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definition of each abbreviation is specified at least once. 

 

λ: Wavelength FT-IR: Fourier transform infrared 

spectroscopy 
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ABSTRACT 
Molecular electronics can be considered the gold key for satisfying one of 

the major current problems of the humanity: the energy needs. It is able to 

decrease the energy consumption of a wide variety of daily electronic 

components and equipment, at the same time that it enables the production of 

large amounts of energy through renewable resources.  

In this thesis, we employ different oligomers based on thiophene in three of 

the main applications of molecular electronics, such as molecular wires, organic 

solar cells and self-assembled monolayer field-effect transistors. 

In the first chapter, new π-conjugated oligomers based on 

cyclopentadithiophenes linked by vinylene bridges (oCPDTV) are synthesized and 

characterized by the common spectroscopic techniques. Thermal, optical and 

electrochemical properties are studied, as well as the planarity and electronic 

distribution of the ground-state by theoretical calculations. It is demonstrated 

that the octamer (8CPDTV) almost reaches the effective conjugation length, and 

thus, the saturation limit. In addition, the comparison between these new 

oligomers and the widely studied oTVs reveals better and more promising 

properties as molecular wires for oCPDTV oligomers. 

In the second chapter, a wide variety of new small molecules and its 

application as electron-donor materials in dye-sensitized solar cells (DSSCs) and 

solution-processes bulk heterojunction solar cells (BHJSCs) is described. Efficiency 

as high as 6.7% is achieved in DSSCs by the triphenylamine-based sensitizers 

prepared, and nearly 5% in BHJSCs by the thiophene-EDOT-thiophene based 

derivative synthesized as well. A deep study about the structure-properties 

relationship is carried out by varying the electron-rich central core, the number of 

alkyl substituents and the acceptor end-capping groups. 

At last, the third chapter depicts two new oligomers based on 

oligothienylenevinylenes that are intended to work as semiconductor materials in 

self-assembled monolayer field-effect transistors. They can organize in a self-

assembled monolayer with static contact angles around 90º. 
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1.1 BACKGROUND 
Molecular wires are π-conjugated molecules that can transport charge 

efficiently over long distances (lengths longer than typical tunneling distances, ~ 1-

4 nm, but tiny in comparison to length scales in the macroscopic world).1  

Molecular wires are also defined as molecules that mediates electronic 

coupling between their ends, and they are usually conjugated organic molecules 

consisting of several subunits linked so that the conjugation extends over a 

significant part of the molecule.2 In other cases, they are described as structures 

which can serve as conduit for electrons, and can function as elementary building 

block for nanoscale devices,3 especially as semiconducting substrates in the field 

of plastic electronics.  

Several types of molecules have been suggested as molecular wires and 

they all have the same key requirements. The most obvious is that they have to 

be electron or hole conducting in order to carry a current through the circuit. 

Thus, the wire provides a pathway for transporting electrons from one reservoir 

to another that is more efficient than electron transport through space. 

Additionally, they should exhibit high chemical, thermal, photochemical and 

electromagnetic stability. Conjugated molecules, comprising alternating single 

and double (or triple) carbon-carbon bonds, can conduct electrons through their 

π-system, and this fact has been the basis of many wires. Molecular wire should 

also be linear and of a defined length in order to span the gap between two 

components in the circuit.  

Recently, linear π-conjugated systems, namely conjugated polymers and 

oligomers, have been the focus of intense research effort motivated by their 

                                                            
1 Luo, L.; Choi, S. H.; Frisbie, C. D. Chem. Mater. 2011, 23, 631. 
2 Gilbert, M.; Albinsson, B. Chem. Soc. Rev. 2015, 44, 845. 
3 Guldi, D. M.; Nishihara, H.; Venkataraman, L. Chem. Soc. Rev. 2015, 44, 842. 
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application in photovoltaic devices,4 light-emitting diodes (LEDs),5 field-effect 

transistors (FETs)6 or chemical sensors.7  

1.1.1 π-Conjugated Polymers 

Conjugated polymers represent a broad class of organic semiconductors 

owing to the unique electronic properties originated from the existence of a 

linear π-conjugated system extended over a large number of repeated units, such 

as efficient charge transport properties, low cost, flexibility, corrosion-resistivity, 

high chemical inertness, electrical insulation, as well as ease of processing and 

compatibility with flexible substrates. 

Polyacetylene is the archetype of this type of structures;8 however, due to 

its limited stability, it has been progressively supplanted by more stable aromatic 

conjugated polymers such as polyphenylene,9 polypyrrole,10 polyaniline11 or 

polythiophene (Scheme 1.1).12 The latter has been widely studied owing to a 

unique combination of stability and structural versatility.13  

                                                            
4 a) Mishra, A.; Bäuerle, P. Angew. Chem. Int. Ed. 2012, 51, 2020; b) Günes, S.; 
Neugebauer, H.; Sariciftci, N. S. Chem. Rev. 2007, 107, 1324. 
5 Grimsdale, A. C.; Chan, K. L.; Martin, R. E.; Jokisz, P. G.; Holmes, A. B. Chem. Rev. 2009, 
109, 897. 
6 a) Allard, S.; Forster, M.; Souharce, B.; Thiem, H.; Scherf, U. Angew. Chem. Int. Ed. 2008, 
47, 4070; b) Facchetti, A. Chem. Mater. 2011, 23, 733. 
7 a) McQuade, D. T.; Pullen, A. E.; Swager, T. M. Chem. Rev. 2000, 100, 2537; b) Lange, U.; 
Roznyatovskaya, N. V.; Mirsky, V. M. Anal. Chim. Acta 2008, 614, 1.  
8 Chiang, C. K.; Park, Y.; Heeger, A. J.; Shirakawa, H.; Louis, E. J.; MacDiarmid, A. G. Phys. 
Rev. Lett. 1977, 39, 1098. 
9 Kovacic, P.; Jones, M. B. Chem. Rev. 1987, 87, 357. 
10 Diaz, A. F.; Lacroix, J. C. New J. Chem. 1988, 12, 171. 
11 Genies, E. M. New J. Chem. 1988, 12, 181. 
12 Roncali, J. Chem. Rev. 1992, 92, 711. 
13 Bäuerle, P. Adv. Mater. 1993, 5, 879. 
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Scheme 1.1 Common conjugated polymers. 

One of the main reasons for the wide-spread interest on conjugated 

polymers is that these interesting electronic materials exhibit full range of 

properties from insulator to superconductor depending upon chemical 

modification. Conjugated polymers display a wide variety of applications, such as 

optical, electronic, drug-delivery, memory and biosensing devices.14 The major 

challenge confronting the materials scientists, including chemists and physicists, is 

how do that the properties of these electronic materials differ from those of 

conventional semiconductors. Another advantage lies in the fact that these 

materials exhibit specific advantages such as high packing density and the 

possibility of controlling shape and electronic properties by chemical 

modification.  

However, the intrinsic disadvantages related to polymer-based systems, 

such as batch-to-batch variations in molecular structure, including head-to-tail 

coupling, chain length (polydispersity) and structural defects that affect to their 

properties derived from the conjugation, low solubility, and less developed 

                                                            
14 a) Friend, R. H.; Gymer, R. W.; Holmes, A. B.; Burroughes, J. H.; Marks, R. N.; Taliani, C.; 
Bradley, D. D. C.; Dos Santos, D. A.; Brédas, J. L.; Lögdlung, M.; Salaneck, W. R. Nature 
1999, 397, 121; b) Smith, Z. C.; Meyer, D. M.; Simon, M. G.; Staii, C.; Shukla, D.; Thomas, S. 
W. Macromolecules 2015, 48, 959; c) Burroughes, J. H.; Bradley, D. D. C.; Brown, A. R.; 
Marks, R. N.; Mackay, K.; Friend, R. H.; Burns, P. L.; Holmes, A. B. Nature 1990, 347, 539; d) 
Sariciftci, N. S.; Smilowitz, L.; Heeger, A. J.; Wudl, F. Science 1992, 258, 1474; e) Cheng, Y. –
J.; Yang, S. –H.; Hsu, C. –S. Chem. Rev. 2009, 109, 5868; f) Meyer, F. Prog. Polym. Sci. 2015, 
47, 70; g) Hrubý, M.; Filippov, S. K.; Stepánek, P. Eur. Polym. J. 2015, 65, 82; h) Ouyang, J.; 
Chu, C. –W.; Szmanda, C. R.; Ma, L.; Yang, Y. Nat. Mater. 2004, 3, 918; i) Gerard, M.; 
Chaubey, A.; Malhotra, B. D. Biosens. Bioelectron. 2002, 17, 345. 
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computational techniques than for well-defined molecules, make difficult to 

understand their optical and electronic properties. In contrast to polymeric 

systems, π-conjugated oligomers afford high purity and well-defined materials, 

offer the possibility of establishing unequivocal structure-property relationships, 

and are considered model compounds for understanding fundamental properties 

of the corresponding polymeric counterparts by extrapolation at infinite lengths.   

1.1.2 π-Conjugated Oligomers 

Π-conjugated oligomers are electron-rich molecules consisting of binding 

repeated monomers with a determined number of units. 

Discrete oligomers not only serve as model compounds for polymers, but 

also they have displayed attractive properties for application in electronic and 

optical devices such as OFETs, OLEDs, photovoltaic devices and chemical 

sensors.15 These properties are due to the conjugated structure since their HOMO 

and LUMO orbitals are delocalized along the molecule providing an electronic way 

between the ends. HOMO and LUMO energy levels, the distance between them 

and their distribution in the system determine the final properties and their use in 

a molecular device.   

Synthesis of oligomers can be well-controlled and monodisperse 

populations can be achieved. Chemical versatility in the synthesis of conjugated 

oligomers allows improving significantly the solubility of the resulting materials, 

favoring these molecules to form crystals suitable for X-ray single-crystal analysis 

and offering the opportunity to study the true charge transport nature of these 

materials, free from structural defects. 

Particularly, thiophene derivative oligomers and their functional derivatives 

have been extensively studied and have allowed developing materials with 

specific electronic properties, which arise from both the backbone and the 

                                                            
15 a) Zhang, L.; Colella, N. S.; Cherniawski, B. P.; Mannsfeld, S. C. B.; Briseno, A. L. ACS Appl. 
Mater. Interfaces 2014, 6, 5327; b) Mayorga, P.; Pelado, B.; Ponce, R.; de la Cruz, P.; 
López, J. T.; Langa, F.; Casado, J. Chem. Eur. J. 2015, 21, 1713; c) Gilbert, M.; Albinsson, B. 
Chem. Soc. Rev. 2015, 44, 845; d) Perrin, M. L.; Burzurí, E.; van der Zant, H. S. J. Chem. Soc. 
Rev. 2015, 44, 902; e) Guldi, D. M.; Nishihara, H.; Venkataraman, L. Chem. Soc. Rev. 2015, 
44, 842; f) Bergkamp, J. J.; Decurtins, S.; Liu, S. –X. Chem. Soc. Rev. 2015, 44, 863; g) 
Schubert, C.; Margraf, J. T.; Clark, T.; Guldi, D. M. Chem. Soc. Rev. 2015, 44, 988.   
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functional groups.16 Oligothiophenes (oTs) offer the possibility of exploring 

synthetic, morphologic and electronic relationships in organic semiconductor 

systems. They are considered reliable models for studying and establishing 

valuable structure-property relationships to their polymers counterparts. 

Although the synthesis of oligothiophenes requires multiple steps, these defect-

free materials are easy to modify with different moieties, providing novel 

functionality beyond the thiophene core. In addition, oTs exhibit high-purity and 

well-defined materials, leading some to believe that functionalized oTs should be 

considered as the next generation of advanced conjugated materials for organic 

electronic devices. Indeed, power conversion efficiencies (PCEs) of 6.9% and 

mobilities up to 6 cm2 V-1 s-1 have been achieved in devices based on 

functionalized oligothiophenes.17 

1.1.2.1 Main characterization parameters 

There are two main parameters for characterizing π-conjugated oligomers 

as molecular wires: attenuation factor “β” and effective conjugation length (ECL). 

a) Attenuation factor “β” 

Attenuation factor “β” is a parameter used for determining the quality of 

the molecular wire, since is a factor which evaluates the electron transfer 

efficiency through a molecular wire in donor-bridge-acceptor (D-B-A) systems 

depending on the distance between the electron-donor and electron-acceptor 

moieties. Factor β is determined by Equation 1.1: 

                                        = exp (− )                                         Eq 1.1               

                                                            
16 a) Casado, J.; González, S. R.; Moreno-Oliva, M.; López-Navarrete, J. T.; Caballero, R.; de 
la Cruz, P.; Langa, F. Chem. Eur. J. 2009, 15, 2548; b) Urbani, M.; Pelado, B.; de la Cruz, P.; 
Yamanaka, K.; Ito, O.; Langa, F. Chem. Eur. J. 2011, 17, 5432; c) Rodríguez-González, S.; 
González-Cano, R.; Ruiz-Delgado, M. C.; Caballero, R.; de la Cruz, P.; Langa, F.; López-
Navarrete, J. T.; Casado, J. J. Am. Chem. Soc. 2012, 134, 5675; d) Oswald, F.; Islam, D. –M. 
S.; El-Khouly, M. E.; Araki, Y.; Caballero, R.; de la Cruz, P.; Ito, O.; Langa, F. Phys. Chem. 
Phys. 2014, 16, 2443.   
17 a) Fitzner, R.; Mena-Osteritz, E.; Mishra, A.; Schulz, G.; Reinold, E.; Weil, M.; Körner, C.; 
Ziehlke, H.; Elschner, C.; Leo, K.; Riede, M.; Pfeiffer, M.; Uhrich, C.; Bäuerle, P. J. Am. 
Chem. Soc. 2012, 134, 11064; b) Dong, S.; Zhang, H.; Yang, L.; Bai, M.; Yao, Y.; Chen, H.; 
Gan, L.; Yang, T.; Jiang, H.; Hou, S.; Wan, L.; Guo, X. Adv. Mater. 2012, 24, 5576. 
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Where kET is the electron transfer rate constant between a donor and an 

acceptor, k0 is the electron transfer constant without bridge, and rDA represents 

the donor-acceptor distance.  

The lower the β value, the longer the distance that the charge can travel 

without suffering penalties, and therefore, better properties as molecular wire. It 

is usually used for characterizing all types of charge transport, although only could 

be applied for processes governed by exponential decay with the distance, that is, 

for tunneling or “superexchange” mechanism. Attenuation factor β not only 

depends heavily on the electronic structure of the bridge, but also depends on 

different factors such as the intervening bonds (covalent, non-covalent) between 

the donor and the acceptor moieties, as well as their nature, the solvent polarity 

and the overlap between the different electroactive parts. A key aspect for 

achieving efficient molecular wire behavior in donor-bridge-acceptor systems is 

the effective matching of orbitals energies between the donor and the bridge 

components, and between the acceptor and the bridge components.18 Typical 

values for β range from 1.0 to 1.4 Å-1 for proteins,19 as low as 0.2 Å-1 for DNA,20 

and from 0.01 to 0.06 Å-1 for highly efficient π-conjugated bridges.21 

b) Effective conjugation length (ECL) 

Effective conjugation length (ECL) is a measure of the number of repeat 

units (monomers) that are required in a π-conjugated chain to render size-

independent optical, redox, and other properties. This concept has been largely 

used for the theoretical and experimental understanding of the properties of 

various π-conjugated oligomers. 

“Conjugation and no end” was originally an idealized concept, but it turned 

out that an effective conjugation length exists even in very long, fully conjugated 

chains or ribbons without any structural deficiencies.  

The most representative and obvious parameter to evaluate the ECL in 

conjugated systems is the UV-Vis absorption, although the refractive index, the 

                                                            
18 Davis, W. B.; Svec, W. A.; Ratner, M. A.; Wasielewski, M. R. Nature 1998, 396, 60.  
19 Moser, C. C.; Keske, J. M.; Warncke, K.; Farid, R. S.; Dutton, P. L. Nature 1992, 355, 796. 
20 Holmlin, R. E.; Dandliker, P. J.; Barton, J. K. Angew. Chem. Int. Ed. Engl. 1997, 36, 2714. 
21 a) Weiss, E. A.; Wasielewski, M. R.; Ratner, M. A. Top Curr. Chem. 2005, 257, 103; b) 
Giacalone, F.; Segura, J. L.; Martín, N.; Guldi, D. M. J. Am. Chem. Soc. 2004, 126, 5340.  
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oxidation potential and the HOMO-LUMO energy difference can be used as well. 

In conjugated oligomers, the absorption maxima (λmax) vary proportionally 

according to the conjugation extension up a certain number of monomers, 

wherein the λmax is independent of the number of monomers. This length is 

considered the effective conjugation length of the oligomer. 

Meier et al. developed a theory for calculating the ECL, and proposed that 

the effective conjugation length is reached when the addition of one monomer to 

the oligomer chain produces an increase as much as 1 nm in the absorption 

maxima.22 Thus, the ECL can be easily calculated following the Meier’s Theory 

according to the next parameters: (i) limiting values when n → ∞ (E∞ and λ∞), (ii) 

data relative to the initial point of the fit (E1 and λ1), (iii) the global conjugation 

effect, evaluated from ΔE = E1 - E∞ and Δλ = λ1 - λ∞, and (iv) constants a and b that 

indicates how faster is achieved the convergence limit. Meier’s equation can be 

defined as function of the energy (Equation 1.2) or the wavelength (Equation 1.3). 

 

                            ( ) =  + ( − ) ∙( )                                          Eq 1.2 

                            ( ) = − ( − ) ∙( )                                     Eq 1.3 

 

Representation of the excitation energy or the absorption maxima versus 

the number of monomers leads to two different regimes (Figure 1.1). 

                                                            
22 a) Meier, H.; Stalmach, U.; Kolshorn, H. Acta Polym. 1997, 48, 379; b) Stalmach, U.; 
Kolshorn, H.; Brehm, I.; Meier, H. Liebigs Ann. 1996, 1449. 
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Figure 1.1 Correlation between the absorption maxima (λmax) and the number 

of thiophene rings (n) for PT, P3OT and PQT oligomers.23  

For short oligomer lengths (low n values), there is a linear dependence 

between the maximum wavelength and the oligomer length, but at longer 

oligomer lengths the energy tends to a unique value which corresponds with the 

polymer value. 

1.1.2.2 Representative Examples 

There are numerous conjugated oligomers used as model compounds for 

studying, understanding and extrapolating their corresponding electronic 

properties to the polymeric counterparts.   

Oligophenylenes (oPs) are among the most extensively oligomers studied in 

recent decades, displaying a π-conjugated rigid structure and a continuous orbital 

overlap along the molecule. Phenylene-based conjugated oligomers also exhibit 

high photoluminescence quantum efficiency, prominent charge-carrier mobility, 

and great electrochemical and thermal stability, which make them promising and 

potential candidates as molecular wires for organic electronics.  

Oligophenylenes have been widely employed as π-conjugated bridges in 

different D-B-A systems, achieving attenuation factors β around 0.32 Å-1 for a 

heterodinuclear system based on Ru (II)/Os (II) and an oligophenylene spacer of 

                                                            
23 Zhang, L.; Colella, N. S.; Cherniawski, B. P.; Mannsfeld, S. C. B.; Briseno, A. L. ACS Appl. 
Mater. Interfaces 2014, 6, 5327. 
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4.2 nm,24 or 0.51 Å-1 in oligophenylenes with a bicycle[2,2,2]octane unit as 

regulator.25  

Nevertheless, employment of oPs as π-spacers in D-B-A systems leads to 

poor solubility as the bridge length increases. Moreover, the torsional twisting 

caused by the steric hindrance between the hydrogen atoms at the ortho 

positions of adjacent phenyl rings leads to decreased orbital overlap, and possibly 

lower conductance. However, these disadvantages can be solved by introducing 

aliphatic side chains along the spacer (increasing the solubility of the whole 

system) and/or by ring-bridging approach connecting adjacent phenylene rings at 

the ortho positions with solubilizer-substituted saturated carbons. This latter 

approach can simultaneously enhance the solubility and the conformational 

planarity and rigidity.26 Another alternative widely used is to introduce double 

bonds between the aromatic rings in order to achieve higher planarity and 

rigidity, i. e., the use of oligophenylenevinylenes (oPVs). 

Oligophenylenevinylenes are considered an excellent choice for efficient 

charge transport because they are composed by coplanar phenyl groups linked 

through vinylene bonds. Phenylenevinylene moieties exhibit higher rotation 

barrier than, for example, oligophenylenethynylene (oPE) systems.27 Such 

conformational rigidity preserves the conjugation of the π-system. oPVs have 

been extensively employed in the design of molecular devices due to their 

stability, ease of processing and simple functionalization. 

Wasielewski and col. reported one of the most outstanding studies about 

molecular wires since it was the first experimental evidence about the role of the 

energetic difference between the donor and the spacer on the charge injection.28 

They synthesized a series of structurally well-defined D-B-A molecules that 

                                                            
24 Schlicke, B.; Belser, P.; De Cola, L.; Sabbioni, E.; Balzani, V. J. Am. Chem. Soc. 1999, 121, 
4207. 
25 Higashiguchi, K.; Yumoto, K.; Matsuda, K. Org. Lett. 2010, 12, 5284. 
26 a) James, D. K.; Tour, J. M. Top. Curr. Chem. 2005, 257, 33; b) Huang, H. –H.; Prabhakar, 
Ch.; Tang, K. –C.; Chou, P. –T.; Huang, G. –J.; Yang, J. –S. J. Am. Chem. Soc. 2011, 133, 
8028. 
27 Bock, C. W.; Trachtman, M.; George, P. Chem. Phys. 1985, 93, 431. 
28 a) Davis, W. B.; Svec, W. A.; Ratner, M. A.; Wasielewski, M. R. Nature 1998, 396, 60; b) 
Davis, W. B.; Ratner, M. A.; Wasielewski, M. R. J. Am. Chem. Soc. 2001, 123, 7877. 
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incorporate tetracene as donor and pyrromellitimide as acceptor, linked by p-

phenylenevinylene oligomers of different lengths (Scheme 1.2). 

 

Scheme 1.2 Structures synthesized by Wasielewski and col. 

In this series of D-B-A derivatives, the photoinduced electron transfer 

exhibited very weak distance dependence for donor-acceptor separations as large 

as 40 Å, with rate constants of the order of 1011 s-1. These results demonstrated 

the importance of the energy matching between the donor and bridge 

components for achieving molecular-wire behavior.  

Martín, Guldi and coworkers synthesized a D-B-A system based on π-

extended tetrathiafulvalene (exTTF) as electron-donor and fullerene [C60] as 

electron-acceptor moieties, linked by covalent bonds through an oligo p-

phenylenevinylene (oPPV) bridge (Scheme 1.3).29 This system evidenced an 

excellent behavior as molecular wire, transporting charge over distances up to 5 

nm.  

                                                            
29 a) Giacalone, F.; Segura, J. L.; Martin, N.; Guldi, D. M. J. Am. Chem. Soc. 2004, 126, 5340; 
b) Giacalone, F.; Segura, J. L.; Martín, N.; Ramey, J.; Guldi, D. M. Chem. Eur. J. 2005, 11, 
4819. 
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Scheme 1.3 Structure of exTTF-(oPPV)7-C60. 

This triad showed a weak dependence of the charge transfer process with 

the distance, achieving one of the lowest attenuation factors β found in the 

literature (0.01 Å-1). By theoretical calculations, a strong electronic coupling 

between the exTTF unit and the oPPV was found as the spacer length increases.  

Regarding to the effective conjugation length (ECL) of 

oligophenylenevinylenes, molecules as depicted in Scheme 1.4 exhibit an ECL of 

10 monomers.30 These oligomers display high planarity since there is not steric 

hindrance between phenyl rings, thus easing the extension of the ECL to larger 

number of monomers. 

OC3H7

C3H7O

OC3H7

C3H7O

H
n

 

Scheme 1.4 

oPVs have been also widely used in optoelectronics as components in 

organic light-emitting diodes (OLEDs) and solar cells owing to their HOMO-LUMO 

energy difference in the visible region of the electromagnetic spectrum. 

There are other aromatic oligomeric systems based on π-electron rich 

aromatic rings, being oligothiophenes (oTs) the most studied systems in the 

literature.31 

                                                            
30 Stalmach, U.; Kolshorn, H.; Brehm, I.; Meier, H. Liebigs Ann. 1996, 1449. 
31 Mishra, A.; Ma, C. –Q.; Bäuerle, P. Chem. Rev. 2009, 109, 1141.   
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Oligothiophenes (oTs) or oligo (α-thiophenes) are composed of thiophene 

rings linked by simple bonds through α position. The high polarizability of sulfur 

atoms in the thiophene rings provides stability to the conjugated chain and 

excellent transport of electrons, making them promising candidates as molecular 

wires in molecular electronics. oTs can be easily modified in the free β positions 

by different functional groups increasing the solubility and varying the electronic 

properties of the oligomer.    

Synthetic work on oligothiophenes with more than ten thiophene units was 

begun in the early 1990s, when Wynberg et al. reported the synthesis of the 

decyl-substituted 11-mer.32 Since then, oligothiophenes have attracted 

comprehensive interest among scientists all over the world due to the well 

stablished and longtime developed chemistry of thiophene, since there are 

uncountable methods to modify the molecule core, and to their outstanding 

chemical and physical properties. They are typically stable in various oxidation 

states and can be readily characterized by many methods. Their unique 

electronic, optical and redox properties, as well as their unique self-assembling 

properties on solid surfaces or in the bulk are intriguing.  

From the maximum UV-Vis absorption of oligomers 5T, 6T and 8T (Scheme 

1.5), the effective conjugation length (ECL) was determined and resulted to be 17 

monomers, i.e., higher length than that achieved for oligo p-phenylenes or oligo 

p-phenylenevinylenes. An increase in the chain length modifies the electron-

donor ability of oTs, showing higher electron-donor character as longer is the oT 

chain.33  

 

Scheme 1.5 

                                                            
32 Ten Hoeve, W.; Wynberg, H.; Havinga, E. E.; Meijer, E. W. J. Am. Chem. Soc. 1991, 113, 
5887. 
33 a) Bäuerle, P.; Segelbacher, U.; Maier, A.; Mehring, M. J. Am. Chem. Soc. 1993, 115, 
10217; b) Bäuerle, P. Adv. Mater. 1992, 4, 102.  
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oTs have been extensively employed as active semiconductor materials in 

organic field-effect transistors (OFETs), organic light emitting diodes (OLEDs) and 

organic solar cells (OSCs).34 

As it was introduced before, the presence of single bonds linking thiophene 

units causes a deviation from the planarity. It can be reached by introducing vinyl 

groups between the thiophene rings, i. e., using oligothienylenevinylenes (oTVs).  

Oligothienylenevinylenes are considered as a combination of the structure 

of oTs and (CH)n. In these systems, the presence of double bonds of defined 

configuration induces, at the same time, a decrease on the overall aromatic 

character of the linear π-conjugated system and, consequently, on the π-electron 

localization, and the suppression of the rotational disorder. 

The oTVs structure can be easily modified by adding different functional 

groups in the β, γ and free α positions of the thiophene ring, as well as to the 

vinylic bonds, being the thiophene substitution the most widely used. 

Introduction of solubilizing groups, such as aliphatic fragments, in the thiophene 

ring leads to a decrease in the supramolecular aggregation of the oligomers and a 

reduction of the HOMO-LUMO energy difference owing to the inductive effect 

+I.35 In addition, substitution on the thiophene α positions avoids possible 

polymerization reactions since they are considered the most reactive one.36   

The planar geometry is clearly apparent in the X-ray structure of the 

tetramer dicarbaldehyde (Figure 1.2).37 The absence of rotational disorder is 

further demonstrated by the complete lack of thermochromic effect when 

solutions of oTVs are immersed in liquid nitrogen. This behavior contrasts with 

that showed by their parent oligothiophenes because, under the same conditions, 

undergo a considerable red shift of the absorption due to a planarization of the 

structure driven by alkyl substituent interactions.38  

                                                            
34 a) Mishra, A.; Ma, C. –Q.; Bäuerle, P. Chem. Rev. 2009, 109, 1141; b) Usta, H.; Facchetti, 
A.; Marks, T. J. Acc. Chem. Res. 2011, 44, 501.  
35 a) Jestin, I.; Frère, P.; Blanchard, P.; Roncali, J. Angew. Chem. Int. Ed. 1998, 37, 942; b) 
Elandaloussi, E. H.; Frère, P.; Roncali, J. Chem. Commun. 1997, 301.   
36 Levillain, E.; Roncali, J. J. Am. Chem. Soc. 1999, 121, 8760. 
37 Roncali, J. Acc. Chem. Res. 2000, 33, 147. 
38 Faïd, K.; Leclerc, M. J. Chem. Soc., Chem. Commun. 1993, 962. 
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Figure 1.2 ORTEP view of 4TV dicarbaldehyde.37 

Extrapolating from the data achieved by the X-ray measurements,39 the 

length of the hexadecamer 16TV is 96 Å, in the order of the minimum size of the 

electronic devices prepared so far by the common lithographic techniques. 

Regarding to the optical properties, oTVs show rather similar absorption 

spectra, in particular, they exhibit a well-resolved vibronic fine structure due to a 

π-π* transition which persists even at the hexadecamer stage. An increase in the 

oligomeric chain length leads to a bathochromic shift of the absorption maxima, a 

decrease of the HOMO-LUMO energy difference as well as an increase in the 

extinction coefficient ε and a broadening of the absorption band. 

Roncali and col. estimated that the effective conjugation length of 3,4-

dihexyl oTVs was at least equal to 94 sp2 carbons (16-mer).39 Comparing these 

results with the optical data achieved for other types of extended π-conjugated 

oligomers based on thiophene, 40 1,4-dialkoxyphenylenevinylenes,41 1,4-

phenyleneethynylenes,42 triacetylenes,43 and 2,5-thiopheneethynylenes42 clearly 

                                                            
39 Jestin, I.; Frère, P.; Mercier, N.; Levillain, E.; Stievenard, D.; Roncali, J. J. Am. Chem. Soc. 
1998, 120, 8150. 
40 a) Bäuerle, P.; Fisher, T.; Bidlingmeier, B.; Stabel, A.; Rabe, J. P. Angew. Chem., Int. Ed. 
Engl. 1995, 34, 303; b) Nakanishi, H.; Sumi, N.; Aso, Y.; Otsubo, T. J. Org. Chem. 1998, 63, 
8632.  
41 Stalmach, U.; Kolshorn, H.; Brehm, I.; Meier, H. Liebigs Ann. 1996, 1449. 
42 Tour, J. M. Chem. Rev. 1996, 96, 537. 
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shows that oTVs exhibit the longest effective conjugation length among well-

known systems, and the smallest ΔE value for both the 50- and 100-Å chain 

lengths (Figure 1.3). These outstanding properties suggest that, as far as the gap 

is concerned, oTVs rank among the best candidates as molecular wires in 

nanoscopic systems. 

 

Figure 1.3 Chain length dependence with the absorption maximum for various 

classes of extended conjugated oligomers.37 

In our research group, it has widely studied the effectiveness of 

oligothienylenevinylenes as molecular wires in different systems. Thus, in 2007 it 

was synthesized novel donor-acceptor systems that incorporated a Zn-porphyrin 

(ZnP) derivative as donor and a fullerene [C60] as acceptor with these units 

bridged by oTV units (dimer and tetramer) (Scheme 1.6).44 The dependence of the 

photoinduced energy-transfer and electron-transfer processes on solvent polarity 

was investigated, and it was found that in short oTV units and nonpolar solvent, 

energy transfer takes priority over charge separation, whereas in benzonitrile the 
                                                                                                                                                     
43 Martin, R. E.; Gubler, U.; Boudon, C.; Gramlich, V.; Bosshard, C.; Gisselbrecht, J. –P.; 
Günter, P.; Gross, M.; Diederich, F. Chem. Eur. J. 1997, 3, 1505. 
44 Oswald, F.; Shafiqul Islam, D. –M.; Araki, Y.; Troiani, V.; Caballero, R.; de la Cruz, P.; Ito, 
O.; Langa, F. Chem. Commun. 2007, 4498. 
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charge-separation predominantly occurred because of the stabilization of the 

charge-separated state. In the case of longer oTV units in a nonpolar solvent, the 

charge-separation prevailed over energy transfer. The low attenuation factor for 

the charge-separation in benzonitrile suggested the effectiveness of the oTV as 

molecular wire.  

 

Scheme 1.6 Triads ZnP-oTV-C60. 

Later, ZnP-oTV-C60 triads with a longer oTV (octamer) and an intermediate 

one (trimer) were synthesized, studying their electronic and photophysical 

properties.45 In addition, the influence of the elongation of the oTV oligomer on 

the electron transfer processes was discussed. The absorption spectral study 

suggested some faint electronic communications among the photo-active species 

(ZnP, oTV, and C60) in the ground state. This information about the dependence of 

charge separation process with oTVs length was revealed by molecular orbital 

(MO) calculations. 

These new compounds, together with the previously reported one 

(tetramer), allowed determining the attenuation coefficient (βCS) for oTVs in ZnP – 

(π-conjugated oligomer) – C60 systems. The obtained value (βCS = 0.016 Å-1 in 

PhCN) is quite small among the π-conjugated oligomers reported in the literature 

so far, also showing that oTVs display electron transfer processes over long 

distances.  

In 2009, a series of new oligothienylenevinylene compounds were prepared 

with the interest of studying the role of a conjugated chain in two different cases: 

                                                            
45 Oswald, F.; Shafiqul, D. –M.; El-Khouly, M. E.; Araki, Y.; Caballero, R.; de la Cruz, P.; Ito, 
O.; Langa, F. Phys. Chem. Chem. Phys. 2014, 16, 2443. 

ZnP-2TV-C60: m = 1 
ZnP-4TV-C60: m = 3 
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when push-pull action operates between an electron-donor and an electron-

acceptor groups located at the terminal positions; and when mixed-valence 

action is induced by oxidation in the case that the conjugated chain is 

functionalized at both terminal positions by two ferrocene groups, leading to a 

competition between the donor groups (Scheme 1.7).46 

 

 

Scheme 1.7 

Taking advantage of the high π-conjugation ability of oTVs, new 

unsymmetrical dumbbell triads based on N-methylpyrrolidine[60]fullerene, 

oligothienylenevinylenes (2TV and 4TV), and N-methylpyrrolidine[70]fullerene 

(C60-oTV-C70) were synthesized (Scheme 1.8).47 It was studied their photophysical 

properties, both photoinduced energy- and electron-transfer processes, and it 

was identified that the photophysical behavior strongly depends on the length of 

the oTV and on the solvent polarity. In nonpolar solvents, photoinduced energy-

transfer process predominantly takes place from the singlet excited state of oTV 

to C60 and C70, whereas in polar solvent, charge-separation processes occur 

instead of energy transfer.  

                                                            
46 Casado, J.; Rodríguez, S.; Ruiz, M. C.; Moreno, M.; López, J. T.; Caballero, R.; de la Cruz, 
P.; Langa, F. Chem. Eur. J. 2009, 15, 2548. 
47 Urbani, M.; Pelado, B.; de la Cruz, P.; Yamanaka, K. –I.; Ito, O.; Langa, F. Chem. Eur. J. 
2011, 17, 5432. 
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Scheme 1.8 Unsymmetrical dumbbell C60-oTV-C70 molecules. 

The advantages of heterodumbbells C60-oTV-C70 compared to the 

corresponding homodumbbell C60-4TV-C60
48 are clearly evidenced since charge 

separation and energy transfer were observed in the transient absorption spectra 

of the heterodumbbells, whereas any information about the photophysical 

properties of the homodumbbell was obtained in its reported transient 

absorption spectra. In this case, although C60 and C70 display similar 

electrochemical and photophysical properties,49 the LUMO of C70 is more 

stabilized than that of C60 due to the increased molecular size.50 Consequently, it 

is expected that the HOMOdonor-LUMOfullerene energy gap of C70 systems would be 

lower than those of analogous C60 compounds.51 

Delocalization-to-localization charge transition in diferrocenyl-

oligothienylenevinylene molecular wires as function of the size was studied by 

Raman spectroscopy.52 Shorter oligomers, dimer and tetramer, displayed 

conjugated structures near the cyanine limit of bond length equalization as a 

                                                            
48 Apperloo, J. J.; Martineau, C.; Hal, V. A. P.; Roncali, J.; Janssen, R. A. J. J Phys. Chem. A 
2002, 106, 21.  
49 a) Allemand, P. –M.; Koch, A.; Wudl, F.; Rubin, Y.; Diederich, F.; Alvarez, M. M.; Anz, S. J.; 
Whetten, R. L. J. Am. Chem. Soc. 1991, 113, 1050; b) Xie, Q.; Arias, F.; Echegoyen, L. J. Am. 
Chem. Soc. 1993, 115, 9818. 
50 Solá, M.; Mestres, J.; Duran, M. J. Phys. Chem. 1995, 99, 10752. 
51 a) Arbogast, J. W.; Foote, C. S. J. Am. Chem. Soc. 1991, 113, 8886; b) Tutt, L. W.; Kost, A. 
Nature 1992, 356, 225. 
52 Rodríguez, S.; Ruiz, M. C.; Caballero, R.; de la Cruz, P.; Langa, F.; López, J. T.; Casado, J. J. 
Am. Chem. Soc. 2012, 134, 5675. 
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result of the strong interferrocene charge resonance, producing a full charge 

delocalized mixed valence system (Scheme 1.9). 

 

Scheme 1.9 Representation of the hypothetical delocalized-to-localized states 

of [Fc-oTV-Fc]•+. 

In the longest oligomer (octamer), charge resonance vanishes and the 

cation is localized at the bridge center (the mixed valence property disappears). 

The hexamer is at the delocalized-to-localized turning point (between the two 

limiting structures).  

The performance of thienylenevinylene bridges as molecular wires is 

highlighted by their ability to transmit the interferrocene coupling over distances 

near 40 Å, which is an outstanding wire-like feature. 

Very recently, a series of new oligothienylenevinylene oligomers with the β 

positions of the thiophene fully functionalized by ethylenedioxy groups (oEDOTV) 

were synthesized, and their optical, chemical and electrochemical properties 

studied (Scheme 1.10).53 

                                                            
53 Mayorga, P.; Pelado, B.; Ponce, R.; de la Cruz, P.; López, J. T.; Langa, F.; Casado, J. Chem. 
Eur. J. 2015, 21, 1713. 
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Scheme 1.10 oEDOTVs structure. 

It is well-known that dopability is crucial for properties as charge injection 

from the electrodes, device durability and charge mobility.54 Electron richness of 

conjugated backbones has been improved by increasing the number of pz 

electrons in conjugation, such as functionalizing with ethylenedioxy (EDO) groups. 

oEDOTV oligomers have enabled to reinforce the stability of the thiophene-

vinylene cores by action of O-H and/or O-S intramolecular interactions imparted 

by EDO groups (Scheme 1.11), at the same time that have enhance the oxidation 

ability by the mesomeric effect towards the π-conjugated array. The 

establishment of these new O-H interactions blocks the conformational flexibility 

resulting in thienylenevinylene oligomers with more robust (less fragile) 

structures. 

 

Scheme 1.11 O-H intramolecular interactions imparted by EDO groups. 

Oxidized species were also characterized, showing their ability for the 

formation of mixed valence charge-transfer complexes and π-dimers of different 

oxidation states, particularly in the electrochemical medium. The electrochemical 

response was explained by a succession of aggregation and electron-transfer 

steps. 

                                                            
54 Klauk, H. Organic Electronics: Materials, Manufacturing and Applications, Wiley-VCH, 
Weinheim, 2006. 
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All these analyses conclude that thienylenevinylene spacers, owing to their 

outstanding conjugative properties, are excellent candidates to unimolecular 

electronic transport stimuli between distant electroactive centers and, thereby, 

potential candidates as molecular wires in molecular electronics. 
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1.2 OBJECTIVES 
As it was mentioned in the background, oligothienylenevinylenes display 

excellent properties as molecular wires in molecular electronics owing to their 

planar and electronic structure as well as their stability and chemical versatility to 

be modified. Thus, in this chapter it is proposed to study a new family of 

oligomers based on cyclopentadithiophenes (CPDTs) linked by vinylene bridges as 

molecular wires. Cyclopentadithiophene unit exhibits flat and rigid geometry due 

to its fused-ring structure. In addition, the binding of CPDT units by vinyl groups 

involves even higher planarity for the new oligomers, predicting that this planarity 

will be higher than their oTVs counterparts. Therefore, the proposed objectives 

are: 

I. To synthesize oligocyclopentadithiophenylvinylenes (oCPDTV) of 

different length (Scheme 1.12) and characterize them by the common 

spectroscopic techniques, such as nuclear magnetic resonance (NMR), 

Fourier transform infrared spectroscopy (FT-IR) and mass spectrometry, 

in order to reach the effective conjugation length. 

 
Scheme 1.12 Objective Molecules. 

2CPDTV 

3CPDTV 

4CPDTV 

5CPDTV 

6CPDTV 

8CPDTV 
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II. To study the optical and electrochemical properties by UV-Vis 

absorption and electrochemistry, analyzing the variation of the 

electronic properties as increasing the oligomeric chain length. 

III. To estimate the HOMO-LUMO energy levels distribution along the 

oligomers as well as studying the planarity of the new structures by 

theoretical calculations. 

IV. To analyze the morphology of the new family of π-conjugated oligomers 

by Scanning Electron Microscopy (SEM) and Atomic Force Microscopy 

(AFM), both in the bulk (SEM) and on mica and silicon surfaces from a 

dispersion of molecules (AFM). 

V. To study their behavior as molecular wires by Raman spectroscopy, 

spectroelectrochemistry and chemical oxidation.  
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1.3 RESULTS AND DISCUSSION 

1.3.1 Synthesis 

The synthesis of all new conjugated oligomers is based on a similar synthetic 

strategy: once the functionalized monomer (1.2 derivative), able of binding to the 

different intermediates in order to elongate the oligomer chain, is synthesized, 

the synthetic route basically consists on Vilsmeier formylation and Horner-

Wadsworth-Emmons reactions. 

1.3.1.1 Synthesis of oligomer 2CPDTV 

First of all, cyclopentadithiophene (CPDT) was prepared following the 

procedure (Scheme 1.13) described for C. -H. Chen et al.55 and P. Gao et al.56 
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Scheme 1.13 

Oligomer 2CPDTV was synthesized as Scheme 1.14 shows. It started with a 

Vilsmeier formylation of cyclopentadithiophene at room temperature, affording 

compound 1.1 in 98% of yield after purification by chromatography column in 

silica gel and a mix 3:2 hexane:chloroform as eluent. Quantitative reduction with 

sodium borohydride gave the corresponding alcohol derivative, which was 

immediately converted into the phosphonate derivative 1.2 by a zinc bromide-
                                                            
55 Chen, C. –H.; Hsieh, C. –H.; Dubosc, M.; Cheng, Y. –J.; Hsu, C. –S. Macromolecules 2010, 
43, 697. 
56 Gao, P.; Cho, D.; Yang, X.; Enkelmann, V.; Baumgarten, M.; Müllen, K. Chem. Eur. J. 
2010, 16, 5119. 
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mediated Michaelis-Arbuzov reaction (92% of yield). All these derivatives were 

characterized by the common spectroscopic techniques (1H-NMR, 13C-NMR, FT-IR 

and MS), agreeing with the bibliographic data57 and evidencing the expected 

structures. 

 

Scheme 1.14 

1H-NMR spectrum shows the characteristic signals corresponding to the 

phosphonate derivative 1.2, such as the doublet associated to the methylene 

group directly linked to the phosphonate group at 3.38 ppm (2J = 20.8 Hz) and the 

multiplet around 4.07 ppm corresponding to the methylene group belonging to 

the ethyl moiety (Figure 1.4).  

 

Figure 1.4 1H-NMR spectrum of compound 1.2. 
                                                            
57 Li, R.; Liu, J.; Cai, N.; Zhang, M.; Wang, P. J. Phys. Chem. B 2010, 114, 4461. 
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Horner-Wadshworth-Emmons reaction between monoaldehyde 1.1 and 

phosphonate 1.2 using potassium tert-butoxide as base and anhydrous THF as 

solvent, gave the oligomer 2CPDTV in 86% of yield. The new molecule was fully 

characterized by 1H-NMR, 13C-NMR, FT-IR and MALDI-TOF analysis and the data 

were consistent with the expected structure (see experimental section). 

By 1H-NMR, the doublets corresponding to the coupling of the α and β outer 

protons of the CPDT unit at 7.17 ppm and 6.93 ppm (3J = 4.7 Hz), the singlet 

attributed to the β inner proton of the CPDT at 7.00 ppm and the singlet 

corresponding to the vinylic protons at 6.87 ppm are observed (Figure 1.5).  

 

Figure 1.5 1H-NMR spectrum of oligomer 2CPDTV. 

13C-NMR spectrum shows the signals corresponding to the conjugated 

carbons from 158.5 ppm to 120.3 ppm, the methylene bridge at 53.5 ppm and 

the signals associated to the aliphatic carbons at lower ppm (Figure 1.6). 

1.01.52.02.53.03.54.04.55.05.56.06.57.07.5 ppm
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Figure 1.6 13C-NMR spectrum of oligomer 2CPDTV. 

By FT-IR, the typical bands corresponding to the C-H bonds about 2950-

2850 cm-1 and those associated to the C-C aromatic bonds around 1400 cm-1 are 

assigned (Figure 1.7). 
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Figure 1.7 FT-IR spectrum of oligomer 2CPDTV. 

Finally, MALDI-TOF analysis definitely confirmed the structure since the 

molecular peak found at 716.96 (M+) is in agreement with that calculated for 

C44H60S4 (717.21 m/z) (Figure 1.8). 
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Figure 1.8 MALDI-TOF analysis spectrum of oligomer 2CPDTV. 

1.3.1.2 Synthesis of oligomer 3CPDTV 

Scheme 1.15 shows the synthetic route for the oligomer 3CPDTV. It began 

with a double Vilsmeier formylation of CPDT at reflux in order to achieve the 

corresponding dialdehyde 1.3 in 93% of yield, obtaining the monoaldehyde 

derivative as reaction byproduct. Horner-Wadsworth-Emmons reaction between 

dialdehyde 1.3 (1 eq) and phosphonate 1.2 (2 eqs) afforded oligomer 3CPDTV in 

48% of yield after purification by chromatography column in silica gel and hexane. 
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Scheme 1.15 

Both the dialdehyde 1.3 and the new oligomer 3CPDTV were fully 

characterized by 1H-NMR, 13C-NMR, FT-IR and MALDI-TOF analysis and the data 

were consistent with the expected structures (see experimental section). 

1H-NMR spectrum confirmed the desired structure of the new oligomer 

displaying the doublets corresponding to the coupling of the α and β outer 

1.3 

1.2 

3CDPTV 
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protons at 7.18 ppm and 6.93 ppm (3J = 4.7 Hz), the singlet attributed to the four 

β inner protons at 7.00 ppm and the two singlets associated to the vinylic protons 

at 6.88 ppm and 6.86 ppm (Figure 1.9). 

 

Figure 1.9 1H-NMR spectra of oligomer 3CPDTV. 

Similar to 2CPDTV, 13C-NMR spectrum of oligomer 3CPDTV exhibits the 

fourteen different signals corresponding to the conjugated carbons from 158.8 

ppm to 120.2 ppm, the signals attributed to the methylene bridges at 53.7 ppm 

and 53.5 ppm, and the six different aliphatic carbons from 37.8 ppm to 14.1 ppm 

(Figure 1.10).  

 

Figure 1.10 13C-NMR spectrum of oligomer 3CPDTV. 
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FT-IR spectrum shows approximately the same bands than those displayed 

by the shorter oligomer 2CPDTV (Figure 1.11). 
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Figure 1.11 FT-IR spectrum of oligomer 3CPDTV. 

MALDI-TOF analysis clearly verified the expected structure, agreeing the 

molecular peak found at 1086.89 (M+) with that calculated for C67H90S6 (1087.82 

m/z) (Figure 1.12). 

 

Figure 1.12 MALDI-TOF analysis spectrum of oligomer 3CPDTV. 
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1.3.1.3 Synthesis of oligomer 4CPDTV 

Synthesis of 4CPDTV is shown in Scheme 1.16. Double Vilsmeier formylation 

of oligomer 2CPDTV at room temperature gave the corresponding dialdehyde 1.4 

in 80% of yield after purification by chromatography column. 1H-NMR, 13C-NMR 

and FT-IR techniques evidenced the existence of the dialdehyde showing a singlet 

at 9.84 ppm, a signal at 182.5 ppm and a typical band at 1645 cm-1, respectively. 

Horner-Wadsworth-Emmons reaction between dialdehyde 1.4 (1 eq) and 

phosphonate 1.2 (2 eqs) in presence of potassium tert-butoxide as base and 

anhydrous THF as solvent led to oligomer 4CPDTV in 75% of yield. 

New oligomer 4CPDTV was fully characterized by 1H-NMR, 13C-NMR, FT-IR 

and MALDI-TOF analysis and the data were consistent with the expected 

structure (see experimental section). 

 

Scheme 1.16 

In the 1H-NMR spectrum, the doublets associated to the coupling of the α 

and β outer protons of the CPDT units at 7.18 ppm and 6.94 ppm (3J = 4.7 Hz), the 

singlet attributed to the six β inner protons of the CPDT units at 7.01 ppm, and 

two singlets corresponding to the vinylic protons at 6.88 ppm (inner double bond) 

and at 6.86 ppm (outer double bonds) are easily identified (Figure 1.13).   
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Figure 1.13 1H-NMR spectrum of oligomer 4CPDTV. 

Although 4CPDTV is a complex molecule, the symmetry reduces the number 

of signals in the NMR experiments. Thus, 13C-NMR shows the signals 

corresponding to the conjugated carbons from 158.9 ppm to 120.3 ppm, the 

methylene bridges at 53.7 ppm and 53.5 ppm, and the signals related to the 

aliphatic carbons at lower ppm (Figure 1.14).   

 

Figure 1.14 13C-NMR spectrum of oligomer 4CPDTV. 
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By FT-IR spectroscopy, the typical intense bands corresponding to the C-H 

bonds from 2955 cm-1 to 2850 cm-1 and those associated to the C-C aromatic 

bonds about 1400 cm-1 are assigned (Figure 1.15). 
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Figure 1.15 FT-IR spectrum of oligomer 4CPDTV. 

MALDI-TOF analysis clearly confirmed the structure of the new oligomer, 

since the molecular peak found at 1457.25 (M+) is in agreement with that 

calculated for C90H120S8 (1458.44 m/z) (Figure 1.16). 

 

Figure 1.16 MALDI-TOF analysis spectrum of oligomer 4CPDTV. 
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1.3.1.4 Synthesis of oligomer 5CPDTV 

Synthesis of 5CPDTV is collected in Scheme 1.17. It began with the 

formylation of oligomer 3CPDTV using n-BuLi at low temperature and DMF, and 

affording the corresponding dialdehyde 1.5 in 72% of yield. This new molecule 

was characterized by NMR, FT-IR and mass spectrometry: singlet at 9.83 ppm by 
1H-NMR, signal at 182.4 ppm by 13C-NMR and peak at 1655 cm-1 by FT-IR 

associated to the aldehyde groups, as well as the molecular peak at 1142.81 (M+) 

founded by mass spectrometry, evidenced the expected structure. 

 

Scheme 1.17 

After that, Horner-Wadsworth-Emmons reaction between dialdehyde 1.5 (1 

eq) and phosphonate derivative 1.2 (2 eq) using tert-BuOK as base in dry THF gave 

oligomer 5CPDTV in 69% of yield. New product was fully characterized by the 

common spectroscopic techniques, agreeing with the data expected for the new 

structure (see experimental section). 

