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Abstract 

 

 

Novel low band-gap conjugated polymeric semiconductors as well as conjugated 

electron donor chains carrying electron acceptor substituents were electrochemically 

prepared and investigated by means of different spectroscopic techniques. Using in situ 

FTIR and ESR spectroelectrochemistry, the spectroscopic features of injected positive 

charges are found to be different as opposed to the negative charge carriers on the same 

conjugated polymer. These results, for which the theoretical models so far developed do 

not account, demonstrate the different structure and delocalisation of charge carriers 

with opposite signs. In addition, vibrational spectroscopy results proof the enhanced 

"quinoid" character of low band-gap conjugated chains. Excited state spectroscopy was 

applied to study photoexcitations in conjugated polymers carrying 

tetracyanoanthraquinone type or fullerene moieties. This novel class of materials, 

hereafter called double-cable polymers, was found promising as alternative to the 

conjugated polymer:fullerene mixtures currently used for the preparation of "bulk-

heterojunction" polymeric solar cells. 



 V 

Zusammenfassung 

 

 

Neuartige konjugierte Polymer Halbleiter mit kleiner Bandlücke und konjugierte 

Elektron Donor Ketten mit kovalent gebundenen Elektron Akzeptor Substituenten  

wurden elektrochemisch erzeugt und mit verschiedenen spektroskopischen Methoden 

untersucht. Mit in situ FTIR und ESR Spektroelektrochemie wurden verschiedene 

spektroskopische Signaturen für positive und negative Ladungsträger beobachtet. Diese 

Resultate, für die es bis jetzt keine theoretische Erklärung gibt, demonstrieren die 

unterschiedliche Struktur und lokale Verteilung der positiven und negativen 

Ladungsträger. Zusätzlich zeigen Vibrationsspektroskopie Untersuchungen den 

verstärkten chinoiden Charakter der konjugierten Ketten mit kleiner Bandlücke. Die 

Photoanregungen in konjugierten Polymeren mit kovalent gebundenen 

tetracyanoanthraquinon-ähnlichen Molekülen bzw. Fullerenen als Seitenketten, wurden 

mit Anregungsspektroskopie untersucht. Diese neue Materialklasse wird auch als 

Doppelkabel Polymer bezeichnet. Wie Resultate zeigen, könnten diese Doppelkabel 

Materialien eine vielversprechende Alternative zur "Bulk-Heterojunktion" 

Polymersolarzelle darstellen. 
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CHAPTER 1. INTRODUCTION 
 

 

During the last two decades, research has been increasing in the field of synthesis 

and characterization of molecules with extended π-electron delocalisation. Among the 

development of new applications using  organic materials like conjugated polymers1-3 

and fullerenes,4-9 polymeric light emitting diodes and displays are today entering the 

market.10-16 Furthermore, the discovery of a photoinduced electron transfer from non-

degenerate ground-state conjugated polymers to fullerenes17 enabled the fabrication of 

inexpensive and flexible large-area solar cells and photodetectors.18-19 For many of the 

above applications, a balanced transport of holes and electrons is important. In 

particular, for photovoltaic applications, the exploitation of low band-gap conjugated 

polymers would be of great benefit for the solar energy harvesting. In this work we have 

prepared and studied both conjugated polymers with low band-gap and conjugated 

chain bearing electron acceptor moieties. The main targets of our investigations were: 

a) to compare positive and negative charge carriers, their nature and 

delocalization, in one-and-the-same material; 

b) to explore the suitability of novel intrinsic donor-acceptor conjugated polymers 

(double-cable polymers) as ambipolar materials for photovoltaic and optoelectronic 

applications. 

 

 

1.1. POSITIVE AND NEGATIVE CHARGE CARRIERS IN CONJUGATED 

POLYMERS - RAMAN AND IR COMPARATIVE STUDIES 

 

Due to the strong lattice relaxation in one dimensional systems with electron-

phonon coupling,2 chemical as well as electrochemical oxidation and reduction of non 

degenerate ground-state conjugated polymers usually lead to the formation of charge 

carriers with spin 1/2, denoted as positive/negative polarons (radical-cations/-anions), 

delocalized along the polymer chain and which exhibit peculiar electronic, vibrational 

and charge transport properties.2,3 Also photoexcitation may lead to charge separation 

and to the formation of such charge carriers (photodoping).2,21,22 The lattice relaxation 
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induces new electronic levels within the polymer π-π* energy gap (band-gap) and 

usually lead to an insulator-to-metal transition at a critical doping level. The  oxidation 

and reduction  processes involving the formation of positive and negative charge 

carriers in conjugated polymers are described, in analogy to inorganic semiconductors, 

as p-, and n- doping, respectively. 

 

Due to the strong electron-phonon coupling in conjugated polymers, Raman 

spectroscopy and infrared absorption are powerful techniques for the investigation of 

the doping induced lattice relaxation around the charge carriers. Consequently, the 

vibrational behaviour of relatively simple conjugated polymers in their pristine and 

doped states (mostly of the p-type) has been the subject of much theoretical and 

experimental work during the last two decades.23-31 On the other hand, detailed studies 

of more complicated or n-doped conjugated polymers have been limited by theoretical 

difficulties and by their frequent instability, respectively. 

 

The infrared spectra of conjugated polymers in their conductive (chemically- 

electrochemically- or photodoped) states are characterized by intense infrared 

absorption bands (infrared active vibrations, IRAV bands), typically ranging from 1600 

cm-1 to 700 cm-1.23 These bands originate from the strong electron-phonon coupling 

mentioned above and thus provide not only structural but also electronic information. In 

addition, broad IR absorption bands at higher energy usually accompany IRAVs. These 

bands correspond to the transitions involving the  electronic levels induced in the gap, 

via lattice relaxation, by the doping process. 

 

Several theoretical models have been developed in order to explain the 

spectroscopic signatures of charge carriers in conjugated polymers. For the description 

of the electronic and vibrational properties of neutral and doped trans-polyacetylene, 

Horovitz et al. and Ehrenfreund et al. have considered the change in the charge density 

wave associated to the vibrational motion of the polymer backbone.25,26 As 

quantification of the localisation of charge a "pinning parameter" was introduced. Zerbi 

et al. explained the IRAV bands by the IR activation of the Raman active Ag modes in 

the pristine form of the polymer due to the local breaking of the symmetry around the 

 2 
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charge carrier.23,27,28 In this model, the high intensity of the IRAV bands is motivated by 

the large variation of the electric dipole moment associated to the oscillation of  the 

charged defect. An "effective conjugation coordinate" (ECC) describes the changes in 

geometry going from the ground- to the excited-state of the polymer as an alternating 

stretching-shrinking of carbon-carbon bonds. The higher the contribution of a given 

mode to the ECC, the higher is the intensity of the corresponding IRAV band. This 

origin of the IRAV bands shows that both Raman spectroscopy and IR spectroscopy as 

complementary techniques are necessary for understanding the vibrational spectra of 

pristine and doped conjugated polymers. Recently, Ehrenfreund and Vardeny used a 

model introduced by Girlando et al. (GPS model)29 to establish a link between the 

electronic absorption bands and the IRAV bands of doping induced spectra.30 All of the 

models correlate intensity, width and position of the IRAV bands to the delocalisation 

of charge carriers along the polymer chain. 

 

These theories, developed for relatively simple systems like trans-polyacetylene 

and extended to few polyheteroaromates, do not account for possible differences in the 

IRAV signatures of positive and negative charge carriers. In addition, since the 

"pinning" in absence of counterions should be lower, photoinduced IRAV bands should 

appear at lower wavenumbers than chemically induced bands.32 Experimental work has 

confirmed that these models rationalize the spectroscopic behaviour of conjugated 

polymers, providing a self-consistent description of the vibrational properties of many 

and relatively simple systems like, for instance, poly(alkylthiophene)s.23,31 However, 

some complex conjugated polymers show a more complex behaviour. These materials 

are often promising candidates for applications since they may combine low band gap, 

outstanding optical properties and high stability in either the p- and n-doped states. A 

detailed description of the electronic and vibrational properties of such materials is 

necessary for the basic understanding of their behaviour. In particular, spectroscopic 

studies of conjugated polymers with stable n-doped state might be useful to achieve 

better experimental and theoretical descriptions of the so far rarely observed negative 

charge carriers in conjugated polymers. 

 

 3 
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We have selected, due to their low band-gap and both the p- and n-dopability, the 

polydithienothiophenes (PDTTs) poly(dithieno[3,4-b:3',4'-d]thiophene) (PDTT1), poly-

(dithieno[3,4-b:3',2'-d]thiophene) (PDTT2) and poly-(dithieno[3,4-b:2',3'-d]thiophene) 

(PDTT3)33 as materials for comparative spectroscopic studies of positive and negative 

doping induced defects. The results, reported in Chapter 3, demonstrate the different 

nature and delocalisation of positive and negative charge carriers in such conjugated 

polymers. 

 

 

1.2. TOWARDS CONTROLLED DONOR-ACCEPTOR INTERACTIONS AND 

AMBIPOLAR TRANSPORT IN NON-COMPOSITE POLYMERIC 

MATERIALS: THE DOUBLE-CABLE APPROACH 

 

The most efficient polymeric solar cells today fabricated are bulk-

heterojunctions,34,35 where the active layer is a blend of a conjugated polymer as 

electron donor (hole transporter, p-type material) and a soluble fullerene derivative as 

electron acceptor (electron transporter, n-type material). Beyond photoinduced charge 

separation, positive carriers are transported to electrodes by the donor polymer phase 

and electrons by hopping between contacting fullerene domains. It has been shown that 

the power conversion efficiency of bulk heterojunction solar cells can be improved 

dramatically by manipulating the morphology of the blend.34 Improving the blend 

morphology by shrinking each of the interpenetrating two phases’ dimensions below 

500 nm leads to: a) a larger donor-acceptor interfacial contact area; b) less spatial 

separation between fullerene domains.34,36 

 

The covalent linking of tethered electron accepting and conducting moieties to an 

electron donating and hole transporting conjugated polymer backbone appears a viable 

way for the preparation of ambipolar conducting double-cable polymers (p-n type). 

Their primary structure should prevent the occurrence of phase separation since the 

material is basically one macromolecule with two different pathways (cables) for 

different signs of charges, thus forcing the formation of continuous, interconnected 

network for the transport of both holes and electrons. In addition, the interaction 

 4 



                                                                                                                                   Chapter 1. Introduction 

between the donor conjugated backbone and the acceptor moiety may be tuned by 

varying the chemical structure (nature and length) of their connecting spacer.37 

Poly(3-octylthiophene), mixed with C60, or a soluble fullerene derivative, has been 

already utilised for the preparation of prototype "bulk-heterojunction" solar cells,38-40 

suggesting the investigation of double-cables consisting of a polythiophene backbone 

with tethered fullerene units. Benincori and coworkers41 and Ferraris et al.42 showed 

that such fullerene substituted polythiophenes substantially retain the favorable ground 

state properties of the individual donor backbone and acceptor moieties. However, the 

occurrence of photoinduced electron transfer, which is essential for photovoltaic 

applications, was not investigated. The electrochemical and photophysical properties of 

novel double-cable polymers (see Chapter 5), studied by means of cyclic voltammetry 

(CV) and spectroscopic techniques (UV-Vis absorption, photoinduced absorption (PIA), 

in situ Fourier transform (FTIR) spectroelectrochemistry and light induced electron spin 

resonance (LESR) show evidence of photoinduced charge separation. A soluble double- 

cable polymer has been implemented in prototype photovoltaic devices. These results 

demonstrate the potential of double-cable polymers as non-composite active materials 

for electronic and photovoltaic devices. 
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CHAPTER 2. EXPERIMENTAL 
 

 

In this Chapter we describe the materials subject of our work as well as the 

techniques used for their investigation. In addition, notes on chemicals, samples 

preparation and the structure of specialities are also included. 

 

 

2.1. INVESTIGATED MATERIALS AND CHEMICALS 

 

In this section, the materials that were investigated in these works as well as the 

chemicals used for spectroelectrochemistry experiments and device preparation are 

described. Some of the materials were designed with specific commitment to 

photovoltaic applications, and were synthesized by our coworkers within international 

collaborations. For these novel molecules and polymers, the synthetic scheme is also 

presented.  

