl:
150-250°C), based on the fragments detected (EtO(S)CS, EtO(S)C and CS; for the ethyl
xanthate and CH30CH2CH,O(S)CS, CH30CH2CH,O(S)C, CHsOCH.CH, and CS; for the
methoxyethyl xanthate), can be assigned to the elimination of the xanthate groups and the
second one (ethyl: 350-450°C, methoxyethyl: 350-470°C) to the evaporation of the
degradation products of the conjugated polymer. The higher elimination temperature
observed with this technique compared to in-situ UV-Vis and FT-IR is assigned to the
difference in heating rate (DIP-MS: 10°C/min, in-situ UV-Vis and IR measurements:
2°C/min).
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Figure 4.9: DIP-MS thermogram of 113a Figure 4.10: DIP-MS thermogram of 113b

4.5 Transistor behaviour of poly(2,5-thienylene vinylene)

The xanthate precursor polymer 113a was also tested in a TFT device. The
measurements were performed on a top-contact parallel transistor (L* = 75 um; WS = 2000
um) and carried out by Tom Aernouts at IMEC in Leuven. After dissolving the precursor
polymer in chlorobenzene in a concentration of 1% (w:v%), it was spin-coated.
Subsequently the gold contacts (source and drain) were evaporated on top of the device.
Before starting the measurement, the precursor was converted to PTV by heating the
sample from room temperature to 185°C at 2°C per minute. After the sample was hold at
185°C for 10 minutes, it was cooled back to ambient temperature. The results of the
transistor measurements are listed in table 4.3.

? L is the length of the channel between the source and the drain electrode
¥ W is the width of the channel between the source and the drain electrode
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Mwx 103 Mobility lon/loft Threshold
(g/mol) (cmz2/Vs) voltage (V)
37 1.2x10°6 2 -13
100.7 2.7x 104 4 400 -10
186 9.5x 104 9400 0.3
282.3 1.6 x 104 4500 -6
360.6 5.6 x 104 72 000 -7

Table 4.3: Transistor properties of 113a

For the low molecular weights, an increase of mobility, lon/ler ratio and threshold
voltage is observed with increasing molecular weight. This confirms the trend which was
already observed before("). Unfortunately, when the molecular weight increases further, the
mobility seems to become lower. We have no explanation for the deviation of the mobility for
the last two measurements and as a result no relevant conclusion can be drawn.

However the mobility is much lower than the value of 0.22 cm? V-'s'' reported by
Fuchigami et al.@. In this report PTV was obtained from a methoxy leaving group precursor
polymer. Nevertheless this result has not yet been reproduced and the values listed in table
4.3 are in good agreement with the values reported by Vandamme et al.®), by Brown et
al.?), and with the value of 1.4 104 cm? V-'s" reported by M. De Wit" for the same type of
PTV as Fuchigami used.

4.6 Conclusion

It was found that the xanthate precursor route can be used to obtain PTV. Due to the
low boiling points of the elimination products, an improved stability of the corresponding
conjugated polymer was found. Drawbacks however in the use of this route were the rather
low yield and the high polydispersities of the obtained polymers. The latter is a strong
indication that more than one polymerisation mechanism is active during the polymerisation
process. The deviation of Amsx Of PTV obtained via the xanthate route compared with
literature values for PTV seems to point to a defective structure of PTV so obtained.
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Synthesis of a new xanthate monomer bearing other groups than the commonly used O-
ethyl xanthate group was possible. In spite of this, the yield and molecular weights of the
obtained precursor polymer were quite low. Use of these groups could not lead to a lowering
of the elimination temperature. The transistor properties observed for PTV prepared from
the O-ethyl xanthate precursor polymer were in good agreement with the values reported by
other groups.

4.7 Experimental part

For the characterisation methods and materials used here we would like to refer to
the experimental part of chapter two and three. The synthesis of compounds 108 to 111 is
described elsewhere('),

2,5-Bis[ethoxy(thiocarbonyl)thiomethyl]thiophene (112a)

To 80 mL of an acetonitrile/water solution (5 vol% water) of bissulphonium salt 111 (8 g,
0.0224 mol), ethylxanthic acid potassium salt (8.25 g, 0.0515 mol) was added as a solid
after which the mixture was stirred at ambient temperature for two hours. Then, water was
added and the desired xanthate monomer was extracted with ether (3 x 100 mL) and dried
over MgSOs. Evaporation of the solvent yielded 7 g (89%) of the pure product as a white
solid; Mp: 36.0-37.4°C; 'H NMR (CDCls): 6.80 (s, 2H), 4.65 (q, 4H), 4.48 (s, 4H), 1.41 (t,
6H). °C NMR (CDCls): 213.13, 138.61, 126.74, 70.27, 35.02, 13.77; MS (El, m/e): 231 (M*
- SC(S)OEt), 110 (M* - 2 x SC(S)OEY); UV-Vis (CHCl3): Amax at 294 nm

Polymerisation of monomer 112a (113a)

All polymerisations were carried out in dry THF or dry 1,4-dioxane at different temperatures
and concentrations of monomer. A solution of monomer 112a (250 mg, 0.71 mmol) in dry
solvent (14.2, 7.1, 3.55 or 2.37 mL = 0.05, 0.1, 0.2 or 0.3 M respectively) at -78°C (or rt or
0°C) was degassed for 1 hour by passing through a continuous nitrogen flow. An equimolar
LDA solution (355 uL™ of a 2 M solution in THF/n-hexane) was added in one go to the
stirred monomer solution. The mixture was kept at —=78°C (or rt or 0°C) for 90 minutes and
the passing of nitrogen was continued. After this, the solution was allowed to come to 0°C or

** This 0.35 ml of solvent from the base solution was neglected in the calculation of the monomer concentration
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ethanol (5 mL) was added at -78°C to stop the reaction (this was not necessary if the
polymerisation was performed at rt or 0°C). The polymer was precipitated in ice water (100
mL) and extracted with chloroform (3 x 60 mL). The solvent of the combined organic layers
was evaporated under reduced pressure and a second precipitation was performed in a 1/1
mixture (100 mL) of diethyl ether and hexane at 0°C. The polymer was collected and dried
in vacuo. 'H NMR (CDCls): 6.62-6.69 (br s, 1H), 6.44-6.53 (br s, 1H), 5.01-5.12 (br s, 1H),
4.53-4.66 (br q, 2H), 3.46-3.58 (br m, 1H), 3.25-3.37 (br m, 1H), 1.35-1.41 (br t, 3H); 3C
NMR (CDCls): 212.16, 140.51, 140.12, 126.24 (2C), 70.13, 51.03, 37.67, 13.83; UV-Vis
(CHCl3): Amax at 289 nm. The residual fractions only contained monomer residues.

2-Methoxyethylxanthic acid potassium salt (114b)

In a flask, potassium hydroxide (KOH) pellets (20 g, 0.357 mol) and 2-methoxyethanol (110
mL, 1.389 mol) were refluxed for 1 hour. Then, CS; (27.14 g, 0.357 mol) was slowly added
under constant stirring. After cooling the reaction mixture in an ice-bath, the resulting solid
was filtered off and washed with ether (3 x 10 mL). After drying the salt in an exsiccator,
34.4 g (55%) of the pure salt was yielded as a white solid. '"H NMR (D20): 4.45 (t, 2H), 3.68
(t, 2H), 3.31 (s, 3H).

2,2,2-Trifluoroethylxanthic acid potassium salt (114c)

The preparation of 114c is analogous to that described for 114b but here 2,2,2-
trifluoroethanol (89 mL, 1.237 mol) was used. Yield: 20% (15.03 g, 0.0702 mol); '"H NMR
(D20): 3.82 (q, 2H)

2,5-Bis[2-methoxyethoxy(thiocarbonyl)thiomethyl]thiophene (112b)

The preparation of 112b is analogous to that described for 112a but here 2-
methoxyethylxanthic acid potassium salt was used. Yield: 70%; "H NMR (CDCls): 6.82 (s,
2H), 4.72 (t, 4H), 4.50 (s, 4H), 3.72 (t, 4H), 3.39 (s, 6H); *C-NMR (CDCls): 213.06, 138.24,
126.74, 72.59, 69.49, 58.87, 35.00; MS (EIl, m/e): 261 (M* — SC(S)OCH,CH,OCHjs), 142 (M*
- CgH1404S3), 110 (M* = 2 x SC(S)OCH,CH20CHj3); UV-Vis (CHCl3): Amax at 220 and 261 nm
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2,5-Bis[2,2,2-trifluoroethoxy(thiocarbonyl)thiomethyl]thiophene (112c)

Via bissulphonium salt (111)

The preparation in analogous to that described for 112a but here 2,2,2-trifluoroethylxanthic
acid potassium salt was used. 'H NMR (CDCls): not correct; MS (El, m/e); 285 (M* -
SC(S)OCH:CF3), 110 (M* — 2 x SC(S)OCH.CF3)

Via dichloride (110)

To a solution of 2,5-bischloromethylthiophene (freshly prepared from diol 109 (3.5 g, 0.0243
mol)) in methanol, 2,2,2-trifluoroethylxanthic acid potassium salt (11.9 g, 0.0556 mol) was
added as a solid after which the mixture was stirred at ambient temperature for two hours.
Then, water was added and the desired xanthate monomer was extracted with ether (3 x
100 mL). The organic layer was dried over MgSQO4 and filtered, the solvent was evaporated,
and column chromatography was performed (eluent: hexane/EtOAc, 1/1). This resulted in 3
g of a product as yellow oil. '"H NMR (CDCls): not correct; MS (El, m/e): 285 (M* —
SC(S)OCH,CF3), 110 (M* — 2 x SC(S)OCH.CF3)

Polymerisation of monomer 112b (113b)

The polymerisation method is the same as described for the polymerisation of monomer
112a. 'H NMR (CDCls): 6.60-6.69 (br s, 1H), 6.44-6.51 (br s, 1H), 4.99-5.13 (br s, 1H), 4.57-
4.72 (br m, 2H), 3.62-3.74 (br m, 2H), 3.60-3.50 (br s, 2H), 3.27-3.40 (br s, 3H); UV-Vis
(CHCl3): Amax at 252 nm
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Chapter 5
The dithiocarbamate precursor route

5.1 Introduction

An N,N-dialkyl dithiocarbamate group (-SC(S)NR:) can be seen as a modified
xanthate group (-SC(S)OR). When looking in literature, mono- and bis-dithiocarbamate
molecules have been used as photoiniferters. An example of such a bifunctional iniferter is
p-xylylene bis(N,N-diethyl dithiocarbamate) (XDC or XDT). (Figure 5.1) It was first
synthesised in 1984 by Otsu et al.( and used for the living radical polymerisation of styrene
and methyl methacrylate. Today, 16 papers('-19 and 12 patents('7-28) exist on the use of this
compound as an iniferter. The number of reports on the iniferter polymerisation in general is
of course much higher. Recently, Otsu wrote an extensive review on the iniferter concept
and the living radical polymerisation(?).

‘l number of papers O number of patents ‘

Y :
s C . )|
S S—<N N

S | |

1984 1986 1988 1990 1992 1994 1996 1998 2000 2002

Figure 5.1: Reports on p-xylylene bis(N,N-diethy! dithiocarbamate)

The iniferter (initiator-transfer — agent-ferminator)@®  controlled  free-radical
polymerisation technique developed by Otsu and Kuriyama('- 4 2) is used in the synthesis of
block copolymers. The graph in figure 5.1 shows that nowadays block copolymers still are
being synthesised by using this technique. Bowman et al.® investigated the kinetics and the
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mechanism of iniferter photopolymerisations of methacrylates. Here XDC acts as a
photoinitiator which on irradiation produces a chain-initiating carbon-centred radical (b) and
a sulphur-centred dithiocarbamyl radical (a) which can reversibly terminate the propagating
chains. (Scheme 5.1) Because the dithiocarbamyl (DTC) radical (a) is stable and relatively
unreactive to propagation, the carbon radicals (b) constitute the active centres and the
initiation by DTC radicals is negligible as compared to the initiation by carbon radicals(®: & 31,
Dika Manga et al. however claimed that initiation by DTC radicals must not be neglected(2.
In the polymerisation there are two possible termination pathways: the carbon-carbon
radical termination and the carbon-dithiocarbamyl radical termination. The first one results in
a dead polymer while the second forms a polymer of which the end group can be reinitiated.
It was reported that definitive termination reactions took place simultaneously with (but more
slowly than) the reversible terminations reactions®2. The iniferter consequently serves to
reduce the concentration of the propagating species and thus the incidence of radical-
radical termination during irradiation.

3 e
L@ N>/—S' + @ﬂs_{s

XDT or XDC < \
monomer
negligible
\_ B termination
termination \
relmtlan:k

dead polymer

Scheme 5.1: Living radical iniferter polymerisation mechanism for XDC

Despite the fact that the dithiocarbamate group’s structure is similar to the one of the
xanthate group, no reports on the use of p-xylylene bis(N,N-diethyl dithiocarbamate) as a
monomer were found. Our goal was to test if it was possible to polymerise this potential
monomer and if so to check the characteristics of the precursor polymer. A next step then
could be the use of this new precursor route in the synthesis of PTV. Nishiyama et al.(%3)
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patented the synthesis of thiophene-2,5-diylbismethylene dialkylthiocarbamates for their
herbicidal activities but no report exists on the diethyldithiocarbamate analogue. Since the
mechanism of the iniferter photopolymerisation has already been elucidated, the
polymerisation of bis-dithiocarbamate monomers maybe could give suggestions for the
processes occurring during polymerisation and thus eventually for the high polydispersities
obtained via the xanthate route.

5.2 Synthesis of the poly(p-phenylene vinylene) precursor

The ‘monomer’ synthesis was similar to the synthesis of the bisxanthate monomer
described in the previous chapter. Addition of sodium diethyldithiocarbamate trihydrate to a-
o-dichloro-p-xylene 115(. 4 or to bissulphonium salt 116 yielded the bis-dithiocarbamate
‘monomer’ 117. (Scheme 5.2)

A a = SO O
Cl Cl S Et,N(S)CS SC(S)NEt,
115 Q 116 117

| |

Scheme 5.2: Synthesis of dithiocarbamate monomer 117: i) THT; i) NaSC(S)NEt2.3H20

Polymerisation of this ‘monomer’ was performed in an analogous way as described
in the previous chapter (paragraph 4.2.2). For the four test polymerisations of which the
results are listed in table 5.1, LDA was used as the base, dried THF as the solvent and the
monomer concentration was set at 0.2 M. All polymerisation reactions were terminated after
90 minutes. In an attempt to check the influence of the polymerisation temperature, four
different temperatures were applied (entry 1-4). From the data in table 5.1 it could be
concluded that by using the new dithiocarbamate precursor route, it was possible to obtain
polymer in an excellent yield for all the applied temperatures (ranging from -78°C to room
temperature). Molecular weights were determined by GPC relative to PS standards with
DMF and THF as the eluents. It is clear that DMF is a much better solvent for precursor
polymer 118 than THF: weight-average molecular weights going from 7 300 g/mol to 36 500
g/mol could be reached when DMF was used as the eluent compared to values going from
1300 g/mol to 3 400 g/mol when THF was used. The molecular weights of the precursor
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polymers 118 were in general lower than of the xanthate precursor polymers obtained in
similar polymerisation conditions(3+ 3,

LDA SC(S)NEt,
—_—>
Et,N(S)CS SC(S)NEt, .

