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Chapter 1 

Molecular electronics; general introduction 
  

With the need for cleaner, faster and smaller electronics increasing, electronics, Molecular 

Electronics (ME) – the use of molecular components in electronic devices - has become an 

important field in chemistry, physics, and material science research in the last few years. 

This chapter, will give a small overview of the field, starting with a general introduction, 

followed by a closer look at the design and synthesis of more environmentally stable 

materials for molecular electronics. This chapter will end with a more detailed description of 

the main subjects of this thesis.  
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1.1   Introduction 

In modern society we are surrounded by mobile phones, digital music players, digital 

cameras, flat screen TVs, laptops, and many other electronic gadgets. Almost everybody 

has them—we are addicted to these products of recent technology. We now take for granted 

the pace at which smaller, faster versions of these gadgets appear. However, these 

consumer electronics have not been around that long. The first transistor was invented only 

60 years ago in 1947 by William Shockley, John Bardeen, and Walter Brattian at Bell Labs 1 

and it was not until the late 50’s that complete circuits where incorporated on a single piece 

of silicon.  

Looking at the pace at which these circuits became smaller, Gordon Moore made his 

famous prediction in 1975 that the density of transistors on chips would double every two 

years2. This prediction is now generally known as Moore’s Law and has been revised to the 

statement that the computation power is doubled every 18 months3. Although the law still 

holds today, fabrication methods for semiconductor chips are reaching their physical limits4. 

Intel has stated that their 193 nm dry lithography process, used since the fabrication of their 

90 nm microprocessors in 2003, has reached its limit and they are now developing new 

lithography techniques like immersion lithography or deep ultraviolet lithography to be able 

to produce the 22 nm microprocessors in 2011. Whether it is possible to go even smaller 

(<22 nm) using lithography techniques remains uncertain. If we want to sustain Moore’s law, 

other methods need to be developed to produce electronics on an even smaller scale.  

Molecular Electronics (ME) has the potential to go much smaller by using components that 

consist of just tens or hundreds of molecules. It is therefore not surprising that the field has 

been growing rapidly over the last 20 years5. Molecular Electronics can be divided into two 

main categories; organic materials (macroscopic) and electronics at the molecular level6,7,8. 

These two categories are strongly connected and cannot be treated separately; A better 

understanding on the molecular level will translate to improvements on the macroscopic 

scale.  Growing research in both categories has resulted in a increasing knowledge of 

molecular electronics in general9. This progress has led to the first commercial applications 

of organic solar cells10 and organic LEDs11, and more is coming.  
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1.2    Conjugated polymers 

1.2.1   Introduction12,13,14  

One of the most widely studied classes of materials in the field of molecular electronics is 

conjugated polymers. These polymers undergo an insulator-metal transition when doped 

(partially oxidized or reduced). Replacing metals and semiconductors with these conducting 

polymers can result in all-plastic devices, which can be more flexible, lighter, cheaper, less 

energy consuming, and easier to make than traditional devices bases on silicon. Polymers 

are also cheap to manufacture and are in general, good insulators for both heat and 

electricity. It is therefore somewhat confusing that there are polymers that can be made 

conducting. The discovery of, and reason for this unique property will be explained below 

To understand conductivity in organic materials we have to begin with Molecular Orbital 

(MO) theory. For a solid with an infinite number of contributing atomic orbitals, MO theory, in 

combination with the Linear Combination of Atomic Orbitals (LCAO), predicts that instead of 

discrete energy levels, continuous bands of degenerate orbitals are formed. The energy 

levels in the bands have negligible energy separation and the movement of electrons 

between energy levels within a band is facile at room temperature. As with small molecules, 

the bands are filled with valence electrons, starting with the lower energy valence band. 

 

Figure 1.1 Schematic representation of the formation of energy bands in conjugated materials. From left 

to right; the energy levels diagram of 1, 2 and 8 degenerate molecular orbitals, and a band structure.  

Most metals are electron deficient elements, which results in partially filled energy bands of 

delocalized electrons, and conductivity. Most insulator materials, however, have a 

completely filled valence band, which localizes electrons. Promoting an electron from the 

valence band to the conducting band would result in conductivity, but the energy difference 

(Eg) between the two bands is too large, resulting in a thermally inaccessible transition. In 

the case of semiconductors, the valence band is also completely filled, but the Eg is smaller 
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and it is possible to make the material conductive by adding or removing an electron, so 

called doping. 

The delocalization of electrons and the presence of partly filled energy bands are the 

reasons for the high conductivity of metals. For polymers the situation is different. Although 

the overlap between atomic orbitals in a polymer chain also causes the formation of energy 

bands, they are completely filled. In most traditional polymers, valence electrons are bound 

in sp3-hybridized covalent bonds leading to a filled energy band and localized electrons 

(insulator). In conjugated polymers however bonds are formed between sp2-hybridized or sp 

hybridized carbons, leaving free electrons in un-hybridized p-orbitals. These unpaired 

electrons in the lowest occupied anti-bonding π-orbital should lead to a partially-filled 

valence band, complete delocalization of the electrons over the polymer and, therefore, 

metallic properties. In reality, conjugated polymers are semi-conductors. This is due to the 

so-called Peierls instability. Peierls showed15 that, in 1d metals, via a small lattice 

rearrangement, atoms can move from equally-distanced to alternating spacing, leading to 

the formation of atom-pairs. This dimerization produces a more stable structure and a lower 

energy state for the electrons, resulting in a filled valence band and a relatively small band-

gap of ~1.5 eV16 in polyacetylene.  

The above representation is somewhat simplified and  one has to remember that predicting 

whether a material will be  conducting, semi-conducting or insulating depends not only on 

the number of valence electrons, but also on the band structure. The energy range of the 

bands is different in each solid and the individual bands can have a discrete character, 

overlap, or ‘touch’. In the case of overlapping bands for example, an empty band 

overlapping with a filled band will result in metallic behavior. This is the case in group 2 

metals.  

Semi-conducting behavior in organic polymers was first reported by Weiss et al.17, but that 

report on highly conductive oxidized polypyrrole black is rarely cited. Rather a collaboration 

between Shirakawa, MacDairmid and Heeger on the doping of trans-polyacetylene18,19 is 

now seen as the beginning of research on conductive polymers and is what they were 

awarded the Nobel Prize for in 2000. 

Shirakawa, MacDairmid, and Heeger suggested that adding or removing of electrons in the 

backbone of polyacetylene would create mobile charge carriers and lead to an increase of 

electrical conductivity. They proved this by oxidative doping with iodine, which resulted in an 

increase in conductivity from 10-5 to 103 Scm-1 . This doping process is a redox process in 

which the iodine is reduced and the polymer is oxidized resulting in positive charge carriers 

that can delocalize over the conjugated polymer backbone. By itself this does not result in 



Molecular electronics; general introduction 

  13 

bulk conductivity. Inter-chain hopping is necessary for conductivity in conjugated 

polymers20,21. 

The doping of inorganic materials results in the removal of an electron from the valence 

band (p-type doping) or the addition of an electron to the conduction band (n-type doping), 

leading to partially filled bands. Simply extending this mechanism to organic semiconductors 

was found to be inaccurate22,23. The removal (or addition) of an electron from (or to) a 

conjugated polymer causes a small lattice distortion24 in the polymer structure, which results 

in the formation of discrete energy levels inside the band gap. Increasing the amount of 

doping results in the formation of bands within the band gap13. Depending of the type of 

polymer and the degree of doping, several charged states can be generated25 as shown in 

Figure 1.2 (solitons are only found in trans polyacetylene).  

 

Figure 1.2 Representation of charge carriers on part of a poly(acetylene) chain.  

Polarons and bipolarons are known to be the main structures of charge carriers in 

conductive polymers, but the complete conduction mechanism in not yet fully understood.  

Since the discovery of conductivity in polyacetylene, a large variety of conductive polymers 

have been described in literature. While the first studies on conjugated polymers focused 

mainly on the properties of homo-polymers like polyphenylenes, polyphenylene vinylenes 

and polythiophenes, better understanding of these systems has led to the development of 

more complex polymers. The development of new donor-acceptor type conjugated polymers 

for example affords control over the electronic properties, as will be discussed in the next 

paragraph. Examples of some of these polymers can be found in Figure 1.3.  
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Figure 1.3 Examples of conjugated polymers: 1.1) polythiophene, 1.2) polyphenylene, 1.3) 

polyphenylene vinylene, 1.4) poly(9,9-dihexylfluorene) 1.5) PCPDTBT 1.6) poly(2,2-

decylquarterthiophene). Polymers 1.1, 1.2, 1.4 are homopolymers, 1.6 is a donor-acceptor polymer. 

 

1.2.2    Band gap engineering 

As seen in the previous section, the electronic properties of conjugated polymers are closely 

related to the electronic levels of the polymer. Controlling the absolute position of the energy 

bands and the size of the band gap is therefore very important in the design and synthesis 

of conjugated polymers.  

There are several ways to influence the band gap (Eg) of a conjugated polymer. The Eg 

value is a combination of bond length alternation ∆r (E∆r), the resonance energy stabilization 

(Eres), the inter-ring torsion angle (EΘ), substituents effects (Esub), molecular weight of the 

polymer (Emw) and the intermolecular interactions (Eint)
12,26,27. 

As was shown, the band structure of a conjugated polymer originated from the orbital 

overlap between individual monomers, going from discrete energy levels with large energy 

separation to energy bands with negligible energy separation. Thus, increasing the degree 

of polymerization decreases the band gap.  

The alternating structure of single and double bonds found in conjugated polymers, 

originates from the Peierls distortion and contributes to the formation of a band gap. 

Therefore, the bigger the bond-length alternation, the larger the band gap. 

 For polymers that can adopt both aromatic and quinoid resonance forms, like 

polythiophenes, the energy of these forms is not equal13,27,26. 
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Figure 1.4 Schematic representation of the structural factors that influence the band gap. 

In most cases the aromatic form is more stable because of the resonance energy gained. 

These polymers will have a larger band gap than those with a more dominant quinoid 

character.   

In a conjugated ring system, the inter-ring torsion angles determine, to a large extent, the 

delocalization of the π-electrons along the polymer backbone. The band gap increases from 

a coplanar (0 °C) to a perpendicular (90 °) configuration28. Brédas et al. stated that in order 

to have good π-overlap and thus a conducting band structure, the π-orbitals must be within 

30° of co-planarity29. The torsion angles in aromatic ring systems are greatly affected by the 

steric hindrance between atoms or groups attached to the rings. The position of substituents 

on a polymer backbone can therefore influence the torsion angle, and thus the band gap. 

The development of fused ladder polymers resulted in polymers with rigid structures and 

small band gaps, but most of these polymers suffer from solubility problems, limiting the 

practical use30.   

Besides affecting the torsion angle, substituents can directly influence the band gap. 

Substituents tend to affect occupied orbitals more than unoccupied, thus electron donating 

substituents like alkyl tails, alkoxy- and alkylsulfonyl groups tent to decrease the band gap 

by  raising the HOMO level while leaving the LUMO level relatively unchanged.  Electron 

withdrawing substituents like carbonyls, halogens, nitro or cyano groups tend to increase the 

band gap by lowering the HOMO level slightly more than the LUMO level. These electronic 

effects are small though and are usually dominated by the previously discussed effects.  

The above–mentioned factors determine the magnitude of the band gap of a single polymer 

chain, however the interactions between individual molecules play an important role in 

determining the band gap. This effect can best been seen in poly(alkylthiophenes). 

Alkylthiophenes have limited symmetry and this causes the formation of different polymers 

when the alkylthiophenes are coupled in various ways at the 2- and the 5-positions (figure 
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1.5a). A 2,2`-coupling is given the name head-to-head (HH) coupling,  the 2,5`-coupling is 

known as head-to-tail (HT) coupling and the 5,5`-coupling is called tail-to-tail (TT) coupling. 

A random polymerization will therefore result in regio-random polymers. 

 

 

Figure 1.5  Regio-regularity in thiophene chemistry: (a) Denotations for thiophene couplings (b) The four 

possible oligomeric triads in poly(alkylthiophenes). 

These polymers are amorphous and show little mesoscopic ordering.  Heeger and Prosa31 

and later McCullough32 showed that highly regio-regular alkyl substituted polythiophenes 

form a lamellar structure (interdigitating side-chains) in the condensed phase, resulting in a 

higher conductivity and a lower band gap then regio-random polythiophenes. The effect of 

mesoscopic ordering influences the band gap of other polymers as well33. (More on this 

topic in paragraph 1.2.4)  

Although the effects on the band gap were discussed separately, they are all strongly 

connected. This makes it difficult to design conjugated polymers with a specific band gap 

simply by changing individual parameters. Recently, however, another route has been 

developed which makes it possible to synthesize conjugated polymers with a specific band 

gap.  

Alternating co-polymerization of strong electron donating and withdrawing monomers results 

in donor-acceptor polymers with unusually small band gaps compared to the standard 
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conjugated homo-polymers. The reason for this small energy gap can be explained by the 

molecular orbital overlap; when the HOMO levels of the donor and the LUMO levels of the 

acceptor are close in energy, the resulting band structure will have a small band gap. 

Therefore, the band gap can be altered by changing the combination of monomers, but the 

previously-mentioned effects still apply for these polymers and need to be taking into 

account. 

Up to now one of the major goals in ME was to synthesize conjugated polymers with a band 

gap below 1.5 eV. Conjugated polymers are semi-conductors and need to be doped  

(generation of free charge carriers) to become conductive. The mobility of the charge 

carriers greatly depends on effective hopping between the individual chains.  Under ambient 

conditions thermally induced hopping is more pronounced in small band gap polymers,  

leading to a higher mobility.  The expected34 high mobilities and absorption in the visible 

spectrum would make them good candidates for all kind of applications, such as solar cells, 

field effect transistor (FETs) and light emitting diodes (LEDs). There is, however, also an 

increasing interest in the synthesis of polymers with moderate mobilities, but good 

environmental stability. The next chapter will go into this in more detail. 

 

1.2.3   Stability of conducting polymers 

Moving from fundamental research towards application-driven research, it became clear that 

in addition to good charge transport properties, the environmental stability of  conjugated 

polymers is also very important. The lifetime and performance of a device  dependends on 

the lifetime and degradation pathway of the material35. Polymers can react just like other 

molecular materials if the reactants are made available at reaction sites. There are many 

external causes of degradation of a polymer such as light, heat, mechanical stress, oxygen, 

ozone, moisture, atmospheric pollutants, etc36, 37. The stability of a conjugated polymer can 

be discussed in terms of chemical reactivity and/or electrochemical stability. Chemical 

stability is different for each type of polymer and will therefore not be discussed. Rather, this 

paragraph will focus on the properties a conjugated polymer must have to be 

electrochemically stable.  

For most devices in ME it is important that the doping of the polymer is controlled and in the 

‘off-state’ of the device doping of the polymer does not occur. Water and oxygen are the 

main reactive compounds in air38 and the understanding of their redox reactions with 

conjugated polymers is important. For a better understanding it is noted that a polymer 

which can donate an electron is called a p-type polymer (reducing) and a polymer which 
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accepts electrons is an n-type polymer (oxidizing).  In this thesis only p-type polymers are 

described and the stability of these type of polymers will be discussed. 

De Leeuw et al.38 showed that there are five main reactions concerning water and oxygen 

and that the stability towards these reactions can be calculated using their redox potentials. 

The two most important half reactions concerning doping of p-type polymers are giving in 

Table 1-1. 

Table 1-1 The two main half reactions concerning doping of p-type polymers 

No. Reaction EpH=7 (V vs. SCE) 
1 O2 + 4H+ + 4e–  2H2O 

O2 + 2H2O + 4e–   4OH– 
0.571 

2. 2H+ + 2e–   H2 

2H2O + 2e–  H2 + 2OH– 
-0.658 

3. 2Pol0 +2e–   2Pol– 

2Pol+ + 2e–   2Pol0 
 

 

Depending on the redox potential of the half-reaction the overall reactions will occur in the 

direction of reduction or in the direction of oxidation.  When the redox potential of the 

polymer half reaction is higher than that of the oxygen and water, the reaction will occur in 

the direction of reduction, but when the redox potential is lower it will occur in the direction of  

oxidation.  Simplified, this would mean that, if we only look at the reactions concerning H2O 

and O2, an n-type doped polymer or neutral p-type polymer will be stable towards oxidation 

by water at redox potentials higher than -0.658 eV (SCE) and stable towards oxidation by 

water and oxygen at a redox potential higher than +0.571 eV.  

In reality extra activation energy is needed for a reaction to proceed and therefore a higher 

potential is needed. This extra potential is called overpotential and the value depends on the 

system used.  This overpotential means that, in general, n-type doped polymers or neutral p-

type polymers are stable to oxidation at redox potentials higher than +0.5 eV (SCE). For the 

design of conjugated polymers it is important to translate these redox potentials to concrete 

energy levels of the conjugated polymer. The energy needed to remove an electron from the 

HOMO level of a polymer to the vacuum is called ionization potential (IP) and correlates with 

the oxidation of the polymer. The IP can be roughly estimated by adding 4.4 eV to the redox 

potential obtained (SCE)39. The IP of p-type polymer should therefore be larger than 4.9 eV 

to prevent oxidation by oxygen and water. The energy released when an electron is moved 

from the vacuum to the LUMO level is called the electron affinity (EA) and correlates with the 

reduction redox process. The EA is approximately equal to the potential at which the 

polymer is reduced (vs. SCE) plus 4.4 eV.  

Controlling the position of the IP is therefore very important when designing p-type polymers 

with increased electrochemical stabilities.  And although it is possible, by altering 
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substituents, to control the position of the IP level it is more convenient to increase the band 

gap which (in general) increases the IP.  This concept was proven by McCulloch et al. who 

showed40 that, under ambient conditions, going from regio-regular poly(3-hexylthiophene)  

1.7 with an IP of 4.8 eV to poly(3,3’’-dioctylterthiophene) 1.8 with a IP of 5.4 eV resulted in a 

increase of three orders of magnitude in on/off ratio taken the polymer was applied in a field 

effect transistor. Similar effects where found by Fréchet et al.41 who synthesized 

poly(dodecylthiophene-3-carboxylate-co-thiophene) 1.9. The electron withdrawing carbonyl 

group resulted into a lower lying homo level and an IP of 5.68 eV. The higher IP resulted in 

more stable polymer which retained its functionality after four months of exposure to air.  

This is a big increase compared to 1.7 of which the on/off-ratio dropped from 103 to 10 within 

a week. 

 

Figure 1.6 Structure of some (stable) polymers as presented in literature. 1.7 poly(3-hexylthiophene) 

(P3HT), 1.8 poly(3,3-dioctyltertthiophene) 1.9 poly(didodecyl 2,2'-bithiophene-4,4'-dicarboxylate-co-2,2'-

bithiophene) 1.10 poly(dialkylquarterthiophene) 1.11 poly(2,5-bis(2-thienyl)-3,6-dialkylthieno[3,2-

b]thiophene). 

 

A better understanding of the process of auto-doping has led to the development of new 

polymers with increased stability and high mobillities, especially in the field of organic thin-

film transistors.  The traditional P3HT 1.7 is replaced more frequently with more stable 

polymers like poly(dialkylquarterthiophenes) 1.10 (PQT,  IP ~5.1eV) or Poly(2,5-bis(thienyl)-

thieno[3,2-b]thiophene)s 1.11 (PTATs, IP ~5.1eV)33.    
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1.2.4   The effect of ordering in the film on the device performance 

In the previous paragraphs we mainly looked at intramolecular effects on the electronic 

properties of single polymer chains. In this paragraph we will look at intermolecular effects 

between polymer chains on the electrical performance in devices.  

Most conjugated polymers can be seen as hairy rigid-rod molecules consisting of a rigid π-

conjugated backbone with flexible side chains. It is this structure which is so important for 

the formation of highly conductive polymer films.  

When the polymer has a regular structure with a conformation that is close to planar, the 

rigid-rod structure will lead to the formation of semicrystalline films of crystalline domains in 

an amorphous matrix. The crystalline domains are formed due to the π-π interactions 

between adjacent polymer backbones that self-organize into supramolecular lamellar 

structures42,43,44. This increase in organization allows the charge carriers to migrate not only 

over the single chain but also between chains, resulting in an increased conductivity.  This 

ordering also leads to highly anisotropic transport; there is good transport along the 

backbone and through the π-stack, but not in other directions. It is therefore very important 

to know the size and the orientation of these crystalline domains.  Frey et al. showed45 that 

in a thin film transistor the preferred orientation of poly(3-hexylthiophene) is with the π-π 

stacking parallel to the substrate.  Similar results where found for others regio regular 

polymers like poly(dialkylquarterthiophenes), poly(dialkylterthiophenes), poly(2,5-bis(2-

thienyl)-3,6-dialkylthieno[3,2-b]thiophene)s,  and others33. If the distance between the 

individual chains is large enough, the chains can interdigitate46 leading to a more dense 

structure.  Because of the highly anisotropic electrical transport it is important to obtain large 

crystalline domains. This can be achieved by annealing of the film and by slow 

crystallization.42,43,44  Polymers which do not have a planar conformation and/or  lack order 

do not form these crystalline domains (amorphous) and in general show a lower 

conductivity.47   
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Figure 1.7 Schematic representation of charge-transport in highly regioregular P3HT. a) intermolecular 

charge transport,  b) intramolecular charge transport.  
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1.3   The synthesis of conjugated polymers 

1.3.1   Introduction 

As shown in the previous paragraphs the use of poly- and oligothiophene materials is very 

attractive in ME.  By using thiophene based materials it is possible to design devices which 

are both stable towards oxygen/water and have high mobilities. Throughout the years 

several synthetic routes have been developed, each with their advantages and 

disadvantages48. The most common coupling routes are either modern organometallic aryl-

aryl coupling or electrochemical polymerization. Lemaire et al. have written a detailed and 

complete review49 about the aryl-aryl formation and the recent developments in this field. 

The next paragraphs will give a short introduction of the used coupling reactions in this 

thesis.  

1.3.2   Aryl-aryl bond formation by oxidative coupling reaction 

Copper–mediated or catalyzed oxidative coupling reactions are one of the oldest and most 

extensively used coupling reactions for the synthesis of biaryl molecules, but their use for 

the synthesis of high molecular weight polymers is limited; the weak oxidation ability of 

CuCl2 prevents the formation of high molecular weight polymers50.  Bäuerle et al.51 could 

only synthesize dimers and trimers when trying to couple didodecylquarterthiophene by 

copper–mediated oxidative coupling.  

A much better oxidative reagent is FeCl3 and Sugimoto et al. where the first to perform a 

chemical polymerization of 3-alkylthiophenes using FeCl3 as polymerization agent52.  The 

mechanism for the polymerization using FeCl3 is still not completely understood but there is 

an increasing support for the radical carbocation mechanism53 as presented in  

Figure 1.8.  

 

 

Figure 1.8  Proposed mechanisms for ferric chloride oxidative polymerizations of thiophenes. 
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The disadvantage of using FeCl3 is that, although it is very reactive, the regio-selectivity is 

low, which can lead to polymers with a regio-irregular structure49 and many side-products. 

A great example is poly(3-hexylthiophene) (P3HT). The polymerization of  the asymmetric 

monomer 3-hexylthiophene using FeCl3 leads to polymers with four type of linkages, head-

to-head (HH), tail-to-tail (TT), head-to-tail (HT) and tail-to-head (TH) couplings. The 

incorporation of HH linkages leads to twisting of the backbone, a decrease of π-overlap, and 

poor electronic properties54 when compared to regio-regular P3HT. Using regio-selective 

cross-coupling polymerizations (for example McCullough et al.55 and Rieke et al.56,57) results 

in P3HT with more than 95% HT coupling and polymers with superior electronic properties.  

 

1.3.3   Organometallic cross-coupling polymerization methods 

The disadvantages of the oxidative coupling using FeCl3 have led to the development of the 

more efficient transition metal cross-coupling reactions. In these reactions the formation of 

C-C bonds is catalyzed by a complex of a low-valent transition metal like nickel or palladium.  

A schematic representation of the popular coupling reactions can be found in  

Figure 1.9 

 

Figure 1.9 Transistion metal catalyzed aryl-aryl coupling reactions. 
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Kumada coupling 

 
Figure 1.10 Catalytic cycle of Kumada cross-coupling reaction. 

One of the first and most common cross-coupling reactions for C-C bond formation is the 

Kumada coupling. The Kumada coupling allows the rapid coupling between aryl- and vinyl- 

halides and aryl-, alkenyl- and alkyl- Grignard reagents, catalysed by a nickel (or palladium) 

complex49. Although it is still not completely understood, the proposed58,59  mechanism of 

the Kumada coupling is given in Figure 1.10.   

To start the catalytic cycle the Ni(II) complex first has to be  transformed, in situ, to the active 

Ni(0) complex. During this activation a small amount of Grignard reagent is lost and 

undesired homo-coupled products are formed. The yield of this homo-coupled side product 

is low (< 1%) because of the low catalyst loading typical of these reactions. The release of 

the homo-coupled product from the catalyst complex is promoted by the addition of an 

organo-halide (RX), oxidizing the Ni(0) complex to the Ni(II) complex: this is called oxidative 

addition. The next step, in the cycle is the transmetalation step in which the R2 exchanges 

Mg for Ni. This mechanism is not well understood, but it is found to be the rate determining 

step.  In the final step the cross-coupled product is eliminated from the complex via 

reductive elimination, leading to the active Ni(0),  and completing the catalytic cycle.  
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The use of the Kumada coupling to synthesize oligothiophenes via a stepwise procedure is 

very common, although the reaction can be limited by ineffective magnesium-halogen 

exchange or ineffective addition of the organic compound to the Grignard reagent. Slow 

magnesium-halogen exchange occurs in general when the aryl-halide contains more than 

two aromatic rings, leading to an increase in unwanted side reactions like homo-coupling60. 

McCullough et al. showed that 2-bromo-3-hexyl-5-bromomagnesiumthiophene formed in situ 

could be polymerized using NiCl2(dppp), producing head-to-tail coupled P3HT55. NMR 

showed that the polymers were  93-98% of the desired regio-chemistry.  

A mayor drawback of the Kumada coupling is the low tolerance to reactive functional 

groups, such as amino-, nitrile-, ester- or carbonyl- groups and the sensitivity of the reaction 

to water.  

 

Stille Coupling  

 

Figure 1.11 Catalytic cycle of Stille cross-coupling reaction. 

The Stille coupling has also found widespread use in organic synthesis49,61. The Stille 

coupling is a palladium catalyzed reaction between an organic halide, triflate or carbonyl 

chloride with a organostannane. For a fast, clean reaction the organic group needs to be of 

aryl, heterocyclic or vinyl type. The major advantage of the Stille coupling over the Kumada 

coupling is the growing availability of organostannanes, the high stability towards moisture 

and air and their compatibility with a variety of functional groups.  The catalytic cycle of the 

Stille coupling is presented in Figure 1.11 and doesn’t deviate much from the cycle of the 
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Kumada coupling. The palladium catalyst can be used as Pd(0) or as Pd(II) complex. There 

are several mechanisms by which the Pd(II) precursor can be reduced under the reaction 

conditions used. The complex can be reduced to Pd(0) by two equivalents of the 

organostannane via a similar process as with the Kumada coupling, leading to undesired 

homo-coupled product as a side product. The rest of the cycle involves oxidative addition of 

the organo-halide to the palladium complex, followed by transmetalation of the 

organostannane compound and reductive elimination of the coupled product to complete the 

cycle.  Although the Stille coupling has been frequently used to produce coupled products in 

high yields, side-reactions can dominate the reaction61,62,63. Homo-coupling of stannanes is 

one of the most common side reactions in the Stille coupling, even when Pd(0) is used. It is 

proposed that the homo-coupling is mediated by atmospheric oxygen, therefore extensive 

degassing is very important. Homo-coupling of the organic electrophile is also observed and 

the mechanism involves the metal–halogen exchange seen in other transition metal 

catalyzed cross-coupling reactions.  The three alkyl groups on the tin, often methyl or butyl, 

are supposed to be ‘non-transferable’ ligands, but it this was found not to be true. The 

selectivity for the desired coupling is high but at slow reaction rates this side reaction (alkyl 

shift) can be important.  

One of the most commonly used palladium catalyst is 

Tetrakis(triphenylphosphine)palladium(0) (Pd(PPh3)4)  because it is readily available and 

relatively stable. Unfortunately, it was found that a non-sterically hindered phenyl ligand can 

be easily transferred to the reaction center, leading to competition between the desired 

cross-coupling and a phenyl shift.  The use of more sterically hindered ligands like tri(o-

tolyl)phosphine has been shown to prevent this side reaction. Other side reactions are 

hydrolytic destannylation by traces of water and/or acid, incorporation of carbon monoxide, 

resulting in a carbonyl, and reductive debromination.   

The competition between the desired coupling reaction and side-reactions is greatly affected 

by the speed of the reaction and the conditions used. The use of DMF or NMP as the 

solvent is known to speed up the reaction and the use of these solvents therefore tends to 

an improvement in selectivity64. This also suggests for the use of a more active catalyst 

systems with more electron rich ligands such as n-heterocyclic carbenes or sterically 

hindered trialkyl phosphines. There are reports which claim that there is an increase in 

selectivity using copper(I)salts and fluoride ions, but these results are not easy 

reproduced65,66 . Beside the possible side reactions, the toxicity of stannanes is also 

becoming more of a problem, leading to an increasing interest in the Suzuki coupling. 

 

 



Molecular electronics; general introduction 

  27 

Suzuki Coupling 

 

Figure 1.12 Catalytic cycle of the Suzuki cross-coupling reaction. 

Very similar to the Stille coupling is the Suzuki coupling. The Suzuki cross-coupling reaction 

is a palladium catalyzed reaction between organic halide and organoborane compounds. 

The reaction is suitable for aryl and alkenyl halides and aryl and alkenyl borane compounds. 

Borane compounds are much less toxic than organostannane compounds. The main 

difference between the Suzuki mechanism (Figure 1.12) and that of the Stille coupling is that 

the borane compounds must be activated with, for example, a nucleophile. This activation of 

the boron atom enhances the polarization of the organic ligand and facilitates 

transmetalation. The Suzuki cross-coupling reaction can tolerate a wide range of functional 

groups, similar to the Stille coupling. And although they are not always easy to prepare, 

boronic derivatives are safer to handle and easy to store.  

The side reactions of the Suzuki coupling are comparable with those of the Stille coupling67. 

Homo-coupling, dehalogenation, and phenyl shifts are also occuring in these reactions. 

Although the major side reaction in the Suzuki coupling is not homo-coupling, but the 

hydrolytic deboronation, which is facilitated by the presence of the base. The selectivity of 

the reaction is also strongly affected by pH. Using a stronger base increases the rate of the 

coupling reaction, but also that of the deboronation and an optimum must be found for each 
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system.  As presented for the Stille coupling the screening for the best reaction conditions is 

also very important for the Suzuki coupling to achieve high yields.  

  

1.3.4   Determination of the molecular weight of conjugated 

polymers 

GPC68  

For conjugated polymers it is important to know their molecular weight, for this influences 

the conjugation length and their ability to self-organize. The most common technique to 

obtain the molecular weight of polymers is gel permeation chromatography (GPC). The 

polymer to be analyzed is dissolved and injected into a column containing a porous gel. 

Molecules with a small hydrodynamic volume get stuck in the small holes in the gel, while 

molecules with a larger hydrodynamic volume run through more freely. At the end of the 

column one or more detectors determine when and how much of (concentration) a particular 

polymer fraction elutes from the column. Several detectors can be used but a UV-VIS 

detector is commonly used for conjugated polymers. The raw data obtained from GPC is an 

apparent molecular size distribution, which needs to be converted to true molecular weight 

distribution using a calibration curve (usually, obtained from polystyrene). This calibration 

method is a relative calibration, meaning that the molecular weight of the polymers that are 

analyzed is based on the relative molecular weight of the polymers used for the calibration. 

If the relationship between hydrodynamic volume and the molecular weight of the analyzed 

polymers is very different compared to polystyrene,  the value obtained can be wrong. More 

and more research shows69,70,71 that GPC gives an overestimation of the molecular weight 

up to a factor four when analyzing conjugated polymers.  

 

MALDI-TOF mass spectrometry (MALDI-TOF MS)72,73 

Matrix-assisted laser desorption ionisation time of flight mass spectrometry (MALDI-TOF 

MS) was developed for the analysis of molecules with high molecular weights. The 

traditional mass spectrometry techniques were limited to the determination of lower 

molecular masses and could only be used if the sample could be evaporated and ionized. 

After the 1960s the ionization process was in most cases done by laser radiation, so called 

Laser Desorption/Ionisation (LDI). In LDI a laser pulse is shot on the sample. The laser light 

both desorbs and ionizes a sample. The mass of the ions analyzable by this way was, 

however, limited. Higher masses could not be measured because of destructive ionization, 
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until in 1987, two groups came up with a solution. Hillenkamp et al74 and Tanaka et al72  

came up with a solid or liquid matrix, respectively, to control the energy transfer and prevent 

fragmentation. Molecular masses up to 1500000 could now be measured. The technique 

developed quickly and has been of great value in the analysis of heavy molecules like 

proteins and synthetic polymers.  

Matrix Assisted LDI or MALDI generates high-mass ions by irradiating a solid or liquid 

mixture of a sample in a suitable matrix. This irradiation is done with a pulsed uv laser beam. 

The ratio (w/w) of sample to matrix is low, typically 1:10. Using a matrix prevents the direct 

ionisation of the sample. The energy of the laser is absorbed by the matrix, which then 

instantly goes into the gas phase. Every laser pulse ionizes more material and a dense 

cloud of ionized molecules is formed. The low concentration of the sample prevents direct 

ionization, which would give extensive fragmentation. It also reduces the formation of 

clusters and causes less multiple ionizations. After this ionisation process the ions are 

introduced into the mass spectrometer and analyzed. There are various spectrometers like 

Fourier transform, magnetic sector, Paul trap, and Quadrupole that can be used, but the 

most common spectrometer is the TOF or Time of Flight spectrometer. The measurement is 

based on the difference in acceleration between ions with different masses. The sample ions 

are accelerated by applying a voltage between two plates in the sample chamber. The ions 

then drift through the drift chamber and hit a detector at the end. The intensities and flight 

times of each ion are registered. The time of flight is related to the mass according to 

Formula 1 

  

LeUzmt 2/1)2/(    (1) 

 

with t = time of flight, m = mass, z = number of charges, U = acceleration voltage and L=drift 

region. Thus, the time of flight of an ion can be directly converted into its mass by formula 

(2). This then gives the MALDI-TOF spectrum (see Figure 1.13)  

 

2)/(2/ LteUzm     (2) 
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 Figure 1.13 MALDI-TOF spectra of RR-P3HT . 

 

The MALDI-TOF MS technique has become a powerful tool for the determination of the 

molecular weight of conjugated polymers. It is not as common method as GPC, but it is 

being used much more frequently. The technique MALDI-TOF MS has several big 

advantages over GPC. One major advantage is the fact that MALDI-TOF MS gives an 

absolute value for the molecular weight of the polymer — there is no need for calibration to 

obtain an estimate of the molecular weight. It is also fast, as analysis can be accomplished 

within a few minutes, and is convenient because submilligram quantities of the material are 

sufficient for the analysis. MALDI-TOF is also used for the mass-analysis of oligomers. 

Oligomers, in most cases, have a molecular weight lower than 5000 and are generaly not 

easily analyzed with GPC (depending on the column used). At low molecular weights 

calibration can become inaccurate and GPC gives incorrect masses. These polymers can 

be correctly analyzed with MALDI-TOF MS. Analysis by MALDI-TOF on polymers does not 

only give the absolute molecular weight of the polymer fractions in the sample, but also 

structural information like end groups, contamination and the mass of repeating units can be 

obtained from MALDI-TOF MS69.  

One important disadvantage of MALDI-TOF is the laborious search for suitable ionization 

conditions, this includes the search for a suitable matrix, other additives (salts) to improve 

ionization and the correct laser adjustments. Another problem is the difference in sensitivity 

of the MALDI-TOF MS at different molecular weights of the sample. Small chains fly more 

easily, leading to a mass discrimination of large polymer chains. Wallace et al. showed75 that 

this can be partially overcome by using the low mass gate of the MALDI-TOF machine. But 

in general, for polymers with a polydispersity larger than 1.2, it is not possible to say 
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anything about the mass distribution. To analyze polymers with a polydispersity larger than 

1.2 one can combine GPC with MALDI-TOF MS. By fractionating the sample using GPC and 

subsequently analyzing those fractions with MALDI-TOF MS, it is possible to get information 

about the molecular weight distribution of the complete sample76.  

Although MALDI-TOF MS was developed for the analysis of proteins, more and more 

synthetic polymers, including conjugated polymers, are also analysed using this technique. 

However the results obtained from MALDI-TOF MS generate, in many cases, more 

questions than they answer. This is the reason why MALDI-TOF MS is used very selectively. 

For polymers made using well defined polymerization methods, the technique is used often 

and has proven a powerful tool to obtain both structural information as information about the 

mass of the polymer. For other polymerization methods like oxidative coupling and cross-

coupling reactions such as Stille and Suzuki, the MALDI-TOF MS results are often left out. 

Chapter 6 of this thesis will discuss the reasons.  

 

1.4   Functionalized polymers for the use in (bio)sensors 

1.4.1   Introduction 

In the previous paragraphs stability, mobility, and the synthesis and characterization of 

conjugated polymers, (and more specific polythiophenes) was discussed. Major applications 

of these non-functionalized conjugated polymers can be found in polymer FETs, polymer 

LEDs and solar cells as previously mentioned. But the conjugated polymers are also 

extensively studied in the field of organic (bio)sensors. The unique electrical, 

electrochemical and optical properties of conjugated polymers makes them great candidate 

materials for converting chemical, biological, and/or physical changes into a electrical- 

(electrochemical sensor) or optical signals (optical sensor).  A brief overview of this field will 

be given with the focus on the use of functionalized p-type polymers. 

The development of new (bio)sensors is a popular research areas at the intersection of 

biological and engineering sciences. One of the major reasons is the fast growing 

population, especially in the developing world, and their need for cheaper biosensors that 

are easier to produce for managing the health care problems. It is believed that combining 

the extensive knowledge of the semiconductor industry with that of the emerging field of 

nanotechnology will result in a new generation of biosensors with high sensitivities, small 

sizes, easy fabrication, and easy read-out. 
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A sensor is generally built from three functional units77; 1) the receptor, which responds to a 

certain chemical, physical or biochemical change, 2) a transducer which transforms this 

“detection” into a measurable signal, and 3) the amplifier which increases the intensity of the 

signal. The most common sensors are conductometric sensors, which display the change in 

conductivity of a material in response to an analyte, potentiometric sensors which measure a 

change in potential or charge accumulation, galvanometric sensors which measure a 

change in current, and colorimetric sensors which measure a change in the materials optical 

absorption. More sensors are known, and more detailed information can be found 

elsewhere78,79.  

 

1.4.2   Functionalized conjugated polymers 

It is very important for sensors to have a receptor that is very specific for a certain analyte 

and this is also the case for sensors based on conjugated polymers. In conjugated polymers 

specificity can result from covalent or physical integration of receptors, imprinting or the 

overall electrostatic and chemical characteristic of the conjugated polymer.  This thesis will 

focus only on the use of functionalized conjugated polymers.  