 

2.1.1 Polydithienothiophenes (PDTTs) 

 

Polydithienothiophenes (PDTTs) poly(dithieno[3,4-b:3',4'-d]thiophene) (PDTT1), 

poly-(dithieno[3,4-b:3',2'-d]thiophene) (PDTT2) and poly-(dithieno[3,4-b:2',3'-

d]thiophene) (PDTT3)1-4 were polymerized electrochemically starting from 

dithienothiophene monomers sinthesized following the methods reported in 1971 by De 

Jong and Janssen.5,6 The synthesis of these monomers have been carried out by 

Marinella Catellani and coworkers in Milano. The polymer structures are shown in 

Figure 2.1 along with their band-gap values.1 According to Bolognesi and coworkers7 

and Bredas et al.,8 PDTT1, PDTT2 and PDTT3 can be regarded as polythiophene-like 

chains in which a thienothiophene aromatic moiety,9,10 evidenced by bold bonds in 

Figure 2.1, is fused to each thiophene ring. PDTTs have been prepared following the 

idea that an aromatic system fused to the thiophene ring lying in the polythiophene-like 

chain increases the quinoidal character of the latter and, therefore, the π-electron inter-

ring delocalization along the whole polymer (see inset in Fig. 2.1, where PDTT3 is 
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sketched as example).11-13 Indeed, according to this synthetic principle, PDTT1, PDTT2 

and PDTT3 show low band-gap values. The higher the aromaticity of the fused 

thienothiophene moiety, which increases in the sequence PDTT1, PDTT2, PDTT3,10 the 

lower the polymer band-gap. A detailed description of the electrochemical properties of 

these polymers is given by Reference 1. 

 

In our work, PDTTs were investigated spectroscopically and 

spectroelectrochemically in order to elucidate the spectroscopic behavior of both 

positive as well as the  negative charge carriers. In addition, the  relationship between 

the quinoidal character of a polyconjugated chain and the size of the band-gap was also 

addressed. 
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Fig. 2.1: Chemical structures, band-gap values (Eg) and maximun absorption wavelengths (λmax) of 
PDTTs. Eg  and λmax data from Ref. 1. The inset show the relevant canonical forms: a) aromatic; b) 
quinoid. 
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2.1.2. Oligo(p-phenylene vinylene)-fulleropyrrolidine dyads (OPVn-C60) 

 

The chemical structures of OPVn-C60 are depicted in Fig. 2.2. This series of 

oligo(p-phenylene vinylene)-fulleropyrrolidine dyads was recently prepared and 

investigated by E. Peeters et al.14 Although OPV1-C60 is the smallest term of the series 

of dyads, it lacks a vinylene group and, formally, is not an oligo(p-phenylene vinylene) 

derivative. OPV1-C60 stands for N-Methyl-2-{4-(4-methyl-2,5-bis[(S)-2-

methylbutoxy]phenyl}-3,4-fulleropyrrolidine; OPV2-C60 for N-Methyl-2-{4-(4-methyl-

2,5-bis[(S)-2-methylbutoxy]styryl]-2,5-bis[(S)-2-methylbutoxy]phenyl}-3,4-fulleropyr- 

rolidine; OPV3-C60 for N-Methyl-2-{4-[4-(4-methyl-2,5-bis[(S)-2-methylbutoxy]-

styryl)-2,5-bis[(S)-2-methylbutoxy]styryl]-2,5-bis[(S)-2-methylbutoxy]phenyl}-3,4-ful- 

leropyrrolidine, and OPV4-C60 for N-Methyl-2-(4-{4-[4-(4-methyl-2,5-bis[(S)-2-

methylbutoxy]-styryl)-2,5-bis[(S)-2-methylbutoxy]styryl]-2,5-bis[(S)-2-methylbutoxy]- 

styryl}-2,5-bis[(S)-2-methylbutoxy]phenyl)-3,4-fulleropyrrolidine. 

 

The goal of this part of our  work was to manipulate the morphology within the 

photoactive films of bulk-heterojunction solar cells, using the dyads as alternative to the 

commonly used PCBM (see Section 2.1.7.). 

 

2.1.3. Polythiophene bearing tetracyanoanthraquinodimethane moieities (PUCM6) 

 

Starting from UCM6, synthesized by Nazario Martín and his co-workers in 

Madrid (Fig. 2.3) in collaboration with Mats Andersson and Mattias Svensson in 

Göteborg, the corresponding double-cable polymer PUCM6 was prepared by 

electrochemical oxidation (see Chapter 5). This systems, as well as the monomer and 

polymer described in the next section, was developed to investigate the electrochemical 

and photophisical properties of a single material with both electron donating and 

accepting properties. Moreover, PUCM6 offers the possibility to investigate an acceptor 

moiety alternative to fullerenes. 
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Fig. 2.2: Chemical structure of OPVnC60 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2.3: Chemical structure of monomer UCM6 
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2.1.4. Electrochemically synthesized polythiophenes bearing fulleropyrrolidine 

moieties 

 

The route to the bithiophene-fulleropyrrolidine 1, used as monomer for 

electrochemical polymerisation, is outlined in Scheme 2.1. The synthesis was carried 

out by Mats Andersson (Göteborg), Michele Maggini (Padova) and coworkers. The 

route to 1 starts with commercially available 4-hydroxybenzaldehyde and 1-iodo-2-[2-

(2-iodo-ethoxy)-ethoxy]-ethane. Reaction between 4-hydroxybenzaldehyde and the bis-

iododerivative in the presence of K2CO3 in acetone at reflux temperature afforded the 

product of monosubstitution 2 in 20% isolated yield. Palladium-catalysed coupling of 4-

bromophenol with 3-thiophene-boronic acid9 followed by NBS-bromination gave the 

highly reactive derivative 3 that was coupled directly with 2-thiophene-boronic acid to 

afford 4. Reaction of 2 with the potassium salt of bis-thiophene phenol 4 gave 

functionalised bithiophene 5 in 50% yield. Condensation of 5 with sarcosine in the 

presence of C60
31 provided 1 in 49% isolated yield. All spectroscopic and analytical data 

were consistent with the proposed molecular structures. 

 

The electropolymerisation of 1 affords a double-cable polymer that allowed the 

first observation of a photoinduced electron transfer in this class of materials. 
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Reagents and conditions: a, K2CO3, acetone, reflux, 8h, 20%; b, 3-thiophene-boronic acid, 
tetrakis(triphenylphosphine)palladium(0), DME, NaHCO3 (1M), 12h, 76%; c, NBS, DMF, 12h, 
87% (crude); d, 2-thiophene-boronic acid, tetrakis(triphenylphosphine)palladium(0), DME, 
NaHCO3 (1M), 12h, 48%; e, K2CO3, acetone, reflux, 8h, 50%; f, N-methylglycine, C60, 
chlorobenzene, reflux, 2h, 49%. 

 

 

 

Scheme 2.1 
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2.1.5. Chemically synthesized and soluble polythiophene bearing fullerene moieties 

 

Polymer 6 (Fig. 2.4) is a random copolymer with repeating units of 3-(4�-

(1��,4��,7��-trioxaoctyl)phenyl)thiophene 7 and of a thiophene-substituted fulleropyrro- 

lidine 12. The synthesis was carried out by Mats Andersson (Göteborg), Michele 

Maggini (Padova) and coworkers. Scheme 2.2 outlines the synthetic strategy towards 

double-cable 6. Fulleropyrrolidine 12 was synthesised in five steps starting from 

commercially available 4-octylphenol and 1,8-dibromo octane that in 2-butanol and 

K2CO3 at reflux temperature afforded bromoderivative 8 in 66% isolated yield. 

Compound 8 was brominated with NBS in DMF for 24 h at room temperature to obtain 

9 directly used, without further purification, in a palladium-catalysed coupling16 with 3-

thiophene boronic acid17 affording 10 in 40% isolated yield. Reaction of 10 and 4-

hydroxybenzaldehyde in the presence of K2CO3 and acetone at reflux temperature gave 

thiophene-aldehyde 11 in 80% yield. Aldehyde 11 was then condensed with sarcosine in 

the presence of C60 affording 12 in 52% isolated yield.18 All spectroscopic and 

analytical data were consistent with the proposed molecular structures. Polymer 6 was 

prepared by mixing monomers 12 and 7 (in a 1:9 ratio) in CHCl3 followed by addition 

of FeCl3 over a period of 5 hours. The resulting material was carefully dedoped and 

Soxhlet-extracted with diethyl ether to remove unreacted monomers and low molecular 

weight oligomers. The molecular weight of the copolymer, isolated in 12% yield, was 

Mn = 28000, Mw = 48000; determined by size exclusion chromatograpy using 

polystyrene standards. The 1H NMR spectrum of 6 showed that approximately 7% of 12 

was incorporated in the copolymer. Monomer 7, as well as the corresponding 

polythiophene PEOPT (α-α' liknkages) used as reference (see Chapter 4), were 

prepared as described in the literature.19  
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2.1.6. Poly((2-methoxy-5-(3,7-dimethyloctyloxy)-p-phenylene)-vinylene) (MDMO-

PPV)  

 

MDMO-PPV (see Chart) was purchased from COVION. This well studied conjugated 

polymer was developed to improve the efficiency of organic LEDs and has successfuly 

been utilized as electron donor in bulk-heterojunction solar cells. Here in Linz, solar 

cells with efficiency above 2.5% in AM1.5 illumination conditions are prepared by 

mixing MDMO-PPV and PCBM (see next section). 
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Fig. 2.4: Chemical structure of polymer 6 and monomer 7. 
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Reagents and conditions: a, 1,8-dibromooctane, K2CO3, 2-butanol, reflux, 24 h, 66%; b, NBS, 
DMF, RT, 20 h, 94%; c, 3-thiophene boronic acid, tetrakis(triphenylphosphine)palladium(0), 
NaHCO3 (1 M), DME, reflux, 10 h, 40%; d, 4-hydroxybenzaldehyde, K2CO3, acetone, reflux, 
36 h, 80%; e, N methylglycine, C60, chlorobenzene, reflux, 5 h, 52%; f, CHCl3, FeCl3 (1:6) - 
(0.05 M), 5 h, 57%. 
 

Scheme 2.2 
 
 
 

 

2.1.7. 1-(3-Methoxycarbonyl)-propyl-1-1-phenyl-(6,6)C61 (PCBM) 

 

PCBM (see Chart) is a soluble methanofullerene synthesized to combine the 

outstanding electronic properties of C60 and solubility. Its synthesis was reported in 

1993 by Hummelen et al.20 Since that early time, many soluble fullerene derivatives 

were synthesized. However, as mentioned just above, PCBM remains the first choice 
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fullerene electron acceptor for the preparation of bulk-heterojunction solar cells. In this 

work, we have used PCBM as standard electron acceptor for spectroscopic studies as 

well as for the fabrication of reference devices. 

 

2.1.8. Poly(ethylenedioxythiophene):polystirene sulphonate (PEDOT:PSS) 

 

PEDOT:PSS (see Chart) was purchased from Bayer, as Baytron P, and diluted 

with 3 volumes of 2-propanol. This p-doped conductive conjugated polymer is widely 

used as thin film (50-100 nm) on the transparent conductive electrode to prevent short 

circuits in thin film organic optoelectronic devices. 
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2.2. SAMPLES PREPARATION 

 

In most cases, samples for spectroscopic measurements were thin-films drop- or 

spun-cast from solution onto appropriate substrates. For IR spectroscopy, KBr disks or 

pellets as well as ZnSe disks were used. For measurements in the Vis-NIR spectral 

range, sample were cast on glass. When samples were electrochemically deposited, 
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electrodes were transparent in the spectral region of interest. For IR spectroscopy, ZnSe 

reflection elements with an evaporated Pt grid or slightly doped Ge reflection elements 

were used. For Vis-NIR spectroscopy, ITO coated glasses or plastic foils were used.  

Usually, solvents were of analytical grade from Aldrich, Fluka, J. T. Bakers and were 

used as received. For spectroelectrochemical experiments, toluene was distilled and kept 

over sodium while acetonitrile was stored over activated molecular sieves (4 Å). 

The supporting electrolyte used for electrochemical and spectroelectrochemical 

measurements was tetrabutylammonium hexafluorophosphate (98 %, Fluka), dried in 

vacuum at 180 °C just prior of the experiments. 

Drying of the samples was done in a oven under vacuum or by means of a nitrogen 

laminar flow box. 

 

 

2.3. EXPERIMENTAL TECHNIQUES 

 

2.3.1. Electrochemical polymerization and cyclic voltammetry 

 

For electrochemical polymerization and cyclic voltammetry (CV) a conventional three-

electrode cell was used. The working and the counter electrodes were Pt foils. An 

Ag/AgCl wire (calibrated with ferrocene just after the experiment) was used as quasi-

reference electrode. The supporting electrolyte solution was typically 0.1 M 

tetrabutylammonium hexafluorophosphate in anhydrous toluene, CH2Cl2 or 

toluene/CH3CN 7:3 v/v. Experiments in monomer-free conditions were carried out 

using the same electrolyte dissolved in CH3CN. The electrochemical apparatus 

consisted of a Jaissle 1002T-NC potentiostat, a Prodis 1/14 I sweep generator and a 

Rikadenki RY-PIA x-y recorder. All the experiments were done at room temperature 

and under Argon. 