117 118
Entry Polymerisation Yield My (x1073) PD Mw (x 10-3) PD
temperature (%) (DMF) (DMF) (THF) (THF)
1 -78°C 89 7.3 1.6 34 14
2 -78°C —» 0°C” 88 15.0 21 3.0 1.6
3 0°C 87 31.2 41 1.7 2.1
4 Room temp. 88 36.5 55 1.3 2.2

* Polymerisation at -78°C for 90 minutes, warming up to 0°C for 15 minutes and afterwards quenching with ice water
Table 5.1: Polymerisation results for monomer 117

To demonstrate the effect of temperature on the molecular weights, an overlay of the
chromatograms (DMF as eluent) of the four different entries is presented in figure 5.2. This
overlay is zoomed in the region between 12 and 20 minutes of elution time. The
chromatogram of precursor polymer 118 prepared at -78°C (solid line) shows a monomodal
molecular weight distribution. As the polymerisation temperature is increased an extra peak
at the high molecular weight side of the chromatogram occurs and a bimodal molecular
weight distribution is observed. This explains the increase of My and PD with increasing
polymerisation temperature.

—-78°C

Time (min)

Figure 5.2: Overlay of GPC-chromatograms of precursor polymer 118
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5.3 Synthesis of the poly(2,5-thienylene vinylene) precursor

After having polymerised the phenyl dithiocarbamate monomer successfully, the
possibility of polymerising the thiophene dithiocarbamate monomer (thiophene-2,5-
diylbismethylene N,N-diethyl dithiocarbamate) was investigated. Monomer and precursor
polymer synthesis were analogous to the synthesis applied above and the polymerisation
results are presented in table 5.2. The residual fractions contained only unreacted monomer
119.

LDA SC(S)NEt
o %)/_Qj@ e —> /) - [ ) o
cl E,N(S)C s SC(S)NEt, .
Q 111 @ 119 120

Entry Conc.  Polymerisation Yield Mw(x1073) PD Mw (x 10-3) PD
(M) temperature (%) (DMF) (DMF) (THF) (THF)

5 0.1 -78°C 47 62.8 29 215 2.2
6 0.2 -78°C 57 94.4 3.1 14.0 1.8
7 0.1 -718°C - 0°C 556 90.0 54 17.8 29
8 0.2 -718°C - 0°C 56 66.1 49 29.2 4.7
9 0.3 -718°C - 0°C 53 12.8 14 5.8 1.6
10 0.1 0°C 42 23.8 3.8 1.4 1.2

Table 5.2: Polymerisation results for monomer 119

The data in table 5.2 confirm the fact that DMF is a better solvent for the dithio-
carbamate precursors than THF is. The yields are lower than those obtained with the phenyl
analogue but are still higher than when the xanthate route was applied (chapter four). The
M.'s range from 12 800 to 94 400 g/mol whereas this was from 6 000 to 360 000 g/mol for
the PTV precursor polymers obtained via the xanthate precursor route. Thus in general
lower molecular weights are observed. But by using the dithiocarbamate route also the
polydispersity of the precursors is lowered dramatically. Their values range from 1.4 to 5.3
while in chapter four values from 7 to 30 were observed after the polymerisation of the
xanthate monomer in THF.
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5.4 Conversion of the precursors to PPV and PTV

When studying the thermal conversion to the conjugated structure by means of in-
situ UV-Vis spectroscopy, it could be seen that the absorption maxima of the polymers
prepared by the dithiocarbamate precursor route are shifted to longer wavelength (lower
energy) compared to the precursors prepared by the xanthate route. For the PPV xanthate
precursor a Amax value of 396 nm@© was found while for the dithiocarbamate precursor Amax
was 408 nm. (Figure 5.3) The same is true for the comparison of the PTV xanthate
precursor with a Amax value of 520 nm (chapter four) with the dithiocarbamate precursor of
which Amax was 546 nm. (Figure 5.4) This is an indication of an improved conjugation of the
n-electron system.
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Figure 5.3: UV-Vis spectra of 118 (entry 4) Figure 5.4: UV-Vis spectra of 120 (entry 5)
at different temperatures at different temperatures

The Amax values mentioned above are all measured at high temperature and thus the
thermochromic effect has not yet been taken into account. If the precursor was cooled down
to ambient temperature after conversion, a higher Amax could be observed. For the PPV
dithiocarbamate precursor Ama was 420 nm and the PTV dithiocarbamate precursor
showed a Amax value of 571 nm at room temperature. This is a red shift of 12 nm and 25 nm
respectively. The band gaps, as determined from the low energy edges of the n-n"
absorption bands, are 2.37 and 1.67 eV for PPV and PTV respectively. This is in good
agreement with the values reported by Elsenbaumer et al.%6) (2.40 and 1.64 eV/).

In figure 5.5 and 5.6, the absorbance at the absorption maximum of both
dithiocarbamate precursors and conjugated polymers are plotted as a function of increasing
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temperature. From these profiles, it can be seen that the elimination of the dithiocarbamate
groups of the phenyl precursor 118 starts at about 115°C and is completed around 175°C.
For the thienyl precursor 120 elimination also starts around 115°C and is completed around
160°C. In the region between 95 and 160°C the formation and disappearance of oligomeric
fragments (368 nm) is visible.

0,25 115 175 95115 160 275
074~=-___ ; ;

i 408 nm N
0,20 064 {

0,54
0,15+

Absorbance

0,104

Absorbance
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Figure 5.5: Absorbance profiles at 285 and 408 nm Figure 5.6: Absorbance profiles at 259, 368 and
as a function of temperature for 118 546 nm as a function of temperature for 120

Also in-situ FT-IR spectroscopy measurements were carried out as described in the
previous chapters. Figures 5.7 and 5.8 show a part of the IR spectra at different
temperatures starting from precursor polymer 118 and 120 respectively. Dithiocarbamate
precursor polymer 118 shows strong absorption bands at 1486, 1414, 1266 and 1205 cm’
which all arise from the dithiocarbamate leaving group. For precursor 120 similar bands are
observed.
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Figure 5.7: IR spectra of 118 at different temperatures ~ Figure 5.8: IR spectra of 120 at different temperatures

121



Chapter 5

By heating polymer 118, the elimination of the dithiocarbamate groups is observed
and a new absorption signal appears at 960 cm" which originates from the trans-vinylene
double bond. The signal at 834 cm of the p-phenylene C-H out-of-plane deformation(@5. 37)
also increases during the elimination process. Both the decline in dithiocarbamate
absorption and the increase in double bond absorption start around 105°C as visualised in
figure 5.9. There is no indication for the formation of cis double bonds, which differs from the
observations for the corresponding xanthate precursor polymer). For precursor polymer
120, the signal of the trans-vinylene double bond appears at 930 cm* and the elimination
takes place in the temperature interval between 85 and 140°C as shown in figure 5.10.

105 175
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o \ 1141 cm’”
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Figure 5.9: IR absorption profiles at 1414, 1266, 960 Figure 5.10: IR absorption profiles at 1415, 1268
and 834 cmr? as a function of temperature for 118 and 930 cmr as a function of temperature for 120

Two TGA experiments of both precursor polymers 118 and 120 were performed at a
heating rate of 10°C per minute up to 670°C and 600°C respectively and with a continuous
flow of nitrogen (50 mL/min). Here the weight loss of the samples is plotted as a function of
increasing temperature (solid lines in figure 5.11 and 5.12). Also the derivative of weight
loss to the temperature is calculated and plotted in the same figures (dashed lines). In this
way the temperature of maximum weight loss is determined. For each precursor polymer
two major steps of weight loss are visible above 100°C: at 211 and 538°C for 118 and at
194 and 424°C for 120. The first step is related to the elimination of the dithiocarbamate
group and to the evaporation of the elimination products that are liberated. The second step
of weight loss is assigned to the evaporation of the degradation products of the conjugated
system of PPV or PTV. For PPV this is in agreement with the literature data®. 3. The loss
of weight below 100°C, which is clearly visible for 120 at 62°C, is assigned to the

122



Dithiocarbamate route

evaporation of solvent residues. After all, insufficient drying of the precursor polymer results
in remainders of CHCl5 (bp: 61°C) and n-hexane (bp: 69°C) on the polymer.
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Figure 5.11: TGA thermogram of
phenyl precursor polymer 118

Derivative weight

Weight (%)

62

194 1-16
4

—— Weight
- - - - Derivative weight

Derivative weight

T
100

T T T T
200 300 400 500 600
Temperature (°C)

Figure 5.12: TGA thermogram of
thienyl precursor polymer 120

A study on the thermal stability of the PPV and PTV dithiocarbamate precursors 118
and 120 by DIP-MS (heating rate of 10°C per minute) resulted in the thermograms
presented in figure 5.13 and 5.14 respectively. The thermogram of 118 shows two distinct
signals at a maximum temperature of 227 and 471°C and for polymer 120 at 200 and
400°C. The first signal, based on the fragments detected (EtzN(S)CS, Et:N(S)C and NEt),
can be assigned to the elimination of the dithiocarbamate groups and the second one to the
evaporation of the degradation products of the conjugated polymer. These observations are
comparable with those obtained with TGA. The signal observed at lower temperature, which
is clearly visible for 118 at 139°C, originates from remainders of monomer in the precursor

polymer fraction.
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Figure 5.13: DIP-MS thermogram of 118
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Figure 5.14: DIP-MS thermogram of 120
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The fact that a similar elimination temperature is observed in TGA (nitrogen
atmosphere) and DIP-MS (vacuum) implies that at this temperature the elimination products
that are liberated will evaporate immediately. The elimination reaction itself and the
evaporation of the elimination products thus are not kinetically separated. The elimination
temperature observed with these techniques is higher than that obtained from in-situ UV-Vis
and in-situ FT-IR results. This difference is attributed to the difference in heating rate
(10°C/min versus 2°C/min).

5.5 Cyclic voltammetry
The HOMO and LUMO energy levels of the thienyl dithiocarbamate precursor

polymer 120 (entry 5) and of the -after thermal treatment- resulting PTV could be estimated
from the cyclic voltammograms depicted in figure 5.15.
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Figure 5.15: Cyclic voltammograms of the polymer films drop-casted on Pt in an electrolytic solution of
Bu4NCIO4 (0.1 M) in CH3CN at a scan rate of 50 mV s

The energy values of LUMO and HOMO were determined in the same way as

described in paragraph 2.1.5. After determination of the onset potentials of both p- and n-
doping, the values could be transferred to the following equations: Exomo = - (4.8 + Eonset™)

124



Dithiocarbamate route

eV and Erumo = - (4.8 + Eonset™d) €V. The onset potentials in oxidation and in reduction were
determined, respectively, at 1.15 and - 1.23 V for 120 and at 0.51 and - 0.91 V for PTV
versus Ag/AgCl, corresponding to 0.65 and - 1.73 V for 120 and 0.002 and - 1.41V for PTV
versus Fo/Fet (E® Fo/Fet = 0.43 V vs. Ag/AgCl). The redox data and the energy levels are
listed in table 5.3.

Polymer Eonset®* (V) Eonset™d (V) Enomo (eV) ELumo (eV) Eg' (eV)

120 1.15 -1.23 -5.45 -3.07 2.38
PTV 0.51 -0.91 -4.80 -3.39 1.41

Table 5.3: Electrochemical characteristics of polymer 120 and PTV

The band gap of PTV determined in this way (1.4 eV) is quite low compared to the
value determined from the optical absorption data and the value of about 1.8 eV reported in
literature0),

5.6 Exploratory measurements for applications in organic solar
cells and transistors

Photovoltaic studies on solar cell devices with PTV (obtained from precursor polymer
120, entry 5) as electron donor and [6,6]-PCBM as electron acceptor as well as transistor
measurements with this polymer material as an active layer, were performed by Tom
Aernouts at IMEC in Leuven. For both measurements the precursor was converted by first
heating the sample from room temperature to 185°C at 2°C per minute, then holding it at
this temperature for 10 minutes and finally cooling it down again to ambient temperature.

Solar cell tests

Two ITO (indium tin oxide)/PEDOT (poly(3,4-ethylene dioxythiophene))/PTV/AI
devices on a glass substrate were tested. The glass substrates, coated with ITO (100 nm,
resistance < 20 ohm per square), were first cleaned with acetone in an ultrasonic bath. On
top of the ITO, a dispersion of PEDOT/PSS (BAYTRON P) was spin-coated for 60 seconds
at 3000 rpm resulting in a 30 nm thick layer. The first test was with the pristine material as
active layer. The second device was made by first converting the spin-coated precursor 120
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and afterwards spin-coating [6,6]-PCBM on top of it. In this way a bilayer device was
obtained. In both cases, the precursor polymer was dissolved in chlorobenzene in a
concentration of 1% (w:v%), stirred overnight and afterwards spin-coated at 600 rpm.
Eventually, an aluminium electrode was evaporated in a high vacuum. On each substrate,
eight solar cells, with an active area of 2 mm2 were present.

Figure 5.16 shows the plot of the J/V curves of the devices in the dark and under
illumination of 100 mW/cm? light from a halogen lamp. The observed short current density
(Jsc) and the open circuit voltage (Vo) as well as the fill factor (FF) and the efficiency (n) for
both devices are listed in table 5.4.

Jsc (uAIcmZ) Voc (mV) FF (%) n (%)
Pristine 430 435 34 0.06
Bilayer 1430 515 48.5 0.36

Table 5.4: Device characteristics
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Figure 5.16: J/V curves of a photovoltaic device with PTV as the active material; in the dark (left, log-scale)
and under white light illumination (right)

The results for the bilayer device already look very promising for a first trial. Certainly
if we compare these results with the ones obtained with other bilayer devices where PPV or
soluble derivatives of PPV were used as active layer' 42. However reports state that the
appliance of a LiF/Al electrode in stead of a pristine Al electrode guarantees a good ohmic
contact between the metal and the organic layer and thus can improve the device
performancet3-49), For this reason the LiF layer beneath the Al electrode is widely used at
this moment“6-48), Also a composite device instead of a bilayer device could improve the FF
and the efficiency. The fill factor here (48.5%) is only slightly lower than the values reported
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for OC1C1o-PPV/PCBM composite solar cell devices (50%“® without the use of LiF and
60%“6 48 49 when LiF was used) which have almost the highest power conversion
efficiencies reported in literature so fard). It is obvious that it is interesting to perform
additional tests which imply the use of LiF and a device with a composite layer of PCBM and
PTV. Further experiments are being executed at the moment of writing this dissertation.

Transistor tests

Dithiocarbamate precursor polymer 120 was tested in the same transistor device as
described in chapter four (top-contact, W = 2000 um, L = 75 um). In figure 5.17, the square
root of the drain-source current as a function of the gate voltage of the transistor is plotted.

0,0008 4
0,0006 4

0,0004 4

(

0,00024

0,00004

T T T T
-40 -30 20 -10 0
Voao (V)

Figure 5.17: Plot of the square root of lsssat as a function of Vgs

As stated in chapter one, the mobility . can be derived from the slope of the straight
line (equation (1-6)) and V; from the extrapolation to the Vs axis. The mobility was 1.7 x 103
cm? V-1s1, a value that is higher than any other PTV xanthate precursor that was measured
in this device. A threshold voltage of -7 V and an lo/lo ratio of 92 300 was determined.

5.7 Copolymerisation

The synthesis of copolymers can be an attractive approach to combine the
interesting physical and/or chemical properties of different polymers. It has been proven in
the past that copolymerisations lead to new materials with intermediate (or even improved)
properties(®. 51,

Since the yields of the polymerisation of the phenyl dithiocarbamate monomer were
higher compared to the thiophene analogue, a combination of the monomers could improve
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the yield. Also copolymers of other PPV derivatives as OC1C1o-PPV with PTV could be of
interest. After all, in this way the good performance of OC1C1o-PPV is combined with the
‘band gap lowering’ thiophene unit which can lead to a supplementary improvement of the
device performance. Additionally, the obtained conjugated polymers are soluble as a result
of the long alkoxy side chains on the phenyl core. The copolymer of PTV with other
conducting polymers (PPV and its derivatives) was already studied by Shim et al.2 53 and
Gregorius et al.54 %), These copolymers were all synthesised via the Wessling-Zimmerman
precursor polymer route but the difference in reactivity between the two monomers made it
difficult to control the composition of the desired copolymers. Gregorius and co-workers
investigated the copolymeric nature by using an IR analysis method that distinguishes the
vinylene units linking the phenylene and thienylene units. In this way they tried to overcome
the uncertainty whether the materials synthesised were indeed copolymers or homopolymer
blends. The relative reactivity ratios of the PPV/PTV system were found to be heavily
skewed toward TV incorporation.

