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1 General Introduction 

 

“Anyone who has never made a mistake has never tried anything new.” 

Albert Einstein 
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1.1 ππ-Conjugated polymers 

Among all the organic molecules applied in molecular electronics,1 conjugated 

polymers (CPs) have attracted strong interest ever since the discovery of highly conducting 

polyacetylene.2-5 Possible applications in secondary batteries, sensors, photo- and 

electroluminescent devices, etc., have stimulated the search to new semiconducting 

materials.6-11 The replacement of inorganic semiconductors by polymers is considered as 

highly appealing due to the ease of processing and interesting mechanical properties of the 

final material. Disappointingly, conjugated polymers, characterized by the main feature of a 

regular alternation of single and double/triple bond in their polymeric backbone (Scheme 

1.1), are generally insoluble and infusible materials. This insolubility is not surprising since 

these polymers tend to be conformationally rigid in order to maintain the conjugation of the 

π-electrons in the backbone. In order to increase the solubility and to control the material 

properties, many of these CPs have been substituted. 

n

Polyacetylene (trans)

n

Polyparaphenylene

n

Poly(paraphenylene vinylene)       

NH
n

S
n

Polyaniline Polyphenylenesulfide

N
H n

Polypyrrole

S
n

Polythiophene

S
n

Poly(thienylene vinylene)

 

S

n
Poly(thienylene ethynylene)  

Scheme 1.1. The most common classes of conjugated polymers. 

Polythiophene (PT) — and its copolymers with double and triple bonds — is an 

intensively studied material, due to its stability both in the neutral as well as in the doped 

state and to the ease of substitution at one or two of the β positions of the thiophene ring 

leading to processible materials and to the tunability of their electrical and optoelectrical 

properties.12-15 Since these properties fulfill the requirements for their application, an 

increasing number of publications reported on the possible replacement of inorganic 
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materials with PTs.16 Whereas some of the devices are already under development (i.e., field 

effect transistors,9 NLO devices, polymer LEDs, electrochromic or smart windows, sensors, 

nanoswitches, nanoelectronic and optical devices or antistatic coatings), others need to be 

further investigated (i.e., electrical conductors, optical modulators and valves, imaging 

materials or polymeric electronic interconnects). 

The ability of molecular architects to understand how to gain control over the structure, 

properties and function in PTs continues to make their synthesis a critical subject in the 

development of new advanced materials. Synthesis can help to determine the magnitude of π 

overlap along the backbone and eliminate structural defects. Materials assembly (and/or 

processing) determines interchain overlap and dimensionality. Structural order over many 

length scales can be created in self-organizing materials by the presence of molecular 

interactions including solvophobic and solvophilic effects, hydrogen bonding, Coulombic 

interactions and Van der Waals forces.17 Planarization of the backbone and assembly of the 

backbone in the form of π stacks lead to better materials and enhanced device performance in 

almost every category, ranging from electrical conductivity to chemical stability. This of 

course leads to the exciting prospect that the properties of PTs can be selectively engineered 

through synthesis and assembly. 

1.2 Polythiophene chemistry 

The most common way to polymerize thiophene derivatives is to use the oxidative 

coupling. The oxidation may be done chemically or electrochemically, but the mechanisms 

are essentially the same. The first step is the one-electron oxidation of the monomer, resulting 

in a radical cation. The quantum chemical calculations show that, for thiophene, the spin 

densities are high at the positions 2 and 5 and consequently the reactivity is highest at these 

positions. The radical cation reacts with a non-oxidized monomer molecule to form a dimer. 

The extra protons disturb the aromaticity and conjugation of the system and thus the 

deprotonation is energetically favorable. Once formed, the dimer is oxidized more easily than 

the monomer and in this manner a polymer is formed. 

The major drawback of this oxidative polymerization consists of the formation of 

regioirregular PTs from monosubstituted monomers, i.e. PTs in which the head-to-head, tail-

to-tail and head-to-tail couplings are randomly present in the polymer backbone (Scheme 

1.2). The organization of irregular PTs is difficult to predict and therefore to control, and 

strategies have been developed to attain regioregular structures. 
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Scheme 1.2 

Here are listed three main approaches reported in literature to arrive at regioregular β-

substituted PTs:18 

1. Oxidative coupling of 3,4-disubstituted monomers, head-to-head or tail-to-tail dimers to 

produce 3,4-disubstituted PTs and head-to-head/tail-to-tail PTs, respectively (Scheme 

1.3). Here the regioregularity is ensured by the monomer. 
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FeCl3 or

electrochem.

 
Scheme 1.3. Regioregular PTs via oxidative polymerization. 

2. Oxidative coupling of non-symmetrically substituted monomers, e.g. 3-alkoxy-4-

methylthiophene. In this case the different radical spin densities of the two α positions are 

preferentially producing PTs in a head-to-tail fashion (Scheme 1.4). 

S

OR

S

OR

OR

S S

OR

OR

S

FeCl3

 
Scheme 1.4. Oxidative polymerization of 3-alkoxy-4-methylthiophene. 

3. Polymerization via metal catalyzed cross-coupling to produce head-to-tail PTs (Scheme 

1.5). The traditional McCullough method, for instance, regiospecifically generates 2-

bromo-5(bromomagnesio)-3-alkylthiophene, which is then polymerized with catalytic 

amounts of Ni(dppp)Cl2 to give PTs with 98-100% head-to-tail couplings. Recently, the 
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regiospecifically generation of the 2-bromo-5(bromomagnesio)-3-alkylthiophene is 

claimed not to be necessary.19 In the Rieke method, a 2,5-dibromo-3-alkylthiophene or a 

2-bromo-3-alkyl-5-iodothiophene is added to a solution of highly reactive “Rieke zinc” 

(Zn*), the resulting zinc-derivative is then coupled upon the addition of Ni(dppe)Cl2. The 

two methods furnish comparably high percentage of head-to-tail couplings. 

S

R

BrX S

R

BrM S

R

R

S S

R

R

SNi(II)

metallation

McCullough method: X = H; M = MgBr
Rieke method: X = I, Br; M = ZnI

coupling

 

Scheme 1.5. Metal-catalyzed cross-coupling polymerization. 

Whereas alkyl oligo-20-23 and polythiophenes24-27 have been widely studied, less 

attention has been paid to derivatives bearing electron donating groups, such as alkoxy or 

alkylthio. Electron donating substituted PTs present several advantages over alkyl 

functionalized ones. Most important is the reduction of the band gap in the CP, while the 

conducting state of the polymer is stabilized. In addition, the side chains can act as molecular 

recognition units for chemical sensing.28 Furthermore, the sulfur atoms of thioether groups 

can act as complexing agents toward different soft metallic ions, and therefore the compounds 

can been used as the sensitive part of chemosensors29 or as catalyst for hydroformylation30. 

Finally a potential pesticide activity of (alkylthio)-thiophene oligomers has been claimed.31  

The alkoxy substituted PTs were successfully synthesized either electrochemically or 

oxidatively with FeCl3.
32 On the other hand, the first unsuccessful attempts to obtain 

polythiophenes carrying electron-donating alkylthio groups date back to more than 10 years 

ago, when Elsenbaumer et al. reported the synthesis of poly[(3-methylthio)thiophene].33 

Since then, low molecular weight polymers of 3-(ethylthio) and 3,4-bis(ethylthio)thiophene 

have been chemically synthesized, using a Nickel-catalyzed Grignard coupling reaction.34,35 

Later, Kanatzidis et al. obtained poly(3,4-ethylenedithiathiophene) of comparably low 

molecular weight using the oxidative polymerization with iron trichloride.36 Attempts to 

electropolymerize monomeric (alkylthio)thiophenes failed, while oligothiophenes with 

thioether groups on the outer β position could be efficiently electropolymerized.28 

Polymerization of 2,2':5',2"-terthiophenes 3'-substituted with the -SR group, where R is a long 

alkyl chain, has been reported,37 but with unsatisfactory results. The synthesis of a series of 

regioregular poly[3-(alkylthio)thiophene]s with low molecular weights has been disclosed38,39 

whereas recent papers have reported the chemical40 and the electrochemical41 polymerization 

of 3,3'-bis(alkylthio)-2,2'-bithiophenes and evidenced the facile n- and p-dopability of the 

synthesized polymers. 
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In alkyl and alkylthio disubstituted polythiophenes the low degree of coplanarity of the 

main chain originates from steric hindrances between bulky side chains or those between side 

chain and main chain.33,42,43 Oxidative polymerization of a 3,4-bis(alkylthio)thiophenes 

produced yellow polymers in contrast to the purple poly(3,4-dialkoxythiophene) synthesized 

using the same procedure.44 Introduction of a vinylene unit between the thiophene rings 

resulting in a poly(thienylene vinylene) (PTV) may improve the planarity of the system. Due 

to the presence of vinylene linkages, PTVs are expected to exhibit lower aromatic character 

than PTs and, hence, enhanced electron delocalization. The synthesis of PTVs generally 

employs the reductive coupling of dialdehydes with TiCl4.
45,46 In the McMurry coupling 

aldehydes and ketones — both aromatic and aliphatic — can be converted to dimeric alkenes 

by treatment with Zn/TiCl4 in high yields. The reagent produced in this way is a low-valent 

titanium reagent. The mechanism (Scheme 1.6) consists of initial coupling of two radical 

species to give a 1,2-dioxygen compound (a titanium pinacolate), which is then 

deoxygenated.45 

S
CHOOHC

TiCl4-Zn
reflux S

CHOHC

O

Ti

coupling

S
CHOHC

O O

CHOHC
S

Ti

 

Coupling with monomer          
or another dimer

S
CHOHC CHOHC

S
Option 2

HOCH2 CH2OHPTV

Ti
Ti

S
CHOHC

O OO

CHHC
SOption 1

Ti

S
HC CHO

OO

OHC CH
S

 

Scheme 1.6. McMurry coupling of dialdehydes. 

Precise predictions about unequivocal structure/property relationships in polymers are 

not possible, due to e.g. statistical chain length distribution. Well-defined model oligomers 

are generally used to gain insight into the organization of the corresponding polymers. The 

step by step painstaking synthetic procedure generally follows the same coupling reactions 

used for the polymerization: (a) oxidative homo-coupling of metallated thiophenes,47 or (b) 

cross coupling of α-metallated thiophenes with α-halogenothiophenes.48,49 These couplings 

are easily and efficiently applied for the synthesis of head-to head and tail-to-tail C–C 

linkages, but not for the head-to-tail ones, due, for example, to an exchange of functionalities 

between the reagents. For this reason, the development of alternative strategies, like the 

synthesis of long oligomers using one-pot reactions or the substitution of preformed 

regioregular oligomers with the suitable substituent, is challenging.  
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1.3 Polythiophene conformational properties 

Different optical (UV-vis, PL) and electrical (mobility, conductivity) techniques 

suggest a strong interplay between the chain conformation of PTs and their π-electron 

delocalization.50-52 Generally only the backbone is π-conjugated and the visible optical 

absorption can be seen as a probe of the backbone conformation. A well-extended backbone 

conformation results in a red shift in absorption spectra, whereas a disordered backbone 

conformation results in a blue shift.53,54 Such reversible spectral changes take typically place 

either by changing temperature (thermochromism) or by changing solvents 

(solvatochromism), and can be understood as an order-disorder phenomenon.38,55-66  
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Figure 1.1. UV-vis absorption (a) and CD (b) spectra of PBMBT in 1-decanol at different 
temperatures.63 

Figure 1.1 shows a typical illustration of thermochromism of a chiral polythiophene.63 

In general what can be seen for these spectra is that the absorption bands grow with 

decreasing temperatures at 497, 531 and 581 nm. The absence of a clear isosbestic point 

indicates that the transition is a combination of a single chain planarization and aggregation 

of the PT macromolecules.62 In order to improve the understanding of this transition, 

chirality has been introduced in the side chains, since the importance of optical activity in the 

elucidation of the secondary structure of biological compounds is well documented. At low 

temperatures a bisignated circular dichroism (CD) signal is observed at the position of the 

optical absorption, and Langeveld-Voss ascribed this event to the induction of chirality in the 

aggregated ordered phase by the presence of the chiral side chains. The fact that a clear 

isosbestic point is present in the CD spectra seems to confirm that the development of 

chirality takes place in concert with aggregation. The CD signal completely disappears as 

soon as the equilibrium is shifted to the disordered phase. CD spectroscopy is therefore 

indicated as a powerful tool to probe aggregation states.67,68 

CPs in good solvents or at high temperatures are believed to be in a “disordered” coil 

conformation.69 In figure 1.2 a sketch of polymer chains with side groups is given.70 We 

know that substituents are needed in order to obtain soluble CPs, therefore, it should be a too 
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crude approximation to neglect their influence and an accurate knowledge of the substituents 

is required in order to describe the effect of the side group upon the overall chain 

conformation.  

 

Figure 1.2. Model for the coil conformation of a substituted polymer. 

CPs in poor solvents or at low temperatures are believed to be in a “rod” 

conformation.71 Conjugated rigid-rod type macromolecules can, depending upon their side-

chain concentration, display a cylindrical, a lamellar or interdigitated morphology (figure 

1.3). If the concentration of the side chain is high enough, there will be a cylindrical 

arrangement, in which the interaction between the chromophores is greatly decreased. If the 

concentration of the side chains is reduced, π-stacking will prevail. Generally, the high 

number of substituents required for the cylindrical conformation sterically hinders the 

planarity or the order of the system and worm-like geometries are observed. In the solid state 

or in “ordered” solutions planar board-like systems are found. However, at the moment it is 

not clear whether the aggregation process is triggered by a single chain phenomenon, 

therefore, the possibility of isolating single rod-chains cannot be excluded. 

a

 

b c

 

Figure 1.3. Models for morphologies of rod-type macromolecules with side-groups: a) cylindrical; b) 
lamellar and c) interdigitated. 

1.4 Conformational control in polythiophenes 

The control over molecular orientation and organization in the thin film assemblies of 

CPs is necessary to bring out the full potential of the materials, which are highly anisotropic 

in structure and physical properties. To achieve this control physical methodologies have 

been exploited in the recent past. Among them, the Langmuir-Blodgett (LB) technique 

(Figure 1.4) offers a unique opportunity for studies of the supramolecular assembly process 
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because the air–water interface provides a well-defined experimental situation.72,73 The 

monolayer can be transferred onto solid substrates by several methods such as the vertical 

dipping method or the horizontal lifting method (Figure 1.4). It is possible to produce high 

quality multilayer LB films from alkylsubstituted PTs only by dispersing the polymer in 

amphiphilic molecules (such as stearic acids);74-78 when fluorinated79 or polar80-82 substituents 

are introduced, stable monolayers are obtained. Therefore, an ordered situation can be 

achieved only via a combination of LB technique and synthetic design. Another physical 

method widely used in the attempt to achieve high levels of organization is the sublimation of 

low molecular weight oligomers.83,84 

A disadvantage of the aforementioned physical methods is the high costs of the 

processing phase. Methods such as spin coating or casting from solution are generally 

preferred from an economical point of view. The blending of a conjugated material and a 

polymer matrix is reported to be a possible alternative.85-87  

There are different synthetic strategies that have already been exploited in the past in 

order to achieve an enhanced order in PTs, among them the substitution on the β position of 

thiophene units.88 An ordered planar conformation is generally obtained only when the 

polymer is regioregularly either head-to-tail89,90 or head-to-head/tail-to-tail91-93. We can tune 

the polymer properties and the order of PTs by changing properties of the substituent such as 

sterical hindrance, electronic effect and hydrophilicity. An example of control on the order via 

sterical hindrance of the substituents is the induction of optical activity in the main chain of 

polymers known to adopt helical conformation in solution or in the solid state by substitution 

with enantiomerically pure side chains.94-97 Stereomutation has been found as well in PTs; 

nevertheless this phenomenon is thought to be driven by an aggregation effect rather than a 

preferred helical conformation of a single polymeric backbone.98  

Regioregular head-to-head disubstituted polybithiophenes, bearing crown ether side 

chains, undergo dramatic conformational changes upon coordination with alkali metal ions 

(Scheme 1.7).99 The changes are dependent on the size of the ion, therefore in this case the 

bulkiness of the substituents controls the organization of the main chain. 

Water

Barrier

A

B  

Figure 1.4. (left) The Langmuir-Blodgett technique. A, deposition of the compound on the water 
subphase; B, by the action of the barrier the monolayer is compressed. (right) Types of deposition of 
the monolayers on substrates. 
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Scheme 1.7. Metal complexation of crown-ether substituted PTs.99 

By introducing substituents that can form H-bonds, McCullough et al.100,101 have 

designed regioregular carboxylic acid derivatives in order to promote self-assembly (Figure 

1.5).  

 
Figure 1.5. Self-assembly of carboxylic acid substituted PTs, as adapted from ref. 101. 

Recently, Leclerc et al.102,103 reported on the molecular design of a thermochromic PT via ab 

initio calculation of the potential energy surfaces of disubstituted bithiophenes (Figure 1.6). 

These calculations have revealed that only bithiophene units having an energy barrier ≤ 2.2 - 

2.3 kcal/mol against planarity can lead to a coplanar conformation in the parent polymers at 

room temperatures. Moreover, the extent of the blue shift observed upon heating in the 

thermochromic PTs could be related to the difference in the torsional angles between a 

coplanar conformation and the twisted structure. On this basis, it was predicted that poly(3,3'-

bis(alkylthio)-2,2')bithiophene)s should exhibit thermochromic features similar to those found 

with regioregular head-to-tail poly(3-alkylthiophene)s. 
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Figure 1.6. Potential energy surfaces of 3,3'-diethyl-2,2'-bithiophene (33DEBT), 3,4’-diethyl-2,2'-
bithiophene (34DEBT), 3,3'-dimethoxy-2,2'-bithiophene (33DMOBT), 3,3'-bis(methylthio)-2,2'-
bithiophene (33DMSBT). A torsional angle (θ) of 180° corresponds to an anti-coplanar 
conformation.103 

An alternative synthetic methodology is the α-substitution of oligo- or 

polythiophenes. In particular, the synthesis of block copolymers can be the synthetic answer 

to physical blending. Block copolymers of PTs and solubilizing polymers can display phase 

separation and, therefore, nanoscopic organization.104-107 For instance, Hempenius et al.108 

synthesized a triblock copolymer (Scheme 1.8) that self-assembles into spherical, micellar 

structures. 

S
CH2CH2 OO PSPS

11
1010

 

Scheme 1.8. Triblock copolymer of styrene and thiophene.108 

Kilbinger et al.109 obtained an amphiphilic A-B-A compound that aggregates in polar solvents 

giving chiral superstructures (Scheme 1.9). These and other block copolymers present the 

common feature of aggregating in solvents where the solubility of the PT moiety is reduced or 

in the solid state. 

S

OO

OO OO OO OO OOO O6

 

Scheme 1.9. PEO-capped sexithiophene.109 
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1.5 Aim and scope of the thesis 

The ability of molecular architects to understand how to gain control over the structure, 

properties, and function in polythiophenes (PTs) continues to make their synthesis a critical 

subject in the development of new advanced materials. Whereas the influence of 

regioregularity and chain length in alkyl oligo-20-23 and polythiophenes24-27 on polymer 

properties has been widely studied, less attention has been paid to the modulation of 

properties through electronic effects. An alkylthio group should lead to materials whose 

electronic structure and properties are influenced by the electron-donating features of the 

substituent.28 The sulfur atoms can act as complexing agents toward different soft metallic 

ions, therefore, the electronic influence of the substituent can be reversibly modulated. 

Furthermore, the compounds can be used as the sensitive part of chemosensors29 or as catalyst 

for hydroformylation30. Structural order over many length scales can be created in self-

organizing materials by the presence of several molecular interactions including solvophobic 

and solvophilic effects, hydrogen bonding, Coulombic interactions and Van der Waals 

forces.17 While hydrogen bonding100,101 and Coulombic interactions99 have already been 

investigated, little is known about the induction of control via solvophobic, and in particular 

via hydrophobic interaction. The aim of the research described in this thesis is the control of 

the supramolecular architecture in conjugated polymers (CPs) upon modulation of the 

solvophobic/solvophilic, steric and electronic character of the substituent in appropriately 

designed polythiophenes. 

First, we have investigated the electronic effect through the design and synthesis of new 

oligothiophenes with thioether side chains (Chapter 2).110,111 The synthesis of disubstituted 

bithiophenes usually follows two routes: (a) oxidative homo-coupling of metallated 

thiophenes and, (b) cross coupling of α-metallated thiophenes with α-halogenothiophenes.47-

49 These couplings are successful for the synthesis of head-to-head and tail-to-tail dimers, but 

not for the head-to-tail ones. Hence, the substitution of already preformed bithiophenes has 

been preferred and these compounds are considered as general synthones for substituted 

dimers.  

These oligomers can be regarded as model compounds for their corresponding 

polymers; thus we have investigated their conformational properties, via a combined NMR 

and X-Ray approach (Chapter 3).112-114 

Secondly, the dimers can be used as monomeric units for the synthesis of longer 

oligomers and of the corresponding polymers (Chapter 4).115-118 In Chapter 4, attempts of 

polymerization of thioether mono- and di-substituted thiophene derivatives are described.119-

122 The conformational properties of these polymers are compared with those of the 

corresponding alkoxy and alkylsubstituted polymers and some general features regarding their 

supramolecular organization are illustrated. In particular, thioether, alkoxy and alkyl 
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substituents can be considered as relatively apolar side chains, and we will conclude that their 

influence on the ordering of CPs is only marginal. The reversible coordination of thioether 

substituted CPs with soft transition metal ions influences the electronic and steric 

characteristics of the substituent, and a joint theoretical and experimental approach has been 

used in order to evaluate how these changes affect the polymeric properties (Chapter 5).123 

Finally, organization of the side chains via solvophobic/solvophilic interactions can 

reversibly induce order in the conjugated polymer. For instance, we will show how 

polythiophenes with ethylene glycol side chains arrange in cylindrical or board-like structures 

depending on the side chain content and on the solvent (Chapter 6).124 
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2 Synthesis of Isomeric α,αα,α'-Bithienyls with          

ββ-Alkylthio Substituents 

 

“You cannot teach a man anything. You can only help him discover it within 

himself.” 

Galileo Galilei 

 
 

Abstract 

The synthesis of 3,3'-, 3,4'- and 4,4'-bis(alkylthio)-2,2'-bithiophenes is reported. A 

general route toward β,β'-disubstituted bithiophenes has been developed through the 

synthesis of the 3,3'-, 3,4'-  and 4,4'-dibromo-2,2'-bithiophene synthons. The bromo 

functionality can successively be converted into a large variety of substituents via 

nucleophilic lithium-bromine exchange or electrophilic substitution. 



Chapter 2 

 20

2.1 Introduction 

Precise predictions about unequivocal structure/property relationships in polymers are 

not possible, due to e.g. statistical chain length distribution. Well-defined model oligomers 

are generally used to gain insight into the organization of the corresponding π-conjugated 

polymers. β-Substituted bithiophenes are the smallest among the oligomers and can be 

utilized as starting materials for chemical and electrochemical polymerization,1 for the step-

by-step synthesis of longer oligomers,2,3 and as model compounds for the interpretation of the 

related polymers.4 Whereas the influence of regioregularity and chain length in alkyl oligo-5-8 

and polythiophenes9-12 on polymer properties has been widely studied, less attention has been 

paid to the modulation of properties through electronic effects. An alkylthio-group should 

lead to materials whose electronic structure and properties are influenced by the electron-

donating features of the substituent.13 The sulfur atom can act as a complexing agent toward 

different soft metallic ions, therefore, the electronic influence of the substituent can be 

reversibly modulated. Furthermore, the compounds can be used as the sensitive part of 

chemosensors14 or as catalyst for hydroformylation15. In addition, the potential pesticide 

activity of (alkylthio)thiophene oligomers has been claimed.16 Therefore, the synthesis of 

thioether substituted oligothiophenes is challenging. 

The synthesis17 of disubstituted bithiophenes usually follows two routes: (a) oxidative 

homo-coupling of metallated thiophenes,18 or (b) cross-coupling of α-metallated thiophenes 

and α-halogenothiophenes19. This synthetic pathway is giving head-to-head and tail-to-tail 

disubstituted bithiophenes in high yields. The head-to-tail compound is generally formed 

together with consistent amounts of its regioisomers and extensive chromatography has to be 

employed to purify the derivative (Scheme 2.1).17 Therefore, the development of alternative 

strategies is essential for the achievement of high yields in the synthesis of head-to-tail 

oligothiophenes. 

R = Me, C6H13, C12H25, (CH2)2OH, (CH2)6OC6H4OCH3
M = BrMg, Me3Sn, B(OH)2

+ S

R

S

R

S

R

R

Scatalyst+
S

R

MS

R

Br

 

Scheme 2.1. Synthesis of head-to-tail disubstituted dimers. 

This chapter reports the synthesis of 3,3'- (1), 3,4'- (2) and 4,4'- (3) bis(alkylthio)-2,2'-

bithiophenes (Scheme 2.2). Through cross-coupling reactions the head-to-tail dimethylthio-
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2,2'-bithiophene was obtained in low yields. The disappointing yield is due to the extensive 

column chromatographies required for purification. Therefore, a new method is suggested as 

an alternative route to the coupling reaction for the functionalization of the 3,3', 3,4' and 4,4' 

positions of 2,2'-bithiophene: synthesis of 3,3'-, 3,4'- and 4,4'-dibromo-2,2'-bithiophenes that 

is followed by nucleophilic substitution. Recently, the same synthetic procedure has been 

applied for the synthesis of 4-substituted-2,2'-bithiophenes.20 By analogy with                      

3-bromothiophene,21 the dihalogenated dimers are considered as intermediates for 

electrophilic or nucleophilic (through lithium-bromine exchange) substitution leading to the 

possibility of introduction of a wide variety of 3,3'-, 3,4'- and 4,4'-disubstituted-2,2'-

bithiophenes. 

4
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321

(a, Y = SMe; b, Y = SBu; c, Y = SHex; d, Y = SOct; e, Y = OBu; f, Y = Br)
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Scheme 2.2 

2.2 Cross-coupling of ββ-(alkylthio)thiophenes 

Aiming at the synthesis of compounds 1–3a, we firstly employed the cross-coupling 

reactions of α-metallated thiophenes with α-halothiophenes reported in the literature. Among 

them, the palladium-catalyzed coupling of halo- (RX) and organotin (R'SnR3'') compounds is 

largely employed due to the mild reaction condition and consequently to the tolerance of 

many functional groups.22,23 The catalytic cycle involves the conversion of Pd(0) to Pd(II), the 

oxidative addition of the reagent R–X to Pd, the transmetallation of R' from the tin to the 

palladium compound, and closes with the reductive elimination of R–R' from the palladium 

complex (Scheme 2.3).24  
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L = ligand
R-R'

L2PdRR'
isomer.

X'SnR"3R'SnR"3

L2RPdR'L2PdRX
R-X

PdLn   

 

Scheme 2.3. Catalytic cycle of the “Stille reaction”. 

Using the “Stille reaction”, the bithienyl 1a was obtained (78% yield of isolated product) by 

coupling 2-bromo-3-(methylthio)-thiophene 6 with 3-methylthio-2-(trimethylstannyl) 

thiophene 5 in refluxing toluene in the presence of [PdCl2(PPh3)2] as catalyst (Scheme 2.4). 
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Scheme 2.4. Reagents and conditions: i, [PdCl2(PPh3)2] cat., toluene, 20 h reflux (78%). 

Another important coupling reaction has been developed by Rieke et al. and involves, 

first, the reaction of an halogen compound with highly reactive “Rieke zinc” (Zn*, from zinc 

dichloride by reduction with lithium naphthalenide), followed by the coupling of the zinc-

derivative with a second halogeno compound, using a Ni(II) complex as catalyst.25  
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Scheme 2.5. Reagents and conditions: i, Zn*, THF, 2 h, RT; ii, [Ni(dppp)Cl2] cat., THF, 15 h, RT 
(77%) 

With this procedure, bithienyl 3a was isolated in good yield (77%) by coupling 2-bromo-4-

(methylthio)thiophene 7 with 4-methylthio-2-thienylzinc bromide 8 obtained from compound 

7 by direct metallation with Zn*. This coupling is performed in THF at room temperature 
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(RT) in the presence of a nickel(II) complex as catalyst (Scheme 2.5), and can be considered 

as an extension of the known methodology26 for the synthesis of biaryls. 

Metal-catalyzed cross-coupling between an organometallic and a halogen compound 

having a different or an isomeric organic structure, as required for the synthesis of the dimer 

2a, is usually accompanied27 by variable amounts of by-products from homocoupling (due, 

for example, to an exchange of functionalities between the reagents, a process which could 

also be catalyzed by the coupling catalyst through the reversibility of some steps of the 

catalytic cycle). Several methods were tried for the selective production of the dimer 3, but 

none of them was completely satisfactory: the Stille coupling [coupling 3-methylthio-2-

(trimethylstannyl)thiophene 5 with 2-bromo-4-(methylthio)thiophene 7] yielded (84%) a 

liquid mixture of the three possible dimers (2a, 74%; 3a, 16%; 1a, 10%; by 1H NMR 

analysis). The dimer 2a could not be isolated in a pure state from this mixture, since the 

dimers 2a and 3a showed identical chromatographic behavior either in normal or reversed 

phase. The Rieke method [coupling 3-methylthio-2-thienylzinc bromide with 2-bromo-4-

(methylthio)thiophene 7] yielded in 46% an inseparable mixture of the dimers 2a (60%) and 

3a (40%).  

A third method28 for the C-C coupling between aryl units is the so-called “Kumada” 

reaction, i.e., the reaction of the Grignard reagent of an halogen compound with a second 

halogen derivative in the presence of catalytic amounts of nickel-complexes. The catalytic 

cycle for this reaction is basically similar to that of the “Stille” reaction (Scheme 2.3).  
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Scheme 2.6. Reagents and conditions: i, BuLi, hexane-Et2O, -78°C; ii, MgBr2⋅Et2O, -30 to 0°C; iii, 
[Ni(dppp)Cl2] cat., Et2O, 20 h reflux (45%); 2a:1a (90:10) 

The nickel-catalyzed coupling of the Grignard reagent obtained from 2-bromo-3-

(methylthio)thiophene 6 (through lithiation followed by cation exchange with MgBr2) with    

2-bromo-4-(methylthio)thiophene 7, afforded a crude product containing dimer 2a and minor 

amounts of dimer 1a, from which it was possible to isolate pure 2a by column 

chromatography (Scheme 2.6). The homocoupling product 1a is proposed to be formed 

during the conversion of the catalyst to the actual catalytic species.29 
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2.3 Synthesis of 3,3'-, 3,4'- and 4,4'-dibromo-2,2'-bithiophenes 

As formerly illustrated, the head-to-tail dimers show difficulties in their purification 

from the tail-to-tail regioisomers. Therefore, we explored a different synthetic pathway to 

avoid tedious column chromatographies and to have the possibility of introducing different 

substituents at the β-positions: the synthesis of 3,3'-, 3,4'- and 4,4'-dibromo-2,2'-bithiophenes, 

followed by nucleophilic substitution. 3,3'- and 4,4'-dibromo-2,2'-bithiophene isomers 1f and 

3f, respectively, were readily obtained from low-cost starting materials using literature 

procedures. 30,31 

The “Kumada” method is, in theory, a way of synthesizing 3,4'-dibromo-2,2'-

bithiophene from 2,3-dibromothiophene and 2,4-dibromothiophene. Unfortunately, the 

nickel-catalyzed coupling of the Grignard reagent of 2,3-dibromothiophene 10 with 2,4-

dibromothiophene in Et2O gave a mixture of 2,4-dibromothiophene and 3-bromothiophene 4f 

(arising from the hydrolysis of the Grignard reagent). 
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Scheme 2.7. Reagents, conditions and yields (in parentheses): i, LDA, THF, -78°C; ii, Me3SnCl 
(75%); iii, Br2, HOAc, overnight (83%); iv, LDA, THF, -70°C; v, Me3SiCl (73%); vi, Pd(PPh3)4, 
toluene, 105°C (40%); vii, aq. HI, benzene, room temp., 36 h (93%) 

Stille coupling of 2,4-dibromothiophene with 3-bromo-2-(trimethylstannyl)thiophene in 

toluene at 105°C furnished a mixture in 64% yield of the three possible dibromo-2,2'-

bithiophenes (3,4'-, 4,4'- and 3,3'-isomers: 83, 7.5, 4.5%, respectively) and                          

2,4-dibromothiophene (5%). Complete purification of the product gave the 3,4'-derivative 2f 

(containing only 1-2% of 4,4'-isomer 3f) in 25% yield. However, the results could not be 

reproduced in a satisfactory way during several attempts to optimize the reaction conditions. 
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On account of its β-carbocation stabilization and its easy elimination, the trimethylsilyl 

group32-34 was introduced in order to enhance the reactivity of 2,4-dibromoderivative in the 2-

position and, as a result, to achieve a higher regioselectivity in the Stille-type coupling. This 

different synthetic approach starts then from 3-bromo-2-(trimethylstannil)thiophene 9, 

prepared from 3-bromothiophene 4f35,36 in 75% yield (Scheme 2.7). Reaction of substrate 4f 

with Br2 gave 2,3-dibromothiophene 10.30 3,5-Dibromo-2-(trimethylsilyl)thiophene 11 was 

prepared by lithiation of 10: the intermediate 5-lithio-2,3-dibromo-thiophene rearranged to    

2-lithio-3,5-dibromo-thiophene.37 The subsequent treatment with trimethylsilyl chloride 

(TMSCl) gave 11. The formation of compound 11 from 10 may be regarded as a new 

example of the “Base-Catalyzed Halogen Dance reaction”, which was first observed with aryl 

halides in the presence of a strong base.37 When both the reagents were added in one portion, 

the Stille coupling of compounds 9 and 11 gave a complex mixture containing only a small 

percentage of 3,4'-dibromo-5'-(trimethylsilyl)-2,2'-bithiophene 12. Optimal results in the 

formation of target molecule 12 were obtained by slow addition of dibromide 11 into a 

solution of stannane 9. Compound 3,4'-dibromo-5'-(trimethylsilyl)-2,2'-bithiophene 12 was 

obtained in the presence of the unchanged reagents. Probably, stannane 9 is oxidatively 

homocoupled to give 1f only after the active Pd(II) species L2PdRX (Scheme 2.3) is formed; 

slow addition of compound 11 to the mixture of stannane 9 and the catalyst seems to reduce 

this side-process. The crude product was purified by chromatography and afforded pure 

compound 12 in 40% yield. Since the trimethylsilyl group can undergo electrophilic 

substitution with dialkyl disulfide,33 3,4'-dibromo-5'-(trimethylsilyl)-2,2'-bithiophene has to 

be desilylates before performing the final steps in the synthetic pathway. Hence 3,4'-dibromo-

2,2'-bithiophene 2f was prepared in high yield (93%) by a desilylation process with 

hydroiodic acid. 

By comparison with the cross-coupling reaction, this synthetic route affords compound 2 of 

higher purity and avoids the presence of isomeric side-products that are difficult to remove. 

2.4 Synthesis of 3,3'-, 3,4'- and 4,4'-bis(alkylthio)-2,2'-bithiophenes 

Bromine-lithium exchange of the dibromo-bithiophenes with butyllithium followed by 

reaction with the appropriate dialkyl disulfide should produce the corresponding alkylthio 

derivatives, taking into account, however, that complications can arise in the attempted 

lithiation of the thiophene ring in the β-position. It is in fact known38 that, when lithiated, the 

model compound 3-bromothiophene 4f can lead to substantial amounts of 2-thienyllithium 15 

(Scheme 2.8). If the butyllithium solution in hexane is added dropwise to the substrate 4f in 

THF or Et2O at temperature < -50°C, the 3-thienyllithium 13 is generated in the presence of 

unreacted 4f and can lithiate the 2-position of the latter, that bears a quite acidic H atom. In 
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this way, the 3-thienyllithium 13 converts itself into thiophene 14; the latter then acts as a 

catalyst for the conversion of 13 into the isomeric 15. 
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Scheme 2.8. Scrambling of thienyllithium. 

This isomerization process is suppressed simply by inverting the order of addition of 

the reagents, i.e., by the dropwise addition of a solution of substrate 4f to the cold 

butyllithium solution, assuring in this way the complete conversion of 4f into the 3-lithium 

derivative 13. High yields (88%) of pure 3-(methylthio)thiophene 4a are obtained32 by the 

addition of dimethyl disulfide. 

The procedure outlined in scheme 2.9 was found satisfactory for the synthesis of the 

bis(methylthio) derivatives 1-3a from the corresponding dibromo derivatives 1-3f. In these 

conditions 3-bromothiophene 4f yielded 3-(methylthio)thiophene 4a (85%),                           

3-(butylthio)thiophene 4b (96%) and 3-(hexylthio)thiophene 4c (82%) by the use of dimethyl, 

dibutyl and dihexyldisulfide, respectively, in the second stage of the reaction. 
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Scheme 2.9. Reagents and conditions: i. BuLi, THF-hexane, -75°C (inverse addition), ii. Me2S2, -60 
to -20°C (1a 70%; 2a 47%; 3a 61%). The yields refer to isolated and purified products. 

When this procedure was applied to the synthesis of the bis(butylthio) derivative 1b, a 

complex mixture of products was obtained (Scheme 2.10). Column chromatography (SiO2, 

petroleum ether b.p. 40–70°C) failed to separate the single products, but 1H NMR 

spectroscopy at 400 MHz of the collected fractions showed the presence of mono-, di-, tri- 

and tetra-substituted bithiophenes 16–20, besides the expected 1b as the major product in 

yield ≤ 50%. 
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Scheme 2.10. Reagents and conditions: as for Scheme 2.9. 

The absence of bromine in the products indicated that the di-lithiation of the substrate 

1f had occurred, so that the origin of the side-products seems to be ascribed to the mono-

lithiated intermediate 22 (Scheme 2.11).  
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Scheme 2.11. Hypothetic mechanism of side-product formation in the nucleophilic substitution of the 
dianion 21. 

The latter can trans-metallate the α-position of the non-lithiated ring of 22 or 1b; the trans-

metallation process can subsequently involve all the bithiophene molecules having a β-

lithium and a free α-position. The decreased reactivity to the nucleophilic substitution of 

thiolate anion, combined with the increased steric requirements of Bu2S2 compared to Me2S2, 
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probably makes the two steps of substitution of the dilithiated bithiophene 21, and 

particularly the second one, much slower. Consequently, the intermediate 22 may have 

enough life-time to be involved more easily in trans-metallation processes. The way to reduce 

the side-product formation, on the basis of this hypothesis, is to choose experimental 

conditions which enhance, as much as possible, the rate of conversion of intermediate 22 to 

product 1b, i.e., quenching the dilithium derivative 21 with an excess of dibutyl disulfide 

(100% excess was used) at relatively high temperature (-20 to 0°C). In these conditions the 

bithiophene 1b could be obtained in 79% yield. Even if the yields were lower, mainly due to 

the purification method, compared with 1b, the last method was better than the first for the 

synthesis of butylthio derivatives 2-3b and hexylthio derivatives 1-3c. On the other hand, the 

yields for the methylthio derivatives 1-3a remained practically unchanged on using an excess 

of disulfide and higher temperatures. 