 

 

 

 

 

 18 



                                                                                                                                  Chapter 2. Experimental 

2.3.2. Electron transfer studies and in-situ FTIR spectroelectrochemistry 

 

For spectroscopy in the Vis-NIR range, the polymer films were electrodeposited or drop 

cast onto ITO coated glass and plastic foils. The UV-Vis absorption spectra of the films 

were taken at room temperature on a Cary-3 spectrophotometer. The photoinduced 

absorption (PIA) studies in the Vis-NIR were done using the Ar+ ion laser lines at 351 

and 476 nm as pump source (40 mW on a 4 mm diameter spot). The pump beam was 

modulated mechanically at a chopper frequency of 210 Hz. The change in the probe 

beam (120 W, tungsten lamp) transmission (-∆T) were detected, after dispersion with a 

0.3 m monochromator, in the range 0.55-2.15 eV by a Si-InGaAsSb sandwich detector. 

The detector signals were recorded phase-sensitively with a dual-phase lock-in 

amplifier. The probe light transmission (T) was recorded separately using the same 

chopper frequency, then the PIA spectra were calculated as -∆T/T. Experiments were 

done at 100 K (the set-up is shown schematically in Fig. 2.5). Polymer films deposited 

on ZnSe (see below) were used for photoinduced FTIR absorption measurements (PIA-

FTIR). The samples were placed in a liquid N2 cryostat and illuminated in the 45° 

geometry (λ = 476 or 488 nm, 30 mW/cm2, see Fig. 2.6). 10 single beam spectra were 

recorded in dark and then under illumination, repeating this sequence 300 times. From 

the resulting "light-off" and "light-on" spectra, the PIA was calculated as -∆T/T. All of 

the FTIR spectra were recorded with a resolution of 4 cm-1, using  a Bruker IFS 66/S 

equipped with a liquid N2 cooled MCT detector. Attenuated total reflection (ATR) FTIR 

measurements during the electrochemical oxidation and reduction of the polymers were 

done in situ using the cell depicted schematically in Fig 2.6 Details and the set-up for in 

situ spectroelectrochemistry have been published.22-24 The working electrode was a Pt 

grid evaporated onto a ZnSe reflection element or a Ge reflection element (when not 

differently stated, the other electrochemical parameters and conditions were as those 

described in the previous section). During potential scanning at a rate of 5 mV/s, single 

beam IR spectra were recorded consecutively. Each spectrum covers about 90 mV in the 

corresponding CV. By selecting a spectrum taken just prior of the investigated redox 

process as reference and relating the subsequent spectra to this chosen reference, 

specific electrochemically induced spectral changes were observed (the difference 

spectra were calculated as ∆(-logTATR), where TATR is the transmittance in the ATR 
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geometry). For LESR spectroscopy the polymer films on ITO coated plastic, cut in 

stripes of approximately 2 mm x 10 mm, were sandwiched and placed into a ESR quartz 

tube which was evacuated and then sealed in Ar atmosphere. The sample was placed in 

the high-Q-cavity of a X-band ESR spectrometer and cooled down to 100 K. For the 

"light-on" spectrum, illumination was made at 476 nm. To take into account residual 

spins due to the oxidative polymerization process as well as persistent light induced 

changes, "dark spectra" and "light-off" spectra were recorded just prior and after 

illumination, respectively. The LESR spectrum was then calculated by subtracting the 

"dark" signal from the "light-on" signal. 
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Fig. 2.5: Set-up for photoinduced Vis-NIR absorption. 
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Fig. 2.6: Schematical set-up for photoinduced FTIR absorption 
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Fig. 2.7: Cell for in situ attenuated total reflection FTIR spectroelectrochemistry 
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CHAPTER 3. SPECTROSCOPIC STUDIES OF LOW BAND-GAP 

POLYDITHIENOTHIOPHENES 
 

 

In Chapter 1 we have mentioned the theories developed in order to explain the 

doping- or photoinduced infrared spectroscopic features (IRAV) of conjugated 

polymers. These models, developed for relatively simple systems like trans-

polyacetylene - in which both positive and negative charge carriers are topologically 

equivalent - have been extended to few polyheteroaromates. So far, these theoretical 

descriptions do not account for possible differences in the IRAV signatures of positive 

and negative charge carriers. A detailed description of the electronic and vibrational 

properties of conjugated polymer with low band-gap and stable in either the p- and n-

doped states is necessary for the basic understanding of their behaviour. In particular, 

spectroscopic studies of conjugated polymers whit stable n-doped state might be useful 

to achieve better experimental and theoretical descriptions of the so far rarely observed 

negative charge carriers in conjugated polymers. 

 

Due to the electron-phonon coupling in conjugated polymers, we expected that the 

different moieties fused to the same polythiophene-like chain influence also the 

vibrational behavior of PDTT1, PDTT2 and PDTT3. By means of Raman spectroscopy, 

in situ attenuated total reflection FTIR spectroelectrochemistry and photoinduced FTIR 

absorption spectroscopy, we have indeed observed that these members of the same 

polymer family exhibit a variety of spectroscopic behaviors. In particular, PDTT1 and 

PDTT2 in their p- and n-doped states show two different IRAV patterns. Conversely, no 

substantial differences are found between the spectra of p- and n-doped PDTT3. In all 

cases, the photoinduced IR absorption spectra resemble those of the p-doped polymer 

and do not show softening of modes, indicating that a kind of pinning occurs even in 

absence of electrolyte counterions. Moreover, a vibrational signature for an increased 

quinoidal character of the chain is observed. 

 

Electron spin resonance (ESR) combined with electrochemistry has been applied 

successfully in the elucidation of the doping mechanisms of several conjugated 
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polymers and can directly proof the formation of paramagnetic charge carriers such as 

polarons.1-2 In situ ESR spectroelectrochemistry measurements performed during p- and 

n-doping of PDTT1, PDTT2 and PDTT3 revealed that the charge carriers of polaronic 

nature exhibit unusually high g-factors. In addition, negative polarons have 

systematically higher g-factors as compared to their positive counterparts.  

 

 

3.1 VIBRATIONAL SPECTROSCOPY 

 

3.1.1. Raman spectroscopy 

 

We used Raman scattering spectroscopy to obtain some insight on how the 

different thienothiophene moieties are affecting the π-electron delocalization of the 

polythiophene-like conjugated backbone. The resonant Raman spectra obtained at 

various excitation wavelengths are displayed in Fig. 3.1, 3.2 and 3.3. In the following 

discussion, α, β and γ refer to PDTT1, PDTT2 and PDTT3, respectively. Upon tuning 

the excitation wavelength within the polymer π→π* absorption bands (for absorption 

spectra see Ref. 16), the selective excitation of chain segments with different π-electron 

delocalization leads to a frequency dispersion and to an intensity redistribution of the 

Raman modes. At lower excitation wavelengths, i.e. in resonance with the shortest 

conjugation lengths, PDTTs exhibit two intense Raman bands, indexed 1 and 2 (Fig. 

3.1(a-d), Fig. 3.2(a-c) and  Fig. 3.3(a-d). See also Table 3.1). With the NIR excitation 

(λ= 1064 nm) near the onset of the absorption band of PDTTs5 and thus in resonance 

with the chain segments with the more extended π-electron delocalization, the Raman 

spectra display a much more complicated pattern. The PDTT1 Raman spectrum (Fig. 

3.1(d)) shows four relevant bands at 1466 (α1), 1422 (α2), 1287 (α3), 1237 cm-1 (α4); a 

broad and weaker feature is seen at about 850 cm-1. The Raman spectrum of PDTT2 

(Fig. 3.2(c)) is rather similar to that of PDTT1. Although red-shifted, the intense bands 

seen at 1431 (β1) and 1395 (β2) cm-1 compare well with α1 and α2. Again, two bands are 

at 1287 (β3) and 1237 cm-1 (β4). The most striking difference is the presence of several 

medium or weak bands below 1000 cm-1 (β5-β9, listed in Table 3.2). The PDTT3 (NIR 

excitation) spectrum (Fig. 3.3(d)) shows a quite complicated pattern, in which five main 
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bands are observed at 1475 (γ0), 1422 (γ1), 1344 (γ3), 1318 (γ4) and 639 (γ7) cm-1 along 

with several weaker features. 

 

These spectral features evidence that the Raman behavior of PDTTs is 

significantly different from that of simpler polythiophenes. In general, Raman spectra of 

the polythiophene family show three main lines coupled to the electronic transition. 

Two dominant lines are around 1500 cm-1 and 1450 cm-1 (C=C stretching region)6,7 

while a weaker feature is seen within the range 1080-1050 cm-1 (C-C stretching + C-H 

wagging component).8,9 The modes that posses the largest ECC character correspond to 

the bands near 1500 cm-1, which show a weak dispersion with different chain lengths 

(as well as with different excitation wavelengths in polydispersed samples). This 

behavior is the vibrational signature proving that in polythiophenes π-electrons are 

mostly confined within each thiophene ring or within a very restricted domain of the 

chain.8,9 For PDTTs, significant differences to the simpler polythiophene Raman spectra 

are found: 

 

• more complicated spectra are observed for PDTTs (more Raman lines are seen 

going from PDTT1 to PDTT2 and PDTT3); 

 

• most of the PDTTs Raman bands show both intensity redistribution and 

frequency dispersion with the excitation wavelength. The intense bands indexed 

1 and 2 (see Fig. 3.1(a-d), Fig. 3.2(a-c), Fig. 3.3(a-d) and Table 3.1) are 

identified as the modes with the largest ECC contribution which, as opposed to 

simple polythiophenes, exhibit a more relevant dispersion. Moreover, lines 

indexed 1 and 2 appear at significantly lower wavenumbers than the two lines 

near 1500 cm-1 in the simple polythiophenes’ spectra; 

 

• in PDTTs no relevant Raman lines are observed around 1100 cm-1; 

 

• in the region around 1300 cm-1 no dominant lines are observed for 

polythiophenes while two intense lines are seen for the PDTTs (band index 3 

and 4). 

 26 



                                                   Chapter 3. Spectroscopic studies of low band-gap polydithienothiophenes 
 
 
 

 

 

 

1800 1600 1400 1200 1000 800 600

α
4

α
3

α
2

α
1

c)

d)

b)

a)

Ra
m

an
 in

te
ns

ity
 [a

. u
.]

Raman shift [cm-1]
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.1: Raman spectra of pristine PDTT1. Excitation at 457 (a), 488 (b) 633 (c) and 1064 nm 
(d). 
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Raman spectra of pristine PDTT2. Excitation at 457 (a), 514 (b) and 1064 nm (c). 
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Fig. 3.4: Raman spectra of pristine PDTT3. Excitation at 457 (a), 514 (b), 633 (c) and 
1064 nm (d). 
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Most of the above differences can be explained considering the enhanced weight of the 

quinoidal canonical form in the definition of the PDTTs electronic ground-state and 

hence the increased inter-ring electronic delocalization: 

 

• this effect is overcoming the π-electron confinement found in polythiophenes 

(as well as it is reducing the band-gap size). Therefore, the modes containing the 

strongest ECC contribution do exhibit the predicted frequency dispersion; 

 

• apart from the relative differences in the weight of the canonical forms (crucial 

for the size of the band-gap) it is known that in both polythiophenes and PDTTs 

the ground-state is aromatic (the canonical structure a) in the inset of Fig. 3.1 has 

the major weight in its definition).10 Therefore, the C=C stretching vibration 

mostly contributing to the ECC mode must be that between the nuclei Cα-Cβ of 

the thiophene ring lying in the polythiophene-like chain. As such, the red-shift of 

lines 1 and 2 in PDTTs compared to the corresponding ECC modes in 

polythiophenes is motivated by the decrease of the Cα-Cβ force constant that 

must accompany the increased quinoidal character of the chain. As further 

corroboration, these lines shift to lower wavenumbers as the polymer band-gap 

decreases (ν(α1)> ν(β1) > ν(γ1) and ν(α2) > ν(β2), ν(γ2)); 

 

• conversely, the Cα-Cα' (inter-ring bond) force constant should increase with 

increasing quinoid character of the chain and, therefore, some bands should 

appear at higher wavenumber in the PDTTs spectra than in those of 

polythiophenes. For the latter polymers, a medium band near 1200 cm-1 has been 

assigned to Cα-Cα' symmetric stretching.6,7 Thus, it is noteworthy that PDTT 

spectra show intense lines, well above 1200 cm-1, that shift to higher 

wavenumbers as the band-gap decreases (ν(α3) < ν(β3) < ν(γ3) and ν(α4) < 

ν(β4), ν(γ4)). 

 

In conclusion, the Raman spectra of PDTTs display the spectral signatures of an 

increased quinoidal character of the polythiophene-like chain compared to 

polythiophenes and of the involvement of the thienothiophene moieties to the polymer 
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backbone π-electron delocalization. These effects are increasing from PDTT1 to PDTT2 

to PDTT3. 