The molecular weights of the precursor polymers obtained via the polymerisation of
the thiophene xanthate monomer (chapter four) were higher than those of the thienyl
dithiocarbamate precursors. By copolymerising these different monomers, polymers with an
intermediate My, could possibly arise. We therefore chose not only to test the
copolymerisation behaviour between the phenyl and thiophene dithiocarbamate monomers
but also between the thiophene xanthate and the thiophene dithiocarbamate monomers.
The chemical structures of the monomers and the precursor polymers which are normally
derived from the performed copolymerisations are given in scheme 5.3.

EtL,N(S)CS SC(S)NEt,  Et,N(S)CS S SC(SNEt,  EtO(S)CS S SC(S)OEt

117 119 112a

LDA J\ SC(S)NEt,
117 + 119 ——>» SC(S)NEt, Copolymers 11-15
S n
m
SC(S)NEt,
LDA J\
ny + 122 —— S J A\ SC(S)OEt Copolymers 16-20
n

S
m

Scheme 5.3: Copolymerisations of monomers 117, 119 and 112a
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The two monomers were dissolved together in dry THF (monomer concentration of
0.2 M) and the polymers were obtained in the same way as described for the
homopolymers. All the polymerisation reactions were performed at -78°C and were
terminated after 90 minutes by quenching with ethanol. For each set of copolymerisations,
the comonomer ratios were 75/25, 50/50 and 25/75. The ratios of 100/0 and 0/100 are those
of the homopolymerisations described in the previous paragraphs or chapter. The chemical
composition of the polymer was determined on the precursor stage with quantitative *C
NMR spectroscopy. The residual fraction was analysed with 'H NMR spectroscopy to
determine the ratio of the different monomers.

5.7.1 Thienyl and phenyl dithiocarbamate copolymers

The results of the (co)polymerisations of monomer 117 (phenyl) and 119 (thiophene)
are listed in table 5.5. GPC measurements were performed versus PS standards and DMF
was used as the eluent since it was already proven that this is a better eluent for the
dithiocarbamate precursors than THF.

Monomers Copolymer Residual fraction
Entry | 117 119 | Yield Mw(x103) PD  Phenyl Thioph | Phenyl Thioph
(%) (g/mol) (117) (119)
11 100 0 89 7.3 1.6 100 0 100 0
12 75 25 90 17.2 34 73 27 100 0
13 50 50 89 24.7 3.2 45 55 100 0
14 25 75 89 109.8 9.9 24 76 100 0
15 0 100 57 94.4 3.1 0 100 0 100

* No traces of thiophene monomer visible in 'H NMR spectrum (< 5%)

Table 5.5: Copolymerisation results for monomer 117 and 119

From 3C NMR spectroscopy it seemed that no statistical copolymers were formed as
no additional signals occurred in the carbon spectrum. The two starting monomers would
then have polymerised without any real contact and the copolymer actually is either a
homopolymer blend or a material that is extremely blocky. It should however be noted that
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there was a lot of noise in the signals and that it is thus difficult to draw conclusions. Since
the phenyl homopolymer (entry 11) has a lower M., than the thienyl homopolymer (entry 15),
it is not surprisingly that the more phenyl monomer 117 is used in the starting mixture in
proportion to thiophene monomer 119, the lower the average molecular weight of the
mixture of polymers is. This is visually shown in figure 5.18 where an overlay of the different
GPC-chromatograms is plotted.
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Figure 5.18: Overlay of the GPC-chromatograms of the five precursor (co)polymers

To follow the conversion of the precursor polymer into the conjugated form, in-situ
UV-Vis measurements were carried out for (co)polymers 11-15. A dynamic heating program
of 2°C per minute up to a temperature of 350°C was used and the measurements were
performed under a continuous flow of nitrogen. The normalised UV-Vis spectra at maximal
conversion of the different (co)polymers are plotted in figure 5.19. The PPV homopolymer
has a Amax value of 396 nm. The more thiophene monomer was present in the initial
comonomer feed, the more the value of Anax shifts to the absorption maximum of the PTV
homopolymer at 546 nm.
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Figure 5.19: Normalised absorption spectra for (co)polymers 11, 13, 14 and 15
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From the UV-Vis spectra it looks like copolymers are formed since only one band is
visible. However it may be possible that this band is an intermediate of two bands, although
the difference in Amax between PPV and PTV is quite large (150 nm).

The copolymeric nature of the systems can also be investigated by the method used
by Gregorius et al.®¥, who based their method on the oligomeric model studies of
Kossmehl®8. 57, They studied the IR spectra obtained for the putative PPV-co-PTV
copolymers in the vinylene out-of plane region and found that they looked different
compared to spectra for the homopolymer blends. For the copolymers, the absorption
maxima shifted as the TV fraction in the copolymer composition increased. But there were
no absorption maxima at 970 and 930 c¢cm™* (trans vinylene wagging band) which suggests
that “blocks” (> six units) were not produced. In the blends the central absorption between
940 and 960 cm" was absent and both homopolymeric absorption maxima were apparent
throughout the entire range of blend compositions. Therefore also in-situ FT-IR
measurements were carried out for (co)polymers 11-15 and the same dynamic heating
program of 2°C per minute up to a temperature of 350°C was used. The overlay of the IR
spectra of the conjugated polymers is depicted in figure 5.20.
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Figure 5.20: Vinylene out-of-plane infrared spectral region for entry 11-15

In the FT-IR spectrum of entry 13 no homopolymeric absorption maxima appear.
This suggests that “blocks” are not present in this polymer. However, the FT-IR spectra of
entry 12 and 14 look the same as for the blends reported by Gregorius and co-workers with
the exception of the lack of an absorption maximum at 930 and 960 cm-' respectively.
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We can conclude that the different data from ®C NMR, UV-Vis and FT-IR
spectroscopy at the moment available, lead to contradictory conclusions making a more
detailed investigation of these polymers necessary.

5.7.2 Thiophene xanthate and thiophene dithiocarbamate copolymers

A second set of copolymerisations were performed by starting from two different
types of thiophene monomers: the xanthate and the dithiocarbamate monomer. The
polymerisation results are listed in table 5.6. Molecular weights were determined by GPC
relative to PS standards with DMF (underlined) and THF as the eluents. It is clear that the
more xanthate monomer is present, the higher the molecular weight of the copolymer is.
This is consistent with our expectations since the molecular weights of the homopolymers
obtained via the xanthate route were also much higher than the ones of the homopolymers
obtained via the dithiocarbamate route.

Monomers Copolymer Residual fraction
Entry | 119 112a | Yield Mw(x103) PD* Carb Xanth | Carb Xanth
(%) (g/mol)y’ (119) (112a)
16 100 0 57 944 31 100 0 100 0
14.0 1.8
17 75 25 56 372.6 134 73 27 92 8
18.6 35
18 50 50 69* 309.9 128 45 55 94 6
165.8 11.3
19 25 75 70# 202.7 10.3 21 79 90 10
118.5 9.0
20 0 100 50 137.2 7.8 0 100 0 100
282.3 9.5

* For the underlined values GPC was performed in DMF, for the others GPC was performed in THF
# The GPC chromatograms shows that there is still some monomer left in the precursor polymer

Table 5.6: Copolymerisation results for monomer 119 and 112a
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Also here 13C NMR spectroscopy was performed to determine the composition of the
copolymer and it could be seen that the incorporation of the xanthate monomer was slightly
preferred. In contrast with the absence of additional peaks in the *C NMR spectra of the
PPV/PTV precursor polymers (entry 12-14), extra peaks were observed in the spectra of the
dithiocarbamate/xanthate PTV precursor polymers (entry 17-19). Whereas the carbon
resonance for the carbon directly attached to the dithiocarbamate group in the homopolymer
is at 52.5 ppm and for the carbon on which the xanthate group is attached is at 70.1 ppm, a
new, intermediary resonance at 65.8 ppm is observed for the copolymer. In this set of
copolymerisations, the difference in reactivity between the two monomers is not as big as it
was for the thiophene and phenyl dithiocarbamate monomers. Consequently it is less
problematic to obtain copolymers.

H NMR spectroscopy was used to analyse the residual fractions. The benzylic
protons adjacent to the xanthate group or the dithiocarbamate group at 4.48 ppm and 4.69
ppm respectively, were compared. For all the copolymerisations, it was found that the
dithiocarbamate monomer remained almost exclusively in the residual fraction.

5.8 The dithiocarbamate route: solution for electron rich
systems?

In our search for new low band gap materials, the use of precursor routes always
stayed a problem for electron rich systems. The synthesis of PTV via the sulphinyl route
turned out to be very problematic. The xanthate route was another option to obtain this
polymer but high polydispersities of the precursor polymer and a quite low Amax value for the
corresponding conjugated polymer were found. This was improved with the use of the
dithiocarbamate route. If we want to go to soluble systems in the conjugated phase, the
introduction of long side chains is a solution. In this way an even more electron rich system
is created. In the past, attempts to use precursor routes as the Gilch and the Wessling-
Zimmerman route in the preparation of electron rich polymers failed. The high reactivity and
instability of the monomers always seemed to be the problem. Since also the sulphinyl route
developed in our lab was not up to these systems, the new dithiocarbamate precursor route
could be a possible answer to this limitation.
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In the synthesis of electron rich monomers the instability of the 2,5-bis(chloromethyl)
compound often was a big problem. If the dithiocarbamate monomer could be synthesised
from the corresponding diol this step would not be necessary anymore. Therefore some
preliminary tests were done. Elsenbaumer et al.%®) already applied the direct synthesis of
benzylic thioethers from benzylic alcohols -in the presence of zinc iodide as a Lewis acid-©°.
60 in the monomer synthesis towards poly(3,4-dialkoxy-2,5-thienylene vinylene)s. Because
of the good results obtained via this procedure, we tried to synthesise the dithiocarbamate
monomer 119 directly from the alcohol 109 using this method. (Scheme 5.4) The alcohol
and the Lewis acid (2 equivalents) were dissolved in dichloromethane and sodium
diethyldithiocarbamate trihydrate was added in small portions. After two hours of stirring at
room temperature, water was added and the mixture was extracted with CH.Cl,. The
organic layers were separated, dried over MgSO. and filtered. However, evaporating the
solvent only resulted in zinc complex 121 and alcohol 109.

BoS. S i = . =

A Szl YN - /_Oﬂ — CH3~O—CH0
N N S -1 HO s OH S
121 109 43

O
ELN(S)CS SC(S)NEt,

119
Scheme 5.4: Synthesis of dithiocarbamate monomer 119 via diol 109:
i) Znlz, NaSC(S)NEt2.3H20; ii) CF3COOH, NaSC(S)NEt2.3H20

Another reaction involving the use of trifluoroacetic acid®") was tested. Dissolving the
alcohol and CF3COOH (2 eq.) in acetone led to a brown solution in which an insoluble solid
(polymer) precipitated. By first adding the sodium diethyldithiocarbamate trihydrate (3 eq.) to
the alcohol and afterwards the acid (5 eq.), no precipitation was formed. Thus the order of
addition of the reagent seems to be important. After work-up the obtained product was again
not the dithiocarbamate monomer 119 but 5-methyl-2-thiophenecarbaldehyde 43 was
isolated. In this reaction, one of the two hydroxymethyl groups was reduced to the methyl
group, whilst the other was oxidised to the formyl group. These findings were in agreement
with recently reported data. Komatsu et al.®2 reported on the reaction of 109 with
trifluoromethanesulphonic acid (CFsSOsH) to form cyclic oligomers 122. (Figure 5.21)
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Nakayama et al.®) performed a reaction with 3,4-diphenyl-2,5-bishydroxymethylthiophene
and p-toluenesulphonic acid monohydrate and found that 5-methyl-3,4-diphenylthiophene-2-
carbaldehyde was formed due to the acid-catalysed intramolecular disproportionation of the
bishydroxymethylthiophene compound. According to them, the structures of the polymeric
materials, obtained as side products, seem to be acyclic such as 123 rather than cyclic. A
higher concentration of diol also increased the amount of these polymeric products.

SN ol AN o MY
HO S S S OH
123

n

Figure 5.21: Chemical structure of the polymeric material

In the cited reference the mechanism of this novel disproportionation is clarified. The
initial step involves the acid-catalysed formation of a carbocation intermediate 124 by
dehydration (-H20) of the alcohol. (Scheme 5.5) This stabilised carbocation is then
converted to the intermediate enol form by deprotonation. Finally this is followed by acid-
catalysed isomerisation to the aldehyde 43.
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Scheme 5.5: Mechanism of the disproportionation

Although these first trials to simplify the synthesis of the dithiocarbamate monomer
systems failed, the use of the dithiocarbamate route towards electron rich polymers is still
an option. Further experiments are planned to study the applicability of this route (see
chapter seven).
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5.9 Conclusion

A new precursor route for the synthesis of poly(aromatic vinylene)s: the
dithiocarbamate route was developed. Synthesis of the non-substituted phenyl and
thiophene bismethylene N,N-diethyl dithiocarbamate monomers was easily achieved. Their
polymerisation involved a reaction with an equimolar amount of base (LDA) in dry THF. This
new route had superior properties compared to the xanthate route: (i) the polydispersities of
the resulting polymers were much lower than those of the xanthate precursor polymers; (ii)
the Amax values of the conjugated polymers acquired after thermal treatment of the
dithiocarbamate precursors lay higher than the corresponding polymers acquired from the
xanthate polymers and (iii) devices with PTV obtained from a dithiocarbamate precursor
showed an improved performance compared to those with PTV obtained from a xanthate
precursor. All these observation indicate that this new precursor route is an improved
version of the xanthate route and that it is interesting to look more into detail in the scope
and limitations of this route (chapter seven). Copolymerisations between the phenyl and
thiophene dithiocarbamate monomers and between the thiophene dithiocarbamate and
xanthate monomers were both performed and the resulting (co)polymers were examined.

5.10 Experimental part

For the characterisation methods and materials used here we would like to refer to
the experimental part of chapter two and three. Before CV was performed on PTV obtained
from polymer 120, this precursor was heated from room temperature to 175°C at 2°C per
minute, hold at this temperature for five minutes and then cooled back to room temperature.
The synthesis of compound 116 is described elsewhere(®4).

p-Xylylene bis(N,N-diethyl dithiocarbamate) (117)

To 50 mL of an acetonitrile/water solution (5 vol% water) of 1,4-bis(tetrahydrothiophenio-
methyl)xylene dichloride 116 (6 g, 17.143 mmol), sodium diethyldithiocarbamate trihydrate
(or diethyldithiocarbamic acid sodium salt trihydrate) (8.87 g, 39.429 mmol) was added as a
solid after which the mixture was stirred at ambient temperature for two hours. Then, water
was added and the desired monomer was extracted with ether (3 x 100 mL) and dried over
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MgSO.. Evaporation of the solvent yielded 6.2 g (90%) of the pure product as a white solid;
'H NMR (CDCls): 7.31 (s, 4H), 4.49 (s, 4H), 4.01 (g, J = 7.2 Hz, 4H), 3.69 (q, J = 7.2 Hz,
4H), 1.26 (2t, J = 7.2 Hz, 12H). 3C NMR (CDCls): 195.10, 135.27, 129.57, 49.46, 46.70,
41.79, 12.44, 11.56; MS (El, m/e): 253 (M* — SC(S)NEt,), 148 (SC(S)NEt,), 105 (M* - 2 x
SC(S)NEty), 72 (NEt)

Polymerisation of 117 (118)

A solution of monomer 117 (500 mg, 1.25 mmol) in dry THF (6.25 mL, 0.2 M) at—78°C (or rt
or 0°C) was degassed for 1 hour by passing through a continuous nitrogen flow. An
equimolar LDA solution (625 ulLtt of a 2 M solution in THF/n-hexane) was added in one go
to the stirred monomer solution. The mixture was kept at =78°C (or rt or 0°C) for 90 minutes
and the passing of nitrogen was continued. After this, the solution was allowed to come to
0°C or ethanol (6 mL) was added at -78°C to stop the reaction (this was not necessary if the
polymerisation was performed at rt or 0°C). The polymer was precipitated in ice water (100
mL) and extracted with chloroform (3 x 60 mL). The solvent of the combined organic layers
was evaporated under reduced pressure and a second precipitation was performed in a 1/1
mixture (100 mL) of diethyl ether and hexane at 0°C. The polymer was collected and dried
in vacuo. 'H NMR (CDCls): 6.78-7.14 (br s, 4H), 5.00-5.30 (br s, 1H), 3.82-4.10 (br s, 2H),
3.51-3.78 (br s, 2H), 2.92-3.12 (br s, 2H), 1.04-1.34 (br t, 6H). ®C NMR (CDCls): 194.38,
138.07, 137.17, 129.35, 128.30, 56.92, 49.15, 46.68, 42.63, 12.58, 11.65. The residual
fractions only contained monomer residues.