β,β'-Dibromo-α,α'-bithiophenes2,39,40 can be used as intermediates for the synthesis of a 

large variety of β,β'-disubstituted regioisomers (Scheme 2.12). An example is reported in 

scheme 2.13. Dimer 2e was obtained (90% yield of isolated product) from 3,4'-dibromo-2,2'-

bithiophene 2f by reaction with sodium alcoholate in butyl alcohol catalyzed by cuprous 

oxide/potassium iodide. By using the same procedure, dimer 1e (85% yield of isolated 

product) and dimer 3e (98% yield of isolated product) were obtained from 3,3'- (1f) and 4,4'- 

(3f) dibromo-2,2'-bithiophene, respectively. This method allowed us to improve the yield of 

3,3'-dibutoxy-2,2'-bithiophene 1e, synthesized by oxidative-coupling (33% yield)2 and of 4,4'-

dibutoxy-2,2'-bithiophene 3e, obtained by bromine-substitution (49%).2 
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Scheme 2.12. Examples of substitutions to introduce different functionalities into bithiophenes from 
the dibromo derivatives. 
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The increased yield of compound 3e, when compared to the literature procedure, is probably 

due to the chromatographic purification performed with silica neutralized with triethylamine 

that avoids the polymerization of the products on the column. 
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Scheme 2.13. Reagents and conditions: i, NaOBu/BuOH, 100°C / 5 days, CuO/KI 

The reaction reported in scheme 2.13 generalizes the known route of bromine/alkoxy 

substitution previously applied to symmetrical bithiophenes.2,31 

2.5 Conclusions 

3,3'-, 3,4'- and 4,4'-bis(alkylthio)-2,2'-bithiophenes were produced in two steps: (i) 

cross-coupling synthesis of 3,3'-, 3,4'- and 4,4'-dibromo-2,2'-bithiophenes and (ii) 

nucleophilic substitution. This route is proposed as alternative to the cross-coupling reactions 

of the thioethers directly, that in the case of the head-to-tail bis(methylthio)-2,2'-bithiophene 

gave low yields due to the extensive column chromatographies. By analogy with 3-

bromothiophene,21 the dihalogenated dimers are considered as intermediates for electrophilic 

or nucleophilic (through lithium-bromine exchange) substitution, leading to a great variety of 

3,3'-, 3,4'- and 4,4'-disubstituted-2,2'-bithiophenes. 

2.6 Experimental 

Melting points (Büchi apparatus) and boiling points are uncorrected. Refractive indexes were determined on an 

Abbe refractometer (Atago). IR spectra were obtained in CCl4 solutions using a Philips PU 9700 Series IR 

spectrometer and are reported in νmax — values as cm-1. All UV-vis spectra were taken of 1×10-4 M solutions in 

CHCl3 (spectroscopic grade) using a Varian-Cary 3 spectrophotometer. The purity of all compounds was 

monitored by HPLC (HP 1090 Liquid Chromatograph, UV detector, Merck pre-packed column RT 250-4) and 

TLC (Merck TLC plates 10×20 cm silica gel 60 F254). Preparative column chromatography (PCC) was 

performed using glass columns of different size, packed with silica gel RS, grain size 0.05–0.20 mm (Carlo 

Erba). Light petroleum refers to the fraction with distillation range 30–50°C. 1H NMR spectra were recorded on 

a Bruker AMX-400 spectrometer operating at 400.13 MHz on 0.1 mol· dm-3 solutions in CDCl3. Chemical 

shifts, in ppm, refer to internal Me4Si. Coupling constants are given in Hz.  

All air- or moisture-sensitive reactions were performed under prepurified nitrogen or argon, using dry glassware. 

Glassware was flame-dried and then cooled under a stream of argon or nitrogen. Diethyl ether and THF were 

distilled from sodium diphenyl ketyl prior to use. Toluene was distilled from sodium and diisopropylamine from 

KOH. Acetic acid, Ni(dppp)Cl2 (stored in a desicator), Pd(PPh3)4, 3-bromothiophene 4f, butyllithium (in 

hexane), diisopropylamine, bromine, hydroiodic acid (57%), trimethyltin chloride, trimethylsilyl chloride were 



Chapter 2 

 30

purchased from Aldrich Chemical Co. and used as received. Copper(II) oxide and potassium iodide were dried 

under vacuum (10 mmHg) over phosphorus pentoxide at 70–120°C. Butanol was refluxed with magnesium 

activated with iodine and distilled. 3-(Methylthio)thiophene 4a,41 2-bromo-3-(methylthio)thiophene 642, 3,3'-

dibromo-2,2'-bithiophene30 1f, 4,4'-dibromo-2,2'-bithiophene31 3f and dihexyldisulfide43 were prepared 

according to methods described in the literature. The compound 3f had m.p. 131–133oC (from cyclohexane) 

(lit.,31 112oC); 1H NMR (400.13 MHz, CDCl3; Me4Si): 7.14 (1H, d, J3,5 1.5, 5-H), 7.07 (1H, d, J3,5 1.5, 3-H). 

Anal. Calcd. for C8H4Br2S2: C, 29.7; H, 1.2; S, 19.8. Found: C, 29.8; H, 1.2; S, 19.7. 

2-Bromo-4-(methylthio)thiophene (7) 

It has been reported42 that 2-bromo-3-(methylthio)thiophene 6, by lithiation with lithium diisopropylamide 

(LDA) in the presence of catalytic amounts of 2,5-dibromo-3-(methylthio)thiophene (formed in situ or externally 

added), completely isomerizes into 2-bromo-4-(methylthio)thiophene 7 after acidic quenching. However, the 

following adapted procedure yielded a mixture containing ca. 80% of isomerized product, which was then 

obtained in a pure form by chromatographic techniques, since fractional distillation was inefficient in removing 

the by-products. Butyllithium in hexane (1.6 mol dm-3; 21cm3, 33.6 mmol) and then a solution of 

diisopropylamine (freshly distilled from KOH, 3.6 g, 35.6 mmol) in THF (20 cm3) were stirred into THF (30 

cm3), which had previously been cooled to -70°C and was maintained at a  temperature of < -60°C. To this LDA 

solution was slowly added (45 min) a THF solution (50 cm3) of 2-bromo-3-(methylthio)thiophene 6 (5 g, 23.9 

mmol) and then rapidly a THF solution (4 cm3) of 2,5-dibromo-3-(methylthio)thiophene (1 g, 3.5 mmol) at -

70°C. After being stirred at -70°C for 1 h, the reaction was quenched by addition of 0.1 mol dm-3 HCl to the 

mixture. The organic phase was separated and the aqueous phase extracted with ether. The combined organic 

phases were washed with water, dried (MgSO4), and evaporated and the residue was fractionally distilled at 

reduced pressure to afford an oil (4.5 g, 89%) b.p. 92°C / 2.5 mmHg, containing the desired product 7 (80%, by 
1H NMR analysis), 2-bromo-3-(methylthio)thiophene 6 (main impurity) and 2,5-dibromo-3-

(methylthio)thiophene (traces). Purification of 7 was achieved by flash chromatography44 on silica gel (230-400 

mesh), with light petroleum (b.p. 40–70°C) as eluant, followed by distillation: b.p. 89°C / 2.5 mmHg; n D
23  

1.6395; 1H NMR (CDCl3): 6.92 (1H, d, J3,5 1.7, 3-H), 6.84 (1H, d, J3,5 1.7, 5-H), 2.41 (3H, s, SMe). 

3-Methylthio-2-(trimethylstannyl)thiophene (5) 

Butyllithium in hexane (1.6 mol dm-3, 25 cm3, 40 mmol) was stirred drop by drop into a diethyl ether solution 

(100 cm3) of 2-bromo-3-(methylthio)thiophene 6 (8.37 g, 40 mmol) which had previously been cooled to -78°C 

and was maintained at a temperature < -70°C. After the mixture had been stirred for 15 min at -78° a diethyl 

ether solution (34 cm3) of trimethylstannyl chloride (8.37 g, 42 mmol) was added dropwise (15 min) at a 

temperature < -70°C. After the mixture had been stirred at -70°C for 30 min, the reaction mixture was allowed 

to reach room temperature, at which point it was poured onto crushed ice and diluted with water. The organic 

phase was separated and the aqueous phase was extracted with ether. The combined organic phases were washed 

with saturated brine, dried (MgSO4), and evaporated. The residue upon fractional distillation afforded 5 as a 

stable colorless oil (10.88 g, 93%), b.p. 72–74°C / 0.1 mmHg; n D
21  1.5825; 1H NMR (CDCl3): 7.58 (1H, d, J4,5 

5.0, 5-H), 7.24 (1H, d, J4,5 5.0, 4-H), 2.40 (3H, s, SMe), 0.41 [9 H, s with 117Sn and 119Sn satellites, 2J(119Sn, Me) 

58.3; 2J(117Sn, Me) 55.6, SnMe3]. 

3,3'-Bis(methylthio)-2,2'-bithiophene (1a) 

2-Bromo-3-(methylthio)thiophene 6 (2.59 g, 12.4 mmol) and 3-methylthio-2-(trimethylstannyl)thiophene 5 (3.64 

g, 12.4 mmol) were refluxed in dry toluene (40 cm3) under an Ar atmosphere in the presence of [PdCl2(PPh3)2] 

(0.44 g, 0.62 mmol). After 20 h under reflux the reagents were practically undetectable on TLC (SiO2, light 

petroleum-diethyl ether 20:5) and the solution, initially yellow, was now red. The reaction mixture was cooled, 
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washed with water, dried (MgSO4) and evaporated and the residue distilled in a short-path apparatus at reduced 

pressure. An initial low-boiling fraction (mainly Me3SnBr) was followed by an oily product, which readily 

solidified (2.5 g, 78%), b.p. 133°C / 0.1 mmHg, m.p. 50–55°C. Crystallization from cyclohexane (12 cm3) 

yielded white crystals of 1a (2.0 g), m.p. 53-55°C; λmax (CHCl3)/nm 279 (ε/dm3 mol-1 cm-1 1520) and 325sh 

(850); 1H NMR (CDCl3): 7.36 (1H, d, J4,5 5.3, 5-H), 7.05 (1H, d, J4,5 5.3, 4-H), 2.38 (3H, s, SMe). 13C NMR 

(CDCl3, 100.61 MHz): 133.65 (C-3), 130.2 (C-2), 129.2 (C-4), 126.3 (C-5), 18.6 (SMe). Anal. Calcd. for 

C10H10S4: C, 46.5; H, 3.9; S 49.6. Found: C, 46.4; H, 3.9; S, 49.1. 

3,4'-Bis(methylthio)-2,2'-bithiophene (2a) 

Butyllithium in hexane (1.3 mol dm-3; 4.6 cm3, 6 mmol) was stirred dropwise into a solution of 2-bromo-3-

(methylthio)thiophene 6 (1.25 g, 6 mmol) in diethyl ether (10 cm3) at -78°C. The temperature of the reaction 

mixture was raised to -30°C when a mixture of MgBr2 and diethyl ether, freshly prepared as described below, 

was added with vigorous stirring at a temperature between -30 and -20°C during addition; the mixture was 

stirred then for a further 30 min at 0°C. The MgBr2 and diethyl ether mixture was prepared45 by dropwise 

addition of 1,2-dibromoethane (1.34 g, 7.2 mmol) to Mg turnings (0.35 g, 14.4 mmol) in diethyl ether (5 cm3) at 

reflux temperature during addition. After a further 30 min, the oily underlayer of MgBr2· Et2O and the 

supernatant layer of diethyl ether were then transferred via a cannula to the solution of the lithium derivative, the 

excess of Mg being discarded. The ethereal solution of Grignard reagent obtained at this point was slowly added 

(30 min) via a cannula to a solution of 2-bromo-4-(methylthio)thiophene 7 (1.05 g, 5 mmol) and [Ni(dppp)Cl2] 

(0.068 g, 0.125 mmol) in diethyl ether (3 cm3) with cooling in an ice-bath. After 20 h under reflux, the reaction 

mixture was hydrolyzed by addition to aqueous HCl (2 mol dm-3; 20 cm3) and diethyl ether in a separatory 

funnel. The aqueous layer was separated and extracted with ether and the combined ether solutions were washed 

with aqueous NaHCO3 and water, dried (MgSO4) and evaporated. The residue was short-path distilled to yield 

an oily product (0.58 g, 45%), b.p. 145-152°C / 0.1 mmHg, as a mixture of isomers 2a (90%) and 1a (10%). 

Purification of isomer 2a was achieved by column chromatography (SiO2, light petroleum) followed by 

distillation to provide an oily product (0.36 g), b.p. 148–151°C / 0.1 mmHg; λmax(CHCl3)/nm 265 (ε/dm3 mol-1 

cm-1 1620) and 331 (1460); 1H NMR (CDCl3): 7.20 (1H, d, J3’,5’ 1.5, 3'-H), 7.17 (1H, d, J4,5 5.3, 5-H), 7.00 (1H, 

d, J4,5 5.3, 4-H), 6.92 (1H, d, J3’,5’ 1.5, 5'-H), 2.46 (3H, s , 4'-SMe), 2.43 (3H, s , 3-SMe). 13C NMR (CDCl3, 

100.61 MHz): 136.3 (C-2'), 134.3 (C-4'), 132.8 (C-2), 130.4 (C-4), 130.2 (C-3), 126.7 (C-3'), 123.9 (C-5), 

119.75 (C-5'), 18.7 (3-SMe), 17.6 (4'-SMe). 

4,4'-Bis(methylthio)-2,2'-bithiophene (3a) 

Finely cut lithium (0.14 g, 20 mmol) was added under a stream of Ar to a solution of naphthalene (2.86 g, 21 

mmol) in THF (10 cm3) and the suspension was stirred for 2 h at room temperature (the metal was slowly 

consumed to afford a dark-green solution of lithium naphthalenide). In a second reaction vessel, dry46 ZnCl2 

(1.36 g, 10 mmol) under a stream of Ar was fused for a few minutes and then after being allowed to cool was 

dissolved in THF (10 cm3). The solution obtained was added dropwise via a cannula to the lithium naphthalenide 

solution (a precipitate of activated Zn is formed). After the mixture had been stirred for 15 min at room 

temperature, a solution of 2-bromo-4-(methylthio)thiophene 7 (1.046 g, 5 mmol) in THF (4 cm3) was introduced 

with a syringe (slightly exothermic reaction) and the suspension was stirred for 2 h at 25–30°C to complete the 

formation of the organozinc bromide. The solution was left for 3 h to allow the excess of Zn to settle. The 

supernatant solution was then carefully transferred via a cannula to a third reaction vessel containing a solution 

of 2-bromo-4-(methylthio)thiophene 7 (1.046 g, 5 mmol) and [Ni(dppp)Cl2] (0.136 g, 0.25 mmol) in THF (10 

cm3). After being stirred overnight at room temperature the reaction mixture was poured into saturated aqueous 

NH4Cl and extracted with CH2Cl2. The extract was dried (MgSO4) and evaporated and the residue was distilled 

in vacuo in a short-path apparatus. Initially the naphthalene sublimed and this was followed by an oily 
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compound, which readily solidified47 (0.99 g, 77%); b.p. 151–154°C / 0.1 mmHg; m.p. 101–103°C. Slow 

crystallization of this from isopropyl ether (15 cm3) afforded white crystals of 3a (0.59 g), m.p. 102–103°C, one 

of which was selected for X-ray diffraction analysis; λmax(CHCl3)/nm 265 (ε/dm3 mol-1 cm-1 2790) and 327 

(1480). 1H NMR (CDCl3): 7.02 (1H, d, J3,5 1.5, 3-H), 6.82 (1H, d, J3,5 1.5, 5-H), 2.45 (3H, s , SMe). 13C NMR 

(CDCl3): 137.5 (C-2), 135.0 (C-4), 124.7 (C-3), 118.55 (C-5), 17.5 (SMe). Anal. Calcd. for C10H10S4: C, 46.5; 

H, 3.9; S 49.6. Found: C, 46.7; H, 3.9; S, 50.2. 

3-Bromo-2-(trimethylstannyl)thiophene (9) 

To a solution of butyllithium (1.6 M, 85.3 mL, 0.14 mol) in dry THF (85.0 mL) at -70°C, was added a solution 

of diisopropylamine (16.07 g, 0.16 mol) in THF (15.0 mL). The temperature was raised to -60°C for 10 min and 

the mixture was recooled to -70°C before a solution of compound 4f (18.48 g, 0.11 mol) in dry THF (5.0 mL) 

was rapidly added to the reaction mixture. The mixture was stirred for 30 min at this temperature, then a solution 

of trimethyltin chloride (36.15 g, 0.18 mol) dissolved in dry THF (37.0 mL) was added dropwise, the 

temperature being maintained between -40 and -30°C. The mixture was then allowed to warm to ambient 

temperature overnight, was then poured onto ice, the phases were separated and the aqueous layer was extracted 

with diethyl ether (200 mL). The combined organic phases were dried over MgSO4 and evaporated. Distillation 

of the residue under reduced pressure gave compound 9 (27.862 g, 75%), b.p. 77–78°C / 0,9 mmHg; 

n D
20 =1.5799; λmax/nm 249 nm (ε/dm3 mol-1 cm-1 6800); νmax/cm-1 3100, 3080, 2980, 2915, 1470, 1415, 1385, 

1070; 1H NMR (CDCl3): 7.50 (1H, d, J4,5 4.8), 7.13 (1H, d, J4,5 4.8), 0.47 (9H, s, Sn(CH3)3). 

2,3-Dibromothiophene (10) 

The procedure by Gronowitz et al.35 gave compound 10 (83%); b.p. 88–90°C / 6.5 mmHg; n D
21 =1.6306; λmax/nm 

240.0 nm (ε/dm3 mol-1 cm-1 8300); νmax/cm-1 3100, 3080, 1450, 1390, 1160, 1080. 1H NMR (CDCl3): 7.26 (1H, 

d, J4,5 5.7), 6.92 (1H, d, J4,5 5.7). 

2,4-Dibromo-5-(trimethylsilyl)thiophene (11)  

To a solution of butyllithium (1.5 M, 5.0 mL, 7.4 mmol) in dry THF (22.0 mL) at -70°C was added a solution of 

diisopropylamine (0.81 g, 8.1 mmol) in dry THF (8.0 mL). The temperature was raised to -60°C for 10 min. To 

the reaction mixture, cooled to -78°C, was added rapidly a solution of compound 10 (1.5 g, 6.2 mmol) in dry 

THF (8.0 mL), and stirring was continued for 30 min at the same temperature. The intermediate thus formed was 

trapped by slow addition of a solution of TMSCl (0.67 g, 6.2 mmol) in dry THF (4.0 mL), and stirring was 

continued for 30 min at -80°C. The mixture was then poured into 1 M aq. HCl (40.0 mL), extracted with Et2O 

(80.0 mL) and the organic extract was washed with water (15.0 mL) and dried over MgSO4. The solvent was 

removed, and the residue was distilled under reduced pressure to give compound 11 (1.42 g, 73%), b.p. 88–89°C 

/ 1.2 mmHg, n D
20 =1.5684; λmax/nm 247 (ε/dm3 mol-1 cm-1 9100); νmax/cm-1 3100, 2950, 2890, 1480, 1400, 1245; 

1H NMR (CDCl3): 7.03 (1H, s, 3-H), 0.39 (9H, s, 3 × CH3). 

4,3'-Dibromo-5-(trimethylsilyl)-2,2'-bithiophene (12) 

A solution of compound 11 (1.44 g, 4.6 mmol) in dry toluene (10.0 mL) was added dropwise (4 h) to a stirred 

solution of stannane 9 (1.50 g, 4.6 mmol) and tetrakis(triphenylphosphine)palladium(0) (0.42 g, 0.36 mmol) in 

dry toluene (4.0 mL) at 105°C. The reaction mixture was stirred for 3 days at this temperature. After cooling, the 

reaction mixture was transferred into a separatory funnel, diluted with Et2O (40.0 mL) and washed successively 

with saturated aq. NaHCO3 (15.0 mL) and water (15.0 mL). The organic phase was dried over MgSO4 and 

evaporated. The dark oily product was chromatographed (SiO2, light petroleum) to give compound 12 (0.72 g, 

40%); 1H NMR (CDCl3): 7.02 (1H, d, J4',5' 5.5, 4'-H), 7.21 (1H, J4',5' 5.5, 5'-H), 7.41 (1H, s, 3-H). 13C NMR 

(CDCl3): -0.78 (Si(CH3)3), 108.5 (C-3'), 117.3 (C-4), 125.0 (C-5'), 130.9 (C-2'), 131.3 (C-3), 131.9 (C-4'), 135.5 

(C-5), 140.0 (C-2). 
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3,4'-Dibromo-2,2'-bithiophene (2f) 
A solution of hydroiodic acid (10.4 M, 0.93 mL, 9.7 mmol) and water (0.17 mL) were added dropwise to a 

stirred solution of compound 12 (1.70 g, 4.3 mmol) in benzene (102.5 mL) at room temperature. The mixture 

was stirred for 15 h at room temperature, then a second portion of hydroiodic acid (10.4 M, 0.93 mL, 9.7 mmol) 

was added and stirring was continued at ambient temperature for 20 h. The mixture was poured into water and 

extracted with Et2O (4 × 10 mL). The combined organic phases were washed successively with 1M aq. NaOH 

(15.0 mL) and brine (15.0 mL) and dried over MgSO4. The volatile materials were removed under reduced 

pressure and the residue was purified by column chromatography (SiO2; light petroleum) to give compound 2f 

(1.29 g, 93%) as a white solid, m.p. 49–51°C. Crystals suitable for X-ray diffraction were obtained by 

recrystallization from propan-2-ol; λmax/nm 306.7 (ε/dm3 mol-1 cm-1 11000); νmax/cm-1 3105, 3090, 1480, 1315, 

1145; 1H NMR (CDCl3): 7.02 (1H, d, J4,5 5.4, 4-H), 7.22 (1H, d, J4,5 5.4, 5-H), 7.24 (1H, d, J3’,5’ 1.4, 5'-H), 7.31 

(1H, d, J3’,5’ 1.4, 3'-H). 13C NMR (CDCl3): 108.5 (C-3), 110.2 (C-4'), 123.2 (C-5'), 125.1 (C-5), 128.8 (C-3'), 

130.8 (C-2), 132.0 (C-4), 135.7 (C-2'). 

Synthesis of alkylthio derivatives 1–3.—Method A.  

Butyllithium in hexane (1.35 mol dm-3; 15.7 cm3, 22 mmol) was added with a syringe to THF (16 cm3) which 

had previously been cooled to -75oC. To this stirred solution was dropwise added (20 min) a THF solution (14 

cm3) of dibromobithiophene 1–3f (3.24 g, 10 mmol) at -75oC. The temperature of the reaction mixture was 

raised to -60oC and maintained at this value for 20 min. The dialkyl disulfide (24 mmol) was added (5 min) at -

75oC. The temperature was then raised to -20oC and maintained for 1 h. Water (50 cm3) was added. The organic 

phase was separated and washed with aqueous 10% NaOH. The combined aqueous phases were extracted with 

Et2O and discarded. The combined organic solutions were dried (MgSO4) and the volatile materials were 

carefully removed under reduced pressure. The residue was treated as described for the single compounds. 

Method B.  

Butyllithium in hexane (1.4 mol dm-3; 15 cm3, 21 mmol) was added with a syringe to THF (16 cm3) which had 

previously been cooled to -60oC. To this stirred solution was dropwise added (20 min) a THF solution (14 cm3) 

of dibromobithiophene 1–3f (3.24 g, 10 mmol) at a temperature of between -60 to -50oC. The reaction mixture 

was stirred for a further 20 min at -50oC. The temperature was raised to -20oC and the dialkyl disulfide (40 

mmol; 100% excess) was added in one portion (exothermic reaction) allowing the temperature to raise to -5–

0oC. This temperature was then maintained for 1 h. The work up was carried out as for method A. 

3,3'-Bis(methylthio)-2,2'-bithiophene (1a). 

Method A, from 1f and Me2S2. The solid residue was filtered from cyclohexane; 70%; m.p. 53–55oC. 

3,4'-Bis(methylthio)-2,2'-bithiophene (2a) 

Method A, from 2f and Me2S2. The oil was purified by chromatography (SiO2; light petroleum), to give 

compound 2a (0.578 g, 47%); λmax/nm 328.3 (ε/dm3 mol-1 cm-1 8300); νmax/cm-1 3100, 3080, 2980, 2920, 2850, 

2820, 1480, 1440, 1390, 1315, 1180; 2.46 (s, 3H, CH3), 
1H NMR (CDCl3): 2.46 (3H, s, CH3), 2.50 (3H, s, CH3), 

6.96 (1H, d, J3’,5’ 1.5, 5'-H), 7.03 (1H, d, J4,5 5.3, 4-H), 7.21 (1H, d, J4,5 5.3, 5-H), 7.23 (1H, d, J3’,5’ 1.5, 3'-H). 

4,4'-Bis(methylthio)-2,2'-bithiophene (3a) 

Method A, from 3f and Me2S2. The solid residue was filtered from diethyl ether; 61%; m.p. 101–103oC. 
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3-(Methylthio)thiophene (4a) 

Method A, from monobromo derivative 4f and Me2S2, halving the molar ratio of reagents and solvent with 

respect to the bromoderivative. The oily residue was fractionally distilled; 85%; b.p. 85–87oC / 18 mmHg, n D
21  

1.6040 (lit.,38 72oC / 15 mmHg, n D
21  1.6063). 

3-(Butylthio)thiophene (4b) 

Method A, from monobromo derivative 4f and Bu2S2, halving the molar ratio of reagents and solvent with 

respect to the bromo derivative. The oily residue was fractionally distilled; 96%; b.p. 82–84oC / 1.5 mmHg, n D
21  

1.5458 (lit.,48 57–60oC / 0.5 mmHg). 1H NMR (CDCl3): 0.92 (3H, t, CH3) 1.43 (2H, m, CH2) 1.63 (2H, m, CH2) 

2.85 (2H, m, CH2) 7.02 (1H, dd, J2,4 1.3, J4,5 5.0, 4-H) 7.11 (1H, dd, J2,4 1.3, J2,5 3.0, 2-H) 7.31 (1H, dd, J2,5 3.0, 

J4,5 5.0, 5-H). 13C NMR (CDCl3, 100.61 MHz): 13.6 (CH3), 21.8 (CH2(γ)), 31.5 (CH2(β)), 35.0 (3-SCH2(α)), 

122.8 (C-2), 125.9 (C-5), 129.6 (C-4), 132.3 (C-3). 

3,3'-Bis(butylthio)-2,2'-bithiophene (1b) 

Method B, from 1f and Bu2S2. The oily residue was purified by column chromatography (SiO2, petroleum ether 

b.p. 40–70oC); 79% (Found: C, 56.4; H, 6.5; S, 37.7. C16H22S4 requires: C, 56.1; H, 6.5; S, 37.4) 1H NMR 

(CDCl3): 0.86 (3H, t, CH3) 1.35 (2H, m, CH2) 1.53 (2H, m, CH2) 2.78 (2H, m, CH2) 7.08 (1H, d, J4,5 5.3, 4-H) 

7.36 (1H, d, J4,5 5.3, 5-H). 13C NMR (CDCl3): 13.6 (CH3), 21.8 (CH2(γ)), 31.6 (CH2(β)), 35.55 (3-SCH2(α)), 

125.9 (C-5), 130.6 (C-4), 132.1 (C-3), 132.3 (C-2). An aliquot part was short-path distilled: b.p. 143-145 oC / 0.1 

mmHg, n D
21  1.6220. 

3,4'-Bis(butylthio)-2,2'-bithiophene (2b) 

Method A. Compound 2b was obtained from dibromide 2f and Bu2S2 as an oily product (55%). The product was 

purified by chromatography (SiO2; light petroleum); n D
20  1.6212; λmax/nm 330.0 (ε/dm3 mol-1 cm-1 9800); 

νmax/cm-1 3100, 3080, 2940, 2920, 2850, 1460, 1435, 1380, 1280, 1180; 1H NMR CDCl3): 0.88 (3H, t, CH3), 

0.93 (3H, t, CH3), 1.54 [8H, m, CH2(β)-CH2(γ)], 2.84 [2H, t, CH2(α)], 2.88 [2H, t, CH2(α)], 7.02 (1H, d, J4,5 5.3, 

4-H), 7.08 (1H, d, J3’,5’1.4, 5'-H), 7.18 (1H, d, J4,5 5.3, 5-H), 7.28 (1H, d, J3’,5’ 1.4, 3'-H). 13C NMR (CDCl3): 

13.6 (CH3'), 13.6 (CH3), 21.8 (CH2(γ) and CH2(γ)'), 31.5 (CH2(β)'), 31.6 (CH2(β)), 35.0 (4'-SCH2(α)), 35.7 (3-

SCH2(α)), 123.45 (C-5), 123.4 (C-5'), 128.4 (C-3'), 128.55 (C-3), 132.0 (C-4), 132.4 (C-4'), 134.9 (C-2), 136.2 

(C-2'). 

4,4'-Bis(butylthio)-2,2'-bithiophene (3b) 

Method B, from 3f and Bu2S2. The semisolid residue (95% in 3b by 1H NMR analysis) was dissolved in hot 

isopropyl alcohol. On cooling a solid product was obtained which was filtered and washed on the filter with 

methanol to remove some oily impurity; 53%; m.p. 43–45oC; further crystallization did not raise the m.p.; a 

crystal was selected for an X-ray diffraction study. 1H NMR (CDCl3): 0.93 (3H, t, CH3) 1.44 (2H, m, CH2) 1.63 

(2H, m, CH2) 2.86 (2H, m, CH2) 6.99 (1H, d, J3,5 1.4, 5-H) 7.06 (1H, d, J3,5 1.4, 3-H). 13C NMR (CDCl3): 13.6 

(CH3), 21.8 (CH2(γ)), 31.4 (CH2(β)), 34.9 (4-SCH2(α)), 121.9 (C-5), 126.1 (C-3), 133.2 (C-4), 137.3 (C-2). 

Anal. Calcd. for C16H22S4 C, 56.3; H, 6.5; S, 37.1. Found: C, 56.3; H, 6.5; S, 37.1. 

3,3'-Bis(hexylthio)-2,2'-bithiophene (1c) 

Method B, from 1f and Hex2S2. The oily residue was purified by column chromatography (SiO2, light 

petroluem); 53%, n D
20  = 1.5882; λmax/nm 276.0 (ε/dm3 mol-1 cm-1 7700). 1H NMR (CDCl3): 0.86 (3H, t, CH3), 

1.22 (2H, m, CH2(δ)), 1.25 (2H, m, CH2(ε)), 1.33 (2H, m, CH2(γ)) 1.53 (2H, m, CH2(β)), 2.77 (2H, m, SCH2(α)) 

7.08 (1H, d, J4,5 5.2, 4-H) 7.36 (1H, d, J4,5 5.2, 5-H). 13C NMR (CDCl3): 14.0 (CH3), 22.5, (CH2(ε)), 28.4 

(CH2(γ)), 29.5 (CH2(β)), 31.3 (CH2(δ)), 35.9 (3-SCH2(α)), 125.9 (C-5), 130.6 (C-4), 132.0 (C-3), 132.3 (C-2). 
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4,4'-Bis(hexylthio)-2,2'-bithiophene (3c) 

Method B, from 3f and Hex2S2. The semisolid residue was purified by column chromatography (SiO2, light 

petroluem) and recrystallization from isopropylic alcohol; 69%, m.p. 64–65°C; λmax/nm 324.0 (ε/dm3 mol-1 cm-1 

8800). 1H NMR (CDCl3): 0.89 (3H, t, CH3), 1.27 (2H, m, CH2(δ)), 1.29 (2H, m, CH2(ε)), 1.42 (2H, m, CH2(γ)) 

1.64 (2H, m, CH2(β)), 2.86 (2H, m, SCH2(α)), 6.98 (1H, d, J3,5 1.4, 5-H) 7.06 (1H, d, J3,5 1.4, 3-H). 13C NMR 

(CDCl3): 14.0 (CH3), 22.5, (CH2(ε)), 28.4 (CH2(γ)), 29.3 (CH2(β)), 31.4 (CH2(δ)), 35.2 (3-SCH2(α)), 121.9 (C-

5), 126.2 (C-3), 133.3 (C-4), 137.3 (C-2). 

4.4'-Bis(octylthio)-2,2'-thiophene (3d) 

The synthesis was carried out according to the literature method.40 A solution of octan-1-thiol (6.3 g, 43.2 mmol) 

in DMSO (21 ml) was added with stirring to NaH (1.0 g, 43.2 mmol) under a flow of dry nitrogen. When the 

evolution of the H2 gas ceased, CuO (0.2 g), KI (0.2 g) and a solution of 3f (3.5 g, 10.8 mmol) in DMSO (21 ml) 

were added. The resulting mixture, stirred at 10°C for 15h, was cooled, poured onto ice water, and added with 

CHCl3 (100 ml). The aqueous layer was extracted with CHCl3 (100 ml) and the combined organic layers were 

washed with brine and water and dried (MgSO4). The solvent was removed and the crude product was 

chromathographed on silica gel (previously neutralized with 2% triethylamine), in light petroleum (b.p. 40–

70°C). The yellow solid was recrystallized from pentane: 1.38 g, 36% yield; m.p. 62–64°C; 1H NMR (CDCl3): δ 

7.06 (d, 1H, J3,5 1.5, 3-H), 6.99 (d, 1H, J3,5 1.5, 5-H), 2.85 (m, 2H, CH2(α)), 1.64 (m, 2H, CH2(β)), 1.42 (m, 

2H,CH2(γ)), 1.27 (m, 6H, 3×CH2), 0.88 (t, 3H, CH3). 
13C NMR (CDCl3): C-2 137.2, C-3 126.0, C-4 133.2, C-5 

121.9, CH2(α) 35.2, CH2(β) 29.3, CH2(γ) 28.7, CH2(δ) 29.1, CH2(ε) 29.0, CH2(φ) 31.7, CH2(ω) 35.2 and CH3 

14.0. Anal. Calcd. for C24H38S4: C, 63.38; H, 8.42; S 28.2. Found C, 63.5; H, 8.2; S 28.3. 

3,4'-Dibutoxy-2,2'-bithiophene (2e) 

To a solution of sodium (0.40 g, 17.40 mmol) in butanol (25 mL), copper(II) oxide (0.25 g, 3.14 mmol) and 

potassium iodide (0.04 g, 0.24 mmol) were added, followed by the addition of 3,4'-dibromo-2,2'-bithiophene 2f 

(1.00 g, 3.09 mmol). The reaction mixture was stirred at 100°C for 3 days and more potassium iodide (0.04 g, 

0.24 mmol) was added. Stirring was continued for 2 days at the same temperature and the mixture filtered. The 

butanol solution was poured into water and extracted with ether. The combined organic layers were washed with 

water, dried (MgSO4), and evaporated. The crude product was purified by chromatography (petroleum ether b.p. 

30–35°C/CHCl3 = 4:1), to give 0.86 g (90%) of 2e, n D
27  = 1.5811. λmax (chloroform): 327 nm (ε 1.4 104 dm3 

mol-1 cm-1); 1H NMR (CDCl3): 1.01 (3H, t, CH3'), 1.02 (3H, t, CH3), 1.56 (2H, m, CH2(γ)'), 1.58 (2H, m, 

CH2(γ)), 1.80 (2H, m, CH2(β)'), 1.82 (2H, m, CH2(β)), 3.99 (2H, t, CH2(α)'), 4.14 (2H, t, CH2(α)), 6.14 (1H, d, 

J3',5' 1.7, 5'-H), 6.85 (1H, d, J4,5 5.3, 5-H), 6.92 (1H, d, J3',5' 1.5, 3'-H), 7.07 (1H, d, J4,5 5.3, 4-H). 13C NMR 

(CDCl3): 13.8 (CH3 and CH3'), 19.25 (CH2(γ) and CH2(γ)'), 31.3 (CH2(β)'), 31.7 (CH2(β)), 69.75 (4'-OCH2(α)), 

71.6 (3-OCH2(α)), 95.5 (C-5'), 114.7 (C-3'), 115.5 (C-2), 117.4 (C-4), 121.4 (C-5), 133.9 (C-2'), 153.0 (C-3), 

157.2 (C-4'). Anal. Calcd. for C16H22O2S2: C, 61.90; H, 7.14; S, 20.65. Found: C, 61.73; H, 7.03; S, 20.78. 

3,3'-Dibutoxy-2,2'-bithiophene (1e) 

Following the procedure as for 2e, compound 1e40 was obtained from 3,3'-dibromo-2,2'-bithiophene 1f. The 

residue was column chromatographed (petroleum ether) to afford a solid product (85%), m.p. 101–102°C. λmax 

(chloroform): 325 nm (ε 1.5 104 dm3 mol-1 cm-1); 1H NMR (CDCl3): 0.99 (6H, t, CH3), 1.57 (4H, m, CH2(γ)), 

1.84 (4H, m, CH2(β)), 4.11 (4H, t, CH2(α)), 6.84 (2H, d, J4,5 5.5, 5-H), 7.08 (2H, d, J4,5 5.5, 4-H). 13C NMR 

(CDCl3): 13.85 (CH3), 19.3 (CH2(γ)), 31.8 (CH2(β)), 71.7 (3-OCH2(α)), 114.2 (C-2), 116.1 (C-4), 121.6 (C-5), 

152.0 (C-3). 
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4,4'-Dibutoxy-2,2'-bithiophene (3e) 

According to the procedure for 2e, compound 3e31 was prepared from 4,4'-dibromo-2,2'-bithiophene 3f. 

Chromatography on silica gel (petroleum ether) gave a solid product (98%), m.p. 59–62°C; λmax (chloroform) 

324 nm (ε 7.4 103 dm3 mol-1 cm-1); 1H NMR (CDCl3): 0.98 (6H, t, CH3), 1.49 (4H, m, CH2(γ)), 1.76 (4H, m, 

CH2(β)), 3.94 (4H, t, CH2(α)), 6.12 (2H, d, J3,5 1.6, 5-H), 6.83 (2H, d, J3,5 1.6, 3-H). 13C NMR (CDCl3): 13.8 

(CH3), 19.2 (CH2(γ)), 31.3 (CH2(β)), 69.8 (4-OCH2(α)), 96.4 (C-5), 115.9 (C-3), 136.0 (C-2), 157.6 (C-4). 
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3 ββ,ββ'-Disubstituted Bithiophenes: the 

Influence of the Substituent on the Solid 

State and Solution Properties 

 

“When people are free to do as they please, they usually imitate each other.” 