1H-NMR spectrum (Figure 1.17) shows all signals that characterize the new 

derivative, such as the signals corresponding to the outer protons (α and β) 

(integration 2 for both signals) of the external CPDT units at 7.18 and 6.93 ppm, 

the signal attributed to the β inner protons of the CPDT units at 7.00 ppm and the 

signal associated to the vinylic protons at 6.86 ppm. Aliphatic protons appear at 

lower ppm. 
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Figure 1.17 1H-NMR spectrum of oligomer 5CPDTV. 

13C-NMR spectrum (Figure 1.18) exhibits, on one hand, the signals 

attributed to aromatic carbons at higher ppm (158.9 – 120.3 ppm) and low 

intensity due to the low solubility and high aggregation of this molecule; and, on 

the other hand, the signals associated to aliphatic carbons at lower ppm (37.9 – 

14.1 ppm). Methylene bridge carbons appear at 53.7 and 53.5 ppm. 

 

Figure 1.18 13C-NMR spectrum of oligomer 5CPDTV. 
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FT-IR spectrum (Figure 1.19) shows the typical peaks around 2900 cm-1 

corresponding to C-H bonds, as well as the peaks associated to C-C aromatic 

bonds from 1500 to 1400 cm-1. 
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Figure 1.19 FT-IR spectrum of oligomer 5CPDTV. 

MALDI-TOF analysis definitely verified the expected structure since the 

molecular peak found at 1826.90 (M+) agreed with that calculated for C113H150S10 

(1826.89 m/z) (Figure 1.20).  

 

Figure 1.20 MALDI-TOF analysis spectrum of oligomer 5CPDTV. 
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1.3.1.5 Synthesis of oligomer 6CDPTV 

Similar to the synthetic route for oligomers 3-5CPDTV, Scheme 1.18 shows 

that for oligomer 6CPDTV. First step consisted on a double Vilsmeier formylation 

of oligomer 4CPDTV at controlled temperature to give the corresponding 

dialdehyde 1.6 in 93% of yield after purification by chromatography column using 

silica gel and 1:4 hexane:chloroform mix as eluent. New product was 

characterized by the common spectroscopic techniques, showing the most 

characteristic signals: the singlet at 9.83 ppm and the signal at 182.4 ppm by 1H-

NMR and 13C-NMR, respectively, related to the aldehyde group, the typical band 

also associated to the aldehyde group at 1655 cm-1 by FT-IR spectroscopy, and the 

molecular peak found at 1513.19 (M+) that corresponds to that calculated for 

C92H120O2S8 (1514.46 m/z). 

 

Scheme 1.18 

The second step involves a Horner-Wadsworth-Emmons reaction between 

dialdehyde 1.6 (1 eq) and phosphonate 1.2 (2 eqs) to afford oligomer 6CPDTV in 

75% of yield. It is important to highlight that the solubility becomes very poor and 

hinders the properly characterization of the new oligomer.  

6CPDTV was fully characterized by 1H-NMR, 13C-NMR, FT-IR and MALDI-TOF 

analysis and the data were consistent with the expected structure (see 

experimental section). 

Similarly to the shorter conjugated oligomers, 1H-NMR spectrum of 6CPDTV 

displayed the doublets corresponding to the coupling of the α and β protons of 

4CPDTV 1.6 
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the CPDT outer units at 7.18 ppm and 6.93 ppm (3J = 4.7 Hz), the singlet 

associated to the ten β inner protons of CPDT units at 7.01 ppm, and the multiplet 

attributed to the vinylic protons around 6.88 ppm (Figure 1.21). 

 

Figure 1.21 1H-NMR spectrum of oligomer 6CPDTV. 

13C-NMR spectrum shows, similarly to the previous oligomers, the signals 

corresponding to the conjugated carbons from 158.9 ppm to 120.3 ppm, the 

three different methylene bridges at 53.7, 53.5 and 53.4 ppm, and the aliphatic 

carbons from 37.9 ppm to 14.1 ppm (Figure 1.22). 

 

Figure 1.22 13C-NMR spectrum of oligomer 6CPDTV. 
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Comparable to the shorter oligomers, in the FT-IR spectrum, the typical 

bands associated to C-H bonds about 2900 cm-1 and the peaks corresponding to 

the C-C aromatic bonds at 1400 cm-1 are assigned (Figure 1.23). 
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Figure 1.23 FT-IR spectrum of oligomer 6CPDTV. 

MALDI-TOF analysis confirmed the desired structure, agreeing the 

molecular peak found at 2198.65 (M+) with that calculated for C136H180S12 

(2199.66 m/z) (Figure 1.24). 

 

Figure 1.24 MALDI-TOF analysis spectrum of oligomer 6CPDTV. 
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1.3.1.6 Synthesis of oligomer 8CPDTV 

There are several challenges in the synthesis of this long oligomer. The main 

problem arises from the instability of the precursors, especially the dialdehyde of 

6CPDTV, which decompounds in a very short period of time and even sometimes 

it is not achieved following the same reaction conditions. The primary reason is 

the low oxidation potential of these long oligomers, since it hinders their stability 

to oxygen.58 Moreover, the acidic medium necessary to remove the protecting 

groups (acetals) required to synthesize the dialdehyde precursor (dialdehyde of 

6CPDTV) and thus obtain the free aldehyde groups, could modify the properties 

of the oligomer, as it was recently reported for CPDT-based conjugated polymers 

upon protonation.59 At last, the low solubility associated with such long oligomers 

hinders their solubility in the common organic solvents. Hence, it was only 

possible to obtain a few milligrams of 8CPDTV and just characterize by MALDI-TOF 

analysis and UV-Vis absorption spectroscopy. 

Since the direct formlylation of oligomer 6CPDTV failed in all reaction 

conditions, it was necessary to prepare the same phosphonate derivative (1.2) 

employed before for synthesizing the previous oligomers but adding a protected 

aldehyde in the free α position (1.9), as it is shown in Scheme 1.19.  

 

Scheme 1.19 

                                                            
58 Mahale, R. Y.; Arulkashmir, A.; Dutta, K.; Krishnamoorthy, K. Phys. Chem. Chem. Phys. 
2012, 14, 4577. 
59 Tang, T.; Lin, T.; Wang, F.; He, C. Chem. Commun. 2015, 51, 13229. 
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Thus, monoprotection of dialdehyde 1.3 with neopentyl glycol, under 

stoichiometric conditions, and p-toluensulfonic acid at reflux on toluene gave the 

monoaldehyde 1.7 in 74% of yield. 1H-NMR showed the signals corresponding to 

the protecting group at 5.66 ppm (singlet associated to the CH group), 3.80 ppm 

and 3.67 ppm (doublets corresponding to the CH2 groups, 3J = 11 Hz) (Figure 

1.25).  

 

Figure 1.25 1H-NMR spectrum of derivative 1.7. 

Quantitative reduction of monoaldehyde 1.7 with NaBH4 afforded the 

corresponding alcohol derivative, and successive zinc bromide-mediated 

Michaelis-Arbuzov reaction gave the phosphonate derivative 1.8 in 46% yield. 

Aldehyde group was deprotected during the work-up since acid medium was 

used, so the next step consisted on the protection reaction of monoaldehyde 1.8. 

Monomeric unit 1.9, required to synthesize the oligomer 8CPDTV, was achieved 

and no purification was carried out in order to prevent the aldehyde deprotection 

(quantitative yield was assumed). 

All new molecules were characterized by the common spectroscopic 

techniques and the data were consistent with the expected structures (see 

experimental section). 

Horner-Wadsworth-Emmons reaction between the dialdehyde of the 

oligomer 4CPDTV (1.6) (1 eq) and the new phosphonate derivative 1.9 (2 eqs) 

10 9 8 7 6 5 4 3 2 1 ppm
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afforded oligomer 6CPDTV with two aldehydes protected by acetals in α positions 

(6CPDTV-da) (Scheme 1.20).  

 

Scheme 1.20 

Bearing in mind the instability associated to these derivatives, no further 

purification was carried out. Derivative 6CPDTV-da was evidenced by 1H-NMR 

(Figure 1.26) and MALDI-TOF analysis (Figure 1.27), showing the NMR signals 

related to the acetal protecting groups (and none signal associated to the starting 

materials) and the molecular peak (2427.62 M+) corresponding to the molecular 

weight (2427.95 m/z, C148H200O4S12) of the desired derivative 6CPDTV-da, 

respectively. 

 

Figure 1.26 1H-NMR spectrum of derivative 6CPDTV-da. 
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Figure 1.27 MALDI-TOF analysis spectrum of derivative 6CPDTV-da. 

In order to deprotect the aldehydes, molecule 6CPDTV-da was stirred for 90 

min at room temperature in HCl aqueous solution and THF as solvent, observing 

the complete disappearance of the starting material by TLC. Immediately after, 

the crude product was extracted into THF and solvent was evaporated under 

vacuum. The resulting product reacted with 2 eqs of phosphonate derivative 1.2 

by a Horner-Wadsworth-Emmons reaction to give the final product 8CPDTV in a 

very low yield after purification by chromatography column and gel permeation 

chromatography (GPC), monitoring the different fractions obtained by HPLC 

(Scheme 1.21). 
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Scheme 1.21 

8CPDTV could only be characterized by MALDI-TOF analysis and UV-Vis 

absorption spectroscopy (vide infra) due to the very poor solubility in the 

common NMR solvents and the low amount of product that was obtained, 

hindered the possibility to perform valid NMR experiments. The molecular peak 

found at 2942.83 (M+) is in agreement with that calculated for C182H240S16 

(2940.89 m/z) (Figure 1.28). 

6CPDTV-da 

1.2 

8CPDTV 
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Figure 1.28 MALDI-TOF analysis spectrum of oligomer 8CPDTV. 

1.3.2 Thermal Characterization 

In order to study the thermal stability of the new conjugated oligomers 

synthesized, thermal gravimetric analyses (TGA) were performed in a wide range 

of temperatures, specifically from 40ºC to 580ºC, under N2 atmosphere and 10 K 

min-1 of rate (Figure 1.29). All oligomers exhibited good thermal stability and 

decomposition temperatures (Td) around 400 ºC (Table 1.1). 

Table 1.1 Decomposition temperatures (Td) and melting points (MP) of the 

new conjugated oligomers. 

Oligomer Td (ºC) MP (ºC) 

2CPDTV 391 162 

3CPDTV 406 119 

4CPDTV 406 135 

5CPDTV 409 173 

6CPDTV 413 210 
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Figure 1.29 TGA curves of oligomers 2-6CPDTV. 

Differential scanning calorimetry (DSC) analyses were carried out in order to 

study the crystalline properties of the new oligomers and to find out their melting 

points (Table 1.1). All experiments were performed under N2 atmosphere and 10 

K min-1 of rate. 

Oligomers 2-6CPDTV displayed an endothermic peak when the samples 

were heated from 25ºC to 300ºC, which corresponds with the melting point of 

the molecules. Nevertheless, none exothermic peak was found when the samples 

were cooled from 300ºC to -50ºC. Hence, it seems that new oligomers exhibit 

crystalline properties since all of them show endothermic peaks (Figure 1.30).  
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Figure 1.30 DSC analysis plots of 2-6CPDTV. 

1.3.3 Optical Characterization 

UV-Vis absorption spectra were recorded in dichloromethane solutions 

(Figure 1.31) and the main optical parameters for the oCPDTV are collected in 

Table 1.2. 

Chain extension leads, as expected, to a bathochromic shift on the 

absorption maxima as well as an increment in the molar extinction coefficient ε 

according to the gain of five double bonds or, in other words, ten π-conjugated 

electrons that involves the addition of each CPDT unit.   
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Figure 1.31 UV-Vis absorption spectra of oCPDTV. 

The observed absorption is attributed to the π-π* transition involved in 

these CPDTV conjugated oligomers. 

8CPDTV oligomer exhibits lower ε value than 6CPDTV, thus breaking the 

trend marked in the series of oligomers as increases their chain length. This fact is 

attributed to the aggregation in the longest oligomer 8CPDTV caused by its very 

low solubility. Figure 1.32 shows the UV-Vis absorption spectra related to ε, 

proving the increase of the latter with the conjugated chain length. 

 

Figure 1.32 UV-Vis absorption spectra vs. ε for oligomers 2-6CPDTV. 
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Table 1.2 Optical parameters of CPDTV oligomers. 

Oligomer λabs (nm) 
sol ε logε λem (nm) 

sol 

1CPDTV 318 15013 4.18 369 

2CPDTV 450 52893 4.72 509 

3CPDTV 519 100846 5.00 608 

4CPDTV 559 146945 5.17 - 

5CPDTV 581 189730 5.28 - 

6CPDTV 596 197464 5.30 - 

8CPDTV 598 157735 5.20 - 

The maximum absorption wavelength (λmax) of 8CPDTV (composed by 39 

conjugated double bonds) is only 2nm higher than that for 6CPDTV, which means 

that, based on Meier’s theory,22 8CPDTV has almost achieved the effective 

conjugation length since the saturation limit of this new family of conjugated 

oligomers is nearly reached. Figure 1.33 shows the number of CPDT units versus 

the absorption maxima, and the fit to the Meier’s equation (as function of 

wavelength) in order to calculate the effective conjugation length (nECL) of the 

CPDTV oligomers. 
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Figure 1.33 Representation of the number of CPDT units vs. the maximum 

wavelength and the fit to the Meier’s equation. 
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From the fit carried out for the oCPDTV series, nECL resulted to be 11 units, 

i.e., 54 double bonds C=C (Table 1.3). 

Table 1.3 Values achieved from the fit to the Meier’s equation for oCPDTV and 

oTV oligomers. 

 λ∞ (nm) R2 nECL
 n(C=C) 

oCPDTV 615 0.99969 11 54 

oTV 601 0.99979 16 47 

In order to analyze and study the role of the CDPT units versus the 

thiophene rings (oTVs), it was compared the results obtained for oCPDTV 

oligomers with those achieved by Jestin et al.35,39 for oTV oligomers (Table 1.3). 

oCPDTV series exhibits higher number of double bonds (n(C=C) = 54) and higher λmax 

(615 nm) associated to the effective conjugation length than oTV series (n(C=C) = 

47, λmax = 601 nm). This fact is explained by the higher planarity of CPDT units. 

Thereby, on account of the data achieved, the combination of CPDT units and 

vinylene bridges is an effective strategy for increasing π-conjugation. 

Emission (fluorescence) spectra were also measured from dichloromethane 

solutions. While 1-3CPDTV oligomers exhibited emission processes in the 

measured range of wavelengths, 4-6CPDTV and 8CPDTV did not present any 

emission process (Figure 1.34). The loss of fluorescence in the longer oligomers (n 

≥ 4) is associated to the presence of aggregates, formed through π-π 

intermolecular interactions, which cause the deactivation of the excited 

molecules via non-radiative processes.60 

                                                            
60 a) Evenson, S. J.; Pappenfus, T. M.; Ruiz, M. C.; Radke-Wohlers, K. R.; López Navarrete, J. 
T.; Rasmussen, S. C. Phys. Chem. Chem. Phys. 2012, 14, 6101; b) Vanormelingen, W.; Van 
den Bergh, K.; Verbiest, T.; Koeckelberghs, G. Macromolecules 2008, 41, 5582; c) Radke, K. 
R.; Ogawa, K.; Rasmussen, S. C. Org. Lett. 2005, 7, 5253. 
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Figure 1.34 Absorption and emission curves for 1-3CPDTV oligomers. 

1.3.4 Electrochemical Characterization 

Cyclic voltammetry (CV) and Osteryoung square wave voltammetry (OSWV) 

measurements were carried out from o-dichlorobenzene:acetonitrile, 4:1 

solutions using 0.1 M solutions of tetrabutylammonium perchlorate (TBAClO4) as 

background electrolyte and a scan rate of 100 mV s-1. 

It was observed an increase in the number of accessible redox states from 

two oxidation processes in 2CPDTV to six in 5CPDTV or 6CPDTV (Figure 1.35 and 

Table 1.4), and none presents reduction processes in the observation window. 

The first oxidation potential decreases as increase the conjugation length 

according to the reduction of the HOMO-LUMO gap or rather, the destabilization 

of the HOMO energy levels (see below, 1.3.5 section). Indeed, the longer 

oligomers (from oligomer 3CPDTV) can be already considered electron-donor 

materials (Eox1 < 0 V). 
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HOMO energy levels were calculated from Equation (1.4) (Table 1.4); these 

values are considered very decisive for employing any new oligomer in systems 

such as donor-π-spacer-acceptor architecture. 

                                  = −5.1 − ( ) ( )             Eq 1.4 

Table 1.4 Electrochemical Parameters of CPDTV oligomers calculated from 

OSWV experiments. * Separation between the first and second 

monoelectronic oxidation process was not resolved. 

Oligomer Eox1 (V) Eox2 (V) Eox3 
(V) 

Eox4 
(V) 

Eox5 
(V) 

Eox6 

(V) 
HOMO 

level (eV) 

1CPDTV 0.63 1.04 1.19 - - - -5.73 

2CPDTV 0.12 0.29 - - - - -5.22 

3CPDTV -0.021 0.074 0.69 0.95 - - -5.08 

4CPDTV -0.068* -0.068* 0.42 1.23   -5.03 

5CPDTV -0.098 022 0.31 0.73 1.01 1.30 -5.00 

6CPDTV -0.12 0.16 0.51 0.70 1.18 1.30 -4.98 
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Figure 1.35 CV plots of 1-6CPDTV (referred to Fc/Fc+).  

1.3.5 Theoretical Calculations 

Quantum chemical calculations and ground-state geometries were fully 

optimized by density functional theory (DFT) at the B3LYP 6-31G* level in vacuo 

with Gaussian 09W. Hexyl chains were changed by methyl groups in order to 

simplify the calculation time. 

HOMO and LUMO theoretical energy levels were predicted by quantum 

chemical calculations (Table 1.5), observing a total electron density distribution 

along the molecules and, thus, encouraging their use as molecular wires (Figure 

1.36 as example).Hexyl chains linked to the CPDT units do not influence to the 

conjugation plane and the unique role is to improve the solubility. 

 

 

 

 

 

 

 

Figure 1.36 Representation of the theoretical electron density distribution of 

the HOMO and LUMO energy levels for 8CPDTV oligomer. 
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Table 1.5 Theoretical values of the HOMO-LUMO energy levels and energy gap 

for CPDTV oligomers. 

Oligomer HOMO (eV) LUMO (eV) Egap (eV) 

1CPDTV -5.30 -1.23 4.07 

2CPDTV -4.62 -2.08 2.54 

3CPDTV -4.41 -2.36 2.05 

4CPDTV -4.31 -2.49 1.82 

5CPDTV -4.26 -2.56 1.70 

6CPDTV -4.23 -2.60 1.63 

8CPDTV -4.19 -2.66 1.53 

A schematic representation of the HOMO and LUMO levels of the new 

series of conjugated oligomers is shown in Figure 1.37. As conjugation length 

increases, the HOMO-LUMO energy gap decreases progressively from 4.07 eV 

(1CPDTV) to 1.53 eV (8CPDTV). This decrease on the energy gap can be attributed 

to the combination of two effects: the LUMOs stabilization and the HOMOs 

destabilization, according to the chain length increases. 

 

Figure 1.37 Schematic representation of the theoretical HOMO-LUMO energy 

levels of oCPDTV. 
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Ground-state geometries reveal very planar structures caused by the flat 

and rigid geometry that provides the CPDT units and its fused-ring structure. 

Moreover, binding CPDT units by double bonds involves even higher planarity for 

the new oligomers (Figure 1.38).  

 

Figure 1.38 Ground-state geometries of 2CPDTV, 5CPDTV and 8CPDTV. 

These studies confirm the ability of this new series of conjugated oligomers 

as promising candidates for their use as molecular wires in molecular electronics. 

In addition, the longer oligomers can act as good semiconductors in a wide variety 

of electronic systems. 

1.3.6 Morphology Characterization 

1.3.6.1 Scanning Electron Microscopy (SEM) 

Morphology and microstructure of the bulk of the new oligomers were 

studied by Scanning Electron Microscopy (SEM). Power sample was deposited on 

a glass substrate and coated with a thin gold conductive layer. 

SEM images, resulted from the preliminary studies carried out to date, 

suggested two different morphologies for this series of CPDTV oligomers (Figure 

1.39). 
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Figure 1.39 SEM images of (a) 2CPDTV, (b) 3CPDTV, (c) 4CPDTV and (d) 6CPDTV 

(scale bar 10 μm). 

2CPDTV and 4CPDTV showed a laminar structure whereas 3CPDTV and 

6CPDTV exhibited nearly fiber-like structures. 

The microanalysis system XEDS (X-Ray Energy Diffraction Spectroscopy) 

coupled to the SEM microscope showed the corresponding peaks associated to S 

and C elements (Figure 1.40). 
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Figure 1.40 XEDS plots of 2CPDTV, 3CPDTV, 4CPDTV and 6CPDTV registered 

from the microanalysis system XEDS coupled to the SEM microscope. 

1.3.6.2 Atomic Force Microscopy (AFM) 

After different essays varying the substrate, solvent, sonication time of the 

sample and surface functionalization, the best images were reached from mica 

and silicon surfaces modified with 3-aminopropyltrimethoxysilane (APTS) in order 

to improve the anchorage of the molecules to the surface. Oligomer samples 

were dispersed by sonication with sodium dodecyl sulfate (SDS) in Milli-Q water. 

For each experiment, control or blank substrates were prepared following 

the same procedure as for each oligomer in order to ensure the purity and the 

cleanliness of the employed substrates and discern between the particles due to 

the own substrate and those corresponding to the oligomers. Figure 1.41 shows 

an example of AFM height images of the control experiments on mica and silicon 

surfaces. 
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Figure 1.41 AFM height images of control experiments on (a) mica and (b) 

silicon surfaces. 

Figures 1.42 – 1.47 and 1.49 show the most representative AFM images on 

mica and on silicon surfaces for 2CPDTV, 3CPDTV, 4CPDTV and 6CPDTV oligomers, 

and the histogram corresponding to a statistical analysis of the height of the 

molecules found on each surface. 

2CPDTV and 4CPDTV exhibited low density of particles and heterogeneous 

surfaces in both substrates (mica and silicon). Each histogram includes the 

average height of the particles obtained on each surface, being 2.4 nm and 2.5 

nm for 2CPDTV on mica and silicon surfaces, respectively, and 2.8 nm and 2.5 nm 

for 4CPDTV on mica and silicon surfaces, respectively. 

On the other hand, 3CPDTV displayed higher density of particles and more 

homogeneous surfaces, also in both substrates (mica and silicon), compared to 

2CPDTV and 4CPDTV. In this case, the average height resulted to be around 2.6 ± 

0.4 nm on mica and 2.9 ± 1.4 nm on silicon surfaces. This different behavior, 

about the density of molecules and homogeneity, could be attributed to the 

morphological differences found between 2CPDTV and 4CPDTV, and 3CPDTV by 

the SEM analysis. 
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Figure 1.42 (a) AFM height images and their profiles (inset) for 2CPDTV 

suspension on mica and (b) histogram corresponding to statistical analysis of 

the height of 2CPDTV molecules found on mica. 

 

Figure 1.43 (a) AFM height images and their profiles (inset) for 2CPDTV 

suspension on silicon and (b) histogram corresponding to statistical analysis of 

the height of 2CPDTV molecules found on silicon. 
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Figure 1.44 (a) AFM height images and their profiles (inset) for 3CPDTV 

suspension on mica and (b) histogram corresponding to statistical analysis of 

the height of 3CPDTV molecules found on mica. 

 

Figure 1.45 (a) AFM height images and their profiles (inset) for 3CPDTV 

suspension on silicon and (b) histogram corresponding to statistical analysis of 

the height of 3CPDTV molecules found on silicon. 
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Figure 1.46 (a) AFM height images and their profiles (inset) for 4CPDTV 

suspension on mica and (b) histogram corresponding to statistical analysis of 

the height of 4CPDTV molecules found on mica. 

 

Figure 1.47 (a) AFM height images and their profiles (inset) for 4CPDTV 

suspension on silicon and (b) histogram corresponding to statistical analysis of 

the height of 4CPDTV molecules found on silicon. 
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2CPDTV, 3CPDTV, 4CPDTV and 6CPDTV exhibited isolated fibers in a few 

regions on both surfaces (mica and silicon) as well. These fibers reached heights 

around 1 – 7 nm and lengths up to several micrometers (Figures 1.48 and 1.49). 

 

Figure 1.48 AFM height images and their profiles (inset) of (a) 2CPDTV, (b) 

3CPDTV and (c) 4CPDTV on mica (left) and silicon (right). 
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Figure 1.49 AFM height images and their profiles (inset) of 6CPDTV oligomer 

on silicon surface. 

In some cases, “single” fibers consisting of several small filaments aligned in 

parallel were observed (Figure 1.50). 

 

 

Figure 1.50 (Left) AFM height image of single fiber consisting of smaller 

filaments from 3CPDTV suspension on mica; (middle) cross section 

corresponding to the section marked in blue; (right) AFM amplitude image 

from the height image on the left. 
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1.3.7 Raman Characterization 

This work was carried out in the Department of Physical Chemistry at the 

University of Málaga, specifically by the research group of Dr. Juan Teodomiro 

López-Navarrete and Dr. Juan Casado. 

The results included in this section are collected in the Doctoral Thesis of 

Paula Mayorga Burrezo from the University of Málaga and only the main 

conclusions have been reported in this section. 

1.3.7.1 Raman of neutrals 

Raman spectroscopy was used in order to study the molecular structure of 

this new family of π-conjugated oligomers. Raman spectra (λexc = 785 nm) of 2-

6CPDTV oligomers were recorded in solid state at room temperature and are 

shown in Figure 1.51 (a). Blue values are related to ν(C=C)vinyl bands whereas 

orange values are related to ν(C=C)CPDT bands. 

 

Figure 1.51 (a) Normalized Raman spectra (λexc = 785 nm) of 2-6CPDTV 

oligomers. (b) Theoretical Raman spectra of 2-6CPDTV oligomers calculated 

from DFT methodology. 

Figure 1.51 exhibits a good correlation between experimental and 

theoretical data (calculated by B3LYP/6-31G(d,p) DFT methodology), finding a 

total shift of 12 cm-1 for the ν(C=C)vinyl bands at around 1600 cm-1 (from the dimer 

to the hexamer) whereas a shift of 8 cm-1 was observed for ν(C=C)CPDT bands at 

around 1400 cm-1 (also from the dimer to the hexamer). These decreases of 

frequency are due to the increase in the π-electronic conjugation and, according 
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to the values registered from the Raman spectra, it can be highlighted that vinylic 

spacer is more sensitive than CPDT unit. 

1.3.7.2 Raman of charged species 

The decrease in the ν(C=C)vinyl bands frequencies from the neutral species to 

the radical cations [oCPDTV]•+ (n = 3 – 6) (FT-Raman spectra of radical cations are 

showed in Figure 1.52), revealed that species [oCPDTV]•+ are associated to a 

central quinoid section in the aromatic structure. 

 

Figure 1.52 Normalized FT-Raman spectra (λexc = 1064 nm) of [oCPDTV]•+ in 

dichloromethane solution, and Q-2CPDTV in solid state. 

In addition, these frequencies remain almost constant with the increase of 

the oligomer chain length; so it can highlight that the generated quinoid section is 

limited to the central part of the chain, with a similar extension in all the 

oligomers probably due to a conformational freedom around the vinylic groups. 

In order to carry out a deep study of the radical cation molecular structure 

of this series of oligomers and thus, confirm the quinoid structure in these 

systems, it was synthesized the totally quinoid structure of the dimer, Q-2CPDTV 

(Scheme 1.22), and studied its FT-Raman spectrum. 
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Scheme 1.22 Q-2CPDTV structure. 

This compound was prepared from the dibromo derivative and the totally 

quinoid structure was achieved owing to dicyanomethylene groups at the 

terminal positions. In this case, the band associated to the ν(C=C)vinyl appeared at 

1543 cm-1 due to the elongation generated in the totally quinoid structure (Figure 

1.41). 

Difference about 25 cm-1 between the assigned bands to ν(C=C)vinyl of Q-

2CPDTV and [oCPDTV]•+ confirms the hypothesis of confinement to the central 

part of the quinoid effect in the radical cations. 

Regarding to dications [oCPDTV]2+ species, the similar frequencies found for 

all oligomers between the radical cation and the dication ([oCPDTV]•+ → 

[oCPDTV]2+) led to predict a central aromatic part delimited by two quinoid 

sections in the dication species. Similar frequencies can be explained according to 

the contribution of the same number of double bonds C=C included in the 

aromatic and quinoid sections61 for [oCPDTV]•+ and [oCPDTV]2+ (Scheme 1.23). 

 

 

 

Scheme 1.23 Schematic representation of the predicted electronic ground 

state evolution of 4CPDTV from radical cation to dication. 

                                                            
61 Ponce, R.; Casado, J.; Hernandez, V.; Lopez-Navarrete, J. T.; Viruela, P. M.; Ortí, E.; 
Takimiya, K.; Otsubo, T. Angew. Chem. Int. Ed. 2007, 46, 9057. 

[4CPDTV]•+ [4CPDTV]2+ 



Chapter 1.  Molecular Wires 

76 

1.3.8 Chemical Oxidation and UV-Vis-NIR Spectroelectrochemistry 

This work was also carried out in the Department of Physical Chemistry at 

the University of Málaga, specifically by the research group of Dr. Juan Teodomiro 

López-Navarrete and Dr. Juan Casado. 

The results included in this section are collected in the Doctoral Thesis of 

Paula Mayorga Burrezo from the University of Málaga and only the main 

conclusions have been reported in this memory. 

The oxidation processes that govern this new series of oligomers were 

studied by chemical oxidation and UV-Vis-NIR spectroelectrochemistry. All 

oligomers exhibited species with similar chemical nature and followed the same 

behavior (by both techniques) (Figure 1.53 as example and Table 1.6.): neutral 

specie (oCPDTV, black) disappear with increasing FeCl3 concentration or after 

potential application, leading to two bands at lower energy corresponding to the 

monoelectronic transits SOMO → LUMO and HOMO → SOMO, respec vely,62 of 

the radical cation ([oCPDTV]•+, red). In the second step, these bands disappear 

affording a unique band associated to dication specie ([oCPDTV]2+, light blue), 

except for [6CPDTV]2+. In the hexamer, bands corresponding to the radical cation 

are shifted to smaller wavelengths, appearing new defined specie.  

 

 

 

                                                            
62 Bredas, J. L.; Street, G. B. Acc. Chem. Res. 1985, 18, 309; b) van Haare, J. A. E. H.; 
Havinga, E. E.; van Dongen, J. L. J.; Janssen, R. A. J.; Cornil, J.; Bredas, J. L. Chem. Eur. J. 
1998, 4, 1509. 
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Figure 1.53 UV-Vis-NIR electronic absorption spectra registered by (a) 

chemical oxidation, and (b) UV-Vis-NIR spectroelectrochemistry of 6CPDTV. 

6CPDTV: black; [6CPDTV]•+: red; [6CPDTV]2+: light blue; [6CPDTV]•3+: green; 

[6CPDTV]4+: purple; [6CPDTV]•5+: orange. 

Table 1.6 Absorption maxima (nm) of charged species in chemical oxidation (a) 

and spectroelectrochemistry (b) processes of 6CPDTV. 

Species 6CPDTV [6CPDTV]•+ [6CPDTV]2+ [6CPDTV]•3+ [6CPDTV]4+ [6CPDTV]•5+ 

(a) 594, 632 1184, 2382 1178, 2121 2016 1922 1800 

(b) 593, 630 1170, 2000 1852 1652 1497 1227, 1527 

Oxidation processes associated with 5CPDTV and 6CPDTV showed the 

stabilization of higher number or charges owing to the increase on the conjugated 

bridge length. Thus, for n ≥ 5 oligomers there is a third oxidation process 

attributed to a radical trication ([oCPDTV]•3+, green), generated from the dication 

specie, and a tetracation ([oCPDTV]4+, purple), slightly shifted to lower 

wavelengths respecting to the radical trication band. At last, both oxidation 

methods showed a radical pentacation for 6CPDTV ([6CPDTV]•5+, orange). This 

highly oxidized specie is probably stabilized around the five vinyl units that form 

the conjugated bridge of the molecule. 
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1.4 CONCLUSIONS 
The results exhibited in this chapter are summarized in the following 

conclusions. 

 A new series of π-conjugated oligomers of different length based on 

cyclopentadithiophene (CPDT) have been synthesized and 

characterized. 

 The effective conjugation length has been almost reached by the 

octamer (8CPDTV), since a difference of only 2 nm in the absorption 

maxima was obtained between the hexamer and the octamer. 

 Electrochemical characterization evidenced the ability of the longer 

oligomers as electron-donor materials since, from the trimer (3CPDTV), 

negative first oxidation potentials were obtained. 

 Theoretical calculations revealed highly planar geometries in the 

ground-state caused by the fully rigid coplanar structure of CPDT unit. In 

addition, a total electron density distribution along the molecules was 

predicted by quantum chemical calculations, showing the progressive 

decrease on the HOMO-LUMO energy gap as the conjugation length 

increases.  

 Whereas the study of the morphology of the bulk by SEM exhibited two 

different morphologies, laminar for 2CPDTV and 4CPDTV, and fiber-like 

structures for 3CPDTV and 6CPDTV, the study by AFM revealed 

heterogeneous surfaces and the presence of isolated fibers of different 

height and length on mica and silicon substrates. 

 The molecular structure of this new family of π-conjugated oligomers 

was studied by Raman spectroscopy, displaying a structure based on a 

central quinoid segment in the aromatic chain for the radical cation 

species ([oCPDTV]•+), whilst a central aromatic part delimited by two 

quinoid sections was predicted for dication species ([oCPDTV]2+). The 

oxidation processes associated with these new oligomers were studied 

by chemical oxidation and UV-Vis-NIR spectroelectrochemistry, 

exhibiting species with similar chemical nature and following the same 

behavior.
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1.5 EXPERIMENTAL SECTION 

1.5.1 Reagents and Materials 

Reagents and materials used for synthesizing the molecules described in 

this memory were provided by Across and Sigma-Aldrich. All of them were 

employed without previous treatment, unless otherwise is specified. 

Reactions were monitored by thin-layer chromatography (TLC) using TLC-

sheets of 0.20 mm thickness pre-coated with silica gel 60. 

 Silica gel used as stationary phase for separation and purification by 

chromatography column was silica gel 60, 0.06 - 0.2 mm (70 – 230 mesh ASTM) or 

0.04 - 0.06 mm (230 – 400 mesh ASTM) Scharlau. 

1.5.2 Structural Characterization Techniques 

1.5.2.1 Nuclear Magnetic Resonance Spectroscopy 

1H-NMR and 13C-NMR spectra were registered in a Bruker TopSpin AV-400 

(400 MHz). The partially deuterated solvent employed for each molecule is 

indicated in brackets together with the experiment frequency. Chemical shifts are 

reported in parts per million (ppm) relative to the solvent residual peak: CDCl3, 

7.27 ppm, CD2Cl2, 5.30 ppm and DMSO-d6, 2.50 ppm for 1H-NMR experiments, 

and CDCl3, 77.0 ppm, CD2Cl2, 54.0 ppm and DMSO-d6, 39.5 ppm for 13C-NMR 

experiments. 

1.5.2.2 UV-Vis Spectroscopy 

UV-Vis absorption measurements were carried out in a Shimadzu UV 3600 

spectrophotometer using 1 cm standard quartz cuvettes. 

1.5.2.3 Fluorescence Spectroscopy 

Fluorescence spectra were recorded in a Cary Eclipse fluorescence 

spectrophotometer using 1 cm standard quartz cuvettes. 

1.5.2.4 Fourier Transform Infrared Spectroscopy 

FT-IR spectra were recorded in a Fourier Transform IR spectrometer Avatar 

370 Thermo Nicolet, using pellets of dispersed samples of the corresponding 

compounds in dried KBr or ATR accessory. 
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1.5.2.5 Mass Spectrometry 

Mass spectra were achieved from a VOYAGER DETM STR mass spectrometer 

(MALDI-TOF) using dithranol as matrix. 

1.5.2.6 Electrochemical Studies 

Cyclic voltammetry (CV) and Osteryoung square wave voltammetry (OSWV) 

experiments were carried out in a potentiostat/galvanostat AUTOLAB using a one-

compartment cell equipped with a glassy working electrode (Ø = 2 mm) and a 

platinum wire counter electrode. An Ag/AgNO3 (0.01 M in the supporting 

electrolyte) electrode was used as reference and checked against the 

ferrocene/ferrocenium couple (Fc/Fc+) before each experiment. Measurements 

were performed in o-dichlorobenzene/acetonitrile 4:1 solutions and 

tetrabutylammonium perchlorate (purchased from Sigma-Aldrich and used 

without purification) (0.1 M) as background electrolyte. Solutions were 

deoxygenated by argon bubbling prior to each experiment which runs under 

argon atmosphere. 

1.5.2.7 Thermogravimetric (TGA) Analysis 

TGA analyses were performed using a TGA/DSC Linea Excellent instrument 

by Mettler-Toledo and collected under inert atmosphere of nitrogen with a rate 

of 10ºC min-1. Weight changes were recorded as a function of temperature. 

1.5.2.8 Differential Scanning Calorimetry (DSC) Analysis 

DSC analyses were performed using a DSC Linea Excellent instrument by 

Mettler-Toledo and collected under inert atmosphere of nitrogen at a heating 

rate of 20 K min-1 and a cooling rate of 10 K min-1. 

1.5.2.9 Atomic Force Microscopy (AFM) 

AFM images were acquired in tapping mode using a Multimode V8.10 

(Veeco Instruments Inc., Santa Barbara, USA) with a NanoScope V controller 

(Digital Instruments, Santa Barbara, USA). Silicon cantilevers were used (RTESP 

from Bruker Probes) with a resonance frequency of 300 kHz and a nominal force 

constant of 40 N m-1. 
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1.5.3 Synthesis and Characterization 

General procedure for the Vilsmeier formylation. 

In a round-bottomed flask and under argon atmosphere, POCl3 is added to a 

solution of the corresponding derivative and DMF in dry 1,2-dichloroethane (1,2-

DCE). The mixture is stirred at room temperature or reflux (depending on the 

compound) overnight. A saturated aqueous solution of sodium acetate is then 

added and the mixture is stirred vigorously for 1 h. The solution is extracted with 

dichloromethane and the organic phases are dried over MgSO4. After evaporation 

of the solvent, the product is purified by chromatography column. 

General procedure for aldehyde to alcohol groups reduction. 

The corresponding aldehyde (1 eq) is dissolved in a mix of solvents 

composed by CH2Cl2:MeOH 1:1 and, under Ar atmosphere, sodium borohydride 

(2 eq) is added. The reaction mixture is stirred at room temperature and 

monitored by TLC. After extraction from dichloromethane, the organic phases are 

dried over anhydrous MgSO4 and the solvent is removed under reduced pressure. 

The corresponding alcohol derivative is obtained without further purification. 

General procedure for Michaelis-Arbuzov reaction. 

To a solution of the corresponding alcohol (1 eq) in distilled 

triethylphosphite under Ar atmosphere, zinc bromide (1.2 eq) is added and the 

reaction mixture is stirred overnight at room temperature. After treatment with 

HCl and ice water, the mixture is extracted from chloroform and the organic 

phases dried over anhydrous MgSO4. The pure product is purified by 

chromatography column using silica gel and hexane:ethyl acetate 3:2 mix as 

eluent. 

General procedure for Horner-Wadsworth-Emmons reaction. 

Potassium tert-butoxide is slowly added to a solution of the corresponding 

phosphonate and aldehyde in dry THF under argon atmosphere. The reaction 

mixture is stirred at room temperature and monitored by TLC (disappearance of 

aldehyde). After hydrolyzing with water and extracting with diethyl ether, the 

organic phases are dried over anhydrous MgSO4, filtrated and the solvent is 
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removed under reduced pressure. The product is purified by chromatography 

column. 

Synthesis of 4,4-dihexyl-4H-cyclopenta[2,1-b:3,4-b’]dithiophene-2-

carbaldehyde (1.1).63 

 

Following the procedure described for the Vilsmeier formylation, 4,4-

dihexyl-4H-cyclopenta[2,1-b:3,4-b’]dithiophene (commercially available) (400 mg, 

1.15 mmol) reacted with 0.16 mL of DMF (2.08 mmol) and 0.19 mL of POCl3 (2.08 

mmol) in 15 mL of 1,2-DCE at room temperature giving, after purification by 

chromatography column using silica gel and hexane:chloroform 3:2 mix as eluent, 

pure product 1.1 as dark yellow oil in 98% of yield (442 mg, 1.13 mmol).  

1H-NMR (400 MHz, CDCl3) δ/ppm: 9.84 (s, 1H), 7.58 (s, 1H), 7.41 (d, 1H, 3J = 

4.8 Hz), 6.99 (d, 1H, 3J = 4.8 Hz), 1.89-1.85 (m, 4H), 1.21-1.14 (m, 12H), 0.96-0.89 

(m, 4H), 0.82 (t, 6H, 3J = 6.8 Hz). 

Synthesis of 4,4-dihexyl-4H-cyclopenta[2,1-b:3,4-b’]dithiophene-2,6-

dicarbaldehyde (1.3).64 

 

Following the procedure described for the Vilsmeier formylation, 4,4-

dihexyl-4H-cyclopenta[2,1-b:3,4-b’]dithiophene (commercially available) (850 mg, 

2.45 mmol) reacted with 1.89 mL of DMF (24.5 mmol) and 2.24 mL of POCl3 (24.5 

mmol) in 50 mL of 1,2-DCE at reflux to afford, after purification by 

chromatography column in silica gel and hexane:chloroform 2:3 mix as eluent, the 

pure product 1.3 as orange solid in 93% of yield (920 mg, 2.28 mmol).  

1H-NMR (400 MHz, CDCl3) δ/ppm: 9.91 (s, 2H), 7.63 (s, 2H), 1.93-1.89 (m, 

4H), 1.25 (m, 4H), 1.21-1.15 (m, 8H), 0.94 (m, 4H), 0.83-0.80 (m, 6H). 

                                                            
63 Li, R.; Liu, J.; Cai, N.; Zhang, M.; Wang, P. J. Phys. Chem B 2010, 114, 4461. 
64 Sorohhov, G.; Yi, C.; Grätzel, M.; Decurtins, S.; Liu, S. –X. Beilstein J. Org. Chem. 2015, 11, 
1052. 
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Synthesis of 1.2. 

 

Following the procedure describe for reduction of aldehydes to alcohol 

derivatives, 4,4-dihexyl-4H-cyclopenta[2,1-b:3,4-b’]dithiophene-2-carbaldehyde 

(1.1) (0.98 g, 2.52 mmol) and NaBH4 (0.19 g, 5.04 mmol) in 15 mL of CH2Cl2 and 15 

mL of MeOH afforded the corresponding alcohol derivative in quantitative yield. 

The isolated product was converted into the corresponding phosphonate 

derivative through a Michaelis-Arbuzov reaction as was described in the general 

procedure. Thus, the isolated alcohol derivative was dissolved in 12 mL of P(OEt)3 

and reacted with 0.68 g of ZnBr2 (3.03 mmol), giving pure product 1.2 as brown oil 

in 92% of yield (1.15 g, 2.32 mmol).  

1H-NMR (400 MHz, CDCl3) δ/ppm: 7.12 (d, 1H, 3J = 4.7 Hz), 6.90 (d, 1H, 3J = 

4.7 Hz), 6.85 (d, 1H, 4J = 3.4 Hz), 4.11-4.03 (m, 4H), 3.38 (d, 2H, 2J = 20.8 Hz), 1.79 

(t, 4H, 3J = 8.1 Hz), 1.27 (t, 6H, 3J = 7.0 Hz), 1.18-1.10 (m, 12H), 0.91 (m, 4H), 0.82-

0.78 (m, 6H); 13C-NMR (100 MHz, CDCl3) δ/ppm: 157.6, 157.5, 157.4, 157.3, 

136.5, 136.4, 135.6, 135.5, 131.8, 131.7, 124.3, 122.2, 122.1, 121.5, 62.5, 62.4, 

53.6, 37.8, 31.7, 29.7, 28.2, 24.5, 22.6, 16.5, 16.4, 14.0. 

Synthesis of 1.10.63 

 

To a cold solution (0ºC) of monoaldehyde 1.1 (200 mg, 0.51 mmol) in 20 mL 

of dry THF under argon atmosphere, was slowly added N-bromosuccinimide (NBS) 

(100.2 mg, 0.56 mmol) and the reaction mixture was stirred at room temperature 

for 6 h. After extraction with diethyl ether, the crude product was purified by 

chromatography column using silica gel and chloroform as eluent. Pure product 

1.10 was achieved in 81% of yield (189 mg, 0.42 mmol). 

1H-NMR (400 MHz, CDCl3) δ/ppm: 9.84 (s, 1H), 7.56 (s, 1H), 7.02 (s, 1H), 

1.90-1.79 (m, 4H), 1.21-1.15 (m, 12H), 0.94-0.91 (m, 4H), 0.83 (t, 6H, 3J = 6.8 Hz). 
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Synthesis of 1.11. 

 

Following the procedure described for reduction of aldehydes to alcohol 

derivatives, monoaldehyde 1.10 (500 mg, 1.10 mmol) reacted with NaBH4 (83.4 

mg, 2.20 mmol) in 40 mL of dichloromethane and 40 mL of methanol. After 

extraction from chloroform and removing the solvent, the isolated alcohol was 

converted into the corresponding phosphonate derivative 1.11 by a Michaelis-

Arbuzov reaction. The corresponding alcohol (451 mg, 0.99 mmol) was dissolved 

in 15 mL of P(OEt)3 under argon atmosphere, and ZnBr2 (268 mg, 1.19 mmol) was 

slowly added. Pure product 1.11 was achieved as brown oil in 69% of yield (391 

mg, 0.68 mmol). 

1H-NMR (400 MHz, CDCl3) δ/ppm: 6.92 (s, 1H), 6.84 (s, 1H), 4.09-4.06 (m, 

4H), 3.37 (d, 2H, 2J = 20.8 Hz), 1.76 (t, 4H, 3J = 7.8 Hz), 1.28 (t, 6H, 3J = 6.9 Hz), 

1.20-1.12 (m, 12H), 0.90 (m, 4H), 0.84-0.80 (m, 6H); 13C-NMR (100 MHz, CDCl3) 

δ/ppm: 156.7, 156.6, 155.9, 136.8, 135.1, 135.0, 132.4, 132.3, 124.5, 122.1, 

122.0, 110.3, 62.6, 62.5, 54.4, 37.7, 31.6, 29.6, 28.2, 24.4, 22.6, 16.4, 16.3, 14.0; 

FT-IR (ATR) ν/cm-1: 2954, 2928, 2854, 1254, 1049, 1026, 956, 794; MS (m/z) 

(MALDI-TOF): calculated C26H40BrO3PS2: 574.13; found: 574.21 (M+). 

Synthesis of 1.7. 

 

Neopentyl glycol (107 mg, 1.03 mmol) and p-toluensulfonic acid (19.6 mg, 

0.10 mmol) were added to a solution of dialdehyde 1.3 (414 mg, 1.03 mmol) in 

180 mL of dry toluene. Reaction mixture was stirred at reflux for 24 h. After 

removing the solvent under reduced pressure, the crude product was purified by 

chromatography column using silica gel and hexane:chloroform 3:2 mix as eluent. 

Pure product 1.7 was achieved as brown oil in 69% of yield (347 mg, 0.71 mmol). 

1H-NMR (400 MHz, CDCl3) δ/ppm: 9.83 (s, 1H), 7.56 (s, 1H), 7.04 (s, 1H), 

5.66 (s, 1H), 3.80 (d, 2H, 2J = 11 Hz), 3.67 (d, 2H, 2J = 11 Hz), 1.89-1.76 (m, 4H), 
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1.31 (s, 6H), 1.20-1.13 (m, 12H), 0.95 (m, 4H), 0.84-0.80 (m, 6H);13C-NMR (100 

MHz, CDCl3) δ/ppm: 182.7, 161.4, 158.0, 145.8, 143.4, 135.7, 130.1, 119.9, 98.2, 

77.6, 54.0, 37.5, 31.6, 30.3, 29.6, 24.6, 23.0, 22.6, 21.8, 14.0. 

Synthesis of 1.8. 

 

Following the procedure described for a reduction of aldehydes to the 

corresponding alcohol derivatives, 362 mg of monoaldehyde 1.7 (0.74 mmol) and 

56 mg of NaBH4 (1.48 mmol) in 30 mL of dichloromethane and 30 mL of methanol 

gave the corresponding alcohol derivative as light brown oil in quantitative yield. 

Isolated product (363 mg, 0.74 mmol) was dissolved in 14 mL of P(OEt)3 and ZnBr2 

(200 mg, 0.89 mmol) was added. Treatment with HCl in the work up removed the 

acetal protecting group and product 1.8 (with aldehyde group deprotected) was 

obtained as yellow oil in 48% of yield (180 mg, 0.35 mmol). 

1H-NMR (400 MHz, CDCl3) δ/ppm: 9.82 (s, 1H), 7.55 (s, 1H), 6.92 (d, 1H, 4J = 

3.4 Hz), 4.13-4.06 (m, 4H), 3.42 (d, 2H, 2J = 20.8 Hz), 1.87-1.81 (m, 4H), 1.31-1.26 

(m, 10H), 1.13-1.11 (m, 8H), 0.92-0.86 (m, 4H), 0.83-0.80 (m, 6H);13C-NMR (100 

MHz, CDCl3) δ/ppm: 182.6, 162.2, 162.1, 157.4, 147.8, 142.9, 137.8, 137.7, 134.7, 

134.6, 130.0, 122.4, 122.3, 62.7, 62.6, 54.0, 37.6, 31.6, 29.7, 29.6, 24.6, 22.6, 

16.4, 16.3, 14.0. 

Synthesis of 1.9. 

 

Neopentyl glycol (43 mg, 0.41 mmol) and p-toluensulfonic acid (6.5 mg, 

0.034 mmol) were added into a solution of compound 1.8 (180 mg, 0.34 mmol) in 

50 mL of dry toluene. The reaction mixture was stirred at 125 ºC overnight and 

the crude product was extracted from diethyl ether and washed with an aqueous 

solution of calcium chloride to remove excess of neopentyl glycol. After drying the 

organic phases and removing the solvent under reduced pressure, product 1.9 
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was achieved as brown oil without further purification to prevent deprotection of 

aldehyde group. Yield: 86% (180 mg, 0.29 mmol). 

1H-NMR (400 MHz, CDCl3) δ/ppm: 6.97 (s, 1H), 6.84 (d, 1H, 4J = 3.4 Hz), 5.64 

(s, 1H), 4.09-4.05 (m, 4H), 3.78 (d, 2H, 2J = 11 Hz), 3.66 (d, 2H, 2J = 11 Hz), 3.38 (d, 

2H, 2J = 20.8 Hz), 1.77-1.73 (m, 4H), 1.31-1.26 (m, 16H), 1.10 (m, 4H), 0.95-0.85 

(m, 8H), 0.83-0.79 (m, 6H). 

Synthesis of 2CPDTV. 

 

Following the procedure described for the Horner-Wadsworth-Emmons 

reaction, monoaldehyde 1.1 (157.3 mg, 0.40 mmol) and phosphonate 1.2 (200 

mg, 0.40 mmol) reacted with 90.4 mg of tBuOK (0.80 mmol) in 25 mL of dry THF 

under Ar atmosphere. Pure product 2CPDTV was achieved, after purification by 

chromatography column using silica gel and hexane as eluent, as light brown solid 

in 86% of yield (250 mg, 0.35 mmol). 