Thiophene-2,5-diylbismethylene N,N-diethyl dithiocarbamate (119)

The preparation of 119 is analogous to that described for 117 but here bissulphonium salt
111 was used. Yield: 81%; 'H NMR (CDCls): 6.84 (s, 2H), 4.69 (s, 4H), 4.01 (q, J = 7.2 Hz,
4H), 3.69 (q, J = 7.2 Hz, 4H), 1.26 (t, J = 7.2 Hz, 12H); "*C NMR (CDCls): 194.29, 138.76,
126.77, 49.46, 46.70, 36.72, 12.46, 11.53; MS (El, m/e): 258 (M* — SC(S)NEt,), 148
(SC(S)NEty)

1 The solvent from the base solution was neglected in the calculation of the monomer concentration
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Polymerisation of 119 (120)

The preparation of 120 is analogous to that described for 118. 'H NMR (CDCls): 6.56-6.72
(br s, 1H), 6.72-6.36 (br s, 1H), 5.22-5.55 (br s, 1H), 3.81-4.12 (br q, 2H), 3.48-3.81 (br q,
2H), 3.11-3.40 (br s, 2H), 1.01-1.37 (br t, 6H). *C NMR (CDCls): 193.61, 140.77, 140.36,
126.15, 125.89, 52.50, 49.20, 46.73, 38.37, 12.45, 11.60

Copolymerisation of 117 and 119 (copolymers 12-14)

A solution of monomer 117 (369, 246, 123 mg respectively) and monomer 119 (125, 250,
375 mg respectively) in dry THF (6.16 mL, 0.2 M) at -78°C was degassed for 1 hour by
passing through a continuous nitrogen flow. An equimolar LDA solution (616 uL# of a 2 M
solution in THF/n-hexane) was added in one go to the stirred monomer solution. The
mixture was kept at =78°C for 90 minutes and the passing of nitrogen was continued. After
this, ethanol (6 mL) was added at -78°C to stop the reaction. The polymer was precipitated
in ice water (100 mL) and extracted with chloroform (3 x 60 mL). The solvent of the
combined organic layers was evaporated under reduced pressure and a second
precipitation was performed in a 1/1 mixture (100 mL) of diethyl ether and hexane at 0°C.
The polymer was collected and dried in vacuo.

Copolymerisation of 119 and 112a (copolymers 17-19)

The preparation of copolymers 17-19 is analogous to that described for copolymers 12-14
but here monomers 119 (375, 250, 125 mg respectively) and 112a (108, 217, 325 mg
respectively) were used.

Zinc bis(N,N-diethyldithiocarbamate) (121)

The alcohol 109 (2 g, 13.89 mmol) and Znl, (8.86 g, 27.78 mmol) were dissolved in CH2Cl,
(30 mL) and sodium diethyldithiocarbamate trihydrate (12.5 g, 55.56 mmol) was added in
small portions. After two hours of stirring at room temperature, water was added and the
mixture was extracted with CH,Cl,. The organic layers were separated, dried over MgSO,
and filtered. Evaporating the solvent and a flash chromatographic separation (silica gel,
CH.Cl,) gave the pure zinc complex of the diethyldithiocarbamate salt as a white solid in
quantitative yield. '"H NMR (CDCls): 3.82 (q, J = 7.2 Hz, 8H), 1.28 (t, J = 7.2 Hz, 12H); MS

# The solvent from the base solution was neglected in the calculation of the monomer concentration
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(El, mie): 360 (M¥), 244 (M* — C(SINEL), 212 (M* — SC(S)NEt), 148 (SC(S)NEL,), 116
(C(SINEt,), 72 (NEty)

5-Methyl-2-thiophenecarbaldehyde (43)

To a solution of alcohol 109 (2 g, 13.89 mmol) in acetone (20 mL), sodium
diethyldithiocarbamate trihydrate (9.38 g, 41.67 mmol) was added in small portions.
CF3COOH (5.4 mL) was added over four hours and after three days of stirring at room
temperature, water and CH.Cl, were added. A saturated aqueous solution of NaHCO3 was
added until the water layer was neutral and the mixture was further extracted with CH2Cl..
The organic layers were separated, dried over MgSQO. and filtered. The crude reaction
product was purified by column chromatography (silica gel, CH2Cl) which resulted in pure
43. '"H NMR (CDCls): 9.92 (s, 1H), 7.68 (dd, 1H), 6.96 (dd, 1H), 2.61 (s, 3H); MS (EIl, m/e):
126 (M), 97 (M* - CHO)

5.11 References

1. T. Otsu, A. Kuriyama, Polym. Bull. 1984, 11, 2, 135.

2. A. Kuriyama, T. Otsu, Polym. J. 1984, 16, 6, 511.

3. T. Otsu, A. Kuriyama, J. Macromol. Sci., Chem. 1984, A21, 8-9, 961.

4. T. Otsu, A. Kuriyama, Polym. J. 1985, 17,1, 97.

5. T. Otsu, T. Matsunaga, A. Kuriyama, M. Yoshioka, Eur. Polym. J. 1989, 25, 7-8, 643.

6. P.Lambrinos, M. Tardi, A. Polton, P. Sigwalt, Eur. Polym. J. 1990, 26, 10, 1125.

7. T.Doi, A. Matsumoto, T. Otsu, J. Polym. Sci., Part A: Polym. Chem. 1994, 32, 12, 2241.

8. Z. Guan, J. B. McClain, E. T. Samulski, J. M. DeSimone, Polym. Prepr. 1994, 35, 1, 725.

9. A.R. Kannurpatti, S. Lu, G. M. Bunker, C. N. Bowman, Macromolecules 1996, 29, 23, 7310.
10. A. R. Kannurpatti, S. Lu, C. N. Bowman, Polym. Mater. Sci. Eng. 1996, 74, 358.

11. A. R. Kannurpatti, K. J. Anderson, J. W. Anseth, C. N. Bowman, J. Polym. Sci., Part B: Polym.
Phys. 1997, 35, 14, 2297.

12. L. G. Lovell, J. E. Elliott, J. R. Brown, C. N. Bowman, Polymer 2001, 42, 2, 421.

13. L. G. Lovell, K. A. Berchtold, J. E. Elliott, H. Lu, C. N. Bowman, Polym. Adv. Technol. 2001, 12,
6, 335.

139



Chapter 5

14. M. E. Amold, K. Nagai, R. J. Spontak, B. D. Freeman, D. Leroux, D. E. Betts, J. M. DeSimone, F.
A. DiGiano, C. K. Stebbins, R. W. Linton, Macromolecules 2002, 35, 9, 3697.

15. K. Dean, W. D. Cook, Macromolecules 2002, 35, 21, 7942.

16. J. H. Ward, A. Shahar, N. A. Peppas, Polymer 2002, 43, 6, 1745.

17. S. Himori, Japan Kokai Tokkyo Koho, No 88278910, 1988.

18. S. Himori, Japan Kokai Tokkyo Koho, No 88314223, 1988.

19. T. Otsu, S. Himori, T. Kiriyama, European Pat. Appl., No 286376, 1988.

20. S. Himori, Japan Kokai Tokkyo Koho, No 8924879, 1989.

21. H. A Milton, A. B. Mahfuza, R. A. Olsen, European Pat. Appl., No 349232, 1990.

22. S. Ozoe, H. Yamakawa, Japan Kokai Tokkyo Koho, No 90300217, 1990.

23. S. Ozoe, H. Yamakawa, European Pat. Appl., No 421149, 1991.

24. A. B. Mahfuza, European Pat. Appl., No 434335, 1991.

25. S. B. Mitra, A. B. Mahfuza, European Pat. Appl., No 434334, 1991.

26. A. B. Mahfuza, G. N. Babu, P. G. Zimmerman, PCT international, No 9320164, 1993.

27. P. Le Barny, L. Bouteiller, France Demande, No 2729670, 1996.

28. H. Oki, Y. Okamoto, M. Sawamoto, Y. Kano, K. Kitahata, K. Yamada, Y. Okano, M. Nishimura,
K. Terada, H. Ita, Japan Kokai Tokkyo Koho, No 2000273131, 2000.

29. T. Otsu, J. Polym. Sci., Part A: Polym. Chem. 2000, 38, 12, 2121.

30. T. Otsu, M. Yoshida, Macromol. Chem. Rapid Commun. 1982, 3, 127.

31. P. M. Kazmaier, K. A. Moffat, M. K. Georges, R. P. N. Veregin, G. K. Hamer, Macromolecules
1995, 28, 1841.

32. J. Dika Manga, A. Polton, M. Tardi, P. Sigwalt, Polym. Int. 1998, 45, 1, 14.

33. R. Nishiyama, R. Takahashi, T. Haga, S. Sometani, Jpn. Tokkyo Koho, No 50004732, 1975.
34. S. Son, A. Dodabalapur, A. J. Lovinger, M. E. Galvin, Science 1995, 269, 376.

35. E. Kesters, S. Gillissen, F. Motmans, L. Lutsen, D. Vanderzande, Macromolecules 2002, 35, 21,
7902.

36. H. Eckhardt, L. W. Shacklette, K.-Y. Jen, R. L. Elsenbaumer, J. Chem. Phys. 1989, 91, 2, 1303.
37. D. H. Williams, I. Fleming, Spectroscopic Methods in Organic Chemistry, 5t ed., The McGraw-
Hill Companies, London, 1995, p. 53.

38. G. Montaudo, D. Vitalini, R. W. Lenz, Polymer 1987, 28, 5, 837.

39. M. M. De Kok, A. J. J. M. Van Breemen, R. A. A. Carleer, P. J. Adriaensens, J. M. Gelan, D. J.
Vanderzande, Acta Polym. 1999, 50, 1, 28.

140



Dithiocarbamate route

40. M. Onada, S. Morita, T. Iwasa, H. Nakayama, K. Yoshino, J. Chem. Phys. 1991, 95, 11, 8584.
41. N. S. Sariciftci, D. Braun, C. Zhang, V. I. Srdanov, A. J. Heeger, G. Stucky, F. Wudl, Appl. Phys.
Lett. 1993, 62, 6, 585.

42. J. J. M. Halls, K. Pichler, R. H. Friend, S. C. Moratti, A. B. Holmes, Appl. Phys. Lett. 1996, 68, 22,
3120.

43. L. S. Hung, C. W. Tang, M. G. Mason, Appl. Phys. Lett. 1997, 70, 2, 152.

44, G. E. Jabbour, Y. Kawabe, S. E. Shaheen, J. F. Wang, M. M. Morrell, B. Kippelen, N.
Peyghambarian, Appl. Phys. Lett. 1997, 71, 13, 1762.

45. G. E. Jabbour, B. Kippelen, N. R. Armstrong, N. Peyghambarian, Appl. Phys. Lett. 1998, 73, 9,
1185.

46. S. E. Shaheen, C. J. Brabec, F. Padinger, T. Fromherz, J. C. Hummelen, N. S. Sariciftci, Appl.
Phys. Lett. 2001, 78, 6, 841.

47. C. Winder, D. Mihlbacher, H. Neugebauer, N. S. Sariciftci, C. J. Brabec, R. A. J. Janssen, J. C.
Hummelen, Mol. Cryst. Liq. Cryst 2002, 385, 93.

48. T. Munters, T. Martens, L. Goris, V. Vrindts, J. V. Manca, L. Lutsen, P. De Ceuninck, D.
Vanderzande, L. De Schepper, J. Gelan, N. S. Sariciftci, C. J. Brabec, Thin Solid Films 2002, 403,
247,

49. C. J. Brabec, N. S. Sariciftci, J. C. Hummelen, Adv. Funct. Mater. 2001, 11, 1, 15.

50. H. Spreitzer, H. Becker, E. Kluge, W. Kreuder, H. Schenk, R. Demandt, H. Schoo, Adv. Mater.
1998, 10, 16, 1340.

51. R. E. Martin, F. Geneste, B. S. Chuah, C. Fischmeister, Y. Ma, A. B. Holmes, R. Riehn, F.
Cacialli, R. H. Friend, Synth. Met. 2001, 122, 1, 1.

52. H. K. Shim, R. W. Lenz, J. |. Jin, Macromol. Chem. 1989, 190, 2, 389.

53. J.-I. Jin, H. K. Shim, R. W. Lenz, Synth. Met. 1989, 29, 1, E53.

54. R. M. Gregorius, P. M. Lahti, F. E. Karasz, Macromolecules 1992, 25, 24, 6664.

55. R. M. Gregorius, F. E. Karasz, Synth. Met. 1992, 53, 1, 11.

56. G. Kossmehl, M. Hartel, G. Manecke, Macromol. Chem. 1970, 131, 1, 15.

57. G. Kossmehl, M. Hartel, G. Manecke, Macromol. Chem. 1970, 131, 1, 37.

58. H. Cheng, R. L. Elsenbaumer, J. Chem. Soc., Chem. Commun. 1995, 1451.

59. Y. Guindon, R. Frenette, R. Fortin, J. Rokach, J. Org. Chem. 1983, 48, 1357.

60. M. C. Wang, T.-Y. Luh, J. Org. Chem. 1992, 57, 2178.

141



Chapter 5

61. T. W. Greene, P. G. M. Wuts, Protective Groups in Organic Synthesis, John Wiley & Sons, New
York, 1991, p. 285.

62. N. Komatsu, A. Taniguchi, A. Suzuki, Tetrahedron Lett. 1999, 40, 19, 3749.

63. J. Nakayama, Y. Hasegawa, Y. Sugihara, A. Ishii, Sulfur Letters 1999, 22, 4, 131.

64. A.J.J. M. Van Breemen, D. J. M. Vanderzande, P. J. Adriaensens, J. M. J. V. Gelan, J. Org.
Chem. 1999, 64, 9, 3106.

142



Chapter 6
Thienyl substituted poly(p-phenylene
vinylene)s

6.1 Introduction

Among the conjugated polymers, poly(p-phenylene vinylene)s (PPV) and its
derivatives are one of the most widely studied. Especially after the report of Burroughes et
al." on the electroluminescent properties of PPV, a lot of papers appeared on this subject
and many different synthetic pathways to obtain this polymer were described. In our group,
a lot of effort has been put into the development of the sulphinyl precursor route@4. This
has led to several soluble poly(p-phenylene vinylene) precursors. As mentioned in chapter
three, a chemical differentiation between the leaving group (halide) and the polariser
(sulphinyl group) is introduced in this route in order to have control over the polymerisation
process. The synthesis of soluble phenyl substituted PPVs via the Gilch route was reported
by different research groups®9 and also poly(2,3-diphenyl-1,4-phenylene vinylene) (DP-
PPV) was made by using the chlorine precursor route'®'2. Yet the use of a thiophene ring
as a substituent was never described. Therefore the synthesis of thienyl substituted
sulphinyl monomers was tested. By selecting the thiophene unit, the possibility for further
electrochemical polymerisation is built in. In this regard, Advincula et al.(*¥ reported on the
formation of very uniform ultra-thin fims of a conjugated polymer network in which a
siloxane polymer was cross-linked through the 2,5 linkages of the substituted thiophene ring
by electrochemical or oxidative methods.