Conjugated polymers with pH responsive and redox active groups are, of course, materials 

which have been studied extensively80. From the more complex systems, sensors based on 

metal ion detection are one of the most studied systems. The results obtained over the 

years have shown that is possible to make very sensitive and selective metal ion sensors 

using conjugated polymers81. These polymers often contain polyalkyl ether side chains, 

crown ethers, aza crown ethers or calixarenes for the complexation of alkali metal  ions 

(Na+, Li+ or K+) or bipyridyl-based derivatives for the complexation of other ions like Cu2+, 

Mn2+, Pd2+,  Ba2+, and others. Polymers in several of these systems are given in Figure 1.14.  

The basic principle behind al of these sensors is that binding of a ion will cause a change in 

the redox (oxidation & reduction) switching behaviour of the polymer. For example Bäuerle 

et al. showed82,83 that polythiophenes synthesised from mono-, bi-, and tert-thiophenes 

functionalized with pendant 12-crown-4 substituents showed a shift in both their anodic and 

cathodic current maxima (CV) when Na+, Li+ or K+ ions where added. The largest effect was 

seen when Li+ ions where added, which is consistent with the known fact that the 12-crown-4 

moiety binds Li+ the best. In 1995 Bäuerle84 extended his research by synthesizing a series 

of polymers with the larger 15-crown-5 and 18-crown-6 ethers attached directly or pendant 

to a polymer/oligomer backbone. The results they obtained where consistent with the 

correlation between the ion and macrocycle size. 
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Figure 1.14 Examples of conjugated polymers made for alkali metal ion sensing as found in literature. 

The read-out of this sensor can be done using cyclic voltametry and this type of sensor can 

therefore be considered as a potentiometric sensor. Similar in structure, although different in 

function, were the sensors from Marsella  and Swager85,86,87,88,89. They synthesized 

polymers from a bithiophene unit containing linked oligo oxyethylene ether units. Without 

alkali ions the polymer would adopt a normal non-twisted structure, but after binding of alkali 

ions a more twisted structure was obtained. Using this principle a polymer with an ion 

specific UV-vis response (colorimetric sensor) was obtained. It was also Swager90 who 

showed the first molecular recognition-based response. By polymerizing 3,3’-bis(2-

methoxyethoxy)-2,2’-bithiophene he obtained a reversible sensor for the (4,4’-

dimethylbipyridinium)cation (methyl viologen). The function of the sensor is based on the 

strong π-π interaction of the viologen molecule and the macrocycle of the conjugated 

polymer. Using a flow cell device he showed that the conductivity of the polymer decreased 

upon addition of the viologen. The conductivity changes were ascribed to a charge transfer 

effect between the donor (conjugated polymer) and acceptor (viologen) of the system.  The 

previous examples are only a small fraction of the systems discussed in literature for the 

detection of ions or small molecules.  

For the fabrication of biosensors it is more important to look at polymers with selective 

groups which are able to recognize molecules of biological interest. Most of the biosensors 

in the literature are not based on the covalent attachment of receptor, but on the embedding 
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of the receptors in the film during the electrochemical polymerization. For delicate systems 

this is not a suitable method.   

The transduction mechanism of the few examples of biosensors with covalently bound 

receptors is in most cases based on a conformational change in the conjugated polymer 

upon binding of the protein, cell, or DNA strand. This results in a change in the optical and 

redox properties of the polymers. Faïd and Leclerc demonstrated91,92 that biotin 

functionalized polythiophene can detect the binding of avidin, based on a change in UV-vis 

absorbance. Higgins et al later extended the research by showing a large decrease and 

positive shift in the oxidation wave after exposure to avidin using a similar polythiophene 

system93.  Other successfully used, covalently linked, receptors are oligonucleotides, 

nucleobases, bioactive peptides, and functional groups as acids, amines, and 

maleimides81,94,95 

 

Figure 1.15 Examples of conjugated polymers made for sensing bioactive compounds, as found in 

literature. 

The effect of the binding of the analyte is in most cases minimal, resulting in only a small 

change in electronic properties of the conjugated polymer. This makes electrochemical 

detection difficult.  

A more promising technique was shown by Chen et al. who synthesized sulfonate 

functionalized polyphenylene vinylene and found that the  complexation of methyl viologen 

by electrostatic interaction caused complete quenching of the fluorescence of the polymer96 

The quenching was six orders of magnitude more effective than that of a diluted stilbene 

solution. Chen calculated that one metal viologen molecule per polymer chain was enough 

to quench the fluorescence of the complete system. He then synthesized a methyl viologen 

coupled with a biotin unit and showed that addition of this molecule also quenched the 

fluorescence successfully. By applying the complementary avidin the fluorescence was 
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restored resulting from the selective binding of the biotin with the avidin and diffusion from 

the surface of the polymer. Very low concentrations (1.2 x 10-8 M) of avidin resulted in a 

complete recovery of the fluorescence proving that it is very sensitive technique.  The main 

mechanism proposed by Chen was that of intermolecular electron transfer between the 

donor (polymer) and acceptor (MV) molecules. But the quenching mechanism might be 

more complicated and arise also from efficient internal energy transfer and long-range 

resonance energy transfer (FRET)97. 

This enhanced fluorescence quenching was adopted for other systems and used in the 

detection of enzyme cleaving, binding of other enzymes, or antigens but most important 

DNA detection98,99,100,101,102,103,104. The negativly charged phosphate groups of single 

stranded DNA can undergo electrostatic interaction with the positively charged functional 

groups of a conjugated polymer.  When a chromophore, coupled with a complementary 

sDNA or polynuclease strand, binds to the DNA, energy transfer occurs, and the 

fluorescence of the polymer is quenched and in most cases it enhances the fluorescence of 

the chromophore. A lot of effort has been put into the improvement of this system because 

of its high commercial potential. Conjugated polymers used in these biosensors are homo-

polymers or co-polymers based on poly(phenylene vinylene)s and poly(fluorene)s. The 

functional groups are sulfonate or N,N,N-trimethyl ammonium ions.  

 

 

 

Figure 1.16 Common conjugated polymers used in literature for (bio)sensing using enhanced 

fluorenscence.  
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1.5   Aim and outline of this thesis 

The research described in this thesis is part of larger project called the BioFET program. 

The aim of this project is to develop a new type of micro biosensor based on an organic field 

effect transistor.  The project crosses the boundaries of many fields and is therefore 

performed in close collaboration with the device physics group op Prof. Paul Blom and the 

biochemistry group of Prof. Bert Poolman within our institute. Our goal is to develop a 

conjugated polymer with high stability under ambient conditions, a high mobility in the field 

effect transistor, and which can be easily functionalization with a protein receptor.  

As described in the previous chapters, the combination of a polymer that shows a high 

stability towards oxidation by oxygen and water and a high mobility is not trivial. A polymer is 

needed with a high oxidation potential and a very regular structure to obtain highly ordered 

semicrystalline films with high conductivity. McCulloch showed that co-polymerization of 

alkyl functionalized bithiophenes with the cross-conjugated thieno[2,3-b]thiophene resulted 

in a polymer with a very high mobility and stability under ambient conditions.  

In Chapter 2, the synthesis of this reference polymer and several of its thienothiophene 

derivatives will be discussed. The synthesis of both the alkyl functionalized bithiophene 

monomers and that of thieno[2,3-b]thiophene were optimized before the synthetic routes 

could be applied to the synthesis of the functionalized polymers.  

In Chapter 3 we adapt a synthetic route for alkyl functionalized bithiophene monomers for 

the synthesis of several functionalized bithiophene monomers. Challenging synthetic 

problems will be discussed, including deprotection using BBr3 and functionalization with the 

desired maleimide.  In this chapter we will also discuss the choice of maleimide as our 

functional group and a short overview of the results of our collaborators on the synthesis on 

the protein receptor will be given for better understanding.  

Chapter 4 describes the results of the polymerization of our functionalized bithiophene units 

with thieno[2,3-b]thiophene and the problems encountered. Possible intra-molecular charge 

transfer between the maleimide and the conjugated polymer led to the need for another 

Michael acceptor. The post functionalization of the bromide functionalized polymer with an 

acrylate acceptor will be discussed. The functionalization, which revealed a flaw in the 

polymerization process, was characterized by MALDI-TOF MS.   

More detailed analysis using MALDI-TOF MS on the Stille-coupling products are discussed 

in Chapter 5 and it is pointed out more clearly that Stille-couplings are not suitable for the 

synthesis of high molecular weight conjugated polymers with a regular structure. 
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In Chapter 6 the use of bis(pinacolato)diborane as coupling reagent in a 

homopolymerization is presented and is shown to be a successful polymerization method for 

bithiophenes, terthiophenes, quarterthiophenes, and fluorenes. The method is compared to 

other homo-coupling methods. In the second part of this Chapter the use of this new method 

for the synthesis of the functionalized conjugated polymers will be discussed. 
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Chapter 2 

Design and synthesis of stable non-

functionalized polythiophenes  
 

This chapter describes the design and synthesis of non-functionalized polythiophenes with 

an increased stability towards oxidation by air and water. These polymers were synthesized 

by co-polymerization between several (new) cross-conjugated thieno[2,3-b]thiophene 

derivatives and alkyl-bithiophene  monomers. The syntheses of both thieno[2,3-b]thiophene 

monomers and the alkyl-bithiophenes were optimized. The resulting reference polymers 

were tested in organic field effect transistors. 

 

 

*Part of this work was published: 

 

Maddalena, F. Spijkman, M. Brondijk, J. J. Fonteijn, P. Brouwer, F. Hummelen, J. C. de Leeuw, D. 

M. Blom, P. W. M.; de Boer, B. Organic Electronics 2008, 9, 839-846. 

 

Maddalena, F. Kuiper, M. J. Poolman, B. Brouwer, F. Hummelen, J. C. de Leeuw, D. M. De Boer, 

B.; Blom, P. W. M. J. Appl. Phys. 2010, 108, 124501. 
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2.1   Introduction 

The application of conjugated polymers in (bio)sensor devices was extensively discussed in 

Chapter 1, paragraph 1.4. Most of the sensor devices presented were made of 

electrochemically polymerized functionalized monomers on a metal electrode and detection 

of the analyte was measured by a shift in the oxidation or reduction potential upon binding. 

For the polymerization of monomers with aliphatic side groups, this is a very easy and useful 

method, but for more delicate systems electrochemical polymerization should be avoided. 

Electrochemical polymerization involves the generation of radical cations1,2. The 

polymerization proceeds through a series of radical coupling reactions and electrochemical 

re-oxidations, very similar to the oxidative polymerization reaction, with for example, FeCl3.
3  

The very high reactivity of the propagating species ensures the formation of some kind of 

polymeric material, but selectivity is low, leading to many possible side reactions and in most 

cases the materials are insoluble after the polymerization, making detailed analyses of the 

materials very difficult. There is, therefore, a need for well-designed, chemically prepared 

conjugated materials with well-defined structures4.    

For a highly sensitive organic biosensor a material must have a well-defined structure,  but 

one also has to look at the device architecture itself. As presented in paragraph 1.4 organic 

biosensors are often based on voltametry, but that is not the most sensitive method5.  Using 

a field effect transistor (FET) as transducer, as is done extensively in the the field of 

inorganic biosensors, should result in devices with higher sensitivities. Beside the high 

sensitivity there is small size, fast response, high reliability, low power consumption, and 

high-density fabrication methods.  The possibility of on-chip integration of biosensor arrays 

makes the FET architecture even more interesting6.  

These aspects were combined in our Bio-FET research project and the design and 

synthesis of the conjugated material is presented in this thesis.  

 

2.2   Synthesis 

It is very important that the polymers have a high mobility in a FET and be stable under 

ambient conditions, but designing a complete new polymer system for the BioFET would be 

too time consuming. We therefore decided to use a known polymer system as our starting 

point. McCulloch et al. presented the use of the cross-conjugated thieno[2,3-b]thiophene as 

a co-monomer with 4,4-dialkyl-2,2-bithiophene as a way to break the conjugation (increasing 
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the stability) while retaining the π-stacking ability of the resulting polymers7. Mobilities in a 

FET up to 0.15 cm2/ V s were measured in devices that remained functional for days in air. 

The polymers where synthesized using a Stille-type copolymerization with stannylated 

thieno[2,3-b]thiophene and brominated 4,4-dialkyl-2,2-bithiophene monomers (Figure 2.1). 

We began with this synthetic approach. By synthesizing the non-functionalized reference 

polymers, we could optimize the synthesis of the monomer and see if the reported stability 

and mobilities where reproducable.  Besides the ‘bare’ thieno[2,3-b]thiophene, we extended 

the series with the synthesis of methyl-, phenyl-, and tert-butyl functionalized thieno[2,3-

b]thiophene derivatives.  We also developed a new method for the synthesis of the 4,4-

dialkyl bithiophene monomers to facilitate the synthesize of the functionalized bithiophene 

monomers (which will be presented in Chapter 3).  

 

Figure 2.1 The co-polymerization of the reference polymer as described by McCulloch et al..  

 

2.2.1   Synthesis of 2,5-di-trimethylstannyl-thieno[2,3-b]thiophene 

Several synthetic routes are known for the synthesis of thieno[2,3]thiophene8,9,10,11. These 

methods are, in general, based on a single or double ring closure procedure of several basic 

synthons to form a functionalized thieno[2,3-b]thiophene. For the synthesis of  

thieno[2,3-b]thiophene we decided to use the method as described by Kirsch at al.12 The 

reason for this choice is the use of well-established organic chemistry and the ability to 

synthesize the functionalized thieno[2,3-b]thiophene derivatives using this method. The 

method described by Kirsch is a modified version of the synthetic route presented by 

Gomper et al.9 in 1962. Gomper performed a one-pot reaction with malonitrile, carbon 

disulfide, methyl chloroacetate, and sodium methoxide to form dimethyl-3,4-diamino-

thieno[2,3-b]thiophene-2,5-dicarboxylate in 72% yield. Kirsch used the same carbon 
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disulfide and malonitrile as starting materials, but with a milder base (potassium carbonate) 

and the more reactive ethyl bromoacetate, making it possible to synthesize a large number 

of (functionalized) thieno[2,3-b]thiophenes under less rigorously-dry conditions.  Both 

methods are given in Figure 2.2 

 

Figure  2.2 The synthesis of dialkyl 3,4-diaminothieno[2,3-b]thiophene-2,5-dicarboxylate by (a) Gomper 

et al. (b) Kirsch et al..  

 

Unfortunately, reproducing the reaction proved to be rather difficult and the use of 3 eq of 

K2CO3 in DMF (as presented in literature) resulted in inconsistent results and low yields of 

the diethyl-3,4-diamino-thieno[2,3-b]thiophene-2,5-dicarboxylate 2.1. 1H-NMR Analysis of 

the crude reaction mixture (Figure 2.3d) revealed that a large part of the product was only 

partially ring-closed and trace amounts of completely ring-opened product were even 

observed.  

We looked at the different steps of the synthetic route and found that the limiting step was 

the ring-closure reaction. This type of ring-closure can be described as a Thorpe-Ziegler 

cyclization13,14 and should only need catalytic amounts of base, but the results showed 

otherwise. We were unable to determine the reason for this discrepancy, but the addition of 

extra base halfway through the reaction did result in complete ring-closure. A one-pot (but 

stepwise) synthesis proved to be the solution for this problem. By first adding enough base 

to form the ring-opened product, followed by in-situ ring-closure by adding 1.1 eq of base, 

we obtained the desired product. The best results were obtained when we combined the 

traditional synthetic route as described by Gomber and the new method of Kirsch. The first 

deprotonation and addition of CS2, followed by the second deprotonation, was done using 

sodium ethoxide, resulting in the ring-opened structure. By adding 1.1 eq of potassium 

carbonate to the mixture, 2.1  was reproducibly synthesized in 54% yield.   
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Figure  2.3 1H-NMR spectra of: d) crude reaction mixture using the standart Kirsch method c) ring-open 

intermediate, b) partially closed intermediate, a) the (closed) product made via the modified route. 
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Instead of a one-pot synthesis it is also possible to do the ring-closure in an additional step. 

Closure of the partially ring-closed intermediate (Figure 2.3b) obtained during the first 

incomplete reaction could be performed by refluxing in a solution of ethanol and 10% 

potassium carbonate for 6 hrs (yield: 77%). The completely open intermediate (Figure 2.3c), 

which was synthesized according to literature procedure9, could be closed by stirring at 

elevated temperatures with 1.1 eq of K2CO3 in DMF for 6hrs (yield: 69%).  In all cases, the 

pure product was obtained after recrystallization from ethanol.  

Deamination and hydrolysis of 2.1 was performed according to literature procedure12, 

yielding thieno[2,3-b]thiophene-2,5-dicarboxylic acid 2.3.  For the decarboxylation we 

deviated from the standard literature procedure12,15 of copper bronze in refluxing quinoline 

(bp. 237 °C at 760 mm Hg) because it is outdated and the use of cuprous salts in general 

give an increase in decarboxylation rate16,17,18 We therefore switched to Cu2O. We also 

decided to change the solvent because of the small difference in boiling point (224 °C vs. 

237 °C) between quinoline and thieno[2,3-b]thiophene which complicated purification. The 

use of pyridine as a solvent stated by Halfpenny et al.19 gave better results, but the lower 

reaction temperatures resulted in longer reaction times and lower yields.  Switching to the 

high boiling, dimethylacetamide (DMAc) gave the best results20. DMAc is also miscible with 

water which made purification easy and thieno[2,3-b]thiophene 2.4 could be obtained in 57% 

yield as a colorless oil after a simple extraction and flash column chromatography.  

 

Figure  2.4  Schematic representation of the synthesis of monomer 2.5.  
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Stannylation of thieno[2,3-b]thiophene was performed according literature procedure7, giving 

the thieno[2,3-b]thiophene monomer 2.5 in 73% yield as fine crystals. The schematic 

representation of the synthesis can be found in Figure 2.4. 

 

2.2.2   Synthesis of di-methyl-, di-phenyl- and di-tert-butyl- 

functionalized thieno[2,3-b]thiophene monomers  

For the synthesis of the thieno[2,3-b]thiophenes 2.6 and 2.7 the ring-closure was not a 

problem. Using the procedure described by Kirsh with our improved decarboxylation 

method, we obtained both products as crystalline materials in 79% and 53% yield 

respectively. The synthesis of diethyl-3,4-di-tert-butylthieno[2,3-b]thiophene-2,5-

dicarboxylate from 2,2,6,6-tetramethylheptane-3,5-dione was unsuccessful, probably 

because of the steric hindrance of the tert-butyl groups.  Stannylation of the monomers was 

performed following the same route as for the thieno[2,3-b]thiophene monomer 2.5.  The 

yields were respectively 45% (2.8) and 73% (2.9). 

 

 

Figure  2.5 Synthesis of the methyl- and phenyl-functionalized thieno[2,3-b]thiophene.  
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2.2.3   Synthesis of 5,5’-dibromo-4,4’-dialkyl-2,2’-bithiophene 

monomers  

 
Figure  2.6 Synthesis of the 5,5-dibromo-4,4’-dialkyl-2,2’-bithiophene monomers as proposed by 

McCulloch et al..  

  

Although the synthesis of the 5,5’-dibromo-4,4’-dialkyl-2,2’-bithiophene monomers was 

described in the original article of McCulloch7 we decided to deviate from this procedure. 

McCulloch synthesized the dialkyl-bithiophene monomers via a stepwise procedure; first, 

4,4’-dialkyl-2,2’-thiophene was synthesized via a selective lithiation of  

3-alkylthiophene, followed by oxidative coupling using CuCl2. The resulting bithiophenes 

where then brominated with NBS, yielding the desired monomers. The synthesis of 5,5’-

dibromo-4,4’-bis(decyl)-2,2’-bithiophene as described by McCulloch yielded the product in 

10% yield (2,94 g) after reverse-phase column chromatography.  The reason for this low 

yield is the unselective lithiation step, which does not selectively generate 5-lithio-3-alkyl-

thiophene, but is in equilibrium with 2-lithio-3-alkyl-thiophene21,22. The oxidative coupling 

with CuCl2 results in a mixture of 4,4’-dialkyl-2,2’-bithiophene along with 10-15% of the other 

isomers which can only be separated using reverse phase chromatography. Bromination of 

the impure mixture of isomers is not desirable and can lead to a mixture of several different 
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reaction products, making purification even more difficult. The low yield and difficult 

purification makes this method less suitable for the planned synthesis of the functionalized 

bithiophene monomers and we therefore searched for another route to synthesize the 

desired monomers.  

 

Figure 2.7 Isomer-free synthesis of 5,5-dibromo-4,4’-dihexyl-2,2’-bithiophene as proposed by Higuchi.. 

Higuchi et al. published the synthesis of 5,5’-dibromo-4,4’-dihexyl-2,2’-bithiophene in 1998.23 

Similar to the procedure by McCulloch, the lithiation is an equilibrium between the lithiation 

at the two and three position of the thiophene. The difference lies in the use of the large iron 

complex for the oxidative coupling, which according to Higuchi, causes steric hindrance and 

selective coupling, allowing them to obtain the desired monomer in one step in 55% (Figure 

2.7) as single isomer. Unfortunately our results with 2,5-dibromo-3-decylthiophene, were 

less successful. The crude product was obtained in 55% yield, but it was impossible to 

remove the unwanted HT and HH coupled isomers without using extensive chromatography 

methods (as was presented by McCulloch).  

From these results we concluded that finding a method that only produces TT-coupled 

product, or where the side products are not structural isomers, is essential for the successful 

synthesis of these monomers on a large scale, and selective metalation is the key step in 

that process. Similarly, selective metalation is the key step in the successful synthesis of 

RR-P3HT as described by McCullough24,25. It is therefore somewhat strange that the use of 

LDA as a metalating agent as described in that procedure, to our knowledge, has not been 

used to synthesize 5,5’-dibromo-4,4’-dialkyl-2,2’-bithiophenes. The high selectivity  of LDA 

(>95%) for metalation at the 5 position of 2-bromo-3-alkylthiophenes is due to the bulkiness 

of LDA and the fact that it does not metalate the bromide functionality, shielding the  

2-position even more. Using this knowledge we were able to synthesize the desired hexyl-

octyl-, and decylfuntionalized monomers (2.10 – 2.12) in moderate to good yields (Figure 

2.8). The 2-bromo-3-alkyllthiophenes were synthesized according to literature 

procedure26,27. Under the used reaction conditions, bromination readily took place with high 

regioselectivity at the 2-ring positions. The product was then metalated using LDA at -78 °C 

for one hour. One equivalent of CuCl2 was then added and the reaction was allowed to 

warm to RT temperature overnight. The synthesis was continued with a standard work-up 
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Figure  2.8 Synthesis of 5,5-dibromo-4,4’-dialkyl-2,2’-bithiophene as proposed in this thesis. 

and the products where purified by flash column chromatography, followed by precipitation 

in cold methanol and / or recrystallization from ethyl acetate or hexane. The side products 

formed during the synthesis are not structural isomers (see Figure 2.9), which makes 

purification easier compared to the routes described by McCulloch and Higuchi.  

 

 

Figure  2.9 Main product of the above discribed synthesis routes a) McCulloch et al. b) Higuchi  et al. c) 

this thesis.  

Using this method 2.10 was synthesized in 54% yield, 2.11 in 60%, and 2.12 in 84% yield. 

The products are analyzed by NMR and HPLC showed less than 4% impurities. The big 

advantage of this method is the scalability; we used this method for the synthesis of 5,5’-

dibromo-4,4’-decyl-2,2’-bithiophene 2.12  on a 20+ gram scale.  
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During the synthesis of these monomers, Tamaoki et al. published a new method to 

selectively synthesize 2.10 in 83% yield (993 mg) using a palladium-catalyzed C-H 

homocoupling28.  Besides the synthesis of 2.10 they also showed that it was suitable for 

unsubstituted 2-bromo-thiophene, 2-bromo-3-methylthiophene, 2-bromo-3-bromothiophene 

and even the functionalized 2-bromo-3-(4-hydoxybutyl)thiophene. Their method involves the 

use of a palladium catalyst (PdCl2(PhCN)2), silver nitrate, and potassium fluoride in DMSO 

at 60 °C.  The method was used by Fréchet et al.29 for the synthesis 5,5’-dibromo-4,4’-

didodecyl-2,2’-bithiophene in 32% yield (1.3 gram), however the expensive palladium 

catalyst makes this method less suitable for large scale synthesis of our desired bithiophene 

monomers.  

 

Figure  2.10 1H-NMR of 5,5’-dibromo-4,4’-decyl-2,2’-bithiophene synthesized using the method 

presented in this thesis.  
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Figure  2.11  13CNMR of 5,5’-dibromo-4,4’-decyl-2,2’-bithiophene synthesized using the method 

presented in this thesis..  
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2.2.4   Synthesis of the reference polymers 

 

 
Figure  2.12  Synthesized cross-conjugated polythiophenes P2-1, P2-2 and P2-3. 

McCulloch had shown that the best results where obtained using the 5,5-dibromo-4,4’-

didecyl-2,2’-bithiophene 2.12 monomer and we therefore decided to use this monomer for 

our first test polymerizations. The monomers were polymerized using the standard Stille 

polymerization method of tetrakis(triphenylphosphine)palladium(0) in toluene/DMF 3:1 with 

conventional heating30. The use of a palladium(0) instead of palladium(II) complex should 

reduce the amount of homo-coupling and the addition of DMF speeds up the reaction, 

reducing the amount of side products (as was discussed in paragraph 1.1.3). After an 

overnight polymerization the polymer was precipitated into methanol and purified using 

soxhlet extraction with methanol, acetone and chloroform. After a final precipitation P2-1 

was obtained in 87 % as a red powder, P2-2 in 51% as yellow powder and P2-3 in 92% as a 

green powder.  During polymerization of P2-2 the polymer precipitated from solution, which 

caused a low yield and lower molecular weight. The molecular weight of the polymers was 

determined using GPC (Table 2-1). Calibration against polystyrene is known to give an 

overestimation of the molecular weight. The optical properties of the polymer where 

analyzed using UV-Vis absorption (Table 2-1) and showed that the polymer P2-1 containing 

the bare thieno[2,3-b]thiophene has the smallest optical band gap. P2-3 is hypsochromically 

shifted almost 50 nm compared to P2-1, while the conjugation length of the polymer is the 

same (conjugation length is effectively limited by the cross-conjugation). Inductive effects on 
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the bandgap  are small and it is therefore more likely that these shifts in the optical band gap 

are a result of the twisting of the backbone caused by the methyl substituents. Extension of 

the conjugation path in P2-2 caused by the phenyl substituents results in a bathochromic 

shift of only 10 nm compared to P2-3.  

 

Table 2-1 Measured properties of the polymers; molecular weight (number average, Mn), molecular 

weight (weight average, Mw), molecular weight (Z-average, Mz), dispersity (DPI), degree of 

polymerization (Pn), Uv-absorption maximum (λmax) 

 P2-1 P2-2 P2-3 

Yield 87% 51% 93% 

Mn  (g/mol) 10100 3500 14100 

Mw (g/mol) 20200 6700 32700 

Mz (g/mol) 33800 12200 56000 

DPI  2.0 2.0 2.3 

Pn  21 5 23 

λmax (nm) 413 374 364 

 

 

2.2.5   Mobility and Stability measurements of the polymers   

The mobility of the polymers was measured in organic field effect transistors (OFETS). 

These OFETs were processed using heavily n-doped silicon wafers as bottom gate 

electrode, with a 200 nm thick thermally grown silicon oxide layer as bottom insulator with a 

capacitance of 17 nF·cm-2. Interdigitating gold source and drain electrodes were patterned 

on top of the oxide layer by conventional lithography. The oxide layer was treated with the 

primer hexamethyldisilazane (HMDS) in order to make the surface hydrophobic to improve 

wetting and prevent charge trapping at the interface. P2-1 (PDTT), P2-3 (PDTTME) and  

P2-2 (PDTTPh) were dissolved and spin-cast on top of the prefabricated substrates. More 

details can be found in the experimental.  

Measurements of the OFETs unfortunately showed that the mobility of the polymers 

containing the methyl- and phenyl-substituted thieno[2,3-b]thiophene was extremely low. 

The polymers were therefore not useful in our BioFET application. A possible explanation 

could be the non-planar configuration of the polymer backbone and therefore formation of 

less ordered domains in the film leading to a decrease in hopping ability. The measured 

mobility of PDTT (P2-1) was 7.2×10–4 cm2V-1s-1 at a gate voltage of -20V; considerably lower 
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than found by McCulloch. A direct reason for the lower mobility can not be given, one could 

speculate that the different polymerization method used by McCulloch gives polymers with a 

more regular structure and higher molecular weight.  

Despite the lower mobility, the oxidation stability of PDTT under ambient condition indeed 

showed a large improvement over conventional RR-P3HT. The measured values can be 

found in table 2-3.  While P3HT is completely doped within 10min in air, PDTT only shows a 

small drop in mobility and ON/OFF ratio.  In Figure 2.13 I/V-curves are presented of RR-

P3HT and PDTT in both vacuum as in air, which also show the improvement in oxidation 

stability of PDTT.  Based on these results it was decided to continue the project using 

thieno[2,3-b]thiophene as cross-conjugated monomer.  

 

Table 2-2 Measured mobilities and ON/OFF ratios of P3HT and PDTT in a FET setup under different 

conditions. The results show an increased oxidation stability of the PDTT polymer.  

  P3HT PDTT 

  Vacuum Air (10 min) Vacuum Air (3 h) Water 

Mobility (cm2V-1s-1) 10-4 - 10-3 Doped 1.6·10-4 1.0·10-4 7.5·10-5 

ON/OFF ratio 104 <10 105 104 102 
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Figure 2.13 FET Mobility measurement of rr-P3HT and PDTT in air and vacuum. 
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2.3   Experimental 

Measurements 

NMRs were measured using a Varian VXR-300 (300 MHz) or a Varian Gemini-200 (200 

MHz) instrument at 25 ˚C. FT-IR spectra were recorded on a Nicolet Nexus FT-IR 

spectrometer. Solids were measured in KBr using a Smart Collector DRIFT setup. ATR-IR 

spectra where recorded on a Bruker IFS88.  GPC measurements were done on a Spectra 

Physics AS 1000 series machine equipped with a Viskotek H-502 viscometer and a Shodex 

RI-71 refractive index detector. The columns (PLGel 5μ mixed-C) (Polymer Laboratories) 

were calibrated using narrow disperse polystyrene standards (Polymer Laboratories). 

Samples were made in chloroform at a concentration of 1 mg/ml.  Mobilities were 

measrused using a Keithley 4200 semiconductor parameter analyzer. 

 

Materials and Methods 

All reagents and solvents were purchased from commercial sources and used without 

further purification unless indicated otherwise. Kumada, Stille, and Suzuki coupling reactions 

were performed under dry conditions and nitrogen atmosphere. 

 

diethyl 3,4-diaminothieno[2,3-b]thiophene-2,5-dicarboxylate [2.1] 

This compound was made by a modification of the 

literature procedure.9,12 The reaction was performed 

under inert atmosphere and dry conditions. To 40 ml of 

abs. ethanol was added 11.8 gram (0.17 mol) of sodium 

ethoxide portion wise. The mixture was then stirred untill 

all of the sodium ethoxide was dissolved and extra abs. ethanol was added to get a total of  

52.5 ml. From this solution 30 ml was placed into a second flask and 6.8 gram (0.1 mol) of 

malonitrile was added at once, causing the mixture to turn salmon colored. The turbit 

mixture was then stirred for 30 min before it was cooled to 0 oC. At 0 oC, 3 ml of CS2 (0.1 

mol total) was added dropwise keeping the temperature below 10 oC. After addition the 

mixture was stirred for 15 min before 15 ml of sodium ethoxide was added in one portion. 

The mixture was stirred for 15 min before 1.5 ml of CS2 was added dropwise keeping the 

temperature below 10 oC. After a third period of 15 min the rest of the sodium ethoxide 

solution was added, followed, after 15 min, by 1.5 ml of CS2. The resulting bright yellow 

suspension was stirred for an additional 30 min allowing the temperature to raise to RT. 

After 30 min 19 ml of ethyl bromoacetate was added dropwise, keeping the temperature 



Chapter 2 

60   

below 50 oC. The mixture was then stirred for an additional 2 hr and was then cooled to 0 
oC. While cooling, 15.2  gram (1.1 mol) of K2CO3 was added in portions. The cooling was 

removed and the resulting mixture was refluxed overnight. After cooling to RT the mixture 

was poured into 200 ml  ice water and the precipitate  was collected by centrifugation and 

dried at 50 oC in vacuo. Recrystallation from a liter of acetonitrile gave 16.2 gram (0.054 mol,  

54%) of a brown powder.  
1H NMR (300 MHz, DMSO) δ = 7.14 (s, 4H), 4.23 (q, J=7.1 Hz, 4H), 1.27 (t, J=7.1 Hz, 6H). 
13C NMR (75 MHz, DMSO) δ = 172.34, 163.56, 148.75, 147.21, 127.98, 98.38, 59.62, 14.47 

 

diethyl thieno[2,3-b]thiophene-2,5-dicarboxylate [2.2] 

This compound was made according to literature 

procedure.12  To 15.1 gram (0.05 mol) of 2.1 was added 

125 ml of  75% sulfuric acid. This mixture was then 

stirred for 30 min and cooled to 0 oC. 7.6 gram (1.1 mol) 

of NaNO2 in 50 ml of water was then added very slowly, keeping the temperature below 10 
oC. This takes about 4 hr.  After addition the mixture was dark brown and clear. This solution 

was transferred to a dropping funnel and was added dropwise to 250 ml of  a vigorously 

stirred solution of hyprophosphorous acid (50% in water) in a 2 liter flask. After addition the 

mixture was stirred for another 2 h before 400 ml of water was added and the precipitate is 

collected by filtration. The light brown powder was dried at 50 oC in vacuo, yielding 12.8 

gram (0.045 mol, 90%) of the pure product.  
1H NMR (300 MHz, CDCl3) δ = 7.96 (s, 2H), 4.39 (q, J=7.1 Hz, 24H), 1.40 (t, J=7.1 Hz, 6H). 
13C NMR (50 MHz, DMSO) δ = 161.21, 144.78, 136.78, 127.04, 61.24, 14.03 

 

thieno[2,3-b]thiophene-2,5-dicarboxylic acid [2.3] 

This compound was made according to literature procedure.12 5.0 

gram (17.6 mmol) of 2.2 was added to 150 ml of ethanol. To this 

mixture was added 50 ml, 1.5 M NaOH solution. The resulting 

brown solution was refluxed for 5 hrs and then cooled to RT. The ethanol was removed 

under reduced pressure and the residue was poured over a filter. The filtrate was acidified 

(pH 1) with concentrated HCl and the precipitate was collected and washed several times 

with water, dried at 50 °C in vacuum. Resulting in 3.56 gram (15.6 mmol, 89%) of a light 

brown powder.  
1H NMR (200 MHz, DMSO) δ = 8.02 (s, 2H), 3.92 (s, 2H). 13C NMR (50 MHz, DMSO) δ = 

162.01, 146.25, 144.35, 137.65, 126.08 
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thieno[2,3-b]thiophene [2.4] 

The reaction was performed under a nitrogen flow. To 30 ml of N,N-

dimethylacetamide (DMAc) was added 4.0 gram (17.5 mmol) of 2.3 and 6.2 

gram (43.3 mmol) of Cu2O. The mixture was stirred and refluxed for 2-5 hours 

depending on the speed of decarboxylation. The decarboxylation could be followed in time 

by leading the gas outlet trough a saturated Ca(OH)2 solution, which turned turbid upon 

contact with CO2. After the complete decarboxylation the reaction was cooled to RT and 

poured into 200 ml ether. The organic layer was washed several times with 200 ml, 2M HCl 

to remove all DMAc.  The organic layer was separated and filtrated,  dried (Na2SO4) and the 

solvent was removed. The light brown oil was further purified using column chromatography 

(silica, hexanes) yielding 1.41 gram (10.1 mmol, 57%) of a colorless oil  
1H NMR (300 MHz, CD2Cl2) δ = 7.38 (d, J=5.1 Hz, 2H), 7.26 (d, J=5.1 Hz, 2H). 13C NMR (75 

MHz, CDCl3) δ = 146.93, 137.22, 128.09, 119.70. 

 

2,5-bis(trimethyltin)-thieno[2,3-b]thiophene [2.5] 

This compound was made according to literature procedure.7 

The reaction was performed under dry conditions and N2 

atmosphere. 1.8 gram (12.9 mmol) of 2.4 was added to 30 ml 

of dry THF. The mixture was cooled to -78 °C and  14 ml of 2.5M n-BuLi was added 

dropwise over 15 min. The mixture was allowed to warm to RT overnight, then recooled to -

78 °C and 6.2 gram (31.1 mmol) of trimethyltin chloride in 20 ml of dry THF was added at 

once. The mixture was stirred at -78 °C for 4 hours before allowing it to warm up to RT 

overnight. The mixture was then quenched  by addition of 100 ml of water.  The mixture was 

extracted with 100 ml of dichloromethane, washed with 0.2M Na2CO3 and brine, dried with 

Na2SO4 and the solvent was removed under reduced pressure. The residue was 

recrystallized from 20 ml of acetonitrile yielding 3.4 gram (7.3 mmol, 56%) of white crystals. 

1H NMR (201 MHz, CD2Cl2) δ = 7.25 (s, 2H), 0.39 (s, 18H). 13C NMR (50 MHz, CDCl3) δ = 

152.63, 147.96, 142.96, 126.56, -7.97 

 

diethyl 3,4-dimethylthieno[2,3-b]thiophene-2,5-dicarboxylate [ - ] 

This compound was made according to literature 

procedure.12 All glassware was dried before use and 

flushed with N2. The reaction was performed under N2 

atmosphere.  To 50 ml of DMF was added 41.5 gram 

(0.3 mmol) K2CO3  and 10.0 gram (0.1 mol) of pentane-
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2,4-dione. The mixture was mechanically stirred for 30 min and cooled to 0 °C.   9 ml (0.15 

mol) of  CS2 was added dropwise keeping the temperature below 10 °C. The pink mixture 

was stirred for an extra 30 min before 22.0 ml (0.2 mol) of ethyl bromoacetate was added 

dropwise ( T < 10°C).  The mixture was stirred at 0 °C for 4 hours and then allowed to warm 

up overnight.  The mixture was then poured into 300 ml ice water and the precipitate was 

collected and recrystallized from 1.5 L of ethanol to yield 26.1 gram (0.060 mol; 60%) of 

white crystals.  
1H NMR (300 MHz, CDCl3) δ = 4.33 (q, J=7.1 Hz, 4H), 2.85 (s, 6H), 1.36 (t, J=7.1 Hz, 6H). 
13C NMR (75 MHz, CDCl3) δ  162.45, 147.36, 144.93, 140.77, 129.73, 61.02, 14.31, 14.28 

 

3,4-dimethylthieno[2,3-b]thiophene-2,5-dicarboxylic acid [ - ] 

This compound was made according to literature procedure.12 To 

150 ml of ethanol was added 6.2 gram (19.9 mmol) of  diethyl 3,4-

dimethylthieno[2,3-b]thiophene-2,5-dicarboxylate and 4.8 gram of 

KOH in 60 ml water. The mixture was refluxed for 6 hours and then 

cooled to RT.  The ethanol was removed under reduced pressure and the product dissolved 

in the remaining water. The solution was filtered and then acidified (pH 1) resulting in 

presipitation of the product. The precipitate was filtered of and washed with water. The solid 

was dried at 50 °C in vacuum, resulting in 4.94 gram (19.2 mmol, 96%) of white product.  
1H NMR (300 MHz, DMSO) δ = 13.27 (s, 2H), 2.77 (s, 6H). 13C NMR (75 MHz, DMSO) δ = 

163.68, 147.24, 143.70, 139.92, 130.69, 13.87. 