1H-NMR (400 MHz, CDCl3) δ/ppm: 7.17 (d, 2H, 3J = 4.7 Hz), 7.00 (s, 2H), 6.93 

(d, 2H, 3J = 4.7 Hz), 6.87 (s, 2H), 1.82 (t, 8H, 3J = 8.1 Hz), 1.21-1.15 (m, 24H), 0.97-

0.96 (m, 8H), 0.84-0.81 (m, 12H); 13C-NMR (100 MHz, CDCl3) δ/ppm: 158.5, 158.3, 

143.1, 136.7, 135.4, 125.0, 121.6, 120.4, 120.3, 53.5, 37.8, 31.6, 29.7, 24.5, 22.6, 

14.1; UV-Vis (CH2Cl2) λmax/nm (log ε): 450 (4.72), 474 (4.66); FT-IR (KBr) ν/cm-1: 

2953, 2926, 2854, 1466, 1408, 1375, 1136, 937, 708, 660; MS (m/z) (MALDI-TOF): 

calculated C44H60S4: 717.21; found: 716.96 (M+). Melting point: 162ºC. 

Synthesis of 1.4. 

 

Following the procedure described for the Vilsmeier formylation, 500 mg of 

2CPDTV (0.70 mmol), 0.32 mL of DMF (4.18 mmol) and 0.38 mL of POCl3 (4.18 
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mmol) in 80 mL of 1,2-DCE at room temperature gave, after purification by 

chromatography column using silica gel and hexane:chloroform 2:3 mix as eluent, 

pure product 1.4 as red solid in 80% of yield (496 mg, 0.64 mmol). 

1H-NMR (400 MHz, CDCl3) δ/ppm: 9.84 (s, 2H), 7.56 (s, 2H), 7.09 (s, 2H), 

6.96 (s, 2H), 1.88-1.84 (m, 8H), 1.22-1.15(m, 24H), 0.97-0.94(m, 8H), 0.84-0.80 

(m, 12H); 13C-NMR (100 MHz, CDCl3) δ/ppm: 182.5, 163.0, 158.3, 147.5, 147.3, 

143.6, 135.0, 129.8, 122.0, 121.0, 54.0, 37.7, 31.6, 29.6, 24.6, 22.6, 14.0; UV-Vis 

(CH2Cl2) λmax/nm (log ε): 500 (4.86), 533 (4.82); FT-IR (KBr) ν/cm-1: 2951, 2928, 

2854, 1645, 1496, 1394, 1394, 1321, 1225, 1130, 704; MS (m/z) (MALDI-TOF): 

calculated C46H60O2S4: 773.23; found: 772.68 (M+). Melting point: 169 ºC. 

Synthesis of 2CPDTV-2Br. 

 

Following the procedure described for the Horner-Wadsworth-Emmons 

reaction, aldehyde 1.10 (308 mg, 0.68 mmol) and phosphonate 1.11 (391 mg, 

0.68 mmol) reacted with 305 mg of tBuOK (2.72 mmol) in 45 mL of dry THF under 

Ar atmosphere and darkness. Pure product 2CPDTV-2Br was achieved, after 

purification by chromatography column using silica gel and hexane as eluent, as 

orange solid in 75% of yield (448 mg, 0.51 mmol). 

1H-NMR (400 MHz, THF-d8) δ/ppm: 7.15 (s, 2H), 7.08 (s, 2H), 7.06 (s, 2H), 

1.92-1.87 (m, 8H), 1.26-1.20 (m, 24H), 1.01-0.99 (m, 8H), 0.87-0.84 (m, 12H); 13C-

NMR (100 MHz, THF-d8) δ/ppm: 157.8, 156.9, 143.9, 137.2, 134.9, 124.9, 120.5, 

120.4, 110.8, 54.3, 37.6, 31.6, 29.7, 22.5, 13.4; UV-Vis (THF) λmax/nm (log ε): 458 

(4.78), 485 (4.71); FT-IR (KBr) ν/cm-1: 2953, 2926, 2854, 1460, 1331, 931, 829, 

725, 567; MS (m/z) (MALDI-TOF): calculated C44H58Br2S4: 872.18; found: 872.40 

(M+). Melting point: 136 ºC. 
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Synthesis of 3CPDTV. 

 

Following the procedure described for the Horner-Wadsworth-Emmons 

reaction, dialdehyde 1.3 (75.8 mg, 0.19 mmol) and phosphonate 1.2 (187 mg, 

0.38 mmol) reacted with 169 mg of tBuOK (1.51 mmol) in 30 mL of dry THF under 

Ar atmosphere. Pure product 3CPDTV was achieved, after purification by 

chromatography column using silica gel and hexane as eluent, as red solid in 48% 

of yield (99 mg, 0.091 mmol). 

1H-NMR (400 MHz, CDCl3) δ/ppm: 7.18 (d, 2H, 3J = 4.7 Hz), 7.00 (s, 4H), 6.93 

(d, 2H, 3J = 4.7 Hz), 6.88 (s, 2H), 6.86 (s, 2H), 1.82-1.80 (m, 12H), 1.26-1.15 (m, 

36H), 0.98 (m, 12H), 0.84-0.81(m, 18H); 13C-NMR (100 MHz, CDCl3) δ/ppm: 158.8, 

158.6, 158.3, 143.7, 143.1, 136.7, 135.7, 135.6, 125.1, 121.6, 120.5, 120.4, 120.3, 

120.2, 53.7, 53.5, 37.8, 31.6, 29.7, 24.5, 22.6, 14.1; UV-Vis (CH2Cl2) λmax/nm (log 

ε): 519 (5.00), 553 (4.96); FT-IR (KBr) ν/cm-1: 2953, 2926, 2854, 1466, 1410, 1377, 

926, 656; MS (m/z) (MALDI-TOF): calculated C67H90S6: 1087.82; found: 1086.89 

(M+). Melting point: 119ºC. 

Synthesis of 1.5. 

 

To a cold solution (-78ºC) of 3CDPTV (345 mg, 0.32 mmol) in 80 mL of dry 

THF, was slowly added 0.28 mL of n-BuLi (2.5 M solution in hexane, 0.70 mmol) 

and stirred at -10ºC for 1 h. After cooling again to -78ºC, DMF (0.08 mL, 1.09 

mmol) was added and the reaction mixture was stirred for 2 h at the same 

temperature and then overnight at room temperature. Crude product was 

extracted from diethyl ether and purified by chromatography column using silica 

gel and hexane:chloroform 1:4 mix as eluent. Pure product 1.5 was achieved as 

dark red solid in 72% of yield (260 mg, 0.23 mmol). 



 Experimental Section 
 

95 

1H-NMR (400 MHz, CDCl3) δ/ppm: 9.83 (s, 2H), 7.55 (s, 2H), 7.11 (d, 2H, 3J = 

15.6 Hz), 7.01 (d, 2H, 3J = 15.6 Hz), 6.93 (s, 2H), 6.92 (s, 2H), 1.88-1.84 (m, 12H), 

1.23-1.16 (m, 36H), 0.96 (m, 12H), 0.85-0.81 (m, 18H); 13C-NMR (100 MHz, CDCl3) 

δ/ppm: 182.4, 163.2, 159.3, 158.0, 148.1, 147.8, 143.5, 143.2, 136.6, 134.2, 

129.8, 122.7, 121.3, 120.1, 119.8, 53.9, 53.8, 37.8, 37.7, 31.7, 31.6, 29.7, 29.6, 

24.6, 22.7, 22.6, 14.1, 14.0; UV-Vis (CH2Cl2) λmax/nm (log ε): 557 (5.00), 588 (4.97); 

FT-IR (KBr) ν/cm-1: 2954, 2926, 2852, 1655, 1496, 1396, 1223, 1128, 926; MS 

(m/z) (MALDI-TOF): calculated C69H90O2S6: 1142.53; found: 1142.81 (M+). Melting 

point: 145 ºC. 

Synthesis of 4CPDTV. 

 

Following the procedure described for the Horner-Wadsworth-Emmons 

reaction, dialdehyde 1.4 (249 mg, 0.32 mmol) and phosphonate 1.2 (320 mg, 0.64 

mmol) reacted with 289 mg of tBuOK (2.58 mmol) in 45 mL of dry THF under Ar 

atmosphere. Pure product 4CPDTV was achieved, after purification by 

chromatography column using silica gel and hexane:chloroform 1:1 mix as eluent, 

as purple solid in 75% of yield (353 mg, 0.24 mmol). 

1H-NMR (400 MHz, CDCl3) δ/ppm: 7.18 (d, 2H, 3J = 4.7 Hz), 7.01 (s, 6H), 6.94 

(d, 2H 3J = 4.7 Hz), 6.88 (s, 2H), 6.86 (s, 4H), 1.84-1.81 (m, 16H), 1.26-1.16 (m, 

48H), 0.98 (m, 16H), 0.85-0.81 (m, 24H); 13C-NMR (100 MHz, CDCl3) δ/ppm: 158.9, 

158.6, 158.4, 143.7, 143.1, 136.7, 135.7, 125.1, 121.6, 120.3, 53.7, 53.5, 37.9, 

37.8, 31.7, 31.6, 29.7, 24.5, 22.7, 22.6, 14.1; UV-Vis (CH2Cl2) λmax/nm (log ε): 559 

(5.17), 597 (5.11); FT-IR (KBr) ν/cm-1: 2953, 2926, 2854, 1460, 1410, 1377, 926, 

829, 656; MS (m/z) (MALDI-TOF): calculated C90H120S8: 1458.44; found: 1457.25 

(M+). Melting point: 135ºC. 
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Synthesis of 1.6. 

 

Following the procedure described for the Vilsmeier formylation, 300 mg of 

4CPDTV (0.21 mmol), 0.14 mL of DMF (1.85 mmol) and 0.11 mL of POCl3 (1.23 

mmol) in 40 mL of 1,2-DCE at 50ºC gave, after purification by chromatography 

column using silica gel and hexane:chloroform 1:4 mix as eluent, pure product 1.6 

as navy blue solid in 93% of yield (290.1 mg, 0.19 mmol). 

1H-NMR (400 MHz, CDCl3) δ/ppm: 9.83 (s, 2H), 7.55 (s, 2H), 7.11 (d, 2H, 3J = 

15.6 Hz), 7.02-6.98 (m, 4H), 6.92 (d, 4H, 3J = 4.7 Hz), 6.88 (s, 2H), 1.88-1.85 (m, 

16H), 1.26-1.16 (m, 48H), 0.98 (m, 16H), 0.85-0.82 (m, 24H); 13C-NMR (100 MHz, 

CDCl3) δ/ppm: 182.4, 163.2, 159.4, 159.0, 157.9, 148.2, 147.9, 144.2, 143.1, 

143.0, 136.9, 135.7, 134.1, 129.8, 122.8, 121.4, 120.6, 120.4, 120.0, 119.6, 53.9, 

53.8, 37.8, 37.7, 31.7, 31.6, 29.7, 29.6, 24.6, 22.7, 22.6, 14.1, 14.0; UV-Vis (CH2Cl2) 

λmax/nm (log ε): 585 (5.14); FT-IR (KBr) ν/cm-1: 2953, 2926, 2852, 1655, 1496, 

1394, 1223, 1128, 926; MS (m/z) (MALDI-TOF): calculated C92H120O2S8: 1514.46; 

found: 1513.19 (M+). Melting point: 194ºC. 

Synthesis of 5CPDTV.  

 

Following the procedure described for the Horner-Wadsworth-Emmons 

reaction, dialdehyde 1.5 (260 mg, 0.23 mmol) and phosphonate 1.2 (226 mg, 0.45 

mmol) reacted with 204 mg of tBuOK (1.82 mmol) in 38 mL of dry THF under Ar 

atmosphere. Pure product 5CPDTV was achieved, after purification by 

chromatography column using silica gel and hexane:chloroform 1:1 mix as eluent, 

as blue solid in 69% of yield (290 mg, 0.16 mmol). 

1H-NMR (400 MHz, CDCl3) δ/ppm: 7.18 (s, 2H), 7.00 (s, 8H), 6.93 (s, 2H), 

6.86 (s, 8H), 1.82 (s, 20H), 1.26-1.16 (m, 60H), 0.98 (s, 20H), 0.83 (s, 30H); 13C-
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NMR (100 MHz, CDCl3) δ/ppm: 158.9, 158.6, 158.4, 143.7, 143.1, 136.7, 135.8, 

125.1, 121.6, 120.3, 53.7, 53.5, 37.9, 37.8, 31.7, 31.6, 29.8, 29.7, 24.5, 22.7, 22.6, 

14.1; UV-Vis (CH2Cl2) λmax/nm (log ε): 581 (5.28), 620 (5.24); FT-IR (KBr) ν/cm-1: 

2953, 2926, 2852, 1460, 1412, 924, 654, 561; MS (m/z) (MALDI-TOF): calculated 

C113H150S10: 1826.89; found: 1826.90 (M+). Melting point: 173 ºC. 

Synthesis of 6CPDTV.  

 

Following the procedure described for the Horner-Wadsworth-Emmons 

reaction, dialdehyde 1.6 (356 mg, 0.24 mmol) and phosphonate 1.2 (233.5 mg, 

0.47 mmol) reacted with 528 mg of tBuOK (4.70 mmol) in 60 mL of dry THF under 

Ar atmosphere. Pure product 6CPDTV was achieved, after purification by 

chromatography column using silica gel and hexane:chloroform 1:1 mix as eluent, 

as dark blue solid in 75% of yield (390 mg, 0.18 mmol). 

1H-NMR (400 MHz, CDCl3) δ/ppm: 7.18 (d, 2H, 3J = 4.7 Hz), 7.01 (s, 10H), 

6.93 (d, 2H, 3J = 4.7 Hz), 6.88-6.87 (m, 10H), 1.82 (m, 24H), 1.26-1.16 (m, 72H), 

0.98 (m, 24H), 0.84 (m, 36H); 13C-NMR (100 MHz, CDCl3) δ/ppm: 158.9, 158.8, 

158.6, 158.4, 143.8, 143.1, 136.7, 135.8, 120.4, 120.3, 53.7, 53.5, 53.4, 37.9, 31.7, 

31.0, 29.7, 24.5, 22.7, 14.1; UV-Vis (CH2Cl2) λmax/nm (log ε): 596 (5.30), 636 (5.26); 

FT-IR (KBr) ν/cm-1: 2953, 2926, 2852, 1458, 1410, 1377, 1176, 1128, 924; MS 

(m/z) (MALDI-TOF): calculated C136H180S12: 2199.66; found: 2198.65 (M+). Melting 

point: 210ºC. 

Synthesis of 6CPDTV-da.  

 

Following the procedure described for the Horner-Wadsworth-Emmons 

reaction, dialdehyde 1.6 (114 mg, 0.075 mmol), phosphonate 1.9 (92 mg, 0.15 

mmol) and tBuOK (34 mg, 0.30 mmol) reacted in 20 mL of dry THF at room 
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temperature overnight. Crude product was extracted from diethyl ether and 

product 6CPDTV-da was obtained as blue solid. It was not carried out further 

purification to prevent uncontrolled deprotection of aldehydes. 

1H-NMR (400 MHz, CDCl3) δ/ppm: 7.01 (s, 12H), 6.88 (s, 10H), 5.67 (s, 2H), 

3.80 (m, 4H), 3.68 (m, 4H) (only well-defined signals are described); MS (m/z) 

(MALDI-TOF): calculated C148H200O4S12: 2425.21; found: 2427.62 (M+). 

Synthesis of 8CPDTV.  

 

Derivative 6CPDTV-da (100 mg, 0.041 mmol) was dissolved in 30 mL of THF 

and was added 20 mL of an aqueous solution of HCl 12%. The reaction mixture 

was stirred at room temperature and monitored by TLC. After 2 h, the reaction 

mixture was poured into an aqueous solution of sodium bicarbonate and 

extracted from diethyl ether. Immediately after removing the solvent under 

reduced pressure, the isolated dialdehyde of 6CPDTV oligomer (93 mg, 0.041 

mmol) was dissolved in 20 mL of dry THF under rigorous inert atmosphere 

conditions. A solution of phosphonate 1.2 (41 mg, 0.082 mmol) in 6 mL of dry THF 

and 463 mg of tBuOK (4.12 mmol) were then added. The reaction mixture was 

stirred overnight at room temperature and crude product was then extracted 

from diethyl ether. 8CPDTV was purified by chromatography column using silica 

gel and hexane:chloroform 1:1 as eluent followed by GPC (gel permeation 

chromatography) in toluene. Purity of 8CPDTV was checked by HPLC (high-

performance liquid chromatography) and mass spectrometry. Yield: 2% (3 mg, 10-

3 mmol). 

UV-Vis (CH2Cl2) λmax/nm (log ε): 598 (5.20); MS (m/z) (MALDI-TOF): 

calculated C182H240S16: 2940.89; found: 2942.83 (M+). 
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2.1 BACKGROUND 

2.1.1 World Energy Consumption 

Human society is facing a global energy problem, probably one of the 

biggest for the next years and the most important scientific challenge of our era.1 

The increasing energy demand by economic and population growth, along with 

the gradual depletion of fossil fuels and the consequent greenhouse gases 

emission in the atmosphere by fossil fuel combustion, highlight the economic and 

environmental problems of the current energy trends. 

At present, humans consume approximately 104 TWh per year (2012).2 

World energy consumptions will increase 53% from 2010 to 2035, driven not only 

by the economic growth and increasing population in developed countries but 

also by emerging economies such as China and India.3 The resource reserves of 

fossil fuels throughout the whole world in 2002 were projected to last 40 years 

for oil, 60 years for natural gas, and 200 years for coal.4 All these affirmations 

force us to develop environmentally sustainable energy technologies in order to 

reduce environmental pollution and adverse climate change. 

 

Figure 2.1 Estimate of future energy production. 

                                                            
1 a) Hoekstra, A.Y.; Wiedmann, T. O. Science 2014, 344, 1114; b) Dresselhaus, M. S.; 
Thomas, I. L. Nature 2001, 414, 332; c) Service, R. F. Science 2005, 309, 548; d) Potocnik, J. 
Science 2007, 315, 810. 
2 World energy consumption, http://en.wikipedia.org/wiki/World_energy_consumption; 
accessed Jun 2015. 
3 Conti, J. International Energy Outlook 2011. 
4 Li, B.; Wang, L.; Kang, B.; Wang, P.; Qiu, Y. Sol. Energy Mater. Sol. Cells 2006, 90, 549. 
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Among all renewable energy technologies, such as wind turbines, 

hydropower, waves and tidal power, solar cells, solar thermal, biomass-derived 

liquid fuels and biomass-fired electricity generation, photovoltaic technology is 

considered the most promising one.5 Sun is identified as the most abundant 

source of energy on the Earth. Indeed, the solar energy that reaches the Earth in 

one hour is equal to the total amount of energy consumed on our planet in a 

whole year.6 According to the International Energy Agency (IEA), an average of 

40% annual growth in global photovoltaic (PV) capacity has been observed since 

2000. It is projected that solar energy conversion systems will provide 5% of 

global electricity consumption in 2030 and 11% by 2050 (Figure 2.1), avoiding 2.3 

gigatonnes (Gt) of CO2 emissions per year.7 However, photovoltaics cells 

contribute only 0.04% to the world energy supply to date, which means a large 

improvement of current technologies and the development of new systems. 

2.1.2 Solar Cell Generation 

A solar cell is an electrical device that converts the light energy directly into 

electricity by the photovoltaic effect. 

First silicon solar cell was developed by Bell Telephone Lab, USA, in 1953. 

Efficiency as high as 4.5% was achieved at that time and, after further research, 

6% efficiency was reached in 1954 by Chapin et al.8 This kind of solar cells, based 

on monocrystalline and polycrystalline silicon, constitutes the first-generation 

solar cells (silicon element). Although they are highly expensive because employ 

pure silicon, much research has followed since silicon is safe and the second most 

abundant element on the Earth. These types of solar cells are made by a single 

junction for extracting energy from photons, and can achieve power conversion 

efficiencies (PCE) up to 25%, although actually the industrial cells efficiency is 

limited to 15-18%. Currently, they have totally dominated the terrestrial PV 

market, although the high production and environmental costs lead to the search 

for low-cost and environmentally friendly solar cell alternatives.  

                                                            
5 a) Schiermeier, Q.; Tollefson, J.; Scully, T.; Witze, A.; Morton, O. Nature 2008, 454, 816; 
b) Lewis, N. S. Science 2007, 315, 798. 
6  N. S. Lewis and D. G. Nocera, Proc. Natl. Acad. Sci. U. S. A., 2006, 103, 15729. 
7 IEA, Technology Roadmap. Solar photovoltaic energy, OECD/IEA, Paris, 2010. 
8 a) Pearson, G. L. 18th IEEE photovoltaic specialist’s conference, PV founder’s award 
luncheon (1985); b) Chapin, D.; Fuller, C.; Pearson, G. J. Appl. Phys. 1954, 25, 676. 
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Developments to reduce the cost of solar cells gave birth to the second 

generation solar cells, which are based on “thin film” technology. In the thin-film 

approach, a thin layer of the photovoltaic active material is deposited onto a 

supporting substrate, leading to not only great reduction on the semiconductor 

material content (over 100 times less material), but also a higher commercial 

production throughput since the module, instead of the individual cell, becomes 

the standard unit of production. Gallium arsenide (GaAs, PCE ≈ 28%), cadmium 

telluride (CdTe, PCE ≈ 20%), copper indium gallium selenide (CIGS, PCE ≈ 20%),9 as 

well as amorphous silicon solar cells and thin film crystalline silicon solar cells are 

considered 2nd generation. This type of solar cells is less efficient but less 

expensive than 1st generation, and they were of great interest in the 1990’s and 

early this century. 

20 years later, the development led to the third-generation solar cells. This 

new generation is considered as a hybrid film disposal and includes dye-sensitized 

solar cells (DSSCs, PCE ≈ 13%),10 organic solar cells (PCE ≈ 11%)9,11, quantum dots 

solar cells (PCE ≈ 6-10%),12 and perovskite solar cells (PCE ≈ 19.7%).13 Despite of 

the third-generation PV technologies are still behind the efficiency values reached 

by the silicon-based solar cells, they are the most promising candidates due to 

their lower processing costs and minor environmental impact. 

                                                            
9 Green, M.; Emery, K.; Hishikawa, Y.; Warta, W.; Dunlop, E. Prog. Photovoltaics Res. Appl. 
2014, 22, 1. 
10 a) Yella, A.; Lee, H.; Tsao, H.; Yi, C.; Chandiran, A.; Nazeeruddin, M.; Diau, E.; Yeh, C.; 
Zakeeruddin, S.; Gratzel, M. Science 2011, 334, 629; b) Mathew, S.; Yella, A.; Gao, P.; 
Humphry-Baker, R.; Curchod, B.; Ashari-Astani, N.; Tavernelli, I.;Rothlisberger, U.; 
Nazeeruddin, M.; Gratzel, M. Nat. Chem. 2014, 6, 242. 
11 Zhang, Q.; Kan, B.; Liu, F.; Long, G.; Wan, X.; Chen, X.; Zuo, Y.; Ni, W.; Zhang, H.; Li, M.; 
Hu, Z.; Huang, F.; Cao, Y.; Liang, Z.; Zhang, M.; Russell, T. P.; Chen, Y. Nature Photon 2015, 
9, 35.    
12 Sugaya, T.; Numakami, O.; Oshima, R.; Furue, S.; Komaki, H.; Amano, T.; Matsubara, K.; 
Okano, Y.; Niki, S. Energy Environ. Sci. 2012, 5, 6233. 
13 Ann, N.; Son, D. –Y.; Jang, I. –H.; Kang, S. M.; Choi, M.; Park, N. –G. J. Am. Chem. Soc. 
2015, 137, 8696. 
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Figure 2.2 Solar Cell Generation. 

Figure 2.3 shows the certified best efficiencies for a wide variety of solar cell 

technologies, being the highest efficiencies achieved by inorganic multijunction 

cells under solar concentration, exceeding 44%. Single crystalline and 

multicrystalline silicon solar cells also exhibit efficiencies over 25% and 20%, 

respectively.14 

                                                            
14 NREL Best Research-Cell Efficiencies 
http://www.nrel.gov/ncpv/images/efficiency_chart.jpg. 
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Figure 2.3 Certified best power conversion efficiencies over time for a variety 

of photovoltaic technologies, provided by NREL.14 

Although these high efficiencies are really promising, there are more 

important factors to be considered for determining the potential value of these 

technologies, and probably the most important one is their cost. Inorganic 

photovoltaic technologies exhibit production limitations such as reaching 

micrometric size, materials toxicity, high production costs due to the amount of 

material required for these devices as well as the vacuum processing necessary 

for their production, and high installation costs associated to the weight of these 

solar cells. 

Thereby, organic photovoltaics based on π-conjugated polymers and small 

molecules have recently experienced a vibrant development as alternative to 

inorganic photovoltaics resulting from their promising properties. The latter 

include solution processable, light-weight and thus, low production and 

installation costs, large area and flexible devices, and favorable electronic 

properties. 
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2.1.3 Photovoltaic Process and Characterization 

Photovoltaic (PV) devices generate directly electricity from sunlight (the 

most abundant energy source on the planet) via an electronic process that occurs 

in certain types of materials, called semiconductors. Electrons, in these materials, 

are freed by incident solar radiation and can be induced to travel through an 

electrical circuit, powering electrical devices or sending electricity to the grid. PV 

technology offers the ability to generate electricity in a clean, quiet and 

renewable way. PV cells are currently used in small daily devices such as solar 

calculators and watches, but also in other subjects such as parking meters and 

street lighting, as ways of generating their own electricity and reducing demands 

from the grid. 

The simplified working principle of a photovoltaic device (organic and hybrid 

solar cells are identical) is comprised by four steps: 

1. Photon absorption and exciton generation: light is absorbed by at 

least one of the photoactive materials creating electron-hole pairs 

so-called excitons. 

2. Exciton diffusion to the interface: exciton diffuses to a 

heterojunction of two device materials which exhibits an offset 

between the respective HOMO and LUMO levels.   

3. Charge separation: excitons display binding energies around 0.5 eV, 

which must be overcome for exciton separation. 

4. Charge collection: free charge carriers are extracted by the 

electrodes. 

On the other hand, the performance of a PV device is characterized by four 

main parameters: short-circuit photocurrent density (Jsc), open-circuit voltage 

(Voc), fill factor (FF) and power conversion efficiency (PCE). 

In the dark, almost no current flows through the device, whereas when the 

solar cell is illuminated the J-V curve is shifted down an amount equal to the 

photocurrent (I) and the device generates power. Under short circuit conditions, 

there is no applied bias and the current that runs through the cell is the maximum 

(Figure 2.4). This current, so-called short-circuit current density, Jsc, yields 
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information about the efficiency of light absorption, exciton diffusion, exciton 

dissociation, and charge transport and collection.  

 

Figure 2.4 J-V curves of a PV cell under dark (left) and illuminated (right) 

conditions. 

The open-circuit voltage, VOC, is the maximum voltage difference attainable 

between the two electrodes and, under these conditions, there is not current 

flowing through the solar cell. The VOC is proportional to the energy difference 

between the HOMO of the electron-donor material and the LUMO of the 

electron-acceptor material in organic solar cells. 

The fill factor, FF, provides an indication about how easily charges are 

removed from a cell, and is described as the “squareness” of the J-V curve. In the 

ideal case, FF exhibits a value of unity. The FF depends on the competition 

between charge carrier recombination and transport processes. 

The power conversion efficiency, PCE or ηe, is the ratio between the 

maximum electrical power (Pm) generated by the device and the total incident 

optical power (Pin). PCE is defined according to Equation 2.1. It is also defined by 

the product of the three parameters previously described divided by the input 

power.15 

                             = × 100% = × × × 100%                   Eq 2.1 

                                                            
15 Würfel, P. Physics of Solar Cells Wiley-VCH, 2005. 
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The external quantum efficiency, EQE, is a measure of how much current is 

produced by a specific wavelength and is defined by the ratio of the collected 

photogenerated charges and the number of incident photons. EQE is the 

probability that the absorption of one photon results in the generation of one 

electron able to flow through an external circuit, and is typically integrated over 

the solar spectrum. EQE values around the unity for a specific wavelength indicate 

efficient current generation by the light absorbed at that wavelength, with limited 

recombination losses. An increase in the recombination or reflection losses 

results in a decrease of the EQE values. 

Standard measurement conditions are required to study and compare 

device parameters of different PV devices. Even though at the beginning there 

were not common test conditions for solar cells testing, presently there are 

standard conditions, developed by the American Society for Testing and Materials 

(ASTM) along with research and development laboratories, in order to influence 

reporting of comparable results.16 Laboratory testing is performed under the AM 

1.5 G Solar spectrum at an incident power of 1000 W m-2 (Figure 2.5).17 The AMG 

1.5 G spectrum represents the annual average solar irradiance at mid-latitudes, 

considering 1.5 times the thickness of Earth’s atmosphere normal to the surface. 

 

Figure 2.5 AM 0 (black), AM 1.5 G (blue), and AM 1.5 D (red) solar spectra. 

                                                            
16 ASTM E984 – 09 Standard Test Method for Electrical Performance of Photovoltaic Cells 
Using Reference Cells under Simulated Sunlight http://enterprise.astm.org/filtrexx40.cgi? 
+ REDLINE_PAGES/E948.htm. 
17 ASTM G173 – 03 Reference Spectra http://rrede.nrel.gov/solar/spectra/am1.5/. 
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2.1.4 Hybrid Solar Cells (HSCs) 

Hybrid solar cells combine organic and inorganic materials with the aim of 

gathering the low cost cell production characteristic of organic photovoltaics 

(OPV) and advantages, such as tunable absorption spectra, derived from the 

inorganic component. The most studied hybrid solar cells are dye-sensitized or 

Grätzel solar cells (DSSCs), but the most recent research about perovskites in 

solar cells, considered solid-state DSSCs, has revolutionized the PV field. 

2.1.4.1 Dye Sensitized Solar Cells (DSSCs) 

In 1991, O’Regan and Grätzel developed a novel kind of solar cells so-called 

“dye-sensitized titania nanocrystalline solar cells” or shortly, dye-sensitized solar 

cells (DSSCs).18 Such development supposed an alternative to the standard silicon 

photovoltaics;19 indeed, efficiencies up to 13% have been currently reached.20 The 

main advantages of DSSC are low production costs, transparency, ease of 

processing, stability and solidity over wide temperature ranges.21 Contrary to 

conventional silicon PV cells in which a semiconductor assumes both functions, in 

SSCs the photoreceptor and the charge carrier are implemented by different 

components, similar to natural photosynthesis. This separation of functions leads 

to lower purity demands on raw materials and, consequently, DSSCs are 

considered a low-cost alternative, requiring neither processing under vacuum nor 

high temperatures.22  

The working principle of DSSCs consists on the following processes (Figure 

2.6): 

1. Photoexcitation of the sensitizer to produce excitons, 

2. Electron injection into the conduction band of the metal oxide 

(semiconductor, usually TiO2) leaving holes in the dye, 

3. Electron transport to the working electrode, 

                                                            
18 O’Regan, B.; Grätzel, M. Nature 1991, 353, 737. 
19 Jung, H. S.; Lee, J. K.; J. Phis. Chem. Lett. 2013, 4, 1682. 
20 Mathew, S.; Yella, A.; Gao, P.; Humphry-Baker, R.; Curchod, B. F. E.; Ashari-Astani, N.; 
Tavernelli, I.; Rothlisberger, U.; Nazeeruddin, M. K.; Grätzel, M. Nat. Chem. 2014, 6, 242. 
21 Grätzel, M. Prog. Photovoltaics 2000, 8, 171. 
22 Grätzel, M. Acc. Chem. Res. 2009, 42, 1788. 
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4. Flow of the photogenerated electrons through the external circuit to 

reach the counter electrode, 

5. Oxidized dye regeneration by electron donation from the electrolyte 

redox couple (typically I-/I3
- redox couple, although other 

electrolytes have been recently employed, such as cobalt-based 

derivatives). 

 

Figure 2.6. Schematic representation of the operation principle of DSSCs. 

Nevertheless, there are three competitive and no desirable phenomena 

during the operation of a DSSC. Two of them involve recombination of the 

electrons injected into the TiO2 film either with the oxidized dye or with the 

oxidized component of the redox couple. And the other one concerns the 

relaxation of the dye from the excited to the ground state by a non-radiative 

decay process. Although these reactions are considered disadvantageous for the 

efficiency of DSSCs, they do not play a remarkable negative effect since their 

reaction rate is low compared with that of the forward reactions. 
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Development of optimal PV technology should focus on three golden 

issues:23 increasing light-to-electric energy conversion efficiency, enhancing long-

term stability and decreasing device costs. To achieve these purposes, in the last 

two decades, scientists have devoted a great deal of effort on tailoring the 

chemical, electronic and physical properties of the three main components of the 

cell: the organic dye, the nanocrystalline semiconductor and the electrolyte. 

The sensitizer constitutes the heart of DSSCs, considering that it governs the 

photon harvesting, charge generation and charge transfer processes. Different 

photosensitizers, including metal complexes, porphyrins, phthalocyanines and 

metal-free organic dyes, have been designed and applied to DSSCs in the past two 

decades.24 In particular, organic dye N719 ((Bu4N)2[Ru(dcbpyH)2(NCS)2]) (Scheme 

2.1) exhibits superior photovoltaic performance to other metal complexes. 

 

Scheme 2.1 N719 metal complex. 

However, metal-free organic dyes have received great attention in order to 

bypass the limitation of the high cost and the usually poor absorption extinction 

coefficients that show metal complexes sensitizers. Generally, metal-free organic 

sensitizers are constituted by donor (D), π-bridge (B) and acceptor (A) moieties. 

This push-pull structure can induce intramolecular charge transfer (ICT) from 

subunit D to A through the π-bridge when the dye absorbs light, which is an 

important fact for light harvesting. In addition, the absorption spectra and the 

HOMO/LUMO levels of the dye are easy to tune by modifying the donor, π-bridge 

                                                            
23 a) Snaith, H. J. J. Phys. Chem. Lett. 2013, 4, 3623; b) Baxter, J. B. J. Vac. Sci. Technol. A 
2012, 30, 020801. 
24 Hagfeldt, A.; Boschloo, G.; Sun, L.; Kloo, L.; Pettersson, H. Chem. Rev. 2010, 110, 6595. 
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and acceptor structures. Among the metal-free organic dyes, such as indolenes, 

perylenes or squarines, arylamine organic dyes have reached the record of 

efficiency, with 10.1% PCE for dye C219,25 and 10.2% PCE for dye RK1 (Scheme 

2.2).26 

 

Scheme 2.2 Structure and device performance parameters of dyes C219 and 

RK1. 

Arylamine derivatives are electron-rich compounds widely used as donor 

materials in organic sensitizers owing to many favorable properties such as redox, 

ion transfer processes and photoelectrochemical behavior as well as excellent 

electronic properties.27 Particularly, substituted triphenylamine (TPA) dyes have 

been widely used due to their strong electron-donating ability, hole-transport 

properties, stability and reduced tendency toward aggregation. 

2.1.4.2 Perovskite Sensitized Solar Cells. 

Organic-inorganic perovskites are described as hybrid layered materials 

typically with an AMX3 structure, being A a large cation, M a smaller metal cation 

and X an anion from the halide series. They form an octahedral structure of MX6 

which, at the same time, creates a three dimensional structure connected at the 

corners (Figure 2.7). 

                                                            
25 Zeng, W.; Cao, Y.; Bai, Y.; Wang, Y.; Shi, Y.; Zhang, M.; Wang, F.; Pan, C.; Wang, P. Chem. 
Mater. 2010, 22, 1915. 
26 Joly, D.; Pellejà, L.; Narbey, S.; Oswald, F.; Chiron, J.; Clifford, J. N.; Palomares, E.; 
Demadrille, R. Sci. Rep. 2014, 4, 4033. 
27 a) Lim, B.; Nah, Y. C.; Hwang, J. T.; Ghim, J.; Vak, D.; Yuna, J. M.; Kim, D. Y. Kim. J. Mater. 
Chem. 2009, 19, 2380; b) Liang, M.; Chen, J. Chem. Soc. Rev. 2013, 42, 3453. 
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Figure 2.7 Perovskite structure based on the generic chemical formula AMX3. 

Cation A fills the coordinated space between the octahedrons which form 

these three-dimensional structures. The size of the cation A is an important 

aspect in the formation of a closed packed perovskite structure, since this cation 

A must fit into the space composed by the four adjacent octahedrons which are 

connected together through shared corners. In organic/inorganic halides, the 

organic cations (A cations) are small and typically restricted to methylammonium, 

ethylammonium and formamidinium. The metal cations (M cations) are typically 

divalent metal ions, such as Pb2+, Sn2+ and Ge2+, while the halide anions are I-, Cl- 

and Br-. Optical absorption and photoluminescence are associated to the metal 

halide employed, resulting in smaller bandgaps and light emission at longer 

wavelengths for iodide derivatives, whereas bromides display higher bandgaps 

and luminescence at shorter wavelengths. Interestingly, a perovskite structure 

which incorporates two halides (e.g. iodide and bromide) allows the continuous 

tuning of the bandgap.28 

Solar cells that employ perovskite absorbers have emerged from the field of 

dye sensitized solar cells, but in this case are considered solid-state DSSCs (ss-

DSSCs). However, considering the original disposal of the DSSC, films as thick as 

10 μm are required to enable almost complete light absorption over the 

absorbing region of the dyes. This fact is impracticable for solid-state DSSCs, since 

a wide number of factors converge for limiting the thickness to less than 2 μm. As 

an alternative approach, inorganic absorbers allow complete light absorption in 

much thinner films and may, in addition, open possibilities for pushing the 

                                                            
28 Boix, P. P.; Nonomura, K.; Mathews, N.; Mhaisalkar, S. G. Materials Today 2014, 17, 16. 
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photoactivity further into the near-infrared (NIR).29 The motivation to find more 

advanced absorbers than conventional dyes led to T. Miyasaka and co-workers to 

report the first perovskite sensitized solar cells (PSCs) in 2009.30 3.8% of power 

conversion efficiency (PCE) was reached, under standard characterization 

conditions, employing CH3NH3PbI3 as absorber and iodide/triiodide redox couple. 

Nevertheless, device stability was poor since the perovskite absorber dissolves or 

decomposes in the electrolyte and the cells rapidly degrade within a few minutes. 

A key advance was subsequently made through replacing the liquid 

electrolyte by a solid-state hole conductor or hole-transporting material (HTM), 

such as CsSnI3-xFx
31 or spiro-MeOTAD (2,2',7,7'-tetrakis-(N,N-di-4-

methoxyphenylamino)-9,9'-spirobifluorene) (Scheme 2.3).32 Not only did the 

conversion efficiency double, but also the cell stability greatly improved as a 

result of avoiding the use of a liquid solvent. At this stage, perovskite solar cell 

devices were an exact mimic of the solid-state DSSCs. Perovskite nanoparticles 

assume the role of the sensitizer by injecting electrons on a TiO2 scaffold and 

holes on a solid-state HTM. Both the TiO2 and the HTM act as selective contacts 

through which the charge carriers, produced by photoexcitation of the perovskite 

nanoparticles, are extracted. 

 

Scheme 2.3 spiro-MeOTAD structure. 

                                                            
29 Snaith, H. J. J. Phys. Chem. Lett. 2013, 4, 3623. 
30 Kojima, A.; Teshima, K.; Shirai, Y.; Miyasaka, T. J. Am. Chem. Soc. 2009, 131, 6050. 
31 Chung, I.; Lee, B.; He, J.; Chang, R. P. H.; Kanatzidis, M. G. Nature 2012, 485, 486. 
32 a) Kim, H. –S.; Lee, C. –R.; Im, J. –H.; Lee, K. –B.; Moehl, T.; Marchioro, A.; Moon, S. –J.; 
Humphry-Baker, R.; Yum, J. –H.; Moser, J. E.; Grätzel, M.; Park, N. –G. Sci. Rep. 2012, 2, 
591; b) Lee, M. M.; Teuscher, J.; Miyasaca, T.; Murakami, T. N.; Snaith, H. J. Science 2012, 
338, 643. 
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N. – G. Park and co-workers have recently reported the highest efficiency 

ever reached by perovskite solar cells. They have achieved an average PCE of 

18.3% from 41 cells, and a best PCE of 19.7% employing, in addition, a highly 

reproducible method via a Lewis base adduct of PbI2.33 

Nevertheless, although currently perovskite solar cells seem to be a 

revolutionary improvement in the PV technologies and the most promising 

candidates for solar cells applications owing to its low cost and very high 

efficiency, they exhibit great disadvantages which should be resolved prior to 

their manufacturing and commercial use. First of all, stability of perovskite solar 

cells is very low and, at this stage, it is unclear whether they can satisfy the 

stringent international norms for outdoor photovoltaic applications. In this way, 

extensive stability tests should be urgently warranted, including long-term light-

soaking tests as well as damp heat tests. Moreover, it is well known that 

CH3NH3PbI3 degrades in humid conditions and forms PbI2 at higher temperatures 

as a result of CH3NH3I loss. These instabilities could seriously hamper outdoor 

applications.  

On the other hand, lead compounds are very toxic and harmful to the 

environment. For instance, CH3NH3PbI3 in contact with polar solvents such as 

water can convert to PbI2, a carcinogen, that is moderately water-soluble and 

whose use is banned in many countries. Thereby, it seems that is necessary to 

identify and develop lead-free perovskites or different pigments in order to 

replace CH3NH3PbI3 derivative for the widespread development of perovskites 

solar cells.34 

2.1.5 Organic Solar Cells (OSCs) 

Organic solar cells devices are based on organic semiconductors, i.e., 

carbon-based materials whose backbones are mainly composed of alternating C-C 

and C=C bonds. The potential of these materials to transport electric current and 

absorb light in the Ultraviolet (UV)-Visible part of the solar spectrum is due to the 

                                                            
33 Ahn, N.; Son, D. –Y.; Jang, I. –H.; Kang, S. M.; Choi, M.; Park, N. –G. J. Am. Chem. Soc. 
2015, 137, 8696. 
34 Grätzel, M. Nature Materials 2014, 13, 838. 
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sp2-hybridization of the carbon atoms, i.e., the electron delocalization along the 

conjugated backbone.35 

The working principle of a typical organic photovoltaic (OPV) system 

consists on the following processes (Figure 2.8):36 

1. Light absorption and electron promotion from the highest occupied 

molecular orbital (HOMO) to the lowest unoccupied molecular 

orbital (LUMO) of the donor forming an exciton (a coulombically 

bound electron-hole pair).  

2. Exciton diffusion to the interface.  

3. Exciton dissociation into free charges for doing work through an 

external circuit. If the exciton is not able to dissociate within its 

lifetime, the exciton decays back to its ground state, resulting in the 

loss of that absorbed energy. A two-component system, containing 

an electron-donor and an electron-acceptor similar to that of a p-n 

junction, is required for the exciton dissociation.37 The electron-

donor is typically characterized by large ionization potential, 

whereas high electron affinity is desirable for the electron-acceptor 

material. In that moment, the hole transfer into the HOMO of the 

donor and the electron transfer into the LUMO of the acceptor are 

carried out.  

4. Finally, the electrons should reach the cathode while the holes 

should reach the anode. 

 

                                                            
35 Pope, M.; Swenberg, C. E. Electronic Processes in Organic Crystals and Polymers 2nd edn 
(Oxford Univ. 1999). 
36 Mazzio, K. A.; Luscombe, C. K. Chem. Soc. Rev. 2015, 44, 78. 
37 Sariciftci, N. S.; Smilowitz, L.; Heeger, A. J.; Wudl, F. Science 1992, 258, 1474. 
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Figure 2.8 Schematic representation of the operating principle of an OSC. 

The first all-organic photovoltaic cells were developed as early as the 1950s, 

using simple organic dyes like chlorophyll or magnesium phthalocyanines and 

achieving power conversion efficiencies (PCEs) around 0.1%.38 This unsuccessful 

performance was attributed to inefficient dissociation of the excitons formed 

upon light illumination, as in most organic semiconductors, since these species 

require an energetic offset to dissociate. The extensive charge recombination is 

the main weakness of single-layer architectures. 

In 1986, Tang employed an active layer composed by two thermally 

evaporated components, a donor (copper phthalocyanine) and an acceptor 

(perylene derivative), achieving a significant improvement in the OPV 

performance roadmap with a record efficiency, for the time, of 1%.39 This bilayer 

structure and planar configuration (PHJ) was primarily limited by the exciton 

diffusion length (LD) since, in these materials, it is up to several orders of 

magnitude smaller than the absorption penetration depth, and only excitons 

generated near the donor/acceptor interface lived long enough to dissociate at 

that interface. Hence, the planar junction concept exhibits certain limitations, 

including a small surface area between donor-acceptor interfaces and the 

requirement of long carrier lifetime to ensure that electrons and holes reach their 

respective electrodes. This work became the base for the development of new 

donor/acceptor type architectures with increased donor/acceptor interfacial 

areas, such as solution processed bulk heterojunction (BHJ) type architecture. Yu 

                                                            
38 Kearns, D.; Calvin, M. J. Chem. Phys. 1958, 29, 950. 
39 Tang, C. W. Appl. Phys. Lett. 1986, 48, 183. 
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and co-workers reported, in 1995, the first BHJ example using a fullerene 

derivative as acceptor.40 BHJ configuration relies on finding a balance between 

charge generation and transport, and can be limited by charge carrier lifetimes. 

Very recently, Y. Chen and co-workers reported the current record 

efficiency in OSCs with a certified PCE of 10.10%.41 This PCE is the highest ever 

reached for single-juntion small-molecule BHJ organic photovoltaics reported to 

date. The small molecule (DRCN5T) consist on an acceptor-donor-acceptor (A-D-

A) architecture, using an oligothiophene of five units as donor moiety and 2-(1,1-

dicyanomethylene)rhodanine as acceptor groups (Scheme 2.4). 

 

Scheme 2.4 DRCN5T structure. 

Besides its simple chemical structure and easy synthetic procedure, which is 

certainly important for the possible future commercialization on OPVs, DRCN5T 

exhibits a great potential for high-throughput applications. 

2.1.5.1 Device Architectures 

Organic materials require an energetic offset to dissociate excitons; thus, 

the single layer architecture attempts reported to date have been relatively 

unsuccessful since efficiencies in the order of 0.1% or less have been achieved.42 

In this section, a simplified classification attending to single-junction BHJ, 

both standard and inverted, and tandem device architectures is described. 

                                                            
40 Yu, G.; Gao, J.; Hummelen, J. C.; Wudl, F.; Heeger, A. J. Science 1995, 270, 1789. 
41 Kan, B.; Li, M.; Zhang, Q.; Liu, F.; Wan, X.; Wang, Y.; Ni, W.; Long, G.; Yang, X.; Feng, H.; 
Zuo, Y.; Zhang, M.; Huang, F.; Cao, Y.; Russell, T. P.; Chen, Y. J. Am. Chem. Soc. 2015, 137, 
3886. 
42 Karg, S.; Riess, W.; Dyakonov, V.; Schwoerer, M. Synth. Met. 1993, 54, 427. 
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a) Standard single-junction BHJ architecture 

The typical BHJ configuration consists of an active layer (composed by a bulk 

mix of the donor and acceptor materials) sandwiched between an anode and a 

cathode (Figure 2.9). In standard architectures, holes are transported to the 

anode and electrons are transported to the cathode.  

 

Figure 2.9 Basic architecture of a standard BHJ solar cell. 

The anode typically consists of a substrate that is coated with a high work 

function transparent conducting electrode, and modified with an interfacial hole 

selective/electron blocking layer located between the electrode and the active 

layer. The most common materials used for these electrodes in the OPV field are 

tin-doped indium oxide (ITO) on glass substrates modified with a thin interfacial 

layer of poly(ethylenedioxythiophene):poly(styrene sulfonic acid) (PEDOT:PSS). 

These materials are favorable due to their large optical transparency and good 

charge transport properties. The cathode is typically comprised by a low work 

function metal and an electron selective interlayer between the active layer and 

the metal electrode. Aluminum is the cathode most widely used due to its low 
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work function and high reflectivity43, whereas LiF is the most popular interlayer 

although, over time, it has decreased in popularity with the rise of Ca interlayer. 

b) Inverted single-junction BHJ architecture 

Besides the standard architecture, there is also another one, so-called 

inverted architecture, which involves the reversal on the roles of the charge 

collecting nature of the electrodes (Figure 2.10). It was developed to alleviate 

device degradation through the use of different electrodes and encapsulation of 

the final device. In the inverted structure, ITO is typically coated with a low work 

function material, such as ZnO or other transition metal oxide, in order to reduce 

its work function and make it applicable as cathode. The anode typically consists 

of a stable metal, such as Ag or Au, which is functionalized with a high work 

function transition metal oxide interlayer, such as V2O5 or MoO3, both of which 

exhibit better stability to oxidation. 

 

Figure 2.10 Basic architecture of an inverted BHJ solar cell. 

The inverted architecture is generally more compatible with high 

throughput processing and provides better flexibility for the development of 

tandem architectures.  

                                                            
43 Ragoussi, M. –E.; Torres, T. Chem. Commun. 2015, 51, 3957. 
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c) Tandem BHJ architecture 

Tandem architectures were developed in order to address two specific 

issues associated with OPV. Firstly, the limits in the active layer thickness, related 

to the relatively low charge carrier mobilities associated with the components of 

the active layer, do not allow the absorption of the maximum amount of solar 

radiation. The second one is related to how the active layer materials absorb light: 

the light not absorbed within the commonly narrow band gap of the organic 

absorber is transmitted through the cell and therefore lost. Tandem architectures 

consist of at least two independent active layers stacked on top of each other: 

one of them absorbs high-energy photons and transmits low energy photons 

through, and the other one absorbs the low energy photons transmitted by the 

first active layer. Each independent active layer is separated, from each other, by 

an interconnect layer that prevents holes from one sub layer to recombine with 

electrons from another (Figure 2.11). 

 

Figure 2.11 Basic architecture of a tandem BHJ solar cell. 

Usually, tandem structure is able to absorb more light than single-junction 

architectures since each layer can absorb complementary spectra maintaining 

relatively thin active layers. It is predicted that tandem architectures are able to 

produce around 30% better efficiencies than their single-junction counterparts. 
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Tandem organic solar cells have already reached 12% of efficiency, although 

these devices are expected to exceed 15% in the near future.44 

2.1.5.2 Main types of OSCs 

Organic photovoltaic devices (OPVs) are classified into two different 

categories according to their constituent molecules: large (polymers) or small. 

These two types of materials are rather different in terms of synthesis, 

purification and device fabrication processes. 

a) Polymer Solar Cells (PSCs) 

Conjugated polymers based on electron-donor materials are the best 

materials studied for OPV devices to date. PSCs are essentially processed from 

solution in organic solvents and are considered attractive due to a wide number 

of advantages features, including thin-film architecture and low material 

consumption resulting from a high absorption coefficient, their use as organic 

materials, which are abundant, their utilization in efficient solution processes and 

their low manufacturing energy requirements. Other advantages include low 

specific weight, mechanical flexibility, tunable material properties and high 

transparency. 

By far, the most successful PSCs are the polymer-fullerene-based solar cells. 

They comprise a mixture of the polymer, which is exclusively the donor material, 

and typically a soluble fullerene derivative as acceptor material. The adoption of 

C60 fullerene and its derivatives (such as [6,6]-phenyl-C61-butyric acid methyl 

ester, PC61BM) to replace the n-type molecules in OPV devices is one of the major 

advantages in OPV technology. Owing to their strong electronegativity and high 

electron mobility, C60 derivatives have become standard n-type molecules in OPV 

devices. 