A transport regime often operational around room temperature in m-conjugated
systems is hopping4. The hole-hopping process can be depicted as an electron-transfer
(ET) reaction in which an electron is exchanged between two neighbouring molecules, one
being in the neutral state and the other being in the radical cation state [T(a) + T(b)" —
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T(a)* + T(b)]"9). Two major parameters determine the electron-transfer rate and ultimately
the charge mobility: i) the electronic coupling between adjacent molecules, which needs to
be maximised and ii) the reorganisation energy, which needs to be small for efficient
transport(®. In this respect, the origin of the improved mobility of OC1C+o-PPV compared to
PPV can possibly be explained. After all, the geometric reorganisation, which costs energy,
can be localised in the ring via the stabilisation effect of the alkoxy chains on the hole as a
charge carrier. A thiophene ring on the PPV backbone may therefore be even more
interesting and responsible for an improved stabilisation which consequently simplifies

hopping.
6.2 Monomer synthesis

Initially the monomer synthesis towards 2,5-di(2’-thienyl) substituted PPV was tested.
For this reason 1,4-dichloromethyl-2,5-di(2"-thienyl)benzene 132 was synthesised starting
from the commercially available 2,5-dibromo-p-xylene 126. (Scheme 6.1)

AQiCHB —1 > HOOCAQCOOH U, MeOOCAQfCOOMe _m g
126

Br 127 Br 128
@ @ g @
Br 129 Br 130 131a Th 132

Scheme 6.1: Synthesis of 1,4-dichloromethyl-2,5-di(2™-thienyl)benzene 132:
i) KMnQy; ii) MeOH, H2S0q; iii) LiAIH4; iv) SOCI2; v) Pd(PPhs)s, KF

First the two methyl groups were oxidised by using potassium permanganate.
Esterification of the resulting carbonic acids was followed by the transformation of the esters
into the corresponding diol. And after this reduction, compound 129 was easily converted
into dichloride 130 by means of thionyl chloride. The substitution of the thiophene rings on
the phenyl core was performed by means of a Suzuki coupling reaction which is a cross
coupling reaction between an organoboron reagent and an -in this case- unsaturated halide.
Noteworthy is the use of KF as the base. In Suzuki coupling reactions aqueous carbonate is
the most frequently used base("”). However Wright et al.("® described fluoride-mediated
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boronic acid coupling reactions and found that fluoride salts allow these reactions to occur
rapidly and in good yields.

The route described above involves a lot of steps, which makes the synthesis of 132
via this path time-consuming. Another path, via the dichlorobenzene analogue, to obtain the
same dithienyl substituted intermediary product 132 is shown in scheme 6.2. Here several
synthetic pathways towards 1,4-dichloromethyl-2,5-dichlorobenzene 135 were explored. A
first approach was to start with the radical bromination of the commercially available 2,5-
dichloro-p-xylene 133 with NBS and benzoyl peroxide (BPO) towards 1,4-dibromomethyl-
2,5-dichlorobenzene 134. This reaction was followed by converting the bromine atoms into
chlorine atoms by means of LiCl. The conversion of 133 into 135 could also be
accomplished in a single step by treating 133 with sulphuryl chloride in the presence of a
catalytical amount of BPO(). The latter is preferred since the yield (36%) is comparable
with the overall yield (34%) of the two step synthesis. The substitution of the thiophene units
then was performed in the same way as described for the bromo analogue.

cl cl cl Th
Br . a e
H v
CH; CHy 1 o, + U—B(OH)Z —
Br el s el

cf 133 o 134 cf 135 131a TH 132
iii ?

Scheme 6.2: Synthesis of 132 via 1,4-dichloromethyl-2,5-dichlorobenzene 135:
i) NBS, BPO; ii) LiCl; iii) SO2Cl2, BPO; iv) Pd(PPhs)s, KF

Further functionalisation of the dichloride 132, necessary to obtain the sulphinyl
premonomer, seemed to be a problem. Different trials to synthesise the monosulphide
always resulted in starting product and dioctyl disulphide (RSSR). Also an attempt to obtain
the corresponding bissulphonium salt failed and yielded only starting product. Given that the
sulphinyl monomer could not be synthesised, we tried to synthesise the xanthate monomer.
Under the normal reaction conditions (addition of the potassium salt of ethylxanthic acid,
reaction in methanol) again no reaction occurred. Even when methanol as the solvent was
replaced by acetonitrile, which normally reduces the solvation of the anions and as a result
improves the reactivity of the thiolate anions, only the starting product 132 was recovered.
When also a Gilch polymerisation of dichloride 132 -with the use of KtBuO as the base- was
unsuccessful, we decided to continue with the mono substituted derivative. Starting from
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dichloride 135 the next step involved the introduction of the non-symmetrical differentiation
into the monomer via the synthesis of the sulphide. (Scheme 6.3) For that reason dichloride
135 was dissolved in toluene and NaOH in water was added. Aliquat 336® or
methyltrioctylammonium chloride was used as a phase transfer reagent. After this, the
monosulphide 136 was oxidised using the H,O./TeO, system. The substitution of the
thiophene ring on the phenyl core was again performed by means of a Suzuki coupling.
Since we are dealing with a non-symmetrical monomer, two regioisomers 138 and 139 can
be formed when coupling monomer 137 with 2-thiophene (a) or 3-thiophene (b) boronic
acid. NMR spectroscopy demonstrated the formation of exclusively the steric most favoured
monomers 138a and 138b in a yield of 74% and 71%, respectively. The structure was
certified by an extensive NMR study (see below).

al al al
Cl i Cl i Cl
—_— —_—>
Cl SCsHp I§—ch17
o 135 o 136 o 137 0O
cl Th
(a) @B(OH)Z i Cl Cl
. S Bow, ~——> —< >—\ * —< >—\
S—CgHyy S—CgH,
(b) @ T 1380 O ' 1300 O

Scheme 6.3: Synthesis of the monomers: i) CsH1zSH, NaOH, Aliquat 336; ii) H202, TeOy; iii) Pd(PPhs)s, KF

6.3 Structural characterisation of monomer 138a and 138b by
NMR spectroscopy

For a consistent study of the polymers, a proper characterisation of the initial
monomers is indispensable. The thienyl substituted monomers described above allow
extensive NMR characterisation. In this paragraph the complete assignment of the 'H and
3C chemical shifts by different NMR techniques is discussed. The atomic numbering
scheme used for this purpose is presented in figure 6.1.
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Figure 6.1: Atomic numbering scheme of the two monomers

6.3.1 NMR signal assignment of the chemical shifts of the aliphatic part

Signal assignment of the side chain resonances

Assignment of the octyl side chain for non-substituted sulphinyl monomers was
already accomplished in our group®) and identical chemical shift values were observed for
the side chain of these two new monomers. Nevertheless, the assignment was once
confirmed by the INADEQUATE carbon-carbon connectivity technique in order to evaluate a
much faster assignment criterion found in the determination of the Tic-decay times of the
carbon nuclei. Remark that heteronuclear C-H correlation experiments only allow the
assignment of the carbon resonances C+3, C14, C15 and Czo because the signals of Hie-H1g
overlap in the proton spectrum. The INADEQUATE experiment reveals carbon-carbon J-
coupling interactions via double quantum coherence. In figure 6.2 the spectrum of 138a
optimised for 'Jc.c = 34 Hz is depicted. Remark that the signal at 32.9 ppm arises from C4
and will be handled later.

Fpo o
i
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B LU‘[LL

23000
23500-
24000
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Figure 6.2: INADEQUATE spectrum of monomer 138a
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Beginning from the Cz methyl group at 14.0 ppm, a correlation is observed at a F;
frequency of 26600 Hz, correlating the methyl carbon with the C49 methylene signal at 22.5
ppm. The C19 methylene correlates further with the C1s methylene signal at 31.6 ppm via a
double-quantum correlation at 24800 Hz. Cis correlates with C47 at 28.9 ppm via a double-
quantum correlation around 24100 Hz. For the assignment of C4s and Cie, a new start was
made from Cy3 (51.8 ppm). Starting from Ci3, a correlation is observed at a F1 frequency of
about 22700 Hz, correlating C+3 with C4 at 22.5 ppm. C14 is correlated with C+s at 28.7 ppm
via a double-quantum correlation around 25050 Hz. The remaining signal was assigned to
Cis at 29.1 ppm.

When looking at the T+ relaxation decay times (table 6.1), we can see a systematic
increase in the decay time of the carbon nuclei in going from C+3 to Cy due to an increase in
molecular mobility towards the end of the flexible side chain. It is demonstrated that the Tic
decay times offer a rigid and fast (less than ¥ h) criterion to assign the carbon resonances
in long and flexible side chains.

An overview of the side chain resonances of the monomers 138a and 138b is given
in table 6.1.

Monomer 138a Monomer 138b
# Proton Carbon  Tic value Proton Carbon  Ticvalue
(sec) (sec)
13 2.71 51.84 0.48 2.70 51.87 0.49
14 1.77 22.51 0.65 1.77 22.58 0.65
15 1.43 28.70 0.83 1.43 28.77 0.83
16 1.16-1.36 29.05 1.10 1.16-1.36 29.12 1.03
17 1.16-1.36 28.90 1.40 1.16-1.36 28.95 1.39
18 1.16-1.36 31.61 1.91 1.16-1.36 31.67 1.92
19 1.16-1.36 22.51 2.48 1.16-1.36 22.58 248
20 0.86 14.00 3.20 0.86 14.05 3.24
1 4.21 32.94 0.75 4.03 33.58 0.71

12 4.01and 4.13 55.08 0.39 397and4.12  55.11 0.37

* Average error is about 2%

Table 6.1: 'H and "3C-NMR chemical shifts and Tic values of the aliphatic part of the carbon and proton spectra
of monomer 138a and 138b
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Signal assignment of the remaining aliphatic resonances

The two remaining aliphatic signals in the 'H and C spectra are those of the
benzylic methylenes. Since the Hi, methylene protons are diastereotopic owing to the
neighbouring asymmetric sulphinyl group and give rise to a typical AB pattern as
demonstrated in figure 6.3a, the Hi methylene group can be assigned to the singlet at 4.21
ppm. Their carbon chemical shifts are derived from a single bond optimised heteronuclear
(\Jen) correlation (direct HETCOR) NMR experiment. Both proton and carbon chemical
shifts as well as the T+ relaxation decay times are shown in table 6.1.

CHCI,
H, H :
¢ H
(a) (b)
H12 M
430 425 420 415 410 405 400 395 3.90 74 7.3 7.2 71 7.0 6.9 6.8
3 (ppm) 3 (ppm)

Figure 6.3: (a) CH2Cl and CH2S(O)R region and (b) aromatic region of the proton spectrum of 138a
6.3.2 NMR signal assignment of the aromatic part (-CeH2Cl(C4H3S)-)

The proton spectra of both monomers consist of five aromatic spin systems. The two
singlets represent the phenyl protons Hs; and Hs which can be differentiated by means of a
NOE difference experiment. Frequency selective irradiation of the aliphatic H1 methylene
protons of 138a at 4.21 ppm yields a clear NOE enhancement of the resonance at 7.25 ppm
which therefore can be assigned to the Hs protons. (Figure 6.3b) The remaining singlet at
7.42 ppm can thus be assigned to the Hs protons. A similar strategy was used to assign the
corresponding resonances of 138b. From the remaining three proton spin systems of the
thiophene ring, one can already be assigned based on the coupling pattern: Hqo of 138a
(two ortho couplings) and Hq1 of 138b (only meta couplings). The two remaining proton
signals will be assigned later. After assigning these proton chemical shifts, the assignment
of the corresponding carbon signals is straightforward by means of direct HETCOR. (Figure

149



Chapter 6

6.4) An overview of the proton and carbon resonance assignments for the monomers 138a
and 138b is presented in table 6.2 and table 6.3, respectively.

6 3 10
IL 5
| y
I S ) S . W
E
10— wr —
J 128
{129
3 ﬁ 1315 — coe———
6 ==\ ]
o]
[ 1363

'H (ppm)

Figure 6.4: Direct HETCOR spectrum of the aromatic part of monomer 138a

As in a long range HETCOR spectrum of phenylic systems mainly (vicinal)
heteronuclear 3Jcw couplings are visualised, we expect for the monomers mainly 3Jc+
couplings between Hs and the quaternary carbons Cs and C; and between Hg and the
quaternary carbons Cs, C, and Cs. According to the correlations observed in figure 6.5a for
Hs and Hs, the resonances at 128.4/132.4 ppm and those at 132.8/140.0/140.2 thus
originate from Cs/C7 and C4/C,/Cs, respectively. Since Hi2 can only couple with Cs, Cs and
Cs, the correlation between Hi, and the carbon resonance at 128.4 ppm (figure 6.5b) has to
arise from the 2Jc. coupling between Hi2 and Cs, leaving the C7 resonance at 132.4 ppm
and the C4 resonance at 132.8 ppm (almost coinciding with the protonated Cs resonance). In
the same way Hi can only couple with C,, C3 (protonated; already assigned at 131.1 ppm)
and C7 and the correlation between Hy and the carbon resonance at 132.4 ppm (figure 6.5b)
confirms the assignment of C;. The remaining correlation allows assigning the C, resonance
at 140.0 ppm leaving the Cs resonance at 140.2 ppm. Interesting to notice is the
appearance of 2Jc+ couplings only for the benzylic protons; all other correlations in the long
range HETCOR spectrum of the phenylic part are due to 3Jc+ couplings.
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Figure 6.5: Long range HETCOR spectrum of the central part of monomer 138a

Unfortunately, no correlation is observed between C; (132.4 ppm) and Hyg of the
thiophene ring in the long range HETCOR spectra. The assignment of the missing
thiophene resonances therefore had to be based on INADEQUATE experiments. Figure 6.6
shows the spectrum, optimised for 'Jc.c = 52 Hz for the monomer 138b. Starting from C11 at

122.0 ppm, a correlation is observed at a F frequency of about 26750 Hz, correlating Ci1
with Cs at 138.0 ppm. Cs correlates with Co at 128.0 ppm via a double-quantum correlation
around 26150 Hz. Cy correlates further with Cio at 125.9 ppm via a double-quantum

correlation around 27400 Hz. An overview is presented in table 6.2 and table 6.3.
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Figure 6.6: INADEQUATE spectrum of monomer 138b

For this type of monomers, some degree of classification of the aromatic carbon
resonances can also be found in the Tic decay times. The protonated carbons Cs and Cs
have Tic values below 1 sec while those of the thiophene ring are situated between about 1
and 3 sec. The quaternary carbons next to the methylene carbon (C, and Cs) relax with a
decay time between 2.8 and 3.6 sec while those next to a methine carbon have much longer
decay times > 4.5 sec. Since the relaxation of carbon nuclei mainly occurs via neighbouring
protons, the higher the surrounding proton density, the shorter the Tic decay time. An
overview of the Tic values for both monomers is presented in table 6.2 and table 6.3,
respectively.
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#  Proton Carbon Long range  Tic value
HETCOR (sec)’
2 139.99 (Cq) 2nt-c2 3.44
3Jme-c2
3 7.25 131.10 (CH) 8Jn1-c3 0.67
4 132.78 (Cq) 8JHe-c4 4.54
5 128.41 (Cq) 3Jha-cs 2.80
2Jm12-c5
6 7.42 132.72 (CH) 3Jht2-c 0.88
7 132.41 (Cq) 8Jhs.c7 6.81
8 140.21 (Cq) 7.54
9 6.83 126.10 (CH) 217
10 6.94 126.97 (CH) 2.06
11 7.18 124.51 (CH) 1.32

* Average error is about 2%

Table 6.2: 'H and 3C-NMR chemical shifts and T1c values of the aromatic
part of the carbon and proton spectra of monomer 138a

# Proton Ticvalue Carbon Long range
(sec) HETCOR

2 3.57 140.14 (Cq) 2Jnt-ca
3Jhe-c2

3 7.19 0.68 131.04 (CH) 8Jut-c3

4 5.03 132.57 (Cq) 3Jne-c4

5 2.80 127.99 (Cq) 8Jha.cs
2Jm12-c5

6 7.41 0.58 132.57 (CH) 3Jh12-c

7 6.37 132.42 (Cq) 3Jms-c7

8 8.55 137.95 (Cq)

9 6.92 3.11 128.02 (CH)

10 7.28 1.89 125.88 (CH)

11 6.98 249 122.02 (CH)

* Average error is about 2%

Table 6.3: 'H and 3C-NMR chemical shifts and T1c values of the aromatic
part of the carbon and proton spectra of monomer 138b
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6.4 Synthesis of the precursor polymer and conversion to the
conjugated structure

The polymerisations of monomer 138a, 138b and 137 were performed in the same
way as described in paragraph 3.2.3. Also here the temperature was kept constant at 30°C
during the whole polymerisation process (1 hour) and NafBuO (1.2 equivalents) was used
as the base. Surprisingly no polymer could be obtained from the polymerisation of the
monomers 138a or 138b. Even when the solvent was changed into 1,4-dioxane or when the
polymerisation temperature was increased to 60°C, no polymer could be observed.
Polymerisation in 2-BuOH at 30°C of the dichloro substituted monomer 137 did yield
polymer 140. (Scheme 6.4) The molecular weight (Mw= 142 000, PD = 1.7) of this precursor
polymer was determined by Gel Permeation Chromatography (GPC) in THF relative to
polystyrene (PS) standards. A monomodal molecular weight distribution was observed.