 

3,4-dimethylthieno[2,3-b]thiophene [2.6] 

The reaction was performed under a nitrogen flow. 3.2 gram (12.5 mmol) of 

3,4-dimethylthieno[2,3-b]thiophene-2,5-dicarboxylic acid and 3.63 gram (25.5 

mmol) of Cu2O was added into 30 ml of DMAc.  The mixture was stirred and 

refluxed for 2-5 hours depending on the speed of decarboxylation. The 

decarboxylation could be followed in time by leading the gas outlet trough a saturated 

Ca(OH)2 solution, which turned turbid upon contact with CO2. After the complete 

decarboxylation the reaction was cooled to RT and poured into 200 ml ether. The organic 

layer was washed several times with 200 ml, 2 M HCl to remove all DMAc.  The organic 

layer was separated, washed with brine, filtrated and   dried (Na2SO4). The solvent was 

removed leaving a white powder. Recrystallization from ethanol gave 1.66 gram (9.9 mmol, 

79%) of product.  
1H NMR (300 MHz, CDCl3) δ = 6.86 (s, 2H), 2.48 (s, 6H). 13C NMR (50 MHz, CDCl3) δ = 

146.39, 138.24, 131.12, 123.50, 15.64. 
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2,5-bis(trimethyltin)-3,4-dimethylthieno[2,3-b]thiophene [2.8] 

This compound was made by a modification of the literature 

procedure.7 The reaction was performed under dry conditions 

and N2 atmosphere. To 1.2 gram (7.1 mmol) of 2.6 was 

added 30 ml of dry THF. The mixture was cooled to -78 °C 

and  6.5 ml of 2.5 M n-BuLi was added dropwise over 15 min. The mixture was allowed to 

warm to RT overnight, then cooled to -78 °C and 3.13 gram (15.7 mmol) of trimethyltin 

chloride in 10 ml of dry THF was added at once. The mixture was stirred at -78 °C for 4 

hours before allowing it to warm up to RT over night. The mixture was quenched  by addition 

of 100 ml of water.  The mixture was extracted with 100 ml of dichloromethane. The solution 

was washed with 0.2 M Na2CO3 and brine, dried with Na2SO4 and the solvent was removed 

under reduced pressure. The residue was recrystallized from 20 ml of acetonitrile yielding 

1.84 gram (3.2 mmol, 45%) of white crystals. 
1H NMR (300 MHz, CDl3) δ = 2.50 (s, 6H), 0.38 (s, 18H). 13C NMR (75 MHz, CDCl3)  

δ = 151.26, 147.91, 136.96, 136.80, 17.58, 17.56, -7.83, -7.86, -7.91, -7.95. 

 

diethyl 3,4-diphenylthieno[2,3-b]thiophene-2,5-dicarboxylate [ - ] 

This compound was made according to literature 

procedure.12 All  glassware was dried before use and 

flushed with N2. The reaction was performed under N2 

atmosphere.  To 50 ml of DMF was added 41.5 gram 

K2CO3  (3.0 mol) and 22.5 gram (0.1 mol) of 1,3-

diphenylpropane-1,3-dione. The mixture was 

mechanically stirred for 30 min and cooled to 0 °C. 9 ml 

(0.15 mol) of  CS2 was added dropwise keeping the temperature below 10 °C. The red 

mixture was stirred for 60 min before 22.2 ml  (0.2 mol) of ethyl bromoacetate was added 

dropwise ( T < 10°C).  The mixture was stirred at 0 °C for 4 hours and then allowed to warm 

up overnight.  The mixture was poured into 300 ml ice water and the precipitate was 

collected and recrystallized from 2 L of ethanol to yield 18.6 gram ( 0.043 mol, 43%) of 

yellow crystals.  

1H NMR (300 MHz, CDCl3) δ = 7.02 (t, J=7.3, 1H), 6.92 (t, J=7.4 Hz, 2H), 6.83 (d, J=7.1 Hz, 

2H), 4.13 (q, J=7.1 Hz, 2H), 1.09 (t, J=7.1 Hz, 3H). 13C NMR (300 MHz, CDCl3) δ 161.83, 

145.96, 145.00, 143.46, 133.12, 132.32, 129.29, 127.29, 127.13, 61.36, 14.09 
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3,4-diphenylthieno[2,3-b]thiophene-2,5-dicarboxylic acid [ - ]  

This compound was made according to literature procedure.12 To 

100 ml of ethanol was added 7.0 gram (16.5 mmol) of diethyl 3,4-

diphenylthieno[2,3-b]thiophene-2,5-dicarboxylate and 2.78 gram 

KOH in 50 ml water.  The mixture was refluxed for 6 hours and then 

cooled to RT.  The ethanol was removed under reduced pressure 

and the product was dissolved in (the remaining) water. The solution was filtered and then 

acidified (pH 1) resulting in precipitation of the product. The precipitate was filtered of and 

washed with water. Dried at 50 °C in vacuum, resulting in 4.9 gram (12.9 mmol, 78%) of a 

white powder.  
1H NMR (300 MHz, DMSO) δ = 13.51 – 12.15 (s, 2H), 7.00 (t, J=7.2 Hz, 2H), 6.93 – 6.76 (m, 

8H). 13C NMR : No spectra (insufficient  solubility) 

 

3,4-diphenylthieno[2,3-b]thiophene [2.7] 

The reaction was performed under a nitrogen flow. To 4.0 gram (10.5 

mmol) of 3,4-diphenylthieno[2,3-b]thiophene-2,5-dicarboxylic acid was 

added 20 ml DMAc and 3.7 gram (25.8 mmol) of Cu2O. The mixture was 

stirred and refluxed for 2-5 hours depending on the speed of 

decarboxylation. The decarboxylation could be followed in time by 

leading the gas outlet trough a saturated Ca(OH)2 solution, which turned 

turbid upon contact with CO2. After the complete decarboxylation the reaction was cooled to 

RT and poured into 100 ml ether. The organic layer is then washed several times with 100 

ml, 2 M HCl to remove all DMAc.  The organic layer was separated, washed with brine, 

filtrated and dried (Na2SO4). The solvent was removed leaving a white powder. 

Recrystallization from ether gave 1.63 gram (5.6 mmol, 53%) of off white product.  
1H NMR (300 MHz, CDCl2) δ = 7.21 (s, 2H), 7.05 (d, J=6.0 Hz, 2H), 7.01 – 6.83 (m, 8H). 13C 

NMR (75 MHz, CDCl2) δ  = 143.04, 139.17, 137.29, 135.67, 129.41, 128.07, 127.39, 126.21. 

 

2,5-bis(trimethyltin)-3,4-diphenylthieno[2,3-b]thiophene [2.9] 

This compound was made by a modification of the literature 

procedure.7 The reaction was performed under dry conditions 

and nitrogen atmosphere. To 1.0 gram (3.4 mmol) of 2.7 was 

added 30 ml of dry THF. The mixture was cooled to -78 °C 

and 3.4 ml of 2.5 M n-BuLi was added dropwise over 15 min. 

The mixture was stirred for 4 hrs at -78 °C and then allowed 

to warm up to RT overnight. The mixture was cooled to -78 °C and 1.7 gram (8.5 mmol) of 
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trimethyltin chloride in 10 ml of dry THF was added at once. The mixture was stirred at -78 

°C for 4 hours and then warmed up to RT overnight. After standing overnight the reaction 

was quenched  by addition of 50 ml of water.  The mixture was extracted with 100 ml of 

dichloromethane, washed with 0.2 M Na2CO3 and brine, dried with NaSO4 and the solvent 

was removed under reduced pressure. The residue was recrystallized from diethyl ether 

yielding 1.541 gram (2.5 mmol,  73%)  of  white crystals.  
1H NMR (300 MHz, CDCl3) δ = 6.98 (t, J=7.1, 2H), 6.89 (t, J=7.4 Hz, 4H), 6.82 (d, J=7.1 Hz, 

4H), 0.04 (s, 18H). 13C NMR (75 MHz, CDCl3) δ = 147.71, 145.58, 142.03, 139.14, 135.72, 

128.10, 125.66, 125.02, -9.01. 

 

3-hexylthiophene [ - ] 

This compound was made according to literature procedure.26 The reaction 

was performed under dry conditions and N2 atmosphere.  2.4 grams (0.10 mol) 

of magnesium was activated by stirring with glass chips for 2 hours. 20 ml of 

dry ether was added and 19.8 grams of hexylbromide (0.12 mol) was added dropwise. After 

all the magnesium had reacted the solution was cooled to 0 °C and 13.0 gram of 3-

bromothiophene (0.08 mol) and 60 mg of Ni(dppp)Cl2 was added. This was left to react 

overnight. Water was added dropwise to quench the reaction. The mixture was filtrated and 

extra ether was added to extract the product. The organic layer was washed with NH4Cl, 

water and brine. The solvent was removed under reduced pressure yielding the crude 

product. Further purification was done using vacuum distillation, the main fraction collected 

as a colorless oil at 2.95 torr at 65˚C. Yield 10.7 gram (80%) 
1H-NMR (300 MHz, CDCl3) δ: 7.23 (dd, J = 4.8, 3.0 Hz, 2H), 6.93 (t, J= 5.1 Hz, 1H), 2.64 (t, 

J= 7.65, 2H), 1.69 - 1.53 (m, 2H), 1.39 – 1.15 (m, 6H), 0.87 (t, J = 6.5 Hz, 3H) 13C-NMR (50 

MHz, CDCl3) δ: 143.26, 128.27, 125.01, 119.73, 31.69, 30.53, 30.28, 29.01, 22.61, 14.08. IR 

(neat) cm-1: 3105, 3050, 2926, 2856, 1537, 1465, 1409, 1378, 1329, 1234, 1153, 1079, 856, 

835, 771, 681, 660, 633 

 

2-bromo-3-hexylthiophene [ - ]  

This compound was made according to literature procedure.22 The reaction 

was performed under nitrogen atmosphere and with exclusion of light. 3.0 

gram (17.83 mmol) 3-hexylthiophene was added to 30 ml 50:50 (v/v) acetic 

acid and chloroform. The solution was cooled to 0 °C and 3.17 gram (17.83 mmol) N-

bromosuccinimide was added in portions over 1 hour. The solution was stirred overnight and 

then poured into 200 ml of  2 M HCl. The product was extracted with 100 ml of chloroform 

and the organic layer was washed several times with water and then with brine. The solvent 
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was removed under reduced pressure. The crude product was purified using column 

chromatography (silica, hexane). Yield  4.22 gram (96%) of a slightly yellow oil.   
1H-NMR (300 MHz, CDCl3) δ: 7.18 (d, J= 5.6 Hz, 1H), 6.79 (d,  J= 5.6 Hz, 1H), 2.56 (t, J= 

7.5 Hz, 2H), 1.66 - 1.49 (m, 2H), 1.42 - 1.23 (m, 6H), 0.89 (t,  J= 6.5 Hz, 3H). 13C-NMR (75 

MHz, CDCl3) δ: 141.97, 128.23, 125.11, 108.89, 31.62, 29.70, 29.39, 28.89, 22.591, 14.07 

 

5,5'-dibromo-4,4'-dihexyl-2,2'-bithiophene [2.10] 

The reaction was performed under dry conditions and under nitrogen 

atmosphere. 1.35 grams (13.34 mmol) of diisopropylamine in 25 ml 

THF was cooled to 0°C and to this solution was added dropwise 

7.58 ml of 2.5 M n-BuLi in hexane dropwise. The solution was stirred 

for 30 min at 0 °C and then cooled to -78 °C.  3.00 grams (12.13 

mmol) of 2-bromo-3-hexylthiophene in 10 ml THF was added dropwise. After 1 hour 2.04 gr. 

(15.14 mmol) of CuCl2 was added in one portion and the mixture was stirred for an hour at -

78°C. The mixture was allowed to warm up to RT overnight. The reaction was quenched by 

slow addition of 50 ml aqueous NH4Cl. The product was extracted with ether and the 

solution was  washed extensively with 2M HCl solution,  water and brine, dried with MgSO4 

and the solvent was removed under reduced pressure.  The crude product was  purified by 

column chromatography (silica, hexane) and recrystallized at -18 °C from hexanes. Yielding 

1.71 gram of a thick yellow oil (RT)  (57%). 
1H-NMR (300 MHz, CDCl3) δ: 6.75 (s, 2H), 2.50 (t, J= 7.6 Hz, 4H), 1.67 - 1.48 (m, 4H), 1.40 

- 1.09 (m, 14H), 0.89 (t, J= 6.6 Hz, 6H). 13C-NMR (50 MHz, CDCl3) δ: 143.20, 136.38, 

124.69, 108.09, 31.82, 29.82, 29.78, 29.11, 22.81, 14.31. IR (neat) cm-1: 2955, 2926, 2856, 

1641, 1590, 1537, 465, 1414, 1377, 1173, 1096, 1011, 821, 725, 647 

 

 3-octylthiophene [ - ] 

This compound was made according to literature procedure.26 The reaction 

was performed under dry conditions and under nitrogen atmosphere.  1.44 

gram (0.06 mol)  of magnesium turnings  were activated by stirring with 

crushed glass for 30 min before 20 ml of dry ether was added. 12.94 gram 

(0.067 mol) of 1-bromooctane in 20 ml dry ether was then added dropwise and after 

complete addition of 1-bromooctane the mixture was refluxed for an extra hour. Cooled to 0 

°C and 20 mg (0.037 mmol ) of Ni(dppp)Cl2 was added followed by the dropwise addition of 

10.0 gram (0.061 mol)  of 3-bromothiophene. After addition the reaction mixture was 

refluxed over night, cooled to RT and quenched by slow addition of 50 ml of  NH4Cl solution.  
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The product was obtained by extracting several times with diethylether. The combined 

organic layers were washed with brine and dried over Na2SO4 and the solvent was removed 

under reduced pressure. The crude product was purified using column chromatography 

(silica gel, hexane) followed by vacuum distillation (110 ˚C, 5 torr). The product was 

obtained as a colorless liquid (6.38 gram, 53%)  
1H-NMR (300 MHz, CDCl3) δ 7.23 (dd, J=4.8, 3.0 Hz, 1H),  6.93 (t,  J=5.1 Hz, 2H) , 2.62 (t, 

2H, (t, J=7.5 Hz, 2H), 1.66 - 1.59 (m, 2H),  1.34 - 1.25  (m, 12H), 0.89 (t, J=6.6 Hz, 3H).  13C-

NMR (50 MHz, CDCl3) δ 143.52, 128.53, 125.25, 119.97, 32.13, 30.81, 30.53, 29.68, 29.60, 

29.52, 22.92, 14.35. 

 

2-bromo-3-octylthiophene [ - ]  

This compound was made according to literature procedure.22 The reaction 

was performed under nitrogen atmosphere and exclusion of light. 5.0 gram 

(0.025 mol) of 3-octylthiophene was dissolved in 50 ml  cooled (ice/salt bath) 

DMF and to this mixture 4.53 gram (0.025 mol) of  N-bromosuccinimide  in 50 ml DMF was 

added dropwise over one hour. The mixture was then stirred at -4 ˚C for 4 hrs after which it 

was allowed to warm up to RT over night.  The mixture was then poured into 200 ml of 2M 

HCl solution and extracted with DCM and the combined organic layers where washed with 

brine. The solvent was removed under reduced pressure and the raw product was purified 

by a flash column (silica, hexane) and two vacuum distillation steps (105 ˚C, 1 torr). The 

product was obtained as a colorless liquid (4.17 gram, 60%). 
1H NMR (300 MHz, CDCl3) δ 7.17 (d, J=5.6 Hz, 1H), 6.79( d, J=5.7 Hz, 1H), 2.56 (t, J=7.5 

Hz, 2H), 1.65 - 1.49 (m, 3H), 1.38-1.22 (m, 12H), 0.88 (t, J=6.5 Hz, 3H). 13C-NMR (50 MHz, 

CDCl3) δ 142.23, 128.45, 125.33, 32.09, 31.16, 29.96, 29.604, 29.46, 22.89, 14.34. 

 

5,5’-dibromo-4,4’-dioctyl-2,2’-bithiophene [2.11] 

The reaction was performed under dry conditions and under nitrogen 

atmosphere. 0.78 gram (7.7 mmol) diisopropylamide was added to 

30 ml of  dry THF and the solution was cooled to  0 ˚C.  2.8 ml of 2.5 

M n-BuLi in hexanes (7 mmol) was added dropwise keeping the 

temperature below  5 °C. The mixture was stirred for an extra 30 min 

before cooling to  -78 ˚C.  2.0 gram of  2-bromo-3-octylthiophene  (7 mmol)  in 10 ml dry 

THF was added dropwise and stirred for an additional hour at -78 ˚C, followed by the 

addition of copper(II)chloride (1.17 g, 8.6 mmol) in one portion and the mixture was stirred 

for an extra hour at -78°C. The cooling was removed and the mixture was allowed to warm 

up to RT overnight. The reaction mixture was then quenched by dropwise addition of 50 ml 
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of aqueous NH4Cl. The product was extracted with DCM and the organic layer was washed 

extensively with 2 M HCl solution,  water and brine dried with Na2SO4 and the solvent was 

removed under reduced pressure.  The crude product was purified by column 

chromatography (silica, hexane) and recrystallized from hexane yielding bright yellow 

crystals (1.26 gram, 61%). mp 38-40 ˚C.  
1H NMR (300 MHz, CDCl3) δ 6.77 (s, 2H),  2.51 (t,  J= 8.7 Hz, 4H), 1.70 - 1.41 (m, 4H),  1.42 

- 1.13 (m,  26H),  0.87 (t, J= 6.9 Hz, 6H). 13C-NMR (50 MHz, CDCl3) δ 143.18, 136.36, 

124.67, 108.07, 32.09, 29.85, 29.77, 29.59, 29.43, 22.89, 14.34. 

 

3-decylthiophene [ - ] 

This compound was made according to literature procedure.26 The reaction 

was performed under dry conditions and nitrogen atmosphere.  40.45 ml (192 

mmol) decyl bromide in 125 ml ether was added dropwise to 4.760 g (196 

mmol)  of activated magnesium in 62.5 ml ether. The resulting reaction 

mixture was refluxed for an additional 60 min and was then added dropwise to a cooled 

(ice/salt bath)  solution of 12.25 ml (130 mmol) 3-bromothiophene and 125 mg (0.23 mmol) 

Ni(dppp)Cl2. The reaction mixture was stirred overnight at room temperature. The reaction 

was quenched by slow addition of 125 ml water, followed by extraction with ether and drying 

of the ether layer with NaSO4. The solvent was removed under reduced pressure and the 

resulting crude brown oil was purified using column chromatography (silica gel, hexane) to 

give 27.90 gram (124 mmol, 95.1%) of product as a colorless liquid.  
1H NMR (CDCl3, 300 MHz): δ 7.24 (dd, J= 2.4 Hz, 3.0 Hz ,1H), 6.93 (t, J= 4.7 Hz, 2H),  2.62 

(t, J= 7.7 Hz, 2H),  1.701-1.54 (m, 2H),  1.40-1.24 (m, 14H),  0.89 (t, J = 6.4 Hz, 3H). 13C 

NMR (CDCl3, 75 MHz): δ 140.74, 125.75, 122.50, 117.24, 29.44, 28.10, 27.81, 27.24, 27.15, 

27.07, 26.89, 26.71, 20.22, 11.63 

 

2-bromo-3-decylthiophene [ - ] 

This compound was made according to literature procedure.22 The reaction 

was performed under nitrogen atmosphere and with exclusion of light. 11.98 

gram (66.8 mmol) N-bromosuccinimide (NBS) in 50 ml DMF was added 

dropwise to a stirred solution of 15.0 gram (66.8 mmol) of 3-decylthiophene in 75 ml DMF at 

RT. The mixture was then poured into 200 ml of 2 M HCl solution and extracted with DCM 

and the combined organic layers where washed with brine. The organic layer was dried over 

Na2SO4 and the solvent was removed to give 18.49 gram crude product as a clear yellow oil. 

The crude product was distilled under reduced pressure (160°C, 17 mtorr) to give 17.16 

gram (56.6 mmol, 85%) of pure product as a colorless liquid.  
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1H NMR (CDCl3, 300 MHz): δ 7.18 (d, J=5.6 Hz, 1H), 6.80 (d, J= 5.6 Hz, 1H), 2.56 (t, J= 7.2 

Hz, 2H), 1.74 - 1. 45 (m, 2H), 1.42 - 1.20 (m, 14H),  0.89 (t, J= 6.6 Hz, 3H). 13C NMR 

(CDCl3, 75 MHz): δ 141.95, 128.21, 125.07, 108.76, 35.37, 31.89, 29.73, 29.60, 29.56, 

29.39, 29.32, 29.21, 22.68, 14.11 

 

5,5'-dibromo-4,4'-didecyl-2,2'-bithiophene [2.12] 

The reaction was performed under dry conditions and nitrogen 

atmosphere. 5.32 gram (52.6 mmol) diisopropylamine was added to 

80 ml of THF and the solution was cooled to 0°C.  19.12 ml (47.8 

mmol) of 2.5 M n-BuLi in 20 ml of dry THF was added dropwise. 

The resulting mixture was stirred at 0°C for 30 min before cooling to 

-78°C and subsequent dropwise addition of 14.5 gram (47.8 mmol) 2-bromo-3-

decylthiophene in 40 ml THF. The reaction mixture was stirred 60 min at -78 °C, before  8.0 

g (58.8 mmol) copper(II)chloride was added in one portion. The reaction mixture was kept at 

-78 °C for 30 min in which the color of the reaction mixture changed from clear 

green/turquoise to clear blue to clear purple to clear brown to turbent brown. The cooling 

was removed and the reaction mixture was allowed to warm up to RT overnight. The 

reaction mixture was worked up by acidification with dilute hydrochloric acid to neutral pH 

followed by extraction with ether (3 x 150 ml), washing the combined ether layers with water 

(2 x 150 ml) followed by drying of the ether layer over NaSO4. The solvent was removed 

under reduced pressure and the resulting brown oil was purified using column 

chromatography (silica gel, hexane) to give 14.72 gram crude product. The crude product 

was dissolved in a small amount of chloroform and precipitated in methanol, cooled to 0°C, 

dried under vacuum at RT and finally recrystallized from ethyl acetate to give 12.1 gram (20 

mmol, 84%)  of product as fluffy bright yellow crystals.  
1H NMR (CDCl3, 300 MHz): δ 6.75 (s, 2H), δ 2.50 (t, J= 7.6 Hz, 4H), 1.67 - 1.43 (m, 4H),  

1.42 - 1.12 (m, 28H), δ 0.89 (t, J= 5.8Hz, 6H).  13C NMR (CDCl3, 300 MHz): δ 142.93, 

136.15, 124.41, 107.84, 31.90, 29.62, 29.53, 29.39, 29.34, 29.20, 22.69, 18.42, 14.13 
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General Polymerization procedure using Stille polymerization 30 

All reactions were performed under anhydrous conditions under a nitrogen atmosphere. To 

a three-necked flask of stirring solvent were added equal molar quantities of both 

monomers. The solution was then sparged with dry nitrogen for 10 min before the addition of 

5 mol% Pd(PPh3)4 and an additional 10 min of sparging. The mixture was heated to reflux 

and stirred for 24 h, cooled to RT, and the solvent removed by rotary evaporation. The 

remaining residue was dissolved in a minimal amount of CHCl3 and precipitated by pouring 

slowly into 1 L of CH3OH. To facilitate the precipitation, 1 ml of concentrated HCl was then 

added. The resulting slurry was stirred for an hour and the precipitate collected by 

centrifugation at 4000 rpm for 10 min and dried in vacuo. The crude polymer was then 

purified in a Soxhlet extractor using CH3OH, acetone, and CHCl3, in which the purified 

polymer dissolved before being re-precipitated into cold CH3OH and dried in vacuo. 

 

Poly(2,5-bis(3-decylthiophen-2-yl)thieno[2,3-b]thiophene) (P2-1) 

600 mg (1.3 mmol) 2.5, 774 mg (1.3 mmol)  2.12 and 75 

mg Pd(PPh3)4 were reacted in a mixture of 17 mL dry 

DMF and 80 mL dry toluene according to the general 

Stille polymerization procedure. Pure polymer (659 mg, 

87%) was  obtained as a dark red powder.   

1H-NMR (300 MHz, CDCl3) δ = 7.42-7.14 (b, 2H), 7.14-

6.91 (b, 2H), 3.01-2.41 (b, 4H), 1.98-1.52 (b, 4H), 1.52-1.13 (b, 28H), 1.05-0.73 (b, 6H). 

GPC: 10100 g/mol (Mn), 20200 g/mol (Mw), 33800 g/mol (Mz), 2.0 (PDI) 

 

Poly(2,5-bis(3-decylthiophen-2-yl)-3,4-diphenylthieno[2,3-b]thiophene) (P2-2) 

560 mg (0.9 mmol) 2.9, 545 mg (0.9 mmol)  2.12 and 59 

mg Pd(PPh3)4  were reacted in a mixture of 16 ml dry 

DMF and 75 ml of dry toluene according to the general 

Stille polymerization procedure. Pure polymer (337 mg, 

51%) was obtained as a orange powder.  

1H-NMR (300 MHz, CDCl3) δ = 7.38-6.33 (b, 14H), 2.63-

1.97 (b,4H), 1.80-1.44 (b, 4H), 1.44-0.98 (b, 28H), 0.98-0.75 (b, 6H). GPC: 3500 g/mol (Mn), 

6700 g/mol (Mw), 12200 g/mol (Mz), 2.0 (PDI) 
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Poly(2,5-bis(3-decylthiophen-2-yl)-3,4-dimethylthieno[2,3-b]thiophene) (P2-3) 

968 mg (2.0 mmol) 2.8, 1200 mg (2.0 mmol) 2.12 and 

116 mg Pd(PPh3)4 were reacted in a mixture of 32 ml 

dry DMF and 150 ml of dry toluene according to the 

general Stille polymerization procedure. Pure polymer 

(1.13 gram , 92%) was obtained as a  green powder.  

1H-NMR (300 MHz, CDCl3) δ = 7.29-6.89 (b, 2H), 3.12-2.00 (b, 10H), 1.88-1.46 (b, 4H), 

1.47-0.99 (b, 28H), 0.99-0.67 (b, 6H). GPC: 14100 g/mol (Mn), 32700 g/mol (Mw), 56000 

g/mol (Mz), 2.3 (PDI) 

 

Experimental procedure mobility measurements 

The OFETs were processed using heavily n-doped silicon wafers as bottom gate electrode, 

with a 200 nm thick thermally grown silicon oxide layer as bottom insulator with a 

capacitance of 17 nF·cm-2. Interdigitating gold source and drain electrodes were patterned 

on top of the oxide layer by conventional lithography, with a channel length that varied from 

10 to 40 �m and a channel width of 10000 �m. The oxide layer was treated with the primer 

hexamethyldisilazane (HMDS) in order to make the surface hydrophobic to improve wetting 

and prevent charge trapping at the interface. The described FET-substrates were provided 

by Philips Research Laboratories Eindhoven. P2-1, P2-2 and P2-3 were dissolved in 1,2-

dichlorobenzene and spin-coated on top of the prefabricated substrates. The films were 

annealed at 125 ºC on a hotplate for 30 minutes. Finally, 60 nm Ag was evaporated through 

a shadow mask as top gate electrode. Transfer and output characteristics of the OFETs 

were recorded in vacuum (<10-5 mbar) and in the dark at room temperature, using a Keithley 

4200 semiconductor parameter analyzer. The lowest current limit measurable by the 

Keithley 4200 is 1-10 nA. 
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Chapter 3 

Design and synthesis of functionalized 

bithiophene monomers  
 

This chapter describes the design and synthesis of the functionalized bithiophene 

monomers. The first paragraph focuses on choice of maleimide as a functional group and 

gives some information on the chemical modification of the sulfate binding protein used for 

this project. The other paragraphs describe the synthesis of the desired functionalized 

bithiophene monomer. The synthesis is accomplished in nine steps. Most of these steps are 

based on literature procedures that were modified to be compatible with our desired 

products. 
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3.1    Maleimide as a functional group for bioconjugation 

The main goal of the BioFET project was the fabrication of a biosensor based on an organic 

field effect transistor. In the previous chapter, we focused on the conjugated polymer, but 

the design of the desired biomolecule is as important. For proof-of-principle we decided to 

use simple, well-established systems. In paragraph 1.4 we presented a literature overview of 

organic sensors and showed that ion detection is one of most used and successful systems. 

We decided to replace the organic receptor by a biochemical receptor and build a BioFET 

based on simple ion-detection, using a sulfate-binding protein (SBP) from S. Typhimurium 

for this project. This protein, like most other solute-binding proteins, has a high structural 

stability (does not easy denature)1. The crystal structure has been resolved, which makes 

selective structural modification easier1.  

For covalent attachment of the protein to the surface of our BioFET, the conjugated polymer 

needs to be functionalized with groups that can react with the protein. A common target for 

protein attachment is primary amines2. They are abundant, widely distributed, easily 

modified because of their high reactivity, and often present on the surface of a protein. 

Functional groups such as N-hydroxysuccinimide esters and N-hydroxysuccinimide are 

commonly reacted with these amines. Although the abundance of these primary amines is 

favorable for easy functionalization, it reduces control over the position of the attachment. In 

most cases attachment will happen at random positions which can cause a loss of activity 

when it occurs with a primary amine that is critical for the biological activity. Attachment via a 

more selective method is therefore preferred. A well-established method for bioconjugation 

is the use of maleimide in combination with a thiol functional group3,1,2. The thiol functional 

group, which in proteins is only found in cysteines, binds selectively to maleimide. Under 

slightly basic conditions (pH 6.5 - 8) or nucleophilic catalysis, a thiolate is formed, which is a 

powerful nucleophile. This thiolate attacks the electron poor C C bond in a Michael type 

reaction, forming an intermediate carbon-centered anion (strong base). This anion picks up 

a proton, yielding the thiolether as the product. The reactivity of thiolgroup is superior 

compared to hydroxyl or amine functionalities at the mentioned pH, resulting in a high 

reaction speed and good selectivity. The reaction is not limited to maleimide, other functional 

groups containing an electron deficient C=C bond can also be used. The high stability of  

maleimide is the reason for the extensive use of maleimide compared to other electron 

deficient systems.  

The wildtype SBP has no cysteine residues, but several mutants (SBP-SH) were 

constructed by M. Kuiper et al1. containing an isolated cysteine moiety. The activity of each 

of the mutants was tested and the best mutant for this project was chosen.  
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 In Chapter 2 we discussed the polymer system we consider suitable for our project. For a 

good, functional device it is important that functionalization of the polymer with the 

maleimide does not change the electronic properties of the polymer. Adding the electron 

poor maleimide directly to the polymer backbone was therefore not considered and 

functionalization at the end of the aliphatic sidechains was chosen. Bithiophene 3.1 (Figure 

3.1) was chosen as the target monomer. The double functionalization is not necessary for 

effective bioconjugation, but it is needed to obtain the symmetric monomer for our regio-

regular polymer. The retro-synthesis of this monomer is the focus of the next section. 

 

 

 

Figure 3.1 Maleimide functionalized bitihophene monomer to be synthesized. 
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3.1.1   Retro-synthesis of the maleimide functionalized bithiophene 

 

 

Figure 3.2 Basic retro-synthesis of monomer 3.1 using the newly developed coupling reaction (c) from 

Chapter 2 as the starting point.  

 

Our first and very basic retro-synthesis of monomer 3.1 is given in Figure 3.2 . The synthesis 

was designed around our newly developed coupling route which was presented in  

Chapter 2. Because of expected polymerization of the maleimide under the harsh conditions 

used during coupling (i.e., LDA), maleimide had to be added in the final step.  This ment that 

protection and deprotection steps were required. The protecting group should be stable 

towards LDA and not be affected during the bromination step.  Based on this general 

scheme we looked at each step in more detail.  

Traditional methods4,5 for the synthesis of N-alkylated maleimides involve a condensation 

reaction between an amine and maleic anhydride followed by dehydration of the 

intermediate maleamic acid (Figure 3.3a). The use of this reaction is limited by the required 

harsh reaction conditions and need for an additional step. Direct functionalization of a 

primary alcohol with a maleimide is possible using the Mitsunobu conditions4 (Figure 3.3b). 

Unfortunately Hawthorne et al. showed6 that polymeric material was obtained when using  
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Figure 3.3 Several possible routes to form N-alkylated malemide a) traditional condensation reaction 

followed by dehydration b) Mitsunobu Method c) Clevenger Method, nucleophilic substitution followed 

by deprotection. 

 

starting materials with multiple hydroxyl groups, caused by fast nucleophilic addition of the 

hydroxyl group to the C=C bond in maleimide under the Mitsunobu conditions. 

This problem could be solved by using furan-protected maleimide during the 

functionalization followed by deprotection. A similar method was developed by Clevenger 

who showed7,8 that it is possible to do a direct nucleophilic substitution reaction of alkyl 

bromides with a furan-protected maleimide using potassium carbonate as a mild base. A 

retro-Diels-Alder reaction after the functionalization then yields the desired product (Figure 

3.3c).  We decided to use the Clevenger reaction for the synthesis of monomer 3.1 because 

of the many possible substitution reactions with bromoalkanes as a starting point, extending 

our options for the future. We also suspect that brominated monomer 3.2 is more soluble in 

organic solvents than the dihydroxy analogue. 

A method for the synthesis of bromoalkylthiophenes was developed by Bäuerle et al.9 They 

applied the standard Kumada coupling between a p-(methoxy-phenoxy)alkylbromide (n=4-

10) and 3-bromothiophene, yielding the 3-(p-methoxy-phenoxy)alkylthiophene in good 

yields. Unmasking of the bromide can then be performed by refluxing in HBr and acetic 

anhydride. The complete retro-synthesis is given in Figure 3.4. 
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Figure 3.4 Retrosynthesis of the desired bithiophene monomer. (a) toluene, heat. (b) K2CO3, DMF, 

protected maleimide. (c) HBr, acetic anhydride. (d) 1. LDA, THF, 2. CuCl2, THF. (e) NBS, DMF (f) 

3-bromo-thiophene, Ni(dppp)Cl2, THF (g) Mg, THF (h) 1,10-dibromodecane, KOH, methanol. 
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3.1.2   The synthesis 

 
Figure 3.5 Synthesis of 2-bromo-3-[10-(4-methoxyphenoxy)decyl]thiophene 3.7. 

 

Using the synthetic methods described in literature9,10 we synthesized p-methoxy-

phenoxy)decylbromide 3.5 and 3-(p-methoxy-phenoxy)decylthiophene 3.6 in 72% and 

respectively 73% yield. The Kumada coupling reaction between 3-bromothiophene and 3.5 

is slow (72 h). It is therefore important to exclude water and oxygen from the reaction to 

prevent the formation of side-products, especially the homo-coupled product, which is 

difficult to remove. Selective bromination of the 3.6 was done using NBS in DMF, resulting in 

the formation of 3.7 in 61% yield. Complete removal of the overbrominated byproduct is 

difficult and, because it will not cause a problem in the next synthetic step, it was decided to 

tolerate (<5%) this impurity.  

Following our newly developed coupling method we were able to synthesize the desired 

bithiophene monomer 3.8 in 54% yield (Figure 3.6).  

The removal of the masking groups using HBr in acetic anhydride was unsuccessful. The 

authors of the original article9 already had to add a phase-transfer catalyst in the case of the 

longer-chain monomers to overcome solubility problems, but our bithiophene was just too 

insoluble to form the desired product. Switching to another protection / deprotection strategy 

could solve the solubility problems, but the extra bromination step would likely create more 

problems.  We therefore decided to develop a new unmasking method based on two reports 

(see Figure 3.7). In 1992, Bäuerle et al.11 decribed a method for end-capping thiophene 

oligomers. They synthesized 3-(p-methoxyphenoxy)butylthiophene and added this to BBr3 in 

CH2Cl2. They obtained the desired product in 75% yield, but also a small amount (less then 

1%) of 3-(4-bromobutyl)thiophene. In 1999 Effenberger et al.12 used the 
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Figure 3.6 Dimerization of 3.7 using the newely developed route of Chapter 2. 

 

Figure 3.7 Demasking step using BBr3; a). Bäuerle et al. Adv. Mater. 4, 102 (1992) b) Effenberger et al. 

Synthesis 6, 953 (1999) c). This thesis.  
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same procedure for a protected α-(2-thienyl)alkane (n=20), they only obtained the 

unmasked product in good yields (86%). From these two reports, we concluded that it 

should be possible to use BBr3 to unmask the terminal bromine atoms as long as the 2-

position of the thiophene is blocked to prevent intermolecular Friedel-Crafts alkylation. The 

mechanism was not discussed by Mimura and Bäuerle but is likely similar to the hydroxyl 

demethylation reaction using BBr3 that is often used in the synthesis of pharmaceutical and 

fine chemicals.  

   

 

 

Figure 3.8 Deprotection using BBr3, proposed mechanism. 

The mechanism13 of this ether cleavage has been reported in literature and it is generally 

accepted that it occurs via a Lewis acid activation of the ether bond, followed by the 

intramolecular nucleophilic attack, resulting in the demethylated product and methyl bromide 

(Figure 3.8). If we apply this mechanism to our product we end up with the desired 

deprotected and brominated product 3.9 (Figure 3.7c). We used one equivalent of BBr3, 

which resulted in the formation of the desired product in 56% yield. In theory one equivalent 

of BBr3 can perform the deprotection three times, but we found out that using half of an 

equivalent resulted in lower yields. The presence of 1,4-dihydroxybenzene in the crude 

reaction mixture suggests that demethylation occurs in addition to the desired deprotection. 

This is probably the reason for the lower yields of monomer 3.9  

The literature synthesis14,15 of furan-protected maleimide involves heating of furan and 

maleimide in ether at 90 oC in an autoclave for 10 h. Unfortunately the reported yield is low 

(27%) and we therefore decided to use a slightly different approach. Simmons et al. 

reported16 the successful Diels-Alder coupling of different alkyl furans and n-functionalized 

maleimides in acetone at 55 oC. They obtained the coupled products, as the more stable 

exo-isomers, in good yields (70-96%).  



Chapter 3 

84   

Applying these reaction conditions to a mixture of methylfuran and maleimide overnight 

resulted in the formation of the methylfuran-protected maleimide in 74% yield. Also in our 

case one product is formed, as shown by 1H-NMR (Figure 3.9). The very small coupling 

constant of peak d of J=1.8 Hz indicated that this product is also the exo-product. The large 

angle (80o vs 35o) between proton d and e in the exo-product reduces the overlap of the C-H 

orbitals, reducing the coupling constant, which is seen in the 1H-NMR of product 3.10 

(Figure 3.9)17,18. 

Functionalization of the bithiophene unit 3.9, using this protected maleimide, was done by 

stirring 1.2 eq of the protected maleimide (3.10) with potassium carbonate in DMF overnight, 

resulting in the desired bithiophenes 3.11 in 89% yield. Deprotection to the final maleimide 

functionalized product 3.1 was performed by refluxing the product overnight in toluene 

(Figure 3.10). After solvent removal and a small column, 3.1 was obtained in 71% yield. 1H-

NMR showed that the deprotection was almost complete (Figure 3.11). Complete removal of 

the non-deprotected product, however, was unsuccessful. 
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Figure 3.9 1H-NMR of methylfuran-protected maleimide 3.10 showing only the more stable exo-product. 

*residual unprotected maleimide. Including a blow-up of peak d..  