 

3.1.2. In situ FTIR spectroelectrochemistry 

 

As mentioned above, PDTT1, PDTT2 and PDTT3 are among the few conjugated 

polymers so far described that undergo both reversible p- and n-doping. By combining 

cyclic voltammetry and ATR-FTIR spectroscopy we have recorded, in situ, the IR 

spectral changes during the doping processes of PDTT1, PDTT2 and PDTT3. The 

cyclic voltammograms (scan rate 5 mV/s) taken during the in situ IR 

spectroelectrochemical experiments are shown in Fig. 3.5. 
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Fig. 3.5: Cyclic voltammogramms of PDTT1 (dash-dotted line), PDTT2 (dotted line) and 
PDTT3 (solid line), recorded during the in situ ATR-FTIR experiments. 
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The IR spectral changes developing during p- and n-doping of PDTT1 are 

depicted in Fig. 3.6. With both p- and n-doping the spectra show a broad electronic 

absorption band, with maximum around 3600 cm-1, and IRAV bands in the vibrational 

range (the latter is represented in detail in Figure 3.7).  
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Fig. 3.6: FTIR difference spectra during p- and n-doping of PDTT1. Sequence: bottom to top. 
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Fig. 3.7: FTIR difference spectra during p- and n-doping of PDDT1. IRAV range. Sequence: 
bottom to top. 
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The frequencies and the characteristics of the IRAV bands are reported, along with 

those observed upon doping of PDTT2 and PDTT3, in Table 3.2 (Table 3.2 collects also 

frequencies from the PIA-IR absorption spectra that will be discussed later). The sharp 

peak at 842 cm-1, growing during the p-doping of all polymers, is due to the 

incorporation of the hexafluorophosphate ions balancing the charge formed on the 

polymer by the oxidation process. As can be seen, the following differences between p- 

and n-doped PDTT1 spectra are observed: 

 

• the p-doped polymer spectrum shows three dominant IRAV bands while only 

two intense IRAV bands emerge upon n-doping (Fig. 3.7); 

 

• in the n-doped polymer spectrum, the intensity of all features is about  50% 

lower of that observed in the p-doped polymer spectrum (Fig. 3.6); 

 

• the relative intensities of bands are different in the two differently doped 

polymer forms. In particular, the intensity of the in-the-gap electronic absorption 

band relative to those of IRAV bands is drastically lower in the n-doped polymer 

spectrum (Fig. 3.6). 

 

A quite similar behavior shows PDTT2, whose spectra during p- and n-doping are 

depicted in Figure 3.8. Again, the spectral patterns include a broad eletronic absorption 

band above 1500 cm-1 and IRAV bands in the vibrational range (detailed in Fig. 3.9). 

Although the spectra are not as dissimilar as in the previous case, differences between 

the p- and n-doped polymer spectra are observed: 

 

• p-doped PDTT2 shows an ill-defined IRAV spectrum due to the overlap of 

broad bands while the n-doped polymer spectrum clearly shows four intense 

IRAV bands (Fig. 3.9); 

 

• remarkable differences are also seen when considering the features with 

medium and weak intensity below 800 cm-1 (Fig. 3.9); 
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Fig. 3.8: FTIR difference spectra during p- and n-doping of PDTT2. Sequence: bottom to top. 
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Fig. 3.9: FTIR difference spectra during p- and n-doping of PDDT2. IRAV range. 
Sequence: bottom to top. 
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• similar to PDTT1, the intensity of the n-doped PDTT2 bands is about 50% lower 

of those seen in the p-doped polymer spectrum. 

 

Such differences indicate a different delocalization for the positive and negative charge 

carriers in PDTT1 and PDTT2, as already reported for other p- and n-dopable polymers 

like poly(ethylene-2,3-dioxythiophene) (PEDOT)11-13 and 

poly(isothianaphthenemethine).15 Despite the feasibility of reversible doping of both 

signs these polymers maintain a higher delocalization/mobility of positive charge 

carriers, as indicated by the higher intensity, the larger bandwidth and the lower 

wavenumber observed for the IRAV bands of the p-doped polymer forms as compared 

to the n-doped state. 

 

For PDTT3 we have observed a different and peculiar behavior.13,15 Its p-doped 

state show a spectrum (Fig. 3.10 and 3.11) dominated by a broad absorption at high 

energy, with maximum at about 2800 cm-1, and a complicated IRAV band pattern. The 

main bands in the range 1500 - 1000 cm-1 are rather broad, which indicates, together 

with their high intensity, a rather high delocalization of the positive charges along the 

chain. Several sharp peaks appear in the region 950 - 600 cm-1. The high energy part of 

the n-doped PDTT3 spectrum (Fig. 3.10) shows a broad bands with maximum that 

shifts from 3250 to 2800 cm-1 with increasing doping level. The IRAV bands that arise 

during n-doping process give a pattern similar to that of the p-doped polymer form (Fig. 

3.11). Apart from slight differences in the relative intensities, especially above 1000 cm-

1 all of the spectral features are present in both spectra of the oxidized and reduced 

PDTT3. Again, sharp peaks appear in the region from 950 to 600 cm-1. In contrast to 

other polythiophene- based conjugated polymers as well as PDTT1 and PDTT2, the 

difference spectra of p- and n-doped PDTT3 exhibit IRAV bands with almost the same 

intensities. The high similarity between the spectral features of oxidized and reduced 

PDTT3 suggests that the nature and delocalization of the charge carriers of both signs 

are similar.   
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Fig. 3.10: FTIR difference spectra during p- and n-doping of PDTT3. Sequence: bottom to top. 
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Fig. 3.11: FTIR difference spectra during p- and n-doping of PDDT3. IRAV range. Sequence: 
bottom to top. 
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Despite the polythiophene-like nature of the chain and as already observed by 

Raman spectroscopy,  all  of the  p-doped  PDTTs I R  spectra do not compare  well to 

those of simpler p-doped polythiophenes.16,17 Such a dissimilarity should not be 

observed if modes located within the fused thienothiophene moiety would not 

contribute significantly to the ECC. Within the PDTTs series, the results confirm that 

the π-electrons of the fused thienothiophene moiety of PDTTs affect differently the π-

electron delocalization along the polythiophene-like chain, thus determining the 

different electronic and vibrational properties of the polymers. In particular, the fact that 

the spectral complexity increases from PDTT1 to PDDT2 and PDDT3, can be explained 

by the increased interaction between the π-electrons within the fused moiety and the 

polythiophene-like chain, according to the enhanced inter-ring delocalization as the 

band-gap decreases. 

 

3.1.3. Photoinduced IR absorption 

 

The spectral signatures of charged carriers (electronic absorption and IRAV 

bands) are also observed in the photoinduced IR absorption (PIA) spectra, which are 

presented in Figure 3.12 and in Fig. 3.13 (band wavenumbers are collated in Table 3.2). 

The formation of both positive and negative charge carriers can be expected by 

dissociation of excitons after photoexcitation as well as by direct excitation.18 However, 

it can be seen that all of the PDTTs PIA-IR spectra are similar to those of the 

corresponding p-doped polymer, especially concerning the IRAV bands. Such a 

similarity is implicit only for PDTT3, whose positive and negative charge carriers 

possess nearly identical IR signatures. For PDTT1 and PDTT2, which show different 

spectra in the p- and n-doped state, it must be inferred that mostly positive polarons are 

delocalized and behave as majority charge carriers in the photodoped material. 

Conversely, negative charges are probably trapped within certain sites of the polymer, 

e.g. chain defects, or localized in the repeating units themselves. These results are 

consistent with the higher p-type charge carrier delocalization in PDTT1 and PDTT2 

found by the in situ FTIR spectroelectrochemical measurements. 
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Fig. 3.12: PIA-FTIR spectra of PDTT1 (dotted line), PDTT2 (dash-dotted line) and PDTT3 
(solid line). 
 

 

In all cases, no softening of IRAV modes is observed in the photoexcited spectra as 

compared to the electrochemical doping induced spectra. On the contrary, some bands 

even show a small blue-shift in the photoexcited case. This observation suggests that the 

small number of carriers generated by photodoping have a kind of "extra-pinning", 

possibly arising from localized negative charges acting as pinning sites for the positive 

carriers. Such an effect explains the similarity of the IRAV frequencies despite the 

absence of electrolyte counterions in the photoexcited case. 

 

 41 



                                                   Chapter 3. Spectroscopic studies of low band-gap polydithienothiophenes 
 
 
 

1800 1600 1400 1200 1000 800 600

- ∆
T/

T

Wavenumber [cm-1]

 

Fig. 3.13: PIA-FTIR spectra of PDTT1 (dotted line), PDTT2 (dash-dotted line) and PDTT3 
(solid line). Spectra are arbitrarily rescaled. 
 

 

3.2. COMPARISON OF RAMAN AND IR RESULTS 

 

As explained in the introduction, the theories developed to elucidate the Raman 

and IR spectroscopic behavior of conjugated polymers predict an almost one-to-one 

correspondence between the Raman lines of the neutral samples and the IRAV bands 

activated by doping or illumination. 
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In detail, the NIR Raman spectrum of PDTT3 exhibits five main bands at 1475 

cm-1 (γ0), 1422 (γ1), 1344 (γ3), 1318 (γ4) and 639 cm -1 (γ7); shoulders or broad and 

weaker features are detected at about 1390 (γ2), 1270 (γ5) and around 900 cm-1 (several 

overlapping bands with low intensities, indicated as (γ6). In contrast to the results 

obtained with simpler conjugated polymers, some Raman bands of PDTT3 coincide 

with Raman modes of the monomer. The two Raman bands observed at 1475 cm-1 and 

1407 cm-1 (γ2) in the spectrum taken with excitation at 457 nm, which is in off-

resonance with the π-π* transition of the polymer, correspond to two very strong Raman 

bands of the monomer. Further coincidences with weaker monomer bands are observed 

for the modes at 1473 (γ1) and 1355 cm-1 (γ3). As underlined in the above discussion, 

Raman spectra show intensity redistribution with the exciting energy. Going from 457 

nm to NIR excitation, the band seen at 1475 cm-1 (457 nm) disappear and band γ2 

becomes a shoulder. This behavior, associated with the already discussed 

correspondence to two strong Raman modes of the monomer, indicates that these modes 

are located with the dithienothiophene moiety. Band γ1 strongly increases in intensity 

with increasing excitation wavelength and becomes the dominating signal in the 

spectrum taken with NIR excitation. Other signals that gain in intensity, but have no 

correspondence to monomer Raman bands, are γ4, γ5, and γ6. The last two are only 

clearly seen with NIR excitation. Band γ0 loses intensity but remains noticeable even 

exciting with long wavelengths. As underlined in Section 3.1.1, the main bands show 

also changes in frequency at different excitation energies. Bands γ0, γ1, γ3 and γ4 

decrease in frequency with decreasing excitation energy, i.e. according to the models by 

the selective enhancement of longer conjugated segments. 

 

Correspendences between these Raman bands and IRAV bands of the electrochemically 

p-doped PDTT3 are found: 

 

• band γ0, which decreases and moderately shifts in Raman, shows a further shift 

to lower frequency in the IR spectrum; 
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• the set of bands γ1, γ3 and γ4, which gain in intensity increasing the excitation 

wavelength, remains intense and shows a remarkable shift (about 30 cm-1) going 

to the IR spectrum of oxidized PDTT3. Band γ1 seems to split in two bands at 

1401 and 1371 cm-1; 

 

• the broad and weak features γ5 and γ6, emerging in the Raman spectrum taken 

with NIR excitation, appear with rather high intensity in the IR absorption and 

give the two extended and complicated patterns in the regions 1250-1120 cm-1 and 

950-770 cm-1. The feature γ6 seems to be splitted in several broad components. 

 

• A remarkable and particular behavior shows the low-frequency band at about 

640 cm-1 (γ7), which is quite far from the range commonly considered for IRAV 

modes. It does not show dispersion and it is always quite strong upon changing the 

excitation wavelength. Moreover, almost no changes in its relative intensity and 

position are detected in the IR spectrum. This fact is suggesting that this band is 

associated to a mode that, altough being coupled to the π-electronic system of the 

polymeric backbone, is localized within the fused thienothiophene moiety.  

The localization of this mode is also indicated by the sharpness of the 

corresponding band. In the Raman spectra of polythiophenes, very weak features 

in this low frequency region of the spectrum were found and identified as Ag ring 

deformation modes containing C-S stretching character.19 Infrared bands of 

neutral and doped polythiophene in the region ranging from 900 to 600 cm-1 have 

also been assigned to thiophene ring modes by several groups.20 In PDTT3, 

similar contributions from C-S stretching modes localized in the fused rings but 

still coupled to the π-electronic system of the polymeric backbone, can be 

expected and are indeed found by the rather intense band γ7. 