Cl Cl

Cl NarBuO S(0)CgHy7
_—
I?—Csﬁw n

cI cI
137 o 140

Scheme 6.4: Polymerisation of monomer 137

The residual fraction was analysed with 'H NMR spectroscopy and it was found that
the solvent substituted product 142 was formed. In scheme 6.5 the formation of this
compound, from the reaction of the p-quinodimethane system from monomer 137 with the
solvent (2-BuOH), is presented.

al I al
OH
(0]
- —
5= CsHlpy I?—Cus

Cl' 141 o) Cl 142 O

Scheme 6.5: Formation of the solvent substituted monomer 142

The impossibility to polymerise monomers 138a,b and the fact that the residual
fraction there consist only of monomer is an indication that there is no p-QM formation for
these monomers. In order to follow the formation of the p-QM system, a UV-Vis experiment
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was carried out. Here a 10 M solution of monomer (138a) and a 10-* M solution of base
(NatBuO), both in 2-BuOH, were brought together in the measuring cell of the spectrometer
by using a stop-flow apparatus. However after the assemblage of the two solutions, no
difference in the absorption spectrum of the monomer was observed. After 100 minutes still
no new absorption band was formed and so we could conclude that no formation of the QM
system was visible. By way of comparison, for the 2,5-dichloro substituted monomer 137 the
maximum of p-QM formation was already reached within two to three seconds. The QM
system of this monomer with a bromine atom as the leaving group was also formed
quickly@) and it was previously demonstrated that this monomer also did polymerise in 2-
BuOH at 20°C in a yield of 65%?2.

The presence of the thiophene ring can be the reason for the fact that the p-QM
system of 138a is not formed. Due to the steric hindrance of this ring, the C-Cl bond can
possibly not be in a perpendicular position relative to the plane of the phenyl ring, which is
necessary for the elimination of the chlorine atom. In this way no 1,6-elimination can occur
after the proton next to the polariser is abstracted. This is consistent with the fact that no
nucleophilic substitution occurs on the compound 132 where two thiophene rings are
attached on the phenyl core. In the synthesis of the phenyl substituted PPVs by means of
the Gilch route, mentioned in the introduction, this is not a problem since a symmetrical
monomer is started with. When one steric hindering group (R) is attached on the phenyl ring
of the monomer (scheme 6.6), the p-QM system in which the polariser is next to the R group
preferentially will be formed and thus polymerisation can occur.

k
R / < S a1
Cl

Cl R
K b& Cl :(

Scheme 6.6: Formation of the two possible p-QM systems
To confirm this idea, a theoretical calculation is planned by the research group of J.L.

Brédas and R. Lazzaroni in Mons to clarify the conformational aspects in the most stable
conformation of the ground state of these monomers. Although an attractive hypothesis
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could be formulated to explain our results, contradictive data can be found in the synthesis
of the DP-PPV reported by Hsieh et al.(1%12, They were able to synthesise a 2,3-diphenyl
substituted monomer and to polymerise it successfully. This may indicate that our
observations are specifically related to the presence of a thiophene ring.

The conversion of the precursor polymer 140 to its conjugated form was again
followed by means of in-situ UV-Vis and FT-IR spectroscopy. The UV-Vis spectra recorded
at different temperatures (figure 6.7) show the decline in absorbance at the absorption
maximum of the precursor polymer (210 nm) as well as the red shift of the newly formed
absorption maximum at increasing temperature. At 150°C, a conjugated polymer with @ Amax
of 421 nm was obtained. A band gap of 535 nm or 2.3 eV was determined from the low
energy edge of the -r” absorption band.

60 150 260
T T T

, -
090+ / S~ 421nm 055

Absorbance
Absorbance (210 nm)
Absorbance (421 nm)

\_’\
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T T T T T T T T T T T T
200 300 400 500 600 700 50 100 150 200 250 300 350
Wavelength (nm) Temperature (°C)

Figure 6.7: UV-Vis spectra at different temperatures Figure 6.8: Absorbance profiles at 210 and 421 nm
as a function of temperature

From the profiles of the absorbance at Amax Of precursor and conjugated polymer,
(figure 6.8) we could conclude that the elimination takes place between 50 and 150°C and
that degradation starts around 260°C.

The FT-IR absorption profiles (figure 6.10) were in accordance with the results
obtained from the UV-Vis measurements. The formation of the conjugated structure occurs
in the temperature domain between 50 and 150°C as can be seen from the decrease of the
sulphoxide stretching at 1052 cm' and the increase of the frans vinylene double bond at
960 cm. The decline in absorption at 960 cm above 150°C is probably caused by a
thermochromic effect and not by the degradation of the structure.
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Figure 6.9: FT-IR spectra at different temperatures Figure 6.10: Absorption at 960 and 1052 cm'?
as a function of temperature

6.5 Conclusion

Since thienyl substituted PPVs never were synthesised, we tried to obtain them via
the sulphinyl precursor route. Problems occurred in the synthesis of the dithienyl substituted
monomer but a straightforward synthesis of two sulphinyl monomers substituted with one
thiophene ring is presented. Also the complete assignment of the 'H and 3C resonances of
these monomers is discussed in this chapter. The latter can be of high value towards the
optimalisation of chemical shift prediction software since reports that describe the
experimental assignment of sulphoxide substituted benzylic positions are rather seldom. A
very fast and robust criterion for the assignment of the carbon nuclei of the flexible side
chain that is based on the Tc-decay times is presented. Despite the easy synthesis of these
two thienyl substituted monomers, they could not be polymerised. It is probably due to the
steric hindrance caused by the thiophene ring that the elimination of the chlorine atom was
impossible which blocked the formation of the p-QM system, the actual monomer in the
polymerisation process. It is very likely that thienyl substituted PPVs can be obtained via the
Gilch precursor route because then a symmetrical monomer is used which consequently
can lead to the corresponding p-QM. This was however not tested yet.

6.6 Experimental part

Characterisation: '"H NMR spectra were obtained in CDCl; at 300 MHz on a Varian
Inova spectrometer using a 5 mm probe. The chemical shifts (3) in ppm were determined
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relative to the residual CHCI; absorption at 7.24 ppm. The C NMR experiments were
recorded at 100 MHz on a 9.4 Tesla Varian Inova spectrometer using a 10 mm probe.
Chemical shifts were defined relative to the '3C resonance of CDCls (77.0 ppm). A °C APT
(attached proton test) was used to detect methyls and methines in opposite intensity with
respect to methylenes and quaternary carbons and this to confirm the results described in
the previous paragraphs. The HETCOR (heteronuclear chemical shift correlation) pulse
sequence was optimised to observe the direct couplings ("Jcn) or the long range two-bond
couplings (3Jcx) and three-bond couplings (3Jch). The 2D-INADEQUATE spectrum was
obtained using the pulse sequence described by Bax and co-workers2: 24 using quadrature
detection in both frequency domains at 21.0 + 0.1°C. The delay time %2 J(C,C) was set to be
8.5 or 13 ms, corresponding to the ®C-3C coupling constant of aliphatic or aromatic
carbons of 34 or 52 Hz, respectively. The sweep width used in the t; time domain was set to
be twice the sweep width in & (16000 and 2100 Hz for aliphatic and aromatic region
respectively), yielding a spectrum with cross peaks symmetric about a pseudo-diagonal. A
total of 200 scans were collected in 4096 complex points for each of the 128 t; values and
eight dummy scans were used to establish a pseudo-steady state. A preparation delay of 6
s was used between scans. NOE difference spectroscopy was accomplished by subtracting
a selective irradiated (during the preparation delay) spectrum from a normal spectrum. The
Tic relaxation times were derived from an inversion recovery experiment and by fitting the
carbon signal intensity versus the evolution time t according to equation (6-1).

M(t) = Mo (1 - 2 exp(-tT1c)) (6-1)

In this equation, M(t) and My is the magnetisation as a function of the variable evolution time
t and at equilibrium, respectively. All relaxation decay curves were analysed on a Macintosh
computer using the program Kaleidagraph 3.0.

For the other characterisation methods and the materials used, we would like to refer
to the experimental part of chapter two and three.

2,5-Dibromoterephthalic acid (127)
This compound was prepared according to a procedure reported in the literature(@).
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Dimethyl-2,5-dibromoterephthalate (128)

To a solution of 2,5-dibromoterphthalic acid (5 g, 15.43 mmol) in MeOH (38.6 mL), 15 mL of
concentrated H,SO4 was added and the mixture was refluxed for 24 hours. Then the mixture
was poured in water (77 mL) and made basic with NaOH (25% aqueous solution). After
extraction with CHClIs (3 x 100 mL), the organic layer was dried over MgSO; and the solvent
was removed in vacuo. Yield: 87% (4.7 g, 13.35 mmol); '"H NMR (CDCls): 8.03 (s, 2H), 3.93
(s, 6H); MS (El, m/e): 352 (M*), 321 (M* — OMe), 293 (M* - COOMe), 261 (M* — COOMe -
OMe), 233 (M*—2 COOMe)

1,4-Dibromo-2,5-dichloromethylbenzene (130)

To a solution of LiAlH4 (0.65 g, 17.143 mmol) in dry THF cooled in an ice-bath, dimethyl-2,5-
dichloroterephthalate (2.0 g, 5.714 mmol) dissolved in dry THF was added. The mixture was
removed from the ice-bath and stirred for two hours at room temperature. After another two
hours refluxing, the mixture was again placed in an ice-bath and a 1 M aqueous HCI
solution was added until neutral. The mixture was extracted with CHCl3 (3 x 20 mL), dried
over MgSO; and the solvent was removed in vacuo. The alcohol formed in this way was
used without further purification. [MS (El, m/e): 296 (M*), 265 (M* — CH,OH), 249 (M* -
CH20OH - OH), 216 (M* - Br), 197 (M* — Br - OH), 185 (M* — Br - CH,OH)] To an ice-cold
solution of the alcohol in THF (10 mL), thionyl chloride (0.5 mL, 6.790 mmol) was added
drop wise. The mixture was stirred at room temperature for two hours and NaHCO; was
added until the mixture was neutral. After extraction with CHCls (3 x 20 mL) the combined
organic layers were dried over MgSO4 and the solvent was evaporated. Yield: 79%; 'H NMR
(CDCl3): 7.69 (s, 2H), 4.61 (s, 4H); MS (El, m/e): 332 (M*), 297 (M* - Cl), 262 (M* — 2 Cl),
182 (M* -2 Cl-Br), 102 (M*-2 Cl -2 Br)

1,4-Dibromomethyl-2,5-dichlorobenzene (134)22 %)

In a three-neck flask, 2,5-dichloro-p-xylene 133 (17.5 g, 0.1 mol) was dissolved in benzene
(100 mL). After NBS (N-bromosuccinimide) (35.6 g, 0.2 mol) and BPO (benzoyl peroxide)
(0.01 g, 0.041 mol) as initiator were added, the mixture was refluxed under nitrogen and
lighted with a lamp of 200 Watt. After 24 hours, the succinimide was filtered off and the
solvent was evaporated. The product was dissolved in CHCls, an extraction with CHCls (3 x
50 mL) was performed, the combined organic layers were washed with a NaHCO3 solution
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and with water, dried over MgSOs4 and the solvent was evaporated partially. The flask was
placed in the fridge and the crystals that were formed were filtered off. Yield: 36% (12.1 g,
0.0364 mol); Mp: 123.0-125.4°C; "H NMR (CDCl3): 7.46 (s, 2H), 4.48 (s, 4H); MS (EI, m/e):
332 (M*), 252 (M* - Br), 172 (M* -2 Br)

1,4-Dichloromethyl-2,5-dichlorobenzene (135)

(a) A mixture of 1,4-dibromomethyl-2,5-dichlorobenzene 134 (12 g, 0.0361 mol) and LiCl
(15.18 g, 0.361 mol) in acetone (150 mL) was refluxed for 24 hours. Water was added and
an extraction with CHCI5 (3 x 50 mL) was performed, the combined organic layers were
dried over MgSO, and the solvent evaporated which yielded 135 as white crystals. Yield:
94% (8.2 g, 0.0339 mol).