Although research on polymer and organic solar cells dates back to the 

1980s,45 the first example of polymer solar cell with convincing underlying 

understanding of the physics and chemistry was the bilayer heterojunction 
                                                            
44 Heliatek Press release, January 16, 2013 
http://www.heliatek.com/newscenter/latest_news/neuer-weltrekord-fur-
organischesolarzellen-heliatek-behauptet-sich-mit-12-
zelleffizienzalstechnologiefuhrer/?lang=en. 
45 Spanggaard, H.; Krebs, F. C. Sol. Energy Mater. Sol. Cells 2004, 83, 125. 
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between the soluble polymer 2-methoxy-5-(2-ethylhexyloxy)-

polyphenylenevinylene (MEHPPV) and the buckminsterfullerene C60,46 in which a 

power conversion efficiency of 0.04% was achieved by using monochromatic light. 

This work opened up a new era for polymeric materials and their use in solar 

energy conversion.  

A soluble polythiophene such as poly(3-hexylthiophene) (P3HT) is 

considered, by far, the most popular donor material in polymer-fullerene-based 

solar cells, and has become a reference for polymer design. P3HT exhibits high 

hole mobility, broader spectrum coverage and a HOMO level of ~-4.9 eV (which 

corresponds to a Voc value around 0.6 V). Moreover, this polymer exhibits good 

solubility and processability, ease of synthesis and environmental stability. 

Numerous research groups have studied its morphology and device architecture, 

as well as different electron-acceptor derivatives for solar cells based on P3HT. As 

a result, efficiencies up to 7% have been already achieved with external quantum 

efficiencies around 70%.47 

Many others high-performance polymers have been synthesized in recent 

years, and PCEs higher than 7% are frequently reported using either new 

materials or novel device optimization techniques.48 Currently, the PCE record is 

NREL-certified in a solution-processed tandem PSC with a value of 10.6%.49 

b) Small Molecule Solar Cells (smSCs) 

As alternative to polymers, conjugated small molecule-based solar cells 

have attracted much attention in the last years. Compared to their polymeric 

                                                            
46 a) Sariciftci, N. S.; Smilowitz, L.; Heeger, A. J. Science 1992, 258, 1474; b) Sariciftci, N. S.; 
Braun, D.; Zhang, C. Appl. Phys. Lett. 1993, 62, 585. 
47 a) Irwin, M. D.; Buchholz, D. B.; Hains, A. W.; Chang, R. P. H.; Marks, T. J. PNAS 2008, 
105, 2783; b) Chang, C. –Y.; Wu, C. –E.; Chen, S. –Y.; Cui, C.; Cheng, Y. –J.; Hsu, C. –S.; 
Wang, Y. –L.; Li, Y. Angew. Chem. Int. Ed. 2011, 50, 9386; c) Sun, Y.; Cui, C.; Wang, H.; Li, Y. 
Adv. Energy. Mater. 2011, 1, 1058; d) Guo, X.; Cui, C.; Zhang, M.; Huo, L.; Huang, Y.; Hou, 
J.; Li, Y. Energy Environ. Sci. 2012, 5, 7943; e) Liao, S. –H.; Li, Y. –L.; Jen, T. –H.; Cheng, Y. –
S.; Chen, S. –A. J. Am. Chem. Soc. 2012, 134, 14271. 
48 a) Li, G.; Zhu, R.; Yang, Y. Nat. Photonics 2012, 6, 153; b) Krebs, F. C. Sol. Energy Mater. 
Sol. Cells 2009, 93, 394; c) Zhang, H.; Ye, L.; Hou, J. Polym. Int. 2015, 64, 957; d) Subbiah, 
J.; Purushothaman, B.; Chen, M.; Qin, T.; Gao, M.; Vak, D.; Scholes, F.; Chen, X.; Watkins, 
S.; Wilson, G.; Holmes, A.; Wong, W.; Jones, D. Adv. Mater. 2015, 27, 702. 
49 You, J.; Dou, L.; Yoshimura, K.; Kato, T.; Ohya, K.; Moriarty, T.; Emery, K.; Chen, C. –C.; 
Gao, J.; Li, G.; Yang, Y. Nat. Commun. 2013, 4, 1446. 
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counterparts, small molecules are expected to have higher molecular precision 

(related to the statistically determined nature of synthetic polymers) and less 

batch-to-batch variations. Therefore, more advantages, such as reproducible 

fabrication protocols and better understanding about structure-property 

relationship, are derived. 

Some of the first small molecule bulk heterojunction (smBHJ) solar cells 

were reported few years after the development of the polymer BHJ concept. 

Those articles included reports of solution processed phthalocyanine/perylene 

blends50 and hexabenzocoronene (HBC)/perylene blends.51 These devices 

exhibited poor device characteristics compared to those studied for polymer 

systems at the time. As originally smBHJ solar cells did not show promising 

properties as solar cell materials, a discouraged research into smBHJ solar cells 

arose for the next several years. New work was again reported in early 2006 when 

publications by Roncali, Sun, Kopidakis and Lloyd marked a re-emergence of 

interest in the field.52 Since then, a wide variety of structures have been reported, 

such as subphthalocyanine, merocyanine, squaraine, diketopyrrolopyrroles, 

borondipyrromethene, isoindigo, perylene diimides, fused acenes, triphenylamine 

derivatives, EDOT-based systems and, especially, oligothiophenes.53 

Regarding to the processing of small molecules BHJ solar cells, it is 

important to highlight that, although they can be processed either by solution or 

vacuum, solution-processing leads to a less favorable morphology of the active 

                                                            
50 Petritsch, K.; Dittmer, J. J.; Marseglia, E. A.; Friend, R. H.; Lux, A.; Rozenberg, G. G.; 
Moratti, S. C.; Holmes, A. B. Sol. Energy Mater. Sol. Cells 2000, 61, 63. 
51 a) Schmidt-Mende, L.; Fechtenkotter, A.; Mullen, K.; Moons, E.; Friend, R. H.; 
MacKenzie, J. D. Science 2001, 293, 1119; b) Schmidt-Mende, L.; Fechtenkotter, A.; 
Mullen, K.; Friend, R. H.; MacKenzie, J. D. Physica E 2002, 14, 263. 
52 a) Roncali, J.; Frere, P.; Blanchard, P.; De Bettignies, R.; Turbiez, M.; Roquet, S.; Leriche, 
P.; Nicolas, Y. Thin Sol. Films 2006, 511, 567; b) Sun, X.; Zhou, Y.; Wu, W.; Liu, Y.; Tian, W.; 
Yu, G.; Qiu, W.; Chen, S.; Zhu, D. J. Phys. Chem. B 2006, 110, 7702; c) Loyd, M. T.; Mayer, 
A. C.; Tayi, A. S.; Bowen, A. M.; Kasen, T. G.; Herman, D. J.; Mourey, D. A.; Anthony, J. E.; 
Malliaras, G. G. Org. Electron. 2006, 7, 243; d) Walker, B.; Kim, C.; Nguyen, T. –Q. Chem. 
Mater. 2011, 23, 470; e) Dou, L.; You, J.; Hong, Z.; Xu, Z.; Li, G.; Street, R. A.; Yang, Y. Adv. 
Mater. 2013, 25, 6642. 
53 a) Lin, Y.; Li, Y.; Zhan, X. Chem. Soc. Rev. 2012, 41, 4245; b) Shen, S.; Jiang, P.; He, C.; 
Zhang, Y.; Yi, Y.; Zhang, Z.; Li, Z.; Li, Y. Chem. Mater. 2013, 25, 2274; c) Lloyd, M.; Anthony, 
J.; Malliaras, G. Mater. Today 2007, 10, 34; d) Tang, W.; Hai, J.; Dai, Y.; Huang, Z.; Lu, B.; 
Yuan, F.; Tang, J.; Zhang, F. Sol. Energy Mater. Sol. Cells 2010, 94, 1963. 
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layer, while vacuum-deposition displays better-ordered layers. However, vacuum-

processing is more costly because of the more sophisticated equipment is 

required and, in addition, materials should be vaporizable and thermally stable 

during the sublimation process. Thereby, solution-processed small-molecule bulk 

heterojunction solar cells are considered a less expensive technique and thus, 

much more studies have been performed and reported in the literature. 

Presently, state-of-the-art small molecule solution-processed BHJ solar cells 

is mainly based on oligothiophene-like small molecules with different conjugation 

units as backbone and rhodanine moieties as acceptor groups.54,41 (Scheme 2.5). 

Scheme 2.5 Chemical structures and device performance parameters of the small 

molecules which exhibit the highest PCEs reported to date. 

                                                            
54 a) Zhang, Q.; Kan, B.; Liu, F.; Long, G.; Wan, X.; Chen, X.; Zuo, Y.; Ni, W.; Zhang, H.; Li, M.; 
Hu, Z.; Huang, F.; Cao, Y.; Liang, Z.; Zhang, M.; Russell, T.; Chen, Y. Nat. Photonics 2015, 9, 
35; b) Kan, B.; Zhang, Q.; Li, M.; Wan, X.; Ni, W.; Long, G.; Wang, Y.; Yang, X.; Feng, H.; 
Chen, Y. J. Am. Chem. Soc. 2014, 136, 15529. 
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Despite of the open circuit voltage achieved by these three molecules 

(DRCN7T, DR3TSBDT and DRCN5T) does not exhibit high values, the major 

improvements reached to date are the fill factor (≈ 73%) and, especially, the 

short-circuit current density (≈ 15.66 mA cm-2). These results suggest that the 

best promising candidates as central-donor building blocks for solution-processed 

small molecule BHJ solar cells are oligothiophenes. 

Most recently, new, simple and effective strategies have been developed 

for increasing PCEs in solution processed BHJ small molecule organic solar cells. 

One of them consists on the addition of additives into the casting solution prior to 

processing.55 These additives apparently lead to a more optimal BHJ nanoscale 

phase separation of the donor and acceptor domains owing to the selective 

solubility to one of the components (typically the acceptor), resulting in higher 

PCEs. Thus, depending on the system, donor and acceptor domain sizes decrease 

or increase, optimizing the interpenetrating network of the active layer of the 

BHJ.56 Several types of additive molecules have been incorporated in BHJ 

processing, and some of them are illustrated in Scheme 2.6. 

                                                            
55 a) Liao, H. –C.; Ho, C. –C.; Chang, C. –Y.; Jao, M. –H.; Darling, S. B.; Su, W. –F. Mater. 
Today 2013, 16, 326; b) Schmidt, K.; Tassone, C. J.; Niskala, J. R.; Yiu, A. T.; Lee, O. P.; 
Weiss, T. M.; Wang, C.; Fréchet, J.; Beaujuge, P. M.; Toney, M. F. Adv. Mater. 2014, 26, 
300. 
56 a) Rogers, J. T.; Schmidt, K.; Toney, M. F.; Kramer, E. J.; Bazan, G. C. Adv. Mater. 2011, 
23, 2284; b) Peet, J.; Soci, C.; Coffin, R. C.; Nguyen, T. –Q.; Mikhailovsky, A.; Moses, D.; 
Bazan, G. C. Appl. Phys. Lett. 2006, 89, 252105; c) Jeong, S.; Woo, S. –H.; Lyu, H. –K.; Han, 
Y. S. Sol. Energ. Mater. Sol. Cells 2011, 95, 1908; d) Su, M. –S.; Kuo, C. –Y.; Yuan, M. –C.; 
Jeng, U. S.; Su, C. –J.; Wei, K. –H. Adv. Mater. 2011, 23, 3315; e) Agostinelli, T.; Ferenczi, T. 
A. M.; Pires, E.; Foster, S.; Maurano, A.; Müller, C.; Ballantyne, A.; Hampton, M.; Lilliu, S.; 
Campoy-Quiles, M.; Azimi, H.; Morana, M.; Bradley, D. D. C.; Durrant, J.; Macdonald, J. E.; 
Stingelin, N.; Nelson, J. J Polym. Sci. B: Polym. Phys. 2011, 49, 717. 
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Scheme 2.6 Structure of some examples of additives for BHJ solar cells. 

Therefore, rather than an exhaustive selection reflecting the properties of 

the specific donor-acceptor system, the choice of the processing additive remains 

a matter of trial and error. 

Solvent vapor annealing (SVA) is the other strategy that enables an increase 

on the degree of order on organic thin films, improving significantly the 

performance of the organic electronic devices.57 This strategy consists on 

submitting the substrate to the vapor of a solvent in a closed vessel during a 

certain time, focusing on the solvent type, solvent drying time, phase evolution 

and crystallinity.58 SVA treatment can lead to an improvement on the crystalline 

character of supramolecular assemblies by choosing the solvent polarity 

                                                            
57 a) Schulz, G.; Löbert, M.; Ata, I.; Urdanpilleta, M.; Lindén, M.; Mishra, A.; Bäuerle, P. J. 
Mater. Chem. A 2015, 3, 13738; b) Li, M.; Liu, F.; Wan, X.; Ni, W.; Kan, B.; Feng, H.; Zhang, 
Q.; Yang, X.; Wang, Y.; Zhang, Y.; Shen, Y.; Russell, T. P.; Chen, Y. Adv. Mater. 2015, DOI: 
10.1002/adma.201502645; c) Wang, J. –L.; Wu, Z.; Miao, J. –S.; Liu, K. –K.; Chang, Z. –F.; 
Zhang, R. –B.; Wu, H. –B.; Cao, Y. Chem. Mater. 2015, 27, 4338; d) Miao, J.; Chen, H.; Liu, 
F.; Zhao, B.; Hu, L.; He, Z.; Wu, H. Appl. Phys. Lett. 2015, 106, 183302; e) Grob, S.; 
Bartynski, A.; Opitz, A.; Gruber, M.; Grassl, F.; Meister, E.; Linderl, T.; Hörmann, U.; Lorch, 
C.; Moons, E.; Schreiber, F.; Thompson, M.; Brütting, W. J. Mater. Chem. A 2015, 3, 15700; 
f) Kumar, C.; Cabau, L.; Viterisi, A.; Biswas, S.; Sharma, G.; Palomares, E. J. Phys. Chem. C 
2015, 119, 20871. 
58 a) Huang, Y.; Kramer, E. J.; Heeger, A. J.; Bazan, G. C. Chem Rev. 2014, 114, 7006; b) De 
Luca, G.; Treossi, E.; Liscio, A.; Mativetsky, J. M.; Scolaro, L.; Palermo, V.; Samorì, P. J. 
Mater. Chem. 2010, 20, 2493; c) Hedge, R.; Henry, N.; Whittle, B.; Zang, H.; Hu, B.; Chen, 
J.; Xiao, K.; Dadmun, M. Sol. Energy Mater. Sol. Cells 2012, 107, 112. 
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according to the chemical nature of the active species.59 The nature of the solvent 

used in the annealing step is important in driving the reorganization at the 

surface, since it affects to the interactions between the molecules, the substrate 

and the solvent.60 Thermal annealing has been also successfully employed to 

increase the efficiency of organic photovoltaic devices;61 however the inherent 

risk of thermal degradation of the deposited organic material prompts the search 

for milder alternatives. 

In 2013, our research group reported a small organic molecule based on 

oligothienylenevinylene (smL01) for its use as electron donor moiety in solution 

processed bulk-heterojunction organic solar cells (Scheme 2.7).62 

 

Scheme 2.7 Structure and device performance parameters of smL01 molecule. 

Some experiments were carried out submitting the substrates to SVA 

process and results showed significant improvements, especially the short-circuit 

                                                            
59 a) De Luca, G.; Liscio, A.; Nolde, F.; Scolaro, L. M.; Palermo, V.; Müllen, K.; Samorì, P. Soft 
Matter, 2008, 4, 2064; b) De Luca, G.; Liscio, A.; Melucci, M.; Schnitzler, T.; Pisula, W.; 
Clark, C. G. J.; Scolaro, L. M.; Palermo, V.; Müllen, K.; Samorì, P. J. Mater. Chem. 2010, 20, 
71. 
60 Palermo, V.; Samorì, P. Angew. Chem. Int. Ed. 2007, 46, 4428. 
61 a) Dao, Q. –D.; Uno, T.; Ohmori, M.; Watanabe, K.; Itani, H.; Fujii, A.; Shimizu, Y.; Ozaki, 
M. J. Phys. D: Appl. Phys. 2015, 48, 385103; b) Zhang, Q.; Wang, Y.; Kan, B.; Wan, X.; Liu, 
F.; Ni, W.; Feng, H.; Russell, T.; Chen, Y. Chem. Commun. 2015, 51, 15268; c) Kumar, C. V.; 
Cabau, L.; Koukaras, E. N.; Sharma, A.; Sharma, G. D.; Palomares, E. J. Mater. Chem. A 
2015, 3, 16287; d) Sharenko, A.; Kuik, M.; Toney, M. F.; Nguyen, T. Q. Adv. Funct. Mater. 
2014, 24, 3543; e) Lee, D. –G.; Brownell, L.; Yan, L.; You, W. ACS Appl. Mater. Interfaces 
2014, 6, 15767. 
62 Montcada, N.; Pelado, B.; Viterisi, A.; Albero, J.; Coro, J.; de la Cruz, P.; Langa, F.; 
Palomares, E. Org. Electron. 2013, 14, 2826. 
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current density, which increased from 5.46 mA cm-2 to 5.85 mA cm-2 (from 3.51 to 

3.85% of PCE). In addition, the solar cell exhibits an open-circuit voltage as high as 

1.01 V, which is among the highest values obtained for small molecule solution-

processed BHJ organic solar cells to date. 
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2.2 OBJECTIVES 
Chemical, electronic and physical properties of oligothiophenes have widely 

evidenced their ability as central-donor building blocks in small molecules for 

their use in solution-processed BHJ solar cells. In addition, results obtained with 

the small molecule (smL01) prepared by the group open a wide range of chemical 

and electronic modifications to improve the device performance parameters. As it 

was mentioned in the previous section, the latest and best results achieved so far 

involve molecules composed by, on one hand, triphenylamine derivatives as 

electron donor moieties in sensitizers used for DSSCs, achieving efficiencies over 

10.2%; on the other hand, rhodanine derivatives as terminal acceptor groups in 

the small molecules employed for BHJ solution-processed solar cells, reaching 

efficiencies up to 10%. Thereby, the proposed objectives in this chapter are the 

following: 

I. To synthesize and characterize new triphenylamine dyes based on 

different thiophene bridges for their use in dye sensitized solar cells 

(DSSCs) (Scheme 2.8). 

 

                     Scheme 2.8 
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II. To synthesize and characterize new small molecules based on small 

molecule smL01 but carrying out different chemical modifications 

combining: thiophenes with two, only the internal one or none 

hexyl chains per ring; cyclopentadithiophene (CPDT) or thieno[3,2-

b]thiophene (TT) as central-cores; and different terminal acceptor 

groups, such as dicyanovinylene (DCV) or 3-ethylrhodanine (Rho) 

(Scheme 2.9). 
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Heteropentalenes are a type of 10π-electron aromatic compounds 

considered promising candidates as electron-donor materials for BHJSCs. The 

most widely studied members within this family are thieno[3,2-b]thiophenes and 

thieno[3,2-b]pyrroles. Thieno[3,2-b]thiophene procures a base for the design of 

new materials with specified electronic properties,63 that can be easily modified 

by introduction of fused rings as structural elements. In contrast, 1,4-

dihydropyrrole[3,2-b]pyrroles are less well-known but it is worth emphasizing that 

these derivatives have been predicted to be the most efficient electron-donor 

among the 10π-electron systems. For this reason, the next objective of this 

chapter is: 

III. To synthesize and characterize a new series of small molecules 

based on 1,4-dihydropyrrole[3,2-b]pyrrole for its use as electron-

donor materials in solution processed BHJ solar cells (Scheme 2.10). 

 

                     Scheme 2.10 

                                                            
63 a) Fuller, L. S.; Iddon, B.; Smith, K. A. J. Chem. Soc. Perkin Trans. 1 1997, 3465; b) Kuhn, 
M.; Falk, F. C.; Paradises, J. Org. Lett. 2011, 13, 4100; c) Capan, A.; Vaisi, H.; Goren, A. C.; 
Ozturk, T. Macromolecules 2012, 45, 8228; d) Kim, J.; Han, A. –R.; Seo, J. –H.; Oh, J. H.; 
Yang, C. Chem. Mater. 2012, 24, 346; e) Henssler, J. T.; Matzger, A. J. Org. Lett. 2009, 11, 
3144. 
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IV. To characterize optically and electrochemically all new small 

molecules in order to determine their ability as electron-donor 

materials in solution-processed BHJ solar cells. 

V. To prepare, measure and characterize the devices based on the 

new small molecules, studying the effects caused by the structural 

modifications performed. 
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2.3 RESULTS AND DISCUSSION 

2.3.1 New Sensitizers for Dye Sensitized Solar Cells 

A new set of organic sensitizers based on N,N-bis(4-hexyloxyphenyl)aniline 

(A-TPA) as donor moiety and cyanoacrylic acid as acceptor/anchoring group has 

been prepared. Different thienylenevinylene- and ethynyl-based π-bridges were 

introduced in order to study the implications in the device performance. 

2.3.1.1 Synthesis of A-TPA derivatives 

a) Ethynyl Bridge-based Dyes 

B1 and B2 bridges were achieved from the corresponding unsubstituted 

heterocycles, as Scheme 2.11 shows. The latter were converted into the 

corresponding monoaldehydes by Vilsmeier formylation using DMF (1.8 eq and 1 

eq. respectively), POCl3 (1.6 eq. and 3 eq. respectively), and dry 1,2-DCE as 

solvent. Both 3,4-dihexyl-2-thiophenecarboxaldehyde (2.1) and thieno[3,2-

b]thiophene-2-carboxaldehyde (2.2) were purified by chromatography column 

and obtained in very good yields (98% and 83%, respectively). Iodinated-

derivatives were prepared from the monoaldehydes by treatment with an 

oxidizing agent as PhI(O2CCF3)2 and iodine employing CCl4 as solvent at room 

temperature. 3,4-dihexyl-5-iodo-2-thiophencarboxaldehyde (B1) was achieved in 

72% of yield, while the thienothiophene iodinated derivative (B2) was obtained as 

a 3:1 ratio mixture of monoiodinated : no iodinated (2.2 (starting material)) 

compounds. These derivatives were characterized by the common spectroscopic 

techniques, agreeing with the bibliographic data.64  

 

 

                                                            
64 a) Oswald, F.; Islam, D. –M. S.; Araki, Y.; Troiani, V.; de la Cruz, P.; Moreno, A.; Ito, O.; 
Langa, F. Chem. Eur. J. 2007, 13, 3924; b) Sato, M.; Kitamura, T.; Masiko, T.; Unoura, K. J. 
Organomet. Chem. 2008, 693, 247. 
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Scheme 2.11 

Dyes FL15 and FL16 were synthesized from alkyne A-TPA4. This alkyne 

derivative was prepared as Scheme 2.12 shows. N,N-bis(4-hexyloxyphenyl)aniline 

(A-TPA1) was synthesized from 1 eq. of aniline and 3 eq. of 1-hexyloxy-4-

iodobenzene in presence of catalytic amounts of copper iodide and 3 eq. of 

potassium tert-butoxide, using toluene as solvent. Pure product A-TPA1 was 

converted into the corresponding iodide derivative A-TPA2 by treatment with 

PhI(O2CCF3)2 and iodine in distilled chloroform as solvent under darkness. After 

purification by chromatography column using silica gel and hexane:chloroform 

4:1 mix as eluent, pure product was obtained in 75% of yield. 

 

Scheme 2.12 

Trimethylsilyl group was introduced by Sonogashira coupling to the A-TPA 

iodide derivative (A-TPA2) using a palladium (II) derivative and copper iodide as 

catalysts, triethylamine as base and THF as solvent. The reaction mixture was 

stirred overnight at room temperature and the crude product was purified by 

2.1 B1 

2.2 B2 

A-TPA1 A-TPA2 

A-TPA3 A-TPA4 
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chromatography column using silica gel and a 3:2 mix of hexane:chloroform as 

eluent. Pure product (A-TPA3) was obtained as brown oil in 97% yield. Ethynyl 

group was deprotected by treatment with potassium carbonate, and no 

purification was required. 1H-NMR spectrum revealed the disappearance of the 

signal corresponding to the trimethylsilyl group at 0.23 ppm and the appearance 

of the singlet associated to the alkyne proton at 3.00 ppm (Figure 2.12). All 

compounds were characterized by the common spectroscopic techniques, such 

as 1H-NMR, 13C-NMR, IR spectroscopy and MALDI-TOF mass spectrometry. The 

data were consistent with the bibliographic data.65 

 

 

 

 

Figure 2.12 1H-NMR spectra of (left) A-TPA3 and (right) A-TPA4. 

Having prepared the bridges (B1 and B2) and alkyne A-TPA4, dyes FL15 and 

FL16 were prepared as scheme 2.13 shows. By Sonogashira coupling, iodinated 

derivatives (B1 and B2) were linked to the A-TPA alkyne (A-TPA4) following the 

same conditions previously described for the synthesis of A-TPA3.  

 

                                                            
65 a) Kelkar, A. A.; Patil, N. M.; Chaudhari, R. V. Tetrahedron Lett. 2002, 43, 7143; b) Pati, P. 
B.; Zade, S. S. Eur. J. Org. Chem. 2012, 6555.  
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Scheme 2.13 

Resulting aldehydes A-TPA5 and A-TPA6 were achieved in 87% and 66% of 

yield, respectively, after purification by chromatography column (silica gel, 

hexane:chloroform 1:1 mix as eluent). Their formation was confirmed by 1H-NMR 

through the presence of the aldehyde signal at 9.96 ppm in both cases. 

Moreover, FT-IR spectroscopy spectra showed the characteristic peaks associated 

to aldehydes at 1660 cm-1 (Figure 2.13). 

 
Figure 2.13 FT-IR spectra of (left) A-TPA5 and (right) A-TPA6. 
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Finally, desired dyes FL15 and FL16 were readily prepared by Knoevenagel 

condensation, using cyanoacetic acid and piperidine as base in CHCl3, in 

satisfactory yields (71% and 85%, respectively). 

All new compounds were fully characterized by 1H-NMR, 13C-NMR, FT-IR 

spectroscopy and MALDI-TOF analysis. The data were consistent with the 

expected structures (see experimental section). 

In the 1H-NMR spectra of compounds FL15 and FL16, the characteristic 

signals attributed to the vinylic proton belonging to the cyanoacrylic group at 8.42 

ppm (Figure 2.14) and 8.22 ppm, respectively, were observed, being the most 

shifted signals.  

 

Figure 2.14 1H-NMR spectrum of dye FL15. 

13C-NMR spectrum of compound FL15 exhibited the signal corresponding to 

the vinylic carbon belonging to the cyanoacrylic moiety at 168.4 ppm, the signals 

associated to the A-TPA and thiophene fragments between 156.3 and 104.2 ppm, 

the alkyne signals at 94.5 ppm and 81.6 ppm, and the aliphatic carbons at lower 

ppm (Figure 2.15). Similar signals were observed in the 13C-NMR spectrum of FL16 

dye (see experimental section).   
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Figure 2.15 13C-NMR spectrum of dye FL15. 

In the FT-IR spectra of FL15 and FL16, it was assigned the characteristic 

band associated to the carbonyl group belonging to the carboxylic acid group 

around 1600 cm-1 (Figure 2.16).  

 

Figure 2.16 FT-IR spectrum of dye FL16. 

Finally, MALDI-TOF spectra of dyes FL15 and FL16 exhibited the molecular 

peaks at the expected m/z ratios. For instance, Figure 2.17 shows the molecular 

peak corresponding to compound FL16 at 702.38 (M+), agreeing with the 

calculated for C42H42N2O4S2 (702.26 m/z).  
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Figure 2.17 MALDI-TOF analysis spectrum of dye FL16. 

b) Thienylenevinylene Bridge-based Dyes 

Similar to the previous synthetic route, bridges 2.1 and B3 were prepared 

from the unsubstituted heterocycles by Vilsmeier formylation, but in the case of 

the thieno[3,2-b]thiophene derivative, the equivalents of DMF and POCl3 were 

increased in order to obtain the corresponding dialdehyde derivative B3 (Scheme 

2.14).66 
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Scheme 2.14 

Phosphonate derivative A-TPA8 was prepared as it is shown in Scheme 2.15. 

Its synthesis began with a palladium-catalyzed Stille coupling between 4-bromo-

N,N-bis(4-hexyloxyphenyl)aniline and 5-formylthiophene-2-yl-2-boronic acid 
                                                            
66 Leriche, P.; Raimundo, J. –M.; Turbiez, M.; Monroche, V.; Allain, M.; Sauvage, F. –X.; 
Roncali, J.; Frere, P.; Skabara, P. J. J. Mater. Chem. 2003, 13, 1324. 
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(commercially available) in 75% of yield. Subsequent reduction of the newly 

aldehyde (A-TPA7) to the corresponding alcohol derivative with NaBH4, and 

reaction with iodine and triethylphosphite gave the phosphonate A-TPA8 in 77% 

of yield after purification by chromatography column. All these derivatives were 

characterized by the common spectroscopic techniques, agreeing with the 

bibliographic data.67 

 

Scheme 2.15 

Dyes FL17 and FL18 were prepared as Schemes 2.16 and 2.17 show, 

beginning with a Horner-Wadsworth-Emmons reaction between phosphonate A-

TPA8 and the corresponding aldehyde 2.1 or B3 (under stoichiometric conditions 

in the last case (thieno[3,2-b]thiophene derivative)). Purification by 

chromatography column gave A-TPA9 and A-TPA10 in 62% and 45% of yield, 

respectively. Trans character of the newly vinylic group was confirmed by the 

coupling constant around 15.6 Hz observed in the 1H-NMR spectra. Aldehyde A-

TPA11 was prepared by Vilsmeier formylation of A-TPA9 in 70% of yield (Scheme 

2.16).  

                                                            
67 Aljarilla, A.; López-Arroyo, L.; de la Cruz, P.; Oswald, F.; Meyer, T. B.; Langa, F. Org. Lett. 
2012, 14, 5732. 
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Scheme 2.16 

Finally, Knoevenagel condensation of A-TPA11 and A-TPA10 with 

cyanoacetic acid yielded dyes FL17 and FL18 in 83% and 75% of yield, respectively 

(Scheme 2.17).  

 

Scheme 2.17 

All new compounds were fully characterized by 1H-NMR, 13C-NMR, FT-IR 

spectroscopy and MALDI-TOF analysis. The data were consistent with the 

expected structures (see experimental section).  

Formation of the cyanoacrylic group was evidenced in the 1H-NMR spectra 

by the singlet at δ ≈ 8.20-8.40 ppm (Figure 2.18). 
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Figure 2.18 1H-NMR spectrum of dye FL17. 

13C-NMR spectra also evidenced the formation of the cyanoacrylic group by 

the signals at 168.2 ppm (carbon directly linked to the thiophene fragment) and 

93.3 ppm (carbon directly linked to the cyano and carboxylic acid groups) (δ 

specifically referred to FL17 dye) (Figure 2.19). 

 

Figure 2.19 13C-NMR spectrum of dye FL17. 

MALDI-TOF analysis spectra definitely confirmed the desired structures. For 

instance, as Figure 2.20 shows for dye FL18, the molecular peak found at 786.33 

(M+) is in agreement with that calculated for C46H46N2O4S3 (786.26 m/z). 
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Figure 2.20 MALDI-TOF analysis spectrum of dye FL18. 

2.3.1.2 Optical Characterization 

UV-Vis absorption measurements were carried out in dichloromethane 

solution and concentrations around 10-6 M. All dyes exhibit intense absorption in 

the visible region up to 600-650 nm, thus covering a wide part of the solar 

spectrum (~400-700 nm). 

Transformation from aldehyde precursors to final dyes leads to a 

bathochromic shift on the absorption maxima owing to the strong acceptor 

character of the cyanoacrylic group. For example, Figure 2.21 shows a comparison 

of the UV-Vis absorption spectra of dye FL15 and its corresponding aldehyde 

precursor, observing a significant shift on the maximum wavelength from 422 nm 

to 478 nm (Δλmax = 56 nm). 
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Figure 2.21 Normalized UV-Vis absorption curves of aldehyde A-TPA5 and 

FL15. 

FL15 and FL17, the two dyes with a thiophene bridge, showed maximum 

absorption wavelengths at 478 nm and 532 nm, respectively, assigning the higher 

value in FL17 to the increased conjugation. This bathochromic shift was also 

observed between the other pair of dyes based on thieno[3,2-b]thiophene, FL16 

and FL18, with broader absorption and maximum wavelengths (463 nm and 504 

nm, respectively) (Figure 2.22). 

 

Figure 2.22 (Left) Comparison of normalized UV-Vis absorption curves of FL15 

and FL17; (right) comparison of normalized UV-Vis absorption curves of FL16 

and FL18. 
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Charge-transfer character of the most intense bands was confirmed by the 

positive solvatochromism observed upon increasing the solvent polarity. For 

example, the absorption maxima in FL17 was shifted around 21 nm upon 

increasing the solvent polarity (λmax=510 nm in Et2O, 520 nm in THF and 531 nm in 

CH2Cl2) (Figure 2.23 (right)). Higher bathochromic shift (up to 27.5 nm) was 

observed in thienothiophene bridge-based dye FL16 (λmax=436 nm in Et2O, 449 

nm in THF and 463 nm in CH2Cl2) (Figure 2.23 (left)). 

 

Figure 2.23 (Left) Normalized UV-Vis absorption curves of FL16 in different 

solvents; (right) Normalized UV-Vis absorption curves of FL17 in different 

solvents. 

Moreover, a good correlation between the absorption maxima and the 

Kamlet-Taft constants (π*) was found in all cases. The slope (S) of the Kamlet-Taft 

equation (E=E0 + Sπ*) is higher, in absolute terms, for FL16 (S = 7.07, r = 0.99) than 

those for FL17 (S = 3.92, r = 0.99) or FL18 (S = 3.75, r = 0.97), corresponding the 

lower value to FL15 (S = 1.39, r = 0.99) (Figure 2.24). This fact highlights higher 

polarizability in FL16 dye and, consequently, better ability for transferring charge 

from the A-TPA moiety to the acceptor unit. 
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Figure 2.24 (Left) Energy transitions of the low energy band for dyes FL15 and 

FL16 vs Kamlet-Taft constant; (right) energy transitions of the low energy band 

for dyes FL17 and FL18 vs Kamlet-Taft constant. 

2.3.1.3 Electrochemical Characterization 

Redox properties of all dyes were investigated at room temperature by 

cyclic voltammetry (CV) and Osteryoung square wave voltammetry (OSWV) in 1,2-

dichlorobenzene/acetonitrile (4:1) solutions under Ar atmosphere, using 

tetrabutylammonium perchlorate as background electrolyte and a scan rate of 

100 mV s-1. In the cathodic region, all compounds showed a first reversible 

oxidation wave (determined by CV) between 0.17 and 0.30 V (vs. Fc/Fc+). By 

comparison with the CV curve of the trimethylsilyl-based TPA derivative (A-TPA3) 

(EOX1 = 0.34 V), the first reversible oxidation wave observed in all new dyes was 

assigned to the TPA moiety (Figure 2.25 as example).  

 

 

 

 

 

 

Figure 2.25 CV plots of dye FL15 and compound A-TPA3 (referred to Fc/Fc+). 
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A second oxidation potential, from 0.55 V to 0.80 V, was observed and 

assigned to the conjugated molecular bridge. Figure 2.26 shows the OSWV plots 

of dyes FL15-18 and Table 2.1 displays the electrochemical data extracted from 

the OSWV experiments.  

 

 Figure 2.26 OSWV plots of dyes FL15-18 (referred to Fc/Fc+). 

Table 2.1 Electrochemical data of dyes FL15-18. 

Dye Eox1 (V) Eox2 (V) Eox3 (V) Eox4 (V) EHOMO 
(eV) 

FL15 0.29 0.80   -5.39 

FL16 0.30 0.64 0.73 1.17 -5.40 

FL17 0.17 0.55 0.75  -5.27 

FL18 0.21 0.55 1.00  -5.31 
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EHOMO values (calculated from EHOMO (vs. vacuum) = -5.1 - Eox1 (vs. Fc/Fc+) in 

eV)68 resulted to be from -5.27 to -5.40 eV (Table 2.1). These EHOMO values indicate 

that an efficient dye regeneration by I-/I3
- redox electrolyte (Eredox = -4.75 eV) is 

energetically favorable for these sensitizers. 

2.3.1.4 Theoretical Calculations 

Ground-state geometries of FL15-18 molecules were fully optimized by 

density functional theory (DFT) at the B3LYP 6-31G* level in vacuo with Gaussian 

03W. The optimized ground-state geometries reveal an almost planar 

configuration along the whole molecule, excluding the two phenyl rings belonging 

to the triphenylamine moiety that are not conjugated with the π-bridge, as 

expected (Figure 2.27). FL16, based-on thieno[3,2-b]thiophene ethynyl bridge, 

apparently showed the higher planarity within this series of sensitizers. 

 

 

 

 

 

 

 

Figure 2.27 Optimized ground-state geometries of FL15-18 dyes. 

Electronic distribution of the HOMO and LUMO energy levels was also 

calculated by density functional theory since it provides information about the 

photovoltaic properties of the new molecules. The electron density of the HOMO 

levels for all molecules is mostly delocalized in the triphenylamine fragment, 

specifically in dyes FL15, FL16 and FL18, whereas the electron density of the 

LUMO levels is delocalized in the π-bridge and in the acceptor groups, as it is 

shown in Figure 2.28. 

                                                            
68 Cardona, C. M.; Li, W.; Kaifer, A. E.; Stockdale, D.; Bazan, G. C. Adv. Mater. 2011, 23, 
2367. 
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Figure 2.28 HOMO-LUMO levels electronic distribution. 

Table 2.2 collects the HOMO and LUMO energy values as well as the energy 

gap calculated from the data obtained by DFT calculations and, a priori, these 

data confirm that FL15-18 dyes are suitable for its use in DSSCs. 

Table 2.2 Theoretical HOMO-LUMO energy levels and Eg values. 

Molecule HOMO (eV) LUMO (eV) Eg
theor (eV) 

FL15 -4.92 -2.64 2.28 

FL16 -5.03 -2.88 2.15 

FL17 -4.84 -2.77 2.07 

FL18 -4.84 -2.80 2.04 

 

2.3.1.5 Device Characterization 

FL15-18 dyes were employed to fabricate DSSCs using TiO2 as anode and I-

/I3
- as redox electrolyte. This work was carried out by the research group of Prof. 

Emilio Palomares in the Institute of Chemical Research of Catalonia (ICIQ) in 

Tarragona. 

The photocurrent-voltage (J-V) curves recorded under standard sun-

simulated illumination conditions (AM 1.5G, 100 mW m-2) and in the dark are 

shown in Figure 2.29. 

HOMO 

LUMO 

FL15 FL16 FL17 FL18 
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Figure 2.29 J-V curves of the devices based on FL15-18 recorded under AM 

1.5G 100 mW m-2 illumination (solid lines) and in the dark (dashed lines). 

Table 2.3 displays the device performance parameters of the optimal 

devices, showing the PCEs achieved in those measured without mask in brackets. 

PCE values are the average of no less than five devices.  

Table 2.3 DSSC performance parameters under standard sun-simulated 

illumination conditions.  

Dye JSC (mA cm-2) VOC (V) FF PCE 

FL15 6.91±0.05 0.70±0.02 75 3.5(4.5)±0.2 

FL16 10.51±0.05 0.73±0.02 71 5.5(6.7)±0.2 

FL17 10.71±0.05 0.69±0.02 71 5.2(6.3)±0.2 

FL18 12.18±0.05 0.63±0.02 67 5.2(6.2)±0.2 

These results evidence the premise formulated from the UV-Vis absorption 

studies: FL16 exhibits the highest slope (S) of the Kamlet-Taft equation and 

therefore, high polarizability and better ability for transferring charge from the A-

TPA moiety to the acceptor unit. As observed in Table 2.3, higher S values 

correspond to higher efficiencies on the devices. 
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Once the efficiency of the solar cells was measured and the differences in 

performance were noted, photoinduced charge extraction and transient 

photovoltage measurements were performed. As Figure 2.30 shows, the 

measured charge for devices made by using dyes FL15, FL17, and FL18 lies within 

the same exponential curve. This observation implies that these latter dyes, 

despite their different molecular bridges, do not induce a shift on the TiO2 

conduction band. On the other hand, dye FL16, which exhibits the device with the 

highest open-circuit voltage, shows a 30 mV shift, which indicates an upward shift 

on the TiO2 conduction band.69 This estimation is in good agreement with the 

higher polarizability measured for FL16. Formation of molecular dipoles at the 

TiO2 surface has been reported as one of the main factors that affects the device 

Voc.70  

 

 

 

 

 

 

 

 

Figure 2.30 Electron density as a function of cell voltage. 

In addition, a comparison between FL15 and FL16, both of which contain 

the ethynyl bridge unit, illustrates that the presence of alkyl chains in FL15 does 

not block the back-electron transfer reaction between the photoinjected 

electrons at TiO2 and the oxidized electrolyte. This fact is observed in Figure 2.31, 

                                                            
69 Bames, P. R. F.; Miettunen, K.; Li, X.; Anderson, A. Y.; Bessho, T.; Gratzel, M.; O’Regan, B. 
C. Adv. Mater. 2013, 25, 1881. 
70 Miyashita, M.; Sunahara, K.; Nishikawa, T.; Uemura, Y.; Koumura, N.; Hara, K.; Mori, A.; 
Abe, T.; Suzuki, E.; Mori, S. J. Am. Chem. Soc. 2008, 130, 17874. 
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since for the same number of charges, the charge lifetime follows the same trend 

(τ≈0.1 s) for FL15- and FL16-based solar cells. 

 

 

 

 

 

 

 

 

 

Figure 2.31 Device charge lifetime, τ, as a function of charge density. 

2.3.2 New Sensitizers for Solution-Processed Bulk-Heterojunction 
Solar Cells 

A wide variety of sensitizers has been synthesized for its application as 

electron-donor materials in solution-processed bulk-heterojunction organic solar 

cells. In order to achieve a complete study about the structure-properties 

relationship in this type of solar cells, it has been prepared different molecules 

varying the central core (3,4-ethylenedioxythiophene, EDOT; 

cyclopentadithiophene, CPDT; thieno[3,2-b]thiophene, TT; tetraaryl-1,4-

dihydropyrrolo-[3,2-b]pyrrol), the thiophene-based π-bridge and the acceptor 

group (dicyanovinylene, DCV; rhodanine, Rho; cyanoacetatevinylene). 

The following discussion is classified according to the structure of the 

central core. 

2.3.2.1 EDOT-based Molecules 

Within this family of molecules, it was studied the real role of the pendant 

groups, both morphologically and energetically, by removing one of the alkyl 

chains linked to the thiophene bridges. In addition, it was carried out a direct 
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comparison between two different acceptor groups, dicyanovinylene (DCV) and 

rhodanine (Rho), being the latter the less electrophilic compound. 

a) Synthesis 

Firstly, disubstituted thiophene-based bridge B4 was prepared from 

aldehyde 2.1 by quantitative reduction with sodium borohydride to the 

corresponding alcohol 2.3, followed by a zinc bromide-mediated Michaelis-

Arbuzov reaction to give phosphonate B4 in 82% of yield (Scheme 2.18). B5 was 

prepared from 2-bromo-3-hexylthiophene by treatment with n-BuLi and DMF in 

THF at low temperature under stoichiometric conditions (2.4, 94% yield). 

Following the same synthetic route as the previous derivative, quantitative 

reduction with NaBH4 (alcohol 2.5) and zinc bromide-mediated Michaelis-Arbuzov 

reaction gave the corresponding phosphonate B5 in 84% of yield (Scheme 2.18). 

All these derivatives were characterized by the common spectroscopic 

techniques, agreeing with the bibliographic data.71 

 

 

Scheme 2.18 

Horner-Wadsworth-Emmons reaction between 3,4-ethylenedioxy-2,5-

thiophenedicarbaldehyde 2.672 and the corresponding phosphonate B4 or B5 

using tBuOK as base at low temperature afforded the central building blocks CBB1 

and CBB2, respectively, in moderate yields (40% and 36%, respectively). Resulting 

products were formylated under Vilsmeier conditions to achieve dialdehydes 

CBB3 and CBB4, respectively, in good yields (93% and 73%, respectively) after 

                                                            
71 a) Ding, J.; Li, Z.; Cui, Z.; Robertson, G. P.; Song, N.; Du, X.; Scoles, L. J. Polym. Sci., Part A: 
Polym. Chem. 2011, 49, 3374; b) Roncali, J. Acc. Chem. Res. 2000, 33, 147. 
72 Montcada, N. F.; Pelado, B.; Viterisi, A.; Albero, J.; Coro, J.; de la Cruz, P.; Langa, F.; 
Palomares, E. Org. Electron. 2013, 14, 2826. 
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purification by chromatography column (Scheme 2.19). All compounds were 

characterized by 1H-NMR, 13C-NMR, FT-IR and MALDI-TOF analysis to confirm the 

new structures. 

 

 

Scheme 2.19 

In all cases, trans (E) configuration of the new vinylic groups was confirmed 

by the coupling constant around 15.6 Hz in the 1H-NMR spectra. Figure 2.32 

shows the 1H-NMR spectrum of compound CBB2 as example. The spectrum also 

shows the doublets corresponding to α and β protons of the thiophene rings 

(7.07 ppm and 6.84 ppm, 3J = 4.8 Hz), and the singlet associated to the 

ethylenedioxy group (4.31 ppm). 

 

 

    

 

 

 

 

Figure 2.32 1H-NMR spectrum of derivative CBB2. 

Finally, Knoevenagel condensation of CBB4 with malononitrile afforded 

dicyanovinylene (DCV)-capped derivative smL04 in 70% of yield, and Knoevenagel 

condensation of CBB3 and CBB4 with 3-ethylrhodanine gave smL05 and smL06, 

respectively (69% and 62% of yield, respectively) (Scheme 2.20). 
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Scheme 2.20 

All new compounds were fully characterized by 1H-NMR, 13C-NMR, FT-IR 

spectroscopy and MALDI-TOF analysis. The data were consistent with the 

expected structures (see experimental section). 

Formation of the vinylic proton directly linked to the acceptor group was 

evidenced by the most shifted singlet (≈7.90 - 7.66 ppm) found in the 1H-NMR 

spectra and the disappearance of the aldehyde proton. For the rhodanine-based 

sensitizers, a quadruplet around 4.20 ppm corresponding to the -CH2- group 

belonging to the ethyl rest appears as well (Figure 2.33 as example). 

 

Figure 2.33 1H-NMR spectrum of smL05. 

CBB3: R = C6H13 

CBB4: R = H 

smL04 

smL05: R = C6H13 

smL06: R = H 
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Besides the 1H-NMR spectra, 13C-NMR spectra showed the signal associated 

to the vinylic carbon linked to the acceptor group around 146 ppm. Carbons 

corresponding to C=S and C=O groups of the rhodanine moiety appear about 190 

ppm and 167 ppm, respectively, signals attributed to the central building block 

from 143 ppm to 114 ppm, along with the carbon of the ethylenedioxy group (65 

ppm) and the aliphatic-carbon signals at lower ppm (Figure 2.34 as example). 

 

 

Figure 2.34 13C-NMR spectrum of smL06. 

By FT-IR spectroscopy, the bands associated to the C-H bonds around 3100 

– 2850 cm-1, the intense band characteristic of the C≡N group at 2210 cm-1, and 

the band corresponding to the C-C aromatic bonds at 1560 cm-1 were observed 

(Figure 2.35 as example). 
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Figure 2.35 FT-IR spectrum of smL04. 
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Finally, smL04-06 derivatives were definitely evidenced by MALDI-TOF 

analysis, agreeing, for example in the case of smL05, the molecular peak found 

(1036.52, M+) with that calculated for C54H72N2O4S7 (1036.35 m/z) (Figure 2.36).  

 

 

Figure 2.36 MALDI-TOF analysis spectrum of smL05. 

b) Thermal Characterization 

In order to determine the thermal stability of the new sensitizers, it was 

carried out thermogravimetric analyses (TGA), finding good stability of all them 

with decomposition temperatures (Td) above 320 ºC under N2 atmosphere (Figure 

2.37).  
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Figure 2.37 TGA analysis curves of smL04-06 at scan rate of 10 ºC min-1. 
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Crystallinity was evaluated by differential scanning calorimetry (DSC) 

analysis and compared with that achieved by the reference small molecule smL01 

(reported by the group). Hence, dicyanovinylene-based molecule smL01 exhibited 

crystalline properties since DSC experiment revealed an intense endothermic 

peak at 235 ºC when the sample was heated from -50ºC to 300ºC, and an 

exothermic peak at 209 ºC when it was cooled from 300ºC to -10ºC (under N2 

atmosphere). Nevertheless, under the same experiment conditions, rhodanine-

based molecules exhibited neither endothermic nor exothermic peaks, thereby 

showing their amorphous properties. Figure 2.38 compares the DSC results of the 

reference molecule smL01, based on DCV acceptor groups, and those of molecule 

smL06, based on rhodanine acceptor groups. 

 

Figure 2.38 DSC analysis curves of smL01 and smL06. 

c) Optical Characterization 

Absorption spectra of oligomers smL04-06 measured in dichloromethane 

solution are shown in Figure 2.39 and the extracted data are summarized in Table 

2.4. Transformation from aldehyde to dicyanovinylene group in smL04 led to a 

bathocromic-shift in the lowest energy absorption band from 479 nm to 611 nm 

(Δλmax = 32 nm). Replacement of aldehyde groups by 3-ethylrhodanine in smL05 

and smL06 also led to a red-shift (from 496 nm to 632 nm in smL05 (Δλmax = 36 

nm), and from 479 to 622 nm in smL06 (Δλmax = 43 nm)). This fact is due to the 

extension of conjugation after the incorporation of the acceptor groups. The band 

around 600 nm displayed by smL04-06 sensitizers is ascribed to a charge transfer 

transition due to donor-acceptor interactions between the electron-rich inner 
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part of the molecule (EDOT) and the electron-deficient peripheral part 

(dicyanovinylene or rhodanine moieties). The higher values on the maximum 

wavelength in rhodanine-based molecules (smL05-06) respect to dicyanovinylene-

based derivative (smL04) are attributed to higher extension of conjugation. 

The increase on the absorption maxima provoked by the hexyl chains was 

easily evidenced in smL05, since it exhibits the highest λmax value within this series 

of small molecules. 
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Figure 2.39 Normalized UV-Vis absorption spectra of smL04-06 in CH2Cl2 

solution. 

Emission spectra were also performed from diluted dichloromethane 

solutions by exciting at the maximum wavelength (Figure 2.40 and Table 2.4). 
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Figure 2.40 Comparison of normalized UV-Vis absorption and emission spectra 

of smL04-06. 

smL04-06 molecules exhibited low optical band-gaps, in the range of 1.82-

1.88 eV; a priori, these values are suitable for their application in small molecule 

solution-processed BHJ solar cells using PC71BM or PC61BM species as electron-

acceptor materials (Table 2.4). 

Table 2.4 Optical parameters of derivatives smL04-06. 