Eric Hoffer 

 
 

Abstract 

The morphologies of head-to-head, head-to-tail and tail-to-tail disubstituted 

2,2'-bithiophenes are comparatively investigated by means of X-ray, 1H-, 13C-

NMR and UV-vis spectroscopy. The solid state conformation is dominated by 

very weak interactions and, therefore, difficult to predict. A substitution effect 

on the chemical shifts and on the absorption maxima is observed in solution. 
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3.1 Introduction 

Well-defined oligomers are often used as model compounds to rationalize or predict the 

structure and properties of polymers. The head-to-head (hh), head-to-tail (ht) and tail-to-tail 

(tt) regioisomers of disubstituted 2,2'-bithiophenes represent the basic repeat units of the 

regioregular head-to-tail and head-to-head/tail-to-tail versions of poly(3-substituted 

thiophene), and the knowledge of their electronic and conformational properties is 

fundamental for the comprehension of the properties of the corresponding polymers. It is 

commonly accepted that the properties of polythiophenes depend on regiochemical and 

conformational factors, which can, in principle, be extrapolated from those of the 

corresponding oligomers. In this light, the study of bithiophenes containing two bromines in  

β-position, in head-to-head, head-to-tail, and tail-to-tail arrangements, is not without appeal, 

for these are the three possible α,α'-junctions that can be found in poly(3-bromothiophene).1,2 

Since the early 1990s, a considerable number of studies aimed at investigating the 

properties of oligothiophenes have appeared in the literature. However, oligothiophenes are 

difficult to crystallize and only a few complete single crystal X-ray characterizations have 

been reported so far.3-13 Comparison of data in the solid phase and in solution indicates that 

the conformation of substituted oligothiophenes in the solid state is different — generally 

more planar — from that in solution and depends on the interactions among substituents 

which, in turn, are related to the regiochemistry of substitution.8,10  

4
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Scheme 3.1 

In the crystalline form, all non-substituted oligothiophenes are quasi-planar, while the 

introduction of one or several substituents at the β-positions of the thiophene rings can induce 

loss of planarity.14 Besides experimental studies, several ab initio, semiempirical, and force 

field calculations of the conformation of β-substituted 2,2'-bithiophenes have been published 
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in recent years, indicating that the inter-ring twist angle and the conformation of these 

compounds are modulated by the regiochemistry of the substitution.1,15-21  

The present chapter reports NMR and UV data on several β,β'-disubstituted-2,2'-

bithiophenes having the thiophene rings linked head-to-head, head-to-tail and tail-to-tail 

(Scheme 3.1) to investigate the preferred conformation in solution. Furthermore, the X-ray 

structures of the derivatives which gave single crystals suitable for X-ray analysis, will be 

presented and discussed. 

3.2 Crystal structures 

3.2.1 β,β'-Dibromo-2,2'-bithiophenes 1–3f and 3,3',5,5'-tetrabromo-2,2'- bithiophene 

4 

Figure 3.122 shows the molecular structure of compound 3f, with the two Br-atoms at 

the 4 and 4' positions, featuring one crystallographically independent 4-substituted thiophene 

ring. A center of symmetry at the midpoint of the inter-ring C2–C2’ bond makes the individual 

rings exactly coplanar and their S atoms anti about the ring junction. It is of interest to note 

that the unsubstituted 2,2'-bithiophene23-25 and all the symmetrically substituted 2,2'-

bithienyls11,26,27 of known structure exhibit the same crystallographically 1 symmetry, and 

hence the same dictated coplanar anti conformation. 

 

Figure 3.1. The molecular structure of compound 3f, with atom numbering, bond distances (Å, esd = 
± 0.003 to 0.006), and bond angles (deg, esd = ± 0.2 to 0.4). Primed atoms are related to unprimed 
ones by an inversion center at the midpoint of the C2–C2', bond. Thermal ellipsoids for non-H enclose 
50% probability. 

The dimensions of the thiophene ring, whose atoms are coplanar to within ±0.001 Å, compare 

well with those reported for the 5,5'-dibromo analogue26, and with those observed in a 

number of symmetrically-substituted derivatives such as the 4,4'-dimethyl-28, 3,3'- and 4,4'-

dimethoxy-25 and 3,3'- and 4,4' dipentoxy-2,2'-bithiophene11. It seems that conjugation 

between thienyl ring atoms is unaffected by the electron-withdrawing ability of the Br 

substituents.29 We observe only widening of the intra-ring bond angle at the substituted C4 

carbon [114.3(3)°], which is about 2°–3° larger than those reported for methyl-substituted 
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thienyl carbons30. This effect has also been reported as occurring at methoxy-27 or pentoxy-11 

substituted thienyl carbons, following a trend previously described for substituted benzene 

derivatives31. As a common feature of planar or quasi-planar thiophene oligomers, the 

molecules are arranged in the crystal to form a typical herringbone packing motif. Rather 

surprising is the very narrow herringbone angle [41.8(1)°] between mean planes through 

adjacent molecules. Its value in thiophene oligomers is normally between 60° and 70°.32 The 

crystal packing of compound 3f does not contain short (less than 3.60 Å) intermolecular 

contacts. The most significant non-bonded distance is perhaps a Br   Br separation of 3.661 

(1) Å. 

The molecule of compound 1f (Fig. 3.2), with the two bromine atoms at the 3 and 3' 

positions, exhibits some notable and surprising structural features. Firstly, the compound 

displays a non-coplanar syn conformation, characterized by a S(la)–C(2a)–C(2b)–S(lb) 

torsion angle of 59.0(6)°. A similar, strongly twisted syn orientation between adjacent thienyl 

rings has previously been observed only for the 3-methly-substituted inner and outer rings of 

one α-conjugated quaterthiophene derivative, where the corresponding torsion angle is 

53.4(1)°.9  

 

Figure 3.2. Atom numbering scheme, thermal ellipsoids (50%), bond distances (Å, esd = 
±0.005 to 0.010), and bond angles (deg, esd = ±0.3 to 0.6) in compound 1f. 

Another noteworthy feature of compound 1f is the loss of crystallographic equivalence 

between the individual thiophene rings, which exhibit only an approximate two-fold 

symmetry; nevertheless, none of the corresponding bond distances and angles differs by more 

than twice the estimated standard deviations. The dimensions of the molecule compare well 

with those of compound 3f and of the 5,5'-dibromo analogue26. Both the thiophene rings are 

planar to within ±0.006 Å, and the dihedral angle between their least-squares mean planes is 

62.4(2)°. Bond distances and angles are hardly affected at all by the loss of the π conjugation 

between rings, which is due to their marked twisting. As expected, the inter-ring C(2a)–C(2b) 

bond lengthens, albeit only slightly, as the twist angle between the rings increases.9 

Furthermore, the widening of intra-ring bond angles at Br-substituted carbon atoms is 
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confirmed. A further new structural feature of compound 1f is its molecular packing, 

characterized by some short Van der Waals contacts, which are extremely rare in thiophene 

oligomers.10,11 These short non-bonded distances appear to be mainly due to aromatic ring-

stacking interactions, not hitherto observed in α,α'-conjugated oligothiophenes. Both the 

thienyl rings of compound 1f interact with neighboring penta-atomic cycles, which are related 

by inversion centers and, hence, parallel. The distances between parallel planes are 3.30(3) 

and 3.45(2) Å for the a- and b-labeled rings, respectively, whereas the respective shortest 

C   C interatomic separations are 3.35(1) and 3.52(1) Å. As a result, the molecules are tied in 

linear chains along the c cell axis. Further contributions to the crystal packing arise from two 

unusually short C   S [3.470(6) Å] and C   Br [3.445(5) Å] contacts which occur between 

ring-stacked linear chains. It is likely that the crystal packing interactions play a decisive role 

either in determining the molecular conformation or in the loss of crystallographic 

equivalence between rings. 

The molecular structure of dibromide 2f with the two Br-substituents at the 3 and 4' 

positions, is presented in figure 3.3. The unit-cell contains one crystallographically 

independent molecule, which exhibits a slightly bent anti conformation, characterized by a 

S(1a)–C(2a)–C(2b)–S(1b) torsion angle of 175.0 (3)°. It is of interest to note that all but one 

of the symmetrically disubstituted 2,2'-dithienyls of known structure reported in the literature 

have a crystallographic inversion center at the mid-point of the inter-ring bond, which makes 

the molecules exactly coplanar.33 

 

Figure 3.3. The molecular structure of 3,4'-dibromo-2,2'-bithiophene 2f showing the atom-
numbering scheme and thermal motion ellipsoids (40%).  

Bond distances and angles compare well with those observed in other oligothiophene 

derivatives.6,9,33 As for 1f and 3f, we observed widening of the intra-ring bond angles at the 

substituted C atoms, they being about 2–3° wider than those reported for methyl substituted 

thienyl carbons.9 The compound exhibits a typical herringbone packing motif, commonly 

reported for crystals of planar or quasi planar oligothiophenes.32 The molecules are stacked in 
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parallel layers along the shortest b cell axis at an interplanar distance of 3.633 Å. The angle 

between mean planes of glide-plane-related molecules (herringbone angle) is 52.0°, 

significantly smaller than those reported for planar thiophene oligomers, which normally 

range between 60° and 70°, but larger than for compound 3f. It is of interest to note that the 

molecular packing contains some very short Van der Waals contacts involving Br, S and C 

atoms. The shortest ones [Br(1)   C(5b) = 3.542 (6) Å; Br(1)   Br(2) = 3.580 (1) Å; 

S(1a)   C(3b) = 3.551 (5) Å; Br(1)   S(1b) = 3.677 (2) Å] occur between glide-plane-related 

molecules, but not between the stacked layers. 

Although of poor quality, probably owing to the failure to resolve fully a severe 

problem of absorption correction (µ = 14.21 mm-1), the structure determination of the 

tetrabromo compound 4 was nevertheless accurate enough to allow a satisfactory description 

of the molecular dimensions. Also, the molecular structure of compound 4 displays some 

notable structural features, hitherto rarely observed in thiophene oligomers. Firstly, the 

structure (illustrated in figure 3.4 along with bond distances and angles) features one 

crystallographically independent thiophene ring and exhibits precise (i.e., crystallographically 

dictated) twofold rotational symmetry, previously observed for the 3,3'-bis(2-hydroxyethyl) 

analogue.33 The molecule adopts a strongly twisted anti conformation, the S(1)–C(2)–C(2*)–

S(1*) torsional angle being 127(1)°. The dihedral angle between thienyl rings, whose atoms 

are coplanar to within ± 0.02 Å, is 48.5(3)°. This conformation appears somewhat surprising 

when compared with that of compound 1f and with that of the closely related 3,5,5'-tribromo-

2,2'-bithiophene.34 The latter exhibits a lightly twisted trans conformation, characterized by a 

dihedral angle of 4.6° between ring planes. It is also of interest to note that, in spite of 

different conformations, compound 4 and the tribromo derivative crystallize in a chiral space 

group.  

 

Figure 3.4. The molecular structure of compound 4, showing atom numbering scheme, thermal 
ellipsoids (50%), bond distances (Å, esd = ±0.01 to 0.02), and bond angles (deg, esd = ±0.6 to 1.1) 
equivalent (starred) atoms are related by a two-fold axis through the midpoint of the C(2)–C(2*) 
bond. 
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Spontaneous resolution in enantiomeric forms has previously been observed only in the case 

of another oligothienyl derivative.10 Although of low accuracy, the dimensions of the 

thiophene ring of compound 4 compare well with those of 3f and 1f, and the tribromo-

substituted derivative.10 However, comparison of the extra-ring C–Br bond distances shows 

significant lengthening of the C(3)–Br(1) bond. Rather surprisingly, its value [1.95(1) Å] is 

very close to the mean value reported for a Csp3–Br bond length of 1.966, where the 

corresponding value for a Car–Br bond is 1.899 Å.35 This effect could be tentatively attributed 

to steric interference between ring sulfurs and C(3)–bonded bromine atoms, whose separation 

is 3.598(8) Å. The opening of the C(2)–C(3)–Br(1) bond angle and corresponding decreasing 

of the adjacent extra-ring angle with respect to the nearly equal angles observed in compound 

1f seems to be in accordance with this (rather poor) interpretation. The molecules of 

compound 4 pack in the crystal as parallel layers arising from unit cell translation along the 

shortest b cell axis. Nevertheless, the distance between ring planes of 3.66(5) Å is perhaps too 

long for aromatic ring stacking interactions. Only two Van der Waals contacts less than 3.60 

Å [C4   C4 = 3.50(3) and C3   Br1 = 3.54(1) Å] are present in the molecular packing of 

compound 4. 

In light of the crystallographical findings for compound 4, attempts to demonstrate the 

presence of slow interconverting enantiomers in solution were undertaken. However, 1H and 
13C NMR variable temperature studies, performed at 400 MHz with a solution of 4 and         

β-cyclodextrin in DMF-d7 (300-215 K), and a complexation study, at room temperature, of 4 

with (R)-(+)-1,1'-bi-2-naphthol in CDCl3 solution failed to detect the formation of slow 

interconverting diastereomeric complexes. These findings afford further evidence of the low 

interconversion energy barrier of dithienyls, even in the presence of bulky substituents 

adjacent to the α,α'-junction. 

The anti coplanar crystal structure of derivative 3f and the slightly bent anti 

conformation of 2f36,37 suggest that both tail-to-tail and head-to-tail junctions should favor 

positively optical and conductive properties of poly(bromothiophenes) or 

poly(bromobithiophenes), whereas large distortion from planarity is expected for head-to-

head junctions. The different structures of 1f and 4, in the solid-state, are probably due to 

small energy differences between syn and anti conformations and to low interconversion 

barriers, as it appears from theoretical and experimental data.15,16,38,39 Even weak crystal 

packing interactions appear to play a key role in confining the molecules to one or the other of 

the two minima. Hence, head-to-head junctions can have modulating effects on optical and 

electronic properties of brominated polymers, depending on the local environment generated 

by different preparation or deposition methods. 
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3.2.2 4,4'-Bis(alkylthio)-2,2'-bithiophenes 3a,b 

Figure 3.5 shows the molecular structure of 3a as obtained from single crystal X-ray 

studies, along with atom numbering schemes, bond distances and bond angles. The crystal 

structure is built up from one crystallographically independent 4-substituted thiophene ring. 

The molecule has a center of symmetry at the midpoint of the C(2)–C(2') bond, and hence the 

coplanarity between the individual ring and the anti orientation of the sulfur ring atoms with 

respect to the inter-ring bond are crystallographically dictated. It is of interest to note that the 

same, crystallographically imposed, anti coplanar conformation was previously observed in 

most of the 2,2'-bithienyls.23,26,27 

 

Figure 3.5. Atom numbering scheme, thermal ellipsoids (40%), bond distances (Å, esds for C–S 
bonds ± 0.002–0.003, C–C bonds ±0.003–0.004) and bond angles (deg, esds ±0.1–0.3) for compound 
3a. Equivalent atoms are related by an inversion center at the midpoint of the C(2)–C(2) bond. 

Bond distances and bond angles in compound 3a agree well with those determined by 

electron diffraction on gaseous bithiophene.18 These values and both the extra-ring C(6)–S(2) 

and C(4)–S(2) bond distances indicate that the electronic properties of the S–CH3 substituent 

do not affect the conjugation between thiophene rings. The latter are planar within ± 0.008 Å. 

Only the methyl carbons are significantly displaced (0.535 Å) from the mean molecular plane, 

and their orientation may be described in terms of a C(5)–C(4)–S(2)–C(6) torsion angle of 

17.7(3)°. The molecular packing of 3a does not contain interatomic distances less than 3.60 

Å. Nevertheless, a relatively short [3.878(1) Å] S   S separation between the sulfur ring atom 

and that of the substituent was found to be present. 

Figure 3.5 shows that the solid state structure 3a displays large dissymmetries of the 

thiophene rings. In particular the compound has the inner S(1)–C(2) bond significantly longer 

than the external S(1)–C(5) bond. This is a manifestation of what is called the ‘plasticity’ of 

oligo- and poly-thiophenes, namely of the capability of these substrates to minimize the 

conformational strain, due to intra- and inter-molecular interactions, by deforming the 

thiophene rings through a series of successive and cooperative elongations of the C–S and   

C–C bonds and adjustments of the bond angles.3,9 This property, originating from the great 

polarizability of the sulfur atom, allows for the existence of unexpected solid state 

conformations such as, for example, the conformation of 1f in which the bromine substituents 
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are in the syn orientation. Very likely, the deformations observed in 3a are due to the need to 

relieve the severe S   CH interactions present in the anti coplanar conformation. In this 

respect, it is significant that deformations of the same type are found even in the non-planar 

anti conformation of bithiophene in the gaseous state, in which the inner C–S bond is 0.014 Å 

longer than the outer one.18 

The X-ray molecular structure of 4,4'-bis(butylthio)-2,2'-bithiophene 3b,40 presented in 

Figure 3.6 along with bond distances and angles, has the same point symmetry 1, which 

determines coplanarity between thiophene rings and exact anti orientation for their S atoms. 

The butylthio chain adopts a fully extended, nearly idealized, anti conformation, and the 

mean plane through its non-H atoms [coplanar within ±0.037(2) Å] makes a dihedral angle of 

1.95(9)° with that of the thienyl ring [planar within ±0.004(1) Å]. As a result, all the non-H 

atoms of the whole molecule are strictly coplanar, the maximum deviation for the fitted atoms 

being -0.059(2) Å. It is worth noting that this occurs in a molecule of a length of 19.31 Å, 

measured as the separation between terminal methyl carbons. It is also of interest to remark 

that the same coplanar and fully extended anti conformation has been previously reported for 

two closely related derivatives such as the 3,3'- and 4,4'-dipentoxy bithiophene analogues.11 

 

Figure 3.6. The molecular structure of 4,4'-bis(butylthio)-2,2'-bithiophene 3b with atom numbering 
scheme, bond distances (Å, esd’s ± 0.002-0.003), and bond angles (deg, esd’s ± 0.08–0.020). Thermal 
ellipsoids enclose 60% probability. Primed atoms are related to unprimed ones by an inversion 
center at the midpoint of the C(2)–C(2') bond. 

Nevertheless, the coplanar conformation of the present compound 3b differs significantly 

from that observed in 3a. The C(5)–C(4)–S(2)–C(6) torsion angle is 17.7(3)°, whereas the 

corresponding value is -0.9(2)° in 3b. 

The most interesting result of our structural determination of the molecules here 

reported, is perhaps the high quality of the diffraction data. Usually, oligothiophenes show 

difficulty in obtaining crystals suitable for X-ray analysis, and often they decompose when 

exposed to the X-ray radiation.24 The present compound easily forms well-shaped crystals, 

which are highly stable to X-ray radiation (from a high power rotating anode source) and 

diffract well up to higher ϑ Bragg angles. This is somewhat surprising for a compound that 

melts at 43°C and for which the X-ray measurement is performed at room temperature. As a 
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result, diffraction data allowed for one of the most precise and accurate X-ray structure 

determination reported of thiophene oligomers up to now. All non-H atoms, including those 

belonging to alkyl chains, display unusually low thermal motion parameters, representative of 

a quite rigid molecular framework. As a comparison, the isotropic equivalent temperature 

factors of the ring atoms are roughly 10% lower than those in the methylthio analogue 3a. 

This difference increases to 33% and 54%, respectively, for the extra-ring S and C atoms 

common to both derivatives. It may be mentioned that the melting point of the 4,4'-

bis(methylthio)-2,2'-bithiophene is 102°C. Furthermore, the atomic temperature factors of our 

butyl chain are much lower than those reported for butyl or butylthio groups bonded to 

thiophene or tetrathiafulvalene derivatives.41,42 

The fully coplanar conformation of the present molecule, as well as the enhanced 

rigidity of its framework, appears to be due to intermolecular crystal packing effects, in which 

the length of the alkyl chain seems to play an important role. The compound exhibits a typical 

herringbone packing motif, commonly observed in crystal of planar or like-planar 

oligothiophenes.42 The molecules are stacked as parallel layers along the a shortest cell axis 

(Figure 3.7), but their interplanar distance of 3.725(5) Å appears too long for even weak Van 

der Waals contacts.  

 
Figure 3.7. Stereoview of the molecular packing of compound 3b. 

The herringbone angle between adjacent layers is 87.31(2)°, thus larger than those reported 

for thiophene oligomers, which normally span between 60 and 70°.32 The inter-layers 

molecular packing contains only one C   C separation slightly less than 3.60 Å. The crystal 

packing does not contain S   S separations shorter than 4.10Å. The lack of short and attractive 

van der Waals interactions is, at least for us, an intriguing and open question, by considering 
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the strong effects which the alkyl chains appear to exert on the solid-state properties of our 

compound. The peculiar crystal structure of 3b and, in particular, of its alkyl chains prompted 

us to verify the existence of a possible mesophase through DSC analysis. Nevertheless, the 

experiment failed in observing any phase-transition other than the melting process. The 

melting point and the enthalpy of fusion for 3b was 43°C and 11.4 kcal/mol, respectively. 

The enthalpy of fusion is slightly higher and the melting point is lower than those reported for 

4,4'-dipenthoxy-2,2'-bithiophene.11 

3.3 NMR spectroscopic structural assignment of ββ,ββ'-bis(alkylthio)-
2,2'-bithiophenes 1–3a,b,c 

The NMR spectroscopy techniques are widely used for the characterization of oligo- 

and polythiophenes. Besides the monodimensional 1H-and 13C-NMR spectra, twodimensional 

experiments in “inverse detection” are extremely useful for the assignment of the molecular 

structure. These techniques of heteronuclear chemical shift correlation, are so-called 

“inverse” for the use of proton, instead of heteronuclear acquisition, in contrast to what is 

commonly used in heterocorrelated experiments. Acquiring the most sensitive nucleus leads 

to the indirect acquisition of the heteronucleus with a higher sensitivity and allows one to 

work with more dilute solutions (mM or µM) in shorter times. The basic principle of this 

technique is the creation of the multiple quantum coherence due to the existence of an H-X 

coupling. This coupling allows the transfer of magnetization from H to X. The multiple 

quantum coherence cannot be detected if not converted to a single quantum coherence, since 

this is the only one observable with this technique, on the basis of the selection rules. The 

inverse detection multiple coherence experiments will be defined as HMQC (Heteronuclear 

Multiple Quantum Coherence)43 or HMBC (Heteronuclear Multiple Bond Coherence)44 when 

the connectivity is directly derived from direct coupling constants or from correlations 

extended on 2 or 3 bonds with long range constants, respectively. 
1H and 13C NMR chemical shifts for the derivatives 1–3a,b,c [and of                            

3-(methylthio)thiophene and 3-(butylthio)thiophene for comparison] are reported in table 3.1 

and table 3.2.45 The 1H spectra of derivatives 1a–c show the characteristic pattern of a 2,3-

disubstituted thiophene ring: two doublets at around 7.05 and at 7.36 ppm are present in the 

aromatic region with a coupling constant of 5.3 Hz. The unambiguous assignment of the two 

proton signals together with the directly-bonded carbon signals was achieved through the 
1J(H,C) value, which is higher for 5-H, C-5 (ca. 190 Hz) and lower for 4-H, C-4 (ca. 170 Hz) 

in thiophenes.46 These coupling constants were measured from an inverse detected 1H,13C 

undecoupled chemical-shift correlation spectrum obtained through the HMQC technique. 

The aromatic region of the 1H spectra of derivatives 3a–c presents two doublets with a 

coupling constant of 1.5 Hz, characteristic of a 2,4-disubstituted thiophene ring. In 
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derivatives 2a,b the two types of thiophene rings are clearly recognized from the proton-

proton coupling constant values (5.3 and 1.5 Hz for the 2,3- and the 2,4-disubstitued ring, 

respectively). The assignment of 1H and of 13C signals of protonated carbons of 1–3a,b,c was 

achieved through the HMQC technique as described above (an example for 2b is given in 

Figure 3.8).  
 

 

Figure 3.8. HMQC NMR spectra for 2b in CDCl3: aromatic (up) and aliphatic (down) region. 

In all the compounds the aliphatic methylene and methyl protons were readily observed at 

400 MHz and assigned, on the basis of their coupling patterns. Quaternary carbons were 

assigned through HMBC, based on the evolution of 3J(H,C) coupling constants. The results 

confirmed the α,α'-regiochemistry of the three dimers. The changes in proton and carbon 

chemical shifts of (alkylthio)thiophenes, with respect to the related monomers, seem to be 

irrespective of the alkyl chain length. The presence of a long-range coupling constant 

between SCHn protons and the thiophene carbon bearing the alkylthio substituent enables the 

assignment of each SR substituent to the corresponding ring to be made unambiguously in 

derivatives 2a,b. The long-range coupling constants were measured in 3-

(methylthio)thiophene (3J = 4.3 Hz) and  3-(butylthio)thiophene (3J = 5 Hz) and these values 
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were employed to set the evolution delay in HMBC experiments for 2a and 2b, respectively. 

Cross-peaks between SCHn protons and the thiophene carbon bearing the alkylthio 

substituent were found in all HMBC spectra of derivatives 1–3a,b,c. 

 
Table 3.1. 1H and 13C chemical shiftsa (ppm) of derivatives 1–3a,b,c, of 3-(methylthio)thiophene * 
and 3-(butylthio)thiophene #: aromatic region 
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aδ Values are referred to internal Me4Si. bδ Values of aromatic carbons are in accordance with H. 
Lumbroso, J. Curé, C. Mahatsekake, C. G. Andrieu, J. Mol. Struct. 1990, 216, 315. 

Inspection of Table 3.1 and Table 3.2 shows that chemical shifts are regiochemically 

dependent, in particular the 3'-H, SCHn carbon and protons and 2,2' quaternary carbon 

chemical shifts. In fact, the 3'-H in the head-to-tail dimers 2a,b is the more deshielded          

β-proton. The second thiophene ring slightly shields the proton signal of a SCHn group which 

is adjacent to the α,α'-connection (3-SCHn in 1a–c and 2a,b) and deshields the corresponding 

carbon of about 1 ppm. This behavior parallels that found for hexyl chains47 in disubstituted 

bithiophenes. The more shielded 2,2' quaternary carbons are found in the head-to-head 

 1a 1b 1c 2a 2b 3a 3b 3c * # 

2-H         6.95 7.11 

4-H 7.05 7.08 7.08 7.00 7.02    6.97 7.02 

5-H 7.36 7.36 7.36 7.17 7.18    7.30 7.31 

3'-H    7.20 7.27 7.02 7.06 7.06   

5'-H    6.92 7.08 6.82 6.99 6.99   

C-2 130.17 132.31 132.3 132.82 134.93    119.47 122.87 

C-3 133.65 132.10 132.1 130.16 128.55    134.17 132.35 

C-4 129.24 130.58 130.5 130.41 132.01    128.06 129.65 

C-5 126.28 125.89 125.8 123.88 123.45    126.22 125.96 

C-2'    136.28 136.20 137.52 137.32 137.3   

C-3'    126.69 128.38 124.70 126.18 126.2   

C-4'    134.31 132.36 135.04 133.28 133.3   

C-5'    119.75 123.37 118.55 121.94 121.9   
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dimers 1a–c and the more deshielded ones in the tail-to-tail dimers 3a–c. An intermediate 

situation is present in 2a,b. These parameters are useful for the regiochemical 

characterization of higher oligomers and polymers. 

Table 3.2. 1H and 13C chemical shiftsa (ppm) of derivatives 1–3a,b,c, of 3-(methylthio)thiophene * 
and 3-(butylthio)thiophene #: aliphatic region 

aδ Values are referred to internal Me4Si. 

The head-to-tail compound 2a has no elements of symmetry except the mean 

molecular plane. In principle, some information on the conformational preferences of these 

compounds could be obtained by irradiating the SCH3 groups and observing the nuclear 

Overhauser effects (NOE) 48 on the aromatic protons. NOE spectroscopy has proved to be a 

useful technique for studying the spatial proximity of protons in a molecule. In this 

experiment the 1H-NMR spectrum is recorded during the decoupling of a particular proton 

(measurement 1); an additional measurement with a decoupling frequency which lies far 

away is then the basis for a comparison (measurement 2). The difference between the two 

measurements provides the NOE difference spectrum.49 In particular, if there is an 

equilibrium between the syn and the anti conformations in solution, such as that reported in 

Scheme 3.2 and predicted by MM2 calculations,28 a positive NOE should be measured for 3'-

 1a 1b 1c 2a 2b 3a 3b 3c * # 
3-SCHn (α) 2.38 2.78 2.77 2.43 2.84    2.45 2.85 
CH2(β)  1.53 1.53  1.57     1.63 
CH2(γ)  1.35 1.33  1.41     1.43 
CH2(δ)   1.25        
CH2(ε)   1.23        
CH3  0.86 0.86  0.88     0.92 
4-SCHn (α)    2.46 2.88 2.45 2.86 2.86   
CH2(β)     1.64  1.63 1.64   
CH2(γ)     1.45  1.44 1.42   
CH2(δ)        1.31   
CH2(ε)        1.29   
CH3     0.93  0.93 0.89   
3-SCHn (α) 18.59 35.55 36.0 18.68 35.74    17.69 35.01 
CH2(β)  31.63 31.5  31.61     31.48 
CH2(γ)  21.78 29.4  21.82     21.81 
CH2(δ)   28.4        
CH2(ε)   22.3        
CH3  13.58 14.0  13.62     13.60 
4-SCHn (α)    17.57 34.96 17.51 34.88 35.22   
CH2(β)     31.47  31.44 31.34   
CH2(γ)     21.82  21.82 29.33   
CH2(δ)        28.36   

CH2(ε)        22.52   

CH3     13.58  13.62 13.99   
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H upon irradiation of the methyl group at C-3. In the anti conformation, the distance between 

the substituent at C-3 and the H-3' proton would be too large to observe any nuclear 

Overhauser effect. 
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Scheme 3.2. Syn–anti conformational equilibrium of 2a (R = SMe) 

Table 3.3 gives the NOE values measured for the aromatic protons of 2a and 3a in 

chloroform following irradiation of the SCH3 groups. There is a positive NOE of 3% for 2a 

between the 3-SCH3 groups and the 3'-H belonging to the adjacent ring. This result 

unambiguously indicates the presence of non-negligible amounts of syn conformations in 

solution. Attempting to quantify this presence in terms of percentage of syn conformations is 

hazardous, since the NOE effect depends on the sixth power of the distance between the 

interacting protons48 and even small variations of the inter-ring twist angles lead to large 

variations in these distances. 

Table 3.3. NOE effects (in CDCl3) of compounds 2a and 3a 

 

Moreover, the NOE measured between the 4'-SCH3 group and the adjacent 3'-H and 5'-H in 

the head-to-tail derivative 2a, as well as the NOE measured between 4-SCH3, 4'-SCH3 groups 

and the adjacent 3-H, 3'-H and 5-H, 5'-H protons in the tail-to-tail derivatives 3a, can give 

information on the preferred orientation of the methylthio group. It can be seen that 

irradiation of 4'-SCH3 in 2a gives similar NOE effects on 3'-H and 5'-H, 16% and 13%, 

respectively. As far as compound 3a is concerned, the data in Table 3.3 show that there is a 

10% and 15% NOE on 3-H, 3'-H and 5-H, 5'-H respectively, upon irradiation of the 4-SCH3, 

4'-SCH3 groups. The observation of a substantial NOE effect on 3-H, 3'-H suggests the 

Compound Irradiated nucleus Observed 

nucleus 

NOE 

(%) 

2a 3-SCH3 4-H 18 

  3'-H   3 

2a 4'-SCH3 3'-H 16 

  5'-H 13 

3a 4-SCH3, 4'-SCH3 3-H, 3'-H 10 

  5-H, 5'-H 15 
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possibility that the SCH3 group assumes a range of different conformations in solution, and is 

also in agreement with MM2 calculations. 

The unusually low thermal motion parameters characterizing the butylthio chains in the 

solid state for compound 3b suggested to derive information on the conformation in solution 

from NMR differential steady-state 1D-NOE and T1 data (Table 3.4).50 Understanding the 

conformational behavior of the side chains and of the bithienyl fragment, both in the solid and 

in the solution state, allows, in principle, to gain a better insight in the thermochromic and 

solvatochromic properties of oligo and polythiophenes.51-53 If the conformation in solution 

was similar to that of the solid state, irradiation of the 4-SCH2 protons, at 2.86 ppm, should 

produce a NOE only on H-5, at 6.99 ppm (the assignment of 1H signals are reported in ref. 

54) but not on H-3, at 7.06 ppm, due to its higher distance with respect to the irradiated site. 

Experimental differential 1D-NOE data show that H-3 and H-5 display about the same NOE. 

Hence, the SCH2 protons have a similar average distance with respect to H-3 or H-5:50 the 

butyl chain does not maintain the fixed solid-state orientation, but assumes a range of 

different conformations in line with the usual behavior of alkyl chains in solution. 

 

Table 3.4. Differential steady-state NOE and T1 data for 4,4'-bis(butylthio)-2,2'-bithiophene 3b. 

 

The molecular symmetry of 3b does not allow a NOE experiment to be performed in order to 

extract information about the relative orientation (syn or anti) of the two thiophene rings 

(because H-3 and H-3' are indistinguishable). An indication in this respect can be drawn from 

T1 values. The spin-lattice relaxation time T1 is the time costant with which an assembly of a 

particular nuclear spin in a sample becomes magnetized parallel to the magnetic field as it is 

introduced into it and is a useful parameter for probing molecular mobility in solution.55 The 

H-3 and H-5 protons, which display the same NOE, are expected to show similar T1 values in 

the anti, but not in the syn conformation. In this last case, H-3 should be partially relaxed by 

the H-3' on the adjacent ring and, as a consequence, its T1 value should decrease, as observed. 

A semiquantitative treatment of T1
56 leads to a percentage of the syn form of about 20% in the 

solvent employed. 

Another methodology that can elucidate the conformational differences between solid 

state and solution for compound 3b is IR. The main features of the solid state IR spectrum 

(KBr disk) of 3b can be extracted by comparison with previous assignments reported for 

 H-3 H-5 SCH2(α) CH2(β) CH2(γ) CH3 

NOE 12.2 11.8 irradiated 8.0 6.0 - 

T1 9.4 11.4 2.4 3.0 3.7 3.8 
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related systems.57,58 Only one aromatic C—H stretching of medium intensity at 3099 cm-1, 

attributable to the C—Hα stretching, is present. A C=C ring stretching is observed at 1503 

cm-1. The out-of-plane deformations of aromatic C—H bonds are at 806 and 695 cm-1, 

indicating the 2,4-disubstitution. An absorption attributable to the inter-ring C—C out-of-

plane deformation is present at 585 cm-1. The aliphatic chain gives rise to stretching 

vibrations in the region 2954–2857 cm-1 and to deformation modes below 1466 cm-1 which 

make difficult the assignment of other ring vibrations. 

The major changes in the IR spectrum of 3b in CCl4 solution are observed in the wavenumber 

of the two aromatic C—H stretching, at 3108 and 3081 cm-1, very similar to those of the 

monomer [for (3-butylthio)thiophene the corresponding bands are: 3110 cm-1, medium, and 

3077 cm-1, weak]. These bands can be assigned to the aromatic C—Hα and C—Hβ 

stretching. The changes observed in IR spectrum, passing from the solid state to solution, 

agree well with the findings of X-ray and NMR measurements. 

3.4 UV-vis of ββ,ββ'-bis(alkylthio)-2,2'-bithiophenes 

The trend of variation of the λmax values (cf. Table 3.5) with the regiochemistry is not 

the same for compounds 1–3e and 1–3a,b,c. For substrates 1–3e, the experimental λmax value 

in chloroform is not changing significantly and reflect the high degree of planarity of these 

compounds. In fact, the oxygen atom is small and the molecules have a planar conformation, 

even the head-to-head isomer. For compounds 1–3a,b,c, the λmax values are in the order 2a > 

3a > 1a, i.e., the λmax for the head-to-tail derivative is slightly greater than that for the tail-to-

tail one, and greater also than the one for the corresponding derivative 2e.  

Table 3.5. Optical properties of compounds 1-3a,b,c,e 
 

 

 

 

 

λmax / nm 

Compound a b c e 

1 279 276 276 325 

2 331 330 – 327 

3 327 324 324 324 

The reason for this apparent contradiction is in the mesomeric effect exerted by the alkylthio 

substituents in derivatives 1–3a,b,c. In 2a,b and 1a–c — but not in 3a–c — the lone pair of 

(a, Y = SMe; b, Y = SBu; c, Y = SHex; e, Y = OBu)
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the SCH3 groups at C-3 and C-3' can be delocalized not only onto the ring to which it is 

bound but also onto the adjacent ring, as illustrated for compound 2a (cf. Scheme 3.3). 
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Scheme 3.3 

Thus, the λmax value of compounds 1–3a,b,c reflects not only the degree of planarity of the 

system but also the delocalization capability of the lone pairs of the substituents, which 

depends, in turn, on the regiochemistry of substitution. In the case of compound 2a, only the 

sulfur atom at C-3 can delocalize its lone pair on the adjacent ring while in compound 1a this 

is possible for the lone pairs of both substituents. For the twisted 1a–c compound, the real 

importance of the mesomeric effect exerted by the methylthio groups will depend on the 

value of the inter-ring twist angle, since the tendency to maximize the electron delocalization 

through a planar conformation will be counteracted by the steric interactions among 

substituents. Since 1a–c have a λmax lower than 2a–c and 3a–c, we can conclude that they are 

in a twisted conformation, while the corresponding oxygen derivative 1e, due to the 

diminished steric hindrance of oxygen compared to sulfur, can be imagined as planar. This 

conclusion agrees with theoretical investigation.8,9 From this behavior we can predict a 

diminished conjugation in poly[3,4-bis(alkylthio)thiophene]s when compared to the 

corresponding poly(3,4-dialkoxythiophene)s. 

3.5 Conclusions 

The X-ray studies performed on the head-to-head, head-to-tail and tail-to-tail 

disubstituted 2,2'-bithiophenes indicate that the morphology in the solid state is dictated by 

very weak interactions, and, for instance, also very twisted cisoid conformations can be found 

for the more sterically hindered head-to-head regiochemistry.  

Due to a delicate balance between different weak forces (e.g.: steric hindrance, van der 

Waals interaction and mesomeric effects), conformational polymorphism was encountered for 

the oligothiophenes depicted in Scheme 3.4, studied by Barbarella et al.59-61.  
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Scheme 3.4. Oligothiophenes with polymorphic conformations.59-61 
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The different crystals were obtained simultaneously, illustrating the difficulty in obtaining a 

particular conformer under controlled and reproducible conditions. 

On the light of this conclusion, great care should be taken in the generalization of 

conformational trends in oligo- and polythiophenes in the solid state, especially when 

regarding the importance of regioregular substitution for the planarization of the polymeric 

backbone. 

On the other end, diluting the molecules in a good solvent improves the predictability of 

their behavior. The electronic and steric effects of the substituents in this case follow the 

general rules for substitution effects in aromatic compounds. From this viewpoint, 

bithiophenes in particular and oligothiophenes in general can still be considered very 

important and useful models for both experimental and theoretical prevision of the properties 

of their corresponding polymers. 

3.6 Experimental 

Materials 

The synthesis of all the compounds mentioned in this Chapter is reported in Paragraph 2.4. 