(b) To a solution of 2,5-dichloro-p-xylene 133 (10 g, 57.14 mmol) in CCls (20 mL), sulphuryl
chloride (4.58 mL, 57.14 mmol) and a catalytic amount of benzoyl peroxide (BPO) were
added. The solution was refluxed for 12 hours after which the solvent was removed in
vacuo. The crude reaction product was purified by column chromatography (silica, n-
hexane) which yielded 135 as white crystals. Yield: 36% (5 g, 20.661 mmol); Mp: 98.9-
99.9°C; "H NMR (CDCls): 7.51 (s, 2H), 4.62 (s, 4H); MS (El, m/e): 242 (M*), 207 (M* - Cl),
172 (M+ -2 Cl), 137 (M* -3 Cl), 102 (M* -4 Cl)

1,4-Dichloromethyl-2,5-di(2’-thienyl)benzene (132)

2-Thiopheneboronic acid (1.22 g, 9.566 mmol), 135b (0.5 g, 2.066 mmol) and KF (490 mg,
8.450 mmol) were dissolved in a mixture of water (20 mL) and toluene (20 mL). Pd(PPhs)s
(150 mg) was added as a catalyst. After refluxing the mixture for 24 hours, an extraction
with CHClI3 (3 x 30 mL) was performed and the combined organic phases were dried over
MgSOs. The crude reaction product was purified by column chromatography (silica, n-
hexane). Yield: 52% (0.36 g, 1.065 mmol); 'H NMR (CDCls): 7.21 (s, 2H), 7.16 (dd, 2H),
6.93 (dd, 2H), 6.81 (dd, 2H), 4.19 (s, 4H); MS (EI, m/e): 338 (M*), 303 (M* - Cl), 219 (M* -
Cl-Th), 184 (M* -2 Cl - Th)

1-Chloromethyl-4-(n-octylsulphinyl)methyl-2,5-dichlorobenzene (137)

A mixture of 1,4-dichloromethyl-2,5-dichlorobenzene 135 (850 mg, 3.512 mmol) in toluene
(10 mL), NaOH (365 mg, 9.132 mmol) in H20 (10 mL) and a catalytical amount of the phase
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transfer catalyst, trioctyimethylammoniumchloride (Aliquat 336°), was stirred at room
temperature. A solution of 1-octanethiol (513 mg, 3.512 mmol) in toluene (5 mL) was added
dropwise and stirred for five hours. After extraction with CHCI3 (3 x 20 mL), drying over
MgSO. and evaporation of the solvent, the product was oxidised by adding dioxane (15 mL),
H20, (0.42 mL), TeO, (35 mg) and three drops of concentrated HCI. The reaction was
followed on TLC and proceeded until traces of overoxidation were visible, then it was
quenched by adding brine (20 mL) and afterwards extracted with CHCI3 (3 x 20 mL). The
combined organic layers were dried over MgSO; and concentrated. After column
chromatographic purification (silica, CHCIs/Et,O 8/2), compound 137 was obtained as a
white solid. Yield: 46% (600 mg, 1.630 mmol); Mp: 53.0-54.8°C; 'H NMR (CDCls): 7.56 (s,
1H), 7.46 (s, 1H), 4.62 (s, 2H), 4.14 (d, 2J = 12.9 Hz, 1H), 3.96 (d, 2J = 12.9 Hz, 1H), 2.73
(m, 2H), 1.79 (m, 2H), 1.43 (m, 2H), 1.25 (m, 8H), 0.86 (t, 3H); MS (CI, m/e): 369 (M*), 333
(M*+-Cl)

1-Chloromethyl-2-(2’-thienyl)-4-(n-octylsulphinyl)methyl-5-chlorobenzene (138a)
2-Thiopheneboronic acid (2.0 g, 15.625 mmol), 1-chloromethyl-4-(n-octylsulphinyl)methyl-
2,5-dichlorobenzene 137 (2.5 g, 6.794 mmol) and KF (788 mg, 13.587 mmol) were
dissolved in a mixture of water (20 mL) and toluene (20 mL). Pd(PPhs)s (115 mg) was added
as a catalyst. After refluxing the mixture for 23 hours, an extraction with CHCl5 (3 x 30 mL)
was performed and the combined organic phases were dried over MgSO.. The crude
reaction product was purified by column chromatography (silica, CHCIs). Yield: 74% (2.1 g,
5.048 mmol); Mp: 54.1-55.4°C; MS (El, m/e): 416 (M*), 255 (M* — S(O)CgH17); UV-Vis
(CHCl3): Amax at 208 nm; FT-IR (v, cm): 2954 (s), 2926 (s), 2855 (s), 1478 (m), 1418 (w),
1371 (m), 1080 (s), 1047 (s), 888 (w), 851 (w), 695 (s)

1-Chloromethyl-2-(3-thienyl)-4-(n-octylsulphinyl)methyl-5-chlorobenzene (138b)

The preparation of 138b is analogous to that described for 138a but here 3-
thiopheneboronic acid was used. Yield: 71% (2.0 g, 4.808 mmol); Mp: 57.0-57.8°C; MS (El,
m/e): 416 (M*), 255 (M* — S(O)CgH17); UV-Vis (CHCl3): Amax at 208 nm; FT-IR (v, cm):
2954 (s), 2926 (s), 2855 (s), 1478 (m), 1411 (w), 1368 (m), 1079 (s), 1047 (s), 888 (w), 832
(w), 813 (w), 770 (m), 636 (w)
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Polymerisation of monomer 137

A solution of the monomer (300 mg, 0.815 mmol) in sec-butanol (4.6 mL) and a solution of
sodium tert-butoxide (96 mg, 0.978 mmol) in sec-butanol (2.5 mL) were degassed for 1 hour
at 30°C by a continuous stream of nitrogen. The base solution was added in one portion to
the stirred monomer solution. After one hour the reaction mixture was poured in a well-
stirred amount (150 mL) of ice water. The mixture was neutralised with aqueous hydrogen
chloride (1 M) and extracted with CHCI3 (3 x 100 mL). The combined organic layers were
concentrated in vacuo. The crude product was dissolved in CHCl; and precipitated in 100
mL of an ice-cold n-hexane/diethyl ether (3/1) solution. The polymer was collected and
dried. The residual fraction was concentrated in vacuo. UV-Vis (CHCI3): Amax at 210 nm
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Chapter 7
Perspectives

7.1 Introduction

The work described in this dissertation is of course far from finished. In 1998
McCullough( wrote in an article: “A large portion of both the pioneering and future work in
conjugated polymers strongly depends on synthetic chemists creating new polymers that
can be fabricated into new devices and whose physics and chemistry can be understood in
detail”. This statement is still true today, especially the last part. The knowledge and
understanding of the chemistry in the applied synthesis of new materials is indispensable.
Therefore well defined and reliable synthetic pathways are necessary. With these routes,
new low band gap materials can be synthesised. The work that has to be done regarding
this subject is still enormous. The challenge for synthetic chemists is to come to new and
better materials than there are known today. The dithiocarbamate route described in chapter
five can be an interesting and new tool in this search for new materials. This route offers a
whole range of possibilities: new materials can be made and additionally materials that are
already known can be made in an improved way. This was already demonstrated for PTV
which had better characteristics compared to the PTV obtained via the xanthate route. Since
it is a new precursor route a lot of work can be devoted to the synthesis of other polymers
than PTV and PPV described in chapter five and to gain a better insight into the
mechanisms of this polymerisation process.

7.2 Further study on the dithiocarbamate route
Further investigations towards the polymerisation conditions which can be used to
obtain precursor polymers via the dithiocarbamate route are planned. As we applied for a

patent regarding this route, additional information is needed.
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First an extensive study on the influence of different reaction conditions on the
course of the polymerisation has to be planned. Up till now, only LDA was used as the base,
the polymerisation time was always 90 minutes and the reaction was performed in dried
THF. As mentioned in paragraph 5.3, the residual fractions contained monomer after the
polymerisation. By elevating the reaction time it is perhaps possible to reduce this amount of
monomer and hereby increase the polymerisation yield. Other bases such as KiBuO instead
of LDA have to be tested as well. If similar results can be obtained when KtBuO is used as
the base, this will be preferable to the use of LDA seeing that LDA is less suitable on large
scale and therefore is less used in industry. Another aspect of the polymerisation that has to
be checked is the choice of solvent. In summary, our goal is to find the optimal conditions
for the polymerisation of dithiocarbamate monomers.

After these conditions are determined, we have to evaluate the scope of the
dithiocarbamate route by trying to synthesise and polymerise different monomers of interest
via this new route. The characteristics of the 3,4-disubstituted PTVs described in chapter
three can be compared with the same polymers obtained via the new precursor route. An
example of such a substituted PTV is the 3,4-diphenyl substituted polymer. An example of
an even more electron rich system is EDOT. Attempts to synthesise monomer 143 will be
made in the future in order to obtain poly(3,4-ethylene dioxythiophene vinylene) (PEDOTV).
(Scheme 7.1)

o o) 0 0 o 0
SC(S)NE
i N, ; S )
Et,N(S)CS S SC(S)NEt, S = S \ =
143 144 145

Scheme 7.1: Synthesis of PEDOTV via the dithiocarbamate precursor route

It would also be interesting to synthesise polymers with another aromatic system. An
example is the synthesis of the naphthalene monomer 146. (Scheme 7.2) This compound
was already reported in literature for its fungicidal activity® and the reason for the use of this
compound as a monomer is related to the fact that this monomer could lead to a polymer
with an extended aromatic system.
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Scheme 7.2: Synthesis of poly(p-naphthalene vinylene) via the dithiocarbamate precursor route

The electron poor polymers are the last group of materials which have to be tested to
determine the scope of the dithiocarbamate route. Examples of such polymers are poly(2,5-
pyridylene vinylene) and poly(2,2-bipyridylene vinylene). These polymers were already
synthesised via the sulphinyl precursor route® and thus no additional problems are being
expected for the synthesis of monomer 150 and 152 via the corresponding dichlorides.
(Scheme 7.3) Dichloride 149 was synthesised by chlorinating the commercially available
2,5-lutidine (2,5-dimethylpyridine) with NCS. The pathway towards dichloride 151 comprised
more steps. The synthesis started with the dimerisation of 3-picoline (3-methylpyridine) with
a Raney Nickel catalyst. The 5,5-dimethyl-2,2"-bipyridine in this way formed, was oxidised
towards the diacid which was consecutively esterified. Reduction of the ester and
chlorination of the corresponding diol with SOCI; yielded compound 151.

7 N\ s 7 N\
ol —N cl Et;N(S)C — N SC(S)NEt,
149 150
7 N_/ N\ — 7N/ N\
cr =N N= cl E5N(S)CS =N N= SC(S)NEt,
151 152

Scheme 7.3: Synthesis of the pyridine and bipyridine dithiocarbamate monomers

The very last reactions to investigate are the copolymerisations between different
dithiocarbamate monomers.

7.3 Synthesis of low band gap polymers which are soluble in the
conjugated state

As mentioned in chapter five, the use of the dithiocarbamate route can be a solution
to the synthesis of electron rich conjugated polymers. By making PTV derivatives with long
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chains (R) on the thiophene core, the system becomes even more electron rich. (Scheme
74)

R R R R R R
SC(S)NEt
/ﬂ\ > L) o > L)
Et,N(S)CS S SC(S)NEt, S = S \ =
153 154 155

Scheme 7.4: Synthesis of soluble PTV via the dithiocarbamate route (R = alkyl, alkoxy, PEO)

Furthermore, the obtained polymer is soluble not only in its precursor but also in its
conjugated form. This will have the advantage that no heat treatment is necessary in the
device preparation. The elimination of the dithiocarbamate groups can be done in solution
and after that the in this way obtained conjugated polymer is precipitated in a non-solvent, it
can be spin-coated on the device. It has already been proven that the elimination in solution
has several advantages over the elimination in fim. An example is the improved
photoluminescence of OC1C1o-PPV, prepared via the sulphinyl precursor route, when the
(spin-coated) conjugated polymer was obtained from the in solution eliminated precursor
polymer compared to when the polymer was obtained by converting the soluble precursor
polymer in film®). After all, the subsequent reactions of the elimination products, such as the
disproportionation reaction of thiosulphinate, do not affect the conjugated polymer anymore
since the elimination products are removed (they remain dissolved in the non-solvent).

The different R-groups we attempt to implant are not only alkyl or alkoxy chains but
also oligo ethylene oxide (PEO) chains. By introducing these hydrophilic side chains, a polar
polymer, which is soluble in polar solvents, is obtained. This can be of interest for several
applications since environment-friendly solvents (alcohols, water) can be used in this way.

7.4 Elucidation of the polymerisation mechanism(s)

To obtain more insight in the processes that occur during the polymerisation of the
xanthate or dithiocarbamate monomers, two mutilated monomers 157 and 158 were
synthesised starting from benzyl bromide. (Scheme 7.5)

< > i < > ii < >
SC(S)OEt Br SC(S)NEtp

157 156 158

Scheme 7.5: Synthesis of the mutilated monomers: i) KSC(S)OEt; i) NaSC(S)NEt2.3H20
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To these monomers, an equimolar amount of base (LDA) was added and the
obtained reaction mixture was investigated. From TLC it was clear that something happened
with these mutilated monomers (different spots). This indicates that the xanthate or
dithiocarbamate eliminable group in the intermediary formed precursor polymer induces side
reactions during the polymerisation process. It was difficult to investigate the nature of the
different products that were formed. Further investigations are necessary to clarify the
polymerisation mechanism. In the future especially the mechanism of the dithiocarbamate
precursor route will be studied. The influence of additives such as a radical inhibitor (2,2,6,6-
tetramethylpiperinoxyl (TEMPO)) or of a chain transfer reagent (CBrs) on the reaction and its
products will be tested. This way of investigating a polymerisation mechanism was also
applied in the mechanistic study on the sulphinyl and the Gilch route®”). Additionally, the
polymerisation reaction of the bis-dithiocarbamate monomer 117 in the presence of the
corresponding mutilated monomer 158 will be performed and the effect on the molecular
weight will be checked.

7.5 The use of the dithiocarbamate group in the precursor
polymer as an iniferter

Another part of the plans for future work is the further use of the dithiocarbamate
polariser in the precursor polymers obtained via the dithiocarbamate route. Such a
dithiocarbamate group can function as an iniferter and the task of such a group is already
explained in the introduction of chapter five. Attempts to polymerise styrene (S) and methyl
methacrylate (MMA) in this way will then lead to block copolymers with the PPV or PTV
precursor polymer as is visualised for the latter in scheme 7.6.

= SC(S)NEt, CH,=CH ;
M . = CHy— CH: SC(SINEY,
m + —_—

120 S =
S 159
CHs ICHs
CH,=C CHy— C-). SC(S)NEty
C—OCH, WV /A i
i 3 C(0)OCH;
S
m
MMA 160

Scheme 7.6: Further use of the dithiocarbamate group as an iniferter
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The dithiocarbamate groups can principally induce further radical polymerisation but
not all dithiocarbamate groups on the precursor have to function as an iniferter. This can be
accomplished by performing first a partial elimination of these groups. Of course it is then
preferable to start from a precursor polymer with side chains on the backbone (e.g. OC1Cyo-
PPV) which make that the polymer stays soluble in the conjugated phase. The non-
eliminated dithiocarbamate groups then can function as an iniferter and induce the
polymerisation of the vinyl monomers. The in this way obtained block copolymer of a
conjugated polymer with another polymer can be of interest in the use of new materials for
solar cell devices. The vinyl monomer could then be chosen in such a way that a p- or n-
type polymer is formed on the conjugated polymer by the radical polymerisation of the
corresponding vinyl monomer.

Polymers with a dithiocarbamate photoiniferter group in a side-chain end were
already synthesised by a chemical reaction. An example is the reaction of poly(vinyl
chloride) (PVC) with sodium dithiocarbamate in DMF to form a polymer which was partially
substituted with dithiocarbamate groups. (Scheme 7.7) These groups were then used as a
photoiniferter for the preparation of, for one, new antithrombogenic heparinised polymers(®.

—CH,— ICHQfl +  NaSC(S)R, —>» wwvvn— CH,— (IZH— CHy— CH—mwwanane
Cl Cl SC(S)R,

Scheme 7.7: Reaction of PVC with sodium dithiocarbamate

Another application in which the iniferter technique was used is the surface grafting
of hydrophilic monomers onto hydrophobic polymer surfaces. Inoue et al. reported on the
preparation of a hydrophilic polydimethylsiloxane (PDMS) surface from a chlorine-containing
PDMS which was first photocured on a glass plate and afterwards subjected to a reaction
with sodium diethyldithiocarbamate®. This polymer was then photoirradiated in the
presence of hydrophilic vinyl monomers to afford surface-grafted PDMS. Surface grafting
techniques using this dithiocarbamate photoiniferter were also applied by Hadziioannou et
al." and in the group of Matsuda in a precision processing technology of polymer
surfaces('). Since the polymerisation proceeds only during photoirradiation and at
photoirradiated regions, different types of surfaces were realised: (i) regionally precise,
microprocessed surfaces onto which different polymers were regionally grafted, (i) surface
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graft block copolymers in which different polymer blocks were sequentially formed in graft
copolymers, and (iii) a gradient surface in which the thickness of the graft layer gradually
varied in one direction. However, in all the cases mentioned above, the dithiocarbamate
groups were introduced by a chemical reaction and these iniferter groups never were
intrinsically present as a cause of the used polymerisation route.

7.6 Performance of materials in electronic devices

It is of course evident that new materials should be tested for their applications.
Since low band gap materials already proved to be quite successful for the use in FETs and
solar cells (chapter three), especially these devices will be interesting to do tests with. But
not only tests towards the applicability of newly synthesised materials are needed; also
further experiments on the materials that were already made are planned.