Molecule λmax (nm) logε λem (nm) E0-0 (eV) 

smL04 611 4.89 704 1.88 

smL05 632 4.86 727 1.82 

smL06 622 4.97 722 1.84 

d) Electrochemical Characterization 

Oxidation potentials of smL04-06 were investigated by cyclic voltammetry 

(CV) and Osteryoung square wave voltammetry (OSWV) from o-dichlorobenzene-

acetonitrile (4:1) solutions under argon atmosphere, using tetrabutylammonium 

perchlorate as background electrolyte and a scan rate of 100 mV s-1. 

Dicyanovinylene-capped derivative smL04 exhibited four oxidation 

potentials in the range of 0.52-1.38 V, while rhodanine-capped derivatives, smL05 

and smL06, displayed five oxidation potentials from 0.31 to 1.08 V (Figure 2.41).  
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Figure 2.41 OSWV plots of smL04-06 sensitizers (referred to Fc/Fc+). 

smL05 and smL06 displayed another oxidation process due to the rhodanine 

fragment. In addition, the less electrophilic character of the rhodanine fragment 

led to lower first oxidation potentials for smL05-06 (Rho-based derivatives) than 

smL04 (DCV-based derivative) (Table 2.5).  

HOMO and LUMO energy levels of the newly synthesized materials were 

also determined since the alignment of the HOMO values is very important to 

achieve high open circuit voltages (Voc) in the final devices. Hence, smL04, which 

displays dicyanovinylene groups as terminal acceptor units, showed the lowest 

HOMO value and, therefore, it is predicted to reach the highest Voc values in PV 

devices. 

Main electrochemical data of smL04-06 derivatives are collected in Table 

2.5. First oxidation and reduction potentials were extracted from OSWV 

experiments (vs. Fc/Fc+), and HOMO-LUMO energy levels as well as energy gap 

were calculated according to Equations (2.2), (2.3) and (2.4), respectively.68 
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                      = −5.1 − ( ) ( )                             Eq 2.3 

                           = −  ( )                                  Eq 2.4 

Table 2.5 Electrochemical data of smL04-06. 

Molecule Eox1(OSWV) (V) HOMO (eV) LUMO (eV) Eg
elec(OSWV) 
(eV) 

smL04 0.52 -5.62 -3.83 1.79 

smL05 0.31 -5.41 -3.67 1.74 

smL06 0.31 -5.41 -3.66 1.75 

e) Theoretical Calculations 

Quantum chemical calculations were carried out in an effort to gain an 

insight into the geometrical and electronic properties of smL04-06 molecules. 

Ground-state geometries were fully optimized by density functional theory (DFT) 

at the B3LYP 6-31G* level in vacuo with Gaussian 03W. Optimized geometries of 

smL04 and smL06 are shown in Figure 2.42. In both cases, the calculated ground-

state geometries revealed an almost planar conformation of the conjugated 

system73 (dihedral angles ≈ 1-2o), with the acceptor unit, dicyanovinylene or 3-

ethylrhodanine, in a cis configuration respect to the thiophene S-atom. This 

planar conformation should favor the π-π stacking between molecular backbones. 

 

 

 

Figure 2.42 Most stable ground-state geometries of smL04 and smL06. 

Two possible conformations were calculated for the molecules that contain 

3-ethylrhodanine as acceptor unit (smL05 and smL06), namely smL05-A and 

smL05-B (Scheme 2.21). Conformation smL05-A, in which the two sulphur atoms 

                                                            
73 Welch, G. C.; Perez, L. A.; Hoven, C. V.; Zhamg, Y.; Dang, X. D.; Sharenko, A.; Toney, M. 
F.; Kramoer, E. J.; Nguyen, T. Q.; Bazan, G. C. J. Mater. Chem. 2011, 21, 12700. 

smL04 smL06 
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face one another, was more stable than smL05-B by 10.04 Kcal mol-1. This fact is 

consistent with the results reported by related compounds.74 It should be 

highlighted that in smL05-A the distance between the two sulphur atoms is 3.27 

Å, i.e., lower than the sum of the van der Waals radii (3.70 Å), suggesting the 

existence of non-bonding interactions through space between them. 
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Scheme 2.21 

Determination of the electronic distribution of the HOMO and LUMO 

energy levels is very useful since provides information about the photovoltaic 

properties of the molecules. Electron density of the HOMO in all molecules is 

mainly distributed on the EDOT central unit and on the thiophene moiety; 

whereas electron density of the LUMO is mainly localized on the terminal 

acceptor groups (Figure 2.43). The calculated band gaps resulted to be around 2 

eV in smL04-06 molecules, so the obtained values are in reasonably good 

agreement with the experimental values (Figure 2.44).  

 

 Figure 2.43 Electronic distribution of the HOMO and LUMO energy levels in 

smL04-06 derivatives. 

                                                            
74 Beaujuge, P. M.; Fréchet, J. M. J. J. Am. Chem. Soc. 2011, 133, 20009. 
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In the next figure (Figure 2.44) is clearly evidenced that smL04-06 small 

molecules exhibit suitable HOMO-LUMO energy levels for their application as 

electron-donor materials in solution-processed BHJ solar cells using PC61BM or 

PC71BM species as electron-acceptor materials. 

 

Figure 2.44 Theoretical (left) and experimental (right) HOMO and LUMO 

energy levels of smL01 (reference) and smL04-06 sensitizers related to PC61BM 

and PC71BM species. 

f) Organic Film Characterization 

This work was carried out by the research group of Prof. Emilio Palomares in 

the Institute of Chemical Research of Catalonia (ICIQ) in Tarragona. 

Molecules were deposited on a substrate using the best conditions 

determined from the optimization studies, in which donor/acceptor ratio, 

thickness and solvent vapor annealing time were varied. Absorbance on film was 

measured for each pristine molecule using the same concentration as in the 

blended (donor/acceptor mix) optimal films (Figure 2.45). 
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Figure 2.45 Absorption spectra of smL04-06 pristine thin films. 

Light harvesting efficiencies (LHE) were calculated using Equation (2.5) and 

results are shown in Figure 2.46. 

                                                     = 1 − 10 ( )                                      Eq 2.5 

For smL04, the LHE is slightly lower than that of the reference molecule 

smL01 and shifted towards longer wavelengths. Rhodanine-based molecules 

smL05 and smL06 present lower LHE values than smL01 and smL04, suggesting 

that the presence of rhodanine substituents leads to weaker CT bands. 

Figure 2.46 Light harvesting efficiency (LHE) for smL04-06 (left) and smL01 

(right) molecules blended with PC71BM. 
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g) Device Characterization 

Devices were fabricated using the optimized conditions and characterized 

by I-V measurements. Results obtained for the optimized cells are shown in Figure 

2.47 and their main performance parameters are shown in Table 2.6. 

 

Figure 2.47 Photocurrent vs. Voltage (I-V) curves for optimized smL:PC71BM 

solar cells at 1 sun (sun simulated 100mW cm-2 light intensity). 

Removal of hexyl groups from the molecular structure in smL04 (compared 

to smL01) clearly shows a negative effect on the photocurrent and on the open 

circuit voltage (VOC) (see Table 2.6). 

Table 2.6 Main performance parameters of the optimized organic solar cells 

using smL:PC71BM bulk-heterojunction 75 nm thick films. 

Device JSC (mA cm-2) VOC (V) FF (%) PCE (%) 

smL01 5.85 1.00 63.70 3.7 

smL04 2.50 0.924 45.43 1.1 

smL05 4.70 0.910 34.91 1.5 

smL06 11.98 0.890 45.69 4.9 

DCV acceptor group was replaced by Rho in smL05 and smL06. Respecting 

to smL01, in smL05-based devices a reduction of the photocurrent along with a 

steep reduction of the FF and a slight decrease in the VOC were observed. A 
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proportion of this VOC leakage is due to the difference in the HOMO energy level (-

5.41 eV in smL05 vs. -5.6 eV in smL01). The poorer FF caused by variations in the 

morphology of the active layer indicated that rhodanine does not provide 

domains as crystalline as those in DCV-based molecules. This fact is due to 

variations in the polarity of the molecules,75 which also displays an impact on the 

final photocurrent. Indeed, as it was previously announced by DSC experiments, 

molecules with rhodanine as acceptor groups exhibit amorphous properties, 

while molecules with dicyanovinylene as acceptor groups display crystalline 

properties. 

The reduction in the photocurrent is due to the limitation of the LHE, as 

previously discussed, because fewer photons can be absorbed using the same 

thickness (≈ 75 nm in all these devices) and also fewer photons are finally 

converted to external current, as Figure 2.48 shows. 

 

Figure 2.48 Incident Photon-to-Current Efficiency (IPCE) spectra of the devices 

measured in Figure 2.46. Dashed lines correspond to those experiments 

carried out before SVA process and solid lines correspond to the experiments 

developed after SVA process. 

smL06-based devices afforded the highest photocurrent (12 mA cm-2) and a 

PCE close to 5%, and taking into account the external quantum efficiency results 

shown in Figure 2.48, smL06 also exhibits the highest incident photon-to-current 

efficiency. 

                                                            
75 Wu, W.; Liu, Y.; Zhu, D. Chem. Soc. Rev. 2010, 39, 1489. 
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Charge extraction (CE) and transient photovoltage (TPV) measurements 

were carried out in order to determine and compare the different charge 

lifetimes of the materials with points close to the VOC under 1 sun conditions (in 

applied bias). 

Based on CE measurements, the amount of electrons that the solar cells are 

able to generate without recombination is similar in the three small molecules 

(smL04-06) (Figure 2.49). 

 

Figure 2.49 (Right) Total charge density at the solar cell under different light 
bias (solar cell voltage at different light illumination intensities) and (left) 

charge density after subtracting the geometrical capacitance. 

TPV measurements, illustrated in Figure 2.50, revealed that all compounds 

exhibit similar decay orders, which indicate that in all cases the behavior is far 

from the second order. A recombination order close to 2 would indicate that the 

measured kinetics correspond mainly to a non-geminate bimolecular charge 

recombination reaction.  
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Figure 2.50 Charge lifetimes of the organic solar cells measured in Figure 2.46 

under the same light bias as in Figure 2.48. 

Finally, charge mobility measurements (Figure 2.51 and Table 2.7) were 

carried out by obtaining an I-V curve for the hole-only devices for each smL 

molecule. The diode was forced to work under space-charge-limited current 

(SCLC) conditions. Hole mobility results showed a range of three orders of 

magnitude. Taking smL01 as reference and comparing with smL04, it can be 

observed the effect of the alkyl chains: the absence of two of the alkyl chains 

retarded the hole mobility by one order of magnitude (from x10-6 to x10-7 V cm-2 s-

1). Moreover, the mobility values of smL05 and smL06 were two and one orders of 

magnitude higher than those of smL01, respectively. The highest hole mobility 

was obtained in smL05-based devices, evidencing the remarkable contribution of 

the alkyl chains to the hole mobility.  
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Figure 2.51 J-V curves for a hole-only device of smL06:PC71BM bulk-heterojunction 75 nm 

thick film under sun simulated irradiation (100 mW cm-2) and in the dark. The 

corresponding fitting was performed in the voltage range showed in the figure legend. 

Table 2.7 Hole mobility values for smL:PC71BM organic solar cells. 

Device h+ mobility (V cm-2 s-1) 

smL01 1.2 ± 0.7 x 10-6 

smL04 5.9 ± 3.1 x 10-7 

smL05 1.8 ± 0.9 x 10-4 

smL06 1.4 ± 0.2 x 10-5 

2.3.2.2 CPDT-based Molecules 

Cyclopentadithiophene (CPDT) was used as electron-rich central core for 

synthesizing a new family of electron-donor materials for solution-processed bulk 

heterojunction solar cells. Similarly to the previous family of sensitizers, 

thienylenevinylene was used as π-bridge between the central core and the 

acceptor groups, varying the number of alkyl chains linked to it. In addition, it was 

studied the effect on the thermal, optical and electrochemical properties, and on 

the final device performance parameters of two different acceptor groups: 

dicyanovinylene (DCV) and 3-ethylrhodanine (Rho) (Scheme 2.22). 



Results and Discussions 

179 

 

Scheme 2.22 

a) Synthesis 

The synthetic strategy for the preparation of this new family of small 

molecules (or co-oligomers) is mainly based on successive Vilsmeier formylation 

and Horner-Wadsworth-Emmons reactions (Scheme 2.23). 

 

 

Scheme 2.23 

2.8 B4: R1 = R2 = C6H13 

B5: R1 = C6H13; R2 = H 

B6: R1 = R2 = H 

CBB5: R1 = R2 = C6H13 

CBB6: R1 = C6H13; R2 = H 

CBB7: R1 = R2 = H 

CBB8: R1 = R2 = C6H13 

CBB9: R1 = C6H13; R2 = H 

CBB10: R1 = R2 = H 
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Firstly, phosphonate derivative B6 was prepared from quantitative 

reduction with sodium borohydride of 2-thiophenecarboxaldehyde to the 

corresponding alcohol 2.7, and consecutive treatment with diethyl phosphite, 

sodium hydride and phosphorus tribromide in THF as solvent (81% of yield). Both, 

alcohol (2.7) and phosphonate (B6) derivatives, were characterized by the 

common spectroscopic techniques, agreeing with the bibliographic data.76 

Dialdehyde 2.8 was synthesized by Vilsmeier formylation of 

cyclopentadithiophene, purified by chromatography column (silica gel, 

hexane:chloroform, 2:3) and yielded in 93%. 

Synthesis of RDU1-3 and RD5-6 started with the Horner-Wadsworth-

Emmons reaction between dialdehyde 2.8 and the corresponding phosphonates 

B4, B5 or B6, to afford the central building blocks CBB5, CBB6 and CBB7, 

respectively, in good yields (82%, 80% and 96%, respectively) (Scheme 2.23).  

Double Vilsmeier formylation of CBB5-7 gave the corresponding 

dialdehydes, CBB8, CBB9 and CBB10 after purification by chromatography column 

(94%, 48% and 42% of yield, respectively) (Scheme 2.23). All new compounds 

were fully characterized by the common spectroscopic techniques, such as 1H-

NMR, 13C-NMR, FT-IR and MALDI-TOF analysis. 1H-NMR spectra of new 

dialdehydes showed the singlet associated to the aldehyde proton (δ ≈ 9.81 – 

9.99 ppm), the trans configuration of the vinylic groups (3J = 15.6 Hz) and the 

singlet attributed to the protons of the CPDT unit (around 7 ppm) (Figure 2.52 as 

example). In the case of the molecule CBB10, the doublets corresponding to the β 

thiophene protons appeared at 7.66 ppm and 7.10 ppm with 3J = 3.8 Hz, whereas 

for molecule CBB9 the β protons appeared as a singlet at 7.52 ppm (see 

experimental section). 

                                                            
76 a) Zheng, S.; Barlow, S.; Parker, T. C.; Marder, S. R. Tetrahedron Lett. 2003, 44, 7989; b) 
Cho, Y. J.; Kim, M. S.; Lee, J. –Y. Bull. Korean Chem. Soc. 2011, 32, 424.   
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Figure 2.52 1H-NMR spectrum of dialdehyde CBB10. 

Finally, Knoevenagel reaction with malononitrile under basic conditions 

(Et3N) afforded dicyanovinylene derivatives RDU1-3 in moderate yields, while 

Knoevenagel reaction, using piperidine as base, with 3-ethylrhodanine gave Rho-

based derivatives RD5 and RD6 (Scheme 2.24). 

 

 

Scheme 2.24 

All new compounds were fully characterized by 1H-NMR, 13C-NMR, FT-IR 

spectroscopy and MALDI-TOF analysis. The data were consistent with the 

expected structures (see experimental section). 

For instance, formation of the new vinylic proton directly linked to the 

acceptor group was evidenced by the singlet that appears around 7.70 – 7.90 

10 9 8 7 6 5 4 3 2 1 ppm

CBB8: R1 = R2 = C6H13 

CBB9: R1 = C6H13; R2 = H 

CBB10: R1 = R2 = H (only 
with malononitrile reaction) 

RDU1: R1 = R2 = C6H13 

RDU2: R1 = C6H13; R2 = H 

RDU3: R1 = R2 = H 

RD5: R1 = R2 = C6H13 

RD6: R1 = C6H13; R2 = H 
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ppm in the 1H-NMR spectra, as well as the trans character of the vinylic groups (3J 

= 15.6 Hz), for both the DCV-based derivatives (RDU1-3) and the Rho-based 

derivatives (RD5 and RD6) (Figure 2.53 and 2.54 as examples). 

 

Figure 2.53 1H-NMR spectrum of RDU2. 

 

Figure 2.54 1H-NMR spectrum of RD5. 

13C-NMR spectra confirmed the final structures, as Figure 2.55 shows for 

molecule RD6. Signals corresponding to C=S and C=O groups of the rhodanine 

fragment arose at 192 ppm and 167 ppm, respectively, and those attributed to 

the new vinylic carbon directly linked to the acceptor group and the methylene 

bridge belonging to the CPDT unit appeared at 160 ppm and 54 ppm, 

respectively.  

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 ppm

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 ppm

6.856.906.957.007.057.107.157.207.257.307.357.407.457.507.557.607.657.707.75 ppm
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Figure 2.55 13C-NMR spectrum of RD6. 

FT-IR spectroscopy spectra showed the characteristic bands associated to 

the C-H bonds around 3000 – 2800 cm-1, the intense band assigned to the C≡N 

group at 2218 cm-1, and the band at 1568 cm-1 corresponding to the C-C aromatic 

bonds (Figure 2.56 as example). 
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Figure 2.56 FT-IR spectrum of RDU3. 

At last, MALDI-TOF analysis spectra definitely confirmed the structure of the 

final molecules, such as for molecules RDU2 and RD5, in which the molecular 

peaks found at 882.51 (M+) and 1241.10 (M+), respectively, are in agreement with 

those calculated for C53H62N4S4 (882.39 m/z) and for C69H96N2O2S8 (1240.52 m/z), 

respectively (Figure 2.57 and 2.58).  

2030405060708090100110120130140150160170180190200 ppm
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Figure 2.57 MALDI-TOF analysis spectrum of RDU2. 

 

Figure 2.58 MALDI-TOF analysis spectrum of RD5. 

b) Thermal Characterization 

In order to know the stability of all new molecules in a wide range of 

temperatures, thermogravimetric analyses were performed, studying their 

behavior from 40ºC to 580ºC under N2 atmosphere. All them displayed good 

thermal stability and decomposition temperatures (Td) in the range of 390-420 ºC 

(Figure 2.59). 
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Figure 2.59 TGA analysis curves for RDU1-3 and RD5-6 at scan rate of 10 ºC 

min-1. 

In addition, differential scanning calorimetry (DSC) analysis was carried out 

to investigate the thermal properties of the new family of sensitizers.  

RDU1 showed an endothermic peak at 284 ºC, originated from melting 

point, when the sample was heated from -50 ºC to 300 ºC, and an exothermic 

peak due to a crystallization process at 260 ºC when the sample was cooled from 

300 ºC to -10 ºC under Ar atmosphere. These results revealed the crystalline 

properties of the molecule and its stability at the common work temperatures of 

organic solar cell (OSC) devices. When RDU2 was heated, an endothermic peak 

corresponding to the melting point of the molecule was also found at lower 

temperature (269 ºC), while two small exothermic peaks were observed during 

the cooling of the sample. These two latter peaks could be assigned to two 

different crystallization structures of the molecule. RDU3 exhibited neither 

endothermic nor exothermic peaks when the sample was heated and cooled, 

respectively, highlighting amorphous properties (Figure 2.60).   
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Figure 2.60 DSC curves of RDU1-3 at scan rate of 10 ºC min-1. 

DSC analyses of molecules RD5 and RD6 revealed an endothermic peak 

relative to the melting point at 232 ºC and 249 ºC, respectively, when the samples 

were heated. RD5 showed an exothermic peak at 210 ºC when the sample was 

cooled, while RD6 did not exhibit any peak (Figure 2.61). Similar to DCV-based 

derivatives (RDU1-3), RD5 and RD6 are stable at the common work temperatures 

of OSC devices.  
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Figure 2.61 DSC curves of RD5 and RD6 at scan rate of 10 ºC min-1. 
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According to DSC analyses of both DCV-capped derivatives (RDU1-3) and 

Rho-capped derivatives (RD5 and RD6), it is stated that those derivatives with four 

hexyl chains linked to the thiophene rings (RDU1 and RD5) show a crystallization 

process after the sample has been melted, whereas those molecules without the 

two external hexyl chains (RDU2 and RD6) do not exhibit any exothermic peak. 

And at last, RDU3, based on unsubstituted thiophene rings, exhibits neither 

endothermic nor exothermic peaks.  

c) Optical Characterization 

UV-Vis absorption and emission (exciting at the maximum wavelength) 

spectra were recorded in dichloromethane solutions. All sensitizers exhibited 

absorption in the UV-Vis-NIR region up to 740nm, thus covering a wide range of 

the solar spectrum (≈ 400-700 nm) and enabling to absorb a large amount of 

photons (Table 2.8). 

Table 2.8 Optical parameters of derivatives RDU1-3 and RD5-6. 

Molecule λmax (nm) 
sol log ε λmax (nm) 

film λem (nm) 

RDU1 645 5.03 720 754 

RDU2 642 4.97 725 759 

RDU3 630 4.94 670 744 

RD5 643 4.98 - 777 

RD6 634 4.88 - 766 

As expected, a significant bathochromic shift was found in the UV-Vis 

absorption spectra recorded on film respect to spectra recorded in solution owing 

to higher order in solid state. In addition, whereas RDU1 and RDU2 displayed only 

an absorption band in solution, the aggregation triggered on film led to the 

appearance of two absorption bands (Figure 2.62). 
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Figure 2.62 Normalized UV-Vis absorption spectra of RDU1 and RDU2 in 

solution (dashed lines) and on film (solid lines). 

A slightly broader absorption was detected in Rho-based derivatives (RD5 

and RD6) respect to DCV-based derivatives (RDU1 and RDU2) (Figure 2.63). 

 

 

 

 

 

 

 

Figure 2.63 Normalized UV-Vis absorption spectra comparing the effect of 
dicyanovinylene and rhodanine acceptor groups on the absorption maxima: 

(left) RDU1 and RD5 molecules and (right) RDU2 and RD6 molecules. 

As in the EDOT-based molecules, the most intense absorption band was 

ascribed to a charge transfer transition between the electron-rich inner part of 

the molecule (CPDT) and the electron-deficient peripheral part (dicyanovinylene 

or rhodanine acceptor groups). 
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d) Electrochemical Characterization 

Cyclic voltammetry (CV) and Osteryoung square wave voltammetry (OSWV) 

measurements, in ODCB:ACN, 4:1 solutions under Ar atmosphere, 

tetrabutylammonium perchlorate as background electrolyte and a scan rate of 

100 mV s-1, were carried out in order to determine the energy levels of the 

HOMOs and LUMOs of the newly synthesized materials.  

Firstly, DCV-based derivatives (RDU1-3) revealed several oxidation waves 

(five), being the three first ones reversible (determined by CV measurements), 

whereas Rho-based derivatives (RD5-6) displayed six oxidation waves, being the 

two first ones reversible (also determined by CV measurements). Similarly to 

EDOT-based derivatives, compounds with 3-ethylrhodanine as acceptor groups 

show an oxidation process more than compounds based on dicyanovinylene 

(Figure 2.64 and 2.65 as examples). 

          Figure 2.64 (Left) CV plot and (right) OSWV plot of RDU2 (referred to Fc/Fc+). 

 

 Figure 2.65 (Left) CV plot and (right) OSWV plot of RD6 (referred to Fc/Fc+). 

-0,4 -0,2 0,0 0,2 0,4 0,6 0,8 1,0 1,2 1,4 1,6
-2,0x10-5

0,0

2,0x10-5

4,0x10-5

6,0x10-5

8,0x10-5

I (
m

A)

E (V)
-0,2 0,0 0,2 0,4 0,6 0,8 1,0 1,2 1,4 1,6

0,0

1,0x10-5

2,0x10-5

3,0x10-5

4,0x10-5

I (
m

A)

E (V)

-0,4 -0,2 0,0 0,2 0,4 0,6 0,8 1,0 1,2 1,4 1,6
-5,0x10-6

0,0

5,0x10-6

1,0x10-5

1,5x10-5

2,0x10-5

2,5x10-5

I (
m

A)

E (V)
0,0 0,2 0,4 0,6 0,8 1,0 1,2 1,4

0,0

2,0x10-6

4,0x10-6

6,0x10-6

8,0x10-6

I (
m

A)

E (V)



Chapter 2.  Solar Cells 

190 

DCV-capped derivatives (RDU1-3) exhibited a reduction wave around -1.3 V 

assigned to the electron-deficient DCV end groups, while Rho-capped derivatives 

displayed a reduction wave around -1.5 V associated to the electron-deficient Rho 

acceptor groups.  

HOMO and LUMO energy levels were calculated from the first oxidation and 

reduction potentials according to Equations (2.2) and (2.3), respectively (Table 

2.9).77  

                                  = −5.1 − ( ) ( )                          Eq 2.2 

                                  = −5.1 − ( ) ( )                        Eq 2.3 

 

Rho-capped derivatives (RD5-6) show lower first oxidation potentials and a 

destabilization of the HOMO and LUMO energy levels compared to DCV-capped 

derivatives (RDU1-3). Even so, all new co-oligomers exhibited low electrochemical 

energy gaps (calculated from Equation 2.4), in the range of 1.62-1.89 eV, and 

thereby, they are considered well-suited as donor materials in BHJ OPVs using 

PC61BM or PC71BM as acceptor materials (Table 2.9). 

                                      = −  ( )                               Eq 2.4 

Table 2.9 Electrochemical parameters of RDU1-3 and RD5-6. 

Molecule Eox1(OSWV) 
(V) 

Ered1(OSWV) 
(V) 

HOMO 
(eV) 

LUMO 
(eV) 

Eg
elec(OSWV) 
(eV) 

RDU1 0.32 -1.34 -5.42 -3.76 1.66 

RDU2 0.32 -1.30 -5.42 -3.80 1.62 

RDU3 0.34 -1.28 -5.44 -3.82 1.62 

RD5 0.21 -1.50 -5.31 -3.60 1.71 

RD6 0.22 -1.49 -5.32 -3.61 1.71 

                                                            
77 Cardona, C. M.; Li, W.; Kaifer, A. E.; Stockdale, D.; Bazan, G. C. Adv. Mater. 2011, 23, 
2367. 
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e) Theoretical Calculations 

Geometrical and electronic properties were estimated by quantum 

chemical calculations. In this way, ground-state geometries of this series of 

molecules were fully optimized by density functional theory (DFT) at the B3LYP 6-

31G* level in vacuo with Gaussian 09W. Nearly planar conformations were 

revealed for the optimized ground-state geometries of RDU1-3 and RD5-6 

molecules (Figure 2.66). 

 

 

 

 

 

 

 

 

Figure 2.66 Optimized ground-state geometries of RDU1-3 and RD5-6 co-

oligomers. 

Electronic distribution of the HOMO and LUMO energy levels was also 

calculated by DFT calculations, revealing a delocalized electronic distribution 

along the molecules (Figure 2.67) and appropriate HOMO and LUMO energy 

values (Table 2.10) for the application of the new molecules on BHJ solar cells 

using PC61BM or PC71BM species as acceptor materials (as experimental data 

predicted). A priori, these data highlight that molecule RDU3 will exhibit the 

highest open circuit voltage (VOC) within this family of derivatives since it displays 

the lowest HOMO value. 
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Figure 2.67 Electronic distribution of the HOMO-LUMO energy levels in RDU1-

3 and RD5-6 co-oligomers. 

Table 2.10 Theoretical HOMO-LUMO energy levels and energy gap values for 

RDU1-3 and RD5-6 derivatives. 

Molecule HOMO (eV) LUMO (eV) Eg
theor (eV) 

RDU1 -5.29 -3.40 1.89 

RDU2 -5.36 -3.53 1.83 

RDU3 -5.45 -3.57 1.88 

RD5 -5.04 -3.20 1.84 

RD6 -5.09 -3.31 1.78 

f) Device Characterization 

i. DCV-based derivatives 

This work was developed during my PhD-stay in the Institute of Organic 

Chemistry II and New Materials at the University of Ulm (Germany) supervised by 

Prof. Peter Bäuerle. 
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Scheme 2.24 

RDU1-3 molecules (Scheme 2.24) were employed as electron-donor 

materials in BHJ OPVs using a standard device architecture based on 

ITO/PEDOT:PSS/Donor:Acceptor/LiF/Al and PC61BM derivative as acceptor 

material. Optimal conditions were reached by studying different factors, such as 

the acceptor material (PC61BM or PC71BM), solvent and concentration of the D:A 

solution, donor:acceptor ratio, time for the SVA process and the use of different 

additives. 

Using PC71BM instead of PC61BM as acceptor material led to a significant 

decrease on the short-circuit current density (Jsc), from 7.76 mA cm-2 (PC61BM) to 

3.36 mA cm-2 (PC71BM), and on the PCE, from 3.96% (PC61BM) to 1.51% (PC71BM), 

when RDU1 was employed as electron-donor material. Best results were achieved 

from spin-coating chloroform solutions (15 mg mL-1) in the case of RDU1 and 

RDU2 co-oligomers, whereas tetrachloroethane solutions were used for derivative 

RDU3 due to its poor solubility (RDU3 only displays two hexyl chains). Thinner 

films obtained from diluted solutions (10 mg mL-1) resulted in lower device 

performance parameters. All blends were prepared with an excess of the 

acceptor material (D:A = 1:2), and all devices were submitted under solvent vapor 

annealing (SVA) process using chloroform as solvent and resulting in a great 

improvement of the final results. 

RDU1 exhibited the highest short circuit current density (Jsc) and power 

conversion efficiency (PCE), 7.76 mA cm-2 and 3.96%, respectively, after 45s of 

solvent vapor annealing. Although RDU2 displayed lower Jsc and PCE respect to 

RDU1, its fill factor (FF) was the highest within this family of oligomers, 63%, also 

after 45s of chloroform SVA. Oligomer RDU2 showed the biggest improvement 
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after the SVA process, increasing the Jsc from 4.30 mA cm-2 to 6.06 mA cm-2, the 

FF from 33% to 63% and the PCE from 1.26% to 3.61%. The use of three different 

additives, such as polydimethylsiloxane (PDMS), 1,8-diiodooctane (DIO) and 1-

chloronaphthalene (CN), and RDU2 as electron-donor material, resulted in an 

important reduction of the final device performance parameters. A PCE of 2.76% 

was obtained in the best case, using PDMS as additive. Due to the poor solubility 

of the derivative RDU3, it exhibited the lowest FF (48%) although the Jsc and PCE 

reached moderate values (after 30s of SVA). Probably the morphology of the 

active layer led to the low FF. 

Optimized devices were characterized by J-V measurements, and the results 

of the main device performance parameters are shown in Figure 2.68 and Table 

2.11.  

 

 

 

 

 

 

 

 

Figure 2.68 J-V curves of RDU1-3-based optimized devices measured under 
standard sun-simulated illumination conditions (AM 1.5G, 100 mW m-2). 
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Table 2.11 Main device performance parameters of RDU1-3-based optimized 

devices, before and after SVA process, measured under standard sun-

simulated illumination conditions (AM 1.5G, 100 mW m-2). 

Device SVA 
time (s) 

Solubility in 
CHCl3 (mg mL-1) 

Jsc 
(mA cm-2) 

Voc 
(V) 

FF 
(%) 

PCE 
(%) 

RDU1 0 66 5.95 0.91 57 3.08 

RDU1 45 66 7.76 0.89 57 3.96 

RDU2 0 44 4.30 0.90 33 1.26 

RDU2 45 44 6.06 0.94 63 3.61 

RDU3 0 0.4 5.41 0.88 38 1.84 

RDU3 30 0.4 7.30 0.84 48 2.98 

External quantum efficiency (EQE) spectra of RDU1-3:PC61BM-based 

optimized devices are shown in Figure 2.69 (left). RDU1 exhibited the overall 

highest value of EQE (49%) from about 600 nm to 750 nm, with a remarkable 

difference in the results achieved before and after SVA process (Figure 2.69 

(right)). 

 

 

 

 

 

 

Figure 2.69 (Left) EQE curves of the optimized devices after SVA, and (right) 

EQE curves of RDU1-based optimized devices before and after SVA process. 

ii. Rho-based Derivatives 

In this case, the work was performed during my PhD-stay in the Institute of 

Chemical Research of Catalonia (ICIQ) in Tarragona supervised by Prof. Emilio 

Palomares. It is important to highlight that these results are preliminary and no 
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optimized. Indeed, only one batch of devices has been measured using RD6 as 

donor material. 

 

Scheme 2.25 

RD5 and RD6 molecules (Scheme 2.25) were also employed as electron-

donor materials in BHJ OPVs using a standard device architecture based-on 

ITO/PEDOT:PSS/Donor:Acceptor/LiF/Al and, in this case, PC71BM as electron-

acceptor material. Experiments performed using PC61BM as electron-acceptor 

material resulted in an important decrease on the short-circuit current density 

(Jsc) and PCE (from 2.68% to 1.64% of PCE in RD5-based devices) respecting to 

those obtained using PC71BM. Best results were achieved from spin-coating of 

chloroform solutions (20 mg mL-1), reaching poorer results with thicker films. In 

order to check the stability to oxygen and humidity of the molecules and devices, 

it was prepared both donor:acceptor solution and devices in a glove box, resulting 

on similar values of the device performance parameters for both in and out of the 

glove box. Similar to the previous family of donor-materials, all blends were 

prepared with a 1:2 donor:acceptor ratio, since better results were achieved 

within a large variety of studied ratios (1:1, 1:2, 2:1, 1:3 and 1:4). Solvent vapor 

annealing (SVA) process improved considerably the PCE owing to an increase in 

the FF up to 20% (in the best cases), and specially, a great improvement in the 

current density (Jsc). Dichloromethane was used in the SVA process and times 

from 1 to 6 min were studied. 

RD5-based devices achieved a relatively high FF (58%), although the Jsc and 

the Voc exhibited low values (5.64 mA cm-2 and 0.82 V, respectively), after 5 min of 

SVA process. FF and PCE increased from 34% and 1.58% before SVA to 58% and 

2.68% after SVA, respectively (Table 2.12). 

RD6-based devices displayed better results respect to RD5-based devices. 

Best devices using RD6 as electron-donor material resulted in a Jsc as high as 8.42 
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mA cm-2 and a PCE of 3.65%, after 4 min of SVA. The main reason of such rise in 

the PCE, compared to that achieved by RD5-based devices, is the significant 

improvement in the short-circuit current (Table 2.12). 

    Devices were characterized by J-V measurements, and results of the main 

device performance parameters are shown in Figure 2.70 and Table 2.12.  
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Figure 2.70 J-V curves of RD5 and RD6-based better devices measured under 
standard sun-simulated illumination conditions (AM 1.5G, 100 mW m-2). 

Table 2.12 Main device performance parameters of RD5 and RD6-based better 

devices, before and after SVA process, measured under standard sun-

simulated illumination conditions (AM 1.5G, 100 mW m-2). 

Device SVA time 
(min) 

Jsc 
(mA cm-2) Voc (V) FF (%) PCE (%) 

RD5 0 2.77 0.32 63 0.55 

RD5 5 5.64 0.82 58 2.68 

RD6 0 4.97 0.85 40 1.71 

RD6 4 8.42 0.84 51 3.65 
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g) Surface Morphology Characterization 

Surface morphology of RDU1-3:PC61BM blend films were investigated by 

atomic force microscopy (AFM, tapping mode). Each sample was prepared by 

spin-coating from donor:acceptor mix solutions onto ITO/PEDOT:PSS glass 

surfaces, accurately reproducing the photoactive layer of the optimized devices. 

Figure 2.71 (a, c, e images) shows the topographic images of blends containing 

RDU1-3:PC61BM before SVA, and Figure 2.71 (b, d, f images) after SVA. 

Topography roughness of the blend films was obtained from the height images.  

RDU1-based blended surfaces (Figure 2.71 a (before SVA) and b (after SVA)) 

displayed worm-like structures both before and after SVA process. The 

morphology after SVA showed an interpenetrated network of fibers which 

suggests a good phase separation and well-connected domains, and thus, an 

efficient charge generation and charge transfer within the active layer. 

RDU2-based (Figure 2.71 c (before SVA) and d (after SVA)) and RDU3-based 

(Figure 2.71 e (before SVA) and f (after SVA)) blend surfaces, after SVA process, 

showed a twice increase in topography roughness and a regular grain-structured 

morphology, thus proving more distinct bi-continuous network of donor and 

acceptor domains. The increase in surface roughness and phase separation is 

favorable for exciton dissociation, and the interpenetrating pathways are positive 

for the charge transport. 

 

 

 

 

 

 

 

 

Figure 2.71 AFM topography images of RDU1-3:PC61BM (a, c, e: before SVA; b, 
d, f: after SVA) thin films on PEDOT:PSS-coated ITO glass substrates. 
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2.3.2.3 TT-based Molecule 

In this case, thieno[3,2-b]thiophene (TT) fused-ring was used as electron-

rich central core in a new family of electron-donor materials for its application in 

solution-processed bulk heterojunction solar cells. Nevertheless, the solubility of 

the derivative based on 3,4-dihexylthiophene as π-bridge (the most substituted 

one) and DCV as electron-acceptor groups was very poor. This fact led us to 

assume that the solubility of the derivatives less substituted would be even lower. 

Thereby, it was decided to prepare, characterize and study only the most soluble 

derivative, i.e., the molecule with the thiophene-bridge disubstituted in β 

positions by hexyl chains and based on DCV as acceptor groups (Scheme 2.26). 

 

Scheme 2.26 

a) Synthesis 

Synthesis of RDU4 began with the Horner-Wadsworth-Emmons reaction 

between dialdehyde B3 (1 eq) and phosphonate B4 (2 eqs) using potassium tert-

butoxide as base and THF as solvent at room temperature (29% of yield) (Scheme 

2.27). 1H-NMR spectrum evidenced the structure of the new product and 

confirmed the trans character of the new vinylic groups (3J = 15.6 Hz) (Figure 

2.72). 
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Figure 2.72 1H-NMR spectrum of compound CBB11. 

Double Vilsmeier formylation of the central building block CBB11 afforded 

the corresponding dialdehyde CBB12 after purification by chromatography 

column (69% of yield). Finally, Knoevenagel reaction with malononitrile and Et3N 

as base gave the final product RDU4 after purification by chromatography column 

and recrystallization from methanol (75% of yield) (Scheme 2.27). 

 

Scheme 2.27 

All new compounds were characterized by 1H-NMR, 13C-NMR, FT-IR and 

MALDI-TOF MS analysis to confirm the expected structures (see experimental 

section). 

The structure of RDU4 was evidenced by 1H-NMR, showing the singlet 

corresponding to the new vinylic proton at 7.84 ppm, the trans character of the 
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vinylic groups (3J = 15.6 Hz) and the singlet associated to the TT protons (7.36 

ppm) (Figure 2.73). 

 

Figure 2.73 1H-NMR (TCE-d2) spectrum of co-oligomer RDU4. 

13C-NMR spectra also confirmed the final structure, showing the signal 

corresponding to the vinylic carbon directly linked to the acceptor group (at 155.8 

ppm), the signal associated to the carbon linked to the cyano groups (at 74.5 

ppm), the eleven carbons corresponding to the central building block and to the 

cyano groups (from 148.0 ppm to 114.1 ppm), and finally, the twelve aliphatic 

carbons at lower ppm (from 31.9 ppm to 13.8 ppm) (Figure 2.74). 
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Figure 2.74 13C-NMR spectrum of co-oligomer RDU4. 

In the FT-IR spectrum, the characteristic bands corresponding to the C-H 

bonds about 2960 – 2850 cm-1, the intense band due to the C≡N group at 2220 

cm-1, and the characteristic band associated to the C-C aromatic bonds at 1564 

cm-1 were assigned (Figure 2.75).  
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Figure 2.75 FT-IR spectrum of derivative RDU4. 

MALDI-TOF MS analysis definitely confirmed the presence of the expected 

molecule, since the molecular peak found at 844.60 (M+) is in agreement with 

that calculated for C50H60N4S4 (844.37 m/z) (Figure 2.76).  
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Figure 2.76 MALDI-TOF analysis spectrum of derivative RDU4. 

b) Thermal Characterization 

Thermogravimetric analysis (TGA) was carried out in order to study the 

thermal stability of the molecule RDU4 in a wide range of temperatures. Thus, the 

sample was heated from 40ºC to 580 ºC under N2 atmosphere, displaying good 

thermal stability up to 400ºC (Td) (Figure 2.77). 
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Figure 2.77 TGA analysis curve of RDU4. 

Differential scanning calorimetry (DSC) analysis was performed to analyze 

the thermal properties and crystallinity of the new sensitizer. It exhibited two 
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endothermic peaks at 148ºC and 212 ºC when the sample was heated from -50ºC 

to 300 ºC under N2 atmosphere. The two peaks were assigned to the melting 

points of two different crystalline structures of the derivative. When the sample 

was cooled from 300 ºC to -10 ºC (under N2 atmosphere), an exothermic peak at 

131 ºC was observed due to a crystallization process (Figure 2.78). 
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Figure 2.78 DSC curve of RDU4 at the scan rate of 10 ºC min-1. 

c) Optical Characterization 

UV-Vis absorption spectra were recorded in dichloromethane solution and 

on thin film (Table 2.13). In solution, RDU4 absorbs in a wide range of 

wavelengths, from 430 nm to 650 nm, showing the maximum absorption 

wavelength at 566 nm. An important bathochromic shift was found when the 

dialdehyde precursor was converted into the final molecule due to an extension 

of the conjugation (from 474 nm to 566 nm). 

The main absorption band displayed by co-oligomer RDU4 in the spectra 

recorded in solution is assigned to a charge transfer transition between the 

electron-rich inner part of the molecule (TT) and the electron-deficient peripheral 

part (DCV acceptor groups). 

A notable bathochromic shift (Δλmax = 97 nm) was also observed by 

comparing the UV-Vis absorption spectra recorded in solution (λmax = 566 nm) and 

on film (λmax = 663 nm) owing to higher order in solid state. Moreover, the UV-Vis 

absorption spectrum in solution exhibited only an absorption band while on film 
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displayed two bands. This fact is due to the aggregation that occurs on film 

(Figure 2.79). 
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Figure 2.79 Normalized UV-Vis absorption spectra of RDU4 in solution (dashed 

line) and on film (solid line). 

Emission (fluorescence) spectrum was also recorded from dichloromethane 

solution exciting at the maximum wavelength (566 nm) (Figure 2.80 and Table 

2.13). 
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Figure 2.80 Normalized UV-Vis absorption and emission spectra of RDU4. 
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Table 2.13 Optical parameters of RDU4. 

Molecule λabs (nm) 
sol logε λabs(nm) 

film 
λem (nm) 

sol 

RDU4 566 5.02 663 664 

d) Electrochemical Characterization 

Cyclic Voltammetry (CV) and Osteryoung square wave voltammetry (OSWV) 

measurements, in ODCB:ACN, 4:1 solutions under Ar atmosphere, 

tetrabutylammonium perchlorate as background electrolyte and a scan rate of 

100 mV s-1, were carried out in order to determine the HOMO and LUMO energy 

levels of the molecule (Table 2.14). RDU4 revealed four oxidation waves 

associated to the central building block and a reduction wave around -1.3 V 

assigned to the electron-deficient DCV end groups (Figure 2.81). 

 

Figure 2.81 CV plots of RDU4: oxidation (left) and reduction (right) 

measurements. 

HOMO and LUMO energy levels were calculated from the first oxidation and 

reduction potentials according to Equations (2.2) and (2.3), respectively (Table 

2.14). 

RDU4 exhibits low electrochemical energy gap (1.89 eV) (calculated 

according to Equation (2.4)) and appropriate HOMO and LUMO energy levels, 

indicating that is well-suited as donor material in BHJ OPVs using PC61BM or 
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PC71BM as acceptor materials. In addition, a high open circuit voltage (VOC) is 

predicted since the HOMO level shows a low value. 

Table 2.14 Electrochemical parameters of RDU4. 

Molecule Eox1(OSWV) 
(V) 

Ered1(OSWV) 
(V) 

HOMO 
(eV) 

LUMO 
(eV) 

Eg
elec(OSWV) 
(eV) 

RDU4 0.58 -1.31 -5.68 -3.79 1.89 

e) Theoretical Calculations 

Optimized ground-state geometry was determined by density functional 

theory (DFT) at the B3LYP 6-31G* level in vacuo with Gaussian 09W and revealed 

a planar conformation, as expected (Figure 2.82). 

 

Figure 2.82 Optimized ground-state geometry of RDU4. 

DFT calculations also showed a delocalized electronic distribution of the 

HOMO and LUMO energy levels along the molecule (Figure 2.83) and, as 

experimental data predicted, this derivative, a priori, will display high VOC value. 

According to the HOMO-LUMO energy values and energy gap, RDU4 is suitable as 

donor material for BHJ solar cells using PC61BM or PC71BM species as acceptor 

materials. 

 

Figure 2.83 Electronic distribution of the HOMO-LUMO energy levels in RDU4. 

HOMO: -5.55 eV 

LUMO: -3.48 eV 

ΔEHOMO-LUMO = 2.07 eV 
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f) Device Characterization 

This molecule was studied within the dicyanovinylene-CPDT-based 

molecules set during my PhD-stay in the Institute of Organic Chemistry II and New 

Materials at the University of Ulm supervised by Prof. Peter Bäuerle. 

RDU4 was employed as electron-donor material in BHJ OPVs using a 

standard device architecture based on ITO/PEDOT:PSS/Donor:Acceptor/LiF/Al and 

PC61BM as acceptor material (due to the same considerations considered in DCV-

CPDT-based molecules). Optimized results were achieved from spin-coating 

chloroform solution (15 mg mL-1), since thinner films resulted in lower device 

performance parameters, and 1:2 D:A ratio. 

The TT-based derivative RDU4 showed a very low current density (Jsc = 3.01 

mA cm-2), probably due to high recombination, and moderate FF (54%). The open 

circuit voltage (VOC) was high (1.06 V), as it was predicted, owing to its low HOMO 

level, and the PCE was only 1.72%. The poor solubility, the ease of aggregation of 

this molecule or also the film forming properties of this molecule together with 

PC61BM could explain the low performance parameters.   

Contrary to the previous families of sensitizers, the solvent vapor annealing 

(SVA) process resulted in a significant decrease of the device performance 

parameters, as Table 2.15 shows. It seems that when the alkyl chains point 

towards the central building block of the co-oligomers, the SVA provokes the 

biggest effect.78 

Optimized devices were characterized by J-V measurements, and results of 

the main device performance parameters are shown in Figure 2.84 and Table 

2.15. 

 

 

 

 

                                                            
78 Weidelener, M.; Wessendorf, C. D.; Hanisch, J.; Ahlswede, E.; Götz, G.; Lindén, M.; 
Schulz, G.; Mena-Osteritz, E.; Mishra, A.; Bäuerle, P. Chem. Commun. 2013, 49, 10865. 
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Figure 2.84 J-V curves of RDU4-based optimized devices, before and after SVA 
process, measured under standard sun-simulated illumination conditions (AM 

1.5G, 100 mW m-2) and under darkness. 

Table 2.15 Main performance parameters of RDU4-based optimized devices, 

before and after SVA process, measured under standard sun-simulated 

illumination conditions (AM 1.5G, 100 mW m-2). 

Device 
SVA  

time (s) 
Solubility in 

CHCl3 (mg mL-1) 
Jsc 

(mA cm-2) 
Voc 
(V) 

FF 
(%) 

PCE 
(%) 

RDU4 0 1 3.01 1.06 54 1.72 

RDU4 30 1 2.51 1.08 36 0.98 

The external quantum efficiency (EQE) spectrum of the optimized device 

based on RDU4 is shown in Figure 2.85. It exhibited the overall highest value of 

EQE (23%) from about 500 nm to 700 nm. 
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Figure 2.85 EQE curve of the optimized device based on RDU4. 

g) Surface Morphology Characterization 

The surface morphology of RDU4:PC61BM blend films was explored by 

atomic force microscopy (AFM, tapping mode) (Figure 2.86). The samples were 

prepared by spin-coating from donor:acceptor solutions onto ITO/PEDOT:PSS 

glass substrates accurately reproducing the photoactive layer of the optimized 

device. The topography roughness of the blend films was obtained from the 

height images. 

RDU4 displayed a decrease in surface roughness after SVA process, probably 

due to poor film properties between the electron-donor (RDU4) and PC61BM. The 

relatively homogeneous morphology and the poor phase separation are 

unfavorable for the charge transfer from the donor to the acceptor material, and 

therefore, limit the PCE of the resulting device. 

 

Figure 2.86 AFM topography images of RDU4:PC61BM (a, before SVA; b, after 
SVA) thin films on PEDOT:PSS-coated ITO glass substrates. 
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2.3.2.4 Pyrrole-Pyrrole-based Molecules 

1,4-dihydropyrrole[3,2-b]pyrroles are unknown as electron-rich central 

cores but it is worth to emphasize that these derivatives are predicted to be the 

most efficient electron-donor moieties within the 10π-electron systems. For this 

reason, a new family of electron-donor materials based on 1,4-

dihydropyrrole[3,2-b]pyrrole as electron-rich central core has been synthesized 

for its use in solution processed bulk heterojunction solar cells, varying the length 

of the alkyl chains, and therefore, the solubility, and the acceptor groups 

(dicyanovinlyene or  cyanoacetatevinylene) (Scheme 2.28). The low solubility 

displayed by RDpir2 led us to prepare more soluble derivatives such as RDpir3 and 

RDpir4. 

 

Scheme 2.28 

a) Synthesis 

Firstly, by a Debus-Radziszewski reaction between butane-2,3-dione, 4-

cyano-benzaldehyde and 4-methylaniline or 4-n-octylaniline in acetic acid glacial, 

derivatives PP1 and PP2 were synthesized, respectively, in 25% and 18% of yield 

(Scheme 2.29). Both derivatives were characterized by the common spectroscopic 

techniques, agreeing with the bibliographic data.79 1H-NMR spectra showed the 

characteristic singlet corresponding to the pyrrolic protons at 6.49 ppm, 

confirming the expected structures (Figure 2.87 as example). 

                                                            
79 Janiga, A.; Glodkowska-Mrowka, E.; Stoklosa, T.; Gryko, D. T. Asian J. Org. Chem. 2013, 
2, 411. 
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Scheme 2.29 

 

Figure 2.87 1H-NMR spectrum of compound PP2. 

Cyano groups were then reduced to the corresponding aldehydes by 

treatment with diisobutylaluminium hydride (DIBAL-H) at 0ºC and anhydrous 

toluene as solvent to give derivatives PP3 and PP4, respectively, in very good 

yields (95% and 98%, respectively) (Scheme 2.29). Similar to the previous step, 

the structures were evidenced by 1H-NMR and, particularly in this case, through 

the singlet at 9.94 ppm corresponding to the new aldehydes (Figure 2.88 as 

example). 

 

Figure 2.88 1H-NMR spectrum of derivative PP3. 

1.01.52.02.53.03.54.04.55.05.56.06.57.07.5 ppm

2.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.0 ppm

R = CH3 or C8H17 

PP1: R = CH3 

PP2: R = C8H17 

PP3: R = CH3 

PP4: R = C8H17 



Results and Discussions 

213 

Finally, RDpir2 and RDpir4 were obtained by Knoevenagel reaction using 

malononitrile and triethylamine as base (24% and 81% of yields, respectively). 

RDpir3 was also prepared by Knoevenagel reaction under basic conditions (Et3N) 

and using ethyl 2-cyanoacetate (80% of yield) (Scheme 2.30). 

Scheme 2.30 

All new compounds were fully characterized by 1H-NMR, 13C-NMR, FT-IR 

spectroscopy and MALDI-TOF analysis. The data were consistent with the 

expected structures (see experimental section). 