 

In PDTT2, it can be seen that the bands α1 and α2, which in Raman show large intensity 

redistribution, and softening with increasing excitation wavelength, exhibit further 

changes going to the IR spectra. Band α1 weakens in the p-doped polymer spectrum and 

is observed only as shoulder in the PIA-FTIR spectrum. Conversely, α2, observed as a 

shoulder in the Raman spectrum with excitation at 457 nm, becomes stronger with the 
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NIR excitation and is among the dominant bands in the doped and PIA-FTIR polymer 

spectra. In addition to the softening with increasing excitation wavelength, α1 and α2 

show a further shift to red in the FTIR polymer spectra. For PDTT2, due to the 

complexity of the spectral pattern and especially to the overlapping of several bands in 

the p-doped polymer spectrum, a band-to-band correlation would be too speculative and 

has not been done. However, it can be noted that the sharp and medium band β9, 

observed in all of the IR as well as the Raman spectra of PDDT2, seems to have the 

same origin as γ7 in PDTT3.15 

 

3.3. IN SITU ESR SPECTROSCOPY 

 

In addition to vibrational spectroscopy, ESR spectra of PDTTs were recorded in 

situ during electrochemical p- and n-doping in potential scan experiments. These studies 

have been performed at the group of Lothar Dunsch in Dresden, Germany. In all cases, 

the formation of paramagnetic charge carriers (polarons) is observed. As an example, 

Fig. 3.14 shows the ESR signal obtained during p-doping and dedoping of PDTT3. A 

detailed study of the behavior of the ESR signal and its correlation to electrochemical 

parameters (e.g. amount of charge, electrode potential) is in progress. The maximum 

signal obtained during p- and n-doping was used for the determination of the g-factors. 

The rescaled spectra of the respective charge carriers in PDTT1, PDTT2 and PDTT3 are 

shown in Fig. 3.15. P-doped PDTTs spectra consist of a single line at g-factors around 

2.004, which is higher than the values commonly observed for doped (as well as 

photoexcited) conjugated oligomers21 and polymers.22-25 The n-doped PDTTs spectra 

consist of a single line at even higher g-factors. The spin signature of negative polarons 

is seen by the lines at g-factor values ranging from 2.0049 (PDTT2) to 2.0054 (PDTT1). 

These g-factors are remarkably high. Origin of the high g-factors is assumed to be the 

stronger spin-orbit coupling within the PDTTs, potentially related to the sulphur atoms 

in the fused moieties, which again shows their strong influence to the polymer 

properties. In fact, g-factors are related to the participation of carbon atom and 

heteroatoms according to the equation 

 

∆g = g - ge ∝ λ/Eg 
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where ge is the free-electron g-factor (2.0023), λ is the spin-orbit coupling parameter 

(29 cm-1 for C2p, 382 cm-1 for S3p) and Eg is the polymer band gap.  

 

It is also remarkable that the g-factor for the negative polaron as compared to the 

positive polaron on one-and-the-same polymer is systematically higher. This g-factor 

shift can have several origins: 

 

• the different spin-orbit coupling terms by the different polaron distribution on 

the sulphur atoms in the p- and n-doped polymer; 

 

• the differences in excited state energies for the n- and p-polarons, respectively, 

resulting in different g-factor shift term due to the denominator in the spin-orbit 

terms.26 

 

• In principle, there could also be an effect due to the incorporation of  different 

counterions during p- and n-doping.27  

 

Independently of the doping sign, all ESR lines are narrow (∆HP-P of 2-3.5 G). Rather 

narrow ESR lines for doped conducting polymers are commonly observed and 

interpreted by motional as well as exchange narrowing due to a large number of 

carriers.28 Positions and widths of the ESR lines are listed in Table 3.3. 
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Fig. 3.14: In situ ESR spectra during p-doping (spectrum number 0-10) and dedoping (11-20) of 

PDTT3. 
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Fig. 3.15: in situ ESR spectra of p- (solid line) and n-doped (dotted line) PDTT1 (a), PDTT2 (b) 
and PDTT3 (c). Spectra are arbitrarily rescaled. 
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3.4 CONCLUSIONS 

 

We have investigated the pristine and doped PDTTs, low band-gap polymers that 

undergo reversible electrochemical p- and n-doping as well as photodoping. In pristine 

PDTTs, the Raman modes mostly contributing to the ECC do undergo intensity 

redistribution as well as frequency dispersion by changing the exciting light frequency. 

This behavior can be taken as a vibrational signature of the enhanced quinoid character 

of the chain, which overcomes the π-electron confinement typical of simpler 

polythiophenes and lowers the polymer band-gap sizes. In doped PDTT1 and PDTT2, 

charge carriers of opposite signs show different spectral signatures while in doped 

PDTT3 no significant differences are observed. The spectral patterns are strongly 

affected by the different aromatic moieties fused to the thiophene rings forming the 

polythiophene-like chain. In particular, as their aromaticity increases and thus the 

polymer band-gap decreases, modes located within the fused moiety couple to the 

delocalized electron system along the polythiophene backbone. 

 

With in situ ESR spectroelectrochemistry, paramagnetic charge carriers were observed 

upon both signs of doping. The spins of the positive carriers were found at g-factors 

higher than those reported for most of p-doped conjugated polymers. The spin of 

negative carriers exhibits a shift of the g-factors to even higher values as compared to 

the positive polarons. These results corroborate the conclusion that positively and 

negatively charged carriers within the same conjugated polymers may posses different 

structure and delocalization, as concluded from their vibrational spectroscopic 

signatures. 
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Table 3.1. Band assignment and wavenumber of Raman and IRAV modes. Wavelenghts are the 
Raman excitation lines; p, p-doping; n, n-doping; PIA, photodoping; w, weak; vw, very weak; 
sh, shoulder.   
  

 PDTT1 

  ν(α1) ν(α2) ν(α3) ν(α4) ν(α5) 

457 nm 1501 sh 1303 - vw 

488 nm 1495 1440 sh 1300 - vw 

633 nm 1479 1437 sh 1298 - / 

1064 nm 1466 1422 1287 1237 ≈ 850 w 

p 1438 w 1361 1277 1205 - 

n 1456 w 1385 1271 1207 - 

PIA sh 1361 1278 1206 - 

 

 PDTT2 

 ν(β1) ν(β2) ν(β3) ν(β4) ν(β5) ν(β6) ν(β7) ν(β8) ν(β9) 

457 

nm 

1502 1437  vw - vw - - vw vvw 

514 

nm 

1490 1419  1295 - 1184 vw vw 731 vw 

1064 

nm 

1431 1395 1287 1237 1190 1086 866 743 658 

 

 PDTT3 

 ν(γ0) ν(γ1) ν(γ2) ν(γ3) ν(γ4) ν(γ5) ν(γ6) ν(γ7) 

457 nm 1500 1473 1407 1355 - - - 646 

514 nm 1495 1466 1402 1353 1331 - - 646 

633 nm 1485 1451 1402 1348 1325 - - / 

1064 

nm 

1475 1422 1400 

sh 

1344 1318 1250 b 950-

770 

639 

p (n) 1460 1401 - 1326 1287 1250- 950- 634 

  1371    1120 770  
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PIA 1469 1400 - 1330 1295 1250- 950-

770 

634 

  1372    1120   

 

 

 
Table 3.2. IR bands of doped PDTTs. Numbers are wavenumbers, vs, very strong; s, strong; m, 
medium; w, weak; vw, very weak; el, electrolyte; p, p-doping; n, n-doping; PIA, photodoping. 
 

PDTT1 p PDTT1 n PDTT1 PIA 

1687vw   

1518w  1525   

1438 vw 1456   

1361 vs 1385 vs 1361 

1309 vw 1315 w  

1277 vs  1271 vs 1278 

1205 vs 1207 m 1206 

1157 w 1153 w 1151 

1122  1111 w  

  1078 

 929 w  

899 w   

845 vs el   

 760 vw 756 

669 w   

644 w  630 
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PDTT2 p PDTT2 n PDTT2 PIA 

1456 w 1450 w  

1392  1402   

1356 m 1349 ms  1363 

1307   1317 

1279   1276 

 1249 vs   

1217 vs  1225 

1178 m   

 1147 vs   

1082 s  1068 s  1082 

922 mv   

837 vs el   

733 s sh 723 w  

690 mw    

659 w  651 m  657 

PDTT3 p PDDT3 n PDDT3 PIA 

1460 w 1469 w 1469 

1445 vw   

1401 m 1403 m 1400 

1371m 1369 m 1372 

1326  1329 m 1330 

1287 m 1281 s 1295 

1214 s 1221 vs 1226 

1180 s 1176 s 1180 

1139 s 1150 1140 

 1110 s  

1020 1080 m  

940 w  941 

 891 m 862 

842 vs el   

778 w 764 m 777 

721 w 700 w  

684 w 660 w  

634 s 630 s 634 

 

 

 

 

Table 3.3. Position and line width of doped PDTTs ESR signals. p, p-doping; n, n-doping. 
 

 PDTT1 PDTT2 PDTT3 

g-factor p / n 2.0045 / 2.0054 2.0044 / 2.0049 2.0042 / 2.0052 

∆HP-P (G) p / n 2.7 / 2.8 2.0 / 2.2 3.6 / 3.3 
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CHAPTER 4. ADVANCED MATERIALS FOR NON-COMPOSITE 

DONOR-ACCEPTOR SYSTEMS 
 

 

4.1. INTRODUCTION 

 

Different strategies to improve the processability of fullerenes and/or to achieve 

their intimate mixing with conjugated polymers have been proposed. To control the 

morphology within the photoactive layer and to obtain a predetermined nanoscopic 

phase-separated network, systems as diblock-copolymers (conjugated donor block plus 

fullerene-bearing block)1 and conjugated oligomer-fullerene dyads have been 

prepared.2-10 Recently, several groups  have developed the so-called double-cable 

polymers approach. The work done in Linz on this novel class of functional materials is 

the subject of the next Section. Peeters et al. used an oligo(p-phenylene vinylene)-

fulleropyrrolidine dyad to fabricate solar cells with efficiencies comparable to those of 

other previously reported “bulk-heterojunction” solar cells.9 However, for several 

donor-acceptor dyads it was found that depending on a number of factors (e.g. polarity 

of the solvent, aggregation state, conjugation length of the donor unit, etc.) detrimental 

photoinduced energy transfer can compete with photoinduced electron transfer.8-11 

 

In this part of the work, we investigated  the conjugated oligomer-fullerene dyads 

oligo(p-phenylene vinylene)-fulleropyrrolidine OPVn-C60
18 (n = 1-4, number of phenyl 

rings, see Fig. 4.1) as components in MDMO-PPV based solar cells. The idea of 

investigating OPVn-C60 as alternative to C60 and PCBM in MDMO-PPV bulk-

heterojunction solar cells is based on the following considerations: 

 

- the fullerene moiety of the dyads can act as acceptor with respect of the donor 

MDMO-PPV; 

- the OPVnC60 chemical structure shows similarity to that of MDMO-PPV, 

which act as matrix. Therefore, a better compatibility and a higher miscibility 

between the polymer matrix and the added acceptor, leading to more glassy, 

more homogeneous bulk-heterojunctions, can be expected; 
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- the longer OPVnC60 (n = 3, 4) are colored, light absorbing molecules. This 

may results, via direct intramolecular electron transfer or energy transfer assisted 

process (antenna effect), in improved light-harvesting properties compared to 

MDMO-PPV/PCBM devices. 

 

Moreover, pristine OPVnC60 posses different photophysical behavior. In the solid state, 

the longer terms of the series (n= 3, 4) undergo photoinduced electron transfer affording 

long-living charge separated states. On the contrary, the shorter terms (n= 1, 2) do not 

undergo, or undergo only to a very small extent, photoinduced electron transfer.12 Thus, 

the comparison of these dyads as electron acceptor seems interesting to study the 

correlation between their photophysical properties and the charge generation and 

transport mechanism in operating photovoltaic devices. 

 

 

4.2. OLIGO(P-PHENYLENE VINYLENE)-FULLEROPYRROLIDINE DYADS 

AS ELECTRON ACCEPTOR COMPONENT IN MDMO-PPV BASED PLASTIC 

SOLAR CELLS 

 

Photovoltaic devices were prepared on poly(ethylene terephtalate) foils covered 

with patterned indium-tin oxide (ITO) as transparent electrode. First, the substrate was 

covered with Baytron-P to obtain a smooth surface and prevent shunts. Then, one, two 

or three layers of the donor-acceptor blend were deposited from toluene solution. All 

organic layers were cast by the doctor blade technique. Thin stripes of aluminum as 

counter electrodes were deposited by thermal evaporation to form active areas of 5 

mm2. 