Tests with composite solar cell devices in which the active layer results from PTV or
PTV derivatives made via the dithiocarbamate precursor route (chapter five) should
normally give improved results. Additionally the use of a LiF layer in such device structures
can be tested. Analysing the performance of a certain material in a device, not only will
valorise the material itself but also the synthetical route by which the compound was made.
All this requires an interdisciplinary approach. As already mentioned in chapter one an
intense cooperation between chemists, physicists and engineers is indispensable to obtain
the best results. Also in a physical viewpoint a lot of research can be done to improve the
device configuration. From our collaboration with the physics department some CPM
(Constant Photocurrent Method) measurements are planned to determine the band gap in
another way and to obtain more information about the energy levels present between the
conduction and valence band.
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Recent years have seen the increased use of organic materials for electronic
applications as photovoltaic cells and field-effect transistors (FETs). Such applications
require the use of conjugated polymers with a sufficiently high quality, purity and molecular
weight (My > 30 000). This dissertation deals with the search for possible synthetic routes
leading to low band gap (LBG) materials, conjugated polymers with a small energy gap
between the valence and conduction band. Those materials show interesting properties
which make them extremely attractive for applications in plastic electronics. The
processability of these materials here is very important. This can be obtained either by
introducing long chains or by the use of a precursor route. In this dissertation especially the
latter is dealt with. Here first a soluble precursor polymer is synthesised which, after thermal
treatment, gives rise to the conjugated polymer. We aim at efficient synthetical pathways in
order to obtain well defined polymer materials. In cooperation with other research groups,
different materials were characterised en tested with an eye to further applications.

Chapter one explains what conducting polymers and in particular low band gap
materials are. The parameters that influence the band gap as well as some methods to
determine the band gap are discussed. Also the applications of the materials are mentioned
of which polymer solar cells and organic transistors are described in detail.

Chapter two copes with the synthesis of soluble low band gap materials by
introducing long tails on the monomer unit. Especially the synthesis and characterisation of
soluble poly(isothianaphthene) (PITN) derivatives, obtained via the thermal and non-
oxidative polymerisation of 5,6-disubstituted dithiophthalides, is discussed. Besides a
characterisation of such monomers and polymers with '"H NMR spectroscopy, the band gap
of the polymers is determined with UV-Vis spectroscopy and cyclic voltammetry. As
predicted by theoretical calculations, the band gap of the obtained polymers is comparable
to the band gap of PITN itself. After this, some exploratory measurements for applications in
organic solar cells are discussed briefly. Despite the low power conversion efficiencies that
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could be reached, a clear contribution of the measured photocurrent could be attributed to
the polymer.

In the past poly(dithienylisothianaphthene) (PDTI) derivatives were already
synthesised via oxidative polymerisation of the corresponding monomers. However this
method has some important drawbacks and therefore we tried to functionalise some
monomer derivatives for their use in reductive coupling reactions. We however experienced
difficulties in the synthesis of these functionalised monomers so that the reductive
polymerisation could not be valorised.

The polymers discussed in the subsequent chapters were all synthesised by applying
a precursor route. In chapter three, 3,4-dihalo substituted poly(thienylene vinylene) (PTV)
derivatives were synthesised via the sulphinyl and xanthate precursor route. The use of the
sulphinyl route seemed possible due to the presence of the electron withdrawing halogen
atoms on the 3- and 4-position of the thiophene ring. The electron richness is hereby
lowered which is favourable for the monomer synthesis. The implementation of such a
material in a solar cell device is discussed in detail. An improvement of the performance of
the solar cell was seen after a postproduction heat treatment. Also 3,4-diphenyl substituted
PTV was made. Since we are dealing with an electron rich system, the synthesis via the
xanthate precursor route was preferred. It was found that this route can be used in the
synthesis of both electron poor and electron rich PTV derivatives.

Previous research indicated that the use of the sulphinyl precursor route was
problematic for the synthesis of PTV. For this reason, the use of the xanthate route was
valorised. Chapter four not only highlights the synthesis and characterisation of precursors
with the commonly used O-ethyl xanthate group, also new xanthate monomers were
synthesised and polymerised. This in order to lower the elimination temperature and to
increase the vyield. Also here it was proven that the xanthate route can be used in the
synthesis of PTV but important drawbacks in the use of this route are the rather low yield
and the high polydispersities of the obtained precursor polymers. Furthermore, the deviation
of the Amax value with literature values for PTV seems to point to a defective structure of
PTV so obtained. The yield and the molecular weight of the precursor polymers bearing
other xanthate groups (-SC(S)OCH,CH,OCHs) are quite low and the use of this group can
also not lead to a lowering of the elimination temperature. Therefore this does not lead to a
good alternative for the synthesis of PTV.
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In chapter five a total new precursor route, the dithiocarbamate route, is presented.
The idea for the synthesis came from the fact that the dithiocarbamate group has a chemical
analogue structure as the xanthate group. Trials to polymerise the monomers to obtain
precursors of poly(p-phenylene vinylene) (PPV) and PTV were successful. Not only the
yields were good but the obtained polymer also had improved properties. Besides these
homopolymers also trials were started to synthesise copolymers of dithiocarbamate PPV
with dithiocarbamate PTV on the one hand and of dithiocarbamate PTV with xanthate PTV
on the other hand.

In chapter six the sulphinyl route is again applied in the synthesis of thienyl
substituted PPV derivatives. The assignment of the 'H and ®C chemical shifts of two
sulphinyl monomers by different NMR techniques is discussed. In addition to the 'H and 3C
NMR spectra, INADEQUATE, direct HETCOR and long range HETCOR experiments were
performed. Also after the determination of the Tic relaxation times it was demonstrated that
this data offers a criterion to assign the carbon resonances. However, in the attempts to
polymerise these two monomers, it was found that no p-QM system was formed after the
addition of a base.

Finally some perspectives and suggestions for further work are presented in chapter
seven. It is evident that the further use of the dithiocarbamate route is important.
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Samenvatting

De laatste jaren kent men een toenemend gebruik van organische materialen voor
elektronische toepassingen zoals fotovoltaische cellen en veld-effecttransistoren (FETS).
Dergelijke toepassingen vereisen het gebruik van geconjugeerde polymeren met een
voldoende hoge kwaliteit, zuiverheid en moleculair gewicht (My > 30 000). Deze thesis
behandelt de zoektocht naar mogelijke syntheseroutes die leiden tot ‘low band gap’ (LBG)
materialen, geconjugeerde polymeren met een kleine energieafstand tussen de valentie- en
conductieband. Deze materialen vertonen interessante eigenschappen wat hun uitermate
aantrekkelijk maakt voor toepassingen binnen de ‘plastic electronica’. De verwerkbaarheid
van de bekomen materialen is hierbij zeer belangrijk. Deze kan verkregen worden ofwel
door het invoeren van lange staarten ofwel door het werken via precursorroutes. Vooral de
laatste methode komt in deze thesis aan bod. Hierbij wordt altijd eerst een oplosbaar
precursorpolymeer gemaakt dat, na een thermische behandeling, aanleiding geeft tot het
geconjugeerde polymeer. Bij de bereidingen hebben we vooral gezocht naar efficiénte
synthesemethoden om te komen tot goed gedefinieerde polymere materialen. In
samenwerking met andere onderzoeksgroepen werden verschillende materialen
gekarakteriseerd en getest met het oog op verdere toepassingen.

In hoofdstuk één wordt duidelijk gemaakt wat geleidende polymeren en meer
bepaald low band gap of kleine bandafstand materialen zijn. De factoren die een invioed
hebben op de bandafstand van een polymeer alsook de methodes om deze bandafstand te
bepalen worden hierbij besproken. Ook de toepassingen van de materialen komen aan bod
waarbij polymere zonnecellen en organische transistoren in detail beschreven worden.

Hoofdstuk twee beschrijft de synthese van oplosbare low band gap materialen door
het inbouwen van lange staarten op de monomeer-eenheid. Vooral de synthese en
karakterisatie van oplosbare poly(isothianafteen) (PITN) derivaten, bekomen via de
thermische niet-oxidatieve polymerisatie van 5,6-digesubstitueerde dithioftalides, wordt
besproken. Naast een karakterisatie van dergelijke mono- en polymeren met '"H NMR
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spectroscopie, wordt ook de bandafstand van de polymeren bepaald aan de hand van UV-
Vis spectroscopie en cyclische voltammetrie. Zoals voorspeld door theoretische
berekeningen is de bandafstand van de bekomen polymeren vergelijkbaar met de
bandafstand van PITN zelf. Daarna worden enkele zonneceltesten in het kort besproken.
Ondanks de lage efficiéntie, kon een duidelijke bijdrage van de gemeten fotostroom
toegekend worden aan het polymeer.

Poly(dithienylisothianafteen) (PDTI) derivaten werden in het verleden reeds
gesynthetiseerd via een oxidatieve polymerisatie van het overeenkomstige monomeer. Daar
deze methode enkele nadelen kent, werden ook pogingen ondernomen om enkele
monomeerderivaten te functionaliseren en vervolgens te gebruiken in reductieve
koppelingen. We ondervonden echter problemen bij de synthese van deze
gefunctionaliseerde monomeren zodat de reductieve polymerisatie niet gevaloriseerd kon
worden.

De polymeren die beschreven worden in de hierop volgende hoofdstukken, werden
allen bereid door het aanwenden van een precursorroute. De in hoofdstuk drie beschreven
3,4-dihalogesubstitueerde poly(thienyleen vinyleen) (PTV) derivaten werden via de sulfinyl-
en xanthaat precursorroute aangemaakt. Het gebruik van de sulfinylroute bleek mogelijk
door de aanwezigheid van de elektronzuigende halogenen op de 3- en 4- positie van de
thiofeenring.  Hierdoor wordt het systeem minder elektronenrik hetgeen de
monomeersynthese ten goede komt. De implementatie van een dergelijk materiaal in een
zonnecel wordt hierbij uitvoerig behandeld. Een verbetering van de prestatie van de
zonnecel werd waargenomen door het verhitten van deze cel. Hiernaast werd ook 3,4-
difenylgesubstitueerd PTV gemaakt. Daar we hier met een elektronenrijk systeem te maken
hebben, werd geopteerd voor een synthese via de xanthaat precursorroute. We toonden
dus aan dat deze route gebruikt kan worden in de synthese van zowel elektronenarme als
elektronenrijke PTV derivaten.

Uit eerder onderzoek bleek dat het gebruik van de sulfinyl precursorroute
problematische was voor de synthese van PTV. Daarom werd het gebruik van de xanthaat-
route gevaloriseerd. Hoofdstuk vier belicht niet enkel de synthese en de karakterisatie van
de meest gebruikte O-ethylxanthaat groep, ook nieuwe xanthaat monomeren werden
gesynthetiseerd en gepolymeriseerd. Dit om de eliminatietemperatuur te verlagen en het
rendement te verhogen. Ook hier werd aangetoond dat de xanthaatroute gebruikt kan
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worden in de synthese van PTV maar het lage rendement en de hoge polydispersiteit van
de bekomen precursorpolymeren zijn belangrijke nadelen in het gebruik van deze route.
Hierenboven wijst de afwijking van de Amax waarde met de literatuurwaardes voor PTV op
defecten in de structuur van het via deze route bekomen geconjugeerde polymeer. Het
rendement en het moleculair gewicht van de precursorpolymeren met de andere
xanthaatgroepen (-SC(S)OCH.CH,OCH:) zijn laag en het gebruik van deze groep kan ook
de eliminatietemperatuur niet verlagen. Daarom leidt dit niet tot een goed alternatief voor de
synthese van PTV.

In hoofdstuk vijf wordt een totaal nieuwe precursorroute, de dithiocarbamaatroute,
voorgesteld. De idee voor de synthese kwam naar aanleiding van de analogie in chemische
structuur van een dithiocarbamaatgroep en een xanthaatgroep. Pogingen tot polymerisatie
ter vorming van poly(p-fenyleen vinyleen) (PPV) en PTV precursoren verliepen positief. Niet
alleen waren de rendementen zeer goed maar de bekomen polymeren bleken ook
verbeterde eigenschappen te bezitten. Naast deze homopolymeren werden ook pogingen
ondernomen voor de synthese van copolymeren tussen dithiocarbamaat PPV en PTV
enerzijds en tussen dithiocarbamaat PTV en xanthaat PTV anderzijds.

In hoofdstuk zes wordt opnieuw gebruik gemaakt van de sulfinylroute. Ditmaal voor
de synthese van een thiofeengesubstitueerd PPV derivaat. Hierbij worden de 'H en 13C
chemische shiften van twee sulfinylmonomeren toegekend aan de hand van verschillende
NMR technieken. Als aanvulling op de 'H en ®C NMR spectra, werden INADEQUATE,
directe HETCOR en long range HETCOR experimenten uitgevoerd. Ook na de bepaling van
de Tic relaxatietijden bleek dat deze data een goede stafmaat waren voor de toekenning
van de chemische shiften. Wanneer echter getracht werd de twee monomeren te
polymeriseren door het toevoegen van een base, werd er geen vorming van een p-QM
systeem waargenomen.

Tenslotte worden in hoofdstuk zeven enkele toekomstperspectieven en suggesties
voor verder werk gegeven. Dat het verdere gebruik van de dithiocarbamaatroute hierbij een
belangrijke rol zal spelen is vanzelfsprekend.
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List of abbreviations

Ac20
Bp
BPO
CB
CHCls
CHaClz
Cl

Cv
DIP-MS
DMF
DP

El

EL
EtOAc
Et20

Eqg

eV
FT-IR
GC/MS
GPC
HCI
HETCOR
HOMO
Iniferter
ITO
LBG

acetic anhydride

boiling point

benzoyl peroxide or dibenzoyl peroxide
conduction band

chloroform

dichloromethane

chemical ionisation

cyclic voltammetry

direct insert probe mass spectrometry
N,N-dimethylformamide

degree of polymerisation

electron impact

electroluminescence

ethyl acetate

diethyl ether

band gap

electronvolt

Fourier transform infrared

gas chromatography/mass spectrometry
gel permeation chromatography
hydrogen chloride

heteronuclear chemical shift correlation
highest occupied molecular orbital
initiator-chain transfer-terminator agent
indium tin oxide

low band gap
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List of abbreviations

LDA
LUMO
KOH
KtBuO
MCPBA
MeOH
Ma

Mw
NatBuO
NBS
NCS
NMP
NMR
NOE
OFET
PA

PD
PDT
PEDOT
PEDOT/PSS
or BAYTRON P
PEDOTV
PF
PITN
PLED
PPP
PPV
PPy
PS

PT
p-TsOH
PTV
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lithium diisopropyl amide

lowest unoccupied molecular orbital
potassium hydroxide

potassium fertiar-butoxide
3-chloroperbenzoic acid or m-chloroperbenzoic acid
methanol

number-average molecular weight
weight-average molecular weight
sodium tertiar-butoxide
N-bromosuccinimide
N-chlorosuccinimide
N-methylpyrrolidone

nuclear magnetic resonance
nuclear Overhauser effect

organic field-effect transistor
poly(acetylene)

polydispersity (Mw/Mn)
poly(1,3-dithienylisothianaphthene)
poly(3,4-ethylene dioxythiophene)

poly(3,4-ethylene dioxythiophene) poly(styrene) sulphonate

(
poly(3,4-ethylene dioxythiophene vinylene)
poly(furan)

poly(isothianaphthene)

polymer light-emitting diode
poly(p-phenylene)

poly(p-phenylene vinylene)

poly(pyrrole)

poly(styrene)

poly(thiophene)

para-toluenesulphonic acid
poly(2,5-thienylene vinylene)



P4S1o
p-QM
rom

rt

SEC
SOCl
SO:Cla
TFT
TGA
THF
THT
TLC

T

T2
UV-Vis
VB
Amax

phosphorus pentasulphide
para-quinodimethane
rotations per minute

room temperature

size exclusion chromatography
thionyl chloride

sulphuryl chloride

thin film transistor
thermogravimetric analysis
tetrahydrofuran
tetrahydrothiophene
thin-layer chromatography
spin-lattice relaxation time
spin-spin relaxation time
ultraviolet visible

valence band

maximum absorption wavelength

List of abbreviations
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