X-Ray crystallography  
For compounds 3b, 1–3f and 4, crystals suitable for X-ray diffraction were obtained by recrystallization from 

isopropanol. Compounds 2,3f and 4, which are air stable, were glued to glass fibers. The crystals of compound 

1f sublimate rather quickly, and hence the one selected was sealed in a quartz capillary. Single crystals of 

compound 3a were grown by slow evaporation of cyclohexane solutions. 

Intensity data were collected at room temperature using graphite monochromated Mo-Kα radiation and the ϖ-2θ 

scan mode. 

Siemens P4RA-M18X diffractometer, room temperature, graphite-monochromated Mo-Kα radiation (45 kV, 50 

mA), ϖ/2θ scan mode, 3690 reflections measured (2.05 ≤ θ ≤ 27.97°, -15 ≤ h ≤ 15, -1 ≤ k ≤ 5, -1 ≤ l ≤ 26), of 

which 1449 with I > 2σ(I) were unique [merging R = 0.017 after absorption correction based on ψ scans] and 

were retained for structure analysis. No crystal decay was observed during collection. 

NMR 
1H differential steady-state NOE spectra and T1 inversion recovery measurements were performed with a Bruker 

400 AMX NMR spectrometer at 300 K, on a degassed sample (five freeze-pump-thaw cycles), 0.06 M in 

CDCl3, using standard pulse sequences (Bruker software). 
1H and 13C NMR spectra were recorded on a Bruker AMX-400 WB at 400.13 and 100.61 MHz, respectively, on 

0.1 mol dm-3 solutions in CDCl3. Chemical shifts, in ppm, refer to internal Me4Si. Coupling constants, J, are 

given in Hz. 

HMQC43 parameters for aromatic and aliphatic region: spectral width (ƒ2) = 1–4 ppm, 2048 complex points; 

spectral width (ƒ1) = 50–30 ppm, 256 t1 increments with 16 scans per t1 value; relaxation and evolution delays 

= 0.5–1 s and 2.78–4.00 ms, respectively. Zero filling in ƒ1 and ƒ2, sine function in ƒ1 were applied before 

Fourier transformation. 

HMBC44 parameters: spectral width (ƒ2) = 1–4 ppm, spectral width (ƒ1) = 150 ppm, 256 t1 increments with 64 

scans per t1 value; relaxation delay = 0.5 s and delay for long-range coupling constant evolution = 100 ms. Zero 

filling in ƒ1 and ƒ2, sine function in ƒ1 were applied before Fourier transformation. 
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IR  

The IR spectrum was recorded using an Infrared Fourier Spectrometer (Bruker IFS 113 v). 

DSC 
The thermal study was performed with a Perkin-Elmer DSC-4 differential scanning calorimeter, at a scanning 

rate of 2 °C min-1. 
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4 Poly[3-(alkylthio)-thiophene]s:  Synthesis 

and Aggregation Phenomena 

 

“I am more and more convinced that when somebody comes to ask for advice 

he is expecting to be suggested to do the same thing he had in mind. If this is 

not the case, he keeps regularly his own opinion and he behaves 

consequently.” 

Giulio Andreotti 

 
 

Abstract 

The polymerization of thioether substituted thiophene monomers is studied in 

detail. Poly[(alkylthio)thiophene]s are mainly synthesized through oxidative 

coupling. Since the disubstitution at the β position of the thiophene ring with 

thioether side chains is hampering planarity in the corresponding 

polythiophene, McMurry polymerization has been employed in order to 

introduce a vinylene “conjugated spacer” between the thienyl units. The 

aggregation behavior of the polymers is investigated through optical 

spectroscopy (FT-IR, UV-vis, circular dichroism spectroscopy and 



Chapter 4 

 64

photoluminescence) and atomic force microscopy (AFM). Finally, application 

of the materials in electrical devices is described. 

4.1 Introduction 

Polythiophenes (PTs) with a large variety of functionalities have been produced in the 

last decade. They are generally falling into two main classes: poly(alkylthiophene)s (PATs) 

and poly(alkoxythiophene)s (PAOTs), on the basis of the atom directly linked to the 

thiophene ring, being carbon and oxygen, respectively (Scheme 4.1).1  

nn S

O

R

S

CH2

R

PAT PAOT  
Scheme 4.1 

Since the CH2 group is more bulky than the oxygen atom, more dramatic effects of the 

regiochemistry of substitution are observed in PATs than in PAOTs. While regioregular 

head-to-tail PATs were found in a transoid planar conformation in the solid state, the head-

to-head junctions are strongly hampering this planarization. On the other end, regioregular 

head-to-head, head-to-tail and even 3,4-disubstituted PAOTs adopt the same planar 

conformation.1 These experimental findings were also confirmed and explained via 

theoretical calculation of the energy curves of disubstituted bithiophenes upon rotation around 

the C–C linkages (Figure 4.1).2,3 These calculations have revealed that only bithiophene units 

having an energy barrier   ≤ 2.2–2.3 kcal/mol against planarity can lead to a coplanar 

conformation in the parent polymers at room temperatures. Moreover, the extent of the blue 

shift observed upon heating in the thermochromic PTs could be related to the difference in 

the torsional angles between a coplanar conformation and the twisted structure. The theory 

indicates that an intermediate situation should be present in alkylthio substituted PTs: while 

the head-to-tail polymer should behave like the PAOTs, the head-to-head one should instead 

resemble the head-to-tail PATs. 

Furthermore, the sulfur atoms can act as complexing sites toward different soft metallic 

ions, and therefore the compounds can been used as the sensitive part of chemosensors4 or as 

catalyst for hydroformylation5. Therefore, the development of an efficient methodology to 

produce poly[(alkylthio)thiophene]s is appealing.  
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Figure 4.1. Potential energy surfaces of 3,3'-diethyl-2,2'-bithiophene (33DEBT), 3,4'-diethyl-2,2'-
bithiophene (34DEBT), 3,3'-dimethoxy-2,2'-bithiophene (33DMOBT), 3,3'-bis(methylthio)-2,2'-
bithiophene (33DMSBT). A torsional angle (θ) of 180° corresponds to an anti-coplanar 
conformation.2 

The first attempts to obtain polythiophenes carrying electron-donating alkylthio groups 

date back to more than 10 years ago, when Elsenbaumer et al. reported the synthesis of 

poly[(3-methylthio)thiophene.6  

Since then, low molecular weight polymers of 3-(ethylthio) and 3,4-

bis(ethylthio)thiophene have been chemically synthesized, using a Nickel-catalyzed Grignard 

coupling reaction.7,8 Later, Kanatzidis et al. obtained poly(3,4-ethylenedithiathiophene) of 

relatively low molecular weight using the oxidative polymerization with iron trichloride.9 

Attempts to electropolymerize monomeric alkylthiothiophenes failed, while oligothiophenes 

with thioether groups on the outer β position could be electropolymerized.10 Polymerization 

of 2,2':5',2"-terthiophenes 3'-substituted with the -SR group, where R is a long alkyl chain, 

has been reported,11 but with unsatisfactory results. The synthesis of a series of regioregular 

poly[3-(alkylthio)thiophene]s with low molecular weights has been disclosed12,13 whereas 

recent papers have reported the chemical14 and the electrochemical15 polymerization of 3,3'-

bis(alkylthio)-2,2'-bithiophenes and evidenced the facile n- and p-dopability of the 

synthesized polymers. 

In this chapter, the polymerization of thioether-substituted thiophene monomers is 

studied in detail: oxidative polymerization generally gave low molecular weight oligomers 

except for the tail-to-tail disubstituted bithiophenes and for 3,4-bis(alkylthio)thiophenes. 

Regioregular head-to-tail poly[3-(butylthio)thiophene] was obtained through the Yamamoto 

coupling of the mono-Grignard of 2,5-dibromo-3-(butylthio)thiophene. Since the 

disubstitution in the β position of the thiophene ring with thioether side chains is hampering 

planarity in the corresponding PT, McMurry polymerization has been employed in order to 
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introduce a vinylene spacer between the thienyl units. The aggregation behavior of the 

polymers is investigated through optical spectroscopy and atomic force microscopy. 

Application of the materials in electrical devices is also described. 

4.2 Poly[(ββ-alkylthio)thiophene]s 

4.2.1 Introduction 

The most common way to polymerize thiophene derivatives is to use the oxidative 

coupling. The oxidation may be performed chemically or electrochemically, but the 

mechanisms are essentially the same. The first step is the one-electron oxidation of the 

monomer, resulting in a radical cation. The quantum chemical calculations show that, for 

thiophene, the spin densities are high at the 2 and 5 positions and consequently the reactivity 

is highest in these positions (Figure 4.2). The reactivity of the radical has a profound 

influence on the further steps of the process. If the radical is too reactive, it will react with the 

solvent or with impurities, and the polymerization does not proceed. If the radical is too 

stable, the further steps are slow and the resulting polymer will have a rather low molecular 

weight. Hence, there is an optimal reactivity “window” that results in high molecular weights. 

The moderately reactive radical reacts with the non-oxidized monomer molecule. The protons 

disturb the aromaticity and conjugation of the system and thus the deprotonation is 

energetically favorable. In this manner a polymer is formed.  

4.2.2 Oxidative polymerization 
The reaction of 3-(methylthio)thiophene 1 with ferric chloride, investigated by 

Barbarella et al.,16 in collaboration with our research group, gave a mixture of short 

oligomers, from which they were able to separate and characterize trimer 2, tetramer 3, 

pentamer 4, and hexamer 5 (Scheme 4.2). These findings confirm that a relatively high spin 

density is present only at the 2 position of the thiophene ring, favoring regioregular head-to-

tail couplings, after the first head-to-head one. However, the stabilization of the radical cation 

in the formed oligomers and the low spin density of the external 5 position hamper the 

following couplings, and only low molecular weight compounds could be obtained. The 

reaction of the three regioisomeric bis(methylthio)-2,2'-bithiophenes 6-8 with FeCl3 in 

chloroform gave different results, depending on the regiochemistry of substitution (see 

Scheme 4.3).16 
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Scheme 4.2. Products of the reaction of compound 1 with FeCl3 in different solvents. 

While the head-to-head (7) and head-to-tail (6) dimers afforded the corresponding tetramers 

(compounds 9 and 3, respectively), the tail-to-tail counterpart (8) gave an insoluble poly[4,4'-

bis(methylthio)-2,2'-bithiophene]. 
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Scheme 4.3. Products of the reaction of compounds 6-8 with FeCl3 in CHCl3. 
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Comparable results were obtained through electrochemical coupling.17 

Due to the presence of the thioether group in the “inner” position of oligothiophenes, 

the oxidative coupling of 3-butylthio-2,2'-bithiophene 10 with FeCl3 in CHCl3-MeNO2 

produced 3,4'',3'''''-tris(butylthio)-2,2':5',2'':5'',2''':5''',2'''':5'''',2'''''-sexithiophene 11 as the main 

product (Scheme 4.4).  

10

R = Bu

11

S S

SR RS

S S

RS

S SS S

SR

i

 
Scheme 4.4. i, FeCl3, CHCl3/CH3NO2, r.t., 30 h. 

In this way, one-pot oxidation of 3-(alkylthio)thiophenes, head-to-head or head-to-tail 

bis(alkylthio)bithiophenes is expected to selectively produce longer oligothiophenes. 

Therefore, a procedure alternative to the painstaking step-by-step synthesis of oligothiophenes 

is indicated as the oxidative oligomerization of mono- or bithiophenes whose substituent 

electronic effect induces a substantial decrease in the spin density of only one α position of 

the thiophene ring.  

On the other end, feasible strategies to produce soluble poly[(alkylthio)thiophene]s by 

means of oxidative coupling are the following: 

a) Polymerization of tail-to-tail dimers with long thioether side chains, i.e., 4,4'-

bis(butylthio)- (12) and 4,4'-bis(octylthio)-2,2'-bithiophene (13). Both gave soluble 

polymers, poly[4,4'-bis(butylthio)-2,2'-bithiophene] (P1) and poly[4,4'-bis(octylthio)-2,2'-

bithiophene] (P2), respectively (Scheme 4.5). 
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12, P1 R = CH2(α)CH2(β)CH2(γ)Me
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i

 
Scheme 4.5. i, FeCl3, CHCl3/CH3NO2, r.t., 15 h. 

The reaction of ferric chloride with 4,4'-bis(alkylthio)-2,2'-bithiophene leads to substrates 

which are longer than those obtained from 3,3'- or 3,4'-bis(alkylthio) regioisomers not only 

because the substrates which are formed are always characterized by more reactive 

terminal positions, but also because their radical cations are less stable.  

b) Polymerization of monomers with one or two bulky thioether groups. In the case of          

3-(alkylthio)thiophenes with long side chains the planarization of the aromatic skeleton — 
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required for the delocalization of the lone pairs of the substituents onto the adjacent rings 

to take place — is hindered by the steric effect of the bulky chains.16 Consequently, for the 

radical cation to be stable enough to be no longer reactive, a longer aromatic skeleton is 

required. Taking into account these considerations, the reaction of 3,4-

bis(alkylthio)thiophene with iron chloride should produce a polymer, due to steric 

hindrance of the two thioether groups. We performed the reaction of 3,4-bis-(S)-(2-

methylbutylthio)thiophene 14 with one equivalent of iron chloride and we obtained 

poly[3,4-bis-(S)-(2-methylbutylthio)thiophene] (PBST) (Scheme 4.6) with a Mn of 11400 

and a polydispersity of 1.3. However, due to steric hindrance of the two thioether side 

chains, the polymer is hardly conjugated and orange in the solid state (λmax = 427 nm). 

PBST14

i
S

SS

n
S

SS

 

Scheme 4.6. i, FeCl3 (1 mole-eq), CHCl3, r.t., 15 h. 

4.2.3 Polymerization via metal catalyzed cross-coupling reactions 

An alternative approach reported to arrive at regioregular 3-substituted PTs is the 

polymerization via metal catalyzed cross-coupling to produce head-to-tail PTs.18 The 

traditional McCullough method, for instance, regiospecifically generates 2-bromo-5-

(bromomagnesio)-3-alkylthiophene, which is then polymerized with catalytic amounts of 

Ni(dppp)Cl2 to give PTs with 98–100% head-to-tail couplings.19 In particular, the metallation 

step in the McCullough procedure includes lithiation at the 5 position of a 3-substituted-2-

bromothiophene, followed by Grignard formation via addition of MgBr2· Et2O. In case of 

lithiation of (alkylthio)thiophenes, metal–halogen exchange was suggested to occur, as 

outlined in Scheme 4.7.20 
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Scheme 4.7. Metal–halogen exchange in methylthio substituted thiophenes.20 
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LDA, as a strong base but a poor nucleophile, leads only to deprotonation and consequently 

exclusive 5-lithiation. Rapid addition of the monomer to only 1 equivalent of LDA apparently 

results in the formation of the lithium derivative in the presence of some unreacted monomer. 

Metal–halogen dance would then lead to the thermodynamically more stable 2-lithio 

derivative and 2,5-dibromo-3-(methylthio)thiophene. The latter can now act as a catalyst for 

the conversion of 2-bromo-5-lithio-3-(methylthio)thiophene to its thermodynamically more 

stable regioisomer.  

Upon fast addition of 2-bromo-3-(alkylthio)thiophene to the LDA solution, we were 

able to quantitatively obtain 2-bromo-5-lithio-4-(alkylthio)thiophene (as from 1H NMR). 

Once the lithium derivative is formed, addition of MgBr2· Et2O should lead to the 

corresponding Grignard and polymerization should take place after introduction of the Ni(II) 

catalyst. However, the polymerization was unsuccessful, probably due to an intramolecular 

complexation between the sulfur of the substituent and the lithium or the magnesium at the 

ortho position. 

Nevertheless, the Yamamoto polymerization — a nickel-catalyzed Grignard coupling of 

2,5-dihalogeno-substituted monomers — applied to 2,5-dibromo-3-(butylthio)thiophene 15 

resulted in the formation of the polymer poly[3-(butylthio)thiophene] (P3) (Scheme 4.8). The 

polymer displays high regioregularity, as from 1H and 13C NMR studies. 

n

S

SBr Br

S

S

i, ii

P315  
Scheme 4.8. i, Mg, reflux, 2-MeTHF; ii, Ni(dppp)Cl2, anisole, 135°C. 

4.2.4 Solution and solid state UV-vis spectroscopy 

The UV-vis spectra of P1 and P2 in dilute CHCl3 solutions display absorption maxima 

at 470 and 466 nm, respectively. Both polymers display strong solvato- and thermochromism. 

Figure 4.2 shows the UV-vis spectra of P1 and P2 in CHCl3/CH3OH mixed solvents. The 

change in color from orange to violet upon addition of the poor solvent, methanol, to a 

chloroform solution corresponds to the appearance of three new maxima at longer 

wavelengths, i.e., at about 520, 560 and 610 nm, with an estimated 1.7 eV band-gap value. 

The fine structure suggests the presence of vibronic transitions.21 The solid state UV-vis 

absorption spectra of P1 and P2 films formed by solvent evaporation on glass from CHCl3 

display absorptions similar to those obtained at high CH3OH/CHCl3 ratios in solution.  



Poly[3-(alkylthio)-thiophene]s 

 71

 

Figure 4.2. Solution UV-vis spectra of (a) P1 and (b) P2 in CHCl3/CH3OH mixtures. CHCl3 to 
CH3OH ratios are indicated. 

The thermochromic properties of P1 and P2 were also investigated. In Figure 4.3 the 

UV-vis spectra of the polymers in decanol solvent at increasing temperatures are shown. In 

such a poor solvent, λmax is found at 490 and 520 nm, for P1 and P2, respectively, and 

vibrational fine structure is observed for both polymers. As shown in Figure 4.3, by 

increasing the temperature the vibronic fine structure is less and less evident and the 

maximum is shifted to higher energies in both polymers. When cooling down the solutions 

the vibronic fine structure is regained, but with some hysteresis. The structure and relative 

intensity of the vibronic bands seem to be dependent on the length of the side chains.12  

 
Figure 4.3. UV-vis spectra in decanol at different temperatures of (a) P1 and (b) P2. Temperatures 
are indicated in the insets. 

Two different, and not necessarily in contrast, models are found in the literature to 

explain this behavior. The first model22 considers an intrachain mechanism based on the 

existence of an equilibrium process between an ordered, more extensively conjugated rodlike 

form, present in poor solvents or at low temperature, and a disordered, less conjugated coil-

like form, prevailing in good solvent and at high temperature absorbing at shorter wavelength. 

The second23 model considers the formation, in poor solvents or at low temperature, of 

aggregates in suspension in equilibrium with the polymer in solution. This is an interchain 
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mechanism that can be influenced by intrachain phenomena. In fact, microcrystallization can 

only occur after the polymer has transformed into a more ordered conformation. 

Figures 4.2 and 4.3 indicate that P1 and P2 exist as mixtures of two forms, one 

absorbing at a shorter and the other at longer wavelengths, in equilibrium with each other. 

The absorption maxima of P1 and P2 in CHCl3 solution are about 80 nm red-shifted with 

respect to those of a polymer obtained from 3,3'-bis(alkylthio)-2,2'-bithiophene14 and of 

poly(4,4'-dialkyl-2,2'-bithiophene)s,24,25 but at a wavelength about 40 nm shorter than λmax of 

the regioregular head-to-tail polymer P3 (501.7 nm). On the other hand, the spectra of P1 and 

P2 in CH3OH/CHCl3 solutions and in the solid state are very similar to those reported for 

regioregular head-to-tail poly(3-alkylthiophene)s26 and polymer P3 (Figure 4.4). This is in 

agreement with the theoretical calculations reported by Leclerc et al.2,3 

 
Figure 4.4. UV-vis spectra of P3 in the mixture of CHCl3  and CH3OH. 

We can conclude that P1 and P2 adopt more distorted conformations with respect to the 

regioregular head-to-tail poly[3-(alkylthio)thiophene] in chloroform solution, whereas, 

despite the different regiochemistry, very similar conformations and order are present in 

CH3OH/CHCl3 solutions and in the solid state.  

Marked differences are instead found when P1 and P2 are compared with other head-

to-head/tail-to-tail regioregular poly(β,β'-dialkylbithiophene)s. Regioregular head-to-

head/tail-to-tail poly(β,β'-dialkylbithiophene)s, in fact, do not present the solvatochromism 

phenomenon, and absorb at shorter wavelengths.25 Minor solvatochromic effect but longer 

absorption wavelengths are found for polymers obtained from 3,3'-dibutoxy- and 4,4'-

dibutoxy-2,2'-bithiophene.27 These observations can be rationalized on the basis of different 

conformational behaviors induced by the different substituents. Regioregular head-to-

head/tail-to-tail poly(3-alkylthiophene)s retain distorted structures whatever the environment 

is, regioregular head-to-head/tail-to-tail poly(3-butoxythiophene)s are almost planar even in 

chloroform solution, and a more mobile situation is typical for P1 and P2. The peculiar 

behavior of poly(β,β'-dibutoxybithiophene)s27 can be explained on the basis of attractive 

interactions and/or reduced steric hindrance between the chain oxygen and the thiophene 

sulfur atom, that force adjacent thiophene rings to assume an anti-planar conformation, as 
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happens in 3,3'-dibutoxy-2,2'-bithiophene.28 The more marked thermochromic effect 

presented by P2 with respect to P1 suggests an enhanced contribution to the stabilization of a 

planar conformation (at least the anti-planar form29) coming from interchain (or intrachain 

through folding) interactions effective at low temperatures.  

4.2.5 Morphological analysis 

AFM is a powerful tool in the investigation of the morphology of surfaces and 

microaggregates.30 P1 and P2 films were analyzed in their native forms. From a macroscopic 

point of view the appearance of the two polymer films is different: P2 forms flexible and 

compact glossy films that can be easily cut and manipulated, whereas P1 forms less glossy 

brittle scaly films. Both materials were analyzed through AFM and two topographical images 

of 4 µm ×4 µm size are shown in Figure 4.5 along with the relevant height profiles. The 

macroscopically more compact and brilliant P2 shows, in the AFM image, a smoother surface 

than P1. The higher molecular weight or the longer alkylthio side chains of P2 can be 

supposed to favor a better self-alignment of the polymer chains that produces a flatter surface.  

                

Figure 4.5. AFM images of P1 (left) and P2 (right) (4 µm × 4 µm) are shown along with selected 
height profiles. 

4.3 Poly[3,4-bis(alkylthio)thienylenevinylene]s 

4.3.1 Introduction 

In alkyl and alkylthio disubstituted polythiophenes a low degree of coplanarity of the 

main chain is usually associated to the blue-shift in the absorption maxima as compared to the 

maxima of the corresponding regioregular disubstituted poly(bithiophene)s, probably 
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origining from steric hindrances between bulky side chains or those between side chain and 

main chain.6,31,32 For instance, oxidative polymerization of 3,4-bis-(S)-(2-

methylbutylthio)thiophene produced an orange polymer in contrast to the purple poly(3,4-

dialkoxythiophene)33 and poly[4,4'-bis(butylthio)-2,2'-bithiophene] synthesized using the 

same procedure. Introduction of a vinylene unit between the thiophene rings resulting in a 

poly(thienylene vinylene) (PTV) may improve the planarity of the system. Due to the 

presence of vinylene linkages, PTVs are expected to exhibit lower aromatic character than 

PTs and, hence, enhanced electron delocalization. Moreover, it is possible to combine at will 

the conjugated “building blocks” such as thienylene and vinylene in different ratios.34-36 Since 

the electronic structure of conjugated alternating copolymers is directly related to the nature 

and the ratio of those “building blocks”, the polymerization of appropriately designed mixed 

oligomers appears of particular interest for the control of both the bandgap and the redox 

potential in conjugated macromolecules. 

There are different methods that lead to the synthesis of PTVs, classified into four main 

groups: Stille coupling of (E)-1,2-bis(tributyltin)ethylene and 2,5-dibromothiophene 

derivatives,37 aldol polycondensation of molecules containing a carbonyl and a group with an 

α-hydrogen,38 Grignard coupling of thiophene and 1,2-trans-dichloroethylene,39 and reductive 

coupling of dialdehydes with TiCl4.
40,41 In the McMurry coupling aldehydes and ketones — 

both aromatic and aliphatic — can be converted to dimeric alkenes by treatment with 

Zn/TiCl4 in high yields. The mechanism (Scheme 4.9) consists of initial coupling of two 

radical species to give a 1,2-dioxygen compound (a titanium pinacolate), which is then 

deoxygenated.40 
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Scheme 4.9. McMurry coupling of thienylaldehydes. 

4.3.2 Synthesis 

The synthesis of poly[3,4-bis(3-methylbutylthio)thienylenevinylene] (PTVa) and 

poly[3,4-bis-(S)-(2-methylbutylthio)thienylenevinylene] (PTVb), is outlined in Scheme 4.10. 
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Scheme 4.10. i, RSH, toluene, p-toluenesulphonic acid, 80–90°C; ii, BuLi; iii, DMF; iv, Zn, TiCl4, 
THF. 

(Alkylthio)thiophenes have previously been obtained through several methods, such as ring-

closure reactions,42,43 alkylation of the alkali salts of thiophene,44 or most frequently the 

reaction of thienyllithium derivatives with dialkyldisulfide.45-48 Syntheses of 3,4-

bis(alkylthio)thiophenes with short alkyl side chains are reported in literature, making use of 

these reactions.10,49-51 However, 3,4-bis(alkylthio)thiophene with long alkyl chains were not 

synthesized yet. The monomer synthesis we employed is based on transetherification of 3,4-

di(methoxy)thiophene 16, a method that gives 3,4-bis(alkylthio)thiophenes 14,17 in good 

yields. This reaction is a modification of the synthesis reported in a patent for 3,4-

dialkoxythiophenes with a variety of primary alcohols from 3,4-dimethoxythiophene 1.52 The 

precursor 16 is synthesized starting from 3,4-dibromothiophene, as reported in literature.53 

Substitution of the methoxy group in 16 takes place upon reaction with the thiol in toluene, in 

presence of p-toluenesulfonic acid at a temperature between 80 and 90ºC (Scheme 4.10). The 

nucleophilic substitution is an equilibrium that is shifted to the products by evaporation of the 

methanol formed during the reaction and activated by acidic conditions. 

The thiophenes 14,17 were formylated, by formation of the dianion (with BuLi-

TMEDA) and reaction with DMF according to Feringa,54 to give the corresponding 2,5-

dicarboxyaldehydes (18a,b). The aldehydes were added to a complex of TiCl4/Zn in THF to 

give the corresponding polymers PTVa and b. The 1H NMR spectrum shows the presence of 

a broad peak in the aromatic region at 7.64 ppm indicative of the vinylene protons and broad 

peaks in the region between 3 and 0.8 ppm indicative of the side chain protons. The PTVa 

and b are stable to weight loss as determined by TGA under air. For both polymers, the onset 

of weight loss is at 200°C, with only 3% weight loss at 300°C; above 300°C, weight loss was 

rapid. Other PTVs have been reported to have similar stability.39 Analysis by DSC showed no 

detectable Tg or Tm. 

Scheme 4.11 outlines the experimental route to the terthiophenes, and the 

corresponding PTTV polymers.  
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Scheme 4.11. i, NIS, DMF, r.t.; ii, 2 eq. 2-thienylmagnesium bromide, Ni(dppp)Cl2, Et2O, reflux; iii, 
Pd(PPh3)4, toluene, 100°C, overnight; iv, BuLi; v, DMF; vi, Zn, TiCl4, THF. 

The synthesis of the terthiophenes started with an iodination of the monomer (14,17) in the α 

position with N-iodosuccinimide (NIS).55 Subsequent Kumada coupling of compound 19a,b 

with two equivalents of 2-thienylmagnesium bromide, using Ni(II) as a catalyst, gave the 

trimer 20a in moderate yield, whereas compound 20b is obtained in low yield together with a 

considerable amount of bithiophene as byproduct. In order to investigate whether formation 

of the bithiophene can be avoided, we used a Stille coupling reaction. Reaction of compound 

19b with two equivalents of 2-trimethylstannylthiophene, using Pd(0) as a catalyst, followed 

by purification via column chromatography, led to the trimer 20b in 54% yield, accompanied 

by 18% of tetramer 21b. The formation of this compound can possibly be explained by 

homocoupling of the intermediate 5-iodo-3,4-bis(alkylthio)-2,2'-bithiophene. The trimers 20a 

and 20b could be converted to the corresponding polymers PTTVa and b, exploiting the 

same synthetic procedure described above for the PTVs, via the intermediate dialdehydes 

22a,b. PTTVa and b were slightly less stable than the corresponding PTVa and b according 

to weight loss by TGA under air. The onset of weight loss in these cases is at 150°C, with 

about 5% weight loss at 300°C; above 300°C, weight loss is rapid. 
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4.3.3 Solution and solid state UV-vis and CD spectroscopy 
In order to improve the understanding of the solvatochromic and thermochromic effect, 

chirality has been introduced in the side chains of CPs, since it is well documented the 

importance of optical activity in the elucidation of the secondary structure of biological 

compounds. From previous work it is well established that the chiral side chains induce 

optical activity in the main chain of conducting polymers by means of aggregation of the 

main chains into chiral superstructures.33 CD spectroscopy is therefore indicated as a 

powerful tool to probe aggregation states.23,56  

In chloroform, the PTVb exhibits an absorption (π−π* transition) centered at 593 nm, 

with a vibronic band at 632 nm. The absorption maximum is situated midway between those 

of PT and polyacetylene. The vibronic fine structure in the π−π* band in a good solvent like 

chloroform indicates relatively well-ordered regions with extended conjugation length along 

the polymeric backbone. Nevertheless, in chloroform no circular dichroism (CD) signal is 

observed. In a poor solvent, such as decanol, λmax is found at lower wavelengths (λmax = 512 

nm) although the onset of the π-π* band is slightly red shifted, and less vibrational fine 

structure is resolved. In this case a strong bisignated Cotton effect is observed at the position 

of the π−π* band. The anisotropy factor of this transition, defined as gabs = ∆ε/ε, reaches a 

maximum value of +2.5×10-3 at 632 nm. The vibrational fine structure present in the 

spectrum of the compound dissolved in a good solvent is less pronounced when the polymer 

is in an aggregated phase in a poor solvent. This behavior is opposite to that of optically 

active PTs, where vibrational fine structure is absent in good solvents but develops when 

aggregation is induced by lowering the quality of the solvent. The difference in good solvents 

might be explained by a higher rigidity of the PTV main chain compared to that of PT, while 

the difference in poor solvents can be ascribed to a reduction of the planarity of the system 

upon formation of the chiral aggregates as compared to the situation in solution. It has already 

been reported in literature for oligo(thienylenevinylenes) that the persistence of the vibronic 

fine structure in the optical spectra indicates a more planar and rigid geometry than for 

oligothiophenes.57,58 PTVa has similar optical properties as PTVb, except for the circular 

dichroism spectroscopy which is absent. In chloroform, the polymer exhibits an absorption 

centered at 589 nm, with a vibronic band at 632 nm. In a poor solvent, such as decanol, λmax 

is found at lower wavelengths (λmax = 560 nm).  

PTVb displays a strong solvatochromic effect. Figure 4.6 shows the UV-vis and CD 

spectra of PTVb in mixtures of chloroform and DMSO. Stepwise addition of the poor solvent 

DMSO to a chloroform solution results in a shift of the maximum absorption to a shorter 

wavelength, with a color change from blue to violet. The maximum shifts from 593 nm to 

558 nm and a clear shoulder appears at 670 nm on going from pure chloroform to 

CHCl3/DMSO (41:59). The shift of the absorption maximum toward higher energy is in 

contrast to the behavior of PTs, but in analogy to the one of some oligothiophenes and 
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oligo(thienylenevinylene)s.58-61 When the ratio is further increased, a precipitate of the 

polymer is formed. Concomitant with the changes in the electronic absorption, a strong 

bisignated signal is formed in the CD spectrum. In chloroform, as previously mentioned, no 

CD signal is observed, while increasing amounts of DMSO give rise to a bisignated CD 

signal progressively growing and reaching a maximum at about 60:40 CHCl3/DMSO. The 

increasing CD effect can be explained in terms of chiral aggregate formation, in which the 

interaction between chromophores generates a bisignated CD effect. 
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Figure 4.6. UV-vis (top) and CD (bottom) spectra of PTVb in chloroform upon addition of DMSO. 
The amount of DMSO is given in the inset. 

This phenomenon has already been observed for PTs with chiral alkoxy side chains,33 but is 

now observed for the first time in conducting polymers carrying chiral alkylthio side chains. 

PTVb shows also a strong thermochromism. By increasing the temperature in decanol, 

both the CD effect and the shoulder at 670 nm disappear. The same effect is observed upon 

decreasing the temperature of a solution of the polymer in a good solvent, such as                 

2-methyltetrahydrofuran (2-MeTHF) (Figure 4.7).  
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Figure 4.7. Temperature dependence of UV-vis and CD spectra of PTVb in 2-MeTHF. Temperatures 
are given in the inset. 

The progressive aggregation is directly reflected in the increasing CD effect. The chiral side 

groups allow probing the aggregation phenomena occurring for these materials. The film of 

PTVb is deep blue in transmittance, has a λmax = 620 nm and gives similar CD and UV 

spectra to the ones of the polymer in poor solvents. 

The PTTVb polymer exhibits similar solvatochromism and thermochromism. In 

chloroform PTTVb shows a broad absorption centered at 516 nm. The absence of fine 

structure is similar to that observed for PT1–3. In decanol (a poor solvent for the material) a 

shoulder arises at about 600 nm, similarly to the one observed for PT1–3. The CD effect of 

PTTVb in decanol is very low in intensity. This may result from the low molecular weight 

and from the lower number of chiral side chains along the backbone. 

Upon addition of a poor solvent (DMSO) to the chloroform solution of PTTVb, the 

absorption maximum shifts toward higher energy values in analogy to PTVb (Figure 4.8). 
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Figure 4.8. UV-vis spectra of PTTVb in chloroform upon addition of DMSO. The amount of DMSO 
is given in the inset. 

4.4 Application in field effect transistors 
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Figure 4.9. Metal insulator semiconductor field effect transistor (MISFET) 

The transport properties of spin-coated films of the polymers P1, P2, PTVa, PTVb, 

PTTVa, PTTVb were investigated in metal-insulator-semiconductor field-effect transistors 

(MISFET). The MISFET consists of a highly doped Si substrate, separated by an insulating 

layer (Figure 4.9). The insulator of the devices is SiO2, pre-treated with hexamethyldisilazane 

(HMDS) before the polymer layer is applied by spin coating from chloroform to improve the 

interfacial organization. Two ohmic contacts, the source and the drain, are constructed on the 

semiconductor layer. The field-effect mobility (µ) of the accumulated charge as a function of 

gate bias (Vg) may be calculated in the linear regime as:62 
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where L is the channel length, Z is the channel width, Ci is the capacitance of the insulator per 

unit area, Vd is the drain bias and Isd is the source-drain current. The mobility was determined 

from the source current at Vg = -20V and Vd = -20V.  

The mobilities of the polymers P1 and P2 are very low, less than 10-7cm2V-1s-1, maybe 

due to the insulating long thioether side chains, and compare well with the values obtained for 

poly(3,4-dialkoxythiophene)s.63 
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Figure 4.10. Current-voltage characteristics of (a) PTVb and (b) PTVa-based FET, at Vd -2 and         
-20V. 

The mobilities of the polymers PTVa and PTVb are about 10–5 and 2–4×10-4 cm2V-1s-1, 

respectively (Figure 4.10). The difference of one order of magnitude in the mobility can be 

ascribed to the different solubility of the two polymers in chloroform, PTVa being 

significantly less soluble than PTVb, leading to a more inhomogeneous film, as observed 

through optical microscopy. PTTVa and PTTVb are hardly soluble in organic solvents at 

room temperature. For this reason spin coated films were formed before and after filtration of 

their chloroform solution (filter with porosity of 1 µ). In both cases the polymers gave the 

same results. PTTVb has a mobility lower than 10-7 cm2V-1s-1, while PTTVa shows a 

mobility of 4×10-5 cm2V-1s-1. 

Due to their decent mobility values, PTVa and PTVb may become eligible materials 

for the semiconducting component in FETs.64 

4.5 Conclusions 
Polymerization of monosubstituted 3-(alkylthio)thiophenes could be performed with the 

Yamamoto method, while oxidative polymerization of 3-(alkylthio)thiophenes, as well as of 

the head-to-head and head-to-tail bis(alkylthio)-2,2'-bithiophenes generally led to oligomers. 

The length of the oligomer depends on the stability of the radical cations formed via 

oxidation, and that in turn depends on the steric hindrance to planarity (therefore to 

delocalization) and on the regiochemistry of substitution. The tail-to-tail bis(alkylthio)-2,2'-

bithiophenes under the same conditions, having the higher spin radical densities in the outer 

positions, gave high molecular weight polymers. Using the same procedure it was possible to 

polymerize the 3,4-bis(alkylthio)thiophenes, but the polymers obtained were no longer planar, 

due to the bulkiness of the substituents. For this reason we synthesized formal copolymers of 

thiophene and double bond, and high molecular weight poly(thienylenevinylene)s could be 

obtained. 
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The optical properties of thioether substituted polythiophenes and 

poly(thienylenevinylene)s in solution are strongly dependent on the nature of the solvent and 

the temperature. Poor solvents or low temperatures result in aggregation of the polymer 

chains, causing strong changes on the optical absorption spectrum and, for the chiral thioether 

substituted poly(thienylenevinylene), the appearance of a CD signal. In particular, the 

investigation of thermochromic effects in poly[4,4'-bis(alkylthio)-2,2'-bithiophene]s 

confirmed the theoretical prediction reported in the literature.3 Furthermore, the aggregation 

behavior of this class of polythiophenes has strong similarities with the one observed in 

polythiophenes with alkyl or alkoxy side chains.65 For this reason, all these polymers can be 

considered as belonging to a larger class of polythiophenes, having hydrophobic side chains. 

In this class, the substituents weakly interact with each other and therefore they are not able to 

prevent π-stacking interaction. As soon as planarization is induced by lower temperatures or 

solvophobic interactions, board-like aggregates are formed. 

4.6 Experimental 

Measurements 
GPC measurements were performed on a Waters 590 GPC, using THF as solvent and a PL Gel column, 

calibrated with polystyrene standards. 1H NMR spectra were recorded on a Varian Gemini 300 spectrometer. 13C 

NMR spectra were measured on a Varian Gemini 300 spectrometer at 75 MHz. Chemical shifts are reported in 

ppm downfield from TMS. The UV-vis spectra were recorded on a Perkin Elmer Lambda 900 

spectrophotometer. The CD spectra were recorded on a Jasco J600 spectrophotometer. Steady-state fluorescence 

spectra were run in a Perkin-Elmer luminescence spectrometer LS 50B. FT-IR spectra were recorded using a 

Perkin-Elmer i-Series FT-IR microscope. Atomic Force Microscopy (AFM) 256 x 256 pixels images were 

recorded at ambient conditions with a Park Autoprobe CP Scanning Probe Microscope equipped with a 

cantilever of 0.05 N/m spring constant operating in constant-force contact mode. The transistor characteristics 

were measured with the Hewlett Packard 4155A semiconductor parameter analyzer). The source voltage and the 

drain voltage are kept constant during the measurements (Vs = 0 V, Vd = -2 or -20 V). A sweep mode is applied 

to the gate from -20 to +2 or +20 V with a step of 500 mV. The drain current and the source current were 

measured.  