1H-NMR spectra showed the most characteristic signals of the new 

derivatives, such as the singlet corresponding to the pyrrolic protons around 6.50 

ppm and the singlet associated to the new vinylic proton (δ ≈ 7.6 – 8.1 ppm). 

Moreover, the doublets corresponding to the phenyl protons about 7.8 – 7.2 ppm 

and the signals associated to the aliphatic groups at lower ppm were identified 

(Figure 2.89 and 2.90 as examples).   

PP3: R = CH3 

PP4: R = C8H17 (only in 
reaction with malononitrile) 

RDpir2: R = CH3 

RDpir4: R = C8H17 

RDpir3 
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Figure 2.89 1H-NMR spectrum of derivative RDpir3. 

Figure 2.90 1H-NMR spectrum of derivative RDpir4. 

In the 13C-NMR spectra, the most characteristic signals, such as the new 

vinylic carbon directly linked to the acceptor group at 159 ppm, the carbon linked 

to the cyano groups at 80 ppm and the β-carbons of the pyrrole rings at 97 ppm 

in RDpir4 derivative, were assigned (Figure 2.91 as example). 

6.87.07.27.47.67.88.08.2 ppm

1.52.02.53.03.54.04.55.05.56.06.57.07.58.0 ppm
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Figure 2.91 13C-NMR spectrum of compound RDpir4. 

FT-IR spectroscopy also confirmed the final structures, showing the bands 

corresponding to the C-H bonds about 2950 – 2850 cm-1, the typical cyano band 

at 2224 cm-1, and the band at 1574 cm-1 attributed to the C-C aromatic bonds 

(Figure 2.92 as example). 
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Figure 2.92 FT-IR spectrum of derivative RDpir4. 
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MALDI-TOF analysis definitely confirmed the new structures, agreeing the 

molecular peak found at 684.40 (M+) with that calculated for C44H36N4O4 (684.27 

m/z) in the case, for instance, of molecule RDpir3 (Figure 2.93).  

 

Figure 2.93 MALDI-TOF analysis spectrum of RDpir3 derivative. 

b) Thermal Characterization 

Via thermogravimetric analysis (TGA), the thermal stability of the new family 

of sensitizers was evaluated in a wide range of temperatures (from 40ºC to 580 

ºC) under N2 atmosphere. Molecules showed good thermal stability with 

decomposition temperatures (Td) around 450 ºC (Figure 2.94 as example). 
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Figure 2.94 TGA analysis curve of RDpir4 at scan rate of 10 ºC min-1. 

Differential scanning calorimetry (DSC) analyses were employed to study 

the crystallinity of the new molecules (RDpir2-4). RDpir4 derivative exhibited an 
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endothermic peak at 208 ºC, which corresponds to the melting point of the 

molecule, when the sample was heated from -50ºC to 300ºC under N2 

atmosphere. Nevertheless, it did not show any exothermic process when the 

sample was cooled from 300ºC to -10ºC (Figure 2.95). 
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Figure 2.95 DSC analysis curve of RDpir4 at scan rate of 10 ºC min-1. 

According to these results, the new molecules RDpi2-4 are stable at the 

common work temperature range of BHJ organic solar cells. 

c) Optical characterization 

UV-Vis absorption spectra were recorded in dichloromethane solutions, 

displaying absorption maxima in a wide range (~ 400 – 630 nm) of the solar 

spectrum (≈ 400 – 700 nm) (Figure 2.96). Transformation of aldehyde moieties 

into dycianovinylene or ethyl cyanoacetatevinylene groups resulted to a 

bathochromic shift in the maximum absorption wavelength (from 436 nm to 548 

nm in RDU4 derivative) owing to the extension of the conjugation. 

RDpir3 (cyanoacetatevinylene-based derivative) exhibited lower value of the 

maximum absorption wavelength than RDPir2 and RDpir4 (dicyanovinylene-based 

derivatives), since cyanoacetatevinylene is less electrophilic electron-acceptor 

group than DCV (Figure 2.96 and Table 2.16). 
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Figure 2.96 Normalized UV-Vis absorption spectra of RDpir2-4. 

The broad absorption band displayed by these molecules around 500 nm is 

assigned to an intra-molecular charge transfer (ICT) transition due to the interplay 

of the donor-acceptor architecture, specifically between the electron-rich inner 

part of the molecule (tetraaryl-1,4-dihydropyrrolo-[3,2-b]pyrrole) and the 

electron-deficient peripheral part (dicyanovinylene or ethyl cyanoacetatevinylene 

acceptor groups). 

Emission (fluorescence) spectra were also recorded in dichloromethane 

solution exciting at the maximum absorption wavelength (Figure 2.97). 
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Figure 2.97 Normalized UV-Vis absorption (dashed lines) and emission (solid 

lines) spectra of RDpir2-4. 
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Table 2.16 Optical parameters of RDpir2-4. 

Molecule λabs (nm) 
sol logε λem (nm) 

sol 

RDpir2 545 4.83 655 

RDpir3 513 4.82 639 

RDpir4 548 4.90 654 

d) Electrochemical Characterization 

Cyclic voltammetry (CV) and Osteryoung square wave voltammetry (OSWV) 

measurements were carried out in order to determine the HOMO and LUMO 

energy levels of the new sensitizers. All derivatives revealed three oxidations 

potentials, being the two first waves reversible (determined by CV 

measurements) (Figure 2.98 as example), ascribed to the central building block; 

and a reduction process around -1.5 V (for RDpir2 and RDpir4 derivatives) and -1.7 

V (for RDpir3 molecule) attributed to the electron-acceptor groups. 

 

Figure 2.98 (Left) CV plot and (right) OSWV plot of RDpir4 (referred to Fc/Fc+). 

RDpir3 (cyanoacetatevinylene-based derivative) exhibits a slightly lower first 

oxidation potential than RDpir2 and RDpir4 (DCV-based derivatives) since ethyl 

cyanoacetatevinylene electron-acceptor group is less electrophile than 

dicyanovonylene electron-acceptor group (Table 2.17).  

HOMO and LUMO energy levels were calculated from the first oxidation and 

reduction potentials according to Equations (2.2) and (2.3), respectively. RDpir2-4 
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displayed relatively low electrochemical band-gap (calculated according to 

Equation (2.4)) and suitable HOMO-LUMO energy values, enabling their use as 

electron-donor materials in BHJ OPVs using PC61BM or PC71BM as acceptor 

materials (Table 2.17). 

Table 2.17 Electrochemical parameters of RDpir2-4 derivatives. 

Molecule Eox1(OSWV) 
(V) 

Ered1(OSWV) 
(V) 

HOMO 
(eV) 

LUMO 
(eV) 

Eg
elec(OSWV) 
(eV) 

RDpir2 0.42 -1.52 -5.52 -3.58 1.94 

RDpir3 0.36 -1.68 -5.46 -3.42 2.01 

RDpir4 0.43 -1.51 -5.53 -3.59 1.94 

e) Theoretical Calculations 

Similar to the previous derivatives, ground-state geometries of this new 

family of donor materials were fully optimized by density functional theory (DFT) 

at the B3LYP 6-31G* level in vacuo with Gaussian 03W. As expected, these 

molecules displayed two different molecular planes: that formed between the 

pyrrole-pyrrole unit and the phenyl groups linked to position 2, and that between 

the pyrrole-pyrrole unit and the phenyl groups linked to position 1. This fact was 

clearly observed in the optimized ground-state geometries showed in Figure 2.99. 

Therefore, the lack of planarity hinders the π-π stacking between molecules.  

 

Figure 2.99 Optimized ground-state geometries of RDpir2-4. 

RDpir2 
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Electronic distribution of the HOMO and LUMO energy levels was also 

calculated by quantum chemical calculations, revealing that the electron density 

of the HOMOs in these molecules is mainly distributed on the pyrrole-pyrrole 

unit, whereas the electron density of the LUMOs is mainly delocalized on the 

phenyl groups linked by position 2 to the pyrrole-pyrrole unit and on the acceptor 

groups (Figure 2.100). Phenyl groups linked by position 1 to the pyrrole-pyrrole 

unit practically do not contribute to the electronic distribution of the HOMO and 

LUMO energy levels. 

 

 

 

 

 

 

 

 

Figure 2.100 Electronic distribution of the HOMO and LUMO energy levels in 

RDpir2-4 derivatives. 

A priori and as the experimental data predicted, HOMO and LUMO energy 

values and energy gaps are suitable for using this new family of electron-donor 

materials in solution processed BHJ solar cells employing PC71BM or PC61BM 

derivatives as acceptor materials (Table 2.18). 
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Table 2.18 Theoretical HOMO-LUMO energy levels and energy gap of RDpir2-4 

molecules. 

Molecule HOMO (eV) LUMO (eV) Eg
theor (eV) 

RDpir2 -5.47 -3.02 2.45 

RDpir3 -5.22 -2.67 2.55 

RDpir4 -5.05 -3.04 2.01 

f) Device Characterization 

This work was also performed during my PhD-stay in the Institute of 

Chemical Research of Catalonia (ICIQ) in Tarragona supervised by Prof. Emilio 

Palomares. 

BHJ organic solar cells were fabricated using 

glass/ITO/PEDOT:PSS/donor:acceptor/LiF/Al architecture. PC71BM was used as 

acceptor material since PC61BM afforded lower results. Initially, donor:acceptor 

ratio was varied (1:1, 1:2, 2:1, 1:3) in order to identify the best one for each 

system. Fabrication conditions were further explored by varying spin-coating 

rates and solvents (chloroform and chlorobenzene).  

Devices based on RDpir2 as electron-donor material were prepared by spin-

coating chloroform solutions (20 mg mL-1) and a donor:acceptor ratio of 1:1. The 

highest results were obtained from thin films and before solvent vapor annealing 

(SVA) process (results based on a single batch using dichloromethane as solvent 

during 2 min). RDpir2-based devices exhibited very low results (Table 2.19). 

Similar to RDpir2, devices based on RDpir3 as donor material were prepared 

by spin-coating chloroform solutions (20 mg mL-1) but using 2:1 D:A ratio. Thin 

films and no solvent vapor annealing (results based on a single batch using 

dichloromethane as solvent during 3 min) favored the device performance 

parameters. RDpir3-based devices displayed even lower results than RDpir2 

(Table 2.19). 

In the case of RDpir4, although almost all the initial devices were prepared 

from chloroform solutions, the highest results were achieved from chlorobenzene 
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solutions (20 mg mL-1). 1:1 donor:acceptor ratio was used, and 3 min under 

dichloromethane SVA process increased considerably the FF and the PCE of the 

device (Table 2.19). J-V curve of the best device is shown in Figure 2.101. RDpir4 

exhibited the best device performance parameters within this new family of 

sensitizers, displaying a reasonable high VOC (0.92 V).  
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Figure 2.101 J-V curves of the best device based on RDpir4, before and after 

SVA process, measured under standard sun-simulated illumination conditions 

(AM 1.5G, 100 mW cm-2) and under darkness. 

Although the results were not optimized, it seems that this central core 

(tetraaryl-1,4-dihydropyrrolo-[3,2-b]pyrrole) is not well-suited as donor material 

in BHJ solution-processed solar cells since the generated photocurrent density is 

very low. This fact is probably due to high recombination caused by poor film 

forming properties. 
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Table 2.19 Main performance parameters of RDpir2-4-based devices, before 

and after SVA process, measured under standard sun-simulated illumination 

conditions (AM 1.5G, 100 mW cm-2). 

Device SVA time 
(min) 

Jsc 
(mA cm-2) Voc (V) FF (%) PCE (%) 

RDpir2 0 0.51 0.58 24 0.072 

RDpir2 2 0.43 0.12 28 0.01 

RDpir3 0 0.36 0.55 18 0.035 

RDpir3 3 0.032 0.39 17 0.0022 

RDpir4 0 1.4 0.99 31 0.44 

RDpir4 3 2.2 0.92 46 0.92 

Following the J-V characterization of the devices, hole mobility was 

calculated using the Space Charge Limited Current (SCLC) method. It was only 

measured for devices based on RDpir4 since just this molecule reached 

substantial results. Hole only devices were forced to work at higher potentials, in 

this case at 7 V, as showed Figure 2.102. SCLC region was barely achieved because 

the compliance of the keithley is obtained before in order not fry the devices, i.e., 

the mobility values will be very low and the final value will not be accurate. 

 

Figure 2.102 J-V curves for the hole only device of RDpir4 at 1 sun (red) and 

dark (blue); solid lines represent the fitting to the SCLC equation. 
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Mobility J-V curves were then fitted to the following equation: 

                                 =
.

√
                               Eq 2.5 

Where μ (cm2 V-1 s-1) is the mobility coefficient, d (cm) is the film thickness, 

Veff (V) is the applied voltage, β (cm1/2 V1/2) is the Poole-Frenkle factor and ε 

(ε0εr≈3) is the media permittivity. 

The mobility average for this molecule is as low as 10-9 V cm-2 s-1, that is 

clearly the major loss mechanism for these devices and the main cause for the 

extremely low efficiencies. However, total absorption spectroscopy (TAS) 

measurements over different films of RDpir4 were carried out to further 

confirmation of an inefficient interfacial electron transfer (Figure 2.103). 

 

Figure 2.103 L-TAS decays for RDpir4 devices. 

These results confirmed that this molecule is not desirable for device 

fabrication since none electron transfer reactions were observed in TAS 

measurements. 

g) Surface Morphology Characterization 

Surface morphology of RDpir4:PC71BM blend film was investigated by 

atomic force microscopy (AFM, tapping mode). Sample was prepared reproducing 

the photoactive layer of the best device, in this case from 20 mg mL-1 

chlorobenzene solution of the RDpir4:PC71BM blend by spin-coating onto 

ITO/PEDOT:PSS glass substrate.  
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Topography roughness of the blend films was obtained from the height 

images. Morphology before SVA process displayed a smooth roughness around 2 

nm of height (Figure 2.104 a). After solvent vapor annealing process, a significant 

change was observed (Figure 2.104 b-d): the roughness increased up to 20 nm 

and flake form morphology was achieved, suggesting a good phase separation 

and more distinct network of donor/acceptor domains. 

 

Figure 2.104 AFM topography images of RDpir4:PC71BM thin films on 

PEDOT:PSS-coated ITO glass substrates, (a) before SVA and (b-d) after SVA. 
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2.4 CONCLUSIONS 
The results exhibited in this chapter are summarized in the following 

conclusions.  

 New sensitizers for DSSCs based on triphenylamine (TPA) and different 

thiophene-based bridges have been synthesized and characterized, 

varying the way in which both moieties are linked (ethynyl or 

thienylenevinylene groups). Optical studies revealed the charge-transfer 

character of the most intense absorption bands since positive 

solvatochromism was observed upon increasing the solvent polarity. All 

dyes were used for fabricating DSSCs devices and these latter were 

measured under standard sun-simulated illumination conditions. Dye 

FL16 (based on ethynyl and thienothiophene groups), which exhibited 

the highest PCE (6.7%), showed high polarizability and, thereby, better 

ability for transferring charge from the TPA moiety to the acceptor unit. 

 A new series of small molecules for BHJ solution-processed solar cells 

based on EDOT, CPDT and TT electron-rich central cores has been 

prepared and characterized. In order to gain an insight about the 

structure-properties relationship, different structural modifications 

were carried out, such as to vary the number of hexyl chains linked to 

the thienylenevinylene bridge and employ two different electron-

acceptor groups (DCV and Rho). The optical and electrochemical studies 

as well as the BHJ solar cells prepared for all the structures that result 

from combining all these structural modifications (concretely 9 different 

molecules), revealed that CPDT unit displays better properties as central 

building block and provides higher photocurrent density than EDOT or 

TT units. On the other hand, the presence of two hexyl chains directed 

“inward” and linked to the thienylenevinylene bridge also involves 

higher device performance parameters, as in the case of smL06. 

Nevertheless, the performed experiments do not allow discerning 

between the two studied acceptor groups, since inconsistent results 

were obtained. 
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 A new family of electron-donor materials based on 1,4-

dihydropyrrole[3,2-b]pyrrole has been synthesized and characterized 

for its use in BHJ solution-processed solar cells. Although a priori the 

optical and electrochemical studies demonstrated the ability of this 

central core to be used as electron-rich central core in small molecules 

for BHJ solution-processed solar cells, the prepared devices showed low 

performance parameters, specifically very low photocurrent density 

(2.2 mA cm-2 in the best case). The highest PCE resulted to be over 

0.92% (for RDpir4) and, although the results are not optimized and the 

open-circuit voltage (VOC) obtained for RDpir4 is reasonably high (0.92 

V), this central core seems to be not well-suited in small molecules for 

BHJ solution-processed solar cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

2.5 Experimental Section 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 Experimental Section 

233 

2.5 EXPERIMENTAL SECTION 

2.5.1 Reagents and Materials 

Reagents and materials used for synthesizing the molecules described in 

this memory were provided by Across and Sigma-Aldrich. All of them were 

employed without previous treatment, unless otherwise is specified. 

Reactions were monitored by thin-layer chromatography (TLC) using TLC-

sheets of 0.20 mm thickness pre-coated with silica gel 60. 

 Silica gel used as stationary phase for separation and purification by 

chromatography column was silica gel 60, 0.06 - 0.2 mm (70 – 230 mesh ASTM) or 

0.04 - 0.06 mm (230 – 400 mesh ASTM) Scharlau. 

2.5.2 Structural Characterization Techniques 

2.5.2.1 Nuclear Magnetic Resonance Spectroscopy 

1H-NMR and 13C-NMR spectra were registered in a Bruker TopSpin AV-400 

(400 MHz). The partially deuterated solvent employed for each molecule is 

indicated in brackets together with the experiment frequency. Chemical shifts are 

reported in parts per million (ppm) relative to the solvent residual peak: CDCl3, 

7.27 ppm, CD2Cl2, 5.30 ppm and DMSO-d6, 2.50 ppm for 1H-NMR experiments, 

and CDCl3, 77.0 ppm, CD2Cl2, 54.0 ppm and DMSO-d6, 39.5 ppm for 13C-NMR 

experiments. 

2.5.2.2 UV-Vis Spectroscopy 

UV-Vis absorption measurements were carried out in a Shimadzu UV 3600 

spectrophotometer using 1 cm standard quartz cuvettes. 

2.5.2.3 Fluorescence Spectroscopy 

Fluorescence spectra were recorded in a Cary Eclipse fluorescence 

spectrophotometer using 1 cm standard quartz cuvettes. 

2.5.2.4 Fourier Transform Infrared Spectroscopy 

FT-IR spectra were recorded in a Fourier Transform IR spectrometer Avatar 

370 Thermo Nicolet, using pellets of dispersed samples of the corresponding 

compounds in dried KBr or ATR accessory. 
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2.5.2.5 Mass Spectrometry 

Mass spectra were achieved from a VOYAGER DETM STR mass spectrometer 

(MALDI-TOF) using dithranol as matrix. 

2.5.2.6 Electrochemical Studies 

Cyclic voltammetry (CV) and Osteryoung square wave voltammetry (OSWV) 

experiments were carried out in a potentiostat/galvanostat AUTOLAB using a one-

compartment cell equipped with a glassy working electrode (Ø = 2 mm) and a 

platinum wire counter electrode. An Ag/AgNO3 (0.01 M in the supporting 

electrolyte) electrode was used as reference and checked against the 

ferrocene/ferrocenium couple (Fc/Fc+) before each experiment. Measurements 

were performed in o-dichlorobenzene/acetonitrile 4:1 solutions and 

tetrabutylammonium perchlorate (purchased from Sigma-Aldrich and used 

without purification) (0.1 M) as background electrolyte. Solutions were 

deoxygenated by argon bubbling prior to each experiment which runs under 

argon atmosphere. 

2.5.2.7 Thermogravimetric (TGA) Analysis 

TGA analyses were performed using a TGA/DSC Linea Excellent instrument 

by Mettler-Toledo and collected under inert atmosphere of nitrogen with a rate 

of 10ºC min-1. Weight changes were recorded as a function of temperature. 

2.5.2.8 Differential Scanning Calorimetry (DSC) Analysis 

DSC analyses were performed using a DSC Linea Excellent instrument by 

Mettler-Toledo and collected under inert atmosphere of nitrogen at a heating 

rate of 20 K min-1 and a cooling rate of 10 K min-1. 

2.5.2.9 Atomic Force Microscopy (AFM) 

AFM images were acquired in tapping mode using a Multimode V8.10 

(Veeco Instruments Inc., Santa Barbara, USA) with a NanoScope V controller 

(Digital Instruments, Santa Barbara, USA). Silicon cantilevers were used (RTESP 

from Bruker Probes) with a resonance frequency of 300 kHz and a nominal force 

constant of 40 N m-1. 
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2.5.3 Synthesis and Characterization 

General procedure for the Vilsmeier formylation. 

In a round-bottomed flask and under argon atmosphere, POCl3 is added to a 

solution of the corresponding derivative and DMF in dry 1,2-dichloroethane (1,2-

DCE). The mixture is stirred at room temperature or reflux (depending on the 

compound) overnight. A saturated aqueous solution of sodium acetate is then 

added and the mixture is stirred vigorously for 1 h. The solution is extracted with 

dichloromethane and the organic phases are dried over MgSO4. After evaporation 

of the solvent, the product is purified by chromatography column. 

General procedure for aldehyde to alcohol groups reduction. 

The corresponding aldehyde (1 eq) is dissolved in a mix of solvents 

composed by CH2Cl2:MeOH 1:1 and, under Ar atmosphere, sodium borohydride 

(2 eq) is added. The reaction mixture is stirred at room temperature and 

monitored by TLC. After extraction from dichloromethane, the organic phases are 

dried over anhydrous MgSO4 and the solvent is removed under reduced pressure. 

The corresponding alcohol derivative is obtained without further purification. 

General procedure for Michaelis-Arbuzov reaction. 

To a solution of the corresponding alcohol (1 eq) in distilled 

triethylphosphite under Ar atmosphere, zinc bromide (1.2 eq) is added and the 

reaction mixture is stirred overnight at room temperature. After treatment with 

HCl and ice water, the mixture is extracted from chloroform and the organic 

phases dried over anhydrous MgSO4. The pure product is purified by 

chromatography column using silica gel and hexane:ethyl acetate 3:2 mix as 

eluent. 

General procedure for Horner-Wadsworth-Emmons reaction. 

Potassium tert-butoxide is slowly added to a solution of the corresponding 

phosphonate and aldehyde in dry THF under argon atmosphere. The reaction 

mixture is stirred at room temperature and monitored by TLC (disappearance of 

aldehyde). After hydrolyzing with water and extracting with diethyl ether, the 

organic phases are dried over anhydrous MgSO4, filtrated and the solvent is 
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removed under reduced pressure. The product is purified by chromatography 

column. 

General procedure for Sonogashira coupling. 

A flame-dried schlenk flask was charged with the derivative based-on an 

ethynyl group (2 eq), the corresponding iodide derivative (1 eq), Pd(PPh3)2Cl2 (0.1 

eq), and CuI (0.2 eq). After three successive vacuum/argon cycles, THF and 

trimethylamine were introduced via syringe. The mixture was stirred at room 

temperature for 18 h and filtered through celite. The solution was concentrated 

to obtain the crude product and it was purified by chromatography column. 

General procedure for Knoevenagel reaction. 

A solution of the corresponding aldehyde (1 eq) and cyanoacetic acid or 

malononitrile (3 eq) in CHCl3, is stirred at room temperature or reflux (depending 

on the molecule), under argon, in presence of a base (piperidine or triethylamine) 

(0.1 eq). The reaction is monitored by TLC. After extraction with chloroform, 

organic phases are dried over anhydrous MgSO4, filtered and the solvent is 

removed under reduced pressure. The residue is purified by chromatography 

column. 

Synthesis of 3,4-dihexyl-2-thiophencarboxaldehyde (2.1).71b 

 

Following the procedure described for the Vilsmeier formylation, 3,4-

dihexylthiophene (2 g, 7.93 mmol) reacted with 1.10 mL of DMF (14.27 mmol) 

and 1.17 mL of POCl3 (12.69 mmol) in 30 mL of 1,2-DCE at reflux to afford, after 

purification by chromatography column using silica gel and hexane:chloroform 

1:1 mix as eluent, compound 2.1 as yellow oil in 98% of yield (2.17 g, 7.74 mmol).  

1H-NMR (400 MHz, CDCl3) δ/ppm: 10.02 (s, 1H), 7.35 (s, 1H), 2.89 (t, 2H, 3J = 

7.6 Hz), 2.54 (t, 2H, 3J = 7.6 Hz), 1.65-1.53 (m, 4H), 1.39-1.33 (m, 12H), 0.91-0.90 

(m, 6H).  
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Synthesis of thieno[3,2-b]thiophene-2-carboxaldehyde (2.2).64b 

 

Following the procedure described for the Vilsmeier formylation, thieno[3,2-

b]thiophene (100 mg, 0.71 mmol) reacted with 0.055 mL of DMF (0.71 mmol) and 

0.20 mL of POCl3 (2.14 mmol) in 3 mL of 1,2-DCE at reflux to give, after 

purification by chromatography column using silica gel and hexane:ethyl acetate 

9:1 mix as eluent, derivative 2.2 in 83% of yield (99 mg, 0.59 mmol).  

1H-NMR (400 MHz, CDCl3) δ/ppm: 9.99 (s, 1H), 7.97 (s, 1H), 7.72 (d, 1H, 3J = 

5.3 Hz), 7.35 (d, 1H, 3J = 5.3 Hz). 

Synthesis of 3,4-dihexyl-5-iodo-2-thiophencarboxaldehyde (B1). 

 

3,4-dihexyl-2-thiophencarboxaldehyde (2.1) (100 mg, 0.36 mmol) was 

dissolved in CCl4 (10 mL) and treated with iodine (45 mg, 0.18 mmol) and bis-

(trifluoroacetoxy)iodobenzene (83 mg, 0.19 mmol). The reaction mixture was 

stirred at room temperature for 3 h and washed with an aqueous solution of 

Na2S2O3. The organic layer was dried and the solvent was evaporated under 

vacuum. The residue was purified by chromatography column using silica gel and 

hexane:chloroform 3:2 as eluent to give the pure product as yellow oil in 72% of 

yield (105 mg, 0.26 mmol).  

1H-NMR (400 MHz, CDCl3) δ/ppm: 9.90 (s, 1H), 2.93-2.89 (m, 2H), 2.56-2.52 

(m, 2H), 1.62-1.54 (m, 4H), 1.38-1.30 (m, 12H), 0.94-0.89 (m, 6H); 13C-NMR (100 

MHz, CDCl3) δ/ppm: 181.2, 150.5, 148.4, 143.0, 32.4, 31.5, 31.4, 30.6, 29.7, 29.3, 

29.2, 27.8, 22.6, 22.5, 14.0; UV-Vis (CH2Cl2) λmax/nm (log ε): 316 (4.24); FT-IR (ATR) 

ν/cm-1: 2924, 2854, 1657, 1362, 673; MS (m/z) (MALDI-TOF): calculated C17H27IOS: 

406.08; found: 406.08 (M+). 
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Synthesis of 5-iodothieno[3,2-b]thiophene-2-carboxaldehyde (B2).64b 

 

To a solution of thieno[3,2-b]thiophene-2-carboxaldehyde (2.2) (140 mg, 

0.83 mmol) in 6 mL of CCl4 under argon atmosphere, was added bis-

(trifluoroacetoxy)iodobenzene (194.2 mg, 0.45 mmol) and iodine (105.6 mg, 0.42 

mmol). The reaction mixture was stirred at room temperature overnight and 

quenched with 15 mL of an aqueous solution of sodium thiosulfate. The green 

precipitate was filtered under vacuum and washed with hexane and methanol. 

The product B2 was achieved as a mix of iodinated and no iodinated derivatives in 

a proportion of 76:24 (237 mg, 0.80 mmol, 97% yield). 

Synthesis of 4-n-hexyloxy-iodobenzene.80 

 

A solution of 6 g of 4-iodophenol (27.27 mmol), 5.65 g of potassium 

carbonate (40.91 mmol) and 5.75 mL of n-hexyl bromide (40.91 mmol) in 10 mL 

of DMF was stirred at reflux for 4 h. The crude product was extracted with diethyl 

ether and purified by chromatography column using silica gel and 

hexane:chloroform 4:1 mix as eluent. Pure product was achieved as colorless oil 

in 76% of yield (6.28 g, 20.65 mmol).  

1H-NMR (400 MHz, CDCl3) δ/ppm: 7.55 (d, 2H, 3J = 8.2 Hz), 6.68 (d, 2H, 3J = 

8.2 Hz), 3.92 (t, 2H, 3J = 6.3 Hz), 1.79-1.74 (m, 2H), 1.46-1.45 (m, 2H), 1.35-1.34 

(m, 4H), 0.93-0.91 (m, 3H). 

 

 

 

 
                                                            
80 Karlsson, K. M.; Jiang, X.; Eriksson, S. K.; Gabrielsson, E.; Rensmo, H.; Hagfeldt, A.; Sun, 
L. Chem. Eur. J. 2011, 17, 6415.  
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Synthesis of N,N-bis(4-hexyloxyphenyl)aniline (A-TPA1).81 

 

Potassium tert-butoxide was slowly added into a solution of 4-n-hexyloxy-

iodobenzene (500 mg, 1.64 mmol), aniline (51.03 mg, 0.55 mmol) and CuI (2.08 

mg, 0.011 mmol) in 5 mL of dry toluene under argon atmosphere. After stirring 

overnight at 135ºC, the reaction mixture was filtered on celite and the solvent 

removed under reduced pressure. Purification by chromatography column using 

silica gel and hexane:chloroform 3:2 mix as eluent, gave the pure product as 

green oil in 73% of yield (178 mg, 0.40 mmol).  

1H-NMR (400 MHz, CDCl3) δ/ppm: 7.20-7.16 (m, 2H), 7.06 (d, 4H, 3J = 8.8 Hz), 

6.96 (d, 2H, 3J = 8 Hz), 6.89-6.82 (m, 5H), 3.95 (t, 4H, 3J = 6.5 Hz), 1.84-1.77 (m, 

4H), 1.50-1.46 (m, 4H), 1.39-1.29 (m, 8H), 0.96-0.93 (m, 6H). 

Synthesis of N,N-bis(4-hexyloxyphenyl)-4-iodoaniline (A-TPA2).81 

 

Bis-(trifluoroacetoxy)iodobenzene (130 mg, 0.30 mmol) and iodine (76.7 mg, 

0.30 mmol) were stirred in 12 mL of distilled CHCl3 for 1 h at room temperature 

and argon atmosphere. This solution was slowly added into another solution 

composed by molecule A-TPA1 in 10 mL of distilled CHCl3. After stirring at 50 ºC 

for 1 h, the reaction mixture was treated with an aqueous solution of sodium 

thiosulfate and extracted from chloroform. The crude product was purified by 

chromatography column using silica gel and hexane:chloroform 4:1 mix as eluent, 

giving the pure product in 75% of yield (240 mg, 0.42 mmol).  

                                                            
81 Chen, J.; Ko, S.; Liu, L.; Sheng, Y.; Han, H.; Li, X. New J. Chem. 2015, 39, 3736.  
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1H-NMR (400 MHz, CDCl3) δ/ppm: 7.40 (d, 2H, 3J = 9.0 Hz), 7.02 (d, 4H, 3J = 

9.0 Hz), 6.82 (d, 4H, 3J = 9.0 Hz), 6.68 (d, 2H, 3J = 9.0 Hz), 3.93 (t, 4H, 3J = 6.5 Hz), 

1.81-1.74 (m, 4H), 1.50-1.43 (m, 4H), 1.36-1.33 (m, 8H), 0.93-0.90 (m, 6H). 

Synthesis of N,N-bis(4-hexyloxyphenyl)-4-((trimethylsilyl)ethynyl)aniline 

(A-TPA3).82 

 

Following the procedure described for the Sonogashira coupling, compound 

A-TPA2 (420 mg, 0.73 mmol), trimethylsilylacetylene (144.4 mg, 1.47 mmol), 

Pd(PPh3)2Cl2 (51.6 mg, 0.074 mmol), CuI (28 mg, 0.15 mmol) and 50 mL of distilled 

Et3N in 80 mL of dry THF reacted to afford, after purification by chromatography 

column in silica gel and hexane:chloroform 3:2 mix as eluent, the pure product A-

TPA3 as brown oil in 98% of yield (390 mg, 0.72 mmol).  

1H-NMR (400 MHz, CDCl3) δ/ppm: 7.24 (d, 2H, 3J = 8.8 Hz), 7.03 (d, 4H, 3J = 

8.8 Hz), 6.84-6.78 (m, 6H), 3.93 (t, 4H, 3J = 6.5 Hz), 1.81-1.74 (m, 4H), 1.50-1.43 

(m, 4H), 1.36-1.26 (m, 8H), 0.93-0.90 (m, 6H), 0.23 (s, 9H). 

Synthesis of N,N-bis(4-hexyloxyphenyl)-4-ethynylaniline (A-TPA4).82 

 

Potassium carbonate (306.1 mg, 2.22 mmol) was added to a solution 

composed by A-TPA3 (300 mg, 0.55 mmol) in 20 mL of methanol and 10 mL of 

diethyl ether. The reaction mixture was stirred overnight at room temperature 

and extracted from chloroform. No further purification was performed. Product 

A-TPA4 was achieved as brown oil in quantitative yield (260 mg, 0.55 mmol).  

                                                            
82 Baran, P.; Zade, S. S. Eur. J. Org. Chem. 2012, 2012, 6555. 
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1H-NMR (400 MHz, CDCl3) δ/ppm: 7.26 (d, 2H, 3J = 8.8 Hz), 7.05 (d, 4H, 3J = 

8.8 Hz), 6.83 (d, 4H, 3J = 8.8 Hz), 6.80 (d, 2H, 3J = 8.8 Hz), 3.93 (t, 4H, 3J = 6.5 Hz), 

2.99 (s, 1H), 1.81-1.74 (m, 4H), 1.50-1.42 (m, 4H), 1.37-1.32 (m, 8H), 0.93-0.90 

(m, 6H). 

Synthesis of A-TPA5. 

 

Following the procedure described for the Sonogashira coupling, 0.55 mmol 

of 4-ethynyl-N,N-bis(4-hexyloxyphenyl)aniline (A-TPA4) and 0.37 mmol of 3,4-

dihexyl-5-iodo-2-thiophencarboxaldehyde (B1) gave A-TPA5, after purification by 

chromatography column in silica gel and hexane:chloroform 1:1 as eluent, as red 

oil in 67% of yield (185 mg, 0.25 mmol).  

1H-NMR (400 MHz, CDCl3) δ/ppm: 9.96 (s, 1H), 7.29-7.27 (m, 2H), 7.07 (d, 4H, 
3J = 9.0 Hz), 6.86-6.83 (m, 6H), 3.94 (t, 4H, 3J = 6.4 Hz),2.86 (t, 2H, 3J = 8.0 Hz), 2.68 

(t, 2H, 3J = 8.0 Hz), 1.82-1.75 (m, 4H), 1.64-1.55 (m, 2H), 1.50-1.46 (m, 6H), 1.37-

1.29 (m, 20H), 0.94-0.86 (m, 12H); 13C-NMR (100 MHz, CDCl3) δ/ppm:181.9, 

156.2, 151.3, 149.5, 147.5, 139.6, 136.7, 132.4, 129.4, 127.3, 118.6, 115.4, 112.4, 

100.9, 68.2, 32.2, 31.6, 31.5, 30.1, 29.4, 29.3, 27.9, 27.4, 25.8, 22.7, 22.6, 22.5, 

14.1, 14.0; UV-Vis (CH2Cl2) λmax/nm (log ε): 422 (4.31), 303 (4.29); FT-IR (ATR) 

ν/cm-1: 2924, 2858, 1655, 1500, 1236, 825; MS (m/z) (MALDI-TOF): calculated 

C49H65NO3S: 747.47; found: 747.62 (M+). 
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Synthesis of A-TPA6. 

 

Following the procedure described for the Sonogashira coupling, 0.42 mmol 

of 4-ethynyl-N,N-bis(4-hexyloxyphenyl)aniline (A-TPA4) and 0.28 mmol of 2-

formyl-5-iodothieno[3,2-b]thiophene (B2) yielded A-TPA6, after purification by 

chromatography column in silica gel and hexane:chloroform 1:1 as eluent, as 

orange oil in 56% of yield (101 mg, 0.16 mmol).  

1H-NMR (400 MHz, CDCl3) δ/ppm: 9.96 (s, 1H), 7.85 (s, 1H), 7.38 (s, 1H), 7.31 

(d, 2H, 3J = 8.8 Hz), 7.08 (d, 4H, 3J = 9.0 Hz), 6.87-6.84 (m, 6H), 3.95 (t, 4H, 3J = 6.4 

Hz), 1.83-1.76 (m, 4H), 1.49-1.44 (m, 4H), 1.37-1.35 (m, 8H), 0.94-0.91 (m, 6H); 
13C-NMR (100 MHz, CDCl3) δ/ppm: 183.2, 156.2, 149.7, 145.9, 145.2, 139.5, 

138.9, 132.5, 132.2, 128.9, 127.4, 123.4, 118.4, 115.4, 111.8, 98.6, 81.4, 68.2, 

31.6, 29.3, 25.8, 22.7, 14.1; UV-Vis (CH2Cl2) λmax/nm (log ε): 427 (4.68), 332 (4.58); 

FT-IR (ATR) ν/cm-1: 2926, 2856, 2191, 1662, 1502, 1225, 825; MS (m/z) (MALDI-

TOF): calculated C39H41NO3S2: 635.25; found: 635.34 (M+). 

Synthesis of A-TPA9. 

 

Following the procedure described for the Horner-Wadsworth-Emmons 

reaction, 0.52 mmol of phosphonate A-TPA8 and 1.50 mmol of aldehyde 2.1 in 10 

mL of THF after 2 h afforded A-TPA9 as orange oil. After purification by 

chromatography column in silica gel and hexane:chloroform 7:3 as eluent, 

compound X was achieved in 62% of yield (259 mg, 0.32 mmol).  

1H-NMR (400 MHz, CDCl3) δ/ppm: 7.40 (d, 2H, 3J = 8.8 Hz), 7.07 (d, 4H, 3J = 

9.0 Hz), 7.05 (d, 1H, 3J = 4.0 Hz), 7.02 (d, 1H, 3J = 15.7 Hz), 6.95 (d, 1H, 3J = 4.0 Hz), 
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6.94 (d, 1H, 3J = 15.7 Hz), 6.91 (d, 2H, 3J = 8.8 Hz), 6.84 (d, 4H, 3J = 9.0 Hz), 6.76 (s, 

1H), 3.94 (t, 4H, 3J = 7.5 Hz), 2.61 (t, 2H, 3J = 8.0 Hz), 2.47 (t, 2H, 3J = 8.0 Hz), 1.81 

(t, 2H, 3J = 6.4 Hz), 1.77 (t, 2H, 3J = 6.4 Hz), 1.65-1.58 (m, 4H), 1.51-1.25 (m, 24H), 

0.94-0.89 (m, 12H); 13C-NMR (100 MHz, CDCl3) δ/ppm: 155.6, 148.3, 143.3, 142.9, 

141.1, 140.4, 140.1, 136.5, 126.9, 126.6, 126.2, 122.0, 120.6, 120.3, 119.8, 118.0, 

115.2, 68.2, 31.7, 31.6, 31.0, 29.7, 29.6, 29.3, 29.3, 29.0, 26.9, 25.7, 22.7, 22.6, 

14.2, 14.1, 14.0; FT-IR (ATR) ν/cm-1: 2953, 2924, 2854, 1502, 1238, 825; MS (m/z) 

(MALDI-TOF): calculated C52H69NO2S2: 803.48; found: 803.56 (M+). 

Synthesis of A-TPA10. 

 

Following the procedure described for the Horner-Wadsworth-Emmons 

reaction and stoichiometric conditions, 0.38 mmol of phosphonate A-TPA8 and 

0.42 mmol of thieno[3,2-b]thiophene-2,5-dicarbaldehyde (B3) in 38 mL of dry THF 

after 5 h yielded A-TPA10 as red oil. After purification by chromatography column 

in silica gel and hexane:chloroform 7:3 as eluent, X was obtained in 45% of yield 

(123 mg, 0.17 mmol).  

1H-NMR (400 MHz, CDCl3) δ/ppm: 9.93 (s, 1H), 7.86 (d, 1H, 3J = 0.75 Hz), 7.40 

(d, 2H, 3J = 8.8 Hz), 7.20 (d, 1H, 3J = 0.75 Hz), 7.13 (d, 1H, 3J = 15.4 Hz), 7.11 (d, 1H, 
3J = 3.7 Hz), 7.07 (d, 4H, 3J = 9.0 Hz), 7.06 (d, 1H, 3J = 3.7 Hz), 7.01 (d, 1H, 3J = 15.4 

Hz), 6.91 (d, 2H, 3J = 8.8 Hz), 6.85 (d, 4H, 3J = 9.0 Hz), 3.94 (t, 4H, 3J = 6.5 Hz), 1.80 

(t, 2H, 3J = 6.5 Hz), 1.77 (t, 2H, 3J = 6.5 Hz), 1.50-1.45 (m, 4H), 1.37-1.33 (m, 8H), 

0.95-0.91 (m, 6H); 13C-NMR (100 MHz, CDCl3) δ/ppm: 207.0, 183.0, 155.7, 151.4, 

148.7, 146.6, 145.2, 144.6, 140.1, 139.2, 137.3, 129.3, 129.1, 126.8, 126.3, 125.5, 

124.9, 122.2, 119.9, 118.1, 115.3, 68.2, 31.6, 30.9, 29.3, 25.7, 22.6, 14.0; UV-Vis 

(CH2Cl2) λmax/nm (log ε): 301 (4.47), 503 (4.80); FT-IR (ATR) ν/cm-1: 2928, 2854, 

1662, 1597, 1504, 1238, 825; MS (m/z) (MALDI-TOF): calculated C43H45NO3S3: 

719.26; found: 719.33 (M+). 
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Synthesis of A-TPA11. 

 

Following the procedure described for the Vilsmeier formylation, 210 mg of 

A-TPA9 (0.25 mmol) reacted with 0.03 mL of DMF (0.39 mmol) and 0.03 mL of 

POCl3 in 13 mL of 1,2-dichloroethane. The reaction mixture was stirred at reflux 

and the crude product was purified by chromatography column, using silica gel 

and hexane:ethyl acetate 95:5, to give A-TPA11 as red oil in 70% of yield (152 mg, 

0.175 mmol).  

1H-NMR (400 MHz, CDCl3) δ/ppm: 9.98 (s, 1H), 7.41 (d, 2H, 3J = 8.7 Hz), 7.20 

(d, 1H, 3J = 15.4 Hz), 7.11 (d, 1H, 3J = 3.8 Hz), 7.07 (d, 4H, 3J = 9.0 Hz), 7.05 (d, 1H, 
3J = 3.8 Hz), 6.96 (d, 1H, 3J = 15.4 Hz), 6.91 (d, 2H, 3J = 8.7 Hz), 6.84 (d, 4H, 3J = 9.0 

Hz), 3.94 (t, 4H, 3J = 6.5 Hz), 2.85 (t, 2H, 3J = 6.5 Hz), 2.62 (t, 2H, 3J = 6.5 Hz), 1.81 

(t, 2H, 3J = 6.5 Hz), 1.77 (dt, 2H, 3J = 6.5 Hz), 1.50-1.30 (m, 28H), 0.94-0.89 (m, 

12H); 13C-NMR (100 MHz, CDCl3) δ/ppm: 181.8, 155.7, 152.9, 148.7, 146.7, 145.1, 

141.6, 140.2, 139.8, 134.7, 129.4, 126.8, 126.7, 126.4, 125.6, 125.4, 122.3, 120.0, 

118.2, 115.3, 68.3, 32.3, 31.6, 31.5, 31.1, 29.7, 29.6, 29.4, 29.3, 29.3, 27.2, 26.4, 

25.8, 22.7, 22.6, 22.5, 14.1, 14.0; UV-Vis (CH2Cl2) λmax/nm (log ε): 465 (4.56); FT-IR 

(ATR) ν/cm-1: 2953, 2924, 2854, 1649, 1597, 1500, 1238, 825; MS (m/z) (MALDI-

TOF): calculated C53H69NO3S2: 831.47; found: 831.60 (M+). 

Synthesis of FL15. 

 

0.11 mmol of A-TPA5 and 0.17 mmol of cyanoacetic acid were reacted for 5h 

at reflux to yield FL15, after purification by chromatography column in silica gel 
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and chloroform:methanol 10:1 mixture as eluent, as red oil in 87% of yield (81 

mg, 0.10 mmol).  

1H-NMR (400 MHz, CDCl3) δ/ppm: 8.42 (s, 1H), 7.30-7.27 (m, 2H), 7.09 (d, 4H, 
3J = 8.8 Hz), 6.87-6.84 (m, 6H), 3.95 (t, 4H, 3J = 6.4 Hz), 2.77-2.68 (m, 4H), 1.82-

1.75 (m, 4H), 1.62-1.58 (m, 2H), 1.52-1.44 (m, 6H), 1.42-1.34 (m, 20H), 0.94-0.88 

(m, 12H); 13C-NMR (100 MHz, CDCl3) δ/ppm: 168.4, 156.3, 154.4, 149.8, 146.5, 

145.4, 139.4, 132.6, 131.7, 130.1, 127.4, 118.4, 116.2, 115.4, 112.0, 104.2, 94.5, 

81.6, 68.3, 32.1, 31.6, 31.5, 31.4, 30.0, 29.3, 29.2, 28.1, 27.8, 25.8, 22.7, 22.6, 

22.5, 14.2, 14.1, 14.0; UV-Vis (CH2Cl2) λmax/nm (log ε): 478 (4.41), 327 (4.36); FT-IR 

(ATR) ν/cm-1: 2926, 2856, 1578, 1502, 1236, 825; MS (m/z) (MALDI-TOF): 

calculated C52H66N2O4S: 814.47; found: 814.62 (M+). 

Synthesis of FL16. 

 

0.07 mmol of A-TPA6 and 0.10 mmol of cyanoacetic acid were reacted for 5h 

at reflux giving FL16, after purification by chromatography column in silica gel and 

chloroform:methanol 10:1 as eluent, as purple solid in 66% of yield (32 mg, 0.05 

mmol).  

1H-NMR (400 MHz, DMSO-d6) δ/ppm: 8.22 (s, 1H), 8.01 (s, 1H), 7.75 (s, 1H), 

7.35 (d, 2H, 3J = 8.7 Hz), 7.10 (d, 4H, 3J = 8.7 Hz), 6.94 (d, 4H, 3J = 8.7 Hz), 6.65 (d, 

2H, 3J = 8.7 Hz), 3.94 (t, 4H, 3J = 6.4 Hz), 1.71-1.68 (m, 4H), 1.40 (s, 4H), 1.30-1.29 

(m, 8H), 0.87 (s, 6H); 13C-NMR (100 MHz, DMSO-d6) δ/ppm: 163.8, 156.6, 149.9, 

143.0, 142.2, 140.8, 139.1, 139.0, 132.9, 128.3, 128.2, 125.0, 119.2, 117.3, 116.1, 

110.9, 97.6, 82.1, 72.7, 68.1, 60.7, 31.5, 29.1, 25.7, 22.6, 14.4; UV-Vis (CH2Cl2) 

λmax/nm (log ε): 463.5 (4.41), 361 (4.37), 302.5 (4.18); FT-IR (KBr) ν/cm-1: 3403, 

2926, 2856, 2190, 1601, 1505, 1384, 1240, 826; MS (m/z) (MALDI-TOF): 

calculated C42H42N2O4S2: 702.26; found: 702.38 (M+). 
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Synthesis of FL17. 

 

0.09 mmol of A-TPA11 and 0.14 mmol of cyanoacetic acid were reacted for 

2h at reflux giving, after purification by chromatography column in silica gel and 

chloroform:methanol 10:1 as eluent, pure product FL17 as blue solid in 83% of 

yield (67 mg, 0.075 mmol).  

1H-NMR (400 MHz, CDCl3) δ/ppm: 8.41 (s, 1H, 7.41 (d, 2H, 3J = 8.8 Hz), 7.33 

(d, 1H, 3J = 15.5 Hz), 7.13 (d, 1H, 3J = 3.9 Hz), 7.11 (d, 1H, 3J = 3.9 Hz), 7.08 (d, 4H, 
3J = 8.9 Hz), 6.98 (d, 1H, 3J = 15.5 Hz), 6.91 (d, 2H, 3J = 8.8 Hz), 6.84 (d, 4H, 3J = 8.9 

Hz), 3.95 (t, 4H, 3J = 6.5 Hz), 2.74 (t, 2H, 3J = 7.6 Hz), 2.64 (t, 2H, 3J = 6.5 Hz), 1.81 

(t, 2H, 3J = 6.5 Hz), 1.77 (t, 2H, 3J = 6.5 Hz), 1.54-1.31 (m, 28H), 0.94-0.90 (m, 12H); 
13C-NMR (100 MHz, CDCl3) δ/ppm: 168.2, 156.2, 155.8, 149.0, 148.8, 146.0, 

145.0, 139.6, 130.5, 128.3, 127.2, 126.9, 126.4, 125.4, 122.5, 119.9, 117.3, 116.6, 

115.3, 93.3, 68.2, 32.1, 31.6, 31.5, 31.0, 29.4, 29.2, 29.2, 27.8, 26.8, 25.7, 22.6, 

22.5, 22.4, 14.1, 14.0; UV-Vis (CH2Cl2) λmax/nm (log ε): 308 (4.24), 356 (3.06), 532 

(4.47); FT-IR (KBr) ν/cm-1: 2954, 2922, 2852, 1728, 1601, 1493, 1460, 1184, 1080, 

968, 895, 823; MS (m/z) (MALDI-TOF): calculated C56H70N2O4S2: 898.48; found: 

898.65 (M+). 

Synthesis of FL18. 

 

0.09 mmol of A-TPA10 and 0.10 mmol of cyanoacetic acid were reacted for 

4h at relux giving FL18, after purification by chromatography column in silica gel 

and chloroform:methanol 10:1 as eluent, as red solid in 75% of yield (41 mg, 

0.067 mmol).  
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1H-NMR (400 MHz, DMSO-d6) δ/ppm: 8.20 (s, 1H), 8.02 (s, 1H), 7.60 (s, 1H), 

7.47 (d, 2H, 3J = 8.8 Hz), 7.30 (d, 1H, 3J = 3.8 Hz), 7.26 (t, 1H, 3J = 3.8 Hz), 7.25 (d, 

1H, 3J = 15.5 Hz), 7.19 (d, 1H, 3J = 15.5 Hz), 7.04 (d, 4H, 3J = 9.0 Hz), 6.92 (d, 4H, 3J 

= 9.0 Hz), 6.76 (d, 2H, 3J = 8.8 Hz), 3.94 (t, 4H, 3J = 6.4 Hz), 1.72 (t, 2H, 3J = 6.4 Hz), 

1.68 (t, 2H, 3J = 6.4 Hz), 1.43-1.39 (m, 4H), 1.32-1.29 (m, 8H), 0.90-0.86 (m, 6H); 
13C-NMR (100 MHz, DMSO-d6) δ/ppm: 156.0, 139.9, 139.7, 137.6, 129.3, 127.5, 

126.7, 119.3, 116.0, 79.4, 68.1, 31.5, 31.2, 29.23, 25.7, 22.5, 14.4; UV-Vis (CH2Cl2) 

λmax/nm (log ε): 301 (4.22), 374 (4.27), 490 (4.41); FT-IR (KBr) ν/cm-1: 2954, 2922, 

2852, 1728, 1601, 1493, 1460, 1184, 1080, 968, 895, 823; MS (m/z) (MALDI-TOF): 

calculated C46H46N2O4S3: 786.26; found: 786.33 (M+). 