 

Figure 4.2 displays the AFM images of the surface of MDMO-PPV/OPV2C60 (a) 

and MDMO-PPV/PCBM (b) blend films, cast by doctor blading from toluene. The 

images show clearly that the blending behaviour of OPV2C60 is much superior than that 

of PCBM. Very similar results were obtained with the other terms of the dyad series. 

Based on this striking surface difference, it is reasonable to assume also a more glassy, 
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uniform morphology (less phase separation) within the MDMO-PPV/OPVnC60 bulk-

heterojunctions as compared to the MDMO-PPV/PCBM one.13 

 

The I/V characteristics of the devices are collated in Table 4.1. Considering the 

three layer devices, in which shorts due to pin-holes are reasonably prevented, a clear 

trend is observed: the longer the OPVn- moiety, the lower is the ISC. The linear plots of 

the typical I/V curves for the three layer devices (area of 0.05 cm2) are shown in Fig. 

4.3. The devices were characterized in dark and under white-light illumination from a 

halogen lamp (~ 65 mW/cm2). The I/V curves were found reversible. In dark, the 

devices made with OPV1C60 and OPV2C60 (the shorter terms) show a diode behaviour. 

However, the rectification ratio between -2 and +2 V is limited to approximately 10. 

Conversely, almost no diode behaviour is observed with the longer terms OPV3C60 and 

OPV4C60. Under ~ 65 mW/cm2 white-light illumination the ISC values varies from ca. 

65 µA for OPV1C60 to ca. 6 µA for OPV1C60. The VOC values range from 700 up to 

800 mV, slightly increasing with the length of the OPVn moiety. All curves show rather 

low filling factor (FF), defined as (Imax× Vmax)/(ISC×VOC) where Imax and Vmax are 

corresponding to the point of maximum power output. 

 

 

N

O
O

O
O

 n

 

 
Fig. 4.1: Chemical structure of OPVnC60 
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a) b) 
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0   1    2    3    4   µm 
Fig. 4.2 AFM pictures of the surface of (a) a MDMO-PPV/OPV2C60 blend and, for 

comparison, (b) a MDMO-PPV/PCBM blend. 

 

 

 

Table 4.1: I/V characteristics of OPVnC60 devices. 

OPVnC60 1 layer 2 layers 3 layers

n= 1
600 mV

45 µA

550-650 mV

> 100 µA

650-750 mV

ca. 65 µA

n= 2
750 mV

40 µA

700 mV

25 µA

760-770 mV

28 µA

n= 3
700 mV

25 µA

700 mV

25 µA

780 mV

11-14 µA

n= 4
700-750 mV

30 µA

760 mV

15 µA

780-800 mV

6 µA

OPVnC60 1 layer 2 layers 3 layers

n= 1
600 mV

45 µA

550-650 mV

> 100 µA

650-750 mV

ca. 65 µA

n= 2
750 mV

40 µA

700 mV

25 µA

760-770 mV

28 µA

n= 3
700 mV

25 µA

700 mV

25 µA

780 mV

11-14 µA

n= 4
700-750 mV

30 µA

760 mV

15 µA

780-800 mV

6 µA
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Fig. 4.7: I/V curves of MDMO-PPV/OPVnC60 devices. 

 

 

 

 

Altough all OPVnC60 dyads show the same blending behaviour, the highest ISC currents 

are obtained using OPV1C60. This is suggesting that the photophysical properties of the 

dyad may play the major role: the performance of MDMO-PPV/OPVn-C60 devices 

may likely be influenced by the occurrence of an intramolecular photoinduced electron 

transfer between the donor and acceptor moieties within the dyad, enhancing carriers 

recombination. Indeed, OPV4-C60 gives the less efficient devices due to the low values 

of the ISC while OPV1-C60, in which intramolecular photoinduced electron transfer 

does not occur,12 seems to be attractive for further investigations aimed to the 
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optimization of such type of devices. The solar cells prepared with this dyad showed 

better performance than those made as reference, using the standard MDMO-

PPV/PCBM blend (typical values for these latter devices were: VOC ~ 700 mV, ISC ~ 60 

µA, two layer devices). In conclusion, we have prepared bulk-heterojunction solar cells 

with MDMO-PPV/OPVnC60 blends as photoactive layer. It seems that the use of dyads 

that undergo photoinduced electron transfer (OPV4C60, OPV3C60 and OPV2C60) affect 

the devices performance reducing the ISC values. On the contrary, OPV1C60, which does 

not undergo photoinduced electron transfer, can be used as valid alternative to C60 and 

PCBM. As described in the next Section, these results suggest the investigation of the 

so-called double-cable polymers as material with intrinsic and well defined electron 

donor/acceptor properties. 

 

 

4.3. TOWARDS “MOLECULAR HETEROJUNCTION”: DONOR-ACCEPTOR 

DOUBLE-CABLE POLYMERS 

 

As discussed in the previous section, although dyads may provide a simple 

method to achieve dimensional control over the phase separation in donor-acceptor 

networks, effects like photoinduced energy transfer and eventually a fast charge carriers 

recombination can turn out as severe limitations for real photovoltaic applications. 

Indeed, photoinduced energy transfer is currently a well known phenomenon in several 

donor-acceptor dyads. The results discussed in the previous chapter suggest that the use 

of dyads capable of intramolecular charge transfer enhances geminate carrier 

recombination, too. Since on dyads separated charges can escape recombination only by 

intermolecular hopping, this appears plausible. On the contrary, in systems with a long 

conjugated donor backbone bearing a number of acceptor moieties - the so-called 

double-cable polymers introduced before - it can be expected that holes migrate away 

from electrons by a very fast intrachain diffusion process14, preventing recombination. 

Therefore, double-cable polymers appear very interesting as materials that may retain 

the favourable electronic and photophysical properties of conjugated polymer/fullerene 

composites but in which phase separation and clustering phenomena cannot occur. 
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A “bulk-heterojunction” (a) (where the occurrence of acceptor clustering is 

emphasized for clarity), an ordered ideal double-cable polymer chain (b), and a picture 

in which the continuous pathway for the transport of electrons is given by the contacts 

between acceptor moieties on different polymer chains (c) are schematically depicted in 

Fig. 5.4. Besides other aspects like the relative positioning of the polymer chain and the 

acceptor moieties, as well as the positioning of an acceptor moiety with respect of its 

neighbours (and chain to chain), a double-cable polymer for PV application must meet 

the following requirements: 

 

• mutually independent ground-state electronic properties of the donor backbone 

and of the acceptor moieties (“the cables must not short”); 

 
• a photoinduced electron transfer from the electron-donating backbone onto the 

electron-accepting moiety, leading to metastable long-living charged states, as a 

prerequisite for photogeneration of free charge carriers. 

 

 

 

(a)(a)

e-

h+

e-

h+

(b)

(c)

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.4 a) Schematic representation of a “bulk-heterojunction”. Clustering of the fullerene 

component is emphasised. b) An ideal, ordered double-cable polymer and c) a more realistic 

picture where interchain interactions are considered. 
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• In addition, solubility in common organic solvents is also a determinant factor, 

since the easy and cost-effective preparation of thin film devices involves 

processing from solutions. 

 

 

4.3.1 Electrochemically synthesised double-cable polymers 

 

A route towards the preparation of conjugated polymers is the 

electropolymerisation of suitable aromatic monomers.15,16 Therefore, it is not surprising 

that several attempts to the preparation of novel and exotic conjugated polymers, some 

of them carrying electroactive moieties,17 are made synthesising molecules specifically 

designed as substrates for electropolymerisation.16 Moreover, electropolymerisation 

allows for the growth of polymeric thin films onto transparent electrodes suitable for 

most spectroscopic techniques. This is a clear advantage when solubility of a novel 

conjugated polymer cannot be obtained or could not be expected. As already pointed 

out, it has been observed that in molecular donor-acceptor dyads photoinduced energy 

transfer can take place competing with intramolecular charge transfer, and geminate 

recombination may also be enhanced. At priori, similar effects cannot be excluded in 

double-cable polymers. Therefore, for the design of materials and supramolecular 

structures for photovoltaic materials,18 the electrochemical approach has been selected 

as a first step towards double-cable polymers as well as for the study of their electronic 

and photophysical behaviour.  

 

 

4.3.1.1. Polythiophene bearing “TCAQ” type moieties 

 

a) Electrosynthesys and electrochemical properties  

 

A novel electron donor-acceptor double-cable polymer was prepared 

electrochemically starting from monomer UCM6, in which a TCAQ moiety is linked to 

a bithiophene unit through a flexible spacer (Fig. 5.5). To serve as reference for the 

spectroscopic  investigations  monomer  a  was  also  polymerized  in  the  same  wa  as  
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Fig. 5.5: Chemical structures of the monomers UCM6 and a. 

 

 

 

UCM6 (Fig. 5.5). Both polymeric compounds form, on the ITO coated substrates, red 

colored films of excellent quality. 

 

Fig. 5.6(a) shows the cyclic voltammogram taken during the polymerization 

process of UCM6 by sweeping the potential between 0 and +1.3 V, the latter being just 

above the threshold for its the irreversible oxidation. The formation of the polymer can 

be seen  by the growing redox wave centered at about 0.8 V, which  corresponds to the 

oxidation/re-reduction of the polymeric backbone. Fig. 5.6(b) shows the cyclic 

voltammogram of a poly(UCM6) film in monomer free electrolyte solution in the 

potential range from –0.8 to +1.3 V. The cathodic region of the voltammogram shows 

only one wave, which is due to the reversible reduction of the TCAQ moiety at –0.30 

V.19 In the anodic region the voltammogram shows one reversible wave centered at 

+0.62 V, which corresponds to the well known oxidation/re-reduction of the 

polythiophene backbone.20 The cyclic voltammogram shown in Fig. 5.6(b) is not 
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completely reversible: after a number of 100 potential sweeps the peak current values of 

all features were reduced by 50% 
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Fig. 5.6: Cyclic voltammograms taken during a) the electropolymerization process of UCM6  
on an ITO-coated glass electrode and b) the electrochemical oxidation and reduction of a film of 
poly(UCM6) on an ITO-coated glass electrode in a monomer free electrolyte solution.  
Potential vs. Ag/AgCl, sweep rate 0.1 V/s. 

 

 
b) UV-Vis absorption spectroscopy 

 

Fig. 5.7 shows the optical absorption spectra of a drop cast film of monomer 

UCM6 along with that of an electropolymerized film of neutral poly(UCM6). For 

comparison Fig. 5.7 also shows the absorption spectrum of poly(a), prepared as a 

reference sample (see Fig. 5.5). The absorption spectrum of monomer UCM6 has an 

onset around 430 nm and a maximum at 350 nm, which corresponds to the lowest 

electronic transition of the TCAQ unit.19 The electropolymerized sample poly(UCM6) 

also shows the same UV absorption band at 350nm. In addition to this a rather broad 

band with a maximum around 490 nm and a long tail extending to 650 nm appears in 

the polymer spectrum, which is assigned to the π-π*-transition of the extended π-
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electron system. Further confirmation for the assignment given above comes from the 

absorption spectra of the reference poly(a) (Fig. 5.7). Its spectrum consists essentially of 

only one rather broad band with a maximum around 530 nm, typical of polythiophenes 

with relatively low band-gap. As expected, the 350 nm peak attributed before to the 

TCAQ absorption is missing. The 40 nm blueshift of the π-π*-absorption peak of 

poly(UCM6) as compared to poly(a) is understood as due to a shortening of the 

effective conjugation length in the former. This shortening of the effective conjugation 

length in poly(UCM6) may be explained by steric hindrance caused by the TCAQ side 

groups or by the lower solubility of UCM6 (and its oligomer intermediates involved in 

the electrochemical polymerization process) compared to a, leading to a lower 

molecular weight for electrochemically prepared poly(UCM6). In principle, the 

difference in the absorption spectra of poly(UCM6) and poly(a) can also be due to the 

para-hydroxyphenyl groups in the latter, which may donate more electrons into the 

conjugated backbone, reducing the band-gap. 