 

 

Figure 3.10 Functionalization of 3.9 forming the final product 3.1. 
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Figure 3.11 1H-NMR spectra of the functionalization process of monomer 3.1. *residual monomer 3.11. 
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3.2   Conclusion 

We successfully synthesized monomer 3.1. The synthesis was performed in nine steps, 

involving a masking step, synthesis of the functionalized thiophene, coupling of the 

thiophene to form bithiophene, functionalization with a protected maleimide, followed by 

deprotection.  

The modified McCulloch coupling developed in Chapter 2 proved to be a very useful 

coupling method also for functionalized thiophenes and resulted in the formation of the 

masked monomer 3.8. 

Demasking using HBr in acetic acid was unsuccessful, but the use of BBr3 in CH2Cl2 was 

found to be a suitable alternative for the monomer. A better understanding of the mechanism 

is important for further improvements of both the reaction and its yield.  

After demasking, monomer 3.9 was formed, which is an important synthon for other 

functionalized bithiophenes. The symmetry of the monomer makes it an ideal candidate for 

research where regio-regular polymers or oligomers are needed. Monomer 3.9 was made 

on a gram scale, which is important for possible commercial applications. 

Functionalization of monomer 3.9 was done using the Clevenger procedure with methyl-

furan protected maleimide. This protected maleimide was made using the modified 

Simmons reaction which proved to be very useful. Product 3.10 was obtained as the stable 

exo-product in good yields. The final step of the synthesis involves heating 3.10 to perform a 

retro Diels-Alder reaction yielding the desired monomer 3.1.  

Although each individual step of the synthesis of monomer 3.1 has an average to good yield, 

the need for a total of nine steps, meant that only batches of several hundred milligrams of 

product 3.1 could be synthesized. Time-wise the synthesis of 3.6, starting at 3.4 is the most 

rate limiting, which is caused by the slow Kumada coupling. Replacing these steps would be 

most beneficial for the total synthesis.  
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3.3   Experimental 

 

Measurements 

NMRs were measured using a Varian VXR-300 (300 MHz) or a Varian Gemini-200 (200 

MHz) instrument at 25 ˚C. FT-IR spectra were recorded on a Nicolet Nexus FT-IR 

spectrometer. Solids were measured in KBr using a Smart Collector DRIFT setup. ATR-IR 

spectra where recorded on a Bruker IFS88.  

 

Materials and Methods 

All reagents and solvents were purchased from commercial sources and used without 

further purification unless indicated otherwise. Kumada, Stille, and Suzuki coupling reactions 

were performed under dry conditions and nitrogen atmosphere 

 

 

1-[(10-bromodecyl)oxy]-4-methoxybenzene [3.5] 

This compound was made according to literature procedure.10 To 100 gram of 

1,10-dibromodecane (0.33 mol) was added 20.7 gram (0.17 mol) of n-

methoxyphenol. The mixture was heated until both starting materials where 

molten (60 °C). The mixture was stirred and 8.0 gram (0.2 mol) NaOH,  dissolved 

in 100 ml MeOH, was added dropwise. The resulting mixture was refluxed for 6 

hrs, cooled to RT and then precipitated into water. The product was extracted 

with 3x 200 ml of chloroform, washed with water and brine, dried (MgSO4) and the solvent 

was removed in vacuo. The product was purified via distillation under reduced pressure (160 

°C - 170 °C (8 mTorr)) followed by recrystallization from hexanes. Yield 40.7 gram (0,12 mol, 

72%).  
1H NMR (300 MHz, CDCl3) δ = 6.81 (s, 4H), 3.88 (t, J=6.5 Hz, 2H), 3.75 (s, 3H), 3.39 (t, 

J=6.8 Hz, 2H), 1.92 – 1.78 (m, 2H), 1.79 – 1.66 (m, 2H), 1.16-1.50 (m, 13H). 13C NMR (50 

MHz, CDCl3) δ = 153.87, 153.50, 115.63, 114.82, 68.84, 55.95, 34.24, 33.04, 29.65, 29.59, 

29.56, 28.95, 28.37, 26.25.  
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3-[10-(4-methoxyphenoxy)decyl]thiophene [3.6] 

This compound was made according to literature procedure.9  The reaction 

was performed under dry conditions and nitrogen atmosphere. To 150 ml of 

dry THF was added 20 gram of 3.5. The mixture was stirred until a clear 

solution was obtained. In a second flask 1.82 gram of magnesium was 

activated for several hours by stirring with broken glass. The magnesium turns 

black when correctly activated. To the activated magnesium the solution of 20 

gram 3.5 in 150 ml of THF was added dropwise and the mixture was heated to 

reflux. After refluxing overnight, the product was transferred via a cannula to a 

cooled (0 °C) mixture of 9.1 gram of 3-bromothiophene in 20 ml of dry THF and 352 mg of 

Ni(dppp)Cl2. The mixture was stirred at 0 °C for 2 hrs and then refluxed for 48 h. The mixture 

was cooled to RT and while cooling (ice), 100 ml of saturated NH4Cl was added dropwise. 

The water layer was extracted with 3x 100 ml dichloromethane and the extract was washed 

with 2x 100 ml water and once with 100 ml of brine. The solution was dried (MgSO4) and the 

solvent was removed. The product was purified using column chromatography (silica, DCM / 

heptane 1:1) followed by recrystallization from methanol. Yield 14.00 gram of white powder.  
1H NMR (300 MHz, CDCl3) δ = 7.22 (dd, J=4.9, 3.0 Hz, 1H), 6.92 (d, J=4.1 Hz, 2H), 6.81 (s, 

4H), 3.88 (t, J=6.5 Hz, 2H), 3.75 (s, 3H), 2.60 (t, J=7.5 Hz, 2H), 1.82 – 1.67 (m, 2H), 1.67 – 

1.49 (m, 2H), 1.49 – 1.19 (m, 14H). 13C NMR (50 MHz, CDCl3) δ = 153.64, 153.28, 143.38, 

128.26, 125.00, 119.73, 115.40, 114.58, 68.64, 55.71, 30.53, 30.26, 29.52, 29.48, 29.40, 

29.37, 29.29, 26.03.  

 

2-bromo-3-[10-(4-methoxyphenoxy)decyl]thiophene [3.7] 

The reaction was performed in the dark. To 200 ml of chloroform was added 15 

gram (43.4 mmol) of 3-[10-(4-methoxyphenoxy)decyl]thiophene. The mixture 

was stirred until everything was dissolved and then cooled to 0 °C. 100 ml of 

acetic acid was then added and 8.9 gram (50.0 mmol) of NBS was added in 

portions over one hour. The reaction was stirred at 0 °C for 3 h then allowed to 

warm up to RT overnight. The mixture was precipitated in 300 ml of  

2 M HCl. The layers where separated and the organic layer was washed 

several times with 2 M HCl, water,  and brine. The solution was  dried (MgSO4) 

and the solvent was removed in vacuo. Yielding a redish oil. Removal of the byproducts was 

done by recrystallization at RT from hexanes, filtration and then removal of the solvent. 

Yielding 14.0 gram (32.9 mmol, 76%) of slightly yellow oil.  
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1H NMR (300 MHz, CDCl3) δ = 7.16 (d, J=5.6 Hz, 1H), 6.81 (s, 4H), 6.77 (d, J=5.6 Hz, 1H), 

3.88 (t, J=6.5 Hz, 3H), 3.75 (s, 3H), 2.54 (t, J=6.5 Hz, 3H), 1.83 – 1.66 (m, 2H), 1.66-1.48 

(m, 2H), 1.48-1.21 (broad, 12H). 13C NMR (50 MHz, CDCl3) δ = 153.60, 153.25, 141.88, 

128.17, 125.08, 115.36, 114.55, 108.73, 68.59, 55.66, 29.66, 29.34, 29.14, 26.00. 

 

5,5'-dibromo-4,4'-[10-(4-methoxyphenoxy)decyl]-2,2'-bithiophene [3.8] 

The reaction was performed under dry conditions and under 

nitrogen atmosphere. 3.4 gram (33 mmol) diisopropylamine was 

added to 80 ml of dry THF and then cooled to 0 °C. 12 ml (30 mmol) 

of n-BuLi (2.5 M) was added dropwise (T < 5 °C). After addition, the 

mixture was stirred for an extra hour, cooled to -78 °C and 12.0 

gram (28 mmol) 3.7 in 40 ml dry THF was added dropwise over 30 

min. The mixture was stirred at -78 °C for an hour and then 12.0 

gram (89 mmol) of CuCl2 was added at once and the reaction was 

allowed to warm-up overnight. The reaction was quenched by 

addition of 100 ml of water. The product was extracted with DCM 

and the organic layer was washed several times with 2 M HCl to 

remove the copper salts. The organic layer was then washed with 

brine and dried (Na2SO4) and the solvent was removed in vacuo. 

The crude product was further purified using flash column 

chromatography (silica, CH2Cl2/hexane 1:1), followed by recrystallization from 90 ml ethyl 

acetate. Yielding 6.4 gram (7.55 mmol; 54%) of pure product.  
1H NMR (300 MHz, CDCl3) δ = 6.81 (s, 8H), 6.75 (s, 2H), 3.88 (t, J=6.5 Hz, 4H), 3.74 (s, 

6H), 2.49 (t, J=7.6 Hz, 4H), 1.87 – 1.63 (m, 4H), 1.53 (s, 4H), 1.48 – 1.12 (m, 20H). 13C 

NMR (50 MHz, CDCl3) δ = 153.60, 153.26, 142.93, 136.13, 124.44, 115.38, 114.57, 107.84, 

68.62, 55.72, 29.60, 29.52, 29.45, 29.38, 29.34, 29.16, 26.04. ATR-IR (cm-1):  2928, 2916, 

2850, 1507, 1463, 1442, 1417, 1390, 1230, 1180, 1103, 1037, 1026, 1013, 821, 791, 744, 

723, 643, 635, 617 
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5,5'-dibromo-4,4'-bis(10-bromodecyl)-2,2'-bithiophene [3.9] 

The deprotection was based on two literature procedures.11,12 The 

reaction was performed under dry conditions and under nitrogen 

atmosphere. To 50 ml of dry CH2Cl2 was added 4.0 gram (4.72 

mmol) of 3.8. 10 ml of a 1M solution of BBr3 (CH2Cl2) was added 

dropwise and the resulting green solution was stirred for 30 min at 

RT. The mixture was  refluxed for 1.5 h, cooled to RT and 

hydrolyzed by addition of 40 ml of saturated NH4Cl. Extra CH2Cl2 

was added and the layers were separated. The organic layer was washed with water, 

saturated NaHCO3 solution and brine. The solution was dried and the solvent was removed. 

The crude product was further purified using column chromatography (silica, hexanes) and 

recrystallized from 15 ml of ethyl acetate yielding 1.65 gram (3.07 mmol, 65%) of white 

powder.  
1H NMR (300 MHz, CDCl3) δ = 6.77 (s, 2H), 3.40 (t, J=6.8 Hz, 4H), 2.51 (t, J=7.6 Hz, 4H), 

1.95 – 1.73 (m, 4H), 1.57 (m, 4H), 1.48 – 1.17 (m, 20H). 13C NMR (50 MHz, CDCl3) δ = 

143.14, 136.36, 124.66, 108.09, 34.32, 33.04, 29.81, 29.75, 29.62, 29.55, 29.36, 28.97, 

28.39. ATR-IR (cm-1): 2921, 2848, 1530, 1462, 1431, 1405, 1292, 1273, 1248, 1226, 1193, 

1008, 939, 822, 756, 822, 724, 642, 633, 618, 605 

 

 

1-methyl-10-oxa-4-azatricyclo[5.2.1.02,6]dec-8-ene-3,5-dione [3.10] 

This compound was made  by a modification of the literature literature 

procedure.26 To 50 ml of acetone was added 4.85 gram (50 mmol) 

maleimide and 4.92 gram (60 mmol) of methylfuran. The mixture was 

heated to 55 °C for 24 h. The acetone was removed under reduced 

pressure (RT). The product was further purified using column 

chromatography (silica). The unreacted methylfuran and maleimide was removed using 

ethyl acetate/hexane 1:1, the product was obtained upon elution with ethyl acetate. Yield 6,7 

gram (37 mmol, 74%) of a white powder.  
1H NMR (300 MHz, DMSO) δ = 11.14 (s, 1H), 6.52 (dd, J=5.6Hz, 1.8 Hz, 1H), 6.35 (d, J=5.5 

Hz, 1H), 4.99 (d, J=1.8 Hz, 1H), 2.97 (d, J=6.4 Hz, 1H), 2.70 (d, J=6.4, 1H), 1.56 (s, 3H). 13C 

NMR (75 MHz, DMSO) δ = 177.85, 176.59, 140.33, 136.96, 87.54, 80.10, 51.71, 50.42, 

15.53 
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. 

5,5'-dibromo-4,4'-bis(10-(1-methyl-10-oxa-4-azatricyclo[5.2.1.02,6]dec-8-ene-3,5-

dionedecyl))-2,2'-bithiophene [3.11] 

To 30 ml of DMF was added 1.0 gram (1.28 

mmol) of 3.9, 0.5 gram (2.8 mmol) of 3.10 and 

375 mg (2.8 mmol) of K2CO3. The mixture was 

stirred for 24 h under nitrogen atmosphere and 

then poured into water. The product was 

extracted with ethyl acetate and the organic layer 

was washed several times with water and brine. 

The solvent was removed and the crude product 

was purified using column chromatography 

(silica, ethyl acetate/hexanes 1:1). Drying under 

reduced pressure at RT resulted in 1.1 gram 

(1.14 mmol, 89%) of off-white product.  

1H NMR (300 MHz, CDCl3) δ = 6.74 (s, 2H), 6.47 (dd, J=5.5, 1.3 Hz, 2H), 6.28 (d, J=5.6 Hz, 

2H), 5.15 (s, 2H), 3.44 (t, J=7.3 Hz, 4H), 2.91 (d, J=6.4 Hz, 2H), 2.66 (d, J=6.4 Hz, 2H), 2.48 

(t, J=7.3 Hz, 4H), 1.69 (s, 6H), 1.62 – 1.40 (m, 8H), 1.24 (m, 24H). 13C NMR (50 MHz, 

CDCl3) δ = 176.50, 175.26, 143.16, 140.77, 137.10, 136.34, 124.66, 108.03, 88.31, 80.83, 

50.71, 49.53, 39.07, 29.83, 29.75, 29.61, 29.53, 29.39, 29.26, 27.80, 26.81, 15.88.  ATR-IR 

(cm-1):  2925, 2854, 1770, 1695, 1438, 1400, 1347, 1264, 1165, 1143, 1104, 1070, 980, 

946, 912, 891,870, 844, 732, 702, 679, 649, 621, 612 
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1,1'-[(5,5'-dibromo-2,2'-bithiene-4,4'-diyl)didecane-2,1-diyl]bis(1H-pyrrole-2,5-dione) 

[3.1] 

To 40 ml of toluene was added 1.0 gram (1.03 mmol) of 3.11. 

Te solution was refluxed and the reaction was followed using 

TLC (hexanes / ethyl acetate 3:1). After 3 h the deprotection 

was complete and the solvent removed. The crude product 

was further purified using column chromatography (silica, 

hexanes/ethyl acetate 3:1). Yield: 568 mg (0.73 mmol, 71%) of 

a slightly yellow solid.  
1H NMR (300 MHz, CDCl3) δ = 6.75 (s, 2H), 6.65 (s, 4H), 3.48 

(t, J=7.3 Hz, 4H), 2.48 (t, J=7.6 Hz, 4H), 1.66 – 1.39 (b, 8H), 

1.39 – 1.10 (b, 24H). 13C NMR (50 MHz, CDCl3) δ = 171.11, 143.13, 136.32, 134.22, 124.63, 

108.03, 38.12, 29.83, 29.73, 29.64, 29.62, 29.52, 29.36, 29.29, 28.74, 26.92. ATR-IR (cm-1):  

3086, 2920, 2849, 1693, 1541, 1445, 1406, 1368, 1335, 1184, 1122, 1009, 836, 816, 728, 

694, 670, 644, 631, 618 
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Chapter 4 

Synthesis of maleimide functionalized 

conjugated polymers  
 

Chapter 3 described the synthesis of monomer 3.1. This chapter focusses on the synthesis 

of the conjugated polymer based on this new monomer. It will start with a review of the 

literature on conjugated polymers that contain maleimide moieties and will then show the 

results of our first polymerization experiments.  

The first polymerization experiments resulted in insoluble polymer and the question whether 

the insolubility is related to photo-induced side-reactions or to another cause will be 

addressed.  

This chapter will also present the results on the post-functionalization of two conjugated 

polymers with Michael acceptors. Analysis of these polymers by MALDI-TOF MS revealed 

the need for a better understanding of the Stille-polymerization before a polymer with a  

well-defined structure can be synthesized.  
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4.1   Conjugated polymers containing maleimide; literature 

review 

It is general knowledge1 that maleimide is a great candidate for the selective binding of 

biomolecules. In Chapter 1 of this thesis we reported the work of several groups on the use 

of maleimide for this purpose. There are few examples of molecules with a conjugated 

backbone; these are presented here.  

Li et al. presented2 an extensive paper on the functionalization of polythiophenes for the use 

in a (bio)sensors in 2005. They synthesized several functionalized thiophene polymers by 

electropolymerization and, in addition to other groups, they also included the polymerization 

of a maleimide-functionalized monomer (1-(11-thiophene-3yl-undecyl)-pyrrole-2,5-dione) 

4.1. During electropolymerization radical cations are formed which could induce 

polymerization of the maleimide, but according to their analysis by (FT-IR) the maleimides 

did not react. They further proved this by anchoring redox active groups, chromophores, and 

metal recognizing groups to their polymer and showed that these groups where still active 

on the polymer. The immobilization of the polymer limited the possible analytic methods for 

the analysis of its structure and no estimate was given of what percentage of the maleimides 

was functionalized. 

Ak et al. published3 their result in 2006. They made an electrochromic device based on 

(co)polymers 4.2, 4.3 made from N-(4-(3-thienyl methylene)-oxycarbonylphenyl)maleimide 

and thiophene. These polymers where also synthesized using electropolymerization. 

Structural analysis was done via FT-IR. The maleimide was not used for further 

functionalization as was done by Li. In 2007 they presented a follow up article4. 

An article of more interest was published in 2006 by Swager et al.5 on the synthesis of 

poly(phenyleneethynylene)s (PPE) with masked Michael acceptors 4.4. They used a system 

(similar to ours) with furan-protected maleimide for the functionalization of their aryl diiodide 

monomers. These monomers where then co-polymerized using a Sonogashira-Hagihara 

cross-coupling reaction at room temperature to prevent deprotection. According to Swager 

the protection is needed because Pd(0) can catalyze the coupling between organo halides 

with olefins (Heck reaction). They based their results on initial test polymerization under 

Sonogashira-Hagihara reaction conditions with maleimide groups present which produced 

low molecular weight polymers (Mn ~3000). They found that after protection of the maleimide 

the molecular weight of their homo- and copolymers increased to 8000-11000 (GPC). 

Deprotection was done in refluxing THF followed by in-situ functionalization by the addition 

of a thiolated 6-carboxy-X-rhodamine dye. Functionalization was checked by fluorescence, 
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UV-absorption and GPC. It was estimated that the loading of the maleimide was 5-42%. 

Unfortunately no polymer yields or NMR data were given.  

In 2008 Lee presented6 water-soluble PPE polymers containing maleimides 4.5 that were 

very similar to those of Swager. They also used protected maleimide in their synthesis. The 

polymerization was performed for 48 h at 50 °C. The molecular weight of their polymers 

ranged from 11000-14000, but the yields where low; 14% for there PPE polymer with 

pendant protected maleimides. Although they claimed to have synthesized maleimide-

functionalized PPEs, they did not report the actual deprotection to maleimide.  

To our knowledge these are the only known conjugated polymers which are functionalized 

with maleimides. The low yields, lack of structural information, and unreported deprotection 

steps might indicate that functionalization with maleimides is more complicated than 

expected, but the results shown by Swager show that it should be possible to obtain 

conjugated polymers functionalized with active maleimides.  

Figure 4.1 Conjugated polymers containing maleimide or protected maleimide as presented in literature.  
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4.2   First co-polymerization experiments using monomer 3.1  

4.2.1   Synthesis  

 

 
Figure 4.2 Copolymerization using the Stille coupling of monomer 2.5 and 3.1, forming polymer P4-1. 

  

After the successful synthesis of bithiophene 3.1 came polymerization (Figure 4.2) in the 

synthesis of our bioresponsive material for the Bio-FET. We have shown several reports of 

successful polymerization of conjugated monomers with maleimide sidegroups. None of 

those use the Stille-coupling for the polymerization, but with the large tolerance for functional 

groups, this was not expected to be a problem. Swager proposed the use of the protected 

monomer at low reaction temperatures to prevent a Heck side reaction, fortunately for us the 

Stille-coupling does not require a base and the unprotected monomer could be used.  

The polymerization was performed using a well-established Stille-coupling procedure with 

tetrakis(triphenylphosphine)palladium(0) as the catalyst in a mixture of DMF and toluene 

(1:3). Because of the importance of oxygen-free reaction conditions the polymerization 

mixture was degassed several times and the reaction was performed under nitrogen 

atmosphere for 24 h at 130 °C in the dark.  

The polymerization proceeded not noticeably different from the non-functionalized monomer 

version; within an hour the color had shifted from pale yellow to light orange and after 24h 

the solution was deeper orange—no precipitate was visible. The polymer was then 
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precipitated in methanol giving orange / brown flakes. Unfortunately after careful drying in 

vacuum at room temperature the polymer could not be re-dissolved (black powder) in any of 

the common organic solvents and more polymerization tests gave the same result.   

 

4.2.2   IR analysis7,8,9,10,11,12,13,14,15,16,17,1 

 

Figure 4.3 ATR-IR specroscopy of (a) P4-1, (b) maleimide functionalized bithiophene 3.1, (c) protected 

maleimide functionalized bithiophene 3.11 (d) methyl-furan protected maleimide 3.10 (e) P2-1. 

The insoluble polymer P4-1 was analyzed using ATR-IR and compared with spectra of the 

non-functionalized polymer P1-1, the metylfuran-protected maleimide 3.10, protected 

maleimide functionalized bithiophenes 3.11, and the maleimide functionalized bithiophene 

3.1. The spectra are shown in Figure 4.3. The ATR-IR spectra of P4-1 (a), P1-1 (e), 3.11 (c) 

and 3.1 (b) show the typical absorption peaks for the thiophene backbone and alkyl side 

chains3. The weak band originating from the stretching of the aromatic hydrogens can be 

found at around 3080 cm-1 and that of the alkyl hydrogen atoms at 2980-2790 cm-1. The 

bands of the CH2 and CH3 bending vibrations can be found around 1480-1330 cm-1 and the 
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band at 820 cm-1 represents the =C-H in-plane bending typical for thiophene oligomers and 

polymers.  A strong absorption band in spectra (a-d) originating from the asymmetric C=O 

stretching vibration of the imide (from the (protected) maleimide) can be seen at 1700 cm-1. 

The weak band at 1771 cm-1 originates from the symmetric C=O stretching vibration. 

According to Matsou18, this band is less defined for N-substituted maleimides compared to 

N-substituted succinimides. The spectra of 3.10 (d) and 3.11 (c), both compounds 

functionalized with succinimides, indeed show a more pronounced band at ~1770 cm-1 

compared to spectrum (b) of the maleimide functionalized monomer. Spectrum (a) of the 

insoluble polymer shows a higher intensity band than for the monomer (b), which could 

indicate the partial formation of succinimide and / or cross-linking or polymerization of the 

pending maleimides. The formation of succinimides during the polymerization of maleimides 

is often accompanied by a decrease in the intensity of the band at 1149 cm-1 assigned to 

maleimide and the increase of a band at 1180cm-1, related to succinimide. Unfortunately 

these bands overlap with the bands of the polymer backbone and side chain, preventing 

accurate determination in this case. For a final indication we looked at the ring deformation 

vibration of maleimide, which has a distinct band at 690 cm-1. The inset in Figure 4.3 shows 

that for the insoluble polymer (a) and the maleimide functionalized monomer (b) this band is 

indeed found in the spectra, while in spectrum (c) of the monomer with protected maleimide, 

this band is absent. This means that if cross-linking or polymerization of the maleimide 

occurs, as indicated by the increase of the band at 1770 cm-1, it is not complete.  

Although the ATR-IR experiments could not give conclusive results, the (partial) cross-

linking of the pendant maleimide functionalities could be the reason for the insolubility. 

Polymerization of maleimide moieties can be induced thermally, anionically or via UV-

absorption. Thermally induced polymerization of maleimide, according to the literature15, 

starts at 180 °C and should therefore not be a problem. The absence of a strong base 

should also have prevented anionic polymerization, leaving only photo-induced 

polymerization as the cause. We performed the polymerization under the exclusion of light 

and prevented direct irritation with UV-light. Still, complete exclusion of visible light could not 

be prevented. We decided to further investigate this option. The next sections, 4.2.3, 4.2.4 

and 4.2.5 describe an overview of the literature and, based thereon, we will present our 

thoughts on a possible cross-linking mechanism. 

From the literature it is clear that polymerization of N-functionalized maleimide (MI) is very 

common and can take place via different mechanisms. Beside the anionic 

polymerization19,20 using a strong base (n-BuLi complex), photo-induced radical 

polymerization is a very important mechanism for the synthesis of homo- and alternating co-

polymers21,22,23,24,13,25,26.  
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4.2.3   Photo-induced polymerization of N-functionalized maleimide 

 

Figure 4.4 (co)polymerization and dimerization of maleimide upon UV-irradiation. a.) Co-polymerization 

of maleimide and an electron– rich vinyl monomer, b.) Homo-polymerization of maleimide via hydrogen 

transfer c.) Dimerization of maleimide via a biradical intermediate.   

 

In recent years most research efforts have focused on the photoinitiator-free polymerization 

of maleimide/vinyl ether systems as a way to obtain UV curable, non-acrylate polymer 

systems27,28,26,25,13 . This approach is entirely based on the fact that MI is a special class of 

vinyl monomers. They have a very strong electron acceptor character due to the two 

carbonyl groups attached to the double bond. In combination with electron-rich monomers 

like vinyl ethers (VE), they form a donor-acceptor complex which, upon UV-radiation, will 

polymerize and form an alternating polymer. It is important to notice that vinyl ethers are 

transparent to UV-radiation and the radiation therefore is only absorbed by the MI monomer. 

In the beginning there was much speculation on the exact mechanism, but the following 

mechanism is now been generally accepted28,13,25,26: upon exposing the DA complex to UV-

light, a MI triplet exited state is formed. This triplet state is quenched by a hydrogen 

abstraction from the VE, resulting in a MI radical and a α-ether VE radical, which can initiate 
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polymerization (Figure 4.3a). Besides the common direct hydrogen transfer, indirect 

hydrogen transfer is also known, but this process is much slower. The triplet excited state of 

the MI is quenched by hole transfer from a vinyl donor to the MI tripled excited state followed 

by an additional hydrogen abstraction. This results in a radical anion.  

It was found that the homopolymerization of MI is much slower than the copolymerization. 

As long as the VE monomer is in excess only limited homopolymerization was found. When 

no VE monomer is present in the reaction mixture it is still possible to get photo-induced 

polymerization. If the MI monomer contains labile hydrogen atoms the polymerization 

proceeds via scheme (b) presented in Figure 4.4.  

When there are no labile hydrogens, [2 + 2] cycloaddition can still give dimerization22,23,24. 

The dimerization process also proceeds via the triplet excited state of the MI monomer, but 

lacking hydrogen transfer, its energy is released via this cyclization step (Figure 4.4c) The 

dimerization product is a chain terminator and no further polymerization occurs. This 

process of the dimerization of MI is used in the field of graphic arts. Polymers with pendant 

MI groups are used as a negative photoresist and upon UV-irradiation the unprotected areas 

starts cross-linking, resulting in a insoluble material. It was shown that it only takes 4% of 

cross-linking to obtain material that is completely insoluble22.  

From these three mechanisms cross-linking via the third option seems the most likely for our 

polymer, although no direct UV-irritation was applied. This means that the formation of a 

triplet excited state or radical has to occur via a different mechanism.  

 

4.2.4   Fluorescence quenching; photo induced electron transfer 

It is known29,30,31,32,33,34 that maleimide can quench fluorescence. This fluorescence 

quenching has been used as a tool in the fluorescence labelling of proteins. In the 

conjugated form maleimide will quench the fluorescence of covalently attached fluorophores, 

but after the addition of, for example cysteine, the resulting succinimide group no longer 

quenches. Understanding this quenching mechanism is, of course, important for the design 

and synthesis of new fluorescence labels, but the exact mechanism of this process has 

been unknown for a long time. Keillor et al.29 were among the first to look into the 

mechanism. From the three distinct pathways fluorescence can be quenched—namely, 

Förster energy transfer, Dexter energy transfer, and photoinduced electron transfer (PET)—

they found proof that PET is the most likely pathway. According to Keillor the process is as 

follows: After photon absorption the fluorophore is in the singlet excited state. The maleimide 

must then diffuse to an excited fluorophore. When the maleimide is close enough to the 

fluorophore and electron transfer occurs, the fluorescence is quenched. 
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For a specific dansylamide fluorophore and maleimide system Keillor calculated that the 

back electron transfer is slightly more favourable, which prevents charge separation. This 

process of fluorescence quenching by maleimide is described in the literature primarily for 

small molecules like phthalimide, naphthopyranone or pyrene derivatives.  

 

 

 

Figure 4.5 Schematic representation of intramolecular charge transfer of a D-A material. 

 

4.2.5   Discussion; possible cross-linking mechanism 

Although the polymerization and fluorescence quenching by maleimide seem to be two 

different topics, they are closely related. In both polymerization and fluorescence quenching 

we have seen that maleimide plays an important role as electron deficient moiety. We also 

know that for the (co)polymerization of MI, excitation of the MI to the triplet state is needed. 

The triplet excited state can then be quenched by hydrogen or electron transfer. For a fast 

initiation and polymerization, hydrogen transfer is required to obtain the desired radical 

initiator. Electron transfer gives the radical anion intermediate, but the reported slower 

initiation speed makes it a less commonly investigated system.  Still, it shows that the 

polymerization of maleimide can be initiated by radical anions though.  

Based on the results presented it is not unlikely that during our polymerization the 

conjugated backbone of the polymer acts as a sensitizer. Visible light is absorbed, causing 

excitation of the polymer chains. Diffusion of maleimides close to the polymer chains then  

can cause electron transfer. The high concentration of maleimide makes it very likely that, 

even though this initiation by radical anions is very inefficient, cross-linked material is 

formed. And because literature has shown that less then 4% of cross-linking is required 

render a system insoluble, the process does not have to be complete to obtain insoluble 

material.  
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Partial cross-linking through the maleimide moieties would also explain why the polymers 

synthesized by Li and Ak still show the IR-vibrations corresponding to unreacted maleimide. 

The low yields and poor structural analysis of Swager and Lee of their chemically 

synthesized maleimide-functionalized conjugated polymers might also be explained by the 

aforementioned process.  

Unfortunately the insolubility of the polymer prevents further structural and spectroscopical 

analysis of the polymers.  

 

4.3   Post-functionalization experiments of fluorene-co-

bithiophene systems 

4.3.1   Synthesis  

 
Figure 4.6 Synthesis and post-functionalization of P4-2. 
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After the unsuccesful synthesis of our maleimide-functionalized target polymer P4-1 via the 

direct polymerization route, we decided to test the synthesis of our polymer via  

post-functionalization. Post-functionalization can be done at mild reaction temperatures 

making it possible to obtain polymers with protected maleimides. These polymer should not 

be susceptible to cross-linking. In addition to functionalization with protected maleimide we 

decided to test the functionalization with the less strong Michael acceptor acrylate as a 

back-up.  

Since the synthesis of the bromo-functionalized bithiophene monomer takes six synthetic 

steps and since it is only possible to synthesize on a small scale (~1 gr), we decided to test 

the post-functionalization experiment first on a more simple fluorene-co-bithiophene system. 

We used the Stille-coupling for the polymerization of 5,5'-di(trimethyltin)-2,2'-bithiophene 4.6 

and 2,7-dibromo-9,9-bis(bromohexyl)-9H-fluorene 4.7. Both monomers were made via 

single-step literature procedures35,36 .  

The polymerization was performed in toluene / DMF using the same reaction conditions 

presented in Chapter 2. The polymerization yielded P4-2 in 56%.  The functionalization of 

P4-2 with acrylate (P4-3) and protected maleimide (P4-4) was done by stirring sodium 

acrylate or protected maleimide with K2CO3 in DMF for 72 h at room temperature. The 

polymers P4-2, P4-3 and P4-4 are moderately soluble in organic solvents like chloroform 

and toluene. An overview of the synthesis is given in Figure 4.6. Post-functionalization of 

polymers does not always go to completion, complicating any detailed analysis. We 

therefore also functionalized monomer 4.7 (M1) using these same conditions, yielding the 

acrylated monomer M2 and the monomer containing protected maleimide M3 in yields of 

78% and 50% respectively.  

4.3.2   NMR analysis of the synthesized polymers 

1H-NMR data of the functionalized monomers and polymers is given in Tables 4-1, 4-2 and 

4-3. Each Table shows the data of the (functionalized) monomer and polymer.  Comparison 

between the monomer and polymer spectra shows the distinct broadening of the monomer 

spectrum and loss of detail, as is expected after a polymerization. Table 4-1 shows the NMR 

data of the parent materials 9,9-bis(6-bromohexyl)-9H-2,7-dibromofluorene 4.7 and its co-

polymer P4-2. The same peaks can be found in the data of the functionalized monomer M2, 

M3 and the functionalized polymers P4-3 and P4-4, which are shown in Table 4-2 and 4-3. 

The peaks not found in the parent materials are written in italics. For M2 and P4-3 we see 

the very specific fingerprint of the CH2=CH- protons of the acrylate, for M3 and P4-4 the 

spectra are more complicated but a quick comparison with the spectra of 3.11 (Figure 3.11) 

showed a successful functionalization.  
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Table 4-1. NMR data of M1 and P4-2 (CDCl3) 

4.7 (M1) P4-2 
∆  ∆  

7.64 – 7.31  (m, 6H) 7.64 – 6.80  (14H)*  
3.28  (t, 4H) 3.40 – 3.06  (4H) 

2.08 – 1.76  (m, 4H) 2.22 – 1.87 (4H) 
1.76 – 1.57  (m, 4H) 1.80 – 1.40 (7H)* 
1.18 – 1.06  (m, 8H) 1.35 – 0.88 (9H) 

0.53 (b.s, 4H) 0.92 – 0.37 (4H) 

 
Table 4-2. NMR data of P4-2, M2 and P4-3 (CDCl3) 

P4-2 M2 P4-3 
∆  δ  ∆  

7.64 – 6.80  (14H)* 7.64 – 7.34   (m, 6H) 7.93 – 6.74   (14H)* 
  6.34  (dd, 2H) 6.44 – 6.17   (1.7H) 
  6.06  (dd, 2H) 6.14 – 5.89   (1.7H) 
  5.77  (dd, 2H) 5.85 – 5.59   (1.7H) 

3.40 – 3.06  (4H) 4.02  (t, 4H) 4.21 – 3.73   (3.7H) 
2.22 – 1.87 (4H) 2.03 – 1.79  (m, 4H) 2.22 – 1.83   (4H) 
1.80 – 1.40 (7H)* 1.57 – 1.44  (m, 4H) 1.55 – 1.28 (4H) 
1.35 – 0.88 (9H) 1.21 – 0.98  (m, 8H) 1.27 – 0.90   (9H) 
0.92 – 0.37 (4H) 0.56  (b.s, 4H) 0.85 – 0.38   (4H) 

 
Table 4-3. NMR data of P4-2, M3 and P4-4 (CDCl3) 

P4-2 M3 P4-4 
∆  ∆  ∆  

7.64 – 6.80  (14H) 7.58 – 7.31  (m, 6H) 7.87 – 6.77   (17H)* 
  6.46  (d, 2H) 6.61 – 6.63   (1.7H) 
  6.27  (d, 2H) 6.31 – 6.00   (1.7H) 
  5.12  (s, 2H) 5.27 – 4.96   (1.7H) 

3.40 – 3.06  (4H) 3.34  (t, 4H) 3.53 – 3.05   (4H) 
  2.88  (d, 2H) 2.92 – 2.69   (2H) 
  2.63  (d, 2H) 2.68 – 2.42 (2H) 

2.22 – 1.87 (4H) 1.97 – 1.80  (m, 4H) 2.18 – 1.78 (4H) 
  1.66  (s, 6H) 1.78 – 1.45   (11H)* 

1.80 – 1.40 (7H)* 1.50 – 1.24 (m, 4H) 1.46 – 1.23   (5H) 
1.35 – 0.88 (9H) 1.16 – 0.91 (m, 8H) 1.22 – 0.80   (9H) 
0.92 – 0.37 (4H) 0.52  (b.s, 4H) 0.79 – 0.19   (4H) 

 

*Higher value because of overlap with the solvent peak 
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From these NMR spectra we conclude that the functionalization was around 90% complete 

(Table 4-2 and 4-3) for both the acrylate and the protected maleimide. We did not find 

residual trimethyltin end-groups in the spectra.  

 

4.3.3   GPC analysis  

The results of the GPC analysis (against PS) of P4-2, P4-3 and P4-4 are given in Table 4-4. 

The data indicate that the polymerization reaction produced only small oligomers with an 

average length of five repeat units. No conclusions on the post-functionalization could be 

drawn from the GPC analysis. The functionalization of P4-1 with an acrylate should result in 

a reduction of the molecular weight, not an increase, while functionalization with protected 

maleimides should result in a smaller increase of the molecular weight. Difference in 

hydrodynamic volume of P4-3, P4-4 and P4-2 might be the reason for the inaccurate 

analysis. A difference in hydrodynamic volumes has been shown to cause the 

overestimation of the molecular weight of most conjugated polymers versus polystyrene.   

 

Table 4-4. GPC results P4-2, P4-3, and P4-4 

 Mn  (g/mol) Mw  (g/mol) Mz  (g/mol) D 

P4-2  3100 5800 9700 1.9 

P4-3 3500 6200 10200 1.8 

P4-4 4700 7600 12100 1.6 

  

4.3.4   Structural analysis by MALDI-TOF MS 

Beside analysis of the polymers P4-2, P4-3, and P4-4 using the common techniques  
1H-NMR and GPC, we used MALDI-TOF MS to obtain more information about the 

functionalization. The technique MALDI-TOF MS was originally designed for the analysis of 

biopolymers, but it is applied to synthetic polymers increasingly. The detailed structural 

information that can be obtained by MALDI-TOF MS makes it a powerful tool for the analysis 

of end-groups, post-functionalization and polymerization mechanisms. In the field of 

conjugated polymers, MALDI-TOF MS is used mainly to determine end-groups of polymers 

made via the GRIM method37,38,39.  More on MALDI-TOF MS on conjugated polymers is 

discussed in the next chapter. 



Chapter 4 

108   

For a correct analysis of the recorded MALDI-TOF spectra one has to realize that the 

schematic representation given for co-polymerizations (Figure 4.7a) is an oversimplification. 

It does not give any information about the end of the chains, which is exactly what 

distinguishes different polymer chains in the sample, and which is visible by MALDI-TOF 

MS. A more correct representation is given in Figure 4.7b, which shows that per repeat unit 

up to 11 possible chains are present. Side reactions such as methyl shifts, ligand 

exchanges, transmetalations, and homo-coupling increase this number further.  