Synthesis of 3,4-ethylenedioxythiophenedicarboxyaldehyde (2.6).72 

 

To a cold solution (-78ºC) of 3,4-ethylenedioxythiophene (commercially 

available) (3 g, 21.1 mmol) in 90 mL of dry THF, was added a 2.5 M solution of n-

butyl lithium in hexane (18.6 mL, 46.6 mmol) dropwise under a rigorous inert 

atmosphere. The reaction mixture was stirred at 0ºC for 1 h and cooled again to -

78ºC. Dry DMF (5.6 mL, 72.4 mmol) was added and the mixture was stirred at 

room temperature for 3 h. The precipitate formed after the treatment with 

HCl/ice water was filtered and washed with water. Pure product was achieved in 

46% of yield (1.93 mg, 9.72 mmol).  

1H-NMR (400 MHz, CDCl3) δ/ppm: 10.00 (s, 2H), 4.45 (s, 4H). 

Synthesis of 3-hexyl-2-thiophencarboxaldehyde (2.4).71a 

 

To a cold solution (-78ºC) of 3-hexyl-2-bromothiophene (commercially 

available) (1.5 g, 6.07 mmol) in 30 mL of dry THF, was slowly added a 2.5 M 

solution of n-butyl lithium in hexane (2.43 mL, 6.07 mmol) over the course of 30-

40 min under rigorous inert atmosphere. After stirring at -40ºC for 30 min, the 

mixture was again cooled to -78ºC and 0.56 mL of DMF (7.28 mmol) were slowly 
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added. The reaction mixture was stirred at room temperature overnight and 

extracted with diethyl ether. Purification by chromatography column in silica gel 

and hexane:chloroform 1:1 mix as eluent, gave the pure product 2.4 as colorless 

oil in 94% of yield (1.12 g, 5.72 mmol).  

1H-NMR (400 MHz, CDCl3) δ/ppm: 10.05 (s, 1H), 7.65 (d, 1H, 3J = 4.9 Hz), 7.02 

(d, 1H, 3J = 4.9 Hz), 2.97 (t, 2H, 3J = 7.6 Hz), 1.71-1.63 (m, 2H), 1.36-1.32 (m, 6H), 

0.89-0.87 (m, 3H). 

Synthesis of (3-hexylthienyl)-2-methanol (2.5). 

 

Following the procedure described for reduction from aldehydes to alcohols, 

3-hexyl-2-thiophencarboxaldehyde (2.4) (1.12 g, 5.72 mmol) and 0.43 g of NaBH4 

(11.44 mmol) in 30 mL of CH2Cl2 and 30 mL of MeOH afforded alcohol 2.5 in 98% 

of yield as colorless oil (1.11 g, 5.59 mmol).  

1H-NMR (400 MHz, CDCl3) δ/ppm: 7.19 (d, 1H, 3J = 4.9 Hz), 6.89 (d, 1H, 3J = 

4.9 Hz), 4.77 (s, 2H), 2.61 (t, 2H, 3J = 7.6 Hz), 1.59-1.54 (m, 2H), 1.30 (m, 6H), 0.89-

0.87 (m, 3H). 

Synthesis of diethyl (3-hexylthienyl)methylphosphonate (B5). 

 

Following the procedure described for the Michaelis-Arbuzov reaction, (3-

hexylthienyl)-2-methanol (2.5) (1.11 g, 5.59 mmol) reacted with 1.51 g of ZnBr2 

(6.71 mmol) in 5 mL of P(OEt)3 giving the pure product B5 in 84% of yield (1.49 g, 

4.68 mmol).  

1H-NMR (400 MHz, CDCl3) δ/ppm: 7.13-7.11 (m, 1H), 6.85-6.84 (m, 1H), 4.10-

4.03 (m, 4H), 3.31 (d, 2H, 2J = 20.8 Hz), 2.58-2.53 (m, 2H), 1.58-1.53 (m, 2H), 1.30-

1.21 (m, 12h), 0.90-0.87 (m, 3H); 13C-NMR (100 MHz, CDCl3) δ/ppm: 140.8, 140.7, 

128.6, 128.5, 125.7, 125.6, 123.2, 123.1, 62.4, 62.3, 31.8, 30.5, 30.4, 29.2, 28.4, 

28.3, 27.0, 25.5, 22.6, 16.4, 16.3, 14.1; FT-IR (ATR) ν/cm-1: 2928, 2858, 1254, 

1053, 1022, 960, 725. 
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Synthesis of (3,4-dihexylthienyl)-2-methanol (2.3).71b 

 

Following the procedure described for reduction from aldehydes to alcohols, 

3,4-dihexyl-2-thiophencarboxaldehyde (2.1) (3.28 g, 11.69 mmol) and 0.88 g of 

NaBH4 (23.39 mmol) in 55 mL of CH2Cl2 and 55 mL of MeOH afforded alcohol 2.3 

in 100% of yield as yellow oil (3.30 g, 11.68 mmol).  

1H-NMR (400 MHz, CDCl3) δ/ppm: 6.86 (s, 1H), 4.75 (s, 2H), 2.56-2.47 (m, 

4H), 1.66-1.54 (m, 4H), 1.47-1.32 (m, 12H), 0.91-0.90 (m, 6H). 

Synthesis of diethyl (3,4-dihexylthienyl)methylphosphonate (B4).71b 

 

Following the procedure described for the Michaelis-Arbuzov reaction, (3,4-

dihexylthienyl)-2-methanol (2.3) (3.3 g, 11.68 mmol) reacted with 3.16 g of ZnBr2 

(14.02 mmol) in 50 mL of P(OEt)3 giving the pure product B4 in 82% of yield (3.88 

g, 9.64 mmol).  

1H-NMR (400 MHz, CDCl3) δ/ppm: 6.78 (s, 1H), 4.10-4.03 (m, 4H, 3J = 7.2 Hz), 

3.30 (d, 2H, 2J = 20.8 Hz), 2.52-2.45 (m, 4H), 1.61-1.57 (m, 4H), 1.44-1.27 (m, 

18H), 0.91-0.88 (m, 6H). 

Synthesis of CBB1.72 

 

Following the procedure described for the Horner-Wadsworth-Emmons 

reaction but adding the base at -78ºC and keeping then this temperature for 90 

min, 3,4-ethylenedioxythiophenedicarboxyaldehyde (2.6) (0.35 g, 1.78 mmol), 

diethyl (3,4-dihexylthienyl)methylphosphonate (B4) (1.43 g, 3.55 mmol) and 
tBuOK (0.80 g, 7.10 mmol) in 70 mL of THF afforded product CBB1. Purification by 
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chromatography column using silica gel and hexane:chloroform 3:2 mix as eluent, 

gave pure product as red oil in 40% of yield (500 mg, 0.72 mmol).  

1H-NMR (400 MHz, CDCl3) δ/ppm: 6.96 (d, 2H, 3J = 15.7 Hz), 6.89 (d, 2H, 3J = 

15.7 Hz), 6.74 (s, 2H), 4.30 (s, 4H), 2.60 (t, 4H, 3J = 7.6 Hz), 2.48 (t, 4H, 3J = 7.6 Hz), 

1.64-1.58 (m, 4H), 1.53-1.50 (m, 4H), 1.39-1.26 (m, 24H), 0.92-0.91 (m, 12H). 

Synthesis of CBB2. 

 

Following the procedure described for the Horner-Wadsworth-Emmons 

reaction but adding the base at -78ºC and keeping then this temperature for 90 

min, 3,4-ethylenedioxythiophenedicarboxyaldehyde (2.6) (28.3 mg, 0.14 mmol), 

diethyl (3-hexylthienyl)methylphosphonate (B5) (100 mg, 0.31 mmol) and tBuOK 

(48.1 mg, 0.43 mmol) in 10 mL of THF afforded product CBB2. Purification by 

chromatography column using silica gel and hexane:chloroform 3:2 mix as eluent, 

gave pure product in 36% of yield (27 mg, 0.051 mmol).  

1H-NMR (400 MHz, CDCl3) δ/ppm: 7.07 (d, 2H, 3J = 4.9 Hz), 6.96 (d, 2H, 3J = 

15.6 Hz), 6.90 (d, 2H, 3J = 15.6 Hz), 6.84 (d, 2H, 3J = 4.9 Hz), 4.31 (s, 4H), 2.66 (t, 

4H, 3J = 7.6 Hz), 1.60 (m, 4H), 1.34 (m, 12H), 0.91 (m, 6H); 13C-NMR (100 MHz, 

CDCl3) δ/ppm: 140.6, 139.3, 136.6, 129.8, 122.6, 118.0, 116.8, 115.3, 64.9, 31.7, 

30.9, 29.0, 28.4, 22.6, 14.2; UV-Vis (CH2Cl2) λmax/nm (log ε): 436 (4.33), 328 (4.07); 

FT-IR (ATR) ν/cm-1: 2923, 2854, 1442, 1362, 1080, 933; MS (m/z) (MALDI-TOF): 

calculated C30H38O2S3: 526.20; found: 526.70 (M+). 
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Synthesis of CBB3.72 

 

Following the procedure described for the Vilsmeier formylation, compound 

CBB1 (252 mg, 0.36 mmol) reacted with 0.12 mL of DMF (1.60 mmol) and 0.21 mL 

of POCl3 (2.28 mmol) in 70 mL of 1,2-DCE at room temperature overnight giving, 

after purification by chromatography column in silica gel and chloroform as 

eluent, the pure product CBB3 as red solid in 89% of yield (240 mg, 0.32 mmol).  

1H-NMR (400 MHz, CDCl3) δ/ppm: 9.95 (s, 2H), 7.13 (d, 2H, 3J = 15.6 Hz), 6.96 

(d, 2H, 3J = 15.6 Hz), 4.32 (s, 4H), 2.85-2.81 (m, 4H), 2.59-2.57 (m, 4H), 1.58-1.51 

(m, 8H), 1.41-1.25 (m, 24H), 0.92-0.90 (m, 12H). 

Synthesis of CBB4. 

 

Following the procedure described for the Vilsmeier formylation, compound 

CBB2 (48 mg, 0.091 mmol) reacted with 0.044 mL of DMF (0.57 mmol) and 0.038 

mL of POCl3 (0.41 mmol) in 10 mL of 1,2-DCE at room temperature overnight 

giving, after purification by chromatography column in silica gel and chloroform 

as eluent, the pure product CBB4 as red solid in 73% of yield (39 mg, 0.07 mmol).  

1H-NMR (400 MHz, CDCl3) δ/ppm: 9.80 (s, 2H), 7.51 (s, 2H), 7.15 (d, 2H, 3J = 

15.6 Hz), 6.97 (d, 2H, 3J = 15.6 Hz), 4.35 (s, 4H), 2.68 (m, 4H), 1.63 (m, 4H), 1.35 

(m, 12H), 0.92 (m, 6H); 13C-NMR (100 MHz, CDCl3) δ/ppm: 182.4, 147.0, 141.8, 

140.9, 139.4, 138.9, 121.0, 117.5, 116.5, 65.0, 31.6, 30.5, 28.9, 28.3, 22.6, 14.1; 

UV-Vis (CH2Cl2) λmax/nm (log ε): 479 (4.6), 382 (4.2); FT-IR (KBr) ν/cm-1: 2928, 

2850, 1651, 1601, 1431, 1362, 1281, 1080, 930, 667; MS (m/z) (MALDI-TOF): 

calculated C32H38O4S3: 582.19; found: 582.30 (M+). 
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Synthesis of smL04. 

 

Following the procedure described for the Knoevenagel reaction, derivative 

CBB4 (49 mg, 0.084 mmol), 17 mg of malononitrile (0.25 mmol) and 3 drops of 

Et3N in 10 mL of CHCl3 at room temperature for 5 h afforded, after purification by 

chromatography column in silica gel and hexane:chloroform 1:1 mix as eluent, 

smL04 in 70% of yield (40 mg, 0.06 mmol).  

1H-NMR (400 MHz, CDCl3) δ/ppm: 7.66 (s, 2H), 7.43 (s, 2H), 7.21 (d, 2H, 3J = 

15.6 Hz), 6.99 (d, 2H, 3J = 15.6 Hz), 4.38 (s, 4H), 2.67 (t, 4H, 3J = 7.6 Hz), 1.56 (m, 

4H), 1.34 (m, 12H), 0.91 (m, 6H); 13C-NMR (100 MHz, CDCl3) δ/ppm: 149.9, 149.5, 

142.6, 141.8, 141.6, 132.1, 122.9, 117.7, 117.2, 114.7, 113.8, 75.0, 65.0, 31.5, 

30.4, 28.9, 28.0, 22.6, 14.1; UV-Vis (CH2Cl2) λmax/nm (log ε): 611 (4.9), 362 (4.1), 

327 (4.2); FT-IR (KBr) ν/cm-1: 2930, 2860, 2210, 1560, 1410, 1280, 1080, 930; MS 

(m/z) (MALDI-TOF): calculated C38H38N4O2S3: 678.22; found: 678.35 (M+). 

Synthesis of smL05. 

 

Following the procedure described for the Knoevenagel reaction, derivative 

CBB3 (52 mg, 0.05 mmol), 23 mg of 3-ethylrhodanine (0.14 mmol) and 3 drops of 

piperidine in 10 mL of CHCl3 at reflux for 12 h afforded, after purification by 

chromatography column in silica gel and hexane:chloroform 1:1 mix as eluent, 

smL05 in 62% of yield (30 mg, 0.03 mmol).  

1H-NMR (400 MHz, CDCl3) δ/ppm: 7.90 (s, 2H), 7.12 (d, 2H, 3J = 15.6 Hz), 6.98 

(d, 2H, 3J = 15.6 Hz), 4.40 (s, 4H), 4.20 (q, 4H, 3J = 6.8 Hz), 2.71 (t, 4H, 3J = 7.6 Hz), 

2.62 (t, 4H, 3J = 7.6 Hz), 1.52 (m, 8H), 1.42-1.29 (m, 30H), 0.93-0.91 (m, 12H); 13C-

NMR (100 MHz, CDCl3) δ/ppm: 192.4, 167.5, 150.7, 145.9, 141.9, 140.9, 130.7, 
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123.8, 120.0, 119.0, 117.6, 117.0, 65.0, 39.9, 31.8, 31.6, 31.5, 31.0, 29.4, 29.3, 

27.6, 27.0, 22.6, 14.2, 14.1, 12.4; UV-Vis (CH2Cl2) λmax/nm (log ε): 632 (4.9), 393 

(4.5), 330 (4.6); FT-IR (KBr) ν/cm-1: 2920, 2850, 1700, 1570, 1320, 1230, 1130, 

1080, 879; MS (m/z) (MALDI-TOF): calculated C54H72N2O4S7: 1036.35; found: 

1036.52 (M+). 

Synthesis of smL06. 

 

Following the procedure described for the Knoevenagel reaction, derivative 

CBB4 (40 mg, 0.07 mmol), 33 mg of 3-ethylrhodanine (0.21 mmol) and 3 drops of 

piperidine in 10 mL of CHCl3 at reflux for 12 h afforded, after purification by 

chromatography column in silica gel and hexane:chloroform 1:1 mix as eluent, 

smL06 in 69% of yield (41 mg, 0.047 mmol).  

1H-NMR (400 MHz, CDCl3) δ/ppm: 7.77 (s, 2H), 7.16 (s, 2H), 7.10 (d, 2H, 3J = 

15.6 Hz), 6.95 (d, 2H, 3J = 15.6 Hz), 4.39 (s, 4H), 4.19 (q, 4H, 3J = 6.8 Hz), 2.66 (t, 

4H, 3J = 7.6 Hz), 1.63-1.59 (m, 4H), 1.35-1.20 (m, 18H), 0.92 (m, 6H); 13C-NMR 

(100 MHz, CDCl3) δ/ppm: 192.1, 167.3, 146.1, 142.8, 140.8, 137.3, 134.8, 125.1, 

120.1, 120.0, 117.2, 116.9, 65.0, 39.9, 31.6, 30.6, 28.9, 28.2, 22.6, 14.1, 12.3; UV-

Vis (CH2Cl2) λmax/nm (log ε): 622 (5.0), 387 (4.6), 327 (4.6); FT-IR (KBr) ν/cm-1: 

2930, 2860, 1700, 1570, 1420, 1230, 1120, 879; MS (m/z) (MALDI-TOF): 

calculated C42H48N2O4S7: 868.17; found: 868.39 (M+). 

Synthesis of diethyl 2-thienilmethylphosphonate (B6).76 

 

Following the procedure described for reduction from aldehydes to alcohols, 

2-thiophencarboxaldehyde (commercially available) (1.5 g, 13.4 mmol) and 1.01 g 

of NaBH4 (26.7 mmol) in 50 mL of CH2Cl2 and 50 mL of MeOH afforded the 

corresponding alcohol derivative in 96% of yield as colorless oil (1.48 g, 12.92 

mmol). Subsequently, to a cold solution (-20ºC) of NaH (1.24 g, 51.68 mmol) in 20 
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mL of dry THF, was added another solution composed by diethyl phosphite (6.61 

mL, 51.68 mmol) in 30 mL of dry THF. The mixture was stirred at -20ºC for 1 h and 

then, a solution the alcohol (1.48 g, 12.92 mmol) and PBr3 (0.40 mL, 4.31 mmol) 

in 20 mL of dry toluene. After stirring at reflux for 2 h, the reaction mixture was 

treated with ice water and extracted with diethyl ether. The crude product was 

purified by chromatography column using silica gel and hexane:ethyl acetate 1:1 

mix as eluent, giving the pure product as colorless oil in 81% of yield (2.44 g, 

10.42 mmol).  

1H-NMR (400 MHz, CDCl3) δ/ppm: 7.20-7.18 (m, 1H), 6.99-6.95 (m, 2H), 4.08 

(m, 4H, 3J = 7.2 Hz), 3.38 (d, 2H, 2J = 20.8 Hz), 1.28 (t, 6H, 3J = 7.0 Hz). 

Synthesis of 4,4-dihexyl-4H-cyclopenta[2,1-b:3,4-b’]dithiophene-2,6-

dicarbaldehyde (2.8).83 

 

Following the procedure described for the Vilsmeier formylation, 4,4-dihexyl-

4H-cyclopenta[2,1-b:3,4-b’]dithiophene (commercially available) (850 mg, 2.45 

mmol) reacted with 1.89 mL of DMF (24.5 mmol) and 2.24 mL of POCl3 (24.5 

mmol) in 50 mL of 1,2-DCE to afford, after purification by chromatography 

column in silica gel and hexane:chloroform 2:3 mix as eluent, the pure product 

2.8 as orange solid in 93% of yield (920 mg, 2.28 mmol).  

1H-NMR (400 MHz, CDCl3) δ/ppm: 9.91 (s, 2H), 7.63 (s, 2H), 1.93-1.89 (m, 

4H), 1.25 (m, 4H), 1.21-1.15 (m, 8H), 0.94 (m, 4H), 0.83-0.80 (m, 6H). 

Synthesis of 2,5-thieno[3,2-b]thiophendicarbaldehyde (B3).84 

 

To a cold solution (0ºC) of n-BuLi (2.5 M in hexane, 3.2 mL, 7.84 mmol) in 20 

mL of dry diethyl ether, was slowly added a solution of thieno[3,2-b]thiophene 
                                                            
83 Sorohhov, G.; Yi, C.; Grätzel, M.; Decurtins, S.; Liu, S. –X. Beilstein J. Org. Chem. 2015, 11, 
1052. 
84 Leriche, P.; Raimundo, J. –M.; Turbiez, M.; Monroche, V.; Allain, M.; Sauvage, F. –X.; 
Roncali, J.; Frere, P.; Skabara, P. J. J. Mater. Chem. 2003, 13, 1324. 
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(commercially available) (500 mg, 3.56 mmol) in 10 mL of dry diethyl ether. After 

stirring at room temperature for 2 h, 0.7 mL of DMF (8.91 mmol) was dropwise 

added and the reaction mixture was stirred overnight at room temperature. After 

treatment with an aqueous solution of ammonium chloride, the precipitate 

obtained was filtered under reduced pressure and washed with water and diethyl 

ether. Pure product B3 was achieved as yellow solid without further purification 

in 32% of yield (226 mg, 1.15 mmol).  

1H-NMR (400 MHz, CDCl3) δ/ppm: 10.06 (s, 2H), 8.02 (s, 2H). 

Synthesis of CBB5. 

S S

S S

C6H13C6H13C6H13C6H13

C6H13C6H13

 

Following the procedure described for the Horner-Wadsworth-Emmons 

reaction, phosphonate derivative B4 (470 mg, 1.17 mmol) reacted with 

dialdehyde 2.8 (235 mg, 0.58 mmol) in presence of 524 mg of tBuOK (4.67 mmol) 

and 70 mL of THF to give the pure product as red oil in 82% of yield (431 mg, 0.48 

mmol).  

1H-NMR (400 MHz, CDCl3) δ/ppm: 7.04-6.96 (m, 4H), 6.85 (s, 2H), 6.76 (s, 

2H), 2.63-2.60 (m, 4H), 2.51-2.47 (m, 4H), 1.83-1.79 (m, 4H), 1.65-1.59 (m, 4H), 

1.53-1.51 (m, 4H), 1.40-1.30 (m, 20H), 1.22-1.26 (m, 16H), 0.99-0.97 (m, 4H), 

0.93-0.92 (m, 12H), 0.85-0.81 (m, 6H); 13C-NMR (100 MHz, CDCl3) δ/ppm: 158.7, 

143.8, 143.4, 139.9, 136.7, 135.5, 121.5, 120.4, 118.5, 117.9, 53.8, 37.8, 31.8, 

31.7, 31.0, 29.8, 29.6, 29.4, 29.3, 29.1, 27.0, 24.5, 22.7, 14.1, 14.0; UV-Vis (CH2Cl2) 

λmax/nm (log ε): 470 (4.73); FT-IR (ATR) ν/cm-1: 2924, 2854, 1662, 1458, 930; MS 

(m/z) (MALDI-TOF): calculated C57H86S4: 898.56; found: 898.90 (M+). 
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Synthesis of CBB6. 

 

Following the procedure described for the Horner-Wadsworth-Emmons 

reaction, phosphonate derivative B5 (364 mg, 1.14 mmol) reacted with 

dialdehyde 2.8 (230 mg, 0.57 mmol) in presence of 513 mg of tBuOK (4.57 mmol) 

and 60 mL of THF to give the pure product as red oil in 80% of yield (333 mg, 0.46 

mmol).  

1H-NMR (400 MHz, CDCl3) δ/ppm: 7.09 (d, 2H, 3J = 5.08 Hz), 7.04-6.99 (m, 

4H), 6.88-6.87 (m, 4H), 2.70 (t, 4H, 3J = 7.5 Hz), 1.86-1.82 (m, 4H), 1.65-1.62 (m, 

4H), 1.47-1.29 (m, 12H), 1.24-1.19 (m, 14H), 0.94-0.92 (m, 8H), 0.88-0.84 (m, 6H); 

13C-NMR (100 MHz, CDCl3) δ/ppm: 158.7, 143.7, 140.7, 136.3, 135.6, 129.9, 

122.6, 121.9, 120.5, 117.9, 53.8, 37.8, 31.7, 31.6, 31.0, 29.8, 29.1, 28.5, 24.6, 

22.7, 22.6, 14.2, 14.1; UV-Vis (CH2Cl2) λmax/nm (log ε): 466 (4.72); FT-IR (ATR) 

ν/cm-1: 2924, 2854, 1655, 1462, 930, 833, 717; MS (m/z) (MALDI-TOF): calculated 

C45H62S4: 730.37; found: 730.62 (M+). 

Synthesis of CBB7. 

 

Following the procedure described for the Horner-Wadsworth-Emmons 

reaction, phosphonate derivative B6 (174 mg, 0.74 mmol) reacted with 

dialdehyde 2.8 (150 mg, 0.37 mmol) in presence of 334 mg of tBuOK (2.98 mmol) 

and 45 mL of THF to give the pure product as red oil in 96% of yield (200 mg, 0.36 

mmol).  

1H-NMR (400 MHz, CDCl3) δ/ppm: 7.18-7.17 (m, 2H), 7.04-7.00 (m, 8H), 6.88 

(s, 2H), 1.83-1.79 (m, 4H), 1.16 (m, 12H), 0.98 (m, 4H), 0.84-0.81 (m, 6H); 13C-

NMR (100 MHz, CDCl3) δ/ppm: 158.8, 143.2, 142.8, 135.9, 127.7, 125.6, 124.0, 

122.5, 120.8, 119.4, 53.8, 37.8, 31.6, 31.0, 29.7, 24.5, 22.6, 14.0; UV-Vis (CH2Cl2) 

λmax/nm (log ε): 460 (4.66), 485 (4.62); FT-IR (ATR) ν/cm-1: 2924, 2850, 1416, 
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1392, 930, 852, 825, 686; MS (m/z) (MALDI-TOF): calculated C33H38S4: 562.19; 

found: 562.30 (M+). 

Synthesis of CBB11. 

 

Following the procedure described for the Horner-Wadsworth-Emmons 

reaction, phosphonate derivative B4 (927 mg, 2.30 mmol) reacted with 

dialdehyde B3 (226 mg, 1.15 mmol) in presence of 1.03 g of tBuOK (9.21 mmol) 

and 120 mL of THF to give the pure product as orange oil in 29% of yield (230 mg, 

0.33 mmol).  

1H-NMR (400 MHz, CDCl3) δ/ppm: 7.09 (s, 2H), 7.06 (d, 2H, 3J = 15.6 Hz), 6.99 

(d, 2H, 3J = 15.6 Hz), 6.79 (s, 2H), 2.63-2.60 (m, 4H), 2.51-2.47 (m, 4H), 1.64-1.61 

(m, 4H), 1.51 (m, 4H), 1.40-1.34 (m, 24H), 0.92 (m, 12H); 13C-NMR (100 MHz, 

CDCl3) δ/ppm: 145.2, 143.4, 140.7, 138.0, 136.2, 120.8, 120.6, 118.6, 118.0, 31.8, 

31.6, 31.0, 29.6, 29.4, 29.3, 29.0, 27.0, 22.6, 14.1; UV-Vis (CH2Cl2) λmax/nm (log ε): 

432 (4.77), 457 (4.68); FT-IR (KBr) ν/cm-1: 2954, 2920, 2852, 1466, 922, 876, 831, 

729; MS (m/z) (MALDI-TOF): calculated C42H60S4: 692.36; found: 692.91 (M+). 

Synthesis of CBB8. 

 

Following the procedure described for the Vilsmeier formylation, POCl3 (0.19 

mL, 2.10 mmol) was added over a solution of 420 mg of CBB5 (0.47 mmol) and 

0.23 mL of DMF (2.94 mmol) in 40 mL of 1,2-DCE. After purification by 

chromatography column using silica gel and hexane:chloroform 3:7 mix as eluent, 

the pure product CBB8 was obtained in 94% of yield (422 mg, 0.44 mmol).  

1H-NMR (400 MHz, CDCl3) δ/ppm: 9.99 (s, 2H), 7.26 (d, 2H, 3J = 15.6 Hz), 

7.02-6.98 (m, 4H), 2.86 (m, 4H), 2.64 (m, 4H), 1.86 (m, 4H), 1.61-1.54 (m, 8H), 

1.43-1.34 (m, 20H), 1.17 (m, 16H), 0.94-0.92 (m, 16H), 0.84-0.82 (m, 6H); 13C-

NMR (100 MHz, CDCl3) δ/ppm: 181.8, 159.7, 153.0, 146.7, 143.6, 141.6, 137.3, 
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134.7, 126.0, 122.6, 117.3, 54.0, 37.8, 32.3, 31.6, 31.5, 31.2, 29.7, 29.4, 27.2, 

26.4, 24.5, 22.6, 22.5, 14.1, 14.0, 14.0; UV-Vis (CH2Cl2) λmax/nm (log ε): 523 (4.90); 

FT-IR (KBr) ν/cm-1: 2954, 2926, 2854, 1641, 1593, 1444, 1406, 1362, 1250, 1225, 

930; MS (m/z) (MALDI-TOF): calculated C59H86O2S4: 954.55; found: 954.90 (M+). 

Synthesis of CBB9. 

 

Following the procedure described for the Vilsmeier formylation, POCl3 (0.18 

mL, 1.97 mmol) was added over a solution of 320 mg of CBB6 (0.44 mmol) and 

0.21 mL of DMF (2.76 mmol) in 40 mL of 1,2-DCE. After purification by 

chromatography column using silica gel and hexane:chloroform 3:7 mix as eluent, 

the pure product CBB9 was obtained in 48% of yield (165 mg, 0.21 mmol).  

1H-NMR (400 MHz, CDCl3) δ/ppm: 9.81 (s, 2H), 7.52 (s, 2H), 7.24 (d, 2H, 3J = 

15.6 Hz), 6.99 (d, 2H, 3J = 15.6 Hz), 6.98 (s, 2H), 2.69 (t, 4H, 3J = 7.5 Hz), 1.87-1.83 

(m, 4H), 1.66-1.61 (m, 4H), 1.36 (m, 12H), 1.21-1.16 (m, 14H), 0.96-0.92 (m, 8H), 

0.84-0.81 (m, 6H); 13C-NMR (100 MHz, CDCl3) δ/ppm: 182.4, 159.7, 146.8, 143.5, 

141.6, 139.2, 139.0, 137.4, 126.1, 122.6, 116.8, 54.0, 37.8, 31.6, 30.6, 29.7, 29.0, 

28.3, 24.5, 22.6, 22.6, 14.1, 14.0; UV-Vis (CH2Cl2) λmax/nm (log ε): 522 (4.87); FT-IR 

(KBr) ν/cm-1: 2954, 2926, 2854, 1655, 1597, 1529, 1442, 1379, 1240, 1155, 920; 

MS (m/z) (MALDI-TOF): calculated C47H62O2S4: 786.36; found: 786.51 (M+). 

Synthesis of CBB10. 

 

Following the procedure described for the Vilsmeier formylation, POCl3 (0.11 

mL, 1.20 mmol) was added over a solution of 150 mg of CBB7 (0.27 mmol) and 

0.13 mL of DMF (1.68 mmol) in 25 mL of 1,2-DCE. After purification by 

chromatography column using silica gel and hexane:chloroform 3:7 mix as eluent, 

the pure product CBB10 was obtained in 42% of yield (71 mg, 0.11 mmol).  
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1H-NMR (400 MHz, CDCl3) δ/ppm: 9.85 (s, 2H), 7.66 (d, 2H, 3J = 3.8 Hz), 7.27 

(d, 2H, 3J = 15.6 Hz), 7.10 (d, 2H, 3J = 3.8 Hz), 6.99 (d, 2H, 3J = 15.6 Hz), 7.01 (s, 

2H), 1.86-1.82 (m, 4H), 1.21-1.16 (m, 16H), 0.84-0.81 (m, 6H); 13C-NMR (100 MHz, 

CDCl3) δ/ppm: 182.4, 159.8, 152.4, 143.0, 141.1, 137.8, 137.5, 126.8, 126.2, 

122.8, 118.5, 54.0, 37.8, 31.6, 29.7, 24.5, 22.6, 14.0; UV-Vis (CH2Cl2) λmax/nm (log 

ε): 512 (4.77); FT-IR (KBr) ν/cm-1: 2951, 2926, 2852, 2794, 1651, 1597, 1522, 

1448, 1387, 1228, 1047, 924, 822, 667; MS (m/z) (MALDI-TOF): calculated 

C35H38O2S4: 618.18; found: 618.28 (M+). 

Synthesis of CBB12. 

 

Following the procedure described for the Vilsmeier formylation, POCl3 (0.10 

mL, 1.14 mmol) was added over a solution of 175 mg of CBB11 (0.25 mmol) and 

0.12 mL of DMF (1.59 mmol) in 25 mL of 1,2-DCE. After purification by 

chromatography column using silica gel and hexane:chloroform 3:7 mix as eluent, 

the pure product CBB12 was obtained in 69% of yield (130 mg, 0.17 mmol).  

1H-NMR (400 MHz, CDCl3) δ/ppm: 9.98 (s, 2H), 7.22 (d, 2H, 3J = 15.6 Hz), 7.18 

(s, 2H), 7.01 (d, 2H, 3J = 15.6 Hz), 2.86-2.82 (m, 4H), 2.63-2.60 (m, 4H), 1.59-1.57 

(m, 4H), 1.54-1.52 (m, 4H), 1.42-1.32 (m, 24H), 0.93-0.90 (m, 12H); 13C-NMR (100 

MHz, CDCl3) δ/ppm: 181.8, 152.8, 145.8, 145.2, 142.4, 139.3, 135.3, 125.2, 120.2, 

119.5, 32.3, 31.5, 31.2, 29.4, 39.3, 27.2, 26.4, 22.6, 22.5, 14.1, 14.0; UV-Vis 

(CH2Cl2) λmax/nm (log ε): 474 (4.91); FT-IR (KBr) ν/cm-1: 2953, 2922, 2854, 1635, 

1591, 1433, 1406, 1373, 1304, 1246, 1124, 945, 848; MS (m/z) (MALDI-TOF): 

calculated C44H60O2S4: 748.35; found: 749.00 (M+). 
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Synthesis of RDU1. 

 

Following the procedure described for the Knoevenagel reaction, 380 mg of 

CBB8 (0.40 mmol), 79 mg of malononitrile (1.19 mmol) and three drops of Et3N 

were stirred in 50 mL of CHCl3 giving, after purification by chromatography 

column in silica gel and hexane:chloroform 3:7 mix as eluent and recrystallization 

from MeOH, the pure product RDU1 as dark blue solid in 68% of yield (287 mg, 

0.27 mmol).  

1H-NMR (400 MHz, CDCl3) δ/ppm: 7.76 (s, 2H), 7.36 (d, 2H, 3J = 15.6 Hz), 7.04 

(s, 2H), 7.00 (d, 2H, 3J = 15.6 Hz), 2.67-2.66 (m, 8H), 1.86 (m, 4H), 1.50-1.36 (m, 

26H), 1.26-1.18 (m, 16H), 0.93 (m, 18H), 0.85-0.82 (m, 6H); 13C-NMR (100 MHz, 

CDCl3) δ/ppm: 160.6, 156.0, 149.3, 147.1, 143.9, 141.1, 138.5, 128.3, 128.2, 

123.6, 116.4, 115.6, 114.4, 72.8, 54.1, 37.6, 32.2, 31.6, 31.5, 31.0, 29.6, 29.4, 

29.3, 27.8, 26.8, 24.6, 22.6, 22.6, 22.5, 14.1, 14.0; UV-Vis (CH2Cl2) λmax/nm (log ε): 

645 (5.03); FT-IR (KBr) ν/cm-1: 2954, 2929, 2856, 2218, 1587, 1560, 1402, 1286, 

1161, 1086, 920; MS (m/z) (MALDI-TOF): calculated C65H86N4S4: 1050.57; found: 

1051.65 (M+). Melting point: 284 ºC. 

Synthesis of RDU2. 

 

Following the procedure described for the Knoevenagel reaction, 144 mg of 

CBB9 (0.18 mmol), 36 mg of malononitrile (0.55 mmol) and three drops of Et3N 

were stirred in 25 mL of CHCl3 giving, after purification by chromatography 

column in silica gel and hexane:chloroform 3:7 mix as eluent and recrystallization 

from MeOH, the pure product RDU2 as dark blue solid in 86% of yield (139 mg, 

0.16 mmol).  
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1H-NMR (400 MHz, CDCl3) δ/ppm: 7.67 (s, 2H), 7.43 (s, 2H), 7.33 (d, 2H, 3J = 

15.6 Hz), 7.05 (s, 2H), 6.98 (d, 2H, 3J = 15.6 Hz), 2.68 (t, 4H, 3J = 7.5 Hz), 1.88-1.84 

(m, 4H), 1.64-1.61 (m, 4H), 1.35 (m, 12H), 1.24-1.17 (m, 16H), 0.93-0.90 (m, 6H), 

0.85-0.81 (m, 6H); 13C-NMR (100 MHz, CDCl3) δ/ppm: 160.5, 149.8, 149.5, 143.8, 

142.2, 141.7, 138.5, 131.8, 128.1, 123.5, 116.1, 114.8, 113.9, 74.7, 54.1, 37.6, 

31.6, 31.5, 30.5, 29.6, 28.9, 28.0, 24.6, 22.6, 22.5, 14.1, 14.0; UV-Vis (CH2Cl2) 

λmax/nm (log ε): 642 (4.97); FT-IR (KBr) ν/cm-1: 2956, 2928, 2856, 2220, 1589, 

1568, 1431, 922; MS (m/z) (MALDI-TOF): calculated C53H62N4S4: 882.39; found: 

882.51 (M+). Melting point: 269 ºC. 

Synthesis of RDU3. 

 

Following the procedure described for the Knoevenagel reaction, 80 mg of 

CBB10 (0.40 mmol), 26 mg of malononitrile (0.39 mmol) and three drops of Et3N 

were stirred in 15 mL of CHCl3 giving, after purification by chromatography 

column in silica gel and hexane:chloroform 3:7 mix as eluent and recrystallization 

from MeOH, the pure product RDU3 as dark blue solid in 66% of yield (61 mg, 

0.085 mmol).  

1H-NMR (500 MHz, TCE-d2) δ/ppm: 7.75 (s, 2H), 7.68 (d, 2H, 3J = 5 Hz), 7.42 

(d, 2H, 3J = 15.6 Hz), 7.20 (d, 2H, 3J = 5 Hz), 7.15 (s, 2H), 7.08 (d, 2H, 3J = 15.6 Hz), 

1.95-1.92 (m, 4H), 1.32-1.24 (m, 12H), 1.11 (m, 4H), 0.93-0.90 (m, 6H); 13C-NMR 

(125 MHz, TCE-d2) δ/ppm: low solubility; UV-Vis (CH2Cl2) λmax/nm (log ε): 630 

(4.94); FT-IR (KBr) ν/cm-1: 2953, 2920, 2856, 2218, 1593, 1568, 1439, 1383, 1055, 

926, 829; MS (m/z) (MALDI-TOF): calculated C41H38N4S4: 714.20; found: 714.30 

(M+). 
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Synthesis of RDU4. 

 

Following the procedure described for the Knoevenagel reaction, 130 mg of 

CBB12 (0.17 mmol), 34 mg of malononitrile (0.52 mmol) and three drops of Et3N 

were stirred in 22 mL of CHCl3 giving, after purification by chromatography 

column in silica gel and hexane:chloroform 3:7 mix as eluent and recrystallization 

from MeOH, the pure product RDU4 as purple solid in 75% of yield (110 mg, 0.13 

mmol).  

1H-NMR (500 MHz, TCE-d2) δ/ppm: 7.84 (s, 2H), 7.40 (d, 2H, 3J = 15.6 Hz), 

7.36 (s, 2H), 7.16 (d, 2H, 3J = 15.6 Hz), 2.78-2.72 (m, 8H), 1.66-1.57 (m, 8H), 1.53-

1.48 (m, 8H), 1.46-1.41 (m, 16H), 1.02-0.99 (m, 12H); 13C-NMR (125 MHz, TCE-d2) 

δ/ppm: 155.8, 148.0, 147.3, 145.6, 142.3, 140.6, 128.9, 127.5, 120.9, 119.3, 

115.3, 114.1, 74.5, 31.9, 31.5, 31.4, 30.9, 29.3, 29.2, 27.9, 27.0, 22.5, 22.4, 13.9, 

13.8; UV-Vis (CH2Cl2) λmax/nm (log ε): 566 (5.02); FT-IR (KBr) ν/cm-1: 2956, 2924, 

2854, 2220, 1599, 1564, 1464, 1406, 1338, 1159, 1082, 926, 802, 690; MS (m/z) 

(MALDI-TOF): calculated C50H60N4S4: 844.37; found: 844.60 (M+). 

Synthesis of RD5. 

 

Following the procedure described for the Knoevenagel reaction, 172 mg of 

CBB8 (0.18 mmol), 290 mg of 3-ethylrhodanine (1.8 mmol) and three drops of 

piperidine were stirred in 30 mL of CHCl3 at reflux giving, after purification by 

chromatography column in silica gel and hexane:chloroform 1:4 mix as eluent and 

recrystallization from hexane, the pure product RD5 as dark blue solid in 72% of 

yield (160 mg, 0.13 mmol).  
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1H-NMR (400 MHz, CDCl3) δ/ppm: 7.92 (s, 2H), 7.23 (d, 2H, 3J = 15.6 Hz), 

7.03-6.99 (m, 4H), 4.22-4.20 (m, 4H), 2.72 (m, 4H), 2.64 (m, 4H), 1.86 (m, 6H), 

1.57-1.53 (m, 12H), 1.42-1.30 (m, 26H), 1.18 (m, 10H), 1.01 (m, 4H), 0.94-0.92 (m, 

12H), 0.85-0.82 (m, 6H); 13C-NMR (100 MHz, CDCl3) δ/ppm: 192.4, 167.5, 159.9, 

150.7, 145.5, 144.0, 141.8, 137.4, 130.5, 125.1, 123.8, 122.4, 119.0, 117.1, 54.0, 

39.9, 37.7, 31.7, 31.6, 31.5, 31.2, 29.7, 29.4, 29.3, 27.6, 27.1, 24.6, 22.6, 22.6, 

22.5, 14.1, 14.0, 12.3; UV-Vis (CH2Cl2) λmax/nm (log ε): 643 (4.98); FT-IR (KBr) ν/cm-

1: 2953, 2926, 2854, 1705, 1570, 1375, 1323, 1232, 1132, 722, 879, 735; MS (m/z) 

(MALDI-TOF): calculated C69H96N2O2S8: 1240.52; found: 1241.10 (M+). Melting 

point: 232 ºC. 

Synthesis of RD6. 

 

Following the procedure described for the Knoevenagel reaction, 310 mg of 

CBB9 (0.39 mmol), 635 mg of 3-ethylrhodanine (3.94 mmol) and three drops of 

piperidine were stirred in 70 mL of CHCl3 at reflux giving, after purification by 

chromatography column in silica gel and hexane:chloroform 1:4 mix as eluent and 

recrystallization from hexane, the pure product RD6 as dark blue solid in 65% of 

yield (275 mg, 0.26 mmol).  

1H-NMR (400 MHz, CDCl3) δ/ppm: 7.75 (s, 2H), 7.19-7.15 (m, 4H), 6.99 (s, 

2H), 6.96 (d, 2H, 3J = 15.6 Hz), 4.19 (m, 4H), 2.67 (t, 4H, 3J = 7.6 Hz), 1.89-1.85 (m, 

4H), 1.63-1.60 (m, 8H), 1.36-1.28 (m, 20H), 1.25-1.19 (m, 6H), 1.01 (m, 4H), 0.92-

0.91 (m, 6H), 0.86-0.82 (m, 6H); 13C-NMR (100 MHz, CDCl3) δ/ppm: 192.1, 167.3, 

159.8, 145.8, 143.9, 142.6, 137.4, 137.3, 134.6, 125.1, 125.0, 122.3, 119.9, 116.7, 

54.0, 39.9, 37.8, 31.7, 31.6, 30.6, 29.7, 29.0, 28.2, 24.6, 22.7, 22.6, 14.1, 14.0, 

12.3; UV-Vis (CH2Cl2) λmax/nm (log ε): 634 (4.88); FT-IR (KBr) ν/cm-1: 2953, 2926, 

2854, 1697, 1570, 1429, 1373, 1321, 1236, 1128, 879, 735; MS (m/z) (MALDI-

TOF): calculated C57H72N2O2S8: 1072.34; found: 1072.83 (M+). Melting point: 249 

ºC. 
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Synthesis of 4,4’-(1,4-bis(4-methylphenyl)-1,4-dihydropyrrolo[3,2-

b]pyrrole-2,5-diyl)dibenzonitrile (PP1).79 

 

4-methylaniline (1.22 g, 11.44 mmol) and 4-formylbenzonitrile (1.5 g, 11.44 

mmol) were stirred in 15 mL of glacial acetic acid at 100ºC for 30 min. Butane-2,3-

dione (0.5 mL, 5.72 mmol) was then added and the resulting mixture was stirred 

at 100ºC for 3 h. The precipitate obtained in the crude product was filtered under 

reduced pressure and washed with glacial acetic acid. After recrystallization from 

ethyl acetate, the pure product PP1 was achieved as yellow solid in 25% of yield 

(712 mg, 1.46 mmol).  

1H-NMR (400 MHz, CDCl3) δ/ppm: 7.48 (d, 4H, 3J = 8.1 Hz), 7.28 (d, 4H, 3J = 

8.1 Hz), 7.23 (d, 4H, 3J = 8.1 Hz), 7.15 (d, 4H, 3J = 8.1 Hz), 6.46 (s, 2H), 2.42 (s, 6H). 

Synthesis of 4,4’-(1,4-bis(4-octylphenyl)-1,4-dihydropyrrolo[3,2-b]pyrrole-

2,5-diyl)dibenzonitrile (PP2). 

 

4-octylaniline (800 mg, 3.90 mmol) and 4-formylbenzonitrile (511 mg, 3.90 

mmol) were stirred in 6 mL of glacial acetic acid at 100ºC for 30 min. Butane-2,3-

dione (0.2 mL, 1.95 mmol) was then added and the resulting mixture was stirred 

at 100ºC for 3 h. After removing the solvent under reduced pressure, the crude 

product was purified by chromatography column using silica gel and 
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dichloromethane as eluent and recrystallization from hexane. Pure product PP2 

was achieved as dark yellow solid in 18% of yield (240 mg, 0.35 mmol).  

1H-NMR (400 MHz, CDCl3) δ/ppm: 7.49 (d, 4H, 3J = 8.1 Hz), 7.29 (d, 4H, 3J = 

8.1 Hz), 7.24 (d, 4H, 3J = 8.1 Hz), 7.18 (d, 4H, 3J = 8.1 Hz), 6.49 (s, 2H), 2.67 (t, 4H, 
3J = 7.7 Hz), 1.67-1.65 (m, 4H), 1.36-1.31 (m, 20H), 0.93-0.90 (m, 6H); 13C-NMR 

(100 MHz, CDCl3) δ/ppm: 141.6, 137.7, 136.9, 135.0, 133.4, 131.9, 129.4, 127.8, 

125.2, 119.1, 109.0, 95.9, 35.5, 31.9, 31.3, 29.4, 29.3, 29.2, 22.7, 14.1; UV-Vis 

(CH2Cl2) λmax/nm (log ε): 408 (4.85); FT-IR (ATR) ν/cm-1: 3028, 2920, 2874, 1604, 

1493, 1458, 1080, 1030, 725, 694; MS (m/z) (MALDI-TOF): calculated C48H52N4: 

684.42; found: 684.58 (M+). 

Synthesis of 4,4’-(1,4-bis(4-methylphenyl)-1,4-dihydropyrrolo[3,2-

b]pyrrole-2,5-diyl)dibenzaldehyde (PP3). 

 

1.35 g of PP1 (2.76 mmol) were dissolved in 90 mL of dry toluene and cooled 

to 0ºC. 6 mL of DIBAL-H (1.2 M in toluene, 7.18 mmol) were added dropwise 

under Ar atmosphere and the reaction mixture was stirred for 8 h at 0ºC. A 30 mL 

sample of chloroform was then added, followed by 90 mL of 10% HCl aqueous 

solution. After stirring 15 min at room temperature, the crude product was 

extracted from chloroform and purified by chromatography column using silica 

gel and dichloromethane as eluent. Pure product PP3 was achieved as orange 

solid in 95% of yield (1.3 g, 2.63 mmol).  

1H-NMR (400 MHz, CDCl3) δ/ppm: 9.93 (s, 2H), 7.72 (d, 4H, 3J = 8.1 Hz), 7.36 

(d, 4H, 3J = 8.1 Hz), 7.22 (d, 4H, 3J = 8.1 Hz), 7.18 (d, 4H, 3J = 8.1 Hz), 6.52 (s, 2H), 

2.41 (s, 6H); 13C-NMR (100 MHz, CDCl3) δ/ppm: 191.6, 139.3, 137.0, 136.4, 135.7, 

133.8, 133.6, 130.1, 129.7, 127.8, 125.2, 96.0, 21.1; UV-Vis (CH2Cl2) λmax/nm (log 

ε): 435 (4.62); FT-IR (KBr) ν/cm-1: 2920, 2816, 2733, 1693, 1599, 1512, 1458, 
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1375, 1215, 1167, 839, 737; MS (m/z) (MALDI-TOF): calculated C34H26N2O2: 

494.20; found: 494.35 (M+). 

Synthesis of 4,4’-(1,4-bis(4-octylphenyl)-1,4-dihydropyrrolo[3,2-b]pyrrole-

2,5-diyl)dibenzaldehyde (PP4). 

 

240 mg of PP2 (0.35 mmol) were dissolved in 30 mL of dry toluene and 

cooled to 0ºC. 0.61 mL of DIBAL-H (1.2 M in toluene, 0.74 mmol) were added 

dropwise under Ar atmosphere and the reaction mixture was stirred for 8 h at 

0ºC. A 20 mL sample of chloroform was then added, followed by 30 mL of 10% 

HCl aqueous solution. After stirring 15 min at room temperature, the crude 

product was extracted from chloroform and purified by chromatography column 

using silica gel and dichloromethane as eluent. Pure product PP4 was achieved as 

yellow solid in 98% of yield (237 mg, 0.34 mmol).  

1H-NMR (400 MHz, CDCl3) δ/ppm: 9.93 (s, 2H), 7.72 (d, 4H, 3J = 8.1 Hz), 7.36 

(d, 4H, 3J = 8.1 Hz), 7.23-7.18 (m, 8H), 6.54 (s, 2H), 2.65 (t, 4H, 3J = 7.7 Hz), 1.66-

1.64 (m, 4H), 1.35-1.30 (m, 20H), 0.91-0.88 (m, 6H); 13C-NMR (100 MHz, CDCl3) 

δ/ppm: 191.6, 141.4, 139.3, 137.1, 135.7, 133.7, 133.6, 129.7, 129.4, 127.8, 

125.2, 96.0, 35.5, 31.9, 31.4, 29.5, 29.4, 29.3, 22.7, 14.2; UV-Vis (CH2Cl2) λmax/nm 

(log ε): 436 (4.75), 252 (4.58); FT-IR (KBr) ν/cm-1: 2924, 2852, 2731, 1703, 1599, 

1516, 1468, 1379, 1211, 1163, 1140, 837, 760, 708; MS (m/z) (MALDI-TOF): 

calculated C48H54N2O2: 690.42; found: 690.59 (M+). 
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Synthesis of RDpir2. 

 

Following the procedure described for the Knoevenagel reaction, three drops 

of Et3N were added to a solution of PP3 (206 mg, 0.42 mmol) and malononitrile 

(82 mg, 1.25 mmol) in 50 mL of CHCl3 at room temperature. After purification by 

chromatography column using silica gel and chloroform as eluent, and 

recrystallization from hexane, pure product RDpir2 was obtained as purple solid in 

24% of yield (58 mg, 0.098 mmol).  