 

Fig. 5.8 shows the UV-Vis absorption spectra of films of poly(UCM6) in the 

electrochemically oxidized and reduced states. Electrochemical oxidation at a potential 

of 1.0 V effects only the polythiophene backbone of this double-cable. A new 

absorption band between 700 and 900 nm grows on the expense of the 490 nm π-π* 

absorption, which is reduced relative to the TCAQ absorption at 350 nm.  Oscillator 

strength is transferred from the neutral polymer to the polymer in-the-gap absorption, 

probably of polaronic origin, in the near-IR spectral range. On the other hand, the 

electrochemical reduction effects only the TCAQ moiety of the double- cable. This can 

be seen by the decrease of the intensity of the 350 nm absorption band of neutral TCAQ  
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Fig. 5.7:UV-Vis absorption spectra of films of monomer UCM6 (dashed line), poly(UCM6) 

(solid line) and poly(a) (dotted line). 
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Fig. 5.8: UV-Vis absorption spectra of thin films of poly(UCM6) in different oxidation states: 

neutral polymer (dotted line), oxidized polymer (solid line), reduced polymer (dashed line). 
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and the enhancement of the absorption in the 550-600 nm range due to the formation of 

TCAQ radical-anions and dianions.19 

 

c) Photoinduced electron transfer 

 

Fig. 5.9(a) shows a comparison of the photoinduced absorption (PIA) spectra of 

films of monomer UCM6 and of poly(UCM6). The PIA spectrum of the monomer 

excited in the UV at 351 nm shows mainly one peak at 1.15 eV and a shoulder rising 

against 2.0 eV. Both photoinduced features may be assigned to radical anions of the 

TCAQ unit.19 The PIA spectrum of poly(UCM6) consists of some new bands in 

addition to the TCAQ radical anion features observed already for the monomer: one at 

around 1.5 eV as a plateau and another one peaking below 0.6 eV. Both of these 

absorption features are assigned to charged excitations on a thiophene based conjugated 

backbone as observed in polythiophene before.21 The high and low energy absorption 

bands of polarons of long oligothiophenes (n ≥ 9) are around 1.5 eV and below 0.5 eV, 

respectively.22 Also shown in Fig. 5.9(a) is the absorption spectrum of the 

electrochemically oxidized poly(UCM6) in the Vis-NIR spectral range, which further 

supports the assignment we made for the PIA spectrum of the neutral poly(UCM6). 

Electrochemical oxidation (p-doping) results mainly in two broad absorption peaks at 

1.5 eV and below 0.6 eV and gives further evidence that the peaks in the photoinduced 

absorption spectra have charged excitations - of polaronic nature - as origin. 

 

For additional clarification of the assignment given above a fit of a sum of four 

Gaussian curves to the PIA spectrum of poly(UCM6) is shown in Fig. 5.9(b). The two 

Gaussian curves with maxima at 1.15 eV and above 2 eV represent the TCAQ anion 

radical absorption and the other two curves peaking at 1.5 eV and below 0.6 eV 

correspond to the polaronic absorption of the polymer. The sum of these four Gaussians 

yields a rather good agreement with the PIA spectrum of poly(UCM6) in Fig. 5.9(a). 

 

Excitation intensity and modulation frequency dependencies23,24 of the PIA signals 

of poly(UCM6) are shown in Fig. 5.10. All PIA features exhibit a square root excitation 

intensity   dependence  suggesting  a  bimolecular   recombination  kinetics.  As  already  
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Fig. 5.9: a) spectra of monomer UCM6 excited at 351 nm (lower trace, left hand axis) and poly-
1 excited at 476 nm (upper trace, left hand axis) compared to absorption spectrum of a 
electrochemically oxidized poly(UCM6) (dashed line, right hand axis). b) Fit to the PIA 
spectrum of poly(UCM6) by sum of four Gaussians. Sum of Gaussian peaks (solid line), single 
Gaussian peaks (dashed lines). 
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Fig. 5.10: PIA spectrum of poly(UCM6): a) excitation intensity dependence, b) modulation 
frequency dependence of PIA signal at 0.62 eV (triangles), 1.15 eV (circles), 1.5 eV (squares). 
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shown for the modulation frequency dependence of polaronic absorption peaks on 

different kinds of conjugated polymers, a broad distribution of lifetimes of the charged 

states is observed. A series of three time constants between some 100 microseconds up 

to tens of milliseconds has to be assumed for best fitting the measured relaxation 

kinetics.25 

 

Electron spin resonance spectra of poly(UCM6) are shown in Fig. 5.11. The 

polymer films already show a very strong dark ESR signal, consisting of broad lines 

with g-values of around 2.0026 . Those lines could origin from a residual doping on the 

polymer backbone due to the electropolymerization process. Light induced ESR gives 

rise to a single broad line centered at a g-value of 2.0029, but with only 15% of the 

intensity of the dark signal. The LESR signal may be assigned to an overlap of the two 

close lying lines from the TCAQ anion and polymer cation radicals produced by the 

photoinduced charge transfer. Both TCAQ anions and oligothiophene cations are known  
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Fig. 5.11: ESR spectra of poly(UCM6) at 100 K. Dark ESR spectrum (dotted line), light 
induced ESR (LESR) spectrum (solid line), ESR of electrochemically p-doped polymer (dashed 
line). 

 

to have g-factors in the range between 2.0023 and 2.0028.19,22 A single line ESR 

spectrum is observed for an electrochemically oxidized poly(UCM6) sample. The g-

factor is 2.0026, close to that observed commonly for radical cations of conjugated 
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polymers and the linewidth is narrower by a factor of 2 as compared to the light induced 

signal.25,26 This narrowing of ESR line for heavily oxidized conducting polymers has 

been studied and interpreted as due to motional as well as exchange narrowing of a 

large number of mobile polarons.27 

 

 

4.3.1.2. Polythiophene bearing fullerene moieties 

 

a) Electrosynthesis and electrochemical properties 

 

Even though the search for electron accepting components alternative to fullerenes 

is of chemical and technological interested, the results so far obtained indicates 

fullerenes as specially interesting functional materials.28 Moreover, 

polythiophene/fullerene mixtures have been already employed for the preparation of 

prototype bulk heterojunction solar cells,29-31 suggesting the investigation of double-

cables consisting of a polythiophene backbone with covalently linked fullerene units. 

Benincori and coworkers and Ferraris and coworkers showed that such fullerene 

substituted polythiophenes mostly retain the favourable ground state properties of the 

individual polymer and fullerene moieties.32,33 However, the occurrence of 

photoinduced electron transfer in this fullerene functionalized polymers was not 

reported. Therefore, we designed the novel bithiophene-fulleropyrrolidine dyad 1 (Fig. 

5.12) as monomer for the electrochemical preparation of a polythiophene/fullerene 

double-cable. Compound 1 combines solubility and the superior electropolymerisability 

of bithiophenes20 and gives a double-cable polymer that is heavily loaded with fullerene  

1 

N
O

O
O

O

SS

Me

Fig. 5.12: Chemical structure of the bithiophene-fulleropyrrolidine 1 
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electron conducting moieties. The cyclic voltammogram of 1, recorded during potential 

cycling between 0 and 1.6 V, is illustrated in figure 5.13 (Pt as working electrode, 

CH2Cl2). The first scan shows one irreversible wave peaking at ca. +1.3 V, 

corresponding to the oxidation of the monomer. Recurrent potential scanning leads to 

the growth of a new redox wave around +0.8 V, related to the oxidation/rereduction (p-

doping/dedoping) of a freshly formed polymeric film. Similar results were obtained 

using different solvents (CH3CN/toluene mixtures) and ITO coated electrodes. Poly(a) 

(see Section 4.2.1.1.) was again used as a reference. 

 

 

 

 

 

 

 

 

 

 

 

 
 
Fig. 5.13: CV of  1 (0.1 M Bu4NPF6 in CH2Cl2). Working electrode: Pt foil; reference electrode: 
quasi Ag/AgCl wire (-0.44 vs. Ferrocene). Scan rate 100 mV/s. 
 

 

Figure 5.14 displays the cyclic voltammogram of poly(1) in monomer-free 

electrolyte solution. In the positive region, one wave, which corresponds to the p-

doping/dedoping of the polythiophene backbone, is seen at about +0.75 V. The linear 

relationship between the maximum current peak and the scan rate (varied from 25 to 

200 mV/s) can be seen in figure 5.15. This linear relationship is typical of a redox-

active polymer attached to the electrode and also exemplifies the stability of poly(1) 

films towards p-doping.15 Scanning the cathodic region up to -2.0 V shows several 

redox waves mainly related to the multiple reduction of the fullerene moiety.34 The 

irreversible peak at -0.74 V, of unknown origin, is seen only during the first scan. These 
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results indicate that both the polythiophene backbone and the pendant fullerene moieties 

basically retain their individual electrochemical properties ("the cables do not short"). In 

contrast to the results found for p-doping, the reduction of the fullerene moieties leads 

to changes of the cyclic voltammogram and loss of electroactivity (Fig. 5.16). This loss 

of electroactivity upon scanning negative potentials also affects a subsequent p-doping 

process. Considering that the polymers is heavily loaded with acceptor moieties, the 

dissolution of the highly negatively charged material by the polar electrolyte medium, 

associated to morphological changes in the film structure, cannot be excluded. 

-2,0 -1,5 -1,0 -0,5 0,0 0,5 1,0
-400

-300

-200

-100

0

100

200

300

+

Cu
rr

en
t [
µA

]

Potential [V]

Fig. 5.14: CV of poly(1) on Pt foils (0.1 M Bu4NPF6 in CH3CN). Reference electrode and scan 
rate as in Fig. 5.13. 
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Fig. 5.15: CV (p-doping) of poly(1) at a scan rate of 25, 50, 100 and 200 mV/s. 
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Fig. 5.16: CV (reduction) of poly(1). Scan rate 100 mV/s. First, third and seventh scan. 
 

 

b) UV-Vis absorption spectroscopy 

 

After dedoping by keeping the potential at 0 V, yellow-brownish and non-

luminescent films were obtained. Their typical UV-Vis absorption spectrum is shown in 

figure 5.17 For comparison, figure 5.17 shows also the absorption spectrum of the 

reference poly(a). The build-up of a conjugated system in poly(1) is confirmed by the 

broad absorption feature ranging from about 600 nm to the ITO-glass cut-off at around 

300 nm, in which the π-π* transition is seen by the shoulder at about 460 nm. As 

already observed for poly(UCM6), this value is  considerably blue shifted as compared 

to reference polymer poly(a). Such a blue-shift, observed also in another 

electrochemically prepared double-cable polymer,32 is proposed to originate from the 

shortening of the effective conjugation length in poly(1). As in the previous case, this 

effect may be explained by steric hindrance due to the bulkyness of the fullerene 

substituents or again by the lower solubility of monomer 1 (and its oligomer 

intermediates involved in the electrochemical polymerization process), leading to a 

lower molecular weight for electrochemically prepared poly(1). As will be discussed in 
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the following, the latter explanation is corroborated by IR measurements. According to 

the electrochemical characterization, no hints for ground-state donor-acceptor 

interactions are observed. 
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Fig. 5.17: UV-Vis absorption spectra of poly(1) (solid line) and poly(a) (dashed line). 

 

 

c) Photoinduced electron transfer 

 

The nature of the photoexcitation in poly(1) was investigated by means of 

photoinduced absorption in the Vis-NIR. The PIA spectrum, taken with excitation at 

476 nm, is shown in figure 5.18. Two bands are observed, one with maxima at 1.48 eV 

and one peaking below 0.6 eV. Both these absorption features might be assigned to 

positively charged excitations, widely accepted to be polarons, of a thiophene based 

conjugated backbone.21,22 In order to shed light into the relaxation kinetics of the 

photoexcitations, we have performed intensity and modulation frequency dependence 

measurements (Fig. 5.19).23,24 Both PIA features, evaluated by the signal at 1.38 and 

0.62 eV, show a square root excitation intensity dependence, thus indicating 

bimolecular recombination kinetics as commonly observed for charge carriers in 
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conjugated polymer/fullerene blends.25 From the modulation frequency dependence, a 

broad distribution of charged state lifetimes is observed. The best fit has been obtained 

using three τ values, in the range from 0.8 to 10 ms. 
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Fig. 5.18: Photoinduced Vis-NIR absorption spectrum of poly(1). Excitation at 476 nm (40 mW 
on a 4 mm diameter spot). T = 100 K. 
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Fig. 5.19: a) Excitation intensity and b) frequency dependence of the poly(1) PIA 

signal. 

 74 



                                                                                         Chapter4. Non-composite donor-acceptor systems 

The strong electron-phonon coupling in conjugated polymers allows the detection 

of doping- or photoinduced changes in the electronic structure also by means of 

vibrational spectroscopy.35,36 Once in the doped or photoexcited state, even rather 

complicated conjugated polymers show relatively simple IR spectra with few intense 

infrared-active vibration (IRAV) bands.37 These bands, which show correspondence to 

Raman-active modes of the neutral polymer, become IR-active due to the breaking of 

local symmetry associated with the charged backbone distorsion (see also Chapters 1 

and 3).37,38 As such, the photoinduced charge generation in poly(1) is corroborated also 

by the PIA-FTIR spectrum depicted in figure 5.20 (excitation at 476 nm). As observed 

in the PIA-Vis-NIR spectrum, broad electronic absorption bands, with maxima at about 

4000 cm-1 (0.49 eV) and above 7000 cm-1 (> 0.87 eV), out of the detection range, are 

observed. In addition, three bands are seen in the vibrational range, at 1315, 1128 and 

1039 cm-1, respectively. In agreement with the bithiophene nature of the repeating unit 

and with a charged nature of the photoexcitations in poly(1), such a pattern displays 

marked similarity to that of p-doped and photoexcited polythiophenes.37,39 

 

The difference spectra recorded in-situ during electrochemical oxidation (p-

doping) of poly(1) are shown in Fig. 5.21. Above 2000 cm-1 (ca. 0.25 eV), the spectra 

are dominated by a very broad electronic absorption band. The vibrational part of the 

spectrum, detailed in figure 5.22, shows three dominant bands centered at about 1323, 

1130 and 1055 cm-1, which correspond to those observed in the PIA-FTIR spectrum. 