Materials 
4,4'-Bis(butylthio)-2,2'-thiophene (12) and 4,4'-bis(octylthio)-2,2'-thiophene (13) were synthesized as described 

in Chapter 2. (S)-(+)-1-Bromo-2-methyl-butane and 3-methyl-butanethiol were purchased from Aldrich 

Chemical Co. and 3,4-dimethoxythiophene (16) was prepared according to the literature procedure.53 FeCl3 was 

purchased from Carlo Erba. Hexane was dried over CaCl2. N,N,N',N'-tetramethylethylenediamine (TMEDA) 

was freshly distilled from NaOH. Toluene was freshly distilled from sodium. THF and Et2O were freshly 

distilled from sodium-benzophenone ketyl. All other solvents and reagents were commercial products and were 

used as received. Column chromatography was carried out with Merck silica gel 60. Analytical thin layer 

chromatographies (TLC) were carried out using 0.2 mm silica gel plates, and the visualization was accomplished 

by UV light.  

3,4'',3'''''-Tris(butylthio)-2,2':5',2'':5'',2''':5''',2'''':5'''',2'''''-sexithiophene (11) 
A solution of anhydrous FeCl3 (10.4 g, 64 mmol) in dry nitromethane (240 mL) was added dropwise over a 

period of 2 h to a solution of 3-butylthio-2,2'-bithiophene (4.0 g, 15.7 mmol) in distilled CHCl3 (240 mL) under 
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a flow of dry nitrogen. The reaction mixture, stirred 30 h at room temperature, was evaporated and the residue 

was stirred with a solution of HCl acidified methanol (40 mL) and dissolved in CHCl3 (150 mL). The 

chloroform solution was washed with 3% aqueous hydrazine (100 mL) and then with water, and evaporated. The 

crude oil was washed with pentane (400 mL). The pentane solution was evaporated and the product (3.7 g) 

chromatographed on silica gel (neutralized with a 2% solution of triethylamine) using light petroleum (bp 40–

70°C)-diethyl ether (90:10) as the eluent. The compound isolated (2.8 g, 70%) is a red oil identified as 3,3''',3'''''-

tris(butylthio)-2,2':5',2'':5'',2''':5''',2'''':5'''',2'''''-sexithiophene 11. 1H NMR (CDCl3): 7.31 (1H, d, J 3.8, H-3'"), 7.30 

(1H, d, J 3.7, H-4''''), 7.29 (1H, d, J 3.9, H-3'), 7.19 (2H, d, J 3.8, H-3'''', H-4'"), 7.14 (1H, s, H-3''), 7.11 (1H, d, 

J 3.9, H-4'), 7.04 (1H, d, J 5.3, H-4), 7.04 (1H, d, J 5.3, H-4'''''), 2.92 (2H, t, 4''-CH2(α)), 2.88 (2H, t, 3-CH2(α)), 

2.87 (2H, t, 3'''''-CH2(α)), 1.64 (6H, m, CH2(β)), 1.44 (6H, m, CH2(γ)), 0.92 (6H, t, 3'''''-CH3, 3-CH3), 0.90 (3H, 

t, 4''-CH3). 
13C NMR (CDCl3): 137.6, 136.7, 137.4, 136.4, 135.5, 135.1, 134.7, 134.6, 134.4, 134.3, 132.2, 

132.2, 128.8, 128.2, 128.0, 126.8, 126.8, 126.7, 123.7, 123.5, 123.5, 123.3, 123.1, 36.0, 35.9, 35.9, 31.7, 31.65, 

21.9, 21.8, 13.6. λmax/nm(CHCl3) 449 (ε/dm3 mol-1 cm-1 75000); m/z (70 eV) 762 (10%, [M++4], 761 (15, 

[M++3]), 760 (41, [M++2]), 759 (43, {M++1]), 758 (100, [M+]), 506 (18, [M+-C12H12S3]). 

Poly[4,4'-bis(butylthio)-2,2'-bithiophene] (P1) 
To a stirred solution of 4,4'-bis(butylthio)-2,2'-bithiophene 12 (1.14 g, 3.3 mmol) in CHCl3 (50 mL) a solution of 

FeCl3 (2.2 g, 13.5 mmol) in CH3NO2 (50 mL) was dropwise added (2 h), under a flow of dry nitrogen. The 

greenish mixture was stirred for 20 h at room temperature and evaporated. The residue was stirred (1 h) with a 

solution of HCl acidified methanol (50 mL). The dark product was centrifuged, washed with methanol and 

Soxhlet-extracted with methanol (24 h), pentane (30 h) and CHCl3 (40 h). Methanol and pentane were removed 

under vacuo to afford oligomeric fractions of the polymer. The purplish CHCl3 solution (250 mL) was 

concentrated nearly to dryness and 20 mL methanol were added to give on the glassware the polymer (0.4 g, 

35% yield) as a dark greenish-golden friable film, easy to detach. The product collected, washed with methanol 

and dried in vacuo, is soluble in common organic solvents such as CHCl3, CH2Cl2, CCl4, CS2, benzene, toluene 

and THF at room temperature. 1H NMR (CDCl3): 7.2 (2H, s, H-3); 2.89 (4H, broad, CH2(α)); 1.63 (4H, broad, 

CH2(β)); 1.43 (4H, broad, CH2(γ)); 0.92 (6H, broad, CH3). 
13C NMR (CDCl3): 136.3 (C-2), 132.8 (C-4), 132.0 

(C-5), 127.5 (C-3), 36.0 (CH2(α)), 31.6 (CH2(β)), 21.9 (CH2(γ)), 13.6 (CH3). GPC: Mn = 4600 g/mol, Mw = 

8000g/mol. 

Poly[4,4'-bis(octylthio)-2,2'-bithiophene] (P2) 
The polymer was prepared from 4,4'-bis(octylthio)-2,2'-bithiophene 13 (0.7 g, 1.54 mmol) according to the 

procedure adopted for P1. After usual work-up procedure, the CHCl3 solution (180 mL) was concentrated nearly 

to dryness and methanol (20 mL) was added to give P2 (0.68 g, 97% yield) as free-standing greenish-golden 

film. This polymeric film is a flexible material that can only be cut by scissors. 1H NMR (CDCl3): 7.2 (2H, s, H-

3); 2.87 (4H, broad, CH2(α)); 1.62 (4H, broad, CH2(β)); 1.39 (4H, broad, CH2(γ)); 1.26 (16H, broad, the 

remaining four CH2); 0.86 (6H, broad, CH3). 
13C NMR (CDCl3): δ 136.2 (C-2), 132.8 (C-4), 131.9 (C-5), 127.5 

(C-3), 36.4 (CH2(α)), 29.3 (CH2(β)), 28.8 (CH2(γ)), 29.2/29.4 (CH2(δ/ε)), 31.8 (CH2(ζ)), 22.6 (CH2(η)), 14.1 

(CH3). GPC: Mn = 20000 g/mol, Mw = 70000 g/mol. 

3-(Butylthio)thiophene 
3-(Butylthio)thiophene48 was prepared in high yield (96%) according to the method described in the literature.13 
1H NMR (CDCl3): 7.11 (1H, H-2), 7.02 (1H, H-4), 7.31 (1H, H-5), 2.85 (2H, CH2(α)), 1.63 (2H, CH2(β)), 1.43 

(2H, CH2(γ)), 0.92 (3H, CH3). 
13C NMR (CDCl3): 122.9 (C-2), 132.35 (C-3), 129.65 (C-4), 126.0 (C-5), 35.0 

(CH2(α)), 31.5 (CH2(β)), 21.8 (CH2(γ)), 13.6 (CH3). 
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2,5-Dibromo-3-(butylthio)thiophene (15) 
Bromination of 3-(butylthio)thiophene was carried out according to the method of Taylor et al.20 A solution of 3-

(butylthio)thiophene (5.16 g, 30 mmol) in dichloromethane (55 mL) was stirred while N-bromosuccinimide 

(NBS) (10.7 g, 60 mmol) was added portionwise. The temperature of the reaction mixture was raised to 40°C 

and maintained at this value for 16 h. The oily crude product was purified by vacuum distillation to give 2,5-

dibromo-3-(butylthio)thiophene [7.4 g, 83% yield, b.p. 112°C / 0.3 torr, 21
Dn 1.6129]. 1H NMR (CDCl3): 6.90 

(1H, H-4), 2.83 (2H, CH2(α)), 1.57 (2H, CH2(β)), 1.43 (2H, CH2(γ)), 0.92 (3H, CH3). 
13C NMR (CDCl3): 110.9 

(C-2), 134.05 (C-3), 132.3 (C-4), 112.8 (C-5), 36.0 (CH2(α)), 31.6 (CH2(β)), 21.7 (CH2(γ)), 13.6 (CH3). 

Poly[3-(butylthio)thiophene] (P3) 
The polymer P3 was prepared by catalyzed polymerization of a Grignard reagent according to the method 

described in the literature.7,66 Magnesium-metal (0.20 g, 8.2 mmol) was reacted, under nitrogen, with 2,5-

dibromo-3-(butylthio)thiophene 15 (2.8 g, 8.5 mmol) in dry 2-methyltetrahydrofuran (2MeTHF) (8 mL). After 

removing nearly all the solvent, dry anisole (7 mL) and nickel(II) bis-(diphenylphosphino)propane dichloride 

[Ni(DPPP)Cl2] (0.02 g, 0.04 mmol) were added. The mixture was heated at 135°C for 80 h and poured into a 

solution of HCl-acidic methanol (100 mL). The dark precipitate was filtered, washed with HCl-acidic methanol 

(20 mL) and purified by Soxhlet extraction with methanol (48 h). Extensive (24 h) extraction with 

dichloromethane afforded 0.6 g (41% yield) of polymer soluble in CHCl3, THF, toluene, benzene and CS2 at 

room temperature. The polymer was purified by reprecipitation upon addition of hexane into the toluene 

solution. 1H NMR (CDCl3): 7.37 (1H, broad, H-4), 2.95 (2H, broad, CH2(α)), 1.65 (2H, broad, CH2(β)), 1.44 

(2H, broad, CH2(γ)), 0.94 (3H, broad, CH3). 
13C NMR (CDCl3): 134.5 (C-5), 133.5 (C-2), 130.3 (C-4), 129.1 

(C-3), 36.0 (CH2(α)), 31.7 (CH2(β)), 21.9 (CH2(γ)), 13.6 (CH3). νmax/cm-1: 3067, 2954–2854, 1466, 818. GPC: 

Mn = 3772 g/mol, Mw = 5049 g/mol. 

3,4-Bis(3-methylbutylthio)thiophene (17) 
To a 100 mL round-bottomed flask was added 4.32 g of 3,4-dimethoxythiophene 16, 0.43 g of toluene-4-

sulfonic acid, 1.56 g of 2-methylbutanethiol and 40 mL of toluene, and the reaction mixture was stirred under a 

stream of nitrogen for 72 h at 80ºC. The reaction mixture was allowed to cool to room temperature, diluted with 

100 mL of ether. The organic layer was washed with 100 mL of water and the water was washed two times with 

150 mL of ether and discarded. The collected organic phases were dried with MgSO4, filtered and evaporated. 

The crude product was purified by means of low-pressure distillation, b.p. 136–137ºC / 0.38 torr. Starting from 

4.32 g of compound 16, 5.04 g (84%) of product 17 was obtained as a colorless oil. 1H NMR (CDCl3): 7.10 (2H, 

s, H-2), 2.89 (4H, t), 1.72 (2H, m), 1.55 (4H, m), 0.92 (6H, d, 2CH3). 
13C NMR (CDCl3): 134.6 (C-3 and C-4), 

123.5 (C-2 and C-5), 38.5 (CH2(α)), 33.0 (CH(β)), 28.0 (CH2(γ)), 22.8 (2CH3). νmax/cm-1: 3095, 2954, 2924, 

2856, 1463, 1382, 1360, 1305, 1273, 1164, 957, 853, 783. GC: 99.0% pure. Anal. Calcd. for C14H24S3: C, 

58.28; H, 8.38. Found: C 58.25; H, 8.36. 

3,4-Bis[(S)-2-methylbutylthio]thiophene (14) 
Into a 100 mL flask, equipped with a magnetic stirrer and a reflux condenser, (S)-(+)-1-bromo-2-methylbutane 

(8.54 g) and a solution of thiourea (5.65 g) in water (3.7 mL) were stirred and heated under reflux for 4 h. A 

solution of sodium hydroxide (4.46 g) in water (45 mL) was added, and reflux, with stirring, was continued for 2 

h. The mixture was allowed to cool and the upper layer was separated. The aqueous layer was acidified with a 

solution of 5 mL of concentrated sulfuric acid (98%) and 30 mL water, and it was extracted with ether. The 

ethereal extract was combined with the organic layer separated before, dried with MgSO4 and distilled under 

nitrogen, b.p. 105–110ºC, to give 3.37 g (57%) of (S)-2-methyl-1-butanethiol. 1H NMR (CDCl3): 2.49 (2H, m), 

1.55 (1H, m), 1.28 (2H, m), 0.99 (3H, d, CH3), 0.91 (3H, t, CH3). The compound was used without further 

purification. 
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For the following reaction and work-up see synthesis of compound 17. The crude product is then purified by 

column chromatography, using silica gel and hexane as eluent. Starting from 3.58 g of compound 16, 3.52 g 

(49%) of pure product 14 was obtained as a colorless oil. 1H NMR (CDCl3): 7.06 (2H, s, H-2), 2.72 (4H, m), 

1.60 (2H, m), 1.27 (4H, m), 1.03 (6H, d, CH3), 0.91 (6H, t, CH3). 
13C NMR(CDCl3): 135 (C-3 and C-4), 123 (C-

2 and C-5), 42.1 (CH2(α)), 35.0 (CH(β)), 29.3 (CH2(γ)), 19.5 (CH3), 11.8 (CH3). GC: 99.0% pure. νmax / cm–1: 

3095, 2954, 2921, 2867, 1458, 1376, 1305, 1273, 1240, 1202, 1147, 957, 853, 782. Anal. Calcd. for C14H24S3: 

C, 58.28; H, 8.35. Found: C 58.34; H, 8.55. 

Poly[3,4-bis(S)-(2-methylbutylthio)thiophene] (PBST) 
To a stirred solution of 3,4-bis(S)-(2-methylbutylthio)thiophene 14 (0.100 g, 0.35 mmol) in CHCl3 (10 mL) 

FeCl3 (0.057 g, 0.35 mmol) was added under a flow of dry argon. The black mixture was stirred for 15 h at room 

temperature. The mixture was poured into a solution of NH4OH basified methanol (100 mL). The precipitate 

was filtered, redissolved in chloroform and fractionated via preparative size exclusion chromatography (CH2Cl2 

as eluent). Separated 33 mg of PBST (33%). 1H NMR (CDCl3): 2.80 (4H, m), 1.52 (2H, m), 1.30 (4H, m), 0.93 

(6H, d, CH3), 0.83 (6H, t, CH3). 
13C NMR(CDCl3): 138 (C-3 and C-4), 136 (C-2 and C-5), 43.9 (CH2(α)), 34.9 

(CH(β)), 28.8 (CH2(γ)), 19.0 (CH3), 11.3 (CH3). Mn = 3800 g/mol, Mw = 3900 g/mol. 

3,4-Bis(3-methylbutylthio)-2,5-thiophenedialdehyde (18a) 
As described in literature,54 a 1.6 M butyllithium solution (5.2 mL) was added, under nitrogen, to a mixture of 

3,4-bis(3-methylbutylthio)thiophene 17 (1.00 g, 0.0035 mol), TMEDA (0.97 g, 0.0084 mol) and hexane (1 mL). 

A white suspension of the 2,5-dilithio derivative was formed. The conversion was completed by reflux for 30 

min. Then, the mixture was cooled to -40°C and THF (4 mL) was added, followed by an excess of DMF (0.67 g, 

0.0092 mol) over a 10 min period. The temperature was gradually raised to room temperature and stirring was 

continued for further 30 min. Subsequently, the reaction mixture was poured into 1 N HCl solution (35 mL) at 

0°C under vigorous stirring. A saturated NaHCO3 solution was slowly added until the aqueous layer reached pH 

6. The organic layer was separated and the aqueous layer extracted with chloroform (3 × 50 mL). The combined 

organic solutions were dried (MgSO4) and the solvent was removed in vacuo. The crude product was eventually 

purified by column chromatography using dichloromethane as eluent to give 0.99 g of 3,4-bis(3-

methylbutylthio)-2,5-thiophenedialdehyde (83% yield) as a yellow liquid. 1H NMR (CDCl3): 10.36 (2H, s, 

CHO), 3.05 (4H, m, CH2(α)), 1.69 (2H, m, CH(γ)), 1.45 (4H, m, CH2(β)), 0.89 (12H, d, CH3(δ)). 13C NMR 

(CDCl3): 185 (2C, CHO), 150 (2C, C-2 and C-5), 146 (2C, C-3 and C-4), 39 (2C, CH2(β)), 36 (2C, CH2(α)), 28 

(2C, CH(γ)), 23 (2C, CH3(δ)). Anal. Calcd. for C16H24O2S3: C 55.77; H 7.02. Found: C 55.79; H 7.08. 

3,4-Bis[(S)-2-methylbutylthio]-2,5-thiophenedialdehyde (18b) 
Following the synthetic procedure described for compound 18a, the pure compound was obtained from 14 in 

62% yield as a yellow liquid, after column chromatography (using dichloromethane as eluent). 1H NMR 

(CDCl3): 10.37 (2H, s, CHO), 2.98 (4H, dm, CH2(α)), 1.55 (2H, m, CH(β)), 1.38 (4H, m, CH2(γ)), 1.02 (6H, d, 

CH3(ε)), 0.88 (6H, t, CH3(δ)). 13C NMR (CDCl3): 185 (2C, CHO), 152 (2C, C-2 and C-5), 138 (2C, C-3 and C-

4), 45 (2C, CH2(α)), 36 (2C, CH(β)), 29 (2C, CH2(γ)), 19 (2C, CH3(ε)), 12 (2C, CH3(δ)). Anal. Calcd. for 

C16H24O2S3: C 55.77; H 7.02. Found: C 55.80; H 7.06. 

Poly[3,4-bis(3-methylbutylthio)-2,5-thienylenevinylene] (PTVa) 
The reaction was performed according to literature.40 In a flask flushed with dry argon, zinc powder (2.05 g, 

0.031 mol) was placed. Dry THF (43 mL) was syringed into the flask and the suspension stirred. The suspension 

was cooled to -10°C with a NaCl/ice bath. The reductive mixture was then obtained after injection of TiCl4 (1.7 

mL, 0.015 mol) in the suspension and reflux for 1 h (a black solution was formed). A solution of compound 18a 

(0.90 g, 0.0026 mol) in THF (4 mL) was syringed at reflux temperature. The reaction mixture was heated under 

reflux for 16 h. After cooling to room temperature, 10% aqueous K2CO3 (65 mL) was added under stirring, and 
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the stirring was continued for 30 min. The dark blue solid was then filtered, extracted via Soxhlet first in acetone 

(100 mL) for 24 h, and then in hexane (100 mL) for 24 h. Final Soxhlet extraction in chloroform (100 mL) for 

48 h yielded, after removal of the solvent in vacuo, the polymer as an amorphous blue solid (0.41 g, 55%). M.p. 

over the decomposition temperature. 1H NMR (CDCl3): 7.64 (2H, broad, H-6 and H-7), 2.90 (4H, broad, 

CH2(α)), 1.78 (2H, broad, CH(γ)), 1.47 (4H, broad, CH2(β)), 0.92 (12H, broad, CH3(δ)). 13C NMR (CDCl3): 

145 (2C, C-2 and C-5), 137 (2C, C-3 and C-4), 123 (2C, C-6 and C-7), 39 (2C, CH2(β)), 36 (2C, CH2(α)), 28 

(2C, CH(γ)), 23 (2C, CH3(δ)). Anal. Calcd. for C16H24S3: C 61.48; H 7.74. Found: C 61.47; H 7.81. GPC: Mn = 

16000 g/mol, Mw = 38400 g/mol. 

Poly{3,4-bis[(S)-2-methylbutylthio]thienylenevinylene} (PTVb) 
The polymerization was performed as described above for PTVa. Soxhlet extraction in chloroform for 48 h 

yielded, after removal of the solvent in vacuo, the polymer as an amorphous blue solid (55%). M.p. over the 

decomposition temperature. 1H NMR (CDCl3): 7.64 (2H, broad, H-6 and H-7), 2.75 (4H, broad, SCH2), 1.56 

(4H, broad), 1.25 (2H, broad), 1.05 (6H, broad, CH3), 0.91 (6H, broad, CH3). 
13C NMR (CDCl3): 143 (2C, C-2 

and C-5), 137 (2C, C-3 and C-4), 123 (2C, C-6 and C-7), 44 (2C, CH2(α)), 35 (2C, CH(β)), 29 (2C, CH2(γ)), 19 

(2C, CH3(ε)), 11 (2C, CH3(δ)). Anal. Calcd. for C16H24S3: C 61.48; H 7.74. Found: C 61.52, H 7.80. GPC: Mn = 

38600 g/mol, Mw = 146680 g/mol. 

2,5-Diiodo-3,4-bis(3-methylbutylthio)thiophene (19a) 
To a solution of 3,4-bis(3-methylbutylthio)thiophene 17 (2.50 g, 0.0087 mol) in DMF (13 mL) stirred at room 

temperature in the dark, N-iodosuccinimide (4.00 g, 0.018 mol) was added portionwise in 1 h. The reaction 

mixture was stirred for 24 h at the same temperature, and then diluted with ether (25 mL), washed with water (25 

mL) and separated. The aqueous layer was washed with ether (2 × 20 mL) and discarded. The collected organic 

layers were washed with water, dried (MgSO4), filtered and evaporated. The compound was purified via column 

chromatography (using hexane as eluent) to give 4.67 g (99%). 1H NMR (CDCl3): 2.87 (4H, t, CH2(α)), 1.75 

(2H, m, CH(γ)), 1.44 (4H, m, CH2(β)), 0.89 (12H, d, CH3(δ)). 13C NMR (CDCl3): 148 (2C, C-3 and C-4), 90 

(2C, C-2 and C-5), 39 (2C, CH2(β)), 36 (2C, CH2(α)), 28 (2C, CH(γ)), 23 (2C, CH3(δ)). Anal. Calcd. for 

C14H22S3I2: C 31.12; H 4.10. Found: C 31.42; H 4.15. 

2,5-Diiodo-3,4-bis[(S)-2-methylbutylthio]thiophene (19b) 
The compound was prepared as described above for compound 19a. The crude compound (91%) was used 

without any further purification. 1H NMR (CDCl3): 2.79 (4H, dm, CH2(α)), 1.56 (4H, m), 1.26 (2H, m), 1.03 

(6H, d, CH3(ε)), 0.88 (6H, t, CH3(δ)). 13C NMR (CDCl3): 142 (2C, C-3 and C-4), 90 (2C, C-2 and C-5), 44 (2C, 

CH2(α)), 35 (2C, CH(β)), 29 (2C, CH2(γ)), 19 (2C, CH3(ε)), 11 (2C, CH3(δ)). Anal. Calcd. for C14H22S3I2: C 

31.12; H 4.10. Found: C 31.41; H 4.08. 

3',4'-Bis(3-methylbutylthio)-2,2':5',2''-terthiophene (20a) 
Grignard reagent solution was prepared from 2-bromothiophene (3.02 g, 0.018 mol) and magnesium turnings 

(0.45 g, 0.018 mol, iodine-etched) in dry Et2O (20 mL) and added dropwise with a syringe to an ice-cooled 

stirred solution of compound 19a (4.00 g, 0.0072 mol) and [1,3-bis(diphenylphosphino)propane] 

dichloronickel(II) (0.108 g, 2.0 × 10-4 mol) in dry ether (12 mL). The mixture was heated at 30°C under stirring 

for 60 h, cooled to room temperature, and hydrolyzed with 1M HCl (50 mL). The organic phase was neutralized 

with a saturated aqueous solution of Na2CO3 (about 10 mL), washed with water (50 mL), dried (MgSO4) and 

concentrated. The residue was chromatographed using hexane as eluent to give 1.55 g (46%) of compound 20a 

as a dense liquid. 1H NMR (CDCl3): 7.46 (2H, dd, J3,4 3.8, J3,5 1.2, 3-H and 3''-H), 7.37 (2H, dd, J35 1.2, J4,5 5, 5-

H and 5''-H), 7.07 (2H, dd, J3,4 3.8, J4,5 5, 4-H and 4''-H), 2.87 (4H, t, CH2(α)), 1.75 (2H, m, CH(γ)), 1.44 (4H, 

m, CH2(β)), 0.83 (12H, d, CH3(δ)). 13C NMR (CDCl3): 138.4 (2C, 2'-C and 5'-C), 136.0 (2C, 3'-C and 4'-C), 

132.8 (2C, 2-C and 2''-C), 127.4 (2C, CH), 127.2 (2C, CH), 126.9 (2C, CH), 38.8 (2C, CH2(β)), 35.6 (2C, 
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CH2(α)), 28.1 (2C, CH(γ)), 22.7 (2C, CH3(δ)). λmax/nm 369. Anal. Calcd. for C22H28S5: C 58.36; H 6.23. Found: 

C 58.25; H 6.34. 

3',4'-Bis[2-(S)-methylbutylthio]-2,2':5',2''-terthiophene (20b) 

Method A 
Following the procedure described above for compound 20a, after column chromatography (hexane was used as 

eluent) two fractions could be recovered. The first fraction contains a 1:1 mixture of the product with 2,2'-

bithiophene. The second fraction is the pure compound in 28% yield. 1H-NMR (CDCl3): 7.45 (2H, dd, J3,4 3.8, 

J3,5 1.1, 3-H and 3''-H), 7.37 (2H, dd, J3,5 1.1, J4,5 5.3, 5-H and 5''-H), 7.06 (2H, dd, J3,4 3.8, J4,5 5.3, 4-H and 4''-

H), 2.80 (4H, dm, CH2(α)), 1.52 (4H, m), 1.27 (2H, m), 0.99 (6H, d, CH3(ε)), 0.83 (6H, t, CH3(δ)). 13C NMR 

(CDCl3): 137.5 (2C, 2'-C and 5'-C), 135.5 (2C, 3'-C and 4'-C), 132.7 (2C, 2-C and 2''-C), 126.7 (2C, CH), 126.6 

(2C, CH), 126.4 (2C, CH), 44.1 (2C, CH2(α)), 35.0 (2C, CH(β)), 28.7 (2C, CH2 (γ)), 19.0 (2C, CH2(ε)), 11.2 

(2C, CH2(δ)).λmax/nm 366. Anal. Calcd. for C22H28S5: C 58.36; H 6.23. Found: C 58.20; H 6.32. 

Method B 
To a stirred solution of 1.6 M BuLi (33.7 mL, 0.054 mol) in hexane and dry THF (34 mL) at -60°C a solution of 

2-bromothiophene (8.00 g, 0.049 mol) was added dropwise (10 min), maintaining the temperature in between -

60 and -50°C. The temperature of the mixture was then raised to -40°, and stirring was continued for another 20 

min at the same temperature. The temperature of the mixture was then slowly raised to -20°C, and then 

immediately cooled to -40°C again. A solution of trimethyltin chloride (15.8 g, 0.0785 mol) in dry THF (16 mL) 

was added dropwise, maintaining the temperature in between -40 and -30°C. The temperature was allowed to 

slowly reach room temperature and the stirring continued overnight. The mixture was then poured into ice, the 

phases separated and the aqueous phase was extracted with Et2O (100 mL). The combined organic phases were 

dried (MgSO4) and evaporated. Distillation of the residue under reduced pressure gave 10.05 g (83%) of a 

colorless liquid. B.p. = 45–47°C / 8.6 × 10-1 mbar. 1H NMR (CDCl3): 7.68 (2H, dd, J3,5 1.2, J4,5 5, 5-H), 7.28 

(1H, dd, J3,4 3.4, J4,5 5, 4-H), 7.24 (1H, dd, J3,4 3.4, J3,5 1.2, 3-H), 0.39 (9H, d, CH3). 

A solution of compound 19b (0.90 g, 0.0017 mol) in dry toluene (7 mL) was added dropwise to a stirred solution 

of 2-(trimethyltin)thiophene (0.82 g, 0.0033 mol) and tetrakis(triphenylphosphine)palladium(0) (0.30 g, 2.6 × 

10-4 mol) in dry toluene (3 mL) at 100°C. The reaction mixture was stirred overnight at this temperature. After 

cooling, the reaction mixture was transferred with Et2O (20 mL), washed with a saturated aqueous solution of 

NaHCO3 (20 mL) and with water (20 mL). The organic phase was dried (MgSO4) and evaporated. The orange 

oily product was chromatographed using hexane as eluent to give 0.41 g (54%) of compound 20b and 0.11 g of 

3',4',3'',4''-tetrakis[2-(S)-methylbutylthio]-2,2':5',2'':5'',2'''-quaterthiophene (21b). 1H NMR (CDCl3): 7.49 (2H, 

dd, J3,4 3.8, J3,5 1.1, 3-H and 3'''-H), 7.40 (2H, dd, J3,5 1.1, J4,5 5.3, 5-H and 5'''-H), 7.08 (2H, dd, J3,4 3.8, J4,5 5.3, 

4-H and 4'''-H), 2.82 (4H, dm, CH2(α)), 2.79 (4H, dm, CH2(α)), 1.1 - 1.7 (12H, CH(β) and CH2(γ)), 1.00 (6H, d, 

CH3(ε)), 0.94 (6H, d, CH3(ε)), 0.86 (6H, t, CH3(δ)), 0.84 (6H, t, CH3(δ)). 13C NMR (CDCl3): 140.5, 137.1, 

135.5, 134.4, 131.6, 126.9, 126.7, 126.6, 44.1 (2C, CH2(α)), 44.0 (2C, CH2(α)), 35.0 (2C, CH(β)), 34.7 (2C, 

CH(β)), 28.6 (4C, CH2(γ)), 19.0 (2C, CH3(ε)), 18.8 (2C, CH3(ε)), 11.3 (4C, CH3(δ)). Anal. Calcd. for C36H50S8: 

C 58.49; H 6.82. Found: C 58.40; H 6.74. 

3',4'-Bis(3-methylbutylthio)-2,2':5',2''-terthiophene-5,5''-dialdehyde (22a) 

A suspension of the dilithium derivative was prepared by addition of a 1.6 M butyllithium solution (1.65 mL, 

0.0026 mol) in hexane to compound 20a (0.50 g, 0.0011 mol) in dry THF (5 mL) at 5°C. This mixture was 

stirred for 1 h at this temperature. The solution was cooled to -40°C, whereafter DMF (0.214 g, 0.0030 mol) was 

added dropwise. The reaction mixture was slowly warmed to room temperature and stirred for another hour. The 

suspension was poured in 20 mL ice-cooled 1 N HCl solution under vigorous stirring. A saturated NaHCO3 

solution was slowly added until the aqueous layer reached pH 6. The organic layer was separated and the 
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aqueous layer extracted with chloroform (3 × 50 mL). The combined organic solutions were dried (MgSO4) and 

the solvent removed in vacuo. The crude product was purified by column chromatography using 

dichloromethane as eluent and recrystallized from ethanol to give 0.26 g (46%) of 3',4'-bis(3-methylbutylthio)-

2,2':5',2''-terthiophene-5,5''-dialdehyde as a yellow solid. 1H NMR (CDCl3): 10.27 (2H, s, CHO), 7.72 (2H, d, 

J3,4 4, 3-H and 3''-H), 7.56 (2H, d, J3,4 4, 4-H and 4''-H), 2.93 (4H, t, CH2(α)), 1.67 (2H, m, CH(γ)), 1.48 (4H, m, 

CH2(β)), 0.85 (12H, d, CH3(δ)). 13C NMR (CDCl3): 184 (2C, CHO), 145 (2C, 5-C and 5''-C), 144 (2C, 2-C and 

2''-C), 139 (2C, 2'-C and 5'-C), 137 (2C, 3'-C and 4'-C), 136 (2C, 3-C and 3''-C), 128 (2C, 4-C and 4''-C), 38 (2C, 

CH2(β)), 36 (2C, CH2(α)), 28 (2C, CH(γ)), 23 (2C, CH3(δ)). Anal. Calcd. for C24H28O2S5: C 56.65; H 5.55. 

Found: C 56.55; H 5.62. 

3',4'-Bis[2-(S)-methylbutylthio]-2,2':5',2''-terthiophene-5,5''-dialdehyde (22b) 
The synthesis of this compound followed the procedure previously described for that of compound 22a. After 

column chromatography (Al2O3, CH2Cl2 as eluent), 22% of compound 22b was obtained as a orange-yellow 

solid. 1H NMR (CDCl3): 9.95 (2H, s, CHO), 7.72 (2H, d, J3,4 4.1, 3-H and 3''-H), 7.56 (2H, d, J3,4 4.1, 4-H and 

4''-H), 2.85 (4H, dm, CH2(α)), 1.7–1.1 (6H, m, CH(β) and CH2(γ)), 1.01 (6H, d, CH3(ε)), 0.86 (6H, t, CH3(δ)). 
13C NMR (CDCl3): 184 (2C, CHO), 145 (2C, 5-C and 5''-C), 144 (2C, 2-C and 2''-C), 139 (2C, 2'-C and 5'-C), 

138 (2C, 3'-C and 4'-C), 136 (2C, 3-C and 3''-C), 128 (2C, 4-C and 4''-C), 45 (2C, CH2(α)), 36 (2C, CH(β)), 29 

(2C, CH2(γ)), 20 (2C, CH3(ε)), 12 (2C, CH3(δ)). Anal. Calc. for C24H28O2S5: C 56.65; H 5.55. Found: C 56.47; 

H 5.73. 

Poly[3',4'-bis(3-methylbutylthio)-2,2':5',2''-terthienylene-5,5''-vinylene] (PTTVa) 
The polymerization was performed as described above for PTVa. Soxhlet extraction in chloroform for 48 h 

yielded, after removal of the solvent in vacuo, the polymer as an amorphous purple solid (33%). m.p. over the 

decomposition temperature. 1H NMR (CDCl3): 7.03 (4H, broad, H-Th), 6.09 (2H, s, vinylene H), 2.85 (4H, 

broad, CH2(α)), 1.8–1.4 (broad, CH2(β) and CH (γ)), 0.91 (12H, broad, CH3(δ)). GPC: Mn = 3960 g/mol, Mw = 

6600 g/mol. 

Poly{3',4'-bis[2-(S)methylbutylthio]-2,2':5',2''-terthienylene-5,5''-vinylene} (PTTVb) 
The polymerization was performed as described above for PTVa. Soxhlet extraction in chloroform for 48 h 

yielded, after removal of the solvent in vacuo, the polymer as an amorphous purple solid (35%). m.p. over the 

decomposition temperature. 1H NMR (CDCl3): 7.4–6.8 (6H, broad, H-Th and vinylene H), 2.90 (4H, broad, 

CH2(α)), 1.8–1.4 (6H, broad, CH(β) and CH2(γ)), 1.04 (6H, broad, CH3(ε)), 0.90 (6H, broad, CH3(δ)). GPC: Mn 

= 4050 g/mol, Mw = 6010 g/mol. 
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5 Conformational and Electronic Changes of 

Thioether Substituted Thiophene Derivatives 

upon Ion Coordination 

 

“It’s impossible to take an unnecessary risk. Because you only find out 

whether a risk was unnecessary after you’ve taken it.” 

Giovanni Agnelli 

 
 

Abstract 

Upon coordination with soft transition metal ions 3,4-bis(alkylthio)thiophenes 

and the corresponding alkylthio-substituted polymers undergo conformational 

and electronic changes. A joint experimental and theoretical approach is used 

to study their coordination. Changes in the conformational and electronic 

structure of the molecules are followed by X-ray diffraction, cyclic 

voltammetry, optical and NMR spectroscopies; these experimental data are 

interpreted with the help of quantum mechanical calculations based on density 

functional theory (DFT). Finally, attempts to electropolymerize the 

coordinated monomers are reported. 
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5.1 Introduction 

Over the past two decades, thiophenes have attracted strong interest, because of the 

possible applications of the corresponding polymers in secondary batteries, sensors, photo- 

and electroluminescent devices, etc.1-4 In particular, the development of side chain-substituted 

conjugated derivatives has led to the discovery of a number of interesting phenomena that are 

not observed in the unsubstituted parent polymers. For instance, the introduction of groups 

that could act as ligands opens possibilities for application in areas such as chemosensors and 

catalysis.5-12 Because complexes with transition metal ions are of general use in fields as 

diverse as catalysis, we are investigating the synthesis and properties of new conjugated 

polymers with alkylthio side groups, since thioether ligands are well known for their ability to 

complex soft transition metal ions.13,14 Such conjugated polymers could act as probes or 

modulators of the activity of the catalytic center. Furthermore, these systems could be used to 

anchor biomolecules in a reversible fashion via metal coordination.15 Similarly, Leclerc et 

al.16 reported on the possibility of fixing avidin to polythiophene through acid-base 

complexes. Finally, ion coordination can also be envisioned as an interesting approach to 

modulate the properties of the conjugated polymer in a non-covalent way. 

In this chapter, we describe the synthesis of {PdCl2[3,4-bis(3-methylbutylthio) 

thiophene]} (5), {PtCl2[3,4-bis(3-methylbutylthio)thiophene]} (6) and of {PdCl2[3',4'-bis[2-

(S)-methylbutylthio]-2,2':5',2''-terthiophene]} (7). The complexes 5 and 6 crystallize in a 

mixture of diastereoisomers, these stereoisomers are in equilibrium in solution, as observed 

with variable-temperature NMR. The optical and electrochemical properties of the thiophene 

derivatives are strongly modified by the presence of the transition metal ions. To account for 

these properties, this chapter also provides theoretical calculations on the geometries of the 

molecules and on their corresponding energies, together with the interpretation of the optical 

spectra. 

5.2 Synthesis of the metal-complexes 

3,4-Bis(3-methylbutylthio)thiophenes 2 and 3,4-bis[2-(S)-methylbutylthio]thiophene 3 

were conveniently synthesized through transetherification of 3,4-dimethoxythiophene 1 with 

the corresponding thiols, as we reported in Chapter 4. Stille coupling of the diiododerivative 

of 3 with two equivalents of 2-trimethyltinthiophene in the presence of catalytic amounts of 

Pd(0) produced the desired terthiophene 4. The chelate Pd complexes 5 and 7 were obtained 

by the reaction of an equimolar amount of the dithioether in methylene chloride with 

[PdCl2(PhCN)2], as shown in scheme 5.1. The complexes separated as orange-red solid upon 

the addition of isopropanol. Using the same conditions as for complex 5, the corresponding Pt 

derivative cis-[PtCl2(PhCN)2] did not react with the ligand at room temperature, as reported 

for other thioether ligands.13 However, under UV irradiation in CHCl3, chelate complexation 
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of the dithioether ligand to the platinum center took place and was completed in a few hours. 