 

 

 

Figure 4.7 (a) Common, but incomplete representation of co-polymerizations (b) More correct 

representation of the chain distribution in the polymer sample. 

Figure 4.8 shows the recorded spectra of P4-2 and P4-3; for unknown reasons it was not 

possible to record the spectrum of P4-4. A possible explanation is that the laser irradiation 

causes in-situ deprotection and polymerization of the maleimides. As expected the MALDI-

TOF spectra are complicated. Chains with up to eight repeat units are visible, but the high 

dispersity prevents us from making a correct statement on the length of the polymers. Still, it 

is clear that the molecular weights of the polymers are low, which was also concluded from 

GPC.  

Although the spectra are complicated,we can draw some conclusions from them. The 

spacing between the largest peaks in the spectra of P4-2 is 654 amu while for P4-2 it is 636 

amu. These differences correspond exactly to the mass of a repeat unit of each polymer. 

The difference between these values of 18 amu corresponds with 2*9 amu, 9 amu being the 

mass difference between bromine and acrylate, indicating a complete functionalization with 
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acrylate. Figure 4.8 also shows that the difference between the largest peak in the top 

(bromine) and bottom (acrylate) spectra is increasing (36 to 90 amu)—as is expected by an 

increasing degree of functionalization. The difference is exactly 2n*9 amu. 

 

 

Figure 4.8. MALDI-TOF mass spectra of polymers P4-2 (top) and P4-3 (bottom). 

Figure 4.9 shows a close-up of the spectra of chains with n=2. Using the Figure 4.7b and 

Table 4-5 we identify the largest peaks in the spectra. We made the assumption that there 

are no side-reactions during polymerization and we left out the cyclization product. X 

represents monomer 4.6 (bithiophene), while Y represent monomer 4.7 (fluorene). For a 

stochiometric polymerization one would expect the main peaks to be Sn(CH3)3(XY)nBr, but 

in our spectra we see that this is not the case. The main peaks have a higher mass which 
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corresponds nicely to H(XY)nXSn(CH3)3 which contains an extra bithiophene monomer 4.6. 

The rest of the repeating peaks can be assigned to H(XY)nSn(CH3)3, Br(XY)nSn(CH3)3, 

H(XY)nXH, and Sn(CH3)3(XY)nXSn(CH3)3. No peaks for chains with extra fluorene 

monomers were found.  

 

 

 

Figure 4.9. Close-up of the MALDI-TOF spectra of n=2 of P4-2 and P4-3. In the bottom spectrum (P4-3) 

the * shows a shift of exact 36 amu, indicating complete functionalization.  
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Table 4-5 Various type of end groups and their corresponding mass values 

No Main Chain End-group Calc. Mw 
P4-2 

Present 

    n= 2 

1 (XY)n H H 1311  

2 (XY)n Sn(CH3)3 H 1474  

3 (XY)n H Br 1391 X 

4 (XY)n Sn(CH3)3 Br 1552 X 

      

5 (XY)nX H H 1475 X 

6* (XY)nX H Sn(CH3)3 1638 X 

7 (XY)nX Sn(CH3)3 Sn(CH3)3 1801 X 

      

8 Y(XY)n H H 1801  

9 Y(XY)n Br H 1881  

10 Y(XY)n Br Br 1959  

  

From Figure 4.9 we can also draw a more detailed conclusion on the functionalization of  

P4-2 to P4-3. Each of the assigned peaks shifts 36 amu corresponding to functionalization 

with four acrylates (n=2). The close-up also shows that the functionalization is not complete 

and that some non-functionalized chains remain. With increasing chain length it becomes 

more difficult to assign the individual peaks. This is because of the increasing difference in 

the degree of functionalization. With n=5 it is possible to have chains with 1 to 10 acrylates, 

each differing in mass by only 9 amu. This broadening is clearly visible in Figure 4.8. From 

these MALDI-TOF experiments we concluded that the post-functionalization is almost 

complete in agreement with which was observed by NMR.  

When assigning the individual peaks of the MALDI-TOF spectra we made the assumption 

that no side reactions occurred during polymerization, but this is unrealistic. Reseach by 

Krebs et al.40 showed an estimated 5% Br-Br homocoupling and 15% Sn-Sn homocoupling 

occurs for each Stille reaction step. Unfortunately the trimethyltin group weighs exactly the 

same (164 amu) as monomer 4.6 and the resolution of the MALDI-TOF spectra was too low 

to perform a good isotope analysis,  which makes it impossible to draw accurate conclusions 

about side-reactions. It is somewhat strange that the main peaks in the MALDI-TOF MS 
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spectra contain tin end-groups, while analysis by 1H-NMR showed almost no tin end-groups 

present in the polymers. This could indicate that the homo-coupling is more dominant than 

expected. Homocoupling would also explain the low molecular weight and non-stochiometric 

incorporation of the monomer. More research would be needed to draw quantitative 

conclusions.  

 

4.4   Post-functionalization experiments on bithiophene-co-

thieno[2,3-b]thiophene system 

 

Figure 4.10 Copolymerization using the Stille coupling of monomers 2.5  and 3.9, forming polymer P4-5. 

 

After the successful functionalization experiments we continued with the functionalization of 

P4-5 (Figure 4.10). After polymerization and soxhlet extraction the polymer was obtained in 

65% yield. According to GPC the Mn was 5500 g/mol and the dispersity was 1.5. The 1H-

NMR spectrum of P4-5 is given in Figure 4.11. Beside the expected peaks a-e, some 

shoulders are visible. The amount of tin end-groups in the 1H-NMR is neglectable. It is 

possible that the shoulder of peak c is due the protons at the end of the polymer chain 

besides the end-groups (R1) this would mean that, based the ratio between c an c*, the 

average polymer chain is not longer than two repeat units (1484 amu). 
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Figure 4.11. 1H-NMR spectra of P-4. * unexpected shoulder which could indicate side reactions or short 

chains. 

 

 To get more information we also performed MALDI-TOF analysis of the polymer. The 

spectrum is given in Figure 4.12. The MALDI-TOF spectrum of P4-5 is more complicated  

compared to that of P4-2. Also for this polymer we see that MALDI-TOF gives an 

underestimation of the molecular weight compared to GPC and chains up to seven repeat 

units are visible. The difference between the largest peaks is 741 amu which is close to the 

expected 740 amu of the repeat unit (see Figure 4.12). Also for this polymer we tried to 

indentify each of the peaks, the results are given in Figure 4.12b, which is an expansion of 

the spectrum between 1450 – 2420 m/z. It shows that the main chains of the polymer are 

likely to be H(XY)nXH, again a non-stochiometric chain distribution, although in this case X is 

the functionalized bithiophene monomer 3.9. In contrast to polymers P4-2 and P4-3, no 

trimethyl tin end-groups are visible in the MALDI-TOF spectra.  
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Figure 4.12. MALDI-TOF analysis of P-4. Overview (top) and close-up (bottom). 
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Further analysis of the MALDI-TOF spectra showed that not all chains could be identified. 

The most common mass shift was 62 amu which equals the difference between bromine 

and hydroxy end-groups of the side chains. The replacement of part of the bromine groups 

for hydroxyl groups could also explain the presence of the shoulder of e (e*). Based on the 

ratio between e and e*, ~5% of the bromine functional groups would then be replaced. But 

because of the complexity of the MALDI-TOF spectrum we could not rule out other possible 

side-reactions as homo-coupling or elimination reactions. The complexity of the MALDI-TOF 

MS spectra made us decide not to continue with the post-functionalization experiments. 

After detailed analysis of the polymers P4-2, P4-3 and P4-5 it was clear that, for the 

synthesis of a (functionalized) conjugated polymer with a well defined structure and high 

molecular weight, this method was not suitable. To rule out the possibility that MALDI-TOF 

MS itself gives inaccurate results, (i.e. artifacts) we tested P4-5 in an organic FET and found 

very low mobilities. We decided not to go further with the post-functionalization approach 

until we could improve the properties of the parent polymer.  

 

4.5   Conclusion 

After the successful synthesis of the maleimide-functionalized monomer in Chapter 3, the 

synthesis of the functionalized polymer proved to be much more difficult than anticipated. 

Direct polymerization of the functionalized monomers resulted in insoluble polymers, most 

likely due to a photo-induced cross-linking process. Post-functionalization of the polymer 

with protected maleimide and acrylate was tested on a fluorene-bithiophene copolymer (P4-

2) and proven to be successful. However, MALDI-TOF analysis revealed that the polymers 

made via the standard Stille-coupling did not have the expected regular structure. This was 

even more pronounced for P4-5. We decided not to pursue post-functionalization further, 

because of the low mobilities obtained from FET measurements. In Chapters 5 and 6, we 

will go into detail on methods to improve the polymerization.  
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4.6   Experimental 

 

Measurements 

NMRs were measured using a Varian VXR-300 (300 MHz) or a Varian Gemini-200 (200 

MHz) instrument at 25 ˚C. FT-IR spectra were recorded on a Nicolet Nexus FT-IR 

spectrometer. Solids were measured in KBr using a Smart Collector DRIFT setup. ATR-IR 

spectra where recorded on a Bruker IFS88.  GPC measurements were done on a Spectra 

Physics AS 1000 series machine equipped with a Viskotek H-502 viscometer and a Shodex 

RI-71 refractive index detector. The columns (PLGel 5μ mixed-C) (Polymer Laboratories) 

were calibrated using narrow disperse polystyrene standards (Polymer Laboratories). 

Samples were made in chloroform at a concentration of 1 mg/ml.  MALDI-TOF 

measurements were performed on a Biosystems Voyager apparatus. Samples were 

prepared by mixing the matrix (terthiophene or dithranol, 20 mg/ml in CHCl3) and the sample 

(1 mg/5 ml in CHCl3) in a 1:1 ratio. All the samples were measured in negative ion mode.  

 

 

Materials and Methods 

All reagents and solvents were purchased from commercial sources and used without 

further purification unless indicated otherwise. Kumada, Stille, and Suzuki coupling reactions 

were performed under dry conditions and under nitrogen atmosphere.  The synthesis of 2,5-

bis(trimethyltin)-thieno[2,3-b]thiophene (2.5) can be found in Chapter 2. The synthesis of 

1,1'-[(5,5'-dibromo-2,2'-bithiene-4,4'-diyl)didecane-2,1-diyl]bis(1H-pyrrole-2,5-dione) (3.1), 

5,5'-dibromo-4,4'-bis(10-bromodecyl)-2,2'-bithiophene (3.9) and 1-methyl-10-oxa-4-

azatricyclo[5.2.1.02,6]dec-8-ene-3,5-dione (3.10) can be found in Chapter 3.  
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5,5'-bis(trimethyltin)-2,2'-bithiophene [4.6] 

This compound was made according to literature 

procedure.36 The reaction was performed under nitrogen 

atmosphere and under dry conditions. 4.71 gram (28 

mmol) bithiophene was dissolved in 35 ml of dry hexane 

and 9 ml of TMEDA. The mixture was cooled to 0 °C and 38 ml (61 mmol) of 1.6 M n-BuLi 

was added dropwise. After addition the mixture was refluxed for 30 min, cooled to 0 °C and 

11.7 gram (59 mmol) of (CH3)3SnCl dissolved in 10 ml of hexanes was added dropwise 

keeping the temperature below 5 °C. After addition, the mixture was allowed to warm-up to 

RT and was then stirred for 16 h. 50 ml of saturated NH4Cl solution was added dropwise to 

quench the reaction. The mixture was extracted with dichloromethane and the organic layer 

was washed with CuSO4, brine, and dried (MgSO4). The solvent was removed and the crude 

product was recrystallized from 20 ml of hexanes. After recrystallization 6.3 gram (47%) of 

light green product was obtained. 

1H-NMR (300 MHz, CDCl3) δ = 7.26 (d, J= 3.3 Hz, 2H), 7.07 (d, J=3.3 Hz, 2H), 0.37 (s, 

18H). 13C NMR (50 MHz, CDCl3) δ = 143.24, 137.27, 136.07, 125.07, -8.00. 

 

9,9-bis(6-bromohexyl)-9H-2,7-dibromofluorene [4.7, M1]  

This compound was made according to literature procedure.36   

2,7-dibromofluorene (3.23 g, 10 mmol) and TBAB (0.64 gram, 2.0 

mmol) was dissolved in DMSO (20 ml) under nitrogen atmosphere. 

This mixture was treated with 50% potassium hydroxide solution 

(7.5 ml) and subsequently 1,6-dibromohexane (24.4 gram, 100 mmol) was added under 

heating at 75 ˚C and stirring overnight resulting in a color change from deep red after 

addition of the KOH to turbid yellow. Cooled down to room temperature, the reaction mixture 

was poured out on ice water and extracted with DCM. The combined organic layers were 

washed with an excess of water and brine and dried over Na2SO4. The solvents were 

removed in vacuo and the crude product was purified by column chromatography using 

silica gel and petroleum ether/DCM (10:1) as the eluent. Pure product was obtained by 

recrystallization from isopropanol/methanol (3:1) as clear white rods (2.4 gram, 37%)  

mp 72-75 ˚C (lit. 73 ˚C); 1H-NMR (300 MHz, CDCl3) δ = 7.52 (dd, 4H, J= 7.7 Hz, J=12.8 Hz),  

7.44 (s, 2H),  3.29 (t, 4H, J=7.0 Hz), 1.98 – 1.85 (m, 4H), 1.67 (p, J=7.1 Hz, 4H), 1.22 (p, 

J=7.3 Hz, 4H), 1.08 (p, J=7.3 Hz, 4H), 0.58 (p, J=7.3 Hz, 2H).13C-NMR (75 MHz, CDCl3) δ = 

152.37, 139.27, 130.54, 126.29, 121.78, 121.44, 55.77, 40.27, 34.12, 32.83, 29.18, 27.98, 
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23.67. ATR-IR (cm-1):  2928, 2851, 1459, 1446, 1415, 1397, 1271, 1257, 1212, 1125, 1058, 

1004, 984, 938, 877, 834, 808, 751, 720, 638, 616  
 

 (2,7-dibromo-9H-fluorene-9,9-diyl)dihexane-2,1-diyl bisprop-2-enoate [M2] 
 

400 mg (0.61 mmol) 4.7 and 300 mg (3.2 mmol) sodium acrylate 

where mixed together in 25 ml DMF. The mixture was heated at 

50 °C for 24 h, cooled to RT and poured into 100 ml water and 

was then extracted with ethyl acetate. The solvent was removed 

and the crude product was purified using column 

chromatography (silica, ethyl acetate). After purification 304 mg 

(0.48 mmol, 78%) of a white powder was obtained.  

1H-NMR (300 MHz, CDCl3) δ = 7.62 – 7.34 (m, 6H), 6.34 (dd, J=17.3, 1.4 Hz, 2H), 6.06 (dd, 

J=17.3, 10.4 Hz, 2H), 5.77 (dd, J=10.4, 1.4 Hz, 2H), 4.02 (t, J=6.7 Hz, 4H), 2.01 – 1.81 (m, 

4H), 1.53 – 1.37 (m, 4H), 1.22 – 0.97 (m, 8H), 0.56 (s, 4H). 13C NMR (75 MHz, CDCl3) δ = 

166.48, 152.45, 139.28, 130.65, 130.50, 128.80, 126.29, 121.75, 121.43, 64.72, 55.79, 

40.33, 29.70, 28.71, 25.81, 23.78. ATR-IR (cm-1):  3091, 2928, 2854, 1741, 1634, 1597, 

1452, 1403, 1371, 1293, 1260, 1185, 1132, 1060, 1025, 1004, 978, 961, 883, 821, 809, 788, 

752, 730, 694, 672, 664, 636, 629, 618 

 

(2,7-dibromo-9H-fluorene-9,9-dihexyl)-1,2-methyl-10-oxa-4-

azatricyclo[5.2.1.02,6]dec-8-ene-3,5-dione  [M3] 

1.5 gram (2.30 mmol) of 4.7, 1.00 gram (5.6 mmol) 

3.10 and 750 mg K2CO3 (5.4 mmol) where mixed 

together in 40 ml of DMF. The mixture was stirred at 

30 °C for 24 h, cooled to RT and poured into 100 ml 

water, followed by   extraction with ethyl acetate. The 

solvent was removed (foaming!) and the crude product 

was purified using column chromatography (silica, 

ethyl acetate). After purification 968 mg (1.14 mmol, 

50%) of pure product was obtained.  

1H-NMR (300 MHz, CDCl3) δ = 7.60 – 7.29 (m, 6H), 6.46 (dd, J=5.6, 1.5 Hz, 2H), 6.27 (d, J= 

5.6 Hz, 2H), 5.12 (d, J= 1.6 Hz, 2H), 3.34 (t, J= 7.2 Hz, 4H), 2.88 (d, J= 6.4 Hz, 2H), 2.63 (d, 

J= 6.4 Hz, 2H), 2.00 – 1.80 (m, 4H), 1.66 (s, 6H), 1.37 (t, J= 6.8 Hz, 4H), 1.03 (s, 8H), 0.52 

(s, 4H). ATR-IR (cm-1):  3081, 2931, 2856, 1769, 1691, 1598, 1571, 1448, 1438, 1398, 1365, 
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1347, 1317, 1282, 1247, 1166, 1149, 1103, 1063, 1004, 980, 945, 912, 890, 871, 843, 835, 

810, 722, 676, 665, 646, 611 

 

General Polymerization procedure using Stille polymerization  

All reactions were performed under anhydrous conditions under a nitrogen atmosphere. To 

a three-necked flask of stirring solvent were added equal molar quantities of both 

monomers. The solution was then sparged with dry nitrogen for 10 min before the addition of 

5 mol% Pd(PPh3)4 and an additional 10 min of sparging. The mixture was heated to reflux 

and stirred for 24 h, cooled to RT, and the solvent removed by rotary evaporation. The 

remaining residue was dissolved in a minimal amount of CHCl3 and precipitated by pouring 

slowly into 1 L of CH3OH. To facilitate the precipitation, 1 ml of concentrated HCl was then 

added. The resulting slurry was stirred for an hour and the precipitate collected by 

centrifugation at 4000 rpm for 10 min and dried in vacuo. The crude polymer was then 

purified in a Soxhlet extractor using CH3OH, acetone, and CHCl3, in which the purified 

polymer dissolved before being re-precipitated into cold CH3OH and dried in vacuo. 

 

Maleimide-functionalized poly(2,5-bis(3-decylthiophen-2-yl)thieno[2,3-b]thiophene) 

[P4-1] 

176 mg (0.38 mmol) 2.5, 300 mg (0.38 mmol) 3.1 and 

30 mg Pd(PPh3)4 were reacted in a mixture of 8.5 ml 

dry DMF and 40 ml of dry toluene according to the 

general Stille polymerization procedure. No soxhlet 

purification was performed. First precipitation in 

methanol and drying under reduced pressure yielded 

black insoluble material.  

ATR-IR (cm-1):  2920, 2850, 1773, 1692, 1436, 1399, 

1348, 1158, 1088, 825, 747 (see Figure 4.3) 
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Poly[2,7-(9,9’-bis(6-bromohexyl)-9H-fluorene-alt-bi-2,2'-thiophene] [P4-2] 

491 mg (1.0 mmol) 4.6, 650 mg (1.0 mmol) 4.7 and 

58 mg Pd(PPh3)4 were reacted in a mixture of 17 ml 

dry DMF and 83 ml of dry toluene according to the 

general Stille polymerization procedure. Precipitation 

in methanol yielded 370 mg (56%) of an orange 

powder.  1H-NMR (300 MHz, CDCl3) δ = 7.97-6.81 

(b, 10H), 3.45-3.07 (b,4H), 2.28-1.86 (b, 4H), 1.83-1.62 (b, 4H), 1.43-0.96 (b, 8H), 0.86-0.47 

(b, 4H). ATR-IR (cm-1):  3064, 2927, 2854, 1601, 1459, 1352, 1262, 1239, 1135, 1067, 

1007, 880, 871, 792, 754, 689, 669, 639, 623. GPC: 3100 g/mol (Mn), 5800 g/mol (Mw), 9700 

g/mol (Mz), 1.9 (PDI).  

 

Poly[2,7-(9,9’-bis(6-prop-2-enoatohexyl)-9H-fluorene-alt-bi-2,2'-thiophene] [P4-3] 

100 mg of P4-2 and 100 mg of sodium acrylate 

where stirred in 50 ml of DMF at 30 °C for 2 days. 

The DMF was removed under reduced pressure 

and the residu was dissolved in a minimum 

amound of chloroform and precipitated into 200 

ml of methanol. The precipitate was collected via 

centrifugation at 4000 rpm for 10 min and dried in 

vacuo. After drying 40 mg of orange product was obtained. (>95% conversion, NMR) 
1H-NMR (300 MHz, CDCl3) δ = 7.93-6.75 (b, 10H), 6.51- 5.53 (b, 6H), 4.21-3.72 (b, 4H), 

2.23-1.83 (b, 4H), 1.54-1.28 (b, 4H), 1.26-0.89 (b, 8H), 0.84-0.37 (b, 4H). ATR-IR (cm-1):  

3063, 2926, 2853, 1714, 1633, 1601, 1459, 1404, 1286, 1184, 1055, 980, 877, 790, 753. 

GPC: 3500 g/mol (Mn), 6200 g/mol (Mw), 10200 g/mol (Mz), 1.8 (PDI) 
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Poly[2,7-(9,9’-bis(6-methyl-10-oxa-4-azatricyclo[5.2.1.02,6]dec-8-ene-3,5-dione -hexyl)-

9H-fluorene-alt-bi-2,2'-thiophene] [P4-4] 

100 mg of P4-2 and 250 mg of 3.10  and 192 mg 

K2CO3, where stirred in 100ml of DMF at 40 °C 

for 3 days. The DMF was removed under reduced 

pressure (T < 50 °C) and the residue dissolved in 

a minimum of chloroform and precipitated into 

200ml of methanol. The precipitate was collected 

via centrifugation at 4000 rpm for 10 min and 

dried in vacuo and dried under reduced pressure. After drying 90 mg of orange product was 

obtained.  
1H-NMR (300 MHz, CDCl3) δ = 7.95 - 6.85 (b, 10H), 6.50 - 6.31 (b, 1H), 6.31 - 6.09 (b, 1H) 

5.31 - 4.96 (b, 4H), 3.63 - 3.12 (b, 4H), 3.03 - 2.74 (b, 2H), 2.74 - 2.36 (b, 2H), 2.17 - 1.78 (b, 

4H), 1.78 - 1.47 (b, 6H), 1.48 - 1.19 (b, 4H), 1.19 - 0.83 (b, 8H), 0.83 - 0.33 (b, 4H). ATR-IR 

(cm-1): 2931, 2856, 1770, 1694, 1461, 1438, 1400, 1365, 1317, 1283, 1166, 1148, 1105, 

1069, 981, 947, 890, 871, 844, 801, 732, 695, 671, 648, 638,  621.80. GPC: 4700 g/mol 

(Mn), 7600 g/mol  (Mw), 12100 g/mol (Mz), 1.6 (PDI) 

 

Poly(2,5-bis[3-(10-bromodecylthiophen-2-yl)]thieno[2,3-b]thiophene) [P4-5] 

465 mg (1.0 mmol) 2.5, 762 mg (1.0 mmol) 3.9 and 58 mg 

Pd(PPh3)4 were reacted in a mixture 16 ml dry DMF and 75 

ml of dry toluene. Pure polymer (480 mg, 65%) was 

obained as a dark orange powder.  

1H-NMR (300 MHz, CDCl3) δ = 7.50- 6.56 (b, 4H), 3.74-

3.10 (b, 4H), 2.92- 2.27 (b, 4H), 2.06-1.73 (b, 4H), 1.73 - 

1.49 (b, 4H), 1.49-0.63 (b, 24H). ATR-IR (cm-1): 2919, 2848, 1482, 1433, 1369, 1252, 1197, 

1158, 1094, 1056, 897, 822, 720. GPC: 5500 g/mol (Mn), 8500  g/mol (Mw), 13000  g/mol 

(Mz), 1.5 (PDI) 
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Chapter 5 

Improving the Stille cross-coupling reaction 
 

The Stille cross-coupling reaction is one of the most widely used reactions for the synthesis 

of conjugated polymers, which raises the question: “How do the results presented in the 

previous chapter reconcile with the literature?” This chapter will give a more detailed 

literature review of the Stille polymerization. It will focus on the cause of  side reactions and 

will present our research on improving the polymerization reaction. Structure analysis with 

MALDI-TOF MS showed that using different reaction conditions does not only affect the 

molecular weight of the resulting polymer, but also the structure. With the importance of 

having well-defined structures in the field of organic electronics these conclusions are very 

interesting and could explain the difference in the electronic properties between batches of 

polymers made by the different groups in the field.  
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5.1   Side reactions in the Stille cross-coupling polymerization; a 

literature review  

The palladium-catalyzed Stille cross-coupling reaction dates back to the 1970s1 and, 

together with the Suzuki coupling, is one of the most used reactions in organic chemistry. A 

general introduction was already given in Chapter 1 and from that introduction it was already 

clear that for each coupling reaction, an optimization process is required to avoid unwanted 

side reactions. For small organic molecules the search for better reaction conditions is 

never-ending. It is clear that for each specific coupling reaction the rate-limiting step of the 

catalytic cycle can be different. All Pd-catalyzed cross-coupling reactions start with Pd(0), 

and are followed by oxidative addition, transmetalation, and reductive elimination. 

Understanding which of these steps is rate-limiting for a particular reaction is therefore 

important. Several methods have been found that increase the speed of each individual 

step2,3,4,5,6,7 . Using bulky (bidentate) or chelating ligands and LiCl has proven to increase 

the oxidative addition step, while adding CsF and Cu(I) increases the rate of the 

transmetalation step in a similar fashion than coordinating solvents like DMF or NMP, which 

can act as ligands for the catalyst. It is important to understand that, although these results 

are often written as universal methods to improve the Stille cross-coupling reaction, they are 

not. For the coupling of small organic molecules, the literature presents many systematic 

studies on the improvement of palladium-catalyzed cross-coupling reactions, but for 

conjugated polymers these studies are limited, even though the importance of having an 

effective coupling reaction is far more important for obtaining high quality polymers. Yu et 

al.3 presented their improvements on the Stille polymerization of simple organohalides and 

organostannane monomers in 1995 and this article is still referenced in many articles today. 

More recently Goodson et al.8  presented their systematic study on the improvement of the 

Suzuki polymerization, showing the importance of the optimization of the reaction conditions. 

The important conclusion from the research of Yu et al. is that when a Pd(II) catalyst is used, 

part of the organotin monomer is consumed for the formation of Pd(0), and using a small 

excess of tin monomer (equivalent to the amount of catalyst) resulted in higher molecular 

weight polymers. They also showed that although the use of a coordinating solvent like DMF 

can speed up the polymerization, the solubility of the polymer in the solvent is of more 

importance to obtain high molecular weight polymers. Of the commonly used solvents (THF, 

NMP, DMF, and dioxane) THF gave the best polymerization results.  AsPh3 as a ligand (1:4) 

gave the best results, but the “standard” ligand, PPh3, gave moderate molecular weights as 

well. The most important result was the discovery of the large difference in reactivity 
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between different monomers and the need for the optimization of each individual 

polymerization. This optimization is still not general procedure and THF and Pd(PPh3)4 is still 

used without adapting according to individual results. We postulate that the small difference 

in UV-VIS adsorption between oligomers and polymers, combined with the overestimation of 

the molecular weight by GPC might give a false indication of the formation of high molecular 

weight polymers. Although this is just speculation, Katz et al. also reported9 that 

alkylthiophene polymers obtained with the Stille-coupling showed very low or no field effect 

mobilities compared to polymer made via GRIM or Rieke polymerization. Structural analysis 

by MALDI-TOF MS could give more detailed information about the relation between 

structure and properties by more accurately determining the structure. The next paragraph 

will give some literature examples of the use of MALDI-TOF MS in the field of conjugated 

materials.  

5.2   Analysis of conjugated oligomers by MALDI-TOF MS; a 

literature overview 

With techniques such as NMR, FT-IR, and mass spectroscopy it very easy to gain structural 

information about small organic molecules, but for polymers this is more complicated. 

Although NMR and FT-IR still give some information about the structure, broadening of the 

spectrum prevents detailed analysis in most cases. Besides the importance of the molecular 

structure, the properties of conjugated polymers also greatly depend on the length of the 

polymer.27 GPC has been generally accepted as the method for mass analysis of 

conjugated polymers, even though it has been proven that it gives up to a four-fold 

overestimation of the molecular weight. Direct mass analysis is impossible because of 

fragmentation by direct ionization, but after the successful adaptation of MALDI-TOF MS to 

conjugated polymers this is no longer a problem. For the analysis of dendrimers or 

conjugated oligomers with a specific length,  MALDI-TOF MS has proven to be very useful, 

as was shown by several groups10,11,12. A great example is the work of Geng et al.11 who 

published the synthesis of monodisperse oligo(fluorene-co-bithiophene)s in 2007. Using the 

Stille cross-coupling reaction in a stepwise procedure they where able to synthesize 

oligomers ranging from 941 to 7026 amu. They analyzed these oligomers with MALDI-TOF 

and GPC and showed that by using MALDI-TOF the mass could be determined within 1% 

accuracy over the complete mass range, while GPC overestimated the molecular weight 

from 1.5 to 2.5 times.  

The power of MALDI-TOF for the analysis of conjugated homopolymers was also reported, 

especially for the polymerization of small monomers like 3-alkylthiophenes. MALDI-TOF 
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analysis of these polymers showed that there is a large difference in end-groups when using 

different polymerization methods. McCarley, for example, showed13 that using FeCl3 to 

synthesize poly(3-hexylthiophene) resulted in polymers which contained two or more 

chloride atoms from the oxidizing agent. A more extensive study was performed by 

McCullough et al.14 who compared different poly(alkylthiophene) polymers made via the 

McCullough, Rieke, and GRIM polymerization methods. They showed that each of method 

has a different abundance of end-groups and signs of side reactions. The polymer made via 

the Rieke method contains mostly chains with H/H and H/Br end-groups, while the 

McCullough method produces mostly Br/Br end-groups. The polymers made via the GRIM 

method also contain chains with H/CH3 end-groups, indicating coupling of the terminal 

Grignard reagents with some unreacted methylmagnesium chloride. They also showed that 

the masses obtained by GPC and MALDI-TOF differ by a factor 1.2-2.3 times, similar to the 

results given by Geng. Based on these results more extensive research was performed on 

improving the polymerization, which resulted in a better understanding of the polymerization 

mechanism. The nickel-catalyzed polymerization reaction (GRIM and McCullough), similar 

to other metal catalyzed cross-coupling reactions, has for a long time been presented as a 

polymerization proceeding via a stepgrowth mechanism, but based on MALDI-TOF results 

Yokoyama and McCullough recently showed15,16,17,18,19,20,21 that under the right conditions a 

living chain growth polymerization can be obtained, with better control over structure, 

molecular weight, and dispersity of the resulting polymers. There is an indication that the 

reason for this living behaviour is the result of the formation of associated pairs. This would 

mean that only via nickel-catalyzed homopolymerization this type of polymerization could 

occur. There are reports in literature22 that this also occurs in paladium catalyzed cross-

coupling polymerization: a more detailed analysis will be presented in the next chapter.  

The more common Suzuki and Stille cross-coupling copolymerisations are known to be 

stepgrowth polymerization reactions. Typical of stepgrowth polymerizations are slower 

reactions and the need for almost complete monomer conversion for the synthesis of high 

molecular weight polymers. There are only a handful reports describing MALDI-TOF 

analyses of these types of polymers, most likely because of the complexity of the spectra. 

Janssen et al.23 presented their detailed analysis by MALDI-TOF MS of the 

polycondensation of thiophenebisboronic derivatives and diiodobenzenes. They showed that 

up to eleven different chains per repeat unit can be found, similar to the results presented in 

Chapter 4, not taking into account the side reactions. They showed that by changing the 

reaction conditions, but also by changing the monomer a different distribution of end-groups 

was obtained. Also presented by Janssen, although in less detail, was the analysis (MALDI-

TOF MS) of several alternating N-dodecylpyrrole-benzothiadiazole copolymers synthesized 
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using the Stille polymerization24,25.  They showed that MALDI-TOF is very usefull in 

unravelling the limiting factors of the Stille polymerization. Combining these findings with the 

importance of high regularity and high purity in conjugated polymers it is strange that these 

papers are poorly cited. 

5.3   Mechanistic aspects of the Stille polycondensation. 

Analysis by MALDI-TOF MS 

5.3.1   General analysis by MALDI-TOF MS 

For our study we decided not to use thieno[2,3-b]thiophene because of the difficult 

synthesis. We instead used the commercially available bithiophene which was stannylated 

using a literature procedure28 and copolymerized with 5,5`-dibromo-4,4`-didecyl-2,2`-

bithiophene 2.12 under different reactions conditions. The reference polymer was made via 

the polymerization method presented in Chapter 2 using DMF / toluene and Pd(PPh3)4. We 

shortened the reaction time to 16 h to reduce the molecular weight for easier analysis by 

MALDI-TOF MS. During the experiment we tested several different solvents including 

DMF/toluene, NMP, THF, and PhCl. We also tested the effect of unbalanced monomer 

ratios and the microwave heating. We decided not to use complicated catalyst systems 

because of the need for a simple polymerization procedure. Table 5-1 gives an overview of 

the polymers that were synthesized and the results of the GPC analyses. To compensate for 

the overestimation of molecular weight that GPC produces, we also synthesized the 

equivalent quarterthiophene (QT) with a known molecular weight. The analysis showed that 

the molecular weight of this QT was reasonably close to the calculated value. With 

increasing mass, the apparent molecular weight will deviate more as was shown in 

literature.  

 

Figure 5.1 Schematic representation of P5-1 to P5-7. 
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Table 5-1 GPC analysis of QT, P5-1 to P5-4 

  Mn (g/ mol) Mw  (g/mol) Mz (g/mol) PDI 

QT quarter thiophene monomer 
(Calc. Mass: 611 amu) 

630 640 650 1,0 

P5-1 Standard (tol / DMF 3:1) 5900 9500 14200 1.6 

P5-2 PhCl 4100 7900 11900 1.9 

P5-3 THF 3200 6000 9000 1.9 

P5-4 NMP 6000 9000 12500 1.5 
 

The standard polymerization procedure of tol / DMF (3:1) gave P5-1 with a molecular weight 

of 5900 g/mol and a dispersity of 1.6. The solubility of this polymer in DMF is low, preventing 

the testing of the polymerization in pure DMF. The polar, coordinating, solvent NMP is a 

better solvent for the polymer and we therefore tried the polymerization in dry NMP. This 

resulted, as expected, in an increase of the molecular weight. Although the decrease is 

small, changing the solvent for the more aromatic chlorobenzene resulted in a reduction of 

the molecular weight. THF, the less coordinating solvent, had a similar effect. We analyzed 

the resulting polymers with MALDI-TOF MS. Figure 5.2 gives an overview of the four spectra 

of the polymers made using the different solvents. From this overview it is clear that, 

although only the solvent has changed, a big difference can be seen in the structure of the 

polymer. Using Chlorobenzene and THF as solvent resulted in more complicated spectra of 

the products. A more detailed analysis is given in Figure 5.3, which gives more information 

on the structure of the different polymers.  

To facilitate the assignment of the peaks found in the MALDI-TOF spectra, we made the 

assumption that there are no side-reactions. In this chapter X represents bithiophene 

monomer 4.6, while Y represents monomer 2.12. As we have seen in Chapter 4, co-

polymers can theoretically contain eleven differed chains per repeat unit, but in reality the 

amount of peaks found is often less, and most important, in different polymers different 

chain distribution can occur. This is also what we see for these polymers, Figure 5.3 shows 

a very large difference in chain distribution between the samples made under different 

conditions. For P5-1 and P5-4, the polymers with the highest molecular weight and lowest 

dispersities,  almost all peaks in the MALDI-TOF spectra can be assigned, while for the 

polymers P5-2 and P5-3 this is not the case, indicating side-reactions. For P5-1 and P5-4, 

H(XY)nH is the most intense peak, for P5-2 and P5-3 these are H(XY)nBr and 

Sn(CH3)3(XY)nBr respectively. If we assume that debromination and destannylation 

reactions mainly occur during the polymerization reaction this would mean that P5-1 and P5-

4 can not further polymerize. This indicates that polymerization was complete before the end 

of the reaction period. Polymers P5-2 and P5-3 do still contain functional groups and could  
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Figure 5.2. MALDI-TOF MS spectra of P5-1, P5-2, P5-3, and P5-4 using different polymerization 

solvents.  
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Figure 5.3 A  section of the MALDI-TOF MS spectra of P5-1, P5-2, P5-3 and P5-4 at n = 3. 

have produced longer polymers. This contradicts with the results obtained from GPC, which 

show that these polymers have a lower molecular weight. It could indicate that the 

polymerization speed in these solvent is much lower, or that polymerization is ended by 

degradation of the catalyst.   

If we look in more detail of the spectra of polymer P5-2 in Figure 5.3 we see that, although 

most peaks can be assigned, each peak has a one or more neighbouring peaks with a mass 

difference of n * 14 amu. A possible explanation for these peaks could be the methyl shift 

side reaction often mentioned in Stille polymerizations, which adds a CH3 group to the end 

of the chain. Although this does not explain why P5-2 has so many of these or why, for 

example Sn(CH3)3(XY)nBr, which has functionalized end-groups also has an extra peak.  

The possibility of a MALDI-TOF artefact was ruled out because other polymer spectra like 

that of P3HT (Figure 1.12) and P5-3 (THF) show none of these peaks. 



Improving the Stille cross-coupling reaction 

  133 

An analysis of the different stages of the polymerization is needed to completely understand 

the reason for the many side reactions and, for this reason chlorobenzene was discarded as 

suitable polymerization solvent.  

The polymer P5-3 made in THF with a more ‘living’ character has the lowest molecular 

weight. It does not contain the shoulder shifted n * 14 amu, but it does contain peaks (*) that 

cannot be assigned using the possible combinations of monomers. The mass difference 

between the peaks is exactly 164 amu, the same as the mass of the bare monomer 4.6, 

which could mean that these chains contain additional monomers caused by homo-coupling. 

If we take homo-coupling into account it might also be possible that the main chain of P5-3 

is not Sn(CH3)3(XY)nBr, but HX(XY)nBr which explains the lower molecular weight and the 

absence of tin end-groups in the 1H-NMR. These hypotheses are hard to validate without 

further experiments.  

It is clear that changing the solvent not only affects the molecular weight of the polymer, but 

also the structure itself. Similar conclusions were found by Janssen for the Suzuki coupling. 

It shows the importance of conditions vs. structure vs. function research and the reason that 

using procedures for one synthesis does not always give the best results for another.  