The weak bands at 1600 and 1480 cm-1 might be assigned to end-rings vibrations, thus 

suggesting, as already mentioned, the possibility of a relatively low molecular weight 

(short chain length, and therefore short effective conjugation length).40 The discussed 

instability of poly(1) films towards reduction of the fullerene moieties does not allow 

the observation of clear in situ FTIR spectra upon scanning negative potentials. 

 

While these results prove the photoinduced generation of metastable, positively 

charged states on the polythiophene backbone, a definitive evidence of a photoinduced 

electron transfer from the latter to the pendant fullerene moieties is obtained only by 

ESR. The ESR spectra of poly(1) films are displayed in Fig. 5.23. The dark ESR spectra  

 75 



                                                                                         Chapter4. Non-composite donor-acceptor systems 

7000 6000 5000 4000 3000 2000 1000

2

0

-1
04  ∆

T/
T

Wavenumber [cm-1]
       Fig 5.20: Photoinduced IR absorption of poly(1). Excitation at 476 nm (20 mW/cm2). 
       T = 100 K. 
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Fig. 5.21: IR difference spectra of poly(1) during p-doping. Sequence: bottom to top. 
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shows only one line at a g-factor of 2.0022, which we assigned to residual radical-

cations remaining from to the oxidative electropolymerization. The light induced ESR 

spectrum, obtained by subtracting the "dark" signal from the "light-on" signal, shows 

the photogeneration of two paramagnetic species. The positive polaron on the 

conjugated backbone have a g-factor of 2.0022, while the signal at lower g-factor, 

2.0004, is typical of fullerene radical-anions.41 These results clearly indicate the 

occurrence of a photoinduced electron transfer from the polythiophene backbone to the 

pendant fullerene moieties. Also, the steady state LESR studies clearly show the long 

living charge separation in this non-composite material as observed earlier in 

Fig 5.22: Light induced ESR spectrum of po

conjugated polymers/fullerenes composites.26 

1). Excitation at 476 nm. T = 100 K. 

.3.2. Conclusions 

We have prepared novel bithiophenes, with tethered “TCAQ” type and 

fulleropyrrolidine moieties, suitable as monomers for electropolymerization. The 

ly(
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polym

 introduction of this Section, solubility is a desired requirement 

r practical applications. Based on the positive results obtained with insoluble 

electr

.4. CHEMICALLY SYNTHESISED DOUBLE-CABLE POLYMER 

d in Linz is 

ketched in Fig. 5.23. Polymer 6 is a random copolymer with repeating units of 3-(4’-

 

. 

er films were investigated for their electrochemical and photophysical properties. 

The donor backbone and the acceptor moieties do not interact in the ground-state while 

a photoinduced electron transfer occurs in the excited state of these double-cable 

polymers, as revealed by spectroscopic measurements. The results showed that, in 

addition to the potential as intrinsic p-n transporting materials in organic devices, the 

class of double-cable polymers is of high interest for organic photovoltaics and other 

optoelectronic devices. 

 

As explained in the

fo

opolymerised double-cable polymers, the chemical preparation and the 

charecterization of soluble double-cables are proceeding worldwide. 

 

 

4

 

The structure of the first soluble double-cable polymer 6 investigate

s

(1’’,4’’,7’’-trioxaoctyl)phenyl)thiophene 7 and of a thiophene-substituted 

fulleropyrrolidine 12 (Scheme 2.2). Poly(3-(4’-(1’’,4’’,7’’-

trioxaoctyl)phenyl)thiophene) (PEOPT) 7 (Scheme 2.2) served as reference for PIA 

measurements and photovoltaic devices. 

O(CH ) O(CH ) OCH

Fig. 5.23: Chemical structure of polymer 6
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a) Photoinduced electron transfer 

 

re prepared by spin casting from a chloroform 

olution. Both 6 and 7 form orange films that could be converted upon heating to a blue, 

order

of the photovoltaic devices, which consisted of an indium 

n oxide coated glass / poly-(3,4-ethylenedioxythiophene) poly(styrenesulfonate) 

(PED

Thin films of polymers 6 and 7 we

s

ed form.12,13 For the experiments presented here only the orange, disordered forms 

of double-cable 6 and reference polymer 7 were used. Fig. 5.24 shows the PIA spectra 

of films of 6 and reference 7. Polymer 7 may be identified through a single peak in the 

PIA spectrum at 1.28 eV. As this feature shows a monomolecular recombination 

behaviour and no accompanying (polaronic) peak at lower energies is observed, it can 

be attributed to a neutral long lived excitation, i. e. a triplet state. The PIA spectrum of 

the double-cable 6 on the other hand shows two features, one at 1.42 eV and the second 

one below 0.6 eV, typical for charged excitations in conjugated polymers. Both features 

may be assigned to absorption of radical cations (polarons) on the polythiophene 

backbone produced by photoinduced electron transfer from the latter onto the pendant 

fullerenes. The observed square root excitation intensity dependence of the PIA signals 

is due to the bimolecular recombination of these charged species. Very similar PIA 

spectra have been observed for blends of the phenyl substituted polythiophene 7 mixed 

with fullerene derivatives.25 The PIA spectrum of the double-cable 6 also resembles that 

one of the electropolymerised double-cable poly(1). These results prove the 

photoinduced electron transfer from the polymer backbone to the pendant fullerenes in 

this new soluble double-cable material. 

 

b) Photovoltaic devices 

 

The detailed production 

ti

OT) / active material / LiF / Al layered structure, is described elsewhere. 

Current/voltage characterisation of the devices was performed under illumination from a 

solar simulator at 800 W/m2. Fig. 5.22 compares the I/V curves for devices from the 

double-cable 6 to devices made from reference polymer 7. A drop of the Voc from ~ 1 V 

for the reference polymer 7 to a Voc of ~ 0.5 V for the double-cable 6 is observed. 

Additionally, the short circuit current (Isc) as well as the photocurrent is increased by a  
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Fig. 5.22 4 with 
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: Photoinduced absorption spectra of double-cable 6 (solid line) and reference poly
 (dashed line)  excited at 476 nm, T = 100 K. 
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factor of ~ 3, indicating the more efficient charge generation as well as the enhanced 

electron transport properties. However, the absolute Isc values and the low rectification 

f the double-cable device reveals that the fullerene concentration of one fullerene unit 

p

lusions 

In summary, a soluble electron donor/acceptor double-cable copolymer based on 

iophene/phenol-substituted-thiophene-fulleropyrrolidine units was 

ynthesised. The photoinduced charge transfer from the polythiophene backbone to 

penda

Boer, C. Videlot, P. F. van Hutten, G. Hadziioannou, J. Am. 
Chem. Soc., 2000, 122, 5464. 

. N. Martín, L. Sanchez, B. Mescas, I. Pérez, Chem. Rev., 1998, 98, 2527. 

o

for ten repeating polymer units is below the percolation threshold for electron transport 

in bulk heterojunction solar cells, which was recently found to follow the theoretically 

predicted value of 17 vol %.42 Attaching a higher percentage of fullerenes to the 

backbone has been difficult up to now due to solubility problems. For that reason we 

additionally mixed the fullerene derivative [6,6]-Phenyl C61 - butyric acid methyl ester 

(PCBM)3 into the double-cable olymer and investigated the performance of this device 

(Fig.5.25). The results show the potential of these materials to match the efficiency of 

the composites with the added functionality that these non-composite double-cables can 

be processed into other hosts, stretch oriented and may further functionalised for self-

assembly. 

 

 

4.4.1. Conc

 

phenol-substituted-th

s

nt fullerenes was observed in PIA spectra and further proven in photovoltaic 

devices produced from this double-cable polymer. The relative low photocurrent shows 

that the fullerene concentration of this donor/acceptor double-cable polymer is below 

the percolation threshold for electron transport. Increase in fullerene concentration of 

the double-cable is predicted to enhance the photovoltaic performance. 
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CHAPTER 5. CONCLUSIONS AND PERSPECTIVES 

 

 

5.1. POSITIVE AND NEGATIVE CHARGE CARRIERS IN CONJUGATED 

POLYMERS 

 

The results obtained by in situ spectroelectrochemical techniques during p- and n-

doping on the same conjugated polymer show that charge carriers with opposite sign 

can display different spectroscopic features. This effect, for which the theoretical 

models developed so far do not account,1 indicates the different structure and 

delocalisation of positive and negative charge carriers. In PDTTs this behaviour can be 

explained by the complicated structure of the repeating unit. In fact, the spectral patterns 

are strongly affected by the different aromatic moieties fused to the thiophene rings 

forming the polythiophene-like chain. In particular, as the aromaticity of the fused 

moiety increases and thus the polymer band-gap decreases, modes located within the 

fused moiety are more coupled to the delocalised electron system along the 

polythiophene backbone. However, preliminary results suggest that differences between 

the spectra of  a conjugated polymer in its p- and n-doped state are possible in simpler 

systems too.2   

 

In pristine PDTTs, the Raman modes mostly contributing to the ECC do undergo 

intensity redistribution as well as frequency dispersion. Moreover, modes with carbon-

carbon double bond character undergo softening as the polymer band-gap decreases, 

while modes with carbon-carbon single bond character show the opposite behaviour.  

These effects can be taken as vibrational signature of the enhanced quinoid character of  

polythiophene-like chains as their band-gap decreases. 

 

 

5.2. DOUBLE-CABLE POLYMERS 

 

Preparation and properties of a novel class of functional materials such as double-

cable polymers have been reported. These materials consist of a hole conducting, 
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conjugated backbone (p-cable) with covalently bound electron acceptor moieties (n-

cable) such as TCAQ-type or fullerene derivatives. By the choice of the proper covalent 

linkage, the donor and the acceptor moieties can be electronically “isolated” to exclude 

ground-state electronic interactions. Thus, double-cable polymers are attractive for all 

organic electronic applications in which ambipolar transport is desired. Photoexcitation 

spectroscopic investigations have shown that double-cable polymers in their solid state 

undergo photoinduced electron transfer, leading to long-lived, mobile charge carriers as 

observed earlier in conjugated polymer:fullerene composites. Since in double-cable 

polymers phase separation cannot occur, these materials are indeed appealing as a 

viable way to control both electronic and morphological properties within the 

photoactive layer of plastic solar cells. Based on these results, the synthesis of double-

cable polymers and their implementation to optoelectronic devices is proceeding 

worldwide. The progresses made on developing this novel class of materials are the 

subject of a recent review.3 The very important technological issue is processability, 

which is certainly the major challenge towards practical application of double-cable 

polymers in thin film devices. With the few soluble double-cable polymers prepared so 

far, the fabrication of prototype photodiodes and solar cells has been demonstrated. 

However, in the double-cable approach a compromise between the fullerene loading 

(for the transport of electrons) and solubility has been made. With this respect: 

 

• improving the design of the synthesis may allow the preparation of processable 

materials with acceptably high fullerene moieties percentage as well as acceptable 

solubility; 

 

• fullerene loading as high as 14% -mol (24.2% -w) has been obtained in a soluble 

random copolymer, and a loading of 31.5% -w has been already obtained even in a 

polymer with well-defined backbone;3 

 

• Balberg et al. have reported bipolar transport in a poly(3-hexylthiophene):C60 

composite with a fullerene fraction of 10% mol.4 Indeed, it can be considered that 

the volume fraction occupied by the fullerene moieties could be enhanced if the 
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volume occupied by the solubilising but electrically inactive chains would be 

minimised;   

 

• the double-cable concept may lead to bipolar transport properties even in guest-

host systems where the double-cable polymer is embedded within processable 

polymers as matrices; 

 

• synthetic strategies toward fullerene derivatives able to self-assemble with 

suitably designed conjugated polymers shall be considered as an alternative to 

covalently bound double-cables, too. To this end, self-assembly strategies based 

on electrostatic or other key/lock interactions shall be possible.5-7  

 

Finally, we would like to mention self-organization also as an interesting possibility to 

control the morphology of the photoactive film. In this respect, covalently linked 

double-cable polymers could be further functionalised, for example with amphiphilic 

substituents, to gain additional control of the final morphology by their tertiary 

structure.5-8 
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