Addition of hexane furnished the precipitation of the complex 6 as a pale yellow solid. 
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Scheme 5.1. Synthesis of the metal-complexes 5–7. 

5.3 Crystal structure 

Both compounds 5 and 6 crystallize in the same monoclinic P21/c space group in quasi 

identical cells (the axes or angles do not differ more than 0.45%, see Table 5.1). In both 

compounds the asymmetric unit contains two crystallographically independent syn and anti 

isomeric molecules, as drawn in figure 5.1 along with the atom numbering. Selected bond 

lengths and angles are reported in table 5.2. Comparison between all structural features of 

both isomers of the two complexes 5 and 6, starting from atomic fractional coordinates, 

reveals so close resemblance that the same description may be indifferently applied to either 

the Pd (5) or the Pt (6) derivative. Most of the corresponding bond distances, bond angles and 

torsion angles in compounds 5 and 6 are equal within one or two standard deviations and, 

moreover, this is also true for their non-bonded intermolecular contacts. In both complexes, 

the metal atoms of the two independent molecules display nearly ideal square-planar four-

coordination with the two cis Cl atoms and the two sulphanyl S atoms from the substituted 

thiophene molecule, which acts as a chelate ligand. As expected, the thiophene rings are 

nearly coplanar with respect to the coordination planes. The metal atoms are coplanar with 

their donor atoms in A-labeled molecules, and slightly displaced from the plane in B-labeled 

ones (Table 5.2). In order to have a quantification of the energy of the different structures and 

to gain information over changes in the electronic density due to complexation, calculations 

were performed on representative models, where the alkylthio side chains were reduced to 

methylthio groups.  
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Table 5.1. X-Ray data collection and processing for compounds 5 and 6. 

 

The theoretical description obtained for {PdCl2[3,4-bis(methylthio)thiophene]} is fully 

consistent with X-ray data of compound 5. The largest difference between theoretical and 

experimental data is only about 0.02 Å and 3° for the bond lengths and the bond angles, 

respectively. The comparison between the theoretical structures of 3,4-

bis(methylthio)thiophene (Figure 5.2a) and {PdCl2[3,4-bis(methylthio)thiophene]} (Figure 

5.2b,c) is reported in table 5.3. These data indicate that the complexation does not lead to 

important bond length or angle modifications in the thiophene moiety. The changes are more  

 5 6 

empirical formula C14H24Cl2PdS3 C14H24Cl2PtS3 

formula weight 465.81 554.50 

temperature (K) 293(2) 293(2) 

wavelength (Å) 0.71073 0.71073 

crystal system monoclinic monoclinic 

space group P21   /c P21   /c 

a  (Å) 14.305(2) 14.370(1) 

b  (Å) 16.299(3) 16.283(2) 

c  (Å) 17.101(3) 17.136(1) 

α  (°) 90 90 

β  (°) 100.01(2) 100.199(8) 

γ  (°) 90 90 

V  (Å3) 3926.5(13) 3946.1(6) 

Z 8 8 

ρcalcd (Mg/m3) 1.576 1.867 

µ (MoKα, mm-1) 1.526 7.689 

crystal size (mm) 0.38 x 0.30 x 0.20 0.25 x 0.20 x 0.15 

θ  range (°) 2.12 - 26.96 1.91 - 26.00 

index ranges -18≤h≤18, -1≤k≤20,  
-1≤l≤21 

-17≤h≤17, -1≤k≤20,  
-1≤l≤20 

reflns collected 10049 9311 

unique reflns 8528 [Rint = 0.0273] 7721 [Rint = 0.0260] 

observed reflns [I>2σ(I)] 5656 5122 

abs. corr. transmission 0.711__1.000 0.657__1.000 

parameters refined 362 361 

R1 = ΣFo-Fc/ ΣFo 0.0370 0.0430 

(observed reflns) wR2 0.1016 0.0801 

largest diff. peak and hole (e. Å3) 0.860 and -0.463 0.905 and -0.806 
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important on the thioether groups where the complexation leads to an increase (0.03 Å) of the 

bond lengths between the Cβ of the thiophene ring and the sulfur atoms.  

 

Figure 5.1. ORTEP drawing of the two independent molecules of compounds 5 (a) and 6 (b). 
Thermal ellipsoids for non-H atoms enclose 30% probability. 

The nature of the bonds between the thioether groups and the Pd atom is clearly 

covalent: the calculated Pd–S distances (2.292 Å) are indeed close to the sum of the covalent 

radii (2.330 Å)17. The calculated quasi equivalent bond lengths of the two Cl atoms (2.304 Å) 

and the two sulphanyl S ones (2.292 Å) and their respective angles (about 90°) form a nearly 

squared planed configuration around the Pd center, as also observed in the X-ray structure.  

From the theoretical calculations, it is possible to evaluate the stability of the complex, 

i.e., the binding energy of PdCl2 to 3,4-bis(methylthio)thiophene; this is obtained from the 

difference in total energy between the complex and the separate partners. The value calculated 

with a non-local gradient corrected DFT approach is -181 kJ mol-1 and -171 kJ mol-1 for the 

syn and anti isomers, respectively. We have also checked that alternative bonding sites for the 
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Pd atom (the sulfur atom of the thiophene ring, the π system of the thiophene ring) lead to 

complexes with much lower binding energies (-83 and -52 kJ mol-1, respectively). 

 

Table 5.2. Selected bond lengths and angles in compounds 5 and 6. 

 Compound 5 (Me = Pd) Compound 6 (Me = Pt) 

 Molecule  A Molecule  B Molecule  A Molecule  B 

bond distances (Å) 

Me–Cl(1) 2.301(1) 2.291(1) 2.309(2) 2.300(3) 

Me–Cl(2) 2.306(1) 2.304(1) 2.314(2) 2.311(2) 

Me–S(2) 2.263(1) 2.266(1) 2.248(2) 2.252(2) 

Me–S(3) 2.264(1) 2.263(1) 2.254(2) 2.250(2) 

S(1)–C(2) 1.688(5) 1.697(6) 1.700(10) 1.693(10) 

S(1)–C(5) 1.696(5) 1.690(5) 1.702(11) 1.694(10) 

C(3)–S(2) 1.765(4) 1.771(5) 1.774(8) 1.780(9) 

S(2)–C(6) 1.816(4) 1.807(4) 1.817(8) 1.810(9) 

C(4)–S(3) 1.776(4) 1.782(4) 1.771(9) 1.763(9) 

S(3)–C(11) 1.808(4) 1.818(5) 1.813(9) 1.814(9) 

bond angles (º) 

Cl(1)–Me–Cl(2) 92.83(5) 92.05(5) 91.61(10) 90.83(9) 

Cl(1)–Me–S(2) 87.18(4) 88.13(4) 87.58(9) 88.69(9) 

Cl(1)–Me–S(3) 176.35(5) 179.43(4) 176.63(9) 179.31(9) 

Cl(2)–Me–S(2) 176.70(4) 176.53(5) 177.06(8) 176.98(9) 

Cl(2)–Me–S(3) 88.46(5) 88.47(5) 88.67(9) 88.50(9) 

S(2)–Me–S(3) 91.73(4) 91.36(4) 92.31(8) 91.98(9) 

torsion angles (º) 

Me–S(2)–C(6)–C(7) -50.5(3) 48.3(4) -51.1(7) 48.6(8) 

C(3)–S(2)–C(6)–C(7) 57.0(3) -60.7(4) 56.6(7) -61.0(8) 

Me–S(3)–C(11)–C(12) -49.5(5) 168.2(4) -47.7(9) 166.8(8) 

C(4)–S(3)–C(11)–C(12) 58.8(5) -84.4(4) 60.6(9) -86.1(9) 

out of plane (Å) of Me 
atom a 

0.001(1) 0.032(1) 0.006(1) 0.031(1) 

a Only the four donor atoms were used to define the plane. 



Metal Coordination 

 97

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2. Chemical structure of 3,4-bis(methylthio)thiophene (a) and {PdCl2[3,4-bis-
(methylthio)thiophene]} syn (b) and anti (c) isomers. 

 

a 

b 

c 
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In both complexes the two independent molecules in the crystallographic unit differ 

only for the absolute configuration around the metal bonded S atoms, which are stereocenters. 

Both crystals contain all the diastereoisomeric forms. The S atoms of the A- and B-labeled 

molecules display R,R and R,S configurations, respectively. Due to the presence of an 

inversion center (and of a glide plane), the inverted S,S and R,S configuration are also present, 

and hence the compounds crystallize in racemic form. There are no significant differences 

between corresponding bond distances and angles of the two independent molecules, and 

their values compare well with the mean bond lengths retrieved from the Cambridge 

Structural Database.18,19 It is of interest to note that the strong similarities between the two 

structures also apply to probable disorder problems, which involve in particular two terminal 

methyl groups of the alkyl chains. In both crystals and in both independent molecules, the 

C(9) and C(10) atoms are affected by extremely high temperature factors and, as a 

consequence, by extremely short (and unrealistic) bond distances. Nevertheless, to observe 

this effects in both independent molecules and in both complexes could be of some 

significance with regard to their molecular packing mode. As reported above, both complexes 

exhibit the same molecular packing, characterized by only three non-bonded distances less 

than 3.60 Å (two C���S and one C���C contacts). These interactions occur only between 

racemic pairs (A- or B-labeled) of molecules (Figure 5.3). 

 

Figure 5.3. Drawing of the unit cell contents of 5. Full bonds link atoms of A-labeled molecules. 
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Table 5.3. Comparison of theoretical bond lengths and angles of {3,4-bis(methylthio)thiophene} � 
and {PdCl2[3,4-bis(methylthio)thiophene]} � with the experimental data for compound 5 (isomer B). 

bond distances (Å) � � X-ray structure of 
compound 5 

Pd–Cl(1)  2.304 2.291(1) 

Pd–Cl(2)  2.304 2.304(1) 

Pd–S(2)  2.292 2.266(10) 

Pd–S(3)  2.292 2.262(13) 

S(1)–C(2) 1.714 1.708 1.697(6) 

C(2)–C(3) 1.371 1.370 1.347(6) 

C(3)–C(4) 1.427 1.418 1.415(6) 

C(4)–C(5) 1.371 1.370 1.346(6) 

C(5)–S(1) 1.714 1.708 1.690(5) 

C(3)–S(2) 1.741 1.770 1.771(5) 

S(2)–C(6) 1.793 1.801 1.807(4) 

C(4)–S(3) 1.741 1.770 1.782(4) 

S(3)–C(11) 1.793 1.801 1.818(5) 

bond angles (°)    

Cl(1)–Pd–Cl(2)  95.50 92.05(5) 

Cl(1)–Pd–S(2)  86.34 88.13(4) 

Cl(1)–Pd–S(3)  178.03 179.43(4) 

Cl(2)–Pd–S(2)  178.03 176.53(5) 

Cl(2)–Pd–S(3)  86.34 88.47(5) 

S(2)–Pd–S(3)  91.79 91.36(4) 

5.4 Variable-temperature NMR characterization 

The variable-temperature 1H-NMR spectrum of the palladium complex 5 in chloroform 

solution is shown in figure 5.4. At room temperature the compound shows a singlet for the α 

proton of the thiophene and broad peaks in the aliphatic region, corresponding to the thioether 

side chains, all deshielded as compared to the values for the uncomplexed 2. In the 13C-NMR 

spectrum at room temperature there are two peaks in the aromatic region at 128 and 135 ppm, 

corresponding to the two α and β carbons of the thiophene ring, respectively. Five peaks for 

the aliphatic region are recorded, including two at 21.9 and 22.2 ppm corresponding to the 
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two methyl end groups, indicating that these groups have a reduced motional freedom. At       

-20°C, the thioether side chains resolve into several multiplets. The diastereotopic SCH2(α) 

resolves in two groups of signals, each constituted of two double triplets, as shown in figure 

5.4. At lower temperatures, we also observe the presence of two couples of doublets for the 

CH3 group at the end of the chain, confirming the presence of two isomers.  
 

2.903.003.103.203.303.403.503.60 2.903.003.103.203.303.403.503.60

293 K

273 K

253 K

ppm  

Figure 5.4. Variable temperature 1H-NMR spectrum of compound 5 in CDCl3, in the regions 
corresponding to the signals of the SCH2 and CH3 protons. 

The two syn and anti isomers are in equilibrium in solution; from the coalescence 

temperature and the ratio of the integrated signals we can deduce that one is preferred over 

the other in a 2:1 ratio.20 An approximate energy barrier of 68 kJ mol-1 can be calculated for 

this process, and the difference in energy between the two forms is approximately 1.7 kJ   

mol-1. The theoretical calculations on the corresponding {PdCl2[3,4-bis(methylthio) 

thiophene]} isomers (Figure 5.2b and 5.2c) indicate that the syn form is more stable than the 

anti form by about 10 kJ mol-1. Such an overestimation, relative to the experimental value 

may be due to the fact that the calculations are performed on single isolated molecules, 

thereby neglecting the influence of the solvent. The two isomers can be identified with the 

two couples of diastereoisomeric molecules A and B observed in the crystal. 

5.5 Cyclic voltammetry and electropolymerization 

The electrochemical characterization of 5 reveals one reversible reduction wave at          

-0.71 V, while 2 just presents an irreversible oxidation wave at 1.7 V. No oxidation wave is 

observed for 5 in the positive potential regime (E ≤ 1.8 V), which is in contrast to what is 

found in electron-donor substituted thiophenes.21-23 Therefore, compound 5 cannot be 

oxidatively electropolymerized. 

In order to explain this behavior, we computed the electronic properties of the 3,4-

bis(methylthio)thiophene and its PdCl2 complex. The electrophilic character of PdCl2 is 

clearly illustrated through the Mulliken charge transfer analysis (Table 5.4). 

0.700.800.901.001.101.20 0.700.800.901.001.101.20 ppm  
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Table 5.4. Mulliken charge analysis for {PdCl2[3,4-bis(methylthio)thiophene]}. The charge variation 
is defined as the difference between the DFT-calculated electronic charges in the complex and in the 
isolated compounds. A negative value corresponds to a gain of electronic density. 

Atoms Charge variation |e| 

Cl(1) -0.16 

Cl(2) -0.16 

Pd -0.29 

C(6)H3 group +0.008 

C(11)H3 group +0.008 

S(3) +0.11 

S(2) +0.11 

C(3) -0.04 

C(4) -0.04 

C(2)H +0.10 

C(5)H +0.10 

S(1) +0.07 

 

As a consequence of complexation, a partial charge transfer (0.6 |e|) takes place from 3,4-

bis(methylthio)thiophene to PdCl2. The sulfur atoms of the thioether groups and the Cα of the 

thiophene ring are the most depleted sites while the alkyl side chains and the Cβ of the ring 

remain almost untouched. Globally, the decrease of the electron density on the organic 

molecule upon complexation is consistent with the fact that oxidation becomes more difficult. 

Along the same line, the redox properties can be qualitatively interpreted on the basis of the 

one electron structure of the molecule. Indeed, the oxidation process corresponds to the 

removal of one electron and can thus be roughly connected to the energy of the HOMO.24 

Similarly, the reduction process induces the addition of one electron, that must be deposited 

on the LUMO. The analysis of the electronic structure of 3,4-bis-(methylthio)thiophene and 

its PdCl2 complex (Figure 5.5) shows two important points: Firstly, the HOMO of 

{PdCl2[3,4-bis(methylthio)thiophene]} is similar to that of 3,4-bis(methylthio)thiophene but 

is strongly stabilized (Table 5.5). This implies, that the oxidation becomes more difficult 

when going from 3,4-bis(methylthio)thiophene to its PdCl2 complex. 
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Figure 5.5. INDO calculated HOMO and LUMO patterns of {PdCl2[3,4-bis(methylthio) thiophene]}. 

Secondly the complexation leads to the localization of the LUMO on the Pd atom and to its 

strong energetic stabilization (Table 5.5). This is fully consistent with the existence of a 

reduction peak at –0.71 V. 

Table 5.5. INDO energies of LUMO and HOMO.a 

 � � � � 

LUMO 0.34 -1.32 -0.88 -1.88 

HOMO -8.17 -9.70 -6.77 -7.75 
a Comparison of the INDO energies of the LUMO, and HOMO for respectively the 3,4-
bis(methylthio) thiophene �, {PdCl2[3,4-bis(methylthio) thiophene]} �, [3',4'-bis(methylbutylthio)-
2,2':5',2''-terthiophene] �, and {PdCl2[3',4'-bis(methylthio)-2,2':5',2''-terthiophene}�. The energies 
are in electron volt (eV). 

Since the complexation diminishes the electronic density at the α positions of the 

thiophene ring (Table 5.4), an electrochemical oxidation and monomer coupling via these 

positions become more difficult. This reason explains that the electropolymerization of 

compound 5 was not successful. To overcome this problem, we synthesized compound 7, 

which possesses both a complexed Pd atom and two pristine Cα sites. This compound has 

also a reversible redox wave at -0.71 V and, most importantly, it shows a highly irreversible 

oxidation wave at 1.7 V. This behavior is consistent with the electronic structure of 

{PdCl2[3,4-bis(methylthio)thiophene]} and {PdCl2[3',4'-bis(methylthio)-2,2':5',2''-

terthiophene]} (Table 5.5). The energetic values and the nature of the frontier molecular 

orbitals are modified when going from the thiophene complex to the terthiophene complex 

(Figure 5.6 and Table 5.5). In the terthiophene complex, both the HOMO and the LUMO are 

mostly localized on the organic backbone, with a strong similarity to those of the 

uncomplexed molecule. The HOMO of {PdCl2[3',4'-bis(methylthio)-2,2':5',2''-terthiophene]} 

is strongly destabilized (1.95 eV) relative to that of {PdCl2[3,4-bis(methylthio)thiophene]}. 

This destabilization of the HOMO implies that the oxidation process is much easier for 

{PdCl2[3',4'-bis(methylthio)-2,2':5',2''-terthiophene]} than for {PdCl2[3,4-bis(methylthio) 

LUMO HOMO 
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thiophene]}. As for {PdCl2[3,4-bis(methylthio)thiophene]} 5, the complexation leads to the 

stabilization (1 eV) of the LUMO. However, the LUMO is no longer located on the Pd atom 

but on the terthiophene part while the LUMO+1 is now found on the Pd site, in discrepancy 

with the experimental evidence. 
 

           

       

Figure 5.6. INDO calculated HOMO and LUMO patterns of {PdCl2[3',4'-bis(methylthio)-2,2':5',2''-
terthiophene} and [3',4'-bis(methylbutylthio)-2,2':5',2''-terthiophene]. 

Based on these considerations, it is most likely that the oxidation wave at 1.7 V is due 

to the oxidation of the terthiophene moiety. Red films of electrochemically active, polymeric 

material can be grown on the Pt electrode by repetitive cycling but the polymer is no longer 

soluble in organic solvents. However, electropolymerization on ITO was unsuccessful, and 

characterization of the polymer remains uncompleted. A second possibility in order to have a 

complexed polymer is the complexation of the preformed polymer. 

5.6 UV-vis Spectroscopy 

5.6.1 Complexation of 3,4-bis(alkylthio)thiophenes 

With respect to the uncomplexed compound 2, which presents an absorption maximum 

at 286 nm, the absorption maximum in complex 5 is blue-shifted by 29 nm, to 257 nm 

(Figure 5.6). The spectrum also shows two smaller bands at 315 nm (ε = 2800 dm3 mol-1    

cm-1) and 412 nm (ε = 1000 dm3 mol-1 cm-1). INDO calculations on {PdCl2[3,4-

bis(methylthio) thiophene]} indicate that the maximum at 257 nm is a HOMO to LUMO+1 

transition localized on the thiophene moiety and that the two bands at 315 nm and 412 nm are 

due to transitions involving the Pd atoms. The blue-shift of 29 nm found for the main 

HOMO LUMO 

HOMO LUMO 
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absorption is bound to the stabilization of the HOMO due to the diminished electron donating 

ability of the S atoms; as a result the absorption maximum gets closer to that of thiophene 

itself (231 nm). The absorption coefficient is significantly increased from ε = 4800 at 286 nm 

in the uncomplexed compound to ε = 11100 at 257 nm in compound 5. From the titration 

experiment we can observe the presence of two clear isosbestic points, indicating the 

presence of the two species (complexed and uncomplexed) in solution (see Figure 5.7). 
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Figure 5.7. UV-vis spectra of the titration of 3,4-bis(3-methylbutylthio)thiophene 2 with 
[Pd(CH3CN)2Cl2] in acetonitrile. 

5.6.2 Complexation of alkylthiosubstituted conjugated polymers 

The polymers P1–P3 (Scheme 5.2) investigated in this paragraph were synthesized as 

reported in Chapter 4. 

P3

P3: R =
n

S

SRRS

P1: R = 
P2: R = 

P1,P2 
n

S

SR

S

RS

 
Scheme 5.2 

Since the polymers P1 and P2 have one thioether side chain per thiophene unit, they will 

most probably act as bidentate ligands using the head-to-head bithiophene unit. In this way, 

in order to keep the quadratic planar configuration around the soft metal ion, the polymer will 

undergo a torsion around the C2–C2' in the backbone, as reported in Scheme 5.3. This effect 

was already observed in other head-to-head disubstituted polybithiophenes, bearing crown 

ether side chains, upon coordination with alkali metal ions.5 A method to follow the 

complexation of these polymers is the recording of the UV-vis and photoluminescence (PL) 
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spectra while adding increasing amounts of Pd(II) to the chloroform solution of P1 and P2 

(Figure 5.8, left). 
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Scheme 5.3. Proposed conformational changes in P1 upon metal complexation. 

The λmax of P1 is at 450 nm and it is shifting to higher energies as the percentage of Pd(II) is 

increased, reaching a constant value of 392 nm after the addition of a percentage of Pd(II) ≥ 

50% of monomeric unit. This batochromic shift of about 60 nm is most probably due to the 

inter-ring twist induced by the complexation (Scheme 5.3). A similar behavior is observed for 

P2. Plotting the area of the emission (λex = 472 nm) normalized with respect to the absorption 

at 472 nm against the percentage of Pd(II) as compared to monomeric unit, we observe 

(Figure 5.8, right) a decay of the emission that is completely quenched for a percentage of 

Pd(II) ≥ 50%, in agreement with the bidentate model proposed in scheme 5.3. In addition, we 

also observe that the decay for P2 has a lower rate than that for P1, probably due to the larger 

bulkiness of the octyl side chains. 
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Figure 5.8. Left plot: UV-vis spectra of a chloroform solution of P1 upon addition of Pd(II). Inset 
reports the corresponding PL spectra (λex = 472 nm). Right plot: Dependence of the area of the 
emission spectra divided by the absorption at 472 nm on the % Pd(II) as compared to monomeric 
unit of P1(stars) and P2 (squares). 

Polymer P3 can be formally considered as a copolymer of ethylene and the bidentate 

bis(alkylthio)thiophene unit previously examined in paragraphs 5.2–5.5. In this case we 

should expect a similar behavior as for the monomeric unit upon ion complexation, meaning 
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a blue-shift due to the diminished donating ability of the thioether side chains. Furthermore, 

the presence of high number of charges for the all-complexed P3 could also induce a decrease 

of the solubility of the polymer in aprotic organic solvents, such as CHCl3. In figure 5.9 the 

UV-vis spectra of P3 upon addition of Pd(II) are reported. After addition of 100% of Pd(II) 

per monomeric unit the polymer precipitate from solution. The predominant effect in this case 

appears to be the reduced solubility of P3 in chloroform, induced by ion complexation. A 

similar spectroscopic change was observed for P3 upon addition of a poor solvent (DMSO) to 

its chloroform solution (see Chapter 4). 
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Figure 5.9. UV-vis spectra of P3 in chloroform upon addition of Pd(II). 

5.7 Conclusions 

Complexes between thiophenes substituted with thioether ligands and transition metal 

ions were successfully synthesized. We have shown that the complexation leads to the 

freezing of the rotation of the side chains, as the complexes 5–7 are crystalline at room 

temperature. Furthermore, the reversible linkage with the metal ion modifies the optical and 

electrochemical properties of the thiophene derivatives. Therefore, metal complexation can be 

used as a reversible tool for the modification of the properties in π-conjugated polymers. 

5.8 Experimental 

Materials and analysis 
The IR spectra were recorded on a Perkin-Elmer 1600 series FT-IR spectrometer. NMR spectra were recorded 

on a Varian Gemini 300 spectrometer. Chemical shifts are reported in ppm downfield from TMS. The UV-vis 

spectra were recorded on a Perkin Elmer Lambda 900 spectrophotometer. Steady-state fluorescence spectra were 

run in a Perkin-Elmer luminescence spectrometer LS 50B. Cyclic voltammograms were recorded with 0.1 M 

tetrabutylammonium hexafluorophosphate as supporting electrolyte using a Potentioscan Wenking POS73 

potentiostat. The working electrode was a platinum disc (0.2 cm2), the counterelectrode was a platinum plate 

(0.5 cm2) and the reference electrode was a saturated calomel electrode calibrated against a Fc/Fc+ couple. 

Electrospray-MS (ESI/MS) measurements were performed on a Perkin-Elmer/Sciex API300 mass spectrometer. 
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Elemental analysis (C, H, N) was obtained by combustion analysis using a Perkin-Elmer 2400. 3,4-Bis(3-methyl-

butylthio)thiophene 2 and 3',4'-bis[2-(S)-methylbutylthio]-2,2':5',2''-terthiophene 4 were prepared as previously 

reported in Chapter 4. All other reagents were commercial products and were used as received. Solvents were 

dried by standard procedures. 

{PdCl2[3,4-bis(3-methylbutylthio)thiophene]} (5) 
The ligand 3,4-bis(3-methylbutylthio)thiophene 2 (75 mg, 0.26 mmol) was added to a solution of 

[PdCl2(PhCN)2] (100 mg, 0.26 mmol) in dry dichloromethane (5 mL). After stirring at room temperature for 20 

min, isopropanol was added to give an orange precipitate of 5 which was filtered off and dried in vacuo (115 mg, 

95%). M.p. 187–188°C. 1H NMR (CDCl3): 7.6 (2H, s, 2−H and 5-H), 3.3 (4H, broad, α-H), 2.06 (2H, broad, γ-

H), 1.8–1.4 (4H, broad, β-H), 0.87 (6H, broad, CH3). 
13C NMR (CDCl3): 134 (4-C and 5-C), 128 (2-C and 3-C), 

43 (α-C), 38 (δ-C), 27 (β-C), 22.2 (CH3) and 21.9 (CH3). Mass spectrum (ES-MS); m/z: 395 (M-2Cl). Anal. 

Calcd. for C14H24Cl2PdS3: C 36.11, H 5.15. Found: C 36.11, H 5.24. 

{PtCl2[3,4-bis(3-methylbutylthio)thiophene]} (6) 
The ligand 3,4-bis(3-methylbutylthio)thiophene 2 (30.5 mg, 0.13 mmol) was added to a solution of cis-

[PtCl2(PhCN)2] (50 mg, 0.13 mmol) in chloroform (10 mL). The solution was irradiated (about 300 nm) at 35°C 

for 11 h. The chloroform was evaporated and hexane was added. The solid was stirred in hot hexane, then the 

solvent was removed by decantation. The solid was then recrystallized from isopropanol to give 6 (23.6 mg, 

48%). M.p. 189–190°C. 1Η NMR (CDCl3): 7.56 and 7.54 (2H, s, 2−H and 5-H), 3.28 and 3.15 (4H, two 

multiplets, α-H), 2.00 (2H, m, γ-H), 1.8-1.4 (4H, three multiplets, β-H), 0.95, 0.94, 0.91 and 0.89 (6H, four 

duplets, 2 CH3). 
13C NMR (CDCl3): 125 (2-C and 3-C), 43 (α-C), 37.7 and 37.6 (δ-C), 27.3 and 27.2 (β-C), 

22.4, 22.3 and 22.0 (CH3). Probably due to a broadening of the signals, the peaks of the C4 and C5 could not be 

detected, even after an overnight acquisition. Anal. Calcd. for C14H24Cl2PtS3: C 30.33, H 4.32. Found: C 30.70, 

H 3.99. 

{PdCl2[3',4'-bis[2-(S)-methylbutylthio]-2,2':5',2''-terthiophene]} (7) 
The ligand 3',4'-bis[2-(S)-methylbutylthio]-2,2':5',2''-terthiophene 4 (100 mg, 0.22 mmol) was added to a 

solution of [PdCl2(PhCN)2] (84 mg, 0.22 mmol) in dichloromethane (10 mL). After stirring at room temperature 

for 20 min, the solvent was removed. Obtained 115 mg (83%). 1H NMR (CDCl3): 7.54 (2H, dd, 5-H and 5"-H, 

J3,5 = 0.98 Hz, J4,5 = 5 Hz), 7.40 (2H, broad dd, 3-H and 3"-H), 7.16 (2H, dd, 4-H and 4"-H, J3,4 = 3.7 Hz, J4,5 = 

5 Hz), 3.4–2.8 (4H, broad multiplets, α-H), 2.1–1.6 (2H, broad, β-H), 1.4–1.0 (4H, broad, γ-H), 0.9–0.6 (6H, 

broad, δ- and ε-CH3). 
13C NMR (CDCl3): 130.6 (2C, 2-C and 2"-C), 129.7 (2C, CH), 129.1 (2C, CH), 128.8 

(2C, CH), 53.4, 52.8, 50.8, 50.2 (2C, CH2(α)), 35.7, 34.3 (2C, CH(β)), 29.3, 29.2 (2C, CH2 (γ)), 19.8, 18.9 (2C, 

CH2(ε)), 11.3, 11.2 (2C, CH2(δ)). Probably due to a broadening of the signals, the peaks of the quaternary 

carbons could not be detected after an overnight aquisition. Anal. Calcd. for C22H28Cl2PdS5: C 41.95, H 4.47. 

Found: C 41.01, H 4.51. 

Crystal structure determination for compounds 5 and 6. 
Diffraction data for compound 5 were collected on a Enraf-Nonius CAD4 diffractometer, whereas those for 

compound 6 on a Siemens P4RA-M18X diffractometer equipped with rotating anode (52 kV, 130 mA). In both 

cases, the ω-2θ  scan mode was chosen. Crystal data and details of data collections and refinements are 

summarized in Table 15. The structures were solved by direct methods (SHELXS86), and were refined through 

full-matrix least squares calculations based on F2 (SHELXL93). All non-hydrogen atoms were refined 

anisotropically, and H atoms were constrained to ride in ideal positions on the C atoms to which they are bonded. 
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In both compounds, two methyl groups (C9 and C10 in Figure 5.1) display unusually high thermal motion 

parameters and extremely short bond distances, perhaps indicative of light disorder. 

Theoretical methodology 
3,4-Bis(methylthio)thiophene and 3',4'-bis(methylthio)-2,2':5',2''-terthiophene were used as representative 

models for the 3,4-bis(3-methylbutylthio)thiophene 2 and 3',4'-bis[2-(S)-methylbutylthio]-2,2':5',2''-terthiophene 

4, respectively. The geometries of the isolated molecules as well as those of the complexes with PdCl2 have been 

fully optimized at the density functional level of calculation. The main advantage of density functional theory 

(DFT) with respect to Hartree-Fock is that it allows to take electron correlation explicitly into account which is 

of the utmost importance in the description of metal-organic interactions. The Vosko-Wilk-Nusair25 expression 

for the exchange-correlation potential in the local density approximation was used, along with a double 

numerical precision basis set (DNP) of 6-311 G* quality.26 A frozen core approximation equivalent to the use of 

a pseudopotential has been used for the palladium and chlorine atoms. The binding energies and charge 

distributions calculations have been carried out at the non local level of DFT using the Becke-Lee-Yang-Parr 

gradient-corrected functional27,28 for the exchange-correlation potential. This methodology has already been 

successfully applied to metal-organic systems containing aluminum, nickel, copper, and iron.29,30 The 

interpretation of the optical spectra of {[PdCl2(3,4-bis(methylthio)thiophene]} 5 has been performed on the basis 

of Hartree-Fock INDO semiempirical calculations, coupled to a single configuration interaction description 

(SCI).31 
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6 Towards Control of the Aggregation Behavior 

and Conformational Properties of                    

ππ-Conjugated Polymers 

 

“At times it returns, 

in the motionless calm of the day, the memory 

of living immersed, absorbed, in the stunned light”  

“The Night” by Cesare Pavese 

 

 

Abstract 

The synthesis of oligo- and poly(thienyleneethynylene)s and polythiophenes 

bearing alkoxy substituents with different polarity is reported. The polymers 

are fully characterized by 1H- and 13C-NMR, DSC, TGA, FT-IR, UV-vis and 

CD spectroscopy. AFM investigation gives evidence of the presence of 

nanoaggregates in poor solvents. The solvent dependent aggregation and the 

conformational properties were examined by absorption and circular 

dichroism spectroscopy. Poly{3,4-di[(S)-3,7-dimethyloctyloxy]thienylene 

ethynylene} formed board-like aggregates as soon as planarization of the 

polymeric backbone was induced. Polythiophenes bearing chiral 
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oligoethyleneoxy side chains displayed different microstructure depending on 

the lenght of the PEO side chains. 

6.1 Introduction 

Detailed knowledge of the relationship between the regiochemistry of the substitution 

pattern and the conformational properties of functionalized π-conjugated polymers (CPs), in 

both the solid phase and solution, is of great importance since it forms the basis for the 

control and tuning of the electrical and optical properties. Indeed, the conformation of CPs — 

in single crystals, in ordered films and in solution — governs the degree of π-overlap between 

adjacent rings and the band gap between ground and excited molecular states. Together with 

the solid state morphology and interchain interactions, it determines all electrical and optical 

properties, which are of interest to the industrial application of these materials. Unfortunately, 

it is difficult to separate the individual contributions — inter-fibrillar, interchain and 

intrachain interactions (Figure 6.1) — by analyzing macroscopic properties in the solid state. 

In particular, the intrachain mode, which reflects one-dimensionality of the polymer chain, is 

smeared by the two other processes. The optimal situation for the understanding of intrachain 

phenomena would be the study of a single planar chain. However, as illustrated in Chapter 4, 

in CPs with solubilizing aliphatic side chains aggregation and high order / planarity take place 

in the same timescale. 

 

Figure 6.1. Schematic diagram of the intramolecular, intermolecular and interfibrillar processes 
contributing to the macroscopic properties of CPs. 

In this chapter, we report our first results in producing conjugated polymers that are 

able to display a high level of organization in solution. Initially, we synthesized the first chiral 

alkoxy substituted poly(thienyleneethynylene) (PTE). This polymer gives well-defined 

supramolecular aggregates in protic solvents. Further, we describe the unsuccessful attempts 

to synthesize oligo- and poly(thienyleneethynylene)s with chiral pentaoxyethylene side 

chains. Finally, we elaborate on the synthesis and conformational properties of PTs with 
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chiral oligooxyethylene side chains. Preliminary investigation indicates that these groups are 

capable to transmit conformational order to the polymer main chain via solvophobic 

interactions. 

6.2 Poly(2,5-thienyleneethynylene) with apolar chiral alkoxy side 
chains: aggregation effects in protic polar solvents 

It has been reported that the palladium-catalyzed cross coupling reaction of the 

appropriate monomers furnishes π-conjugated poly(aryleneethynylene)s (PAE) in high yield.1-

3 An important feature of this polymerization method is the possibility to introduce different 

aromatic building blocks. Furthermore, the PAE-type polymers have interesting optical, 

electrochemical and electrical properties.1,3-6 In order to improve the understanding of the 

relationship between polymer morphology and the macroscopic properties, chirality has been 

introduced in the side chains of CPs, since it is well documented the importance of optical 

activity in the elucidation of the secondary structure of biological compounds. From previous 

work it is well established that the chiral side chains induce optical activity in the main chain 

of conducting polymers by means of aggregation of the main chains into chiral 

superstructures. In the past it has been used for polythiophenes7-9 and 

poly(thienylenevinylenes) (See Chapter 4), but for PAE-type polymers, the chiroptical 

information has only been used to elucidate the aggregation of chiral 

poly(phenyleneethynylene)s10, while no chiral poly(thienyleneethynylene) has been 

investigated. The palladium-catalyzed polymerization afforded poly{3,4-di[(S)-3,7-

dimethyloctyloxy]thienyleneethynylene} (PTE). The polymer is soluble in common organic 

solvents such as CHCl3, CH2Cl2, toluene and THF, while it forms ordered superstructures in 

protic polar solvents as it was observed with atomic force microscopy (AFM). These 

aggregates of regular dimensions can be used as electroactive particles in composites and as 

the electroactive part in different electrooptical devices. Anisotropic LB films were obtained 

as well. 

6.2.1 Results 

The synthesis of the polymer PTE is outlined in scheme 6.1. The 3,4-bis[(S)-3,7-

dimethyloctyloxy]thiophene 2 was synthesized using the transetherification reaction of 3,4-

dimethoxythiophene 1 with alcohols in acidic media, as previously applied for the synthesis 

of e.g. 3,4-bis(alkylthio)thiophenes (Paragraph 4.2.3.1). Compound 2 was then iodinated in 

the two α positions with N-iodosuccinimide (NIS) in 86% yield. By the reaction of compound 

3 with trimethylsilylacetylene (TMSA) using the catalysts bis(triphenylphosphine)palladium 

dichloride and copper(I) iodide, the 2,5-diethynyl TMS-protected compound 4 was obtained. 

The TMS-protected intermediate 4 is an air- and moisture-stable liquid. Treatment of 4 with 

tetrabutylammonium fluoride removes the protecting group. Building block 5 is a clear 
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colorless liquid that darkens upon prolonged standing. Poly(thienyleneethynylene) PTE was 

obtained via Pd-catalyzed polycondensation of 5 and 3 in equimolar amounts. The overall 

yield for the five steps is around 60%, exceptionally high when compared with the synthesis 

of other conjugated materials.11 
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Scheme 6.1. Reagents and conditions: i, 3,7-(S)-dimethyloctanol, p-toluenesulfonic acid, toluene, 
90°C, 92%; ii, NIS, DMF, 86%; iii, TMS-acetylene, NEt3, Pd(PPh3)2Cl2, 93%; iv, Bu4NF, THF, 90%; 
v, Pd(PPh3)4, CuI, NEt3, toluene, 78%. 

The molecular weight of PTE was determined by gel permeation chromatography in 

chloroform against polystyrene standards; the weight-average molecular weight (Mw), and the 

number-average molecular weight (Mn) were 23400 and 13400 g/mol, respectively 

(corresponding to approximately 31 repeating units per polymeric chain), giving a 

polydispersity index Mw/Mn of 1.7.  