Reports29 claim a dramatic increase in molecular weight when Pd(dba)3 is used in 

combination with P(o-tol)3 (1:4) as a ligand, but in our case (P5-5) we found no change 

(5100 vs 5900 (Mn)). For the further polymerization experiments we therefore used 

Pd(PPh3)4 in combination with the solvents NMP and tol / DMF.  
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5.3.2   The effect of imbalanced monomer ratios on polymerizations 

From the literature and our previous polymerization experiments we saw that the homo-

coupling of the organostannane monomer is one of the major side reactions in the 

polymerization. This side reaction will cause an imbalance of the monomers and therefore 

lower molecular weights. For stepwise polymerization one can calculate the maximum 

possible degree of polymerization using the equation of Carothers (1), where Xn is the 

degree of polymerization, r the stoichiometric ratio of monomers and p the extent of 

polymerization. Near to the end of the polymerization the value for p comes close to 1 and 

the equation can be rewrittten into equation (2), which shows that with 10 mol% imbalance (r 

= 0.9) of the monomer the maximum polymerization degree is 19 and even at 1 mol% of 

imbalance the maximum degree of polymerization is still only 199 monomer units. Starting 

with equivalent amount of monomers is therefore important, but also compensation for side 

reactions is necessary to obtain high molecular weight polymers.  
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We tested the effect of a 100% excess of one of the monomers and analyzed the product 

with MALDI-TOF MS. To prevent debromination and destannylation during work-up, only a 

small part of the polymerization mixture was quenched. Therefore no quantitative analysis 

could be given. The results are presented in Figure 5.4. With a 100% excess of one of the 

monomers one would expect a completely different chain distribution for both oligomers, 

which was confirmed by MALDI-TOF MS. 

For a more detailed analysis we looked at the mass range between 1200-1850 amu, which 

covers the range for n=2 completely (Figure 5.4c,d). Table 5-2 gives the expected chain 

distribution and the calculated mass. It also shows which of the peaks are visible in which 

spectra. Because of the excess of one of the monomers, in theory the chains should be 

terminated with that monomer. We again made the assumption that there are no side 

reactions. From these results we can see that by adding extra monomer 4.6 (X), a cleaner 

spectrum was obtained, containing chains mainly with an extra X unit and trimethyltin end-

groups, while adding extra monomer 2.12 (Y) chains with the expected extra unit Y and 

bromine end-groups are found together with other chains (3-7), indicative for earlier chain 
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termination. It is not unlikely that the low concentration of tin monomer slows down 

transmetalation, increasing the amount of side-reactions including the debromination 

reaction. For the reaction with a high concentration of organostannane monomer, the 

transmetalation is likely to speed up, reducing the side-reactions concerning the growing 

chain. 

 

 

 

 

Figure 5.4 MALDI-TOF MS spectra obtained after adding an excess of 100% of one of the monomers.  

a, c) excess Y (c is enlargement) b, d) excess X (d is enlargement of n:2). 
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Table 5-2. expected chains for the mass range 1200-1850 amu 

Nr. Main 
Chain 

End-groups Calc. 
mass

Spectra (a) Spectra (b) 

     theory Found Theory found 

1 Y(XY)1 Br Br 1213 X X   

         

2 (XY)2 H H 1220     

3 (XY)2 H Br 1300  X   

4 (XY)2 Sn H 1384  X  X 

5 (XY)2 Sn Br 1461  X   

         

6 (XY)2X H H 1384  X X X 

7 (XY)2X H Sn 1547  X X X 

8 (XY)2X Sn Sn 1709   X X 

         

9 Y(XY)2 H H 1664 X X   

10 Y(XY)2 H Br 1743 X X   

11 Y(XY)2 Br Br 1822 X X   

 

The reduced concentration of monomer 2.12  is likely to reduce the speed of oxidative 

addition, increasing the homo-coupling of organostannane monomers. This is also what we 

observe in the MALDI-TOF spectra (Figure 5.4d). The third largest peak (#) has a mass of 

exactly that of Sn(CH3)3(XY)nY Sn(CH3)3 + 164 m/z indicating the addition of an extra 

monomer 4.6 to the chain. This defect was also found at higher masses. If we want to 

improve the polymerization it is best to increase the concentration of the tin monomer, 

reducing the unwanted chain-termination side-reactions. A 100% excess of monomer will 

result in small oligomers, so we instead did the test with 10% and 30% excess of monomer 

4.6. Again, only part of the polymer was quenched to speed up the work-up and prevent 

debromination and destannylation. The reaction time was 16h. The result can be found in 

Figure 5.5. The numbers in this Figure correspond with table 5-2. Also, in this experiment, it 

is clear that a slight change in the composition of the monomer causes a big change in chain 

distributions. Spectrum (a) of Figure 5.5 (100% excess Y) mainly contains the expected 

BrY(XY)nBr (1) chains. Going then to a 10% excess of monomer X clearly shows (Figure 

5.5b) a decrease of BrY(XY)nBr (1) and a increase of the peaks originating from 
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Sn(CH3)3(XY)2H (4). Increasing the excess to 30% causes a decrease of Sn(CH3)3(XY)2H 

(4) and a increase of H(XY)2XSn(CH3)3 (7) and Sn(CH3)3(XY)2XSn(CH3)3 (8) as one would 

expect. With the increasing excess, the amount of homo-coupled product (#) also increases. 

For a balanced polymerization it is best to use only a slight excess of monomer 4.6.  

After these experiments we performed a polymerization using a 10% excess of monomer 

4.6 and found a big improvement obtaining polymer P5-6 with a Mn of 8300, Mw 13310 and a 

dispersity of 1.62. Figure 5.6 shows the MALDI-TOF spectra of  P5-6 compared with the 

best spectra of polymer P5-4 (NMP). Similar to the small scale experiments, the chain 

distribution is more balanced resulting in a higher molecular weight.  

 

 

Figure 5.5 MALDI-TOF spectra of non-stoichiometric polymerizations a) 100% excess monomer (1) b) 

10% excess monomer (2) c) 30% excess monomer (3) and d) 100% excess monomer (2).  
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Figure 5.6 MALDI-TOF spectra of P5-6 and P5-4. 

 

5.3.3   Polymerization using microwave irradiation 

In the original paper from McCulloch26 on the synthesis of the polymers containing the 

thieno[2,3b]thiophene monomer there was no mention of non-stoichometric conditions, but 

the polymerization was done using microwave irradiation. It is shown in literature that for 

several reactions, including cross-coupling polymerizations, this form of heating can result in 

shorter reaction times, leading to less side reaction26,30. Using similar conditions and 

reaction times presented by McCulloch, we did not find an improvement of the molecular 

weight (P5-7, Mn: 3500, Mw: 6200, DPI: 1.7), though MALDI-TOF showed more living 

character, similar to the result obtained using non-stiochiometric conditions. This could 

mean that by further optimization better results could be obtained.  
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5.4   Discussion and Conclusion 

After the negative results in the previous chapter it was clear that a better understanding of 

the Stille polymerization was needed in order to to obtain polymers with a well defined 

structure and high molecular weight. Our research revealed that changing the reaction 

condition does not affect only the molecular weight of the resulting polymer, but also the 

chain distribution, which is often forgotten. We also showed that for the  

co-polymerization of monomer 2.12 and 4.6, the best solvent is NMP followed by DMF / 

toluene mixture (1:3). Of the solvents used, chlorobenzene showed the most side reactions. 

Using different catalyst systems did not result in an improvement of the polymerization. One 

of the major side reactions in all polymerizations is the homo-coupling of the 

organostannane monomer. This side reaction leads to an imbalanced monomer ratio which 

lowers the molecular weight. We found that compensating for this imbalance improved the 

molecular weight, but just adding some extra monomer can cause an imbalance itself and 

careful optimization is needed to obtain the best results. One fact remaining, even after 

optimization, is that  polymers built via a cross-coupling co-polymerization contain up to 

eleven different chains, each which different end-groups. A difference in chain distribution, 

which can occur very easily, might affect the electronic properties of the polymer. Part of this 

problem can be solved by end-capping of the the polymer or post polymerization removal of 

the end-groups.  

These results present a possible issue using the Stille coupling for the synthesis of 

conjugated polymers; reproducability within a laboratory after optimization is possible, but 

between different laboratories it can be problematic. Throughout the literature one can find 

proof of this. Papers that claim high molecular weight (Mn > 50.000) polymers with little to no 

side reactions31 and others claim up to 20% side-reactions for each coupling step, resulting 

in only small oligomers32. The large diversity in possible reaction conditions make it difficult 

to get a good overview. We decided after this conclusion that the Stille-coupling is not 

suitable for the synthesis of functionalized conjugated polymers and we looked at other 

possible synthesis routes, which will be discussed in Chapter 6.  
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5.5   Experimental 

 

Measurements 

NMRs were measured using a Varian VXR-300 (300 MHz) or a Varian Gemini-200 (200 

MHz) instrument at 25 ˚C. FT-IR spectra were recorded on a Nicolet Nexus FT-IR 

spectrometer. Solids were measured in KBr using a Smart Collector DRIFT setup. ATR-IR 

spectra where recorded on a Bruker IFS88.  GPC measurements were done on a Spectra 

Physics AS 1000 series machine equipped with a Viskotek H-502 viscometer and a Shodex 

RI-71 refractive index detector. The columns (PLGel 5μ mixed-C) (Polymer Laboratories) 

were calibrated using narrow disperse polystyrene standards (Polymer Laboratories). 

Samples were made in chloroform at a concentration of 1 mg/ml.  MALDI-TOF 

measurements were performed on a Biosystems Voyager apparatus. Samples were 

prepared by mixing the matrix (terthiophene or dithranol, 20 mg/ml in CHCl3) and the sample 

(1 mg/5 ml in CHCl3) in a 1:1 ratio. All the samples were measured in negative ion mode.  

 

 

Materials and Methods 

All reagents and solvents were purchased from commercial sources and used without 

further purification unless indicated otherwise. Kumada, Stille, and Suzuki coupling reactions 

were performed under dry conditions and nitrogen atmosphere. The synthesis of 5,5`-

dibromo-4,4`-didecyl-2,2`-bithiophene (2.12)  can be found in Chapter 2.  The synthesis of 

5,5'-bis(trimethylstannyl)-2,2'-bithiophene (4.6) can be found in Chapter 4. 
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Stoichometric Stille polymerization of poly(3,3′-didecyl-quaterthiophene)  

 

 

General Polymerization procedure using Stille polymerization  

All reactions were performed under anhydrous conditions under a nitrogen atmosphere. To 

a three-necked flask of stirring solvent were added equal molar quantities of both 

monomers. The solution was then sparged with dry nitrogen for 10 min before the addition of 

5 mol% Pd(PPh3)4 and an additional 10 min of sparging. The mixture was heated to reflux 

and stirred for 16 h, cooled to RT, and the solvent removed by rotary evaporation. The 

remaining residue was dissolved in a minimal amount of CHCl3 and precipitated by pouring 

slowly into 1 L of CH3OH. To facilitate the precipitation, 1 ml of concentrated HCl was then 

added. The resulting slurry was stirred for an hour and the precipitate collected by 

centrifugation at 4000 rpm for 10 min and dried in vacuo. The crude polymer was then 

purified in a Soxhlet extractor using CH3OH, acetone, and CHCl3, in which the purified 

polymer dissolved before being re-precipitated into cold CH3OH and dried in vacuo. 

 

In tol/DMF 3:1 [P5-1] 

492 mg (1.0 mmol) 4.6, 605 mg (1.0 mmol) 2.12 and 58 mg Pd(PPh3)4 were reacted in a 

mixture of 17 ml dry DMF and 80 ml of dry toluene according to the general Stille 

polymerization procedure. Precipitation in methanol yielded 552 mg (90%) of a dark red 

powder.  
1H-NMR (300 MHz, C2D2Cl4) δ = 7.85-6.61 (b, 6H), 3.18-2.31 (b, 4H), 1.91-1.52 (b, 4H), 

1.52-1.04 (b, 28H), 1.00-0.72 (b, 6H). ATR-IR (cm-1):  3061, 2951, 2917, 2848,1493,1455, 

1435, 1375, 1309, 1261, 1183, 1158, 1120, 1093, 1069, 1026, 997, 820, 779, 753, 722. 

GPC: 5900 g/mol (Mn), 9500 g/mol (Mw), 14000 g/mol (Mz), 1.6 (PDI).  
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In PhCl [P5-2]  

123 mg (0.25 mmol) 4.6, 140 mg (0.25 mmol) 2.12 and 15 mg Pd(PPh3)4 were reacted in a 

25 ml of dry chlorobenzene according to the general Stille polymerization procedure. 

Precipitation in methanol yielded 125 mg (80%) of a dark red powder.  
1H-NMR (300 MHz, C2D2Cl4) δ = 7.33 - 6.76 (b, 6H), 2.93 - 2.55 (b, 4H), 1.90 - 1.63 (b, 4H), 

1.52-1.04 (b, 28H), 1.00-0.73 (b, 6H). ATR-IR (cm-1):  3063, 2918, 2849, 1493, 1455, 1376, 

1193, 1068, 822, 781, 755, 721. GPC: 4100 g/mol (Mn), 7900 g/mol (Mw), 12000 g/mol (Mz), 

1.9 (PDI). 

 

In THF [P5-3] 

123 mg (0.25 mmol) 4.6, 144 mg (0.25 mmol) 2.12 and 15 mg Pd(PPh3)4 were reacted in 25 

ml dry THF according to the general Stille polymerization procedure. Precipitation in 

methanol yielded a sticky dark red gum. No accurate yield could be determined 
1H-NMR (300 MHz, C2D2Cl4) δ = 7.39 - 6.65 (b, 6H), 2.95 - 2.29 (b, 4H), 1.82 - 1.48 (b, 4H), 

1.48 - 1.11 (b, 28H), 1.06 - 0.72 (b, 6H). ATR-IR (cm-1):  3063, 2952, 2918, 2849, 1493, 

1455, 1376, 1189, 1119, 1098, 1069, 10006, 821, 783, 720. GPC: 3200 g/mol (Mn), 6000 

g/mol (Mw), 9000 g/mol (Mz), 1.9 (PDI). 

 

In NMP [P5-4] 

120 mg (0.25 mmol) 4.6, 145 mg (0.25 mmol) 2.12 and 15 mg Pd(PPh3)4 were reacted in 25 

ml of dry NMP according to the general Stille polymerization procedure. Precipitation in 

methanol yielded 102 mg (65%) of a red powder. 
1H-NMR (300 MHz, C2D2Cl4) δ = 7.46 - 6.73 (b, 6H), 3.06 - 2.59 (b, 4H), 1.79 - 1.52 (b, 4H), 

1.52 - 1.04 (b, 28H), 1.04 - 0.75 (b, 6H). ATR-IR (cm-1): 3063, 2951, 2971, 2849, 1696, 

1493, 1456, 1376, 1297, 1192, 1069, 820, 780, 720. GPC: 6000 g/mol (Mn), 9000 g/mol 

(Mw), 12500 g/mol  (Mz), 1.5 (PDI). 

 

In tol / DMF (3/1), Pd(dba)3 & P(o-tol)3  [P5-5] 

492 mg (1.0 mmol) 4.6, 604 mg (1.0 mmol) 2.12 and 20 mg Pd(dba)3, 25mg P(o-tol)3 were 

reacted in a mixture 17 ml dry DMF and 80 ml of dry toluene according to the general Stille 

polymerization procedure. Precipitation in methanol yielded 448 mg (74%) of a dark red 

powder.  
1H-NMR (300 MHz, C2D2Cl4) δ = 7.45 - 6.69 (b, 6H), 2.98 - 2.57 (b, 4H), 1.98 - 1.52 (b, 4H), 

1.52 - 1.13 (b, 28H), 0.98 - 0.70 (b, 6H). ATR-IR (cm-1):  3062, 2951, 2918, 2848, 1494, 
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1455, 1375, 1189, 1101, 1067, 821, 780, 720. GPC: 5100 g/mol (Mn), 11000 g/mol (Mw), 

16500  g/mol (Mz), 2.1 (PDI) 

 

Microwave irradiation [P5-7] 

123 mg (0.25 mmol) 4.6, 144 mg (0.25 mmol) 2.12  where dissolved in 30 ml 

chlorobenzene. Through the solution nitrogen was bubbled for 15 min and 15 mg Pd(PPh3)4 

was added. The Teflon vessel was closed and placed in the microwave oven. The following 

program was applied:  Heating to 144 °C in 8 min, then 2 min at 144 °C, heating to 180 °C in 

8 min followed bij 2 min of constant heating at that temperature then heating to 200 °C in 8 

min, 2 min of heating at that temperature, followed by cooling to RT. The reaction mixture 

was transferred to a pear flask and the solvent was removed under reduced pressure. The 

product was redissolved in a minimum of chloroform and precipitated in methanol. The 

remaining residue was treated identically as the general Stille polymerization procedure. 

After the  soxhlet extraction 114 mg (74%) of product was obtained.  
1H-NMR (300 MHz, C2D2Cl4) δ = 7.35 - 6.85 (b, 6H), 3.08 - 2.48 (b, 4H), 1.87 - 1.64 (b, 4H), 

1.52 - 1.16 (b, 28H), 1.08 - 0.70 (b, 6H). ATR-IR (cm-1):  3063, 2918, 2849, 1493, 1455, 

1376, 1305, 1195, 1068, 821, 780, 753, 721.  GPC: 3500 g/mol (Mn), 6200 g/mol (Mw), 9100 

g/mol (Mz), 1.8(PDI). 

 

Non-stoichometric Stille polymerization of poly(3,3′-didecyl-

quaterthiophene) 

Ratio 2:1 (excess 5,5`-dibromo-4,4`-didecyl-2,2`-bithiophene) 

123 mg (0.25 mmol) 4.6 and 76 mg (0.125 mmol) 2.12 where dissolved in 5 ml DMF and 20 

ml toluene. The solution was degassed several times before 15 mg Pd(PPh3)4 was added. 

After 24 h, 1 ml of the mixture was extracted and precipitated directly in 10 ml of cold 

methanol. The precipitate was collected, dried under reduced pressure and analyzed with 

MALDI-TOF MS 

 

Ratio 1:2 (excess 5'5-bis(trimethylstannyl)-2,2'-bithiophene) 

62 mg (0.125 mmol) 4.6 and 151 mg (0.25 mmol) 2.12 where dissolved in 5 ml DMF and 20 

ml toluene. The solution was degassed several times before15 mg Pd(PPh3)4 was added. 

After 24 h, 1 ml of the mixture was extracted and precipitated directly in 10 ml of cold 

methanol. The precipitate was collected, dried under reduced pressure and analyzed with 

MALDI-TOF MS 
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Ratio 7:10 (excess 5'-bis(trimethylstannyl)-2,2'-bithiophene) 

122 mg (0.25 mmol) 4.6 and 106 mg (0.175 mmol)  2.12 where dissolved in 5 ml DMF and 

20 ml toluene. The solution was degassed several times before15 mg Pd(PPh3)4 was added. 

After 24 h, 1 ml of the mixture was extracted and precipitated directly in 10 ml of cold 

methanol. The precipitate was collected, dried under reduced pressure and analyzed with 

MALDI-TOF MS.  

 

Ratio 9:10 (excess 5'-bis(trimethylstannyl)-2,2'-bithiophene) [P5-6] 

123 mg (0.25 mmol) 4.6 and 136 mg (0.225 mmol) 2.12 where dissolved in 5 ml DMF and 

20 ml toluene. The solution was degassed several times before15 mg Pd(PPh3)4 was added. 

After 24 h, 1 ml of the mixture was extracted and precipitated directly in 10 ml of cold 

methanol. The precipitate was collected, dried under reduced pressure, and analyzed with 

MALDI-TOF MS. The solvent was removed from the remaining reaction mixture and the 

residue was dissolved in a minimum of chloroform and precipitated in 250 ml of methanol. 

The remaining residue was treated identically as the general Stille polymerization procedure.  

Pure polymer (114 mg, 74%) was  obtained as a dark red powder.   

1H-NMR (300 MHz, C2D2Cl4) δ = 7.43 - 6.57 (b, 6H), 3.12 - 2.24 (b, 4H), 1.89- 1.50 (b, 4H), 

1.50 - 1.00 (b, 28H), 1.00 - 0.68 (b, 6H). ATR-IR (cm-1): 3062, 2918, 2848, 1493, 1454, 

1375, 1196, 1119, 1068, 821, 780, 753, 720. GPC: 8300 g/mol (Mn), 13500 g/mol (Mw), 

18500  g/mol (Mz), 1.6 (PDI).  
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Chapter 6 

The use of bis(pinacolato)diboron for the 

synthesis of regioregular homopolymers  
 

After the results presented in the previous chapter it was decided to move away from 

copolymerization and to look for alternative routes to synthesize regioregular conjugated 

polymers. Typical homopolymerization methods are GRIM, oxidative coupling (FeCl3), Stille 

homocoupling, and Yamamoto coupling. We looked at all of these methods but decided on 

Suzuki homocoupling with bis(pinacolato)diboron. Our results show that the large scale 

synthesis of the monomers and easy polymerization make this a very versatile 

polymerization route for a large variety of different monomers.  MALDI-TOF MS analysis 

reveiled a substantial improvement in the quality of the resulting polymers.  

*Part of this work was published: 

 

Brouwer, F. Alma, J. Valkenier, H. Voortman, T. P. Hillebrand, J. Chiechi, R. C.; Hummelen, J. C. 

J. Mater. Chem. 2011, 21, 1582. 
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6.1   Introduction 

In the previous chapter we demonstrated that the use of the standard Stille cross-coupling 

results in oligomers with a wide chain distribution. This wide distribution is caused by both 

the nature of the Stille coupling itself and the many side-reactions.  Understanding these 

limitations is very important for the design and synthesis of conjugated polymers. The large 

difference in results found in the literature show that this is not always the case. Simple 

homo-polymers like P3HT have found their ways into industry, indicating we might have to 

focus on more simple systems too. We therefore decided to look toward 

homopolymerization in our project as well. An overview of the synthesis of regioregular 

polythiophenes was given by Osaka and McCullough in 2008.1 The routes that where 

discussed are represented in Figure 6.1.   

 

 

Figure  6.1 Synthetic routes for regiosymmetric polythiophenes as present bij McCullough and Osaka.  

Several of the routes presented there were discussed in the introduction and throughout this 

thesis. Methods C and E,  the traditional Stille co-polymerizations, with all their problems, 

were discussed in the previous chapter. Although method E with equivalent monomers 

should  give better polymerization results than Stille heterocoupling because (XY)nX is now 

the same as (YX)nY, reducing the amount of possible chains in the obtained polymer. 

Method A, the oxidative polymerization, is one of the oldest methods, and although high 

molecular weight polymers can be obtained, they are not free of defects. Branching, in 
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particular, can prevent the formation of high quality, ordered films and therefore this method 

is also less suitable.  

Route B is known as the Yamomoto coupling reaction and uses Ni(0) to promote a 

dehalogenation-condensation reaction. Unfortunately, the coupling reaction is not catalytic 

and because Ni(COD)2 is expensive, pyrophoric, and requires storage at low temperature 

under inert atmosphere, it is less suitable for the synthesis of large amounts of polymer. 

Method D was published in 1995, but has not been used very often because of the need for 

the very toxic reagent hexamethylditin.2  

The methods which where presented by McCullough and Osaka (Figure 6.2) are specific to  

regiosymmetric polythiophenes, but there are other routes which might also be suitable for 

the synthesis of regiosymmetric polythiophenes.  In Figure 6.3 we present five of these 

alternative routes. 

 

Figure  6.2 Other possible synthetic routes for regiosymmetric polythiophenes. 

Methods H and J are Suzuki–Miyaura co-polymerizations. The fact that the Suzuki–Miyaura 

cross-coupling reaction was not mentioned by Osaka and McCullough is probably related to 

the fact that polythiophenes are generally less suitable for polymerization by the Suzuki-

Miyaura coupling method.  The reason for this is the electron-rich nature of thiophenes, 

which slows down the oxidative addition step3, resulting in an overall slower reaction and 

more pronounced deborylation4. Deborylation is the main side reaction of the Suzuki–

Miyaura coupling, resulting in low molecular weight products.  For less electronegative aryl 

monomers like polyfluorenes, the Suzuki–Miyaura coupling is generally accepted as a better 

alternative than the Stille coupling, giving higher molecular weight products. A problem that 
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remains when using methods H and J is the fact that these are co-polymerizations and, as 

been shown by Janssen5, have the same problems as the Stille coupling, making the 

methods less interesting.   

Method I is also a Suzuki–Miyaura polymerization, but in this case it is also a homo-

polymerization.  An communication written by Yokoyama et al. in 2007 showed that by using 

the asymmetric 2-(7-bromo-9,9-dioctyl-9H-fluoren-2-yl)-4,4,5,5-tetramethyl-1,3,2-

dioxaborolane as monomer in the Suzuki-Miyaura  polymerization, the resulting polymer, 

poly(9,9’-dioctylfluorene) had a high molecular weight  (17700 g/mol) and a low 

polydispersity (1.3) within 30 min of polymerization time6.  This result indicates chain growth 

polymerization instead of stepwise polymerization, similar to the results obtained by 

Yokozawa and McCullough for their optimized GRIM polymerization method. This type of 

polymerization proceeds via a so-called catalyst-transfer polymerization method.  Analysis of 

the polymer by MALDI-TOF MS showed a very clean structure with having mainly chains 

with bromine end-groups. On paper this method has clear advantages, but in practice the 

application is limited. The need for monomers with two different functional groups makes the 

synthesis complicated and up to now only simple monomers have been polymerized. In 

2008 Yokozawa published a follow-up7, highlighting the development of these catalyst-

transfer condensation polymerizations, and combining their results on the living Suzuki-

Miyaura polymerization with that of the chain growth character of the nickel catalysed 

homopolymerization (GRIM) found by Osaka and McCullough.  Unfortunately, as was 

mentioned in paragraph 1.3.3, the use of the traditional GRIM for larger aromatic monomers 

is rather limited, the transmetalation reaction is inefficient for extended aromatic systems like 

biaryls, fluorenes, and carbazoles resulting in the formation of low molecular weight 

products. If this problem could be overcome, the GRIM would be a very suitable and easy 

method for the synthesis of regio-symmetric polymers. This is also the reason why, 

especially in industry, there is a big effort to activate the GRIM method, making it suitable for 

a larger array of different monomers.  

In 2004 Knochel et al. presented results which showed that for the functionalization of aryl- 

and heteroaryl bromides8, the magnesium-bromide exchange reaction was significantly 

increased when LiCl was added.  This was adopted for the polymerization of poly(p-

phenylene) by Yokoyama in 2006.9 Without LiCl only low molecular weight  (~4000 g/mol) 

products with a large polydispersity (~2.5) where obtained, with LiCl the molecular weight 

was drastically increased (~13000 g/mol) and the polydispersity decreased (~1.2). Only very 

recently were these specific results picked-up by McCullough et al. and used to develop a 

more universal method.10 They successfully polymerized fluorene, pyrrole, and carbazole 

monomers, although each polymerization had to be optimized to obtain good results. The 
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selective halogen-metal exchange reaction of this method is the key step towards the living 

character of the polymerization. The organo-lithium activated nickel (OLAN) catalysis, for 

example, uses the more reactive and less selective n-BuLi as metal-halogen exchange 

reagent (no Grignard reagent) which also results in high molecular weight polymers but with 

a high polydispersity11. The universal GRIM combines the advantages of easy monomer  

synthesis with that of the standard GRIM polymerization, making it a possible candidate for 

the synthesis of regiosymmetric conjugated polymers with a well-defined structure and low 

dispersity. This is route F in Figure 6.2.  

The use of the very reactive Grignard reagent unfortunately makes it less suitable for 

polymers with functional groups.  Remaining from Figure 6.2 is method G, a method analog 

to method D from Figure 6.1, with the difference that the non-toxic bis(pinacolato)diboron 

can be used.  In 1995, Miyaura introduced bis(pinacolato)diboron as a reagent to convert 

aryl halides to arylboronic esters under mild conditions12.  In 2004, Bräse et al. used this 

Miyaura borylation to synthesize symmetrical biaryls in-situ13, but it was not until 2000 that 

this in-situ borylation was used during a polymerization reaction.  Masuda et al.  published 

their results  for the synthesis of several different poly(arylenes)s. Unfortunately their 

reaction conditions resulted in polymers with a low molecular weight (1870-6360 g/mol) and 

the article went unnoticed2. The use of bis(pinacolato)diboron for the synthesis of biarenes 

was further investigated by Wu et al. They showed that after optimization of the reaction, 

using a stronger base (K3PO4) and a differend catalyst (Pd(dppf)Cl2), several biarenes could 

be obtained in good yields14. For example, the synthesis of biphenyl from bromobenzene 

was done in 90% and from iodobenzene in >99%, the synthesis of bithiophene from the less 

reactive 2-bromothiophene was done in 93%. In, early 2007 we combined the concepts of 

Wu and Masuda to see if this method could be used for the synthesis of our functionalized 

polymer. The results will be discussed in the next paragraph.  

 

6.2   The use of bis(pinacolato)diboron for the synthesis of 

regiosymmetric conjugated polymers  

6.2.1   Monomer synthesis and polymerizations  

To test the polymerization using bis(pinacolato)diboron we synthesized several known and a 

few unknown monomers, which are shown in Figure 6.3.  
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Figure  6.3. Monomers synthesized to test the functionality of the bis(pinacolato)diboron polymerization. 

 

The monomers 2.10, 6.2 are relatively small bithiophene monomers. We chose alkylated 

bithiophenes because of the improved solubility compared to the parent bithiophenes. The 

synthesis of monomer 2.10 was described in Chapter 2. Monomer 6.2 was synthesized 

based on literature procedures.29  Monomer 6.2 is more sterically hindered and is likely to 

produce shorter polymers. Fluorene monomer 6.3 is less electronegative than the thiophene 

monomer 2.10 and is therefore less prone to deborylation, we therefore expected a higher 

molecular weight product.  The synthesis was done according to literature procedures.30 
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Figure  6.4 Synthesis of monomer 6.4 via three differend pathways. I) bromohexane, KOH, TBAB, DMS, 

ii) Pd(PPh3)4, DMF/Toluene 1:1, iii) Pd(PPh3)4, THF, K2CO3, iv) Pd(dppf)cl2, v) NBS, THF.  

 

The product of the polymerization of 6.4 is analogous to the unfunctionalized P4-1 from 

Chapter 4.  It is possible to synthesize this monomer in several ways, including Kumada (iv), 

Stille (ii), and Suzuki coupling (iii) (see Figure 6.4). We found that the best results (>90%) 

were obtained with the Kumada coupling, but that the Suzuki coupling is also suitable (84%). 

The Stille coupling yielded only 59% of pure product.  

Polyterthiophenes (PTTs) and polyquarterthiophenes (PQTs) are well known polymers in 

literature15,16,17,18,19,20,21,22,23 and can be seen as the conjugated analogs of the cross-

conjugated P2-1 from Chapter 2. The monomers 6.5 and 6.6 can be used for the synthesis 

of these terthiophene and quarterthiophene polymers.    

The polymerization of monomer 6.7 will result in the formation of P2-1 from Chapter 2. 

Monomer 6.7 has not been synthesized before and the synthesis was based on the results 

of monomers 6.4 – 6.6.  The synthesis of 6.7 using the Kumada coupling resulted mainly in 

mono-coupled product.  The electron rich-character of the thieno[2,3-b]thiophene probably 

makes it less reactive toward the oxidative addition, resulting in a slower reaction and more 

side-reactions.  Using the milder Stille coupling we were able to obtain the product in a 

reasonable yield (65%).   

Polymerization of the monomers was performed using the following reaction conditions:  To 

a three-necked flask of stirring solvent were added equal molar quantities of monomer and 

bis(pinacolato)diboron. The solution was then sparged with dry nitrogen for 10 min before  

addition of 5 mol% 1,10-bis(diphenylphosphino)-ferrocenepalladium(II)dichloride 

dichloromethane complex (Pd(dppf)Cl2) and 5 eq. of crushed K3PO4.  An additional 10 min 
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of sparging was performed. The mixture was heated to 110 °C and stirred for 24 h and 

precipitated into methanol (except P6-1 and P6-2) before further purification by soxhlet 

extraction (methanol, acetone, chloroform).  The final product was precipitated in methanol 

and dried.  The obtained polymers were analyzed using 1H-NMR, ATR-IR, GPC, and 

MALDI-TOF MS. The results are presented in Table 6-1.  Monomers used for the 

polymerization are shown in Figure 6.3.  Each polymer is given an number and a 

'abbreviated' name which can be found in Table 6-1.  Structures of the polymers can be 

found in the different figures presented in this chapter.  From now on we will call this method 

the BiPi method. 

 

Table 6-1.  Polymerization of monomers 6.1 - 6.7 using bis(pinacolato)diboron  

Polymer Name Monomer Solvent Mn  (g/mol) Mw (g/mol) Mz( g/mol) D 

P6-1 PT2.5 6.1 DMF 3500 12400 71800 3.5 

P6-2 PT2.3 6.2 DMF a a a a 

P6-3 PFl 6.3 DMF 6100 16100 37100 2.7 

        

P6-4 PflcoBi 6.4 DMF 9500 25800 79700 2.3 

P6-8   PflcoBi Stille Tol / DMF (3:1) 4000 8800 15800 2.2 

        

P6-5 PTBT 6.5 DMF 8900 22900 63300 2.6 

P6-9 PTBT Stille Tol / DMF (3:1) 8700 16100 26000 1.9 

        

P6-6 PQT 6.6 DMF 6700 17600 49200 2.6 

P6-12 PQT 6.6 Tol / DMF (3:1) 5200 9600 17300 1.8 

P6-10 PQT Stille Tol / DMF (3:1) 5900 9500 14200 1.6 

        

P6-7 PDTT 6.7 DMF  5700 16300 44600 2.9 

P6-11 PDTT Stille Tol / DMF (3:1) 10100 20200 33800 2.0 
a) Inaccurate GPC values (low molecular weight product)  

  

Polymers P6-1 and P6-2 are obtained as oils directly after polymerization and do not 

precipitate, but solidify upon standing. 1H-NMR showed a characteristic polymer spectrum, 

but GPC analysis of P6-2 was unsuccessful giving molecular weights below 1000 g/mol.  

For low molecular weight polymers it is known that GPC can give inaccurate values24. For 

P6-3 – P6-7 moderate molecular weights where found. The high polydispersity of these 

polymers indicates that the use of bis(pinacolato)diboron does not result in a catalyst-

transfer type polymerization. This will be further discussed in paragraph 6.3.   
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For a fair comparison between the Stille and the BiPi method we decided to make polymer 

P6-4 – P6-7  via the Stille polymerization (P6-8 – P6-11) as well.  We used the conditions 

from Chapter 5. The results are presented in table 6-1.  In most cases the polymer made via 

the Stille coupling had a slightly lower molecular weight, but also a smaller polydispersity.  

For the polymers PTBT and PQT, the difference in molecular weight between the Stille en 

the bis(pinacolato)diboron method is neglectable, which might indicate that the solubility of 

the polymer limits the formation of higher molecular weight products.  We decided to perform 

the polymerization of P6-6 in a toluene / DMF (3:1) mixture (P6-12) as well, but surprisingly 

this gave a reduction of the molecular weight. This is probably caused by a lower reaction 

speed, caused by more non-coordinating solvent (toluene), and therefore more pronounced 

deborylation.  A larger difference between molecular weights can be found for the polymers 

PflcoBi (9500 vs 4000 g/mol) and PDTT (5700 vs 10100 g/mol). The much higher molecular 

weight of PflcoBi, polymerizated using the BiPi method, is likely caused by the more 

electron-widrawing nature of fluorenes compared to thiophenes. This caused an increase in 

the rate of the Suzuki cycle.  We found exactly the opposite for the electron-rich cross-

conjugated PDTT.  This means that either the Suzuki or Miyaura cycle (or both) is inhibited 

significantly for 6.7 (Thienothiophene is also more elctron-widrawing than thiophene).  We 

need to perform more polymerization experiments to understand this phenomenon. 
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6.2.2   MALDI-TOF analysis of the synthesized polymers  

A MALDI-TOF spectrum was recorded for each polymer. These are presented in Figures 6.5 

– 6.9.  The results of P6-1 and P6-2 are presented in Figure 6.5. The molecular weight of 

P6-1 is higher than that of P6-2 which is not surprising because of the more reactive nature 

of the less sterically hindered monomer 6.1 as compared to 6.2. The lower reactivity results 

in more side reactions as is evident from the less clean spectrum.  The main peaks in the 

spectra of P6-1 are Xn with H/H end-groups. Whether debromination takes place during the 

reaction (via borylation and then deborylation) or  during work-up is unknown, but it is likely 

that during a later stage of the polymerization reaction (lower concentration of reactive 

groups) deborylation becomes competitive with the coupling reaction, terminating the 

polymerization. The spectrum of P6-2 shows more residual bromine groups (H/Br and Br/Br) 

which could indicate that steric hindrance prevents borylation in the first place, reducing the 

polymerization rate and molecular weight of the polymer. In the spectra of P6-1 we see, 

beside the main peaks, peaks that can be assigned to Xn+0.5. This could be caused by 

impurities in the monomers, double ion formation, or fragmentation of the polymer. The 

monomers were pure and by analysis of the polymer isotope peaks (reflectron TOF) we also 

concluded that these Xn+0.5 peaks could not be assigned to double ion peaks. We did see 

that at higher laser intensities the ratio of Xn+0.5 was also higher. One of requirements for a 

successful MALDI-TOF MS analysis is indirect ionization, it is possible that part of the light is 

directly absorbed by the polymer, causing partial fragmentation.   

The spectra of polymers P6-3 and P6-4 are presented in Figure 6.6. The more aromatic and 

less electron-rich polyfluorene (P6-3) has more Br/Br and Br/H end-groups than the 

thiophene-containing P6-4, which is in good agreement with the less pronounced 

deborylation that is expected for less electron-rich systems.  Comparing the molecular 

weight values obtained from GPC with those from MALDI-TOF MS confirms the results 

found in literature: MALDI-TOF MS cannot be used for the accurate analysis of the 

molecular weight of polydisperse polymers. It does show that MALDI-TOF is a powerful tool 

for obtaining detailed information on the structure of the polymer and its end-groups. The 

spectra of polymers P6-3 and P6-4 show no significant signs of fragmentation as seen for 

polymer P6-1, indicating that the defect seen in P6-1 is not a defect from the BiPi method.  
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Figure  6.5 MALDI-TOF MS spectra of P6-1 (top) & P6-2 (bottom), including blow-up. 

 

The spectra of polymers P6-6 and P6-12 are presented in Figure 6.8 and are very similar to 

the previously presented spectra. P6-6 made in DMF and P6-12 made in toluene / DMF are 

not significantly different. The distribution of chains for P6-12 seems to slightly shifted to the 

low molecular weight products compared to P6-6; this was also observed by GPC.  P6-6 

contains more polymer chains with Br/Br and Br/H end-groups, which could indicate less 

side reactions. This partially confirms the hypothesis that the molecular weight is likely 

limited by the deborylation reaction.  
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Figure  6.6 MALDI-TOF MS spectra of P6-3 (top) & P6-4 (bottom), including blow-up. 

  

The spectrum of P6-5 is given in Figure 6.7. Also in this spectrum the main peaks 

correspond to chains with H/H end-groups. According GPC, the Mn is almost 9000 g/mol, 

while in the MALDI-TOF spectra the main peak has a mass of 2113 amu. This difference is 

caused by the dispersity of the sample and the fact that small chains reach the detector 

more readily, causing discrimination of the longer chains. This effect is enhanced by the fact 

that the detector becomes less sensitive after being bombarded with the small chains. By 

using the low mass gate (LMG)25 of the machine it is possible to increase the sensitivity. The 

low mass gate blocks the sensor for the lower molecular weight molecules. The effect can 
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be seen in the middle spectrum of Figure 6.7.  Before using the LMG, peaks up to n=8 

where clearly visible, but this was increased to n=14 after using a LMG of 4000. Zooming in 

showed peaks even up to n=27 (14200 amu).  The bottom spectrum of Figure 6.7 is a close-

up and shows that in addition to Xn, XnBr, Xn – 223  amu can be indentified. The mass of 223 

amu corresponds with a 3-decylthiophene unit and is indication that part of the polymer is 

defragmented by the laser, similar to P6-1 (although on a smaller scale).  

 

 

Figure  6.7 MALDI-TOF MS spectra of P6-5, with (middle) and without (top) LMG. Including blow-up 

(bottom). 
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Figure  6.8 MALDI-TOF MS spectra of P6-6 (top) & P6-12 (middle), including blow-ups (bottom). 

 

The first spectrum in Figure 6.9 shows the spectrum of P6-7 measured in a terthiophene 

matrix. We expected to see a similar spectrum as observed for our other polymers, but 

beside the expected Xn, XnBr and BrXnBr three other repeating peaks where found. 

Measuring the monomer (inset spectra 1) showed almost no mass of the monomer and only 

that of two by-products, the mass of these products were 167 and 334 amu higher than the 

mass of the monomer. NMR spactra of the monomer had already proven that the monomer 

was pure,  indicating that these higher masses where an artefact in the MALDI-TOF. 

Focussing on the oligomers part of the P7 spectra showed also these peaks of  +167 m/z 

and +334 m/z, and a third extra mass of +88 m/z as well. As we expected MALDI-TOF to be 

the cause of these peaks we measured the polymer without matrix. These results can be 

also be found in Figure 6.9c. Without matrix the polymer is more difficult to ionize and the 

resulting spectrum contains more noise and only low molecular weight product is detected. 

Still the spectrum does confirm our suspicion since only the expected peaks are found. 

Changing to dithranol as the matrix (Figure 6.9d) solved our problems, which resulted in a 

nice spectrum (Figure 6.11d). Compared to P6-6, or our other thiophene polymers, P6-7 
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contains more functional groups, which means less pronounced deborylation; the broken 

conjugation might be the cause for that.  

The byproducts were only visible when using terthiophene as a matrix, which indicated that 

they where likely originating from a reaction with the matrix.  Because of the high absorption 

of the P6-7 in the UV-range, it is likely that (part) of the polymer is directly ionized.  

 

 

Figure  6.9 MALDI-TOF MS spectra of P6-7. (a) Spectrum of P6-7 (terthiophene matrix) (b) Spectrum of 

6.7 (monomer, terthiophene matrix) (c) Close-up of P6-7 (terthiophene matrix) (d) Spectrum of P6-7 (no 

matrix) (e) Spectrum of P6-7 (dithranol matrix). 
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While under normal circumstances the sample becomes ionized  (forming a radical-cation) 

via charge transfer from the matrix, direct absorption could cause the formation of radicals 

via a cleavage of the C-Br bond. 

These radicals then react with the matrix forming terthiophene end-caped oligomers. In 

theory, mono- and bis-functionalization of the monomer would result in extra mass peaks 

with +168 amu and + 335 amu. These were the exact values found in the spectra. The extra 

mass of +89 amu, which is only found in the polymer spectrum, originates from mono 

terthiophene-functionalized product with H/H end-groups. The fact that this product is only 

found in the polymer sample and not the monomer indicates that debromination occurs 

during the polymerization reaction or work-up procedure and not during the MALDI-TOF MS 

experiment. The exact mechanism and details on the role of the matrix and polymer need to 

be further investigated for a better understanding.  

 

 

Figure  6.10 Schematic representation of the possible side-product occuring in the ionization using 

terthiophene as matrix. 

 

Although the individual results show that the BiPi method is a very suitable method for the 

synthesis of regiosymmetric monomers, without comparison with MALDI-TOF MS spectra of 

polymers made via the traditional Stille coupling it is not possible to conclude that the 

method is also better. The MALDI-TOF spectra of P6-4 to P6-11 are presented in Figure 

6.11.  The clear advantage of the use of the BiPi method is also visible from these spectra. 

Although this method results in polymers with the same repeat unit, one has to remember 

that the actual polymers are not completely the same as the ones produces via the Stille 

polymerization. The different end-groups makes it truly a different polymer, this is also 

visible in Figure 6.11.  

In general, one can conclude that the BiPi method is very reproducible and suitable for a 

wide variety of monomers. 
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Figure  6.11 A comparison of the MALDI-TOF spectra for polymers prepared using the BiPi and Stille 

method.  
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6.3    Discussion on the mechanism 

 

 

Figure  6.12 The proposed mechanism for the bis(pinacolato)diboron coupling reaction of aryl halides.   
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We showed that after modifying the BiPi polymerization method based on the results 

presented by Wu14 it became a suitable method for the synthesis of short regiosymmetric 

polymers. The modified method produces very clean polymers with minimized side products. 

The mild reaction conditions make the polymerization method very versatile and suitable for 

a wide variety of monomers.  Understanding the reaction mechanism is very important to 

further improve the polymerization results.  

The proposed reaction mechanism of the synthesis of biaryls with bis(pinacolato)diboron 

was presented by Wu and is given in Figure 6.12.  The coupling mechanism proceeds via 

two catalytic cycles. In the first cycle (bottom) the aryl halide is in-situ borylated via oxidative 

addition, transmetalation, and reductive elimination. This borylated intermediate then enters 

the more traditional second coupling cycle involving the same oxidative addition, 

transmetalation, and reductive eliminations steps. The first cycle is called the Miyaura 

borylation and can also be applied individually to synthesize borate monomers from mono- 

or dihaloaryls.  The functionalization via the Miyaura borylation method proceeds in over 

90% yield.26 A schematic representation of two possible polymerization mechanisms is given 

in Figure 6.13. In the ideal case and under optimized conditions, all bis-functional monomers 

are converted into a monomer with one halide and one borate group which then leads to 

catalyst-transfer polymerization. This would result in polymers with a low polydispersity and 

well-defined structures.  Unfortunately the broad polydispersity of the polymer samples 

indicates that the real polymerization proceeds via a stepwise mechanism. It is likely that 

during borylation non-, mono-, and bisborylated monomers are formed which block the 

catalyst-transfer process and the catalyst has to dissociate form the growing chain, this is 

presented in Figure 6.13 on the right.  

The first polymerization tests showed that although polymerization is successful, the 

polymers have a moderate molecular weight and broad polydispersity. This is mainly caused 

by the stepwise polymerization mechanism. Changing the polymerization mechanism to the 

catalyst-transfer mechanism would give better results; unfortunately the Miyaura borylation 

has a low selectivity and should be replaced with a more selective method if one wants to 

change the mechanism. The current method can be improved by reducing the deborylation 

reaction which is still dominant as been shown by MALDI-TOF MS. It is possible that by 

speeding up the coupling reaction with, for example additives such as LiCl or CsF, or 

changing the Pd catalyst, deborylation is reduced and higher molecular weight products are 

obtained.  During the final stages of our research Reynolds et al. published their results on 

the polymerization of different fluorenes with bis(pinacolato)diboron27. Their system involves 

the use of a tricyclohexylphosphonium tetrafluoroborate ligand, CsF and TBAB in toluene.  
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This base-free system produced poly(dioctylfluorene) in 98% yield with a molecular weight 

of 30000 g/mol. Unfortunately no MALDI-TOF spectra was provided.  

Both our results as well as the results presented by Reynolds show that the use of 

bis(pinacolato)diboron for the synthesis of regiosymmetric conjugated polymers with 

moderate molecular weights and a defined structures is very successful. There is still a lot of 

improvement possible and more research is needed. 

 

 

Figure  6.13 Proposed reaction scheme for the ideal and the ‘real’ polymerization route using 

bis(pinacolato)diboron. (a) Miyaura borylation (b) oxidative addition (c) transmetalation, reductive 

elimination, and catalyst-transfer (d) transmetalation, reductive elimination (e) dissociation of the 

catalyst. 
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6.4   Synthesis of functional polymers with 

bis(pinacolato)diboron 

 

Figure  6.14. Monomer used for the synthesis of functionalized conjugated polymers.  

After the positive results of the polymerization of the non-functionalized monomers we 

synthesized a functionalized analog to test if the BiPi method is also usable for the synthesis 

of functional polymers. We decided to polymerize a protected monomer, followed by 

deprotection to obtain our bromine-functionalized polymer. The monomer 6.8 is shown in 

Figure 6.14.  The synthesis of the functionalized quarterthiophene 6.8 is derived from the 

synthesis of the functionalized bithiophene 3.8, combined with literature procedures. The 

complete synthesis is given in Figure 6.15.  The synthesis of bithiophene 6.11 was carried 

out by standart bromination with NBS of bithiophene. The synthesis of 3.7 can be found in 

Chapter 3. Compound 6.9 was obtained in 25% by performing a Kumada coupling between 

compounds 6.10 and 6.11. Bromination of 6.9 using NBS in THF resulted in the formation of 

monomer 6.8.  Because of the low solubility of the monomer in DMF the polymerization 

was performed in DMF / toluene (1:3) using the conditions and work-up presented in section 

6.2. The polymer P6-13 (see Figure 6.17 for the structure) was obtained as an orange 

powder in 73% yield.  GPC analysis of the polymer showed a Mn of 7400 with PDI of 1.9. 

This result is very similar to the non-functionalized polymer P6-12. The higher molecular 

weight is partially caused by the heavier monomer. Dividing Mn by the weight of the 

monomers in both cases resulted in an average length of around 8.5 units (8.5 vs. 8.7).  The 

MALDI-TOF spectrum of P6-13 is presented in Figure 6.16 and looks similar to the spectra 

presented in paragraph 6.2. The main peaks are again HXnH. Applying a LMG of 5000 

shows that n can be as large as 17, equivalent to 68 thiophene units. The deprotection was 

performed using the newly developed method presented in Chapter 3, with BBr3 in 

dichloromethane. 
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Figure  6.15 Synthesis of monomer 6.8.  

 

The amount of recovered product was low which could indicate the occurrence of side 

reactions. The product P6-14 was analyzed with GPC and MALDI-TOF MS. GPC showed a 

decrease in molecular weight to 4200 (Mn) and a dispersity of 1.4. Deprotection should 

reduce the molecular weight, but not as much as presented here. A schematic 

representation of the deprotection step is given in Figure 6.17. 

The MALDI-TOF spectra of both the protected and deprotected polymers are presented in 

Figure 6.18. After deprotection the chain with n=1 is missing, the reason for this is unclear. 

The deprotection is not complete and the amount of deprotected groups increases with 

increasing chain length. At n=2 the polymer has four functional groups and the main fraction 

is not deprotected. Going to n=3 the fraction of deprotected groups is already larger, around 

50% of the total amount of groups.  For n=4 the balance is shifted, and the fraction of 

deprotected side-chains in polymer is larger compared to the protected ones.  Around n=5 

all detail is lost and it is difficult to draw conclusions about the exact degree of deprotection. 
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Figure  6.16 MALDI-TOF MS spectra of P-13  

 

 

Figure 6.17 Schematic representation of the deprotection step of P6-13 tot P6-14 

At n=5 the mass difference between completely protected and completely deprotected 

polymer chain is as large as 435 amu, resulting in a broad distribution as seen in the 

spectra. Although it is clear that  from n=5 a large fraction of the chains are deprotected.  

The fact that a larger fraction of longer chains is more deprotected is strange and can not be 

explained without further investigation. It is possible that the shorter deprotected chains are 

consumed in a side reaction. From these results we concluded that although the 

polymerization of methoxyphenol-functionalized monomers was a success, deprotection 

was unsuccessful. A more labile protective group, like tetrahydropyranyl  (THP),  or no 

protective group might be the solution for this problem. 
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Figure  6.18 MALDI-TOF MS spectra of P6-13 (a) and P6-14 (b), including a close-up of P6-14 (c). 

In Chapter 4 we synthesized 2,7-dibromo-9,9-bis(bromohexyl)-9H-fluorene (4.7) and we 

decided to test if direct polymerization was possible. Using the exact reaction conditions as 

presented in chapter 6.2 we obtained mainly insoluble material.  In literature several 

examples of successful Suzuki copolymerizations with monomer 4.7 can be found. In most 

cases more milder conditions are used. We therefore tested the polymerization with K2CO3 

which resulted in more-soluble material, unfortunately 1H-NMR showed a large fraction of 

elimination product. A base-free system as presented by Reynolds  could solve this 

problem.  
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6.5   Conclusion 

We have shown that the updated BiPi method is very useful for the synthesis of 

regiosymmetric polymers. The polymers have a moderate molecular weight and a  

well-defined structure. We have showed that the method can be applied for thiophenes or 

fluorenes. From MALDI-TOF we concluded that the main end group of these polymers are 

H/H with a small fraction of H/Br end-groups. Borylated end-groups were not found. Both 

results indicate that deborylation is the most dominant side reaction. Reducing the 

deborylation side reaction might result in an improvement in molecular weight. The 

polymerization mechanism is a step-wise polymerization process which limits the use for 

applications where a living-type polymerization process is required. It also means that the 

dispersity of the polymer is broad. This method leaves room for improvement.  

The versatility of the polymerization method was further proven by the polymerization of the 

methoxyphenol functionalized quarterthiophene monomer 6.8. Unfortunately deprotection 

was incomplete. The use of a milder protective group might be the solution to this problem.  
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6.6   Experimental 

 

Measurements 

NMRs were measured using a Varian VXR-300 (300 MHz) or a Varian Gemini-200 (200 

MHz) instrument at 25 ˚C. FT-IR spectra were recorded on a Nicolet Nexus FT-IR 

spectrometer. Solids were measured in KBr using a Smart Collector DRIFT setup. ATR-IR 

spectra where recorded on a Bruker IFS88.  GPC measurements were done on a Spectra 

Physics AS 1000 series machine equipped with a Viskotek H-502 viscometer and a Shodex 

RI-71 refractive index detector. The columns (PLGel 5μ mixed-C) (Polymer Laboratories) 

were calibrated using narrow disperse polystyrene standards (Polymer Laboratories). 

Samples were made in chloroform at a concentration of 1 mg / ml.  MALDI-TOF 

measurements were performed on a Biosystems Voyager apparatus. Samples were 

prepared by mixing the matrix (terthiophene or dithranol, 20 mg / ml in CHCl3) and the 

sample (1 mg / 5 mL in CHCl3) in a 1:1 ratio. All the samples were measured in negative ion 

mode.  

 

Materials and Methods 

All reagents and solvents were purchased from commercial sources and used without 

further purification unless otherwise indicated. Kumada, Stille and Suzuki coupling reactions 

were performed under dry conditions and nitrogen atmosphere. The synthesis of 2,5-

bis(trimethyltin)thieno[2,3-b]thiophene (2.5), 2-bromo-3-hexythiophene,  2-bromo-3-

decylthiophene and 5,5`-dibromo-4,4`-didecyl-2,2`-bithiophene (2.12) can be found in 

Chapter 2. The synthesis 2-bromo-3-[10-(4-methoxyphenoxy)decyl]thiophene (3.7) kan be 

found in Chapter 3. The synthesis of 5,5'-di(trimethyltin) bithiophene (4.6) can be found in 

Chapter 4.  
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2-hexylthiophene [ - ] 

This compound was made according to literature procedure.28 The reaction 

was performed under dry conditions and nitrogen atmospheres. To a cooled 

mixture (-70°C) of 6.7 gram (84 mmol) of thiophene in 70 ml THF was added 

dropwise a solution of 33 ml 2.5 M (88 mmol) n-Buli in hexane. The cooling was removed 

and the mixture was allowed to warm to RT and stirred for an addional 2 hrs. The mixture 

was then cooled to -20 °C and 13.87 grams (84 mmol) of 1-bromohexane was added in a 

continuous flow. The cooling was removed and the mixture was allowed to warm to RT and 

left to react overnight (16 h). Water (100 ml) was added to quench the reaction and the 

mixture was extracted with ether (150 ml) The organic layers where combined and dried with 

MgSO4 and the solvent was removed in vacuo. The product was purified by vacuum 

distillation (70-75 °C, 9 Torr). After distillation 11.2 gram (66 mmol, 79%) of colourless oil 

was obtained.  
1H NMR (200 MHz, CDCl3) δ 7.10 (dd, J= 5.1, 1.1 Hz, 1H), 6.91 (dd, J= 5.1, 3.4 Hz, 1H), 

6.84 – 6.71 (m, 1H), 2.82 (t, J= 7.6, 7.6 Hz, 2H), 1.68 (p, J= 7.3, 2H), 1.49 – 1.21 (m, 2H), 

0.97 – 0.81 (t, J= 6.5 Hz, 2H) 13C-NMR (50 MHz, CDCl3) δ: 145.88, 126.60, 123.87, 122.68, 

31.78, 31.57, 29.93, 28.80, 22.58, 14.08. IR (neat) cm-1: 3107, 2929, 2854, 1651, 1534, 

1460, 1411, 1374, 1338, 1304, 1283, 1227, 1146, 1117, 1089, 1047, 1002, 889, 873, 824, 

798, 731, 590, 481 

 

2-bromo-5-hexylthiophene [ - ] 

This compound was made according to literature procedure.28 The 

reaction was performed under exclusion of light and under a nitrogen 

atmosphere. To a cooled (0°C) mixture of 4.0 gr. (22 mmol) 2-

hexylthiophene in 40 ml THF was added portion wise 3.78 gram (22 mmol) of n-

bromosuccinimide over 30 minutes. The mixture allowed to warm up to RT overnight. The 

mixture was poured into water and extracted with ether.  The organic layer was washed with 

0.1 M HCl and brine. Dried on Na2SO4 and the solvent was removed in vacuo.  Residual 

succinimide was removed by flash column chromatography, yielding 4.4 gram (18 mmol, 

83%) of off-white transparent oil. The product was used without further purification.  
1H-NMR (300 MHz, CDCl3) δ: 6.84 (d, J= 3.6 Hz, 1H), 6.53 (d, J= 3.7 Hz, 1H), 2.74 (t, J= 

7.6,  Hz, 2H), 1.61 (q, J= 8.0 Hz, 2H), 1.45 – 1.18 (m, 6H), 0.90 (t,  J = 6.4 Hz, 3H). 

 IR (neat) cm-1: 3079, 3052, 2928, 2855, 1725, 1581, 1542, 1447, 1378, 1255, 1215, 1183, 

1154, 1047, 962, 850, 790, 725, 692, 630, 609 
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5,5'-dihexyl-2,2'-bithiophene [ - ]  

The reaction was performed under dry conditions and nitrogen 

atmosphere.  To a suspension of 0.39 gr. (16 mmol) 

Magnesium in 20 ml of anhydrous ether a solution of 4 gr. (16 

mmol) 2-bromo-5-hexylhiophene in 5 ml anhydrous ether was 

added dropwise. The solution was refluxed for 2 hrs and cooled to room temperature. The 

solution was then transferred dropwise thru a cannula to a second solution (0°C) containing 

2 gram (8 mmol) 2-bromo-5-hexylthiophene with 28 mg Ni(dppp)Cl2 in 30 ml anhydrous 

ether. The mixture was left to react overnight. The reaction was then quenched by dropwise 

addition of saturated NH4Cl solution. The product was extracted with ether and the organic 

layer was washed with water and dried on Na2SO4. The solvent was removed in vacuo. The 

crude product was further purified by column chromatography (silica) using hexane and then 

recrystallized from ethanol yielding 1.7 gram (5 mmol, 65%) of white powder.   
1H-NMR (300 MHz, CDCl3) δ: 7.31 (d, J= 5.7 Hz, 2H), 7.09 (d, J= 5.6 Hz, 2H), 2.54 (t, J= 8.3 

Hz, 2H), 1.69 – 1.49 (m, 1H), 1.39 – 1.18 (m, 12H), 0.88 (t, J = 6.7 Hz,  6H) 13C-NMR (50 

MHz, CDCl3) δ: 144.67, 135.29, 124.52, 122.56, 31.57, 30.14, 28.74, 22.58, 14.08. IR (KBr) 

cm-1: 3706, 2951, 2923, 2852, 1726, 1583, 1536, 1466, 1426, 1370, 1328, 1282, 1206, 

1165, 1114, 1047, 997, 871, 793, 779, 729, 594, 539, 493 

 

 

5,5’-dihexyl-3,3’-dibromo-2,2’-bithiophene [6.2] 

This compound was made according to literature procedure.29 

The reaction was performed under exclusion of light. 580 mg 

(1.75 mmol) of 5,5’-dihexyl-2,2’-bithiophene was dissolved in 

20 ml DMF and cooled to 0 °C . 680 mg  (3.84 mmol) of NBS 

was dissolved in 10 ml of DMF and added dropwise over 1 hour. The solution stirred 

overnight and allowed to warm-up to RT. The mixture was poured into water and extracted 

with ether.  The organic layer was washed with 0.1 M HCl and brine. Dried on Na2SO4 and 

the solvent was removed in vacuo. The raw product was purified by column chromatography  

(silica) using hexane and recrystallized from ethanol. This yielded 524 mg (63% of pure 

product. 
1H-NMR (300 MHz, CDCl3) δ: 6.47 (s, 2H), 2.77 (t, 4H, J= 7.8), 1.68 (m, 4H), 1.35 (m, 12H), 

0.90 (t, 6H, J= 6.60). 13C-NMR (50 MHz, CDCl3) δ: 147.52, 127.53, 110.99, 104.76, 31.48, 

31.03, 30.21, 28.73, 22.53, 14.05. IR (KBr) cm-1: 3107, 2929, 2854, 1651, 1534, 1460, 1411, 
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1374, 1338, 1304, 1283, 1227, 1146, 1117, 1089, 1047, 1002, 889, 873, 824, 798, 731, 590, 

481 

 

2,7-dibromo-9,9-dihexyl-9H-fluorene [6.3]  

This compound was made according to literature procedure.30 A 

mixture of 4.9 gram (15 mmol) of 2,7-dibromofluorene and catalytic 

amounts of the phase catalyst tetrabutylammonium chloride (0.3 g, 

1 mmol) in 25 ml of DMSO was stirred for 30 min at room 

temperature. 7.5 ml of  50% aqueous KOH solution was added to the mixtrure and the 

mixture was heated to 60 ˚C. The colour changes from colourless to dark red. Then 5.8 

gram (35 mmol) of 1-bromohexane was added in one portion and the mixture was stirred 

over night at 60 ˚C. The reaction mixture was then poured into 300 ml of ice water and 

extracted with ether. The organic layers were combined and neutralized with hydrochloric 

acid, which resulted in a color change to yellow. The organic layer was dried with Na2SO4 

and the solvents removed in vacuo. The crude product was purified by column 

chromatography (silica) using petroleum ether and recrystallized from hexane. Yield 11.1 

gram (11.4 mmol, 76%) of  white crystals. mp 68-74 ˚C (lit. 67-71 ˚C); 

1H-NMR (300 MHz, CDCl3) δ 7.51 (dd, 4H, J= 8.4 Hz, J 13.2 Hz),  7.44 (s, 2H), 1.92 (m, 4H),  

1.14 (m, 12H),  0.78 (t, 6H, J= 6.6 Hz),  0.59 (t, 4H, J= 6.6 Hz); 13C-NMR (50 MHz, CDCl3) δ 

152.75, 139.26, 130.35, 126.37, 121.66, 121.34, 55.89, 40.42, 31.67, 29.79, 23.85, 22.79, 

14.22. 

 

2,7-dithien-2-yl-9,9'-dihexyl-9H-fluorene; Kumada [ - ] 

This compound was made according to literature 

procedure.31 The reaction was performed under dry 

conditions and nitrogen atmosphere. To 400 mg (17 

mmol) of activated Magnesium turnings was added 10 ml 

of dry THF.  To this mixture was added dropwise (keeping a constant reflux) a solution of 2.4 

gram (15 mmol) of 2-bromothiophene in 20ml of dry THF. After addition the mixture was 

refluxed for an additional 3h. The mixture was cooled to RT and transferred via cannula to a 

second flask containing 2.46 gram (5 mmol) 6.3, 20 mg Pd(dppf)Cl2 in degassed and 20 ml 

dry THF. After complete addition of the Grignard reagents the mixture was refluxed over 

night. The reaction cooled to room temperature and was quenched with NH4Cl. The mixture 

was extracted with dichloromemethane (DCM) and the organic layer was washed with brine 



Chapter 6 

176   

followed by drying over Na2SO4. The solvent removed in vacuo and the crude product 

purified by column chromatography (silica) using petroleum ether/DCM (10:1) as the eluent. 

Pure product was obtained by recrystallization from isopropanol/methanol (3:1) as green 

crystals (2.26 gram, 91%)  

mp 125-133 ˚C (lit. 122 ˚C); 1H NMR (300 MHz, CDCl3) δ 7.68 (d, J= 7.9 Hz, 2H), 7.60 (d, J= 

7.9 Hz, 2H), 7.56 (s, 2H), 7.39 (d, J= 3.5 Hz, 2H), 7.30 (d, J= 4.9 Hz, 2H), 7.12 (t, J= 3.6 Hz, 

2H), 2.12 – 1.83 (m, 4H), 1.21 – 0.90 (m, 12H), 0.83 – 0.53 (m, 10H);  13C-NMR (50 MHz, 

CDCl3) δ 151.66, 145.14, 140.17, 133.23, 128.04, 124.95, 124.51, 122.87, 120.11, 120.06, 

55.26, 40.42, 31.44, 29.65, 23.70, 22.56, 13.99. 

 

2,7-dithien-2-yl-9,9'-dihexyl-9H-fluorene; Stille [ - ] 

The reaction was performed under dry conditions and 

nitrogen atmosphere.  2.5 gram (5 mmol) of 6.3, 3.7 

gram (10 mmol)  2-tributylstannylthiophene and 30 mg  of 

Pd(PPh3)4 were added to 100ml of a mixture of dry 

DMF/toluene (1:1). The reaction mixture was heated 

under stirring at 85 ˚C over night in the absence of light.  The mixture was cooled to room 

temperature and poured into ice water and extracted with DCM. The combined organic 

layers were washed with brine and dried over Na2SO4 followed by removal of the solvent in 

vacuo. The crude product was purified by a short column with silica gel and petroleum 

ether/DCM as the eluent. Pure product was obtained by recrystallization from hexane as 

green crystals (1.48 gram, 59%)  

mp 118-125 ˚C (lit. 122 ˚C); 1H NMR (300 MHz, CDCl3) δ 7.68 (d, J= 7.9 Hz, 2H), 7.60 (d, J= 

7.9 Hz, 2H), 7.56 (s, 2H), 7.39 (d, J= 3.5 Hz, 2H), 7.30 (d, J= 4.9 Hz, 2H), 7.12 (t, J= 3.6 Hz, 

2H), 2.12 – 1.83 (m, 4H), 1.21 – 0.90 (m, 12H), 0.83 – 0.53 (m, 10H);  13C-NMR (50 MHz, 

CDCl3) δ 151.66, 145.14, 140.17, 133.23, 128.04, 124.95, 124.51, 122.87, 120.11, 120.06, 

55.26, 40.42, 31.44, 29.65, 23.70, 22.56, 13.99. 

 

2,7-dithien-2-yl-9,9'-dihexyl-9H-fluorene; Suzuki [ - ] 

This compound was made according to literature 

procedure.32 The reaction was performed under dry 

conditions and nitrogen atmosphere. 2.5 gram (5 mmol) 

of 6.3 and 1.29 gram (10 mmol) 2-thiopheneboronic acid 

were dissolved in 40ml of dry DMF. 2.14 gram (10 mmol) of Crushed and dried K3PO4 was 
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added to the solution resulting in a white suspension. The mixture was degassed three 

times, followed by the addition of 23mg Pd(pph3)4 catalyst. After addition the solution was 

degassed again. The reaction mixture was stitted at 110 ˚C over night in the absence of 

light. Cooled down to room temperature and poured into ice water followed by extraction 

with DCM and the combined organic layers washed with brine and dried over Na2SO4. The 

solvent was removed in vacuo and the crude product was purified by short column 

chromatography (silica) using petroleum ether/DCM (10:1) as the eluent. Pure product was 

obtained by recrystallization from isopropanol/methanol (4:1) as green crystals (2.0 gram, 

84%)   

mp 125-130 ˚C (lit. 122 ˚C); 1H NMR (300 MHz, CDCl3) δ 7.68 (d, J= 7.9 Hz, 2H), 7.60 (d, J= 

7.9 Hz, 2H), 7.56 (s, 2H), 7.39 (d, J= 3.5 Hz, 2H), 7.30 (d, J= 4.9 Hz, 2H), 7.12 (t, J= 3.6 Hz, 

2H), 2.12 – 1.83 (m, 4H), 1.21 – 0.90 (m, 12H), 0.83 – 0.53 (m, 10H);  13C-NMR (50 MHz, 

CDCl3) δ 151.66, 145.14, 140.17, 133.23, 128.04, 124.95, 124.51, 122.87, 120.11, 120.06, 

55.26, 40.42, 31.44, 29.65, 23.70, 22.56, 13.99.  HRMS (APCI) calculated for [M+H]+ 

499.2488, found 499.2479. 

 

2,7-bis(5-bromo-2-thienyl)-9,9'-dihexyl-9H-fluorene [6.4] 

The reaction was performed under exclusion of light. 

To a mixture of 900mg (1.8 mmol) 2,7-dithien-2-yl-

9,9'-dihexyl-9H-fluorene in 50 ml THF was added 

dropwise a solution of 705 mg  (4.0 mmol) N-

bromosuccinimide in 15 ml THF dropwise over 1h. After complete addition the reaction 

mixture was stirred over night resulting in a color change from green to yellow. The mixture 

was poured into ice water and extracted with DCM and the combined organic layers were 

washed with brine and dried over Na2SO4. The solvent was removed under reduced 

pressure and the crude product (orange oil) purified by a short column (silica)  using 

heptane as eluent . Pure product was obtained by recrystallization from 

isopropanol/methanol (3:1) as yellow, slightly green crystals (1.72 gram, 88%).  

mp 100-110 ˚C;  1H NMR (300 MHz, CDCl3) δ 7.67 (d, J= 7.9 Hz, 2H), 7.50 (d, J= 7.9 Hz, 

2H), 7.45 (s, 2H), 7.12 (d, J= 3.8 Hz, 2H), 7.06 (d, J= 3.7 Hz, 2H), 2.11 – 1.86 (m, 4H), 1.21 

– 0.92 (m, 12H), 0.76 (t, J= 6.5 Hz, 6H), 0.72 – 0.52 (m, 4H); 13C-NMR (50 MHz, CDCl3) δ 

151.82, 146.50, 140.39, 132.61, 130.85, 124.67, 123.04, 120.28, 119.79, 111.11, 73.72, 

55.32, 40.35, 31.43, 29.62, 23.70, 22.55, 13.99. HRMS (APCI) calculated for [M+H]+ 

657.0678, found 657.0685. 
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5,5'-dibromo-2,2'-bithiophene [6.11] 

The reaction was performed under exclusion of light.  To a cooled (0 

°C) mixture of 5 gram (30 mmol) of bithiophene in 50 ml of DMF was 

added dropwise a solution of 11.7 gram (66 mmol) NBS in 100ml of 

DMF.  The resulting mixture allowed to warm up to RT overnight and 

poured into 800ml of 0.1 M HCl  followed by extraction with DCM. The combined organic 

layers where washed with brine and dried over Na2SO4. The solvent was removed under 

reduced pressure and the crude product was purified by a short column (silica) using 

hexanes, followed by recrystallization from isopropanol/methanol (3:1).  7.6 gram (23 mmol, 

78%) of pure product was obtained.  

1H NMR (300 MHz, CDCl3) δ = 6.94 (d, J=3.8, 2H), 6.83 (d, J=3.8, 2H); 13C NMR (50 MHz, 

CDCl3) δ = 137.99, 130.87, 124.36, 111.74. 

 

3,3'''-didecyl-2,2':5',2'':5'',2'''-quaterthiophene [ - ] 

This compound was made according to literature 

procedure.33 The reaction was performed under dry 

conditions and nitrogen atmosphere. 4.0 gram (13 mmol) of 

2-bromo-3-decyl thiophene was dissolved in 15ml of dry 

THF. The solution was added dropwise to 380 mg (15 

mmol) of activated magnesium, keeping a constant reflux. After complete addition the 

mixture was refluxed for an additional 5 h. The mixture was cooled to RT and added via a 

cannula to a second flask containing 1.5 gram (5 mmol) of 6.11, 46 mg of Ni(dppp)Cl2  and 

40ml of dry THF / Toluene (4:3) mixture. After complete addition of the Grignard reagents 

the mixture was refluxed over night. The reaction was cooled to room temperature and 

quenched with saturated NH4Cl solution. The mixture was extracted with dichloromethane 

(DCM) and the organic layer was washed with brine followed by drying over Na2SO4. The 

solvent removed in vacuo and the crude product purified by two times column 

chromatography (silica) using hexanes as the eluent.  The product was recrystallized from 

isopropanol/methanol (3:1) yielding 1.87 gram (3 mmol, 60%) of fluorescent yellow product.  
1H NMR (300 MHz, CDCl3) δ = 7.16 (d, J=5.2, 2H), 7.11 (d, J=3.7, 2H), 7.00 (d, J=3.8, 2H), 

6.92 (d, J=5.2, 2H), 2.85 – 2.67 (m, 4H), 1.62 (d, J=7.6, 4H), 1.24 (s, 28H), 0.85 (t, J=6.6, 

6H); 13C NMR (50 MHz, CDCl3) δ = 140.08, 136.99, 135.50, 130.51, 130.30, 126.72, 124.06, 

124.02, 32.14, 30.89, 29.85, 29.83, 29.75, 29.68, 29.57, 29.48, 22.92, 14.36. HRMS (APCI) 

calculated for [M+H]+ 611.2868, found 611.2866. 
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5,5'''-dibromo-3,3'''-didecyl-2,2':5',2'':5'',2'''-quaterthiophene [6.6] 

The reaction was performed under exclusion of light.  

To a cooled (0 °C) mixture of1.0 gram  (1.6 mmol) 

3,3'''-didecyl-2,2':5',2'':5'',2'''-quaterthiophene in 50 ml 

of THF was added dropwise a solution of 637 mg (3.6 

mmol) NBS in 15 ml of THF.  The resulting mixture 

allowed to warm up to RT overnight and poured into 

200 ml of 0.1 M HCl  followed by extraction with DCM. The combined organic layers where 

washed with brine and dried over Na2SO4. The solvent was removed under reduced 

pressure and the crude product was purified by a short column (silica) using hexanes, 

followed by recrystallization from isopropanol/methanol (3:1).  1.1 gram (1.4 mmol, 88%) of 

pure product was obtained.  

1H NMR (200 MHz, CDCl3) δ = 7.08 (d, J=3.7, 2H), 6.94 (d, J=3.8, 2H), 6.88 (s, 2H), 2.69 (t,  

J=7.9, 4H), 1.53 (s, 6H), 1.24 (s, 28H), 0.84 (t, J=6.5, 6H); 13C NMR (50 MHz, CDCl3) δ = 

140.74, 137.25, 134.26, 132.92, 131.89, 127.17, 124.20, 110.87, 32.13, 30.74, 29.83, 29.78, 

29.62, 29.56, 29.41, 22.91, 14.36. HRMS (APCI) calculated for [M+H]+ 769.1057, found 

769.1058. 

3,3''-didecyl-2,2':5',2''-terthiophene [ - ] 

The reaction was performed under dry conditions and nitrogen 

atmosphere. To a mixture of 120ml dry toluene and 40ml of dry 

DMF was added 1.7 gram (4.1 mmol) of 2,5-bis 

(trimethyltin)thiophene, 2.5 gram (8.1 mmol) of 2-bromo-3-

decylthiophene and 150 mg of Pd(PPh3)4. The mixture was degassed several times and 

heated to 110 °C for 16 h. The mixture was then cooled to RT and poured into ice water and 

extracted with chloroform. The combined organic layers were washed with 2 M HCl solution, 

brine, and dried over Na2SO4 followed by removal of the solvent in vacuo. The crude product 

was purified by column chromatography (silica) with petroleum ether as the eluent followed 

by recrystallization from isopropanol/methanol (3:1).  1.4 gram (2.7 mmol, 65%) of a yellow 

oil was obtained.  

1H NMR (300 MHz, CDCl3) δ = 7.15 (d, J=5.2, 2H), 7.03 (s, 2H), 6.92 (d, J=5.2, 2H), 2.76 (t, 

J=7.6, 4H), 1.71 – 1.56 (m, 4H), 1.24 (s, 28H), 0.85 (t, J=6.6, 6H). 13C NMR (50 MHz, 

CDCl3) δ = 139.92, 136.26, 130.61, 130.29, 126.25, 123.93, 32.14, 30.99, 29.86, 29.80, 

29.73, 29.58, 29.52, 22.92, 14.36. 
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5,5''-dibromo-3,3''-didecyl-2,2':5',2''-terthiophene [6.5] 

The reaction was performed under exclusion of light.  To a 

cooled (0 °C) mixture of 1.0 gram  (1.9 mmol) 3,3''-didecyl-

2,2':5',2''-terthiophene in 20 ml of THF was added dropwise a 

solution of 707 mg (3.9 mmol) NBS in  30 ml of THF.  The 

resulting mixture allowed to warm up to RT overnight and poured into 200 ml of 0.1 M HCl  

followed by extraction with DCM. The combined organic layers where washed with brine and 

dried over Na2SO4. The solvent was removed under reduced pressure and the crude 

product was purified by recrystallization from isopropanol/methanol (3:1) yielding 940 mg 

(1.4 mmol, 74%) of light yellow powder.   

1H NMR (200 MHz, C2D2Cl4) δ = 6.96 (s, 2H), 6.88 (s, 2H), 2.78 – 2.52 (m, 4H), 1.71 – 1.41 

(m, 4H), 1.41 – 1.03 (s, 28H), 0.82 (t, J=6.7, 6H); 13C NMR (50 MHz, C2D2Cl4) δ = 140.42, 

134.88, 132.81, 131.46, 126.31, 110.41, 31.82, 30.46, 29.55, 29.51, 29.36, 29.35, 29.27, 

29.19, 29.11, 22.65, 14.18. HRMS (APCI) calculated for [M+H]+ 687.1181, found 687.1180. 

 

2,5-bis(3-decylthiophen-2-yl)thieno[2,3-b]thiophene [ - ] 

Te reaction was performed under dry conditions and nitrogen 

atmosphere. To a mixture of 120 ml dry toluene and 40ml of 

dry DMF was added 1.9 gram (4.1 mmol) of 2.5, 2.5 gram 

(8.1 mmol) of 2-bromo-3-decylthiophene and 150 mg of 

Pd(PPh3)4. The mixture was degassed several times and heated to 110 °C for 17 h. The 

mixture was then cooled to RT and poured into ice water and extracted with chloroform. The 

combined organic layers were washed with 2 M HCl solution, brine, and dried over Na2SO4 

followed by removal of the solvent in vacuo. The crude product was purified by column 

chromatography (silica) with petroleum ether as the eluent followed by recrystallization from 

isopropanol/methanol (3:1). 1.3 gram (2.2 mmol, 51%) of a white powder was obtained.  

1H NMR (300 MHz, CDCl3) δ = 7.20 (d, J=6.1, 4H), 6.94 (d, J=5.2, 2H), 2.85 – 2.66 (m, 4H), 

1.63 (s, 4H), 1.24 (s, 28H), 0.85 (t, J=6.6, 6H); 13C NMR (50 MHz, cdcl3) δ = 146.54, 140.64, 

138.67, 130.75, 130.70, 130.70, 130.08, 124.60, 119.21, 32.13, 31.12, 29.83, 29.76, 29.70, 

29.57, 29.36, 22.92, 14.36. HRMS (APCI) calculated for [M+H]+ 585.2712, found 585.2712. 

Calc. for C34H48S4:  C, 69.81; H, 8.27; S, 21.92. Found:  C, 69.52; H, 8.26; S, 22.22. 