1H-NMR (400 MHz, TCE-d2) δ/ppm: 7.11 (d, 4H, 3J = 8.1 Hz), 7.01 (s, 2H), 6.70 

(d, 4H, 3J = 8.1 Hz), 6.62 (d, 4H, 3J = 8.1 Hz), 3.55 (d, 4H, 3J = 8.1 Hz), 5.94 (s, 2H), 

1.79 (s, 6H); 13C-NMR (100 MHz, TCE-d2) δ/ppm: low solubility; UV-Vis (CH2Cl2) 

λmax/nm (log ε): 545 (4.83); FT-IR (KBr) ν/cm-1: 3113, 3032, 2922, 2224, 1599, 

1572, 1541, 1516, 1417, 1379, 1188, 1144, 825; MS (m/z) (MALDI-TOF): 

calculated C40H26N6: 590.22; found: 590.88 (M+). 

Synthesis of RDpir3. 

 

Following the procedure described for the Knoevenagel reaction, three drops 

of Et3N were added to a solution of PP3 (527 mg, 1.07 mmol) and ethyl 

cyanoacetate (0.35 mL, 3.20 mmol) in 130 mL of CHCl3 at 80ºC. After purification 

by chromatography column using silica gel and chloroform as eluent, and 
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recrystallization from hexane, pure product RDpir3 was obtained as red solid in 

79% of yield (580 mg, 0.85 mmol).  

1H-NMR (400 MHz, CDCl3) δ/ppm: 8.15(s, 2H), 7.86 (d, 4H, 3J = 8.1 Hz), 7.31 

(d, 4H, 3J = 8.1 Hz), 7.26-7.19 (m, 8H), 6.52 (s, 2H), 4.38 (q, 4H, 3J = 7 Hz), 2.43 (s, 

6H), 1.40 (t, 6H, 3J = 7 Hz); 13C-NMR (100 MHz, CDCl3) δ/ppm: 162.9, 154.3, 138.2, 

136.9, 136.7, 136.1, 134.1, 131.4, 130.2, 128.8, 127.7, 125.3, 116.1, 100.7, 96.1, 

62.6, 21.1, 14.2; UV-Vis (CH2Cl2) λmax/nm (log ε): 513 (4.82); FT-IR (KBr) ν/cm-1: 

3026, 2983, 2926, 2218, 1722, 1581, 1514, 1460, 1379, 1265, 1192, 827, 768; MS 

(m/z) (MALDI-TOF): calculated C44H36N4O4: 684.27; found: 684.40 (M+). 

Synthesis of RDpir4. 

 

Following the procedure described for the Knoevenagel reaction, three drops 

of Et3N were added to a solution of PP4 (270 mg, 0.39 mmol) and malononitrile 

(129 mg, 1.95 mmol) in 20 mL of CHCl3 at 80ºC. After purification by 

chromatography column using silica gel and chloroform as eluent, and 

recrystallization from methanol and hexane, pure product RDpir4 was obtained as 

purple solid in 81% of yield (250 mg, 0.32 mmol).  

1H-NMR (400 MHz, CDCl3) δ/ppm: 7.76 (d, 4H, 3J = 8.1 Hz), 7.63 (s, 2H), 7.34 

(d, 4H, 3J = 8.1 Hz), 7.27 (d, 4H, 3J = 8.1 Hz), 7.21 (d, 4H, 3J = 8.1 Hz), 6.57 (s, 2H), 

2.69 (t, 4H, 3J = 7.7 Hz), 1.71-1.67 (m, 4H), 1.37-1.30 (m, 20H), 0.93-0.90 (m, 6H); 
13C-NMR (100 MHz, CDCl3) δ/ppm: 158.6, 142.0, 139.4, 136.8, 136.2, 134.8, 

131.0, 129.6, 128.3, 127.8, 125.3, 114.3, 113.2, 96.7, 80.0, 35.5, 31.9, 31.3, 29.5, 

29.4, 29.3, 22.7, 14.2; UV-Vis (CH2Cl2) λmax/nm (log ε): 548 (4.90); FT-IR (KBr) ν/cm-

1: 2953, 2924, 2852, 2224, 1601, 1574, 1516, 1456, 1419, 1379, 1182, 835, 781, 

611, 532; MS (m/z) (MALDI-TOF): calculated C54H54N6: 786.44; found: 786.44 (M+). 

Melting point: 208 ºC. 
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3.1 BACKGROUND 
Transistor, whose name comes from the contraction of “transfer resistor” 

(transfer resistance), is typically defined as an electronic semiconductor device 

able to amplify, oscillate or switch the current flow between two terminals by 

varying the current or the voltage between one of the terminals and a third. 

All modern electronics employs transistors in countless gadgets and 

equipment such as radio, TV, smartphones, etc. Currently, the industry has 

reached transistors up to 65 nm, although the most recent studies aim to prepare 

them of only 1 nm in size. Technology based on this principle would require less 

energy, would generate much less heat and would be faster, since the 

miniaturization is reduced to molecular level. 

Common transistors consist of a substrate, usually silicon, in which three 

different doped parts that form two bipolar junctions are distinguished: the 

emitter which emits charge carriers, the collector which receives them, and the 

base, that modulates the charge carriers way and is located between the two first 

parts (Figure 3.1). 

 

Figure 3.1 Common transistor scheme. 

The transistor was invented in 1947 by John Bardeen, William Shockley, and 

Walter Brattain, and is considered the basic component in modern electronics 

Emitter Base Collector 

n-type Material p-type Material n-type Material 
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and one of the greatest discoveries of the 20th century. At present, 

microprocessors with hundreds of millions of transistors are fabricated; 

nevertheless, inorganic electronics displays some technological limitations 

associated with further size reduction and costs. Thus, organic-based devices 

have recently emerged in the market in order to replace amorphous silicon in 

some applications and also to find their own place in new applications. Low-cost 

and flexible devices as well as large area applications are the main advantages 

derived from the ability of organic transistors to be easily processed in solution. 

“Wet chemistry” processing of materials from solution has played a special role in 

the development of new transistors, reaching mobilities of the order of 

amorphous silicon (~ 1 – 10 cm2 V-1 s-1).   

3.1.1 Operation Principle 

The operation principle of an organic field-effect transistor (OFET) consists 

on the application of an electric field that causes the formation of a conducting 

channel in the dielectric/semiconductor interface.1 Two main configurations are 

commonly used in OFETs: top contact (Figure 3.2) and bottom contact (Figure 

3.3). In both cases, the organic semiconductor, deposited on a dielectric, is 

contacted with two metal contacts, namely, the source and drain; a third contact, 

the gate, is placed on the other side of the dielectric.  

 

Figure 3.2 Top contact OFET configuration: source and drain electrodes are 

evaporated on the top of the organic material. 

 

                                                            
1 a) Mas-Torrent, M.; Rovira, C. Chem. Rev. 2011, 111, 4833; b) Allard, S.; Forster, M.; 
Souharce, B.; Thiem, H.; Scherf, U. Angew. Chem. Int. Ed. 2008, 47, 4070; c) Sirringhaus, H. 
Adv. Mater. 2014, 26, 1319; d) Sun, Y.; Liu, Y.; Zhu, D. J. Mater. Chem. 2005, 15, 53. 
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Figure 3.3 Bottom contact OFET configuration: source and drain electrodes are 

evaporated on the dielectric before depositing the organic semiconductor. 

The source-drain current (ISD) flows along the organic material and is 

modulated by the application of a gate voltage (VG) between the source and the 

gate, thus creating an electric field responsible for the formation of a charge 

accumulation layer at the semiconductor/dielectric interface. In addition, the 

nature of the charge carriers accumulated at the interface can be controlled 

depending on the VG applied, i.e., holes in p-type semiconductors or electrons in 

n-type semiconductors. 

The operation of an OFET involves that the voltage applied to the gate shifts 

the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular 

orbital (LUMO) energy levels respect to the metal Fermi level (EF) of the source-

drain contacts, allowing the formation of the conducting channel. Therefore, a 

negative gate voltage shifts the orbitals up and might result in the alignment of 

the HOMO energy level with EF, enabling the hole conduction (the organic 

material is said to be p-channel). In a different way, if a positive gate voltage is 

applied, the HOMO and LUMO energy levels are shifted down and, if the LUMO 

becomes resonant with EF, electrons flow from the metal to the LUMO energy 

level (the organic material is said to be n-channel) (Figure 3.4). Accordingly, 

transistors are labeled as p-type or n-type transistors. 
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Figure 3.4 Schematic representation of the HOMO and LUMO energy levels of 

the organic semiconductor respect to the source-drain metal Fermi level. 

The main factor that determines the performance of an OFET is the charge 

carrier mobility (μ), which differs by orders of magnitude depending on the 

materials used for the semiconducting channel. Thus, poor conducting organic 

semiconductors present mobilities around 10-4 cm2 V-1 s-1 or lower, good-quality 

organic materials display mobilities about 10-2 cm2 V-1 s-1, and well-ordered 

organic materials reach mobilities in the range of 1 – 10 cm2 V-1 s-1. Otherwise, 

amorphous silicon exhibits mobilities around 1 cm2 V-1 s-1, crystalline silicon shows 

mobilities about 103 cm2 V-1 s-1 and exceptionally clean inorganic semiconductor 

systems reach mobilities of 107 cm2 V-1 s-1. Bearing in mind the OFET mobilities 

currently achieved,2 the goal of organic-based opto-electronic devices is not that 

of attaining or exceeding the level of performance of silicon technologies, but 

enabling the fabrication of certain optoelectronic devices (or part of them) at far 

reduced costs and/or enabling completely new device functionalities (e. g., 

                                                            
2 a) Zhang, W.; Han, Y.; Zhu, X.; Fei, Z.; Feng, Y.; Treat, N. D.; Faber, H.; Stingelin, N.; 
McCulloch, I.; Anthopoulos, T. D.; Heeney, M. Adv. Mater. 2015, DOI: 
10.1002/adma.201504092; b) Giguère, J. –B.; Sariciftci, N. S.; Morin, J. –F. J. Mater. Chem. 
C 2015, 3, 601; c) Cernetic, N.; Weidner, T.; Baio, J. E.; Lu, H.; Ma, H.; Jen, A. Adv. Funct. 
Mater. 2015, 25, 5376; d) Park, J.; Chung, J.; Kim, J.; Lee, J.; Jung, J.; Koo, B.; Lee, B.; Lee, 
S.; Jin, Y.; Lee, S. J. Am. Chem. Soc. 2015, 137, 12175.  
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mechanical flexibility, impact resistance, and optical transparency) that are 

currently a challenge for silicon devices.3 

Factors that affect the device performance are the following: 

a. Metal electrodes: since contact resistance is altered by them and 

should be chosen according to the nature of the organic 

semiconductor in order to reach efficient charge injection.4 

b. Dielectric material: affects the electric field created along it, the 

current leakage through the gate insulator and the charge 

trapping.5 Moreover, organic semiconductor/metal and organic 

semiconductor/dielectric interfaces exhibit a strong impact on the 

molecular and mesoscale structures.6 

c. Device configuration: charge injection and molecular order can be 

controlled by using molecular self-assembled monolayers (SAMs) 

based on organic molecules, either on the metal electrodes or on 

the dielectric material.7 

d. Organic semiconductor: it is considered the key parameter of the 

device performance. 

3.1.2 Self-Assembled Monolayers (SAMs) 

Self-assembly involves the autonomous organization of components into 

patterns and structures,8 and is considered a promising technology for the mass 

production of organic electronics. 

The self-assembled monolayer (SAM) concept was originated by Zisman in 

1946. He reported the self-assembly of a monomolecular film on to an 

appropriate metal surface.9 Although the prepared film was only a few 

nanometers thick, it seemed to dramatically improve the surface properties. The 

                                                            
3 a) Kelly, T. W.; Baude, P. F.; Gerlach, C.; Ender, D. E.; Muyres, D.; Haase, M. A.; Vogel, D. 
E.; Theiss, S. D. Chem. Mater. 2004, 16, 4413; b) Forrest, S. R. Nature 2004, 428, 911. 
4 Braun, S.; Salaneck, W. R.; Fahlman, M. Adv. Mater. 2009, 21, 1450. 
5 Yoon, M. –H.; Kim, C.; Facchetti, A.; Marks, T. J. J. Am. Chem. Soc. 2006, 128, 12851. 
6 Park, Y. D.; Lim, J. A.; Lee, H. S.; Cho, K. Materials Today 2007, 10, 46. 
7 DiBenedetto, S. A.; Facchetti, A.; Ratner, M. A.; Marks, T. Adv. Mater. 2009, 21, 1407. 
8 Whitesides, G. M.; Grzybowski, B. Science 2002, 295, 2418. 
9 Bigelow, W. C.; Pickett, D. L.; Zisman, W. A. J. Colloid Interface Sci. 1946, 1, 513. 
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full versatility of SAMs was not realized until the 1970s. In 1978 and 1980, Sagiv 

proposed its use for measuring electrical conduction and published the first work 

showing the formation of well-defined organosilane monolayers by self-assembly 

from solution.10 In 1983, Nuzzo and Allara found that organosulfur SAMs could be 

achieved by adsorbing di-n-alkyl disulfides on gold surfaces from dilute 

solutions.11 These pioneering works introduced the two most popular SAM 

systems and brought the concept of SAM into popular scientific consciousness. 

In nanotechnology, the molecular self-assembly is used for organic 

electronics. At present, for large area processing, a top-down technology is being 

used. Thin films are applied by evaporation, ink jet printing or spin coating, and 

patterned using photolithography. Nevertheless, there is a promising technology 

for developing organic electronics: the bottom-up self-assembly, in which 

molecules are able to self-organize into complex patterns and structures. By 

selecting the pattern and the appropriate molecules, the self-assembly process 

can be directed and controlled. Thereby, SAMs have gained scientific and 

industrial interest because of the ease of processing, as Figure 3.5 illustrates. 

 

 

Figure 3.5 Self-assembly process in solution. 

A substrate is simply dipped on a solution containing the self-assembling 

molecules and, after a period of time, a monolayer is assembled on the surface. 

                                                            
10 a) Polymeropoulos, E. E.; Sagiv, J. J. Chem. Phys. 1978, 69, 1836; b) Sagiv, J. J. Am. Chem. 
Soc. 1980, 102, 92.  
11 Nuzzo, R. G.; Allara, D. L. J. Am. Chem. Soc. 1983, 105, 4481. 
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The structure of the molecules that tend to self-assemble on surfaces can 

be described as asymmetrical molecules with a surface reactive functional group 

(anchoring group) connected to a chained tail and to an end-capping/head 

group.12 A schematic representation of a typical self-assembling molecule is 

showed in Figure 3.6.13 A wide variety of chemical structures have been reported 

for the three subunits to date.14 Symmetric molecules (A = H) are also employed 

for self-assembling on surfaces since allow a controlled layer-by-layer growth; 

nevertheless, they show a high tendency to double-bond with the surface and 

thus, provide less-controlled layer properties.15 The typical chain lengths of these 

molecular structures vary in the range of 0.5 – 5 nm, indicating that a certain 

aspect ratio is favorable for the self-assembly. 

 

Figure 3.6 Schematic representation of self-assembling molecules consisting of 

an anchoring group, a chained tail and an end-capping/head group. 

                                                            
12 Love, J. C.; Estroff, L. A.; Kriebel, J. K.; Nuzzo, R. G.; Whitesides, G. M. Chem. Rev. 2005, 
105, 1103. 
13 Halik, M.; Hirsch, A. Adv. Mater. 2011, 23, 2689. 
14 a) Ma, H.; Yip, H. –L.; Huang, F.; Jen, A. K. –Y. Adv. Funct. Mater. 2010, 20, 1371; b) 
Braga, D.; Horowitz, G. Adv. Mater. 2009, 21, 1473; c) Klauk, H. Chem. Soc. Rev. 2010, 39, 
2643.; d) Burghard, M.; Klauk, H.; Kern, K. Adv. Mater. 2009, 21, 2586; e) Virkar, A. A.; 
Mansfeld, S.; Bao, Z.; Stingelin, N. Adv. Mater. 2010, 22, 3857; f) Calhoun, M. F.; Sanchez, 
J.; Gershenson, M. E.; Podzorov, V. Nat. Mater. 2008, 7, 84; g) Yip, H. L.; Hau, S. K.; Bark, N. 
S.; Jen, A. K. –Y. Adv. Mater. 2008, 20, 2376; h) Opatkiewicz, J. P.; LeMieux, M. C.; Bao, Z. 
ACS Nano 2010, 4, 1167; i) Gundlach, D. J.; Royer, J. E.; Park, S. K.; Subramanian, S.; 
Jurchescu, O. D.; Hamadani, B. H.; Moad, A. J.; Kline, R. J.; Teague, L. C.; Kirillov, O.; 
Richter, C. A.; Kushmerick, J. G.; Richter, L. J.; Parkin, S. R.; Jackson, T. N.; Anthony, J. E. 
Nat. Mater. 2008, 7, 216; j) Briseno, A. L.; Mannsfeld, S. C. B.; Ling, M. M.; Liu, S.; Tseng, R. 
J.; Reese, C.; Roberts, M. E.; Yang, Y.; Wudl, F.; Bao, Z. Nature 2006, 444, 913. 
15 a) Akkermann, H. B.; Kronemeijer, A. J.; van Hal, P. A.; de Leeuw, D. M.; Blom, P. W. M.; 
de Boer, B. Small 2008, 4, 100; b) Akkermann, H. B.; Naber, R. C. G.; Jongbloed, B.; van Hal, 
P. A.; Blom, P. W. M.; de Leeuw, D. M.; de Boer, B. Proc. Natl. Acad. Sci. USA 2007, 104, 
11161; c) Kronemeijer, A. J.; Huisman, E. H.; Akkermann, H. B.; Goossens, A. M.; 
Katsouras, I.; van Hal, P. A.; Geuns, T. C. T.; van der Molen, S. J.; Blom, P. W. M.; de Leeuw, 
D. M. Appl. Phys. Lett. 2010, 97, 173302. 
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Dedicated reactive anchor groups, which selectively interact with the 

corresponding surfaces forming covalent bonds, lead to a full coverage of those 

surfaces. Molecules with only one binding site form a self-terminating 

arrangement of exactly one monomer, which provides a precise layer thickness 

control of the resulting SAM arising from the length of the molecules and the tilt 

angle to the surface.16 In organic electronics, the choice of surfaces that can be 

treated with SAMs is rather limited to electrodes, dielectrics, and organic 

semiconductors. The most frequently investigated surfaces are silicon dioxide 

(SiO2) treated with reactive silanes (-SiCl3, -Si(OR)3 or –SiCl(OR)2), and gold (Au), 

although inorganic dielectrics with larger permittivity (e.g., AlOx, HfOx) and 

polymer dielectrics (e.g., poly(methylmethacrylate) (PMMA) or poly(4-

vinylphenol) (PVP)) are of importance as well.17 

The relatively long molecular tail typically dominates the electrical 

properties of the SAMs. The simplest and most investigated examples are 

functionalized n-alkanes of different chain lengths with insulating behavior. Fully 

conjugated systems consisting of various chain structures have been also 

described (e.g., p-phenylene, phenylene-vinylene, phenylene-acetylene, oligo-

thiophenes, or acenes) as well as mixed approaches combining conjugated and 

non-conjugated patterns.18 

The end-capping groups determine the physical and chemical interaction of 

the SAM with the subsequently deposited layer, or even can directly work as 

active device layer. Groups that have been introduced into self-assembling 

molecules vary from simple methyl groups, fluoro-alkyl groups, and functional 

groups such as -NR2, -OH, -SH, -COOH, to aromatic and heteroaromatic groups. 

                                                            
16 Ulman, A. An Introduction to Ultrathin Films: From Langmuir-Blodgett to Self-Assembly 
(Academic, Boston, MA 1991). 
17 DiBenedetto, S.; Facchetti, A.; Ratner, M. A.; Marks, T. J. Adv. Mater. 2009, 21, 1407. 
18 a) McCeery, R. L.; Bergren, A. J. Adv. Mater. 2009, 21, 4303; b) Halik, M.; Klauk, H.; 
Zschieschang, U.; Schmid, G.; Dehm, C.; Schutz, M.; Maisch, S.; Effenberger, F.; 
Brunnbauer, M.; Stellacci, F. Nature 2004, 431, 963; c) Klauk, H.; Zschieschang, U.; Pflaum, 
J.; Halik, M. Nature 2007, 445, 745; d) Yoon, M. H.; Facchetti, A.; Marks, T. J. Proc. Natl. 
Acad. Sci. USA 2005, 102, 4678; e) DiBenedetto, S. A.; Frattarelli, D.; Ratner, M. A.; 
Facchetti, A.; Marks, T. J. J. Am. Chem. Soc. 2008, 130, 7528; f) Collet, J.; Tharaud, O.; 
Chapoton, A.; Vuillaume, D. Appl. Phys. Lett. 2000, 76, 1941. 
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Newer research focuses on complex end-capping groups, such as conjugated 

oligomers or bulky groups as C60 moieties.19 

To conclude, the driving force that governs the formation of this kind of 

molecular assembly involves chemical bond of the molecules with the surface and 

intermolecular interactions. This simple process makes SAMs inherently 

manufacturable and thus, technologically attractive for surface engineering and 

even for the mass production of organic electronics. 

3.1.3 Organic Semiconductors 

It is well-known that in organic semiconductors the intermolecular van der 

Waals interactions are much weaker than the covalent interatomic bonds found 

in inorganic semiconductors such as silicon, making thermal fluctuations disrupt 

the molecular order and result in lower mobilities than those observed in their 

crystalline inorganic counterparts. As a result, the charge transport in inorganic 

semiconductors is carried out via delocalized states following a band transport 

regime in which the conductivity is limited by the lattice vibrations, whereas, at 

least at room temperature, the charge mobility in organic semiconductor 

materials is determined by a hopping transport process. This latter process is 

depicted as an electron or hole transfer reaction in which an electron or hole is 

transferred from one molecule to the neighboring one. Thus, in both conjugated 

polymers and small conjugated molecules the conductivity is determined by the 

relative position of the π orbitals. 

Self-exchange rates and, consequently, the charge mobility on the recently 

mentioned electron and hole transfer reactions are determined, according to 

Marcus theory, by two main parameters:20 

                                                            
19 a) Mottaghi, M.; Lang, P.; Rodriguez, F.; Rumyantseva, A.; Yassar, A.; Horowitz, G.; 
Lenfant, S.; Tondelier, D.; Vuillaume, D. Adv. Funct. Mater. 2007, 17, 597; b) Mathijssen, S. 
G. J.; Smits, E. C. P.: van Hal, P. A.; Wondergem, H. J.; Ponomarenko, S. A.; Moser, A.; 
Resel, R.; Bobbert, P. A.; Kemerink, M.; Jansen, R. A. J.; de Leeuw, D. M. Nat. Nanotechnol. 
2009, 4, 674; c) Novak, M.; Ebel, A.; Meyer-Friedrichsen, T.; Jedaa, A.; Vieweg, B. F.; Yang, 
G.; Voitchovsky, K.; Stellacci, F.; Spiecker, E.; Hirsch, A.; Halik, M. Nano Lett. 2011, 11, 156.  
20 a) Marcus, R. A. Rev. Mod. Phys. 1993, 65, 599; b) Gruhn, N. E.; da Silva Filho, D. A.; Bill, 
T. G.; Malagoli, M.; Coropceanu, V.; Kahn, A.; Brédas, J. –L. J. Am. Chem. Soc. 2002, 124, 
7918.  
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i. the electronic coupling between adjacent molecules (t), which 

needs to be maximized since it reflects the strength of the 

interactions between the electronic levels (HOMO for holes and 

LUMO for electrons) of the molecules involved in the charge 

transfer process.21 

ii. the reorganization energy (λreorg), which depicts the changes in the 

geometry of the two molecules during the electron transfer 

reaction. An efficient charge transport is achieved by lower 

reorganization energies.22 

It seems obvious that the choice of the organic semiconductor mainly 

defines the device performance and, for this reason, the intermolecular 

interactions that exhibit the molecules play an important role in the device 

performance: as the stronger the electronic coupling between neighboring 

molecules, the higher the mobilities achieved. Hence, in order to attain suitable 

performance, organic semiconductors should satisfy general criteria relating both 

the injection and current-carrying characteristics, specifically: 

a. the highest occupied/lowest unoccupied molecular orbital 

(HOMO/LUMO) energy levels of the individual molecules 

(perturbed by their placement in a crystalline solid) should exhibit 

values in which holes/electrons could be induced at accessible 

applied electric fields. 

b. the crystal structure of the material should provide enough frontier 

orbitals overlap for an efficient charge migration between 

neighboring molecules. 

c. the solid should be extremely pure since impurities act as charge 

carrier traps. 

d. the molecules should be preferentially oriented with the long axes 

approximately parallel to the FET substrate normal since the most 

                                                            
21 Valeev, E. F.; Coropceanu, V.; da Silva Filho, D. A.; Salman, S.; Brédas, J. –L. J. Am. Chem. 
Soc. 2006, 128, 9882. 
22 Coropceanu, V.; Cornil, J.; da Silva Filho, D. A.; Olivier, Y.; Silbey, R.; Brédas, J. –L. Chem. 
Rev. 2007, 107, 926. 
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efficient charge transport occurs along the direction of 

intermolecular π-π stacking. 

e. the crystalline domains of the semiconductor should uniformly 

cover the area between the source and drain contacts, such that 

the film displays single-crystal-like morphology. 

Certainly, conjugated molecules are the main type of derivatives that can 

act as organic semiconductors in OFETs. Similarly to the different charge carriers, 

organic semiconductors can work either as p-type or n-type: p-type materials are 

mainly characterized by low ionization potential whereas n-type materials are 

characterized by high electron affinity. However, most of the organic 

semiconductors investigated so far are p-type in their non-intentionally doped 

form. The main reason is that p-type semiconductors are stable in air and display 

relatively high mobility in OFETs devices. Contrary to p-type semiconductors, 

most n-type are sensitive to air and moisture23 since organic anions, in particular 

carbanions, react with oxygen and water under operating conditions. In addition, 

the n-type semiconductors exhibit relatively low field-effect mobilities. These 

reasons along with that the most organic materials tend to transport holes better 

than electrons, and thus, there are more reported p-type materials and studies 

about them, hereinafter only p-type semiconductor materials are taken into 

account and are classified in polymeric and small molecule semiconductors. 

3.1.3.1 Polymeric Semiconductors 

Polymeric semiconductors for OFET applications should present two 

essential structural features (Figure 3.7):24 firstly, a π-conjugated backbone 

composed by linked unsaturated units, resulting in π-extended orbitals along the 

polymer chain, and enabling proper charge transport and optical absorption; 

secondly, functionalization of the polymer core by solubilizing substituents, which 

is essential for inexpensive manufacture by solution methods and for enhancing 

solid state core interactions. 

                                                            
23 de Leeuw, D. M.; Simenon, M. M. J.; Brown, A. R.; Einerhand, R. E. F. Synth. Met. 1997, 
87, 53.  
24 a) Facchetti, A. Chem. Mater. 2011, 23, 733; b) Zhao, X.; Zhan, X. Chem. Soc. Rev. 2011, 
40, 3728. 
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Figure 3.7 Schematic representation of a polymeric chain showing very few 

examples of unsaturated (π) and solubilizing (sub) units. 

Other important parameters associated to the polymer architecture are the 

molecular weight (Mw) and the polydispersity (PD) index, since they influence the 

solubility, solution aggregation, and formulation rheology, as well as the thin film 

formation and morphology in both pristine and blended materials. Good 

reproducibility from batch to batch variations is required in order to reach regular 

properties. 

Reproducibility from batch to batch variations is strongly dependent on the 

polymer structure. For instance, most soluble thiophene-based polymers exhibit 

an average molecular weight about 20 – 30 kDa and a PD of 1.2 – 1.8, reasonable 

values for these threshold parameters.25 

Scheme 3.1 shows the chemical structure of some polymeric p-type 

semiconductors, while Table 3.1 shows their principal FET performance 

parameters.26 

                                                            
25 Hamilton, R.; Bailey, C.; Duffy, W.; Heeney, M.; Shkunov, M.; Sparrowe, D.; Tierney, S.; 
McCulloch, I.; Kline, R. J.; DeLongchamp, D. M.; Chabinyc, M. Proc. SPIE-Int. Soc. Opt. Eng. 
2006, 6336, 158.  
26 Facchetti, A. Mater. Today 2007, 10, 28. 
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Scheme 3.1 Chemical structures of some polymeric p-type organic 

semiconductors. 

Table 3.1 Main OFET performance parameters of the polymeric p-type organic 

semiconductors showed in Scheme 3.1. 

Semiconductor μ (cm2 V-1 s-1) Ion/Ioff 

P3HT 10-5 - > 0.1 102 - ~ 106 

PQT-12 0.14 ~107 

PTTT-14 0.6 – 0.7 ~107 

F8T2 10-5 - > 0.02 102 - ~ 106 

TS6T2 0.06 ~105 

PTAA 10-5 - > 0.01 103 – 105 

Poly 3-substituted thiophenes are among the most studied polymer families 

for semiconductor applications27 due to their good solubility and processability. 

There are several routes to synthesize poly 3-substituted thiophenes, particularly 

the alkyl-substituted derivatives.28 Indeed, the first solution-processed polymer 

used for FETs was poly(3-hexylthiophene) (P3HT), which exhibits a mobility 

                                                            
27 Pron, A.; Rannou, P. Prog. Polym. Sci. 2002, 27, 135. 
28 McCullough, R. D. Adv. Mater. 1998, 10, 93. 
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around 10-4 – 10-5 cm2 V-1 s-1,29 comparable to the electrochemically prepared 

insoluble polythiophene.30 

A study comparing poly(3-alkylthiophene)s based on different alkyl chains 

showed that the mobility decreases as increasing the chain length,31 whereas FET 

devices based on polymers synthesized following different synthetic routes, 

exhibit very little differences in device performance parameters.32 Referring to 

the regioregularity, properties of regioregular head-to-tail poly(3-hexylthiophene) 

(RR-P3HT) are very different from those of their corresponding regiorandom 

polymer, in agreement with theoretical calculations.33 Head-to-tail regioregularity 

decreases band gaps, improves microstructural ordering and crystallinity in the 

solid state, and substantially improves field-effect mobilities.34 

Another family of solution-processable polymers for FETs is based on the 

fluorene ring, being poly[9,9-dioctylfluorene-co-bithiophene] (F8T2) the most 

studied structure.35 The mobility reaches values about 0.02 cm2 V-1 s-1.36 More 

recently, a version of F8T2 in which Se replaces S (F8Se2) has been synthesized, 

exhibiting a hole mobility around 0.012 cm2 V-1 s-1.37 Following another strategy, 

the carbon atom bridging the fluorine ring in F8T2 was replaced by Si, with the 

goal of reducing HOMO/LUMO energies and stabilizing the device operation in 

air. In this way, a series of silole-based polymers (e. g. TS6T2) was synthesized, 

displaying hole mobilities up to 0.01 – 0.06 cm2 V-1 s-1 under ambient conditions.38 

                                                            
29 Assadi, A.; Svensson, C.; Willander, M.; Inganäs, O. Appl. Phys. Lett. 1988, 53, 195. 
30 Tsumura, A.; Fuchigami, H.; Koezuka, H. Synth. Met. 1991, 41, 1181.  
31 Paloheimo, J.; Stubb, H.; Yli-Lahti, P.; Kuivalainen, P. Synth. Met. 1991, 41, 563. 
32 Katz, H. E.; Bao, Z.; Gilat, S. L. Acc. Chem. Res. 2001, 34, 359. 
33 Brédas, J. L. J. Chem. Phys. 1985, 82, 3808. 
34 a) Chen, T. –A. J. Am. Chem. Soc. 1995, 117, 233; b) Sirringhaus, H.; Brown, P. J.; Friend, 
R. H.; Nielsen, M. M.; Bechgaard, K.; Langeveld-Voss, B. M. W.; Spiering, A. J. H.; Janssen, 
R. A. J.; Meijer, E. W.; Herwig, P.; de Leeuw, D. M. Nature 1999, 401, 685. 
35 a) Sirringhaus, H.; Kawase, T.; Friend, R. H.; Shimoda, T.; Inbasekaran, M.; Wu, W.; Woo, 
E. P. Science 2000, 290, 2123; b) Lim, E.; Kim, Y. M.; Lee, J. –I.; Jung, B. –J.; Cho, N. S.; Lee, 
J.; Do, L. –M.; Shim, H. –K. J. Polym. Sci., Part A: Polym. Chem. 2006, 44, 4709. 
36 Sirringhaus, H.; Wilson, R. J.; Friend, R. H.; Inbasekaran, M.; Wu, W.; Woo, E. P.; Grell, 
M.; Bradley, D. D. C. Appl. Phys. Lett. 2000, 77, 406. 
37 Kim, Y. M.; Lim, E.; Kang, I. –N.; Jung, B. –J.; Lee, J.; Koo, B. W.; Do, L. –M.; Shim, H. –K. 
Macromolecules 2006, 39, 4081. 
38 Usta, H.; Lu, G.; Facchetti, A.; Marks, T. J. J. Am. Chem. Soc. 2006, 128, 9034. 
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Definitely, polymers are attractive for OFETs applications since thin films of 

these materials are obtained through simple solution techniques such as drop 

casting, spin coating or ink printing. Nevertheless, the mobilities are usually lower 

than those attained by small molecules due to the poor molecular ordering and 

the low crystallinity obtained by solution techniques. 

3.1.3.2 Small Molecule Semiconductors 

Scheme 3.2 shows the chemical structure of some small molecules that 

work as p-type organic semiconductors and Table 3.2 lists their principal FET 

performance parameters.26 

 

Scheme 3.2 Chemical structures of some molecular p-type organic 

semiconductors. 
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Table 3.2 Main OFET performance parameters of the molecular p-type organic 

semiconductors showed in Scheme 3.2. 

Semiconductor μ (cm2 V-1 s-1) Ion/Ioff 

Rubrene (air, PMMA) 1.5 – 20 1.5 - 20 

P5 1.5 108 

P5 (PVP-CP) 2.9 – 3.0 105 

6T 0.002 
 

8T 0.33  

DH-6T 0.05 103 

DH-4T 0.06 106 

Bis-TDT 0.05 ~108 

Et-6T 0.03 - 0.05 > 105 

PcCu 0.02 – 0.1 ~105 

DT-TTF 1.4 ~105
 

Although initial experiments about transport properties of small molecule 

organic semiconductors were performed on anthracene and tetracene,39 

pentacene (P5) (Scheme 3.3) has become one of the most extensively organic 

semiconductors studied for OFETs.40 Pentacene is an aromatic compound 

composed by five condensed benzene rings widely studied as p-type 

semiconductor for OFETs since the 1970s. Pentacene is commercially available 

and displays one of the highest hole mobility reported for a polycrystalline film (a 

mobility as high as 1.5 cm2 V-1 s-1 was reported by Lin et al.41). High-performance 

                                                            
39 Carswell, D. J.; Ferguson, J.; Lyons, L. E. Nature 1954, 173, 736. 
40 a) Rang, Z.; Haraldsson, A.; Kim, D. M.; Ruden, P. P.; Nathan, M. I.; Chesterfield, R. J.; 
Frisbie, C. D. Appl. Phys. Lett. 2001, 79, 2731; b) Klauk, H.; Gundlach, D. J.; Nichols, J. A.; 
Jackson, T. N. IEEE Trans. Electron Dev. 1999, 46, 1258; c) Horowitz, G.; Fichou, D.; Peng, 
X.; Garnier, F. Synth. Met. 1991, 41, 1127. 
41 Lin. Y. –Y.; Gundlach, D. J.; Nelson, S. F.; Jackson, T. N. IEEE Trans. Electron Dev. Lett. 
1997, 18, 606. 
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pentacene-based devices42 have been also fabricated using polymeric dielectrics 

and achieving carrier mobilities as large as 3 cm2 V-1 s-1. Moreover, presently, 

single crystals of high-quality pentacene can be prepared from the vapor phase in 

a stream of hydrogen or nitrogen.43 

 

Scheme 3.3 Pentacene (P5). 

However, pentacene is only moderately stable to oxygen and light. Indeed, 

some studies addressed the stability of pentacene-based FETs under ambient 

conditions.44 In addition, P5 exhibits a very high melting point and is virtually 

insoluble, even in hot aromatic solvents. Therefore, strategies to solubilize it have 

been developed, such as preparing a soluble P5 precursor that a priori is not a 

semiconductor but can be converted to the active form upon heating.45 

 Note that most progress in OFET performance for a certain semiconductor 

depends, besides the chemical structure, upon the quality of the 

semiconductor/dielectric interface. Consequently, optimization of this parameter 

is currently an important area of research.46 Chemical composition, surface 

functionalization,47 and surface roughness48 of the gate dielectric, as well as 

semiconductor film deposition conditions such as substrate deposition 

temperature, deposition rate,49 and material purity, strongly influence the 

                                                            
42 Klauk, H.; Halik, M.; Zschieschang, U.; Schmid, G.; Radlik, W.; Weber, W. J. Appl. Phys. 
2002, 92, 5259. 
43 Laudise, R. A.; Kloc, Ch.; Simpkins, P. G.; Siegrist, T. J. Cryst. Growth 1998, 187, 449. 
44 Kagan, C. R.; Afzali, A.; Graham, T. O. Appl. Phys. Lett. 2005, 86, 193505.  
45 a) Afzali, A.; Dimitrakopoulos, C. D.; Breen, T. L. J. Am. Chem. Soc. 2002, 124, 8812; b) 
Afzali, A.; Kagan, C. R.; Traub, G. P. Synth. Met. 2005, 155, 490. 
46 a) Huang, C.; Katz, H. E.; West, J. E. J. Appl. Phys. 2006, 100, 114512; b) Lee, C. A.; Park, 
D. W.; Jin, S. H.; Park, I. H.; Lee, J. D.; Park, B. –G. Appl. Phys. Lett. 2006, 88, 252102. 
47 a) Hamadani, B. H.; Corley, D. A.; Ciszek, J. W.; Tour, J. M.; Natelson, D. Nano Lett. 2006, 
6, 1303; b) Tsukagoshi, K.; Shigeto, K.; Yagi, I.; Aoyagi, Y. Appl. Phys. Lett. 2006, 89, 
113507; c) Facchetti, A.; Yoon, M. –H.; Marks, T. J. Adv. Mater. 2005, 17, 1705. 
48 Fritz, S. E.; Kelley, T. W.; Frisbie, C. D. J. Phys. Chem. B 2005, 109, 10574. 
49 Pratontep, S.; Brinkmann, M.; Nüesch, F.; Zuppiroli, L. Synth. Met. 2004, 146, 387. 
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semiconductor film morphology and the microstructure,50 which mostly dominate 

the charge transport and the OFET performance.51 

Another important type of molecular semiconductors is based on the 

thiophene ring (an electron-rich heterocycle), being α-sexithiophene (α-6T) and 

hexyl-substituted thiophene oligomers (such as DH-6T and DH-4T) the most 

investigated examples (Scheme 3.4). 

 

Scheme 3.4 Structure of α-6T, DH-4T and DH-6T. 

Oligomers consisting of conjugated oligothiophene are considered 

promising charge transport semiconductors. The ease of chemical modification of 

their structures enables to fine-tune their properties. Conjugated oligothiophenes 

commonly display better solubilities and are easily purified, enabling to obtain 

thin films by different methods. Addition of alkyl chains to the end of the 

oligothiophene chain usually improves the charge carrier mobility52 since 

enhances the π-orbital overlap and improves the order of the film. 

FETs based on α-6T53 (µ = 0.002 cm2 V-1 s-1) and DH-6T (µ = 0.050 cm2 V-1 s-1) 

were first systematically studied by Garnier et al.,54 showing that relatively high 

mobilities are attainable from polycrystalline organic films. Indeed, α-6T and its 

                                                            
50 Lee, H. S.; Kim, D. H.; Cho, J. H.; Park, Y. D.; Kim, J. S.; Cho, K. Adv. Funct. Mater. 2006, 
16, 1859. 
51 DeLongchamp, D. M. Adv. Mater. 2005, 17, 2340.  
52 a) Hotta, S.; Waragai, K. J. Mater. Chem. 1991, 1, 835; b) Garnier, F.; Yassa, A.; Hajlaoui, 
R.; Horowitz, G.; Deloffre, F.; Servet, B.; Ries, S.; Alnot, P. J. Am. Chem. Soc. 1993, 115, 
8716. 
53 Horowitz, G.; Peng, X. –Z.; Fichou, D.; Garnier, F. Synth. Met. 1992, 51, 419. 
54 Garnier, F.; Yassar, A.; Hajlaoui, R.; Horowitz, G.; Deloffre, F.; Servet, B.; Ries, S.; Alnot, P. 
J. Am. Chem. Soc. 1993, 115, 8716. 
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derivatives have been widely studied as active organic materials over years,55 

improving the reported mobilities from 10-4 cm2 V-1 s-1 to higher than 0.01 cm2 V-1 

s-1 in α-6T-based OFETs,56 and up to 0.13 cm2 V-1 s-1 in the corresponding alkyl-

substituted derivatives57 (since substitution induces higher degree of film self-

organization). 

Carrier mobilities near 0.2 cm2 V-1 s-1 have been reported for α-

octithiophene-based OFETs using films deposited at 150 ºC and higher 

temperatures.58 Halik and co-workers reported a mobility of 1.1 cm2 V-1 s-1 for 

alkyl-substituted oligothiophenes.59 They synthesized and studied a series of alkyl-

substituted oligothiophenes based on different alkyl side chains lengths and 

different chromophore lengths ranging from four to six thiophene units. They 

found that OFETs performance critically depended on the length of the side 

chains. The highest mobility was found for α,α’-diethylsexithiophene, since the 

shorter side chains form a significantly thinner barrier between the conjugated 

backbones, leading to more efficient carrier injection. 

Outstanding and remarkable work about oligothiophene-based OFETs was 

reported by Smits and co-workers in 2008.60 They prepared self-assembled 

monolayer field-effect transistors (SAMFETs) using a small molecule as organic 

semiconductor. The device was synthesized through a bottom-up approach from 

oligothiophenes linked to an end-capping group, which enhances the solubility, 

and to an alkyl-spacer provided by a suitable functional group for a correct 

anchorage to the silicon-based collector (Figure 3.8). 

                                                            
55 a) Horowitz, G.; Fichou, D.; Peng, X. Z.; Xu, Z. G.; Garnier, F. Solid State Commun. 1989, 
72, 381; b) Garnier, F. Pure Appl. Chem. 1996, 68, 1455; c) Katz, H. E. J. Mater. Chem. 
1997, 7, 369.  
56 a) Garnier, F.; Horowitz, G.; Peng, X. Z.; Fichou, D. Synth. Met. 1991, 45, 163; b) 
Dodabalapur, A.; Torsi, L.; Katz, H. E. Science 1995, 268, 270; c) Katz, H. E.; Torsi, L.; 
Dodabalapur, A. Chem. Mater. 1995, 7, 2235.  
57 Dimitrakopoulos, C. D.; Furman, B. K.; Graham, T.; Hedge, S.; Purushothaman, S. Synth. 
Met. 1998, 92, 47. 
58 Horowitz, G.; Hajlaoui, M. E. Adv. Mater. 2000, 12, 1046. 
59 Halik, M.; Klauk, H.; Zschieschang, U.; Schmid, G.; Ponomarenko, S.; Kirchmeyer, S.; 
Weber, W. Adv. Mater. 2003, 15, 917. 
60 Smits, E. C. P.; Mathijssen, S. G. J.; van Hal, P. A.; Setayesh, S.; Geuns, T. C. T.; Mutsaers, 
K. A. H. A.; Cantatore, E.; Wondergem, H. J.; Werzer, O.; Resel, R.; Kemerink, M.; 
Kirchmeyer, S.; Muzafarov, A. M.; Ponomarenko, S. A.; de Boer, B.; Blom, P. W. M.; de 
Leeuw, D. M. Nature 2008, 455, 956. 
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Figure 3.8 Schematic representation of the molecular structure used by Smits 

et al. for preparing the SAMFETs devices. 

They varied a wide number of chemical features such as the number of 

monomers, the anchoring groups, and the alkyl-chain and end-capping group 

lengths (Scheme 3.5), and the most promising results were obtained by 

compound R7, which contains five thiophene units, due to several reasons. Firstly, 

these oligothiophenes exhibited charge carrier mobilities several orders of 

magnitude higher than the corresponding β-substituted molecules.61 Secondly, 

the mobility increases with the number of thiophene units62 whereas the 

solubility decreases significantly, hampering the processability. As a result, 

quinquethiophene was a good compromise between solubility and charge carrier 

mobility. The best electronic properties were achieved by an undecane spacer, 

since the degree of conformational freedom of this alkyl chain (that separates the 

thiophene core and the anchoring group R) allows the molecule to self-assemble 

and optimize its π - π stacking, and an ethyl end-capping group, for stability and 

solubility reasons. Finally, a monofunctional anchoring group as monochlorosilyle 

afforded the best results since it presented high reactivity from the 

semiconductor surface and avoided possible uncontrolled polymerization 

reactions. 

                                                            
61 Garnier, F.; Yassar, A.; Hajlaoui, R.; Horowitz, G.; Deloffre, F.; Servet, B.; Ries, S.; Alnot, P. 
J. Am. Chem. Soc. 1993, 115, 8716. 
62 Halik, M.; Klauk, H.; Zschieschang, U.; Schmid, G.; Ponomarenko, S.; Kirchmeyer, S.; 
Weber, W. Adv. Mater. 2003, 15, 917. 



 Background 
 

 
293 

 
Scheme 3.5 Structure of molecules studied by Smits et al. 

The discrete SAMFETs were fabricated on heavily doped silicon wafers, and 

gold source and drain contacts were constructed. The self-assembled monolayer 

(SAM) was formed by immersion of the substrate into a dry toluene solution of 

the semiconducting molecule. The achieved linear and saturated mobility was 

0.04 cm2 V-1 s-1, comparable to that obtained from quinquethiophene single-

crystalline thin-film transistors.63 This fact is of great importance, considering that 

the charge transport in these SAMFETs occurs through a single layer of a few 

nanometers thick. 

They also prepared SAMFETs using short immersion times and lower 

concentrations of the molecule, but the mobility decreased when the SAM was 

not a dense layer. Hence, to obtain high-mobility in SAMFET devices, it is crucial 

to have a uniform and dense monolayer. 

In addition, they extracted the transport parameters of numerous SAMFETs 

and the yield resulted to be about unity, which highlights high reproducibility and 

a standard deviation in the mobility of only 0.005 cm2 V-1 s-1. Therefore, the 

excellent reproducibility enables the production of functional integrated circuits 

in which hundreds of SAMFETs are addressed simultaneously. 

                                                            
63 Melucci, M.; Gazzano, M.; Barbarella, G.; Cavallini, M.; Biscarini, F.; Maccagnani, P.; 
Ostoja, P. J. Am. Chem. Soc. 2003, 125, 10266.   
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3.2 OBJECTIVES 
As it was mentioned in Chapter 1 of this thesis (Chapter 1: Molecular 

Wires), oligothienylenevinylenes (oTVs) are π-conjugated oligomers based on an 

aromatic structure composed by thiophenes linked through vinylic groups to 

positions 2 and 5 (Scheme 3.6).  

 

Scheme 3.6 Oligothienylenevinylenes structure. 

oTVs display high planarity and structural rigidity, due to the trans vinylic 

bridges, high stability and chemical versatility, as well as excellent electronic 

properties to be used as semiconductor materials for molecular electronics. 

Considering the properties of the oTVs and taking as reference the work reported 

by Smits and col. previously mentioned in which describes reproducible SAMFETs 

based on oligothiophene with relatively high mobility (0.04 cm2 V-1 s-1), in this 

chapter it is proposed to prepare new small molecules based on oTVs to be used 

as semiconductor materials in SAMFETs devices. Consequently, the proposed 

objectives are: 

I. To design, synthesize and characterize oligothienylenevinylene 

trimers (3TV) with two or no hexyl chains at the β positions of the 

central thiophene ring, incorporating an ethyl fragment as end-

capping group and an undecanyl group as spacer (base) provided 

with a monochlorosilyl anchor group (Scheme 3.7).  
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Scheme 3.7 Objective molecules. 

II. To optimize the best conditions for anchoring the different small 

molecules on an oxidized silicon surface, trying to get a dense self-

assembled monolayer (SAM) of molecules. 

III. To study and characterize the SAM by infrared spectroscopy (FT-IR), 

optical microscopy, atomic force microscopy (AFM) and X-Ray 

photoelectron spectroscopy (XPS). 

IV. To prepare and characterize SAMFETs devices, studying the effect 

of the hexyl chains linked to the β positions of the central thiophene 

ring on the device performance parameters. 

 

 

 

MT 1: R = H 

MT 2: R = C6H13 
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3.3 RESULTS AND DISCUSSION 

3.3.1 Synthesis and Characterization 

Firstly, it was synthesized four different derivatives from a model molecule 

(2-hexylthiophene) in order to find the best synthetic strategy to link the alkyl 

spacer and the anchoring group to the central aromatic core. Molecules differ in 

the functional group used for linking both moieties: ester, cetone, vinylene and 

direct binding. A priori, the best connection is the direct binding since there are 

none functional group able to react in the subsequent reactions. 

On the other hand, as it was mentioned in the background about the 

studies carried out by Smits et al., it seems that the insertion of an undecane 

spacer would be a good starting point. Furthermore, the undecane chain should 

present a final vinylic group in order to introduce the anchoring group, so it was 

proposed the use of 1-undecene as alkyl spacer. 

Once the synthetic strategy had been chosen, the same method was 

repeated directly on the oTVs in order to achieve the objective molecules. 

3.3.1.1 Design and verification of the most effective synthetic strategy 

2-hexylthiophene was employed as model compound because exhibits two 

main advantages: easy availability, since it is commercially available whereas the 

preparation of the oTVs involves several synthetic steps, and higher selectivity 

control than oTVs since the model molecule displays a reactive position locked (α 

position). 

The four test molecules are represented in Scheme 3.8 and their syntheses 

are then described. 

 

Scheme 3.8 Test molecules synthesized. 

a) Union via ester group 

This connection was carried out by esterification reaction between a 

carboxylic acid or acid chloride and an alcohol. 10-undecenoyl chloride 

TestM1 TestM2 TestM3 TestM4 
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(commercially available) was employed as acid chloride, so that the thiophene 

ring should content the alcohol group. 

In this way, firstly it was carried out the formylation of the starting material 

(2-hexylthiophene) under Vilsmeier conditions to give monoaldehyde 3.1 in 98% 

of yield. Monoaldehyde (3.1) was reduced to the corresponding alcohol 3.2 by 

treatment with NaBH4 in 57% of yield (Scheme 3.9). Both products were 

characterized by the common spectroscopic techniques, agreeing with the 

expected structures. Thus for instance, in the 1H-NMR spectrum of the alcohol 3.2 

did not appear the signal corresponding to the aldehyde proton at 9.81 ppm but 

showed the singlet associated to the methanol group at 4.75 ppm. 

 

Scheme 3.9 

Then, esterification reaction between the alcohol 3.2 and 10-undecenoyl 

chloride afforded the ester derivative TestM1 (Scheme 3.9). The reaction was 

performed using triethylamine as base in order to neutralize the hydrochloric acid 

generated. After purification by chromatography column, the product was 

isolated in 90% of yield. This derivative was also fully characterized by the 

common spectroscopic techniques, being observed the typical signals 

corresponding to a monosubstituted terminal vinylic group between 5 and 6 ppm 

by 1H-NMR. 

Finally, the hydrosilylation reaction on the terminal vinylic group allowed 

introducing the anchoring group by using chlorodimethylsilane and a platinum 

catalyst (Karstedt’s catalyst) (Scheme 3.10). After the excess of 

chlorodimethylsilane was removed, product TestM1Si was isolated as yellow oil. 

Since the chloride derivative resulted highly reactive and unstable, any 

purification of the crude product was carried out. Moreover, product TestM1Si