-100 -50 0 50 100 150 200
T (°C)  

Figure 6.2. DSC of PTE. 
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The DSC of PTE shows an exothermic peak at about 50°C (∆H of about 10 J/g), which can 

be assigned to the melting of the side chains (Figure 6.2). In the cooling run, crystallization of 

the side chains is recorded at -15°C (20°C/min). TGA of PTE reveals a limited initial weight 

loss of 3% between 200 and 300°C. The first decomposition process onsets around 300°C. 

The corresponding weight loss of about 65% is ascribed to the elimination of the pendant 

chains. Decomposition of the polymer backbone into small, volatile fragments occurs only at 

temperatures higher than 450°C. 

We investigated the aggregation behavior of PTE and compared it with PTs with 

alkoxy side chains. The absorption spectra of PTE in dilute chloroform solution and in a spin 

coated film (from chloroform) display absorption maxima at 441 and 470 nm, respectively 

(Figure 6.3). The spectrum of the film also shows a shoulder at 516 nm. There is a shift to 

higher energies for the maximum of absorption in solution as compared to 

poly(alkoxythiophene)s.12 This can be explained by the presence of the triple bonds along the 

polymer backbone, which are responsible for a reduction in effective π-conjugation with 

respect to the corresponding thienylene or thienylenevinylene polymers, as resulted from the 

valence-effective Hamiltonian band structure calculations.13 The difference in the absorption 

spectra between the solution and the film indicates that the polymer in the solid state is more 

planar and more rigid, as compared to the solution in a good solvent, in which the polymer is 

proposed to be in a disordered conformation. 
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Figure 6.3. UV-vis and CD spectra of PTE in chloroform (dotted line), in butanol (solid line) and in 
the solid state (dashed line). 

Correspondingly, no circular dichroism (CD) signal is observed in chloroform, while in the 

solid state a strong bisignated Cotton effect is recorded at the position of the π–π* band. This 

phenomenon has already been observed for other conjugated polymers and explained by 

aggregation of polymer chains.8,9,14 Similar UV-vis and CD spectra as in the solid state are 

observed for solutions of PTE in polar protic solvents (Figure 6.3). In these solvents, the poor 
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solubility of the polymer induces aggregate formation. The aggregate size and the ordering of 

the polymer are slightly dependent on the solvent used: the anisotropy factor of this transition, 

defined as gabs = ∆ε/ε reaches a maximum value of +2.2 × 10-2 at 540 nm, when the polymer 

is dissolved in butanol. The presence of a highly ordered chiral structure is generally 

associated to the high value of gabs. 

Figure 6.4 depicts photoluminescence (PL) emission and excitation spectra of the 

polymer PTE in a good solvent (CHCl3), in a poor solvent (pentanol) and in the solid state. 

The polymer in chloroform exhibits its main photoluminescence at 517 nm, which agrees 

with the onset position of the UV-vis spectrum of PTE, as usually observed in π-conjugated 

polymers.  

Figure 6.4. Photoluminescence (PL) emission and excitation spectra of PTE in chloroform (solid 
triangle down, λex = 447 nm and λem = 518 nm), pentanol (open square, λex = 441 nm and λem = 511 
nm), pentanol (solid circle, λex = 510 nm and λem = 587 nm) and solid state (open triangle up, λex = 
468 nm and λem = 515 nm). 

The photoluminescence spectrum in chloroform also shows a clear shoulder at about 550 nm. 

Similar structures have been observed with other PAEs.1 Both excitation spectra as monitored 

at the main peak and at the shoulder of the PL give a peak at the same position (456 nm), 

which is near the λmax position of the absorption band (441 nm). These results indicate that 

both the main peak and the shoulder originate from the same electronic excitation. A different 

situation is observed when PTE is dissolved in a poor solvent, such as pentanol. When the 

polymer is excited at 441 nm (the λmax of the absorption peak) the photoluminescence shows 

a maximum at 509 nm, while two shoulders at about 538 and 574 nm are recorded. The 

excitation spectra monitored at the main peak and at the shoulders of the photoluminescence 

differ significantly, one having a maximum at 440 nm, corresponding to the λmax of the PTE 

when dissolved in chloroform, while the others display a maximum at 459 and a shoulder at 

511 nm, corresponding to the spectrum of the polymer in pentanol. These results indicate that 

the main peak and the shoulders originate from different species, one coming from the 
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molecularly dissolved polymer, the other from the polymer in the aggregated phase. When we 

excite the pentanol solution of PTE at 510 nm, only the two peaks at 546 and 592 are 

observed. This is also confirmed by the PL spectrum of the polymer in the solid state, which 

is dominated by the emission of the aggregated species. The diminished intensity of the PL 

emission band in the solid state as compared to that in solution can be ascribed to different 

causes, the principal one being interchain coupling.15 

The high level of organization of PTE in poor solvents is also transmitted to the 

microscopic level, as observed via the AFM technique.16 Generally CPs have complex and 

inhomogenous morphologies such as fibrillar structure in the solid state.17 The AFM 

topographical image in figure 6.5 shows instead nanodiscs grown on mica from very diluted 

chloroform/ethanol (1:4) solution of PTE.  

 

Figure 6.5. AFM picture of microaggregates of PTE on mica. 

These architectures, obtained by leaving a drop of solution on mica for few seconds and 

removing the solution with a paper filter, exhibit a diameter of 351 ± 20 nm and variable 

height in the range of 29 ± 9 nm. Indeed the dimension of the aggregate is constant, indicating 

the high level of ordering of the polymer in the aggregates. In contrast, evaporation of the 

chloroform solution of PTE only led to a homogeneous film on the mica. 

Chloroform solutions of PTE were spread onto the water surface of a Langmuir 

through. Isothermal compression leads to a close-packed monolayer consisting of oriented 

chains. The pressure-area isotherm for the Langmuir film is shown in figure 6.6 (Left). Even 

at pressures as high as 45 mN/m, we did not observe any collapse, indicating that the 

monolayer has a good stability. This is in contrast to what is reported generally: non-

amphiphilic alkyl substituted polymers do not form a stable monolayer, and therefore 

amphiphilic additives are needed.18,19 The PTE exhibits an isotherm with an extrapolated 

molecular area per repeating unit of 110 Å2 (Figure 6.6, Left).  
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Figure 6.6. (Left) Surface pressure-area isotherm of PTE monolayers. (Right) UV-vis and CD 
spectra of LB film of PTE in orthogonal directions. 

The transfer of the monolayer on quartz by the Langmuir technique proceeded via horizontal 

dipping. Orange colored Langmuir monolayer films have an anisotropic orientation of the 

ordered domains as detected from the different CD spectra obtained by rotation of 90° (Figure 

6.6, right). Within the domains, the polymer chains are highly planar as indicated by the solid 

state λmax of 486 nm and by the high intensity of the shoulder at 522 nm.  

In brief, the polymer PTE bearing aliphatic side chains displays solvatochromism, i.e. it 

presents longer planar backbone segments in presence of polar solvents compared to the 

chloroform solution, as indicated by the lowering of its absorption energy. Correspondingly it 

self-organizes in well defined aggregates of regular dimensions. Similar chiroptical behavior 

was already observed for polythiophenes bearing chiral alkyl, alkylthio or alkoxy side chains 

(see also Chapter 4).  

6.3 Conjugated polymers with chiral oligoethylene glycol side 
chains: supramolecular organization in protic polar solvents 

There are a few examples of ordered molecules that are at the same time highly 

organized and molecularly dissolved in solution. In nature, proteins and nucleotides show 

intramolecular self-organization in water solution. It is generally believed that the presence of 

H-bonding in these compounds is fundamental to display ordered structures in solution. 

However, Moore et al. designed oligo(m-phenyleneethynylene)s that formed an helix only 

through solvophobic interactions (Figure 6.7).20-23 The chain does not form intramolecular 

hydrogen bonds but solvophobic interactions drive the folding transition. The authors 

concluded that “when solvophobic interactions are the dominant contribution to stability, the 

structures of folded polymers should tolerate many modifications at the backbone and 

monomer types”. Since they reported a single chain phenomenon, this result is regarded as a 

fundamental starting point for the achievement of control in the organization of CPs. 

However, the described compounds are not conjugated, due to the meta linkages at the phenyl 

ring. 
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n = 2,4,6,8,10,12,
      14,16,18

R = -(CH2CH2O)3CH3

N3Et2
Me3Si

RO O

 
Figure 6.7. Oligo(m-phenyleneethynylene)s capable of folding into an helical structure via 
solvophobic interactions.20-23 

A molecular modeling study on polythiophenes indicates that the angle between the 

sulfur atom of the thenylene unit and the 2-substituent (i.e., other thienyl rings in 

polythiophene) is about 143°.24 This is close to 120°, angle between two substituents in the 

meta positions of a phenyl ring, thus a similar behavior can be expected. Actually, it has been 

reported that a helical conformation with an helical angle of 35° would be only 1.6 kcal/mol 

more unstable than the corresponding rod planar one, in the case of poly(methyl)thiophene 

(Figure 6.8).25,26 In addition, there is experimental evidence of an all-cis conformation of the 

polythiophene backbone,27-29 in sharp contrast with the many reports on the all-trans 

conformation.30-32 

   
Figure 6.8. (Left) Optimized geometry of PT with a coil conformation by the combination of the 
MNDO and EHT approaches. (Right) Torsional potential curve of PT (dashed line) and PMeT (solid 
line) (the energy relative to anti conformation) calculated by EHT based on the MNDO fully 
optimised geometry.25 



Chapter 6 

 120

There are other examples of supramolecular architectures in which columns constituted of an 

aromatic stacked interior and PEO solubilizing side chains are formed in protic solvent 

(Figure 6.9).33-35 The location of PEO side chains at the periphery of extended cores gives rise 

to thermotropic discotic liquid crystalline materials, that also show lyotropic phases in polar, 

protic media. 

Since it seems that the increase in the polarity of the substituents induces more 

organization due to the possibility of interplay between hydrophobic and hydrophilic parts, 

we have focused on this type of systems. In the literature there are few examples of CPs with 

PEO side chains (Figure 6.10).19,36-43 They were mainly synthesized to be used as amphiphilic 

polymers to obtain Langmuir-Blodgett monolayers of CPs or to favor ion-transport. 
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Figure 6.10 

Leclerc et al.39-41  studied the thermochromic and ionochromic properties of 

regioregular PPEGMT (Figure 6.11). PPEGMT is thermochromic in both the solid state and 

in solution. At 15°C in methanol the polymer is highly conjugated with an absorption 

maximum at 550 nm and a vibronic peak at 594 nm. Upon heating, an absorption band 

appears at 426 nm while the intensity of the 550 nm band decreases. The authors explain this 

phenomenon by a thermally-induced disordering of the side-chain inducing the twisting of the 
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main chain. Although the results were interpreted as a single-chain phenomenon, it seems 

more appropriate to explain the transition in terms of aggregation at low temperature and 

dissociation at higher temperature, especially on the light of the quenching of the 

luminescence emission upon lowering the temperature. 

    

Figure 6.11. (Left) Temperature-dependent UV-vis absorption spectra of PPEGMT in MeOH. 
(Right) UV-vis absorption spectra of PPEGMT in MeOH with different KCl concentrations at 20°C. 

It was also possible to modify the ratio between the ordered and disordered form of the 

polymer through the addition of KCl (Figure 6.11, right). These ionochromic effects can be 

explained by a disordering of the side-chains through non-covalent interactions with K+. On 

the other hand, since MeOH is a poor solvent, these results can also be related to 

solvatochromic effects, i.e., a better solubilization of the polymer upon the addition of KCl. 

Anyway, non-covalent interactions between the side-chains and the ionic species are the 

driving force for these chromic effects. 

There are only few examples of PTs with hydrophilic substituents described in the 

literature (Figure 6.12).44-49 Most of them are soluble in water as their sodium salt, and the 

conformation in solution will be mainly driven by ionic interaction rather than by interaction 

with water. 
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Figure 6.12. Water soluble PTs 
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Since nothing is reported on the organization of PEO substituted CPs in water, we aimed at 

the synthesis of oligo- and poly(thienyleneethynylene)s with chiral oligoethyleneoxy side 

chains. The presence of CD effects in correspondence to the absorption bands of the CPs in 

non-aqueous solutions was ascribed in literature8,9 to the formation of chiral aggregates. 

Therefore chirality is used here as a probe of aggregation. 

6.3.1 Poly- and oligo(thienyleneethynylene)s 
Following the molecular design of Moore’s oligo(m-phenyleneethynylene)s, we 

attempted the synthesis of oligo- and poly(thienyleneethynylene)s with chiral ethylene glycol 

ester side chains (Scheme 6.2).20,50 We used an iterative convergent/divergent approach to 

produce oligo(thienyleneethynylene)s. Using this strategy oligomers with alkyl side chains 

were prepared far more efficiently than their corresponding oligothiophenes.51,52  

The synthesis starts from the commercially available 3-thiophenecarboxylic acid 6, which is 

esterified with the chiral pentaethylene glycol50 using DCC/DMAP to give compound 7. The 

selective halogenation of the ester 7 could not be achieved. The mercuriation of 7 does not 

proceed, while a mixture of mono and dibrominated compounds is obtained through 

bromination with NBS. Lithiation of 6 with two equivalents of LDA to produce the dianion 

and subsequent quenching with I2 gave 2-iodo-3-thiophenecarboxylic acid 8 in 50% yield. 

The 2-iodo-3-thiophenecarboxylic acid 8 was esterified with DCC and DMAP to give 

compound 9 in 68% yield. In this case the low yield is due to the purification method (column 

chromatography with silica, which catalyzed the loss of the ethylene glycol side chain), since 

the reaction is quantitative. Compound 9 was reacted with the TMS-acetylene using 

Pd(II)/CuI as catalyst to give the protected acetylene derivative 10 in 66% yield. This 

compound could be considered as the synthon for the synthesis of a series of even-numbered 

oligo(thienylenevinylene)s with chiral glycol side chains. 

Compound 10 was divided into two portions. One portion was iodinated with LDA/I2 at 

the 5-position, giving a mixture of compound 11 and N,N-diisopropyl-5-iodo-2-

trimethylsilylethylene-3-thienylamide in an 80:20 ratio. Column chromatography gave pure 

11 in 63% yield. The production of the side-product is ascribed to the presence of 

diisopropylamine, hence the use of hexamethyldisilazane or of 2,2,6,6-tetramethylpiperidine 

should be recommended. The second aliquot was quantitatively deprotected with Bu4NF to 

give compound 12. Coupling of compounds 11 and 12 in the presence of the catalysts Pd(0) 

and CuI generated dimer 13 in 48% yield. The sequence of reactions from monomer 10 to 

dimer 13 affords a global yield of only 30%, much lower than the 83% obtained for the 

synthesis of similar compounds via the same procedure.52 Due to the partial loss of the 

ethylene glycol during each coupling step, we decided to desist from the synthesis of longer 

oligo(thienyleneethynylene)s and we preferred to focus on the synthesis of the polymer. 
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Scheme 6.2. Reagents and conditions: i, DCC, DMAP, ROH, CH2Cl2; ii, HgO, I2; iii, NBS, DMF, 
r.t.; iv, LDA, -78°C; v, I2; vi, TMS-acetylene, Pd(PPh3)2Cl2, CuI, NEt3; vii, Bu4NF, THF; viii, 
Pd(PPh3)4, CuI, NEt3. 

With the asymmetric derivative 11 we tried the synthesis of the regioregular 

polythienyleneethynylene, but the attempts were not successful due to the instability of the 

ester function to the polymerization step, which commonly requires high temperatures 

(Scheme 6.3). 
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Scheme 6.3. Reagents and conditions: i, Bu4NF, THF; ii, i-Pr3N, CuI, Pd(PPh3)2Cl2, THF; iii, 
KOCOCH3, Pd(PPh3)4, DMF. 

6.3.2 Poly[3,4-di(oligoethyleneoxy)thiophene]s 

Synthesis 

For the instability of the molecules described above we replaced the ester linkage with 

the more stable alkoxy one. Due to lack of selectivity to the nucleophilic or electrophilic 

substitution between the 2 and the 5 positions in 3-alkoxythiophene, we synthesized 3,4-

dialkoxy substituted PTs (Scheme 6.4). The choice for a disubstituted ether linkage is allowed 

by the reduced steric hindrance of the oxygen atom, as compared to the methylene 

linkage.12,53 Furthermore, PTs — from oxidative polymerization of the monomeric unit — 

were preferred to the corresponding poly(thienyleneethynylene)s — from coupling of exactly 

one equivalent of diiodo with one equivalent of diethylene thienyl derivatives — due to the 

low precision in the weighing of the highly viscous monomers. In fact, the density of PEO is 

generally quite high, around 1.126 g cm-3 for the fully amorphous state.54 The polythiophenes 

with two PEO side chains PT1–PT2 were readily obtained in two-steps (Scheme 6.4). 

Transetherification of 3,4-dimethoxythiophene 1 with the suitable PEG monomethyl ether 

was followed by oxidative polymerization with iron trichloride. The polymers PT1–PT2 were 

separated from the salts and the oligomeric fractions via extraction, followed by preparative 

size exclusion chromatography in 25 and 35% yield, respectively.  

14: m = 3
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Scheme 6.4. Reagents and conditions: i, ROH, p-toluene sulfonic acid, toluene, 100–110°C; ii, 
FeCl3, CHCl3. 
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These results indicate that oxidative chemical polymerization of disubstituted 14 and 15 is 

successful, in contrast to the reported unsuccessful electrochemical polymerization.55 3,4-

Bis(2-methoxyethoxy)thiophene and 3,4-bis[2-(2-methoxyethoxy)ethoxy]thiophene did not 

polymerize because “their acyclic substituents have a much higher conformational flexibility, 

preventing the polymerization through steric repulsion of the radical cations”. 

The polymers PT1–PT2 are soluble in both polar protic solvents such as water, 

methanol, ethanol and in aprotic solvents, such as chloroform, THF and CH2Cl2.  

Solution and Solid State UV-vis, PL and CD spectroscopy 

We investigated the behavior of the polymers in polar protic and aprotic solvents, by means 

of chiroptical techniques. In chloroform the polymers PT1–PT2 show an absorption 

maximum around 505 nm and they are believed to be in a coil conformation. In water their 

behavior differs remarkably. The polymer PT2, which is constituted for 86.6% of PEO, 

displays a broad absorption at about 500 nm at room temperature and we can therefore 

assume that it is molecularly dissolved and in a coil conformation. This is due to the high 

percentage of PEO side-groups in the monomeric unit that allows the screening effect — that 

is to say water solubility — since the backbone is surrounded by these voluminous 

substituents.  
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Figure 6.13. UV-vis and PL (λex = 600 nm) of PT1 in water at room temperature. 

PT1 is constituted by 84.3% of PEO, only 2.3% less compared to PT2. This is enough 

to display peculiar properties in water (Figure 6.13). At room temperature the polymer 

dissolves in water up to 2 w% giving a deep purple solution with a maximum at λ = 546 nm 

and vibrational fine structure. This could be an indication of aggregate formation, but 

correspondingly a very small CD effect is observed. Furthermore the luminescence emission 

is not quenched and displays also fine structure (Figure 6.13). It is not easy to give an 

explanation of this phenomenon observed for the first time with chiral PTs, since not much is 

understood of the conformational properties of PEO itself in aqueous solution. It is reported 
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in literature that PEO exhibits in water a more ordered structure than in other solvents (as 

chloroform or methanol, for instance) or in the melt.54,56 The PEO chain may be 

accommodated in a hexagonal water structure (ice Ih structure), since the distance between 

alternate oxygen atoms of PEO in a suitable conformation equals the next-nearest-neighbour 

distance (ca. 4.7 Å) of the water oxygens (Figure 6.14).57  

 
Figure 6.14. Schematic representation of the interaction between PEO and water.57 

In this way each ethylene oxide unit is coordinated to three molecules of water. If that is the 

case also for the side chains of PT1, we can suggest three possible explanations for its 

chiroptical behavior: 

1. The polythiophene backbone is in a transoid rod or helical cylindrical conformation, 

with the PEO encaged in the solvent protecting the backbone from hydrophobic 

interactions. The helical pitch in a transoid conformation would be so large that 

almost no CD effect is observed. This proposed conformation would account for the 

small CD effect and also for the presence of photoluminescence.  

2. Aggregates with a lamellar or interdigitated structure are formed, all wrapped by PEO 

encaged in water. Due to the bulkiness of these engaged PEOs, we can imagine a 

somewhat larger distance between the PTs chains compared to poly(alkylthiophene)s, 

a diminished π-interaction, and therefore a diminished quenching in the PL. However 

this description does not account for the low CD effect.  

 
Figure 6.15. Conformational equilibrium for chiral amino acid-substituted PT, proposed by 
the authors to explain the solvatochromic behavior of the polymer. 49 

 Generally aggregated samples of chirally substituted π-conjugated polymers give 

strong bisignated CD effect.7 Hjertberg et al., for instance, observed a high CD effect 

for a “water soluble”, chiral amino acid-substituted PT in water ([α]D = +3800). The 
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CD effect was greatly reduced in methanol.49 These observations were interpreted as 

that a significant amount of the syn conformers of the polymer in water have 

isomerized to the anti conformers in methanol (Figure 6.15). In the light of more 

recent studies on chiral PTs,58 we can suggest that the CD signal is indicative of the 

presence of aggregates in water, while in methanol the polymer is molecularly 

dissolved.59  

3. The third possibility is a combination of the other two, and a supramolecular 

rod/helical assembly could be formed.  

Nevertheless filtration experiments (through a 5µm filter) have been performed and no 

change in the UV-vis spectrum was detected, indicating that if aggregates are present, their 

dimensions should be significantly smaller than 5 µm. Furthermore, the absorbance was 

determined by using a range of concentrations. Beer’s law behavior was observed (Figure 

6.16), which seems to indicate the absence of aggregates. 
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Figure 6.16. Dependence of the absorbance at 546, 597 and 508 nm on the concentration of PT1 in 
water. [M] refers to the concentration of repeating unit expressed in molarity. 

In addition, AFM and TEM measurements on mica and C-coated Cu grid, respectively, 

prepared by leaving the support in contact with the water solution of PT1 for few seconds, 

gave no evidence of presence of aggregates in solution. Therefore the thermochromic and 

solvatochromic effects, reported later in this Paragraph, will be mainly ascribed to 

conformational changes. These changes could be associated to modifications in the 

microscopic structure (aggregate formation or redisolution)  

Increasing the temperature of diluted water solution of PT1 leads to the reversible 

transition of the polymer backbone from rigid-rod to random-coil (Figure 6.17, left).60 A 

similar transition is observed upon addition of a good61 solvent (like acetonitrile) to the same 

water solution (Figure 6.17, right). For low percentages of acetonitrile, we observe a rapid 

increase of the light scattering, probably due to aggregate formation, that then redissolves at 
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higher acetonitrile concentrations (% acetonitrile > 50%). If we assume that H-bonds between 

the PEO side chains and water are present, the addition of MeCN could generate a diminished 

order in the PEO and therefore a collapse of the structures into bigger aggregates, that then 

redissolve when the percentage of good solvent (MeCN) is further increased, due to the 

parallel order-disorder transition. 
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Figure 6.17. (Left) UV-vis spectra of an aqueous solution of PT1 at different temperatures 
(temperatures in degrees centigrade are given in the inset). (Right) UV-vis spectra of an aqueous 
solution of PT1 upon addition of MeCN (the percent of water in the mixture is given in the inset). 

This transition for PT2 in water is possibly happening at lower temperatures, since the 

frozen water solution qualitatively displays the same color as the water solution of PT1 at 

room temperature. We can imagine that at highest temperature the side chains are bulkier and 

force the polymer backbone out of planarity. This also implies that thermochromic transitions 

for PTs with longer side chains should occur at lower temperatures. 
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Figure 6.18. UV-vis (dotted line) and CD (solid line) spectra of PT2 in film formed by casting from 
toluene at r.t. 

The polymers PT1–PT2 display also aggregated states. In the solid state and in very apolar 

solvents, such as dodecane, PT2 exhibits an absorption maximum around 550 nm and 

vibrational fine structure (Figure 6.18). Correspondingly a bisignated circular dichroism (CD) 

is observed. As previously mentioned, CD effect for PTs with chiral susbtituents has been 
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associated to aggregate formation.58 PT1 aggregates in mixtures of dodecane/decanol 

solvents, giving the same CD signal as that of PT2. 

1H and 13C NMR 

A powerful technique for the investigation of conformational changes and aggregate 

formation is nuclear magnetic resonance (NMR) spectroscopy, in its one- and two-

dimensional versions. 
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Figure 6.19. 1H NMR of PT1 (a) in CDCl3, (b) in diluted D2O and (c) in concentrated D2O solutions. 

Inverse-detected 1H,13C two-dimensional NMR spectroscopy has been applied to the study of 

poly(3-hexylthiophene)62 and poly(3-hexanoyloxyethyl-2,5-thienylene)63 to determine defects 

from the polymerization and the substitution pattern and regiochemistry of the polymers.  

The 1H-NMR spectra of PT1 in CDCl3 and in D2O show broad signals at 4.5–3.2 ppm 

attributed to the tetraethyleneglycol side chains, and a doublet at around 1.3 ppm attributed to 

the CH–CH3 group (Figure 6.19). The protons of CH2(α) are diastereotopic, due to the 

presence of the neighboring chiral center, and give two multiplets at 4.17 and 3.97 ppm in 
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CDCl3. The change in solvent from CDCl3 to D2O induces the broadening and the shift of the 

peaks and the loss of resolution. In contrast, for PT2 no significant change was detected in the 

broadening of the peaks and in the resolution upon passing from CDCl3 to D2O, while 

comparable changes in the chemical shifts of the signals were observed. The same marked 

difference in behavior between PT1 and PT2 in water was already observed through UV-vis 

and PL spectroscopy. This suggests that either the polymer PT1 forms stable aggregates in 

D2O or its rotational freedom is reduced by the presence of D2O, as generally is observed 

when cooling a solution to its coalescence point, while PT2 is molecularly dissolved. Since 

there is no dilution effect for PT1 in D2O (Figure 6.19), the second possibility seems more 

likely, taking into account that stable aggregates cannot be excluded.64 This indicates that 

PT1 in water is more rigid, probably due to an increased rigidity of its side chains in this 

environment. In order to increase the rotational freedom, we tentatively tried to increase the 

temperature, but we did not observe any change before 60°C, temperature at which the PEO 

chains started to aggregate and the polymer precipitated from solution. 

6.3.3 Poly[4-methyl,3-ethyleneoxythiophene]s 
The polythiophenes with one PEO and one methyl side chain PT3–PT4 were readily 

obtained in 19–45% yield, respectively, using the same two-steps reported above for PT1–

PT2 (Scheme 6.5).  
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Scheme 6.5. Reagents and conditions: i, ROH, p-toluene sulfonic acid, toluene, 100–110°C; ii, 
FeCl3, CHCl3. 

The regioregularity of PT3–PT4 is high, as only 4 aromatic signals are observed by 13C-NMR 

(Figure 6.20), in full agreement with reports of Leclerc et al.41 for similar polymers (for 

which they claim the regioregularity to be above 95%). The polymers are all soluble in both 

polar protic solvents such as methanol, ethanol and in aprotic solvents, such as chloroform, 

THF and CH2Cl2, while insoluble in water.  



Control of the Architecture in Conjugated Polymers 

 131

  

Figure 6.20. Aromatic region of the 13C-NMR spectrum of PT4 in CDCl3. 

Solution and Solid State UV-vis, PL and CD spectroscopy 

We investigated the behavior of the polymers in polar protic and aprotic solvents, by 

means of chiroptical techniques. In chloroform the polymers show an absorption maximum 

around 425 nm. The difference of 80 nm in the absorption maximum of these polymers and 

the disubtituted PT1–PT2 can be easily explained firstly by the higher donating ability of the 

alkoxy group, as compared to the methyl group and, secondly, by the higher steric hindrance 

of a methyl compared to an oxygen, inducing a higher distortion from planarity.  

PT4 dissolves in protic polar solvents only by heating the sample to about 40–50°C, 

where it slowly aggregates upon cooling.65 Furthermore, the aggregated sample shows 

bisignated CD signal similar to the one in the solid state (Figure 6.21), with a gabs at room 

temperature of -3.3 × 10-3 at 607 nm in MeOH and EtOH. Worth mentioning is the opposite 

chirality present in the solid state for PT1–PT2 as compared to PT3–PT4, polymers having 

two and one PEO side chains, respectively (compare Figure 6.18 with Figure 6.21). 
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Figure 6.21. UV-vis (dashed line) and CD (solid line) spectra of PT4 in film formed by casting from 
methanol at r.t. 

By the addition of water to a methanol solution of PT4 (Figure 6.22) a peculiar 

phenomenon takes place: during the addition of the first 10% of water the polymer seems to 

undergo a rod–coil conformational change, with the ratio between the absorbance at about 
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420 nm and the ones at 560 and 605 being significantly increased. Between 13 and 31% of 

water the peaks at 560 and 605 nm remain constant, while the peak at 420 shifts gradually to 

approximately 448 nm. After 33% of water, there is a coil–rod conformational change, till 

about 60% water, percentage at which the maximum at around 448 nm has completely 

disappeared. This water-induced state has a reduced CD signal, the gabs, in the mixture 

MeOH/water 30:70 is -1.2 × 10-3 at 607 nm.  
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Figure 6.22. UV-vis spectra of a MeOH solution of PT4 upon addition of water: for each spectrum 
the percent of water is reported on the right. The arrows indicate the changes in the UV-vis spectra 
upon increasing amount of water. 

By investigation of the thermochromic properties of the polymer in alcohols, with and 

without water, we observed a sharp transition from rigid-rod to random-coil at 65°C and at 

35°C, respectively, as followed by means of the disappearance of the CD signal (Figure 6.22). 

There is a difference of about 30° between the two transition temperatures, indicating two 

possibilities: the existence of different species depending on the presence of water, or a 

different stability of the species.  
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Figure 6.23. Dependence of gabs (at 607 nm) with temperature for PT4 in EtOH/water (23:77) (solid 
line), MeOH (dashed line) and EtOH (dotted line). 

In figure 6.23 we can also observe a very large hysteresis in the dependence of gabs with 

temperature in MeOH or EtOH, due to the slow aggregation rate. No cooling curve is 

reported when water is present because at 70°C the PEO side chains aggregate and very long 

times are needed for complete redissolution. 

LB films 

Langmuir monolayers were made for the water insoluble PT4 at the air–water 

interphase. The pressure-area isotherm for the Langmuir film is shown in figure 6.24.  
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Figure 6.24. (Left) UV-vis spectrum of 20 layers of PT4 on a glass substrate at room temperature (in 
the inset, surface pressure-area isotherm of PT4 monolayers). (Right) UV-vis absorption spectrum of 
a monolayer, 3 layers and 5 layers of poly[3-oligo(ethyleneoxy)-4-methylthiophene] PPEGMT on a 
glass substrate at room temperature, as adapted from ref. 66. 

We observed a collapse at about 24 mN/m, indicating that the monolayer has a lower stability 

as compared to PTE (Paragraph 6.2.1). This is mainly due to the high hydrophilicity of the 
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side chains, which tend to dive into the water layer. LB films on hydrophilic glass substrates 

were prepared for PT4 using z-type deposition at 20°C. Ten layers on each side of the glass 

substrate were deposited. The absorption spectrum measured for these films is similar to the 

one of a methanol/water 70:30 solution of the same polymer, having maxima at 450, 546, 590 

nm (compare Figure 6.24 with Figure 6.22). Correspondingly, there is no CD signal as for the 

polymers PT1–PT2 in water. However the presence of vibronic fine structure differentiate the 

behavior of PT4 from the one of PPEGMT, for which the LB film gave a broad absorption 

maximum at 405 nm.66 The presence of the chiral center or the monodispersity of the PEO 

side chains can account for the better organization of PT4 as compared to PPEGMT. 

AFM and TEM 

Microscopy is generally employed for the investigation of the morphology of materials. 

When using the transmission electron microscopy (TEM), samples of undoped PT exhibited a 

fibrillar structure with apparently randomly oriented fibrils.17 Helices and superhelices were 

formed from electrochemical polymerized PTs.27,29 In order to compare these results with the 

ordered structures present in solution for PT4, we investigated aggregated solutions of PT4 

with AFM and TEM.  

The samples were prepared by leaving the substrate — mica and C-coated Cu grid for 

AFM and TEM, respectively — in contact with the aggregated solution for few seconds. The 

aggregated ethanol solution of PT4 on mica showed the presence of superhelices in AFM 

(Figure 6.25, left). These helices are present as bundles, forming fibrils. In methanol, smaller 

aggregates are formed, as deduced from the absence of light scattering in the absorption 

spectrum. TEM measurements on the aggregates from methanol (Figure 6.25, right), showed 

the presence of nanoribbons having the length on the same order of magnitude of a fully 

stretched PT4 molecule (around 200 nm, as derived by Mw). This can be considered a further 

proof of the presence of super helices of rods. 

 
500 nm

 

Figure 6.25. (left) AFM picture of microaggregates of PT4 in ethanol on mica. (right) TEM picture 
of nanoaggregates of PT4 in methanol on C-coated Cu grid. 
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6.4 Conclusions and outlook 

In brief, in order to achieve control in the supramolecular architecture of π-conjugated 

polymers the presence of two factors seem to be crucial: highly organized side chains and 

solvophobic interactions. The first factor is necessary and is generally present in all side chain 

substituted conjugated polymers in the solid state or in aggregated solutions. However, in 

order to prevent the interchain interaction and to get planar single chains in CPs a high 

density of substituents is required. For this reason 3,4-disubstituted PTs should be preferred, 

taking however into account that steric hindrance can hamper the planarity of the system. PTs 

with PEO side chains seem to fulfill all these requirements. Nevertheless, clear evidence of 

the presence of planar single chains in water has still to be found, requiring further 

investigation (e.g., SANS measurements). The work presented here is a first attempt to come 

to the folding of single chains of π-conjugated polymers through solvophobic interactions, a 

field of research that could be of great value for future applications. 

6.5 Experimental 

Materials and analysis 

GPC measurements were performed on a Waters 590 GPC, using THF as solvent and a PL Gel column, 

calibrated with polystyrene standards. The 1H-NMR spectra were recorded on a Bruker AM-400 spectrometer at 

400.1 MHz. 13C-NMR spectra were measured on a Bruker AM-400 spectrometer at 100.6 MHz. Chemical shifts 

are reported in ppm downfield from TMS. Chemical shifts in D2O are reported using as reference the signal at 

4.78 ppm of HOD. The UV-vis spectra were recorded on a Perkin Elmer Lambda 900 spectrophotometer. The 

PL spectra were recorded on a Perkin Elmer Luminescence Spectrometer LS 50 B. The IR spectra were recorded 

as films on KBr disks, on a Perkin-Elmer 1600 series FT-IR spectrometer. The CD spectra were recorded on a 

Jasco J600 spectrophotometer. DSC and TGA data were collected on a Perkin-Elmer DSC 7 apparatus and a 

Perkin-Elmer TGA 7 apparatus, respectively. Ethanol/chloroform (4:1) solutions of PTE were obtained by 

dissolution of the polymer in chloroform and addition of ethanol. Ethanol and methanol solutions of PT5 were 

obtained by dissolution of the polymer via heating and allowing it to cool for  3 h. Aqueous solution of PT1 was 

prepared by dissolving the polymer at r.t. A droplet of solution was placed on a freshly cleaved mica surface (for 

AFM) or on a Cu-grid (200 mesh, C covered, for TEM), and allowed to dry for few seconds (1 minute for the 

water solution), after which the droplet was removed. The morphology of the dry polymeric sample has been 

characterized by means of tapping non-contact mode AFM, with a Parker Autoprobe CP run at room 

temperature in air environment. A range of scan lengths from 10 to 1 µm, and commercial Ultralever cantilevers 

type C were used. Transmission electron microscopy was carried out using a JEOL (2000-FX) operated at 60 

kV. Shadowing was performed with Pt at an angle of 45°. Elemental analyses (C, H, N) were obtained by 

combustion analysis using a Perkin-Elmer 2400. GC/MS measurements were performed on a Shimadzu GCMS-

QP5000. THF was freshly distilled from sodium-benzophenone ketyl. Toluene was freshly distilled from 

sodium. 3,4-Dimethoxythiophene 1,67 3-methoxy-4-methylthiophene 1668 and 3,7-(S)-dimethyloctanol69 were 

prepared as previously reported. The chiral PEG alcohols were derived from (L)-ethyl lactate, which is readily 

available in high enantiomeric purity, using standard synthetic transformations.70 All other solvents and reagents 

were commercial products and were used as received. 
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3,4- Bis(3,7-(S)-dimethyloctyloxy)thiophene (2)  
3,4-Dimethoxythiophene 1 (2.00 g, 0.014 mol), p-toluenesulfonic acid (0.2 g, 1.2 mmol), 3,7-(S)-

dimethyloctanol (7.5 g, 0.047 mol) and toluene (20 mL) were stirred under a flow of nitrogen for 3 days at 80–

100°C. The reaction mixture was allowed to cool to room temperature and diluted with ether (50 mL). The 

organic layer was washed with water (50 mL) and the water phase was washed with ether (50 mL, twice) and 

discarded. The collected organic phases were dried (MgSO4), filtered and evaporated. The crude product was 

purified by means of column chromatography, using a mixture of hexane/CH2Cl2 (90:10) to give 3.67 g (92%) of 

analytically pure product as a colorless oil. 1H NMR (CDCl3): 6.16 (2H, s, H-2 and H-5), 4.01 (4H, m, OCH2), 

1.86 (2H, m, CH(η)), 1.62 (2H, m, CH(γ)), 1.4-1.1 (16H, m, all the remaining CH2), 0.92 (6H, d, CH3(κ)), 0.86 

(12H, d, CH3(θ,ι)). 13C NMR (CDCl3): 147.5 (2C, C-3 and C-4), 96.8 (2C, C-2 and C-5), 69.0 (2C, OCH2), 39.3 

(2C, CH2(ζ)), 37.3 (4C, CH2(β,ε)), 29.9 (2C, CH(η)), 28.0 (2C, CH(γ)), 24.7 (2C, CH2(δ)), 22.6 (4C, CH3(θ,ι)), 
19.7 (2C, CH3(κ)). νmax/cm-1: 3109, 2950, 2926, 2866, 1561, 1496, 1458, 1374, 1201, 1150, 1049, 1006, 948, 

894, 848, 735. Anal. Calcd. for C24H44O2S: C, 72.67; H, 11.18. Found: C, 72.83; H, 11.20. 