The use of bis(pinacolato)diboron for the synthesis of regioregular homopolymers 

  181 

2,5-bis(5-bromo-3-decylthiophen-2-yl)thieno[2,3-b]thiophene [6.7] 

The reaction was performed under exclusion of light.  To 

a cooled (0 °C) mixture of 1.0 gram  (1.7 mmol) 2,5-bis(3-

decylthiophen-2-yl)thieno[2,3-b]thiophene in 20 ml of THF 

was added dropwise a solution of 640 mg (3.6 mmol) 

NBS in  20 ml of THF.  The resulting mixture allowed to warm up to RT overnight and 

poured into 200 ml of 0.1 M HCl  followed by extraction with DCM. The combined organic 

layers where washed with brine and dried over Na2SO4. The solvent was removed under 

reduced pressure and the crude product was purified by recrystallization from 

isopropanol/methanol (3:1) yielding 807 mg (1.1 mmol, 65%) of an off-white powder.   

1H NMR (200 MHz, CDCl3) δ = 7.13 (s, 2H), 6.91 (s, 2H), 2.64 (t, J=7.7, 4H), 1.76 – 1.42 (m, 

4H), 1.42 – 1.00 (m, 28H), 0.83 (t, J=6.6, 6H); 13C NMR (50 MHz, CDCl3) δ = 146.02, 

141.17, 137.14, 132.58 (2x), 131.59, 119.32, 111.03, 31.82, 30.62, 29.52, 29.47, 29.33, 

29.25, 29.01, 22.65, 14.18. HRMS (APCI) calculated for [M+H]+ 743.0901, found 743.0898. 

Calc. for C34H46Br2S4:  C, 54.98; H, 6.24; S, 17.27. Found:  C, 54.49; H, 6.23; S, 17.39. 

 

3,3'''- bis[10-(4-methoxyphenoxy)decyl]-2,2':5',2'':5'',2'''-quaterthiophene [6.9] 

This compound was made according to a modified 

literature procedure.33 The reaction was performed under 

dry conditions and nitrogen atmosphere. 5.6 gram (13 

mmol) of 3.7 was dissolved in 15ml of dry THF. The 

solution was added dropwise to 380 mg (15 mmol) of 

activated magnesium, keeping a constant reflux. After 

complete addition the mixture was refluxed for an additional 

5 h. The mixture was cooled to RT and added via a cannula 

to a second flask containing 1.5 gram (5 mmol) of 6.11, 46 mg of Ni(dppp)Cl2  and 40ml of 

dry THF / Toluene (4:3) mixture After complete addition of the Grignard reagents the mixture 

was refluxed over night. The reaction was cooled to room temperature and quenched with 

saturated NH4Cl solution. The mixture was extracted with dichloromemethane (DCM) and 

the organic layer was washed with brine followed by drying over Na2SO4. The solvent 

removed in vacuo and the crude product purified by two times column chromatography 

(silica) using hexanes as the eluent. The product was recrystallized from 

isopropanol/methanol (3:1) yielding 1.03 gram (1.2 mmol, 25%) of fluorescent orange 

product.  
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1H NMR (400 MHz, CDCl3) δ = 7.16 (d, J=5.2, 2H), 7.10 (d, J=3.7, 2H), 7.00 (d, J=3.8, 2H), 

6.92 (d, J=5.2, 2H), 6.80 (s, 8H), 3.86 (t, J=6.6, 2H), 3.74 (s, 6H), 2.77 (t, J=7.7, 2H), 1.71 

(m,  4H), 1.62 (m, 4H), 1.28 (s, 24H). 13C NMR : No spectra (insufficient  solubility). 

 

5,5'''-dibromo-3,3'''-bis(10-(4-methoxyphenoxy)decyl)-2,2':5',2'':5'',2'''-quaterthiophene 

[6.8] 

The reaction was performed under exclusion of light.  

To a cooled (0 °C) mixture of 900 mg  (1.1 mmol) 6.9 

in 20 ml of THF was added dropwise a solution of 409 

mg (2.3 mmol) NBS in  20 ml of THF.  The resulting 

mixture allowed to warm up to RT overnight and 

poured into 200 ml of 0.1 M HCl  followed by 

extraction with DCM. The combined organic layers 

where washed with brine and dried over Na2SO4. The solvent was removed under reduced 

pressure and the crude product was purified by recrystallization from isopropanol/methanol 

(3:1) yielding 848 mg (0.84 mmol, 80%) of a dark orange powder.   

1H NMR (300 MHz, CDCl3) δ = 7.08 (d, J=3.8, 2H), 6.94 (d, J=3.8, 2H), 6.87 (s, 2H), 6.80 (s, 

4H), 3.86 (t, J=6.5, 2H), 2.75 – 2.60 (m, 2H), 2.67 (t, J=7.9,  4H), 1.64 – 1.47 (m, 4H), 1.48 – 

1.17 (m, 24H). 13C NMR : No spectra (insufficient  solubility). 
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General Polymerization procedure using bispinacolato diboron (BiPi 

method).  

All reactions were performed under anhydrous conditions under a nitrogen atmosphere. To 

a three-necked flask of stirring solvent were added equal molar quantities of monomer and 

bis(pinacolato)diboron. The solution was then sparged with dry nitrogen for 10 min before  

addition of 5 mol% 1,10-bis(diphenylphosphino)-ferrocenepalladium(II)dichloride 

dichloromethane complex (Pd(dppf)Cl2) and 5 eq. of crushed K3PO4.  An additional 10 min 

of sparging was performed. The mixture was heated to 110 °C and stirred for 24 h, cooled to 

RT, and the solvent was removed by rotary evaporation. The remaining residue was 

dissolved in a minimal amount of CHCl3 and precipitated by pouring slowly into 1 L of 

CH3OH. To facilitate the precipitation, 1 mL of concentrated HCl was then added. The 

resulting slurry was stirred for an hour and the precipitate collected by centrifugation at 4000 

rpm for 10 min and dried in vacuo. The crude polymer was then purified in a soxhlet 

extractor using CH3OH, acetone, and CHCl3, in which the purified polymer dissolved before 

being re-precipitated into cold CH3OH and dried in vacuo. 

 

Poly(4,4’-dihexyl-2,2’-bithiophene) [P6-1] 

1.08 gr. (5.08 mmol) K3PO4, 0.5 gr. (1.02 mmol)  2.10, 10.2 mg of 

Pd(dppf)Cl2 and 260 mg. (1.02 mmol) bis(pinacolato)diboron were 

reacted in 25 ml of dry DMF according to the general BiPi 

polymerization procedure.  Precipitation in methanol yielded a 

sticky brown/orange gum.  No accurate yield could be determined.  
1H NMR (300 MHz, CDCl3) δ = 7.17 – 6.32 (m, 2H), 2.88 – 2.46 (m, 4H), 1.81 –1.46 (m, 4H), 

1.46 – 1.11 (m, 12H), 1.05 – 0.67 (m, 6H); ATR-IR (cm-1): 3058, 2953, 2922, 2852, 

1703,1659,1532, 1455, 1436, 1376, 1259, 1230, 1160, 1114, 1084, 1039, 926, 884, 832, 

792, 749, 723; GPC: 3500 g/mol (Mn), 12400 g/mol (Mw), 71800 g/mol (Mz), 3.5 (PDI) 

 

Poly(5,5’-dihexyl-2,2’-bithiophene) [P6-2] 

431 mg (2.03 mmol) K3PO4, 200 mg (0.41 mmol) of 6.2, 4 mg of 

Pd(dppf)Cl2 and 103 mg (0.406 mmol) bis(pinacolato)diboron were 

reacted in 20 ml of dry DMF according to the general BiPi polymerization 

procedure. Precipitation in methanol yielded a sticky brown/orange gum.  

No accurate yield could be determined. 
1H-NMR (300 MHz, CDCl3) δ = 7.01 – 5.95 (b, 2H), 3.04 – 2.25 (b, 4H), 

1.93 – 1.45 (b, 4H), 1.45 – 0.98 (b, 12H), 0.98 – 0.56 (b, 6H). ATR-IR (cm-1): 3058, 2952, 



Chapter 6 

184   

2921, 2851, 1521, 1464, 1554, 1375, 1260, 1134, 1112, 976, 925, 885, 818, 720; GPC: 

unreliable GPC value’s because of too low molecular weight 

 

Poly(9,9’-dihexylfluorene) [P6-3] 

500mg (1.03 mmol) 6.3, 1.06 gram (5 mmol) of K3PO4, 25 mg of 

Pd(dppf)Cl2 and 258 mg (1.02 mmol) bis(pinacolato)diboron were 

reacted in 25 ml of dry DMF according to the general BiPi 

polymerization procedure. Precipitation in methanol yielded 220 mg 

of a light brown solid (66%).  
1H-NMR (300 MHz, CDCl3) δ = 8.26 – 6.81 (b, 10H), 2.71 – 1.62 (b, 4H), 1.55 – 0.99 (b, 

12H), 0.99 – 0.26 (b, 10H); ATR-IR (cm-1):  3058, 2924, 2852, 1723, 1605, 1455, 1402, 

1376, 1249, 1093, 99, 883, 811, 756, 740, 722; GPC: 6053 g/mol (Mn), 16105  g/mol (Mw), 

37074 g/mol  (Mz), 2.7 (PDI) 

 

Poly[2,7-(9,9-dihexylfluorene)-alt-bithiophene] [P6-4] 

806 mg K3PO4 (3.8 mmol) ,  500mg (0.76 mmol) 6.4, 

193 mg (0.75 mmol) bis(pinacolato)diboron and 14 

mg Pd(dppf)Cl2  were reacted in 25 ml of dry DMF 

according to the general BiPi polymerization 

procedure. Precipitation in methanol yielded 279 mg (74%) of a yellow/green powder.  
1H-NMR (300 MHz, CD2Cl2) δ = 8.02-7.47 (b, 6H), 7.47-6.98 (b, 4H), 2.38-1.74 (b, 4H), 1.40-

0.91 (b, 12H), 0.91-0.45 (b, 10H); ATR-IR (cm-1):  3064, 2922, 2850, 1888, 1748, 1606, 

1464, 1416, 1375, 1257, 1196, 1134, 1065, 1005, 878, 815, 788, 742, 722; GPC: 9500 

g/mol (Mn), 25800 g/mol (Mw), 79700 g/mol (Mz), 2.7 (PDI) 

 

Poly(3,3′-didecyl-tertthiophene) [P6-5] 

223 mg K3PO4 (2.60) ,  150 mg 6.5 (0.22 mmol) , 56 mg (0.22 

mmol) bis(pinacolato)diboron, 5 mg Pd(dppf)Cl2  were reacted 

in 25 ml of dry DMF according to the general BiPi 

polymerization procedure. Precipitation in methanol yielded 56 

mg (48%) of a dark red polymer.    

1H-NMR (300 MHz, CD2Cl2) δ = 7.45-6.70 (b, 4H), 3.04-2.56(b, 4H), 1.89-1.52 (b, 4H), 

1.51-1.11 (b, 28H), 1.04-0.73 (b, 6H); ATR-IR (cm-1): 3062, 2952, 2918, 2849, 1497, 1456, 

1376, 1187, 1065, 821, 782, 720; GPC: 8900 g/mol (Mn), 22900 g/mol (Mw), 63300 g/mol 

(Mz), 2.6 (PDI) 
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Poly(3,3′-didecyl-quaterthiophene) (DMF) [P6-6] 

552 mg K3PO4 (2.60) ,  400mg 6.6 (0.52 mmol) , 132 

mg (0.52 mmol) bis(pinacolato)diboron  and 7 mg 

Pd(dppf)Cl2 were reacted in 25 ml of dry DMF 

according to the general BiPi polymerization procedure. 

Precipitation in methanol yielded 128 mg (37%) of a 

dark red powder.  
1H-NMR (300 MHz, CD2Cl2) δ = 7.45-6.73 (b, 6H), 2.98-2.60 (b, 4H), 1,93-1.52 (b, 4H), 1.52-

1.03 (b, 28H), 1.03-0.72 (b, 6H); ATR-IR (cm-1):  3062, 2951, 2918, 2848, 1495, 1455, 

1375, 1260, 1065, 821, 780, 720; GPC: 6700 g/mol (Mn), 17600 g/mol (Mw), 49200 g/mol 

(Mz), 2.6 (PDI) 

 

Poly(3,3′-didecyl-quaterthiophene) (Tol/DMF) [P6-12] 

550 mg K3PO4 (2.60 mmol) ,  400mg 6.6 (0.52 mmol) , 

132 mg (0.52 mmol) bis(pinacolato)diboron and 7 mg 

Pd(dppf)Cl2  were reacted in a mixture of 8 ml of dry 

DMF and 17 ml of dry toluene according to the general 

BiPi polymerization procedure.  Precipitation in 

methanol yielded 268 mg (77%) of a dark red powder.  
1H-NMR (300 MHz, CD2Cl2) δ = 7.35-6.85 (b, 6H), 2.97-2.56 (b, 4H), 1.87-1.53 (b, 4H), 1.53-

1.05 (b, 28H), 1.01-0.72 (b, 6H); ATR-IR (cm-1): 3062, 2918, 2849, 1495, 1456, 1375, 1189, 

1067, 821, 780, 720; GPC: 5200 g/mol (Mn), 9600 g/mol (Mw), 17300 g/mol (Mz), 1.8 (PDI) 

 

Poly(2,5-bis(3-decylthiophen-2-yl)thieno[2,3-b]thiophene) [P6-7] 

551 mg K3PO4 (2.60), 400mg (0.53) 2,5-bis(5-bromo-3-

decylthiophen-2-yl)thieno[2,3-b]thiophene, 134 mg (0.53 

mmol) bis(pinacolato)diboron and 7 mg Pd(dppf)Cl2  were 

reacted in 25 ml of dry DMF according to the general BiPi 

polymerization procedure.  Precipitation in methanol 

yielded 208 mg (67%) of a red powder. 
1H-NMR (300 MHz, CD2Cl2) δ = 7.31-7.12 (b, 2H), 7.12-6.87 (b, 2H), 2.96- 2.52 (b, 4H), 

1.87-1.52 (b, 4H), 1.52-0.98 (b, 28H), 0.98-0.68 (b, 6H); ATR-IR (cm-1): 3062, 2918, 2849, 

1495, 1456, 1375, 1189, 1067, 821, 780, 720; GPC: 5700 g/mol (Mn), 16300 g/mol  (Mw), 

44600 g/mol (Mz), 2.9 (PDI) 
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Poly(3,3’-(4-methoxyphenoxy)decyl-2-yl)-quaterthiophene) [P6-13] 

350 mg (0.35 mmol) 6.8, 97 mg (0.38 mmol) 

bis(pinacolato)diboron, 417 mg (2.0 mmol) K3PO4 and 

7mg Pd(dppf)Cl2 were reacted in a mixture of 8ml dry 

DMF and 24 ml of dry Toluene according to the general 

BiPi polymerization procedure.. Precipitation in 

methanol yielded 253 mg (73%) of a red powder.  
1H-NMR (300 MHz, CD2Cl2) δ = 7.33-6.92 (b, 6H), 

6.88-6.71 (b, 8H), 4.02-3.78 (b, 4H), 3.78-3.64 (b, 6H), 

3.00-2.56 (b, 4H), 1.89-1.52 (b, 8H), 1.52-1.09 (b, 24H); ATR-IR (cm-1): 3059, 2918, 2848, 

1505, 1462, 1436, 1389, 1289, 1227, 1179, 1102, 1069, 1037, 821, 785, 719; GPC: 7400 

g/mol (Mn), 13800 g/mol (Mw), 41800 g/mol (Mz), 1.9 (PDI) 

 

Deprotection of P6-13 [P6-14] 

100 mg of P6-13 was dissolved into 15ml of dry CH2Cl2. After the polymer was completely 

dissolved 250 µL of 1M BBr3 in CH2Cl2 was added at once. The mixture was stirred at RT for 

30min and then refluxed for 90 min. The mixture cooled and hydrolyzed by slow addition of 

methanol. After quenching the reaction mixture was poured into 500ml of methanol and the 

precipitate was collected by centrifugation. 42 mg of a red powder was obtained. Because of 

the incomplete deprotection no accurate yield can be calculated. According to 1H-NMR 50% 

of the functional groups is deprotected.  
1H-NMR (300 MHz, CD2Cl2) δ = 7.37-6.90 (b, 6H), 6.90-6.64 (b, 4H), 4.03-3.76 (b, 2H), 3.76-

3.63 (b, 2H), 3.51-3.28 (b, 2H), 2.99-2.49 (b, 4H), 2.01-1.54 (b, 8H), 1.54-1.07 (b, 24H).  

ATR-IR (cm-1): 3059, 2918, 2848, 1505, 1462, 1436, 1389, 1289, 1227, 1179, 1102, 1069, 

1037, 821, 785, 719; GPC: 4200 g/mol (Mn), 5900 g/mol (Mw), 8200 g/mol (Mz), 1.4 (PDI) 
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General Polymerization procedure using Stille polymerization  

All reactions were performed under anhydrous conditions under a nitrogen atmosphere. To 

a three-necked flask of stirring solvent were added equal molar quantities of both 

monomers. The solution was then sparged with dry nitrogen for 10 min before the addition of 

5 mol% Pd(PPh3)4 and an additional 10 min of sparging. The mixture was heated to reflux 

and stirred for 24 h, cooled to RT, and the solvent removed by rotary evaporation. The 

remaining residue was dissolved in a minimal amount of CHCl3 and precipitated by pouring 

slowly into 1 L of CH3OH. To facilitate the precipitation, 1 ml of concentrated HCl was then 

added. The resulting slurry was stirred for an hour and the precipitate collected by 

centrifugation at 4000 rpm for 10 min and dried in vacuo. The crude polymer was then 

purified in a Soxhlet extractor using CH3OH, acetone, and CHCl3, in which the purified 

polymer dissolved before being re-precipitated into cold CH3OH and dried in vacuo. 

 

Poly[2,7-(9,9-dihexylfluorene)-alt-bithiophene] (Stille) [P6-8] 

491 mg (1.0 mmol) 4.6, 492 mg (1.0 mmol) 6.3 and 

58 mg Pd(PPh3)4 were reacted in a mixture of 17 ml 

dry DMF and 83 ml of dry toluene according to the 

general Stille polymerization procedure. Precipitation 

in methanol yielded 356 mg (71%) of a orange 

powder.  
1H-NMR (300 MHz, CDCl3) δ = 8.29-6.62 (b, 10H), 3.31-2.60 (b, 2H), 2.63-1.78 (b, 2H), 

1.49-0.93 (b, 12H), 0.93-0.21 (b, 10H); ATR-IR (cm-1): 3064, 2922, 2850, 1888, 1748, 1602, 

1455, 1375, 1256, 1195, 1134, 1066, 1005, 979, 877, 816, 788, 752; GPC: 4000 g/mol (Mn), 

8800 g/mol (Mw), 15800 g/mol (Mz), 2.2 (PDI) 

 

Poly(3,3′-didecyl-tertthiophene) [P6-9] 

410 mg (1.0 mmol) 2,5-bis(trimethylstannyl)thiophene, 605 mg 

(1.0 mmol) 2.12 and 59 mg Pd(PPh3)4 were reacted in a 

mixture of 16 ml dry DMF and 80 ml of dry toluene according to 

the general Stille polymerization procedure. Precipitation in 

methanol yieled 160 mg (30%) of a dark red powder.  
1H-NMR (300 MHz, CDCl3) δ = 6.68-6.15 (b, 4H), 2.42-1.61 (b, 4H), 1.20-0.84 (b, 4H), 0.84-

0.33 (b, 28H), 0.33-0.02 (b, 6H); ATR-IR (cm-1):3061, 2951, 2916, 2848, 1497, 1456, 1434, 

1375, 1260, 1183, 1066, 817, 776, 719; GPC: 8700 g/mol (Mn), 16100 g/mol (Mw), 26000 

g/mol (Mz), 1.9 (PDI) 
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Poly(3,3′-didecyl-quaterthiophene) [P6-10] 

492 mg (1.0 mmol) 4.6, 605 mg (1.0 mmol)  2.12 and 58 mg Pd(PPh3)4  were reacted in a 

mixture of 17 ml dry DMF and 80 ml of dry toluene according to the general Stille 

polymerization procedure. Precipitation in methanol 

yielded 552 mg (90%) of a dark red powder.  
1H-NMR (300 MHz, CDCl3) δ = 7.85-6.61 (b, 6H), 3.18-

2.31 (b, 4H), 1.91-1.52 (b, 4H), 1.52-1.04 (b, 28H), 

1.00-0.72 (b, 6H); ATR-IR (cm-1): 3061, 2951, 2917, 

2848, 1493, 1455, 1435, 1375, 1309, 1158, 1120, 820, 

779, 722; GPC: 5900 g/mol (Mn), 9500 g/mol (Mw), 14200 g/mol (Mz), 1.6 (PDI) 

 

Poly(2,5-bis(3-decylthiophen-2-yl)thieno[2,3-b]thiophene) [P6-11] 

600 mg (1.0 mmol) 2.5, 774 mg (1.0 mmol) 2.12 and 75 mg 

Pd(PPh3)4 were reacted in a mixture of 17 ml dry DMF and 

80 ml of dry toluene according to the general Stille 

polymerization procedure. Precipitation in methanol yielded 

659 mg (87%) of a dark orange powder.  
1H-NMR (300 MHz, CDCl3) δ = 7.42-7.14 (b, 2H), 7.14-6.91 (b, 2H), 3.01-2.41 (b, 4H), 1.98-

1.52 (b, 4H), 1.52-1.13 (b, 28H), 1.05-0.73 (b, 6H); ATR-IR (cm-1): 3068, 2918, 2849, 1648, 

1536, 1456, 1375, 1302, 1159, 1100, 1063, 963, 898, 818, 720; GPC: 10100 g/mol (Mn), 

20200 g/mol (Mw), 33800 g/mol (Mz), 2.0 (PDI) 
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Summary 
With a fast growing population in developing countries, the lack of hygiene and money for 

medical care, diseases are spreading rapidly.  The need for a quick, accurate, and cheap 

method for the detection of these diseases is high.  The development of very small and 

cheap devices is required and it is chemistry that can provide these tools.  In the fields of 

nanotechnology, scientists are building devices on the nanoscale (1.10−9 m). These devices 

are believed to be potentially cleaner, stronger, lighter, and more precise, which in the end 

would result in cheaper products, exactly what is needed. 

This dissertation focuses on the development of a new type of micro (1.10-6m) bio-sensor, 

built from  organic materials. Bio-sensors are analytical devices that can test samples on a 

chemical or biological substance (analyte) and provide data about these substances upon 

recognition. The detection of the substance  is done by a biological receptor, and should be 

translated into a signal we can understand. This translated signal can for example be optical 

(light) or electrical. Glucose monitoring devices are examples of bio-sensors already being 

used nowadays. For the translation and amplification of the binding of bio-molecules to the 

receptors our bio-sensor design was based on a field effect transistor (FET) architecture. 

From results obtained by traditional  bio-sensor research it was known that this type of 

architecture could result in bio-sensors which are more sensitive, more reliable, faster, and 

less power consuming than other types. A field effect transistor is a semiconductor device 

which can be used to amplify a weak electrical signal into a measurable current.  

To realize the development of low-cost, large-area bio-sensors, one has to switch from 

traditional silicon-based  to solution-processable polymeric semiconductor materials.  

Polymers are in general insulating materials and only a special class, the so-called 

conjugated polymers, are able to conduct electricity. These polymers have an alternating 

structure of single and double carbon-carbon bonds and it is this structure which is the 

cause of this unique property. When electrons are removed from these polymers via an 

electrochemical or electrical process, a positive charge is generated (hole). This charge can 

migrate along and between the individual polymer chains, resulting in a electrical current.  

For organic FET devices to work properly, the doping of the polymer should only take place 

when a voltage is applied to the device, but in most cases the polymer is also doped by 

oxidation through water or oxygen (electrochemical processes).  

The new bio-sensor design required the development and synthesis of a conjugated 

polymer with a high oxidation stability towards water and oxygen and the ability to covalently 

attach bio-receptor molecules. Based on results from literature we decided to synthesize a 
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alternating polythiophene copolymer with the cross-conjugated thieno[2,3-b]thiophene as 

one of the essential monomers. It was proven that cross-conjugation can break the 

conjugation pathway of a polymer, resulting in a deeper lying (HOMO) energy level and 

therefore increased stability towards oxidation. The rigid and flat structure of this alternating 

thiophene copolymer is essential for the formation of ordered crystalline domains in the film. 

It allows electron hopping between individual chains, resulting in a good mobility.  

Although the structure of the thieno[2,3-b]thiophene is simple, finding a reproducible way to 

synthesize pure thieno[2,3-b]thiophene proved to be complicated. Combining and optimizing 

several different synthetic routes was required to obtain the product in gram scale quantities. 

Besides the non-functionalized thieno[2,3-b]thiophene also the more easily synthesized 

methyl- and phenyl- functionalized thienothiophenes were obtained. 

There is much literature on the preparation of 5,5-dibromo-4,4'-dialkyl-2,2'-bithiophene. In 

most cases the monomer is synthesized via a selective lithiation and oxidative coupling 

process, followed by bromination to yield the final product. The nature of this coupling 

requires the need for extensive purification using reverse phase chromatography, yielding 

the pure product, but in very low yield.  Using this knowledge we concluded that this method 

is useless for the synthesis of our functionalized bithiophene monomers and an other route 

had to be found.  Several other literature methods were tested but all of these methods did 

not yield the monomer in pure enough form. By slightly modifying the sequence and the 

used reactants of the lithiation and coupling process we were able to produce the required 

monomers, having C6, C8 and C10 alkyl tails in large quantities (20+ gram) and isomer-free 

using simple recrystallization.   

Sulfate-binding proteins containing single cysteine moieties were cultivated in the 

collaborating biochemistry group of Bert Poolman as our bio-receptors. Cysteine groups 

contain free thiols which can be very selectively attached to maleimide under slightly basic 

conditions. Therefore we chose maleimide as the target functionality to be attached to the 

bithiophene monomer. Using retro-synthesis we were able to develop a complicated but  

feasible route for the synthesis of this maleimide functionalized monomer, starting from 

simple 3-bromo-thiophene using a total of 6 steps. The key step of this procedure is our 

newly developed coupling method. The implementation of synthesis proved to be more 

complicated than anticipated, but after using several synthetic tricks we were able to 

synthesize the desired monomer in gram quantities. 

With both monomers synthesized, polymerization was the next step. Using the standard 

Stille polymerization method we tried to synthesize the functionalized polymers we ended up 

with insoluble material. Without the ability to analyze the product using solvent based 

techniques like NMR, GPC,  or MALDI-TOF MS it was difficult to understand and solve this 
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problem. Using FT-IR and literature research we postulate that a radical anion is formed by 

photo-induced electron transfer between the maleimide and the conjugated polymer-

backbone. This radical anion can then react with other maleimides resulting  in partial cross-

linking, leading to insoluble material.  

As a solution of, and further proof of this problem we looked into the process of  

post-functionalization. Using literature procedures, we synthesized several bromine-

functionalized monomers and polymerized those using the Stille polymerization. The 

resulting materials were purified and then analyzed using MALDI-TOF MS.  This technique 

shows the mass of individual chains and it revealed quickly that these polymers did not have 

the expected regular structure. Side reactions like homo-coupling, methyl transfer, 

destannylation, and debromination resulted in the formation of a polymer with a wide variety 

of different polymer chains, making these materials useless for post-functionalization.   

With the growing need for a conjugated material with a regular structure, suitable for post-

functionalization, we decided to abandon the (Stille) copolymerization.  The need for 

(bromine) functional groups reduces the amount of possible routes towards conjugated 

polymers and popular methods for homo-polymerization like the Yamomoto coupling and 

GRIM polymerization cannot be used. One of the few  remaining options was homo-

polymerization using the Suzuki-Miyaura coupling. For homo-polymerization one monomer 

containing two complementary functional groups is needed, and it is this requirement which 

makes the synthesis of these monomers difficult. Small amounts of contamination can cause 

defects in the resulting polymer chains or reduce the molecular weight. Tedious purification 

is needed, and it was this reason that we developed a method in which functionalization and 

polymerization takes place concerted. The method is based on a in-situ Miyaura borination 

followed by Suzuki polymerization. Both cycles require the same palladium catalyst and a 

careful choice of the used base resulted in polymers with moderate molecular weight. 

Several popular conjugated monomers were successfully polymerized and from analysis 

with MALDI-TOF MS we could conclude that this new method could be used to synthesize 

polymers with the desired regular structure. A quarterthiophene monomer containing 

protected functional groups was then synthesized and polymerized using this new method. 

The resulting polymer was analyzed with MALDI-TOF MS and showed a regular structure as 

expected. Deprotection was then performed and the resulting polymer was analysed again 

and although MALDI-TOF showed that deprotection was only partial, it did show that 

detailed analysis was possible, proving the power of the new polymerization method.  

Although in the end we where not able to synthesize the desired functional conjugated 

polymer, we  did provide a set of very useful tools for the future scientists working on this or 

similar projects. 
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Samenvatting  
Met een explosieve toename van de wereldbevolking voornamelijk in ontwikkelingslanden is 

er een groeiende vraag naar goedkope en snelle methodes om besmettelijke ziektes te 

detecteren en daarmee epidemieën te voorkomen. Met de huidige technologie ligt de 

kostprijs vaak nog te hoog om op grote schaal bevolkingsonderzoek te doen. Dit is de reden 

waarom in de wetenschap en dan met name de nanowetenschap uitgebreid onderzoek 

word gedaan om materialen te ontwikkelen waarmee dat wel mogelijk is.  Wetenschappers 

zijn bezig schakelingen te ontwikkelen op nanometerschaal die naar verwachting zullen 

leiden tot  schonere, sterkere, lichtere en uiteindelijk goedkopere producten.  

Dit proefschrift beschrijft de ontwikkeling van een nieuw type microbiosensor gebaseerd op 

organische elektronica. Een biosensor is een apparaat dat in staat is om specifieke 

chemische of biologische moleculen (analiet) te herkennen en te binden. Vervolgens word 

de data over het binden van deze moleculen doorgeven zodat wij deze kunnen uitlezen. Het 

'herkennen' en binden van een analiet wordt gedaan door de biologische receptor. Het 

binden van een analiet veroorzaakt een chemische of structurele verandering in de 

biosensor welke door de transducer word doorgegeven en vertaald in bijvoorbeeld optische 

of elektrische signalen. Een voorbeeld van een commerciële biosensor is de bloedglucose 

biosensor.   

 Om de ontwikkeling van goedkope biosensoren mogelijk te maken moet er van de 

traditionele dure siliciumsystemen worden afgestapt en op zoek gegaan worden naar 

materialen die gemakkelijker te verwerken zijn.  Polymeren zijn een voorbeeld van zulke 

materialen; hoewel de meeste polymeren isolatoren zijn, is er een type polymeren, de 

zogenaamde geconjugeerde polymeren, dat wel elektriciteit kan geleiden. Deze polymeren 

hebben een alternerende structuur van enkele en dubbele bindingen die voor deze unieke 

eigenschap zorgen.  Als  er  elektron uit de keten van zo’n polymeer word gehaald via een 

elektrochemisch of elektrisch proces (doping), ontstaat er een positieve lading (gat). Deze 

lading kan langs en tussen de ketens migreren wat in een elektrische stroom resulteert. Een 

nadeel van deze polymeren is dat het ontstaan van ladingen ook door oxidatie met water of 

zuurstof uit de lucht plaats kan vinden. In sommige apparaten, waaronder biosensoren, zal 

dit leiden tot een afname van de gevoeligheid of zelfs resulteren in een onbruikbaar 

apparaat.   

Voor het nieuwe biosensordesign werd daarom gezocht naar een polymeer dat minder 

gevoelig was voor oxidatie en daarnaast als ankerpunt kon dienen voor bio-receptors. 

Gebaseerd op resultaten uit de literatuur werd besloten om een alternerende polythiofeen te 
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synthetiseren met het cross-geconjugeerde thieno[2,3-b]thiofeen als een van de essentiële 

monomeren. Cross-conjugatie verbreekt de conjugatie van de polymeerketen, waardoor 

deze een dieper gelegen energieniveau krijgt, wat de stabiliteit ten opzichte van oxidatie 

verhoogt.  Naast thieno[2,3-b]thiofeen werd voor 5,5-dibromo-4,4'-didecyl-2,2'-bithiofeen als 

monomeer gekozen. Door deze combinatie van monomeren te gebruiken wordt een platte, 

starre polymeerstructuur gevormd wat de formatie van geordende kristallijne domeinen 

bevordert en daarmee de geleiding verhoogt.   

Hoewel de structuur van thieno[2,3-b]thiofeen anders doet vermoeden was het vinden van 

een reproduceerbare syntheseroute gecompliceerd. Door het combineren en optimaliseren 

van verschillende syntheseroutes werd uiteindelijk een methode gevonden waarmee op 

gramschaal het monomeer kon worden gesynthetiseerd. Naast de ongefunctionalliseerde 

thieno[2,3-b]thiofeen werden ook de methyl- en fenyl-gefunctionaliseerde varianten 

gesynthetiseerd.  

De synthese van 5,5-dibromo-4,4'-diakyl-2,2'-bithiofeen-monomeren wordt uitgebreid 

omschreven in de literatuur.  De meest gebruikelijke methode is een combinatie van 

selectieve lithiering, oxidatieve koppeling, gevolgd door bromering. De methode vereist 

echter een nogal uitgebreide zuiveringsstap door middel van 'reverse phase' chromatografie 

waardoor de opbrengst laag is. Omdat naast ongefunctionaliseerde bithiofeen-monomeren 

ook en nieuw te ontwikkelen gefunctionaliseerd bithiofeen monomeer moest worden 

gesynthetiseerd werd besloten dat deze methode ongeschikt was. Verschillende andere in 

de literatuur beschreven syntheses werden geprobeerd maar geen leverde het monomeer in 

grote hoeveelheden en de gewenste zuiverheid. Dankzij uitgebreid onderzoek werd 

uiteindelijk een methode gevonden waarmee het wel mogelijk was om de monomeren in 

grote hoeveelheden (20+ gram) te synthetiseren. De zuivering bestaat uit een simpele  

herkristallisatie.  

Sulfaatbindende eiwitten met één enkele cysteïnegroep werden gecultiveerd in 

samenwerking met de biochemiegroep van Prof. Dr. Bert Poolman met als doel deze te 

gebruiken als bioreceptor. Cysteïne is een aminozuur met een vrije thiolgroep. Onder 

basische condities kan deze thiolgroep een Michael-additie aangaan met α,β-onverzadigde 

carbonylverbindingen. Door maleïmide, een stabiele α,β-onverzadigde carbonylverbinding, 

covalent aan het bithiofeen-monomeer te binden is het mogelijk om na polymerisatie de 

bioreceptoren met het polymeer te laten reageren.  Door gebruik te maken van retrosythese 

werd een gecompliceerde, maar haalbare route voor de synthese van de maleïmide- 

gefunctionaliseerde bithiofeen ontworpen.  De uitvoering van de synthese bleek 

gecompliceerd, maar na het toepassen van enkele synthetische trucjes werd uiteindelijk het 

monomeer op  gram-schaal verkregen. 



Samenvatting 

  197 

Met beide monomeren gesynthetiseerd, was de polymerisatie de volgende stap. Door 

gebruik te maken van de standaard Stille-polymerisatie konden wel de referentiepolymeren 

worden gesynthetiseerd. Echter de synthese van de gefunctionaliseerde polymeren leverde 

enkel onoplosbaar materiaal. Het vinden van een mogelijke oorzaak was gecompliceerd 

vanwege het niet kunnen toepassen van analysetechnieken als NMR, GPC en MALDI-TOF 

MS. Met gebruik van FT-IR spectroscopie en uitgebreid literatuuronderzoek werd uiteindelijk 

de hypothese opgesteld dat gedeeltelijke cross-linking de oorzaak is voor het onoplosbare 

materiaal.  

Zoekend naar een oplossing voor het probleem, en als bewijs voor de hypothese, werd 

gekeken of de gewenste polymeren ook door post-functionalisatie konden worden 

verkregen. Hiervoor werden verschillende broom-gefunctionaliseerde monomeren 

gesynthetiseerd en gepolymeriseerd (via de Stille-methode). De verkregen materialen 

werden gezuiverd en geanalyseerd met MALDI-TOF MS. De MALDI-TOF analyse liet zien 

dat geen van de polymeren de verwachte regelmatige structuur had, zijreacties zoals homo-

koppeling, methyl-transfer, destannylering en debromering zorgen voor materiaal met een 

grote diversiteit aan polymeerketens wat deze materialen onbruikbaar maakt voor post-

functionalisatie.  

Na de bovenstaande conclusie werd besloten om de Stille-polymerisatie te verlaten en op 

zoek te gaan naar een andere methode om de gefunctionaliseerde polymeren te verkrijgen. 

Het gebruik van gefunctionaliseerde monomeren tijdens de polymerisatie reduceert het 

aantal mogelijke routes enorm. Hierdoor vielen veel gebruikte methodes zoals GRIM of de 

Yamomoto-koppeling af. Een van de weinige methodes die na uitgebreid 

literatuuronderzoek overbleef is homo-polymerisatie met behulp van de Suzuki-Miyaura-

koppeling. Homopolymerisatie heeft echter het probleem dat een monomeer met twee 

complementaire functionele groepen moest worden gesynthetiseerd, wat in de praktijk nogal 

gecompliceerd blijkt. Kleine hoeveelheden vervuiling kunnen resulteren in polymeren met 

defecten in de keten of polymeren met een laag molecuulgewicht. Om deze reden werd 

gefocust op een methode waarin de monomeersynthese en de polymerisatie in dezelfde 

reactor plaatsvinden. De ontwikkelde methode is gebaseerd op de in-situ Miyaura-

boronering in combinatie met de Suzuki-polymerisatie. Tijdens beide stappen werd hetzelfde 

palladiumcomplex als katalysator gebruikt en door het kiezen van de juiste base kon 

polymeer worden verkregen met een gematigd molecuulgewicht. Verschillende populaire 

geconjugeerde monomeren werden gesynthetiseerd en gepolymeriseerd. Na analyse met 

MALDI-TOF MS werd geconcludeerd dat de nieuw ontwikkelde methode de te verwachten 

verbetering gaf en dat via de nieuwe methode wel polymeren met de gewenste regelmatige 

structuur konden worden gesynthetiseerd.  
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Om de methode te testen voor gefunctionaliseerde systemen werd een gefunctionaliseerde 

thiofeen-macromonomeer gesynthetiseerd en gepolymeriseerd. De MALDI-TOF analyse 

van het polymeer liet de verwachte regelmatige structuur zien.  Na het ontschermen van de 

functionele groepen werd het polymeer wederom geanalyseerd, helaas bleek ontscherming 

onvolledig. Wel kon de ontscherming vanwege de verbeterde polymerisatiemethode nu 

beter worden geanalyseerd.  

Hoewel uiteindelijk niet het gewenste gefunctionaliseerde polymeer werd gesynthetiseerd 

hebben we laten zien dat analyse van de structuur belangrijk is voor polymeersystemen. 

Tevens hebben we door de ontwikkeling van de nieuwe polymerisatiemethode, 

wetenschappers een manier gegeven om via eenvoudige wijze gestructureerde 

geconjugeerde materialen van hoge zuiverheid te verkrijgen. Dit laatste is van het 

allergrootste belang voor de toepassing van dit type materialen in, bijvoorbeeld, zonnecellen 

en transistoren 
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