2,5-Diiodo-3,4-bis(3,7-(S)-dimethyloctyloxy)thiophene (3)  
To a solution of compound 2 (3.00 g, 0.0076 mol) in DMF (10 mL) stirred at room temperature in the dark,  N-

iodosuccinimide (3.40 g, 0.015 mol) was added portionwise in 1 h. The reaction mixture was stirred for 48 h at 

room temperature, then diluted with ether (25 mL), washed with water (25 mL) and separated. The aqueous layer 

was washed with ether (2 × 20 mL) and discarded. The collected organic layer was washed with water, dried 

(MgSO4), filtered and evaporated. Compound 3 was purified via column chromatography (using hexane/CH2Cl2 

90:10 as eluent) to give 4.23 g (86%) of a colorless oil. 1H NMR (CDCl3): 4.05 (4H, m, OCH2), 1.78 (2H, m, 

CH(η)), 1.70 (2H, m, CH(γ)), 1.3-1.1 (16H, m, all the remaining CH2), 0.93 (6H, d, CH3(κ)); 0.86 (12H, d, 

CH3(θ,ι)). 13C NMR (CDCl3): 159.8 (2C, C-3 and C-4), 72.3 (2C, OCH2), 63.5 (2C, C-2 and    C-5)), 39.3 (2C, 

CH2(ζ)), 37.3 (2C, CH2(β or ε)), 37.1 (2C, CH2(β or ε)), 29.6 (2C, CH(η)), 28.0 (2C, CH(γ)), 24.7 (2C, 

CH2(δ)), 22.7 (4C, CH3(θ,ι)), 19.6 (2C, CH3(κ)). νmax/cm-1: 2953, 2925, 2867, 1543, 1467, 1378, 1364, 1335, 

1169, 1045, 1013, 937. +99% pure by GC/MS, M+ 648.50. 

2,5-Bis(trimethylsilylethynyl)-3,4-bis(3,7-(S)-dimethyloctyloxy)thiophene (4)  
A mixture of trimethylsilylacetylene (0.665 g, 0.0068 mol) and compound 3 (2.00 g, 0.0031 mol) in 

triethylamine (10 mL) was bubbled with argon for 15 min. Then bis(triphenylphosphine)palladium dichloride 

(0.0036 g, 0.0051 mmol) and copper(I) iodide (0.0025 g, 0.013 mmol) were added. A white precipitate was 

formed. The reaction mixture was stirred for 4 h at room temperature under argon and then the solvent was 

removed under reduced pressure. Compound 4 was purified via column chromatography (using 

hexane/chloroform 100:15 as eluent) to give 1.69 g (93%) of a colorless oil. 1H NMR (CDCl3): 4.34 (4H, m, 

OCH2), 1.76 (2H, m, CH(ζ)), 1.65 (2H, m, CH(γ)), 1.6-1.1 (16H, m, all the remaining CH2), 0.86 (6H, d, 

CH3(κ)), 0.78 (12H, d, CH3(θ,ι)), 0.23 (18H, s, SiCH3). 
13C NMR (CDCl3): 150.6 (2C, C-3 and C-4)), 103.6 

(2C, C-2 and C-5)), 101.8 (2C, Th-C≡CSiMe3), 96.0 (2C, Th-C≡CSiMe3), 71.0 (2C, OCH2), 39.3 (2C, CH2(ζ)), 

37.3 (2C, CH2(β or ε)), 36.8 (2C, CH2(β or ε)), 29.6 (2C, CH(η)), 28.0 (2C, CH(γ)), 24.7 (2C, CH2(δ)), 22.7 

(4C, CH3(θ,ι)), 19.6 (2C, CH3(κ)), -0.2 (6C, Si(CH3)3). νmax/cm-1: 2955, 2926, 2867, 2141, 1545, 1490, 1464, 

1416, 1368, 1247, 1155, 1092, 1048. +99% pure as by GC-MS, M+ 588.65. 

2,5-Diethynyl-3,4-bis(3,7-(S)-dimethyloctyloxy)thiophene (5)  
Compound 4 (0.75 g, 0.0012 mol) was dissolved in THF (30 mL) under argon, and a solution of 

tetrabutylammonium fluoride (1.0 M, 0.7 mL, 0.0007 mol) was added. After stirring for 10 min at ambient 

temperature under argon, the mixture was chromatographed on a small alumina column using hexane/CH2Cl2 

90:10 as eluent. The solvent was removed and the product was used without further purification, due to its 
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instability in normal conditions. Obtained 0.51 g (89%) of an oil that colors fast. 1H NMR (CDCl3): 5.30 (2H, s, 

C≡C-H), 4.34 (4H, m, OCH2), 1.76 (2H, m, CH(η)), 1.65 (2H, m, CH(γ)), 1.6–1.1 (16H, m, all the remaining 

CH2), 0.84 (6H, d, CH3(κ)); 0.78 (12H, d, CH3(θ,ι)). 13C NMR (CDCl3): 149.7 (2C, C-3 and C-4), 102.5 (2C, C-

2 and C-5), 83.9 (2C, Th-C≡CH), 75.4 (2C, Th-C≡CH), 71.2 (2C, OCH2), 39.2 (2C, CH2(ζ)), 37.3 (2C, CH2(β 

or ε)), 36.8 (2C, CH2(β or ε)), 29.5 (2C, CH(η)), 28.0 (2C, CH(γ)), 24.7 (2C, CH2(δ)), 22.7 (4C, CH3(θ,ι)), 19.6 

(2C, CH3(κ)). νmax/cm-1: 3302, 2953, 2923, 2862, 2096,1542, 1497, 1466, 1413, 1368, 1262, 1072, 1049, 1018, 

955, 870, 840, 759, 696. +95% pure by GC/MS, M+ 444.85. 

Poly[3,4-bis(3,7-(S)-dimethyloctyloxy)-2,5-thienyleneethynylene] (PTE)  
Dry toluene (6 mL) was added to compound 5 (0.51 g, 0.0012 mol) and triethylamine (0.8 mL), and argon was 

bubbled for 15 min. Pd(PPh3)4 (12 mg, 0.010 mmol) and CuI (4 mg, 0.021 mmol) were added under argon. 

Compound 3 (0.75 g, 0.0012 mol) was added dropwise to the mixture. The reaction mixture was stirred under 

argon for 16 h at 60°C, then cooled to room temperature and poured into methanol (100 mL) to obtain a red-

orange precipitate. The precipitate was collected by filtration, washed with methanol and dried under vacuum at 

30°C for 6 h to obtain 0.77 g (78%) of polymer PTE. 1H NMR (CDCl3): 4.37 (4H, m, OCH2), 1.79 (2H, m, 

CH(η)), 1.67 (2H, m, CH(γ)), 1.6-1.1 (16H, m, all the remaining CH2), 0.94 (6H, d, CH3(κ)), 0.85 (12H, d, 

CH3(θ,ι)). 13C NMR (CDCl3): 150.1 (2C, C-3 and C-4)), 103,5 (2C, C-2 and C-5)), 87.9 (2C, Th-C≡C-), 71.2 

(2C, OCH2), 39.2 (2C, CH2(ζ)), 37.4 (2C, CH2(β or ε)), 36.9 (2C, CH2(β or ε)), 29.6 (2C, CH(η)), 28.0 (2C, 

CH(γ)), 24.7 (2C, CH2(δ)), 22.7(4C, CH3(θ,ι)), 19.6 (2C, CH3(κ)). νmax/cm-1: 2954, 2925, 2870, 2175, 1542, 

1461, 1365, 1258, 1119, 1050, 964. GPC: Mn = 13370 g/mol; Mw = 23440 g/mol. Anal. Calcd. for C24H42IO2S–

(C26H42O2S)28–C24H42IO2S: C, 73.01; H, 9.95. Found: C, 72.98; H, 10.01. 

(2S)-2-Methyl-3,6,9,12,15-pentaoxahexadecyl-3-thiophenecarboxylate (7) 
A solution of 3-thiophenecarboxylic acid 6 (3.23 g, 25.2 mmol), (2S)-2-methyl-3,6,9,12,15-penta 

oxahexadecanol (6.71 g, 25.2 mmol) and DMAP (0.616 g, 5.0 mmol) was prepared in dry CH2Cl2 (150 mL). To 

the homogeneous solution, which was cooled at 0°C, diisopropylcarbodiimide (DIPC) (7.88 mL, 50.4 mmol) 

was added dropwise. After complete addition of DIPC, the temperature of the reaction mixture was allowed to 

equilibrate to room temperature. After 5 hours the reaction mixture was filtered and the filtrate was concentrated 

in vacuo. Column chromatography (SiO2, CHCl3 with increasing amount of methanol up to 5%) yielded pure 7 

(6.10 g, 64%) as a colorless liquid. 1H NMR (CDCl3): 8.13 (1H, dd, J2,4 1, J2,5 3, H-2), 7.53 (1H, dd, J2,4 1, J4,5 

5, H-4), 7.31 (1H, dd, J2,5 3, J4,5 5, H-5), 4.25 (2H, m, CH2(α)), 3.85 (1H, m, CH), 3.71 (2H, m, CH2), 3.64 

(12H, m, 6 CH2), 3.54 (2H, m, CH2), 3.37 (3H, s, CH3(λ)), 1.24 (3H, d, J 6, CH3(µ)). 13C NMR (CDCl3): 162.5 

(1C, COOR), 133.3 (1C, C-3), 132.8 (1C, CH-2), 127.9 (1C, CH-4), 126.0 (1C, CH-5), 73.9 (1C, CH2(α)), 71.8 

(1C, CH2(κ)), 70.8 (1C, CH2), 70.6 (1C, CH2), 70.5 (1C, CH2), 70,5 (1C, CH2), 70.45 (1C, CH2), 68.8 (1C, 

CH2), 67.4 (1C, CH2), 59.0 (1C, CH3(λ)), 17.1 (1C, CH3(µ)). +90% pure as by GC/MS, M+ 376. 

2-Iodo-3-thiophenecarboxylic acid (8) 
Compound 8 was synthesized and purified as described in literature.71 Obtained 2.00 g (50%) of pure 8 as a 

white solid. 1H NMR (CDCl3): 11.5 (1H, broad, COOH), 8.27 (1H, dd, H-2), 7.59 (1H, dd, H-4), 7.36 (1H, dd, 

H-5). +99% pure as by GC/MS, M+ 254. 

(2S)-2-Methyl-3,6,9,12,15-pentaoxahexadecyl-2-iodo-3-thiophenecarboxylate (9) 
Compound 9 was synthesized and purified using the same procedure as for compound 7. Obtained 2.90 g (68%) 

of pure 9 as a transparent liquid. 1H NMR (CDCl3): 7.42 (1H, d, J4,5 5, H-4), 7.34 (1H, d, J4,5 5, H-5), 4.27 (2H, 

m, CH2(α)), 3.85 (1H, m, CH), 3.70 (2H, m, CH2), 3.63 (12H, m, 6 CH2), 3.54 (2H, m, CH2), 3.37 (3H, s, 

CH3(λ)), 1.26 (3H, d, J 6, CH3(µ)). +95% pure as by GC/MS, (M-OCH2CH2OCH2CH2OCH3)+ 383. 
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(2S)-2-Methyl-3,6,9,12,15-pentaoxahexadecyl-2-trimethylsilylethynylene-3-thiophenecarboxylate 
(10) 
A mixture of trimethylsilylacetylene (0.216 g, 2.19 mmol) and compound 9 (1.00 g, 1.99 mmol) in triethylamine 

(5 mL) was bubbled with argon for 15 min. Then bis(triphenylphosphine)palladium dichloride (12 mg, 0.0017 

mmol) and copper(I) iodide (0.81 mg, 0.2 mmol%) were added. A white precipitate is formed. The reaction 

mixture was stirred for 18 h at room temperature under argon. Then the solvent was removed under reduced 

pressure. Compound 10 was purified via column chromatography (Al2O3, ethyl acetate/hexane increasing from 

20/80 to 50/50) to give 1.78 g (66%) of a colorless oil.1H NMR (CDCl3): 7.42 (1H, d, J4,5 5, H-4), 7.17 (1H, d, 

J4,5 5, H-5), 4.28 (2H, m, CH2(α)), 3.85 (1H, m, CH), 3.71 (2H, m, CH2), 3.64 (12H, m, 6 CH2), 3.55 (2H, m, 

CH2), 3.38 (3H, s, CH3(λ)), 1.27 (3H, d, J 6, CH3(µ)), 0.279 (9H, s, SiMe3). +90% pure as by GC/MS. (M-

OCH2CH2OCH2CH2OCH2CH2OCH3)+ 309. 

(2S)-2-Methyl-3,6,9,12,15-pentaoxahexadecyl-5-iodo-2-trimethylsilylethynylene-3-
thiophenecarboxylate (11) 
To a solution of diisopropylamine (0.234 g, 2.31 mmol) in ether (2 mL) at -78°C butyllithium (1.33 mL, 1.6 M 

in hexanes, 2.12 mmol) was added dropwise. The mixture was warmed to 0°C for 15 min and then recooled to -

78°C. Compound 10 (0.500 g, 1.06 mmol) in ether (1 mL) at room temperature was then added dropwise, and 

the solution was warmed from -78°C to 0°C for 10 min. The solution was recooled to -78°C. While at -78°C, 

iodine (0.59 g, 2.31 mmol) in ether (5 mL) was added and the solution was allowed to warm up to room 

temperature in 2 h. The mixture was quenched with water, and the aqueous layer was extracted with ether. The 

organic extracts were washed with brine and aqueous sodium thiosulfate. The ether layers were dried over 

magnesium sulfate. The solvent was removed by rotary evaporation, and the residue was purified by column 

chromatography (Al2O3, heptane/ethyl acetate 1:1) to provide 0.38 g (60%) of pure 11 as a transparent liquid 

and 0.11 g (24%) of N,N-diisopropyl-5-iodo-2-trimethylsilylethynylene-3-thienylamide. 1H NMR (CDCl3): 7.56 

(1H, s, H-4), 4.24 (2H, m, CH2(α)), 3.85 (1H, m, CH), 3.71 (2H, m, CH2), 3.67 (12H, m, 6 CH2), 3.56 (2H, m, 

CH2), 3.40 (3H, s, CH3(λ)), 1.28 (3H, d, J 6, CH3(µ)), 0.286 (9H, s, SiMe3). νmax/cm-1: 2956, 2924, 2900, 2875, 

2145, 1714, 1250, 1231, 1135, 1108, 855, 845, 732. +95 % pure as by GC/MS, (M-Me)+ 583. For N,N-

diisopropyl-5-iodo-2-trimethylsilylethynylene-3-thienylamide: 1H NMR (CDCl3): 7.03 (1H, s, C-4), 3.8–3.4 

(2H, m, -NCH(CH3)2), 1.4–1.0 (6H, m, -NCH(CH3)2), 0.198 (9H, s, SiMe3). νmax/cm-1: 3085, 2963, 2930, 2146, 

1713, 1632, 1442, 852. +60% pure as by GC/MS, M+ 433. 

(2S)-2-Methyl-3,6,9,12,15-pentaoxahexadecyl-2-ethynylene-3-thiophenecarboxylate (12) 
The compound was prepared as described above for compound 5 and purified by column chromatography on a 

small alumina column using ethyl acetate as eluent. Obtained 0.091 g (90%) of an oil that colors fast and that 

was used without any characterization. 

5-[3-(2S)-2-Methyl-3,6,9,12,15-pentaoxahexadecyl-oxycarbonyl-2-thienyl-ethynyl]-(2S)-2-methyl-
3,6,9,12,15-pentaoxahexadecyl-oxycarbonyl-2-trimethylsilylethynyl-3-thiophenecarboxylate (13) 
The compound was prepared as described above for the polymer PTE, the only difference being the reaction 

time (2 days). Obtained 0.090 g (48%) of impure dimer 13 of a colorless oil. 1H NMR (CDCl3): 7.58 (1H, s, H-

4), 7.45 (1H, d, J 5.1, H-4’), 7.25 (1H, d, J 5.1, H-5’), 4.27 (4H, m, CH2(α)), 3.80 (2H, m, CH), 3.66 (4H, m, 

CH2), 3.60 (24H, m, CH2), 3.50 (2H, m, CH2), 3.34 (6H, s, 2 CH3(λ)), 1.25 (3H, d, J 6, CH3(µ)), 1.23 (3H, d, J 

6, CH3(µ)), 0.286 (9H, s, SiMe3). 

3,4-Di[(2S)-2-methyl-3,6,9,12-tetraoxatridecyloxy]thiophene (14) 
The compound was prepared from transetherification of 1 with (2S)-2-methyl-3,6,9,12-tetraoxatridecanol as 

described above for compound 2, the only differences being the reaction temperature (90–130°C) and the 
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reaction time (2 days). The crude product was purified by means of column chromatography (Al2O3, ethyl 

acetate/ethanol 95:5) to give 1.91 g (44%) of analytically pure product 14 as a colorless oil that darkens upon 

prolonged standing under light at room temperature. 1H NMR (CDCl3): 6.20 (2H, s, H-2 and H-5), 4.01 and 3.85 

(4H, m, CH2(α)), 3.85 (2H, m, CH), 3.74 (4H, m, CH2), 3.64 (16H, m, CH2), 3.53 (4H, m, CH2), 3.36 (6H, s, 

CH3(θ)), 1.24 (6H, d, J 5.6, CH3(κ)). 1H-NMR (D2O): 6.40 (2H, s, H-2 and H-5), 3.95 and 3.88 (4H, m, CH2), 

3.88 (2H, m, CH), 3.64 (4H, m, CH2), 3.54 (16H, m, CH2), 3.43 (4H, m, CH2), 3.22 (12H, s, CH3), 1.13 (6H, d, 

CH3).
13C NMR (CDCl3): 147.3 (2C, C-3 and C-4), 97.9 (2C, C-2 and C-5), 74.5 (2C, CH2(ι) or CH(β)), 74.4 

(2C, CH2(ι) or CH(β)), 72.2 (2C, CH2), 71.1 (2C, CH2), 70.9 (2C, CH2), 70.7 (2C, CH2), 69.2 (2C, CH2(γ)), 

59.2 (2C, CH3(θ)), 17.7 (2C, CH3(κ)). 13C NMR (D2O): 146.1 (2C, C-3 and C-4), 99.2m (2C, C-2 and C-5), 

74.5 (2C, CH2(ι) or CH(β)), 73.7 (2C, CH2(ι) or CH(β)), 71.2 (2C, CH2), 70.1 (2C, CH2), 69.7 (2C, CH2), 69.6 

(2C, CH2), 68.0 (2C, CH2(γ)), 58.2 (2C, CH3(θ)), 15.9 (2C, CH3(κ)). νmax/cm-1: 3106, 2972, 2870, 2820, 1566, 

1499, 1453, 1377, 1203, 1100, 1021, 854, 761.  

3,4-Di[(2S)-2-methyl-3,6,9,12,15-pentaoxahexadecyloxy]thiophene (15) 
The compound was prepared from transetherification of 1 with (2S)-2-methyl-3,6,9,12,15-pentaoxahexadecanol 

as described above for compound 2, the only differences being the reaction temperature (90–110°C) and the 

reaction time (4 days). The crude product was purified by means of column chromatography (Al2O3, 

hexane/ethyl acetate 1:2) to give 1.06 g (51%) of analytically pure product 15 as a colorless oil that darkens 

upon prolonged standing under light at room temperature. 1H NMR (CDCl3): 6.20 (2H, s, H-2 and H-5), 4.00 

and 3.85 (4H, m, CH2), 3.85 (2H, m, CH), 3.72 (4H, m, CH2), 3.63 (24H, m, CH2), 3.54 (4H, m, CH2), 3.37 

(12H, s, CH3(λ)), 1.25 (6H, d, CH3(µ)). 13C NMR (CDCl3): 147.4 (2C, C-3 and C-4), 97.9 (2C, CH-2 and CH-

5), 74.4 (2C, CH2(κ) or CH(β)), 73.8 (2C, CH2(κ) or CH(β)), 71.3 (2C, CH2), 71.0 (2C, CH2), 70.9 (6C, CH2), 

70.35 (2C, CH2), 69.4 (2C, CH2), 68.8 (2C, CH2), 59.3 (2C, CH3(λ)), 17.6 (2C, CH3(µ)). νmax/cm-1: 3105, 2870, 

1566, 1499, 1454, 1377, 1349, 1299, 1247, 1203, 1098, 1029, 854, 730.  

3-[(2S)-2-Methyl-3,6,9,12-tetraoxatridecyloxy]-4-methylthiophene (17) 
The compound was prepared from transetherification of 16 with (2S)-2-methyl-3,6,9,12-tetraoxatridecanol as 

described above for compound 2, the only differences being the reaction temperature (100–130°C). The crude 

product was purified by means of column chromatography (SiO2, ethyl acetate) to give 1.88 g (77%) of 

analytically pure product 17 as a colorless oil that darkens upon prolonged standing under light at room 

temperature. 1H NMR (CDCl3): 6.79 (1H, d, J 3.2, H-5), 6.12 (1H, d, J 3.2, H-2), 3.96 and 3.83 (2H, m, 

CH2(α)), 3.83 (1H, m, CH), 3.73 (2H, m, CH2), 3.63 (12H, m, CH2), 3.52 (4H, m, CH2), 3.35 (3H, s, CH3(λ)), 

2.09 (3H, s, CH3-Th), 1.24 (3H, d, CH3(µ)). 13C NMR (CDCl3): 155.9 (1C, C-3), 129.3 (1C, C-4), 120.0 (1C, C-

5), 96.6 (1C, C-2), 74.6 (1C, CH2(α)), 74.0 (1C, CH2(ι)), 72.2 (1C, CH2), 71.2 (3C, CH2), 70.9 (1C, CH2), 70.8 

(1C, CH2), 69.9 (1C, CH2), 69.3 (1C, CH2), 59.3 (1C, CH3(θ)), 17.8 (1C, CH3(κ)), 13.1 (1C, CH3-Th). νmax/cm-1: 

3107, 2972, 2871, 1563, 1450, 1375, 1204, 1127, 1104, 1028, 966, 882, 852, 774. +99% pure as by GC/MS, 

M+ 318. 

3-[(2S)-2-Methyl-3,6,9,12,15-pentaoxahexadecyloxy]-4-methylthiophene (18) 
The compound was prepared from transetherification of 16 with (2S)-2-methyl-3,6,9,12,15-pentaoxahexadecanol 

as described above for compound 2, the only differences being the reaction temperature (100–135°C). The crude 

product was purified by means of column chromatography (SiO2, ethyl acetate) to give 2.04 g (69%) of 

analytically pure product 18 as a colorless oil that darkens upon prolonged standing under light at room 

temperature. 1H NMR (CDCl3): 6.79 (1H, d, J 3.2, H-5), 6.12 (1H, d, J 3.2, H-2), 3.96 and 3.83 (2H, m, 

CH2(α)), 3.83 (1H, m, CH), 3.73 (2H, m, CH2), 3.63 (12H, m, CH2), 3.52 (4H, m, CH2), 3.35 (3H, s, CH3(θ)), 

2.08 (3H, s, CH3-Th), 1.24 (3H, d, CH3(κ)). 13C NMR (CDCl3): 156.0 (1C, C-3), 129.2 (1C, C-4), 120.0 (1C, C-
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5), 96.4 (1C, C-2), 74.6 (1C, CH2(α)), 74.4 (1C, CH2(κ)), 73.7 (1C, CH2), 72.0 (1C, CH2), 71.0 (1C, CH2), 70.7 

(3C, CH2), 70.7 (1C, CH2), 70.6 (1C, CH2), 69.1 (1C, CH2), 59.1 (1C, CH3(λ)), 17.5 (1C, CH3(µ)), 12.7 (1C, 

CH3-Th). νmax/cm-1: 3106, 2870, 1564, 1450, 1375, 1204, 1126, 1250, 1029, 852, 753.  

Poly{3,4-di[(2S)-2-methyl-3,6,9,12-tetraoxatridecyloxy]thiophene} (PT1) 
A suspension of dry FeCl3 (0.247 g, 1.52 mmol) in CHCl3 (5 mL) was stirred for about 30 min at room 

temperature under argon. After this period FeCl3 was only partially dissolved in chloroform giving a dark 

solution. To this suspension derivative 14 (0.200 g, 0.381 mmol) dissolved in CHCl3 (5 mL) was added 

dropwise over a period of 5 min. Immediate formation of black precipitate was observed. After one day stirring 

under argon, the reaction was stopped by addition of NH4OHaq (10 mL). The aqueous layer was extracted with 

chloroform (2 × 50 mL) and discarded. The organic extracts were washed with water (25 mL) and separated. 

The organic solvent was removed by rotary evaporation, and the residue was purified by column 

chromatography (preparative size exclusion chromatography, dichloromethane) to provide 50 mg (25%) of PT1 

as a purple amorphous solid. 1H NMR (CDCl3): 4.17 and 3.97 (4H, broad, CH2(α)), 3.90 (2H, broad, CH(β)), 

3.71 (4H, broad, CH2(γ)), 3.61 (16H, broad, CH2), 3.52 (4H, broad, CH2(η or ι)), 3.35 (6H, s, OCH3), 1.28 (6H, 

broad, CHCH3). 
1H NMR (D2O): 4.28 and 4.17 (4H, broad, CH2(α)), 4.03 (2H, broad, CH(β)), 3.82 (4H, broad, 

CH2(γ)), 3.64 (16H, broad, CH2), 3.38 (6H, s, OCH3), 1.34 (6H, broad, CHCH3). 
13C NMR (CDCl3): 144.7 (2C, 

C-3 and C-4), 115.6 (2C, C-2 and C-5), 76.0 (2C, CH2(α)), 74.6 (2C, CH(β)), 72.0 (2C, CH2(η or ι)), 70.6 (2C, 

CH2), 70.4 (2C, CH2), 70.4 (2C, CH2), 70.3 (2C, CH2), 68.7 (2C, CH2(γ)), 58.9 (2C, CH3(θ)), 17.5 (2C, 

CH3(κ)). 13C NMR (D2O): 75.3 (2C, CH2(α)), 74.0 (2C, CH(β)), 71.3 (2C, CH2(η or ι)), 69.8-69.7 (8C, CH2), 

68.3 (2C, CH2(γ)), 58.4 (2C, CH3(θ)), 16.5 (2C, CH3(κ)). The aromatic protons were not observed even after an 

overnight acquisition, maybe due to the broadening of the peaks. νmax/cm-1: 2960, 2926, 2871, 1449, 1428, 1377, 

1259, 1104, 1020, 851, 800. GPC: Mn = 7600 g/mol, Mw = 12600 g/mol. 

Poly{3,4-di[(2S)-2-methyl-3,6,9,12,15-pentaoxahexadecyloxy]thiophene} (PT2) 
The compound was synthesized from compound 15 and purified as described above for PT1. Obtained 70 mg 

(35%) of PT2 as a purple amorphous solid. 1H-NMR (CDCl3): 4.17 and 3.96 (4H, broad, CH2(α)), 3.96 (2H, 

broad, CH(β)), 3.70 (4H, broad, CH2(γ)), 3.61 (24H, broad, CH2), 3.52 (4H, broad, CH2(θ or κ)), 3.35 (6H, s, 

OCH3), 1.29 (6H, broad, CHCH3). 
1H NMR (D2O): 4.50 and 4.19 (4H, broad, CH2(α)), 4.05 (2H, broad, 

CH(β)), 3.85 (4H, broad, CH2), 3.72 (4H, broad, CH2), 3.66 (10H, broad, CH2), 3.61 (4H, broad, CH2), 3.39 

(6H, s, OCH3), 1.39 (6H, broad, CHCH3). 
13C NMR (CDCl3): 144.8 (2C, C-3 and C-4), 116.0 (2C, C-2 and C-

5), 76.1 (2C, CH2(α)), 74.7 (2C, CH(β)), 71.9 (2C, CH2(θ or κ)), 70.7 (2C, CH2), 70.4 (2C, CH2), 70.4 (4C, 

CH2), 70.35 (2C, CH2), 70.3 (2C, CH2), 68.6 (2C, CH2(γ)), 58.9 (2C, CH3(λ)), 17.5 (2C, CH3(µ)). νmax/cm-1: 

2869, 1450, 1428, 1377, 1349, 1248, 1098, 1018, 983, 849. GPC: Mn = 7600 g/mol, Mw = 15000 g/mol. 

Poly{3-[(2S)-2-methyl-3,6,9,12-tetraoxatridecyloxy]-4-methylthiophene} (PT3) 
The compound was synthesized from compound 17 and purified as described above for PT1. Obtained 70 mg 

(19%) of PT3 as a purple amorphous solid. 1H NMR (CDCl3): 3.86 and 3.79 (2H, broad, CH2(α)), 3.79 (1H, 

broad, CH), 3.72 (2H, broad, CH2), 3.64 (8H, broad, CH2), 3.53 (4H, broad, CH2), 3.35 (3H, s, CH3(λ)), 2.29 (s, 

3H, CH3-Th), 1.25 (d, 3H, CH3(µ)). 13C NMR (CDCl3): 152.4 (1C, C-3), 130.0 (1C, C-4), 126.9 (1C, C-5), 

118.8 (1C, C-2), 76.6 (1C, CH2(α)), 75.2 (1C, CH2(ι) or CH(β)), 72.4 (1C, CH2(ι) or CH(β)), 71.9 (1C, CH2), 

71.4 (1C, CH2), 70.9 (1C, CH2), 70.75 (1C, CH2), 69.0 (1C, CH2), 59.3 (1C, CH3(θ)), 17.5 (1C, CH3(κ)), 13.3 

(1C, CH3-Th). νmax/cm-1: 2960, 2920, 2868, 1451, 1375, 1260, 1080, 1026, 947, 800. GPC: Mn = 22300 g/mol, 

Mw = 65200 g/mol. 
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Poly{3-[(2S)-2-methyl-3,6,9,12,15-pentaoxahexadecyloxy]-4-methylthiophene} (PT4) 
The compound was synthesized from compound 18 and purified as described above for PT1. Obtained 90 mg 

(45%) of PT4 as a purple amorphous solid. 1H NMR (CDCl3): 3.86 and 3.78 (2H, broad, CH2(α)), 3.78 (1H, 

broad, CH), 3.70 (2H, broad, CH2), 3.64 (12H, broad, CH2), 3.52 (4H, broad, CH2), 3.35 (3H, s, CH3(λ)), 2.28 

(s, 3H, CH3-Th), 1.24 (d, 3H, CH3(µ)). 13C NMR (CDCl3): 152.3 (1C, C-3), 130.0 (1C, C-4), 126.9 (1C, C-5), 

118.8 (1C, C-2), 76.6 (1C, CH2(α)), 75.1 (1C, CH2(κ) or CH(β)), 72.2 (1C, CH2(κ) or CH(β)), 71.1 (3C, CH2), 

70.9 (1C, CH2), 70.85 (1C, CH2), 70.8 (1C, CH2), 69.1 (1C, CH2), 59.3 (1C, CH3(λ)), 17.6 (1C, CH3(µ)), 13.3 

(1C, CH3-Th). νmax/cm-1: 2868, 1451, 1352, 1260, 1077, 1028, 948, 849, 803. GPC: Mn = 41000 g/mol, Mw = 

182000 g/mol. 
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Summary 

Among the organic molecules applied in molecular electronics, conjugated polymers in 

general, and polythiophenes in particular, have attracted strong interest as replacement of 

inorganic semiconductors. This is mainly due to the excellent electronic properties in 

relations with the ease of processing and the mechanical properties of the final material. The 

ability of molecular architects to understand how to gain control over the structure, properties 

and function in conjugated polymers continues to make their synthesis a critical subject in the 

development of new advanced materials. However, precise predictions about unequivocal 

structure/property relationships in polymers are not possible, due to e.g. statistical chain 

length distribution. Well-defined model oligomers are generally used to gain insight into the 

organisation of the corresponding polymers.  

The couplings employed for oligomer synthesis are easily and efficiently applied for the 

production of symmetrical oligomers but not for non-symmetrical ones. Therefore, we 

developed an alternative strategy to the synthesis of β,β'-disubstituted-2,2'-bithiophenes that 

allows the introduction of different functionalities starting from common intermediates 

(Chapter 2). In particular, 3,3'-, 3,4'- and 4,4'-bis(alkylthio)-2,2'-bithiophenes were produced 

in two steps: (i) cross-coupling synthesis of 3,3'-, 3,4'- and 4,4'-dibromo-2,2'-bithiophenes and 

(ii) nucleophilic substitution. The chosen functionality, the thioether group, should lead to 

materials whose electronic structure and properties are influenced by the electron-donating 

features of the substituent.  

The X-ray studies performed on these bithiophenes indicate that the morphology in the solid 

state is dictated by very weak interactions (Chapter 3). On the light of this conclusion, great 

care should be taken in the generalisation of conformational trends in oligo- and 

polythiophenes in the solid state. On the other end, diluting the molecules in a good solvent 

improves the predictability of their behaviour. 

The length of the oligomer/polymer obtained through oxidative coupling of alkylthio-

substituted thiophenes and bithiophenes is strongly dependent on the regiochemistry of the 

substitution (Chapter 4). Dimers with “inner” thioether groups give short oligomers in high 

yields, allowing, for instance, the one-pot production of sexithiophenes. On the other end, 

dimers with “outer” or bulky thioether groups lead to high molecular weight materials, e.g. 

poly[4,4'-bis(alkylthio)-2,2'-bithiophene]s and poly[3,4-bis-(S)-(2-methylbutylthio) 

thiophene], respectively. The last polymer, bearing two bulky substituents, presents a 

distorted conformation also in the solid state, whereas the introduction of a vinylene linkage 

give more planar poly[3,4-bis-(S)-(2-methylbutylthio)thienylene vinylene]. All these thienyl-

based conjugated polymers with thioether groups display distorted (or coil) conformations in 

aprotic polar solvents, while they get more planar and aggregated structure upon addition of a 

poor solvent.  
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In addition, due to the presence of the sulfur atoms, they act as ligands to transition metal ions 

(Chapter 5). The reversible linkage with Pd and Pt ions modifies the optical and electronic 

properties of the thiophene derivatives, thus metal complexation can be used as a reversible 

tool for the modification of conjugated polymers. 

Since singly dissolved molecules present physical properties that are easier to predict and 

understand then the corresponding aggregates, we tried to arrive at planar structures in 

aqueous solution exploiting solvophobic interactions (Chapter 6). Polythiophenes bearing 

chiral ethylene glycol side chains are synthesized that present a strong dependence of water 

solubility on PEO content. In particular, the PEO content seems to play a decisive role in 

stabilizing the planar conformation of the polymer backbone in water. The work presented in 

this thesis is a first attempt to come to the folding of single chains of π-conjugated polymers 

through solvophobic interactions, a field of research that could be of great value for future 

applications. 
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Riassunto 

Tra i composti organici applicati all’elettronica, i polimeri conduttori in generale, e i 

politiofeni in particolare, hanno suscitato notevole interesse come valida alternativa ai 

semiconduttori inorganici, sia per la loro facile processabilità che per le proprietà meccaniche 

del corrispondente dispositivo. La possibilità di controllare la struttura, le proprietà e la 

funzione dei polimeri conduttori continua a rendere la loro sintesi un soggetto decisivo allo 

sviluppo di nuovi materiali avanzati. Nei polimeri, la previsione esatta delle relazioni 

struttura/proprietà é impedita, ad esempio, dalla distribuzione statistica della lunghezza della 

catena, per cui oligomeri vengono utilizzati come composti modello per approfondire la 

comprensione dei corrispondenti polimeri. 

Le reazioni di accoppiamento utilizzate in letteratura per la sintesi degli oligomeri si possono 

applicare in maniera semplice ed efficace per la produzione di oligomeri simmetrici, ma non 

per quelli dissimetrici. Abbiamo perciò sviluppato una strategia alternativa per la sintesi di 

bitiofeni β,β'-disostituiti, che permetta l’introduzione di diverse funzionalità a partire da 

intermedi comuni (Capitolo 2). In particolare, 3,3'-, 3,4'- e 4,4'-bis(alchiltio)-2,2'-bitiofeni 

sono stati sintetizzati in due step: (i) formazione di 3,3'-, 3,4'- e 4,4'-dibromo-2,2'-bitiofeni 

attraverso “cross-coupling” e (ii) sostituzione nucleofila. La funzionalità prescelta, vale a dire 

il gruppo alchiltio, dovrebbe portare a materiali la cui struttura elettronica e le cui proprietà 

sono influenzate dalle caratteristiche elettron-donatrici del sostituente. 

L’investigazione cristallografica (diffrazione a raggi X) condotta su questi bitiofeni indica che 

la morfologia dello stato solido é dominata da deboli interazioni (Capitolo 3). Alla luce di 

queste conclusioni, si dovrebbero considerare con cautela le generalizzazioni di “trend” 

conformazionali in oligo- e politiofeni allo stato solido. La diluizione delle molecole in 

solventi ad alto potere solvatante aumenta la capacità predittiva del loro comportamento. 

La lunghezza dell’oligomero o del polimero — sintetizzato mediante accoppiamento 

ossidativo di tiofeni e bitiofeni sostituiti con gruppi alchiltio — dipende in larga parte dalla 

regiochimica della sostituzione (Capitolo 4). Dimeri con gruppi tioeterei “interni” danno 

oligomeri corti in alta resa, permettendo, per esempio, la sintesi “one-pot” del sexitiofene. 

D’altra parte, dimeri e monomeri con gruppi tioeterei “esterni” o stericamente ingombranti 

portano alla formazione di materiali ad elevato peso molecolare, ad esempio poli[4,4'-

bis(alchiltio)-2,2'-bitiofeni] e poli[3,4-bis-(S)-(2-metilbutiltio)tiofene. Quest’ultimo polimero, 

con due sostituenti ingombranti, presenta una conformazione distorta allo stato solido; 

l’introduzione della giunzione vinilica porta alla formazione del poli[3,4-bis-(S)-(2-

metilbutiltio)tienilene vinilene], che presenta una conformazione planare allo stato solido. 

Tutti questi polimeri a base tiofenica con gruppi tioeterei presentano conformazioni distorte 
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in solventi polari aprotici, mentre acquisiscono una struttura planare allo stato aggregato o per 

aggiunta di un solvente a basso potere solvatante. 

Inoltre, per la presenza degli atomi di zolfo, si comportano come leganti per ioni di platino o 

palladio (Capitolo 5). Il legame reversibile con gli ioni metallici modifica le proprietà ottiche 

ed elettroniche dei derivati tiofenici, per cui la complessazione può essere utilizzata come 

strumento di modificazione reversibile dei polimeri conduttori. 

Poiché molecole singole presentano proprietà fisiche di più facile predizione e comprensione 

dei corrispondenti aggregati, abbiamo tentato di produrre queste strutture planari in soluzione 

acquosa attraverso interazioni solvofobiche (Capitolo 6). Si sono quindi sintetizzati 

politiofeni con glicoli etilenici chirali, la cui solubilità in acqua dipende dalla percentuale di 

PEO nel polimero. In particolare, il contenuto di PEO sembra giocare un ruolo decisivo nella 

stabilizzazione della conformazione planare della catena polimerica in acqua. Il lavoro 

riportato in questa tesi rappresenta un primo tentativo di arrivare al “folding” di catene 

singole di polimeri conduttori attraverso interazioni solvofobiche, un campo di ricerca che 

potrebbe essere di grande valore per future applicazioni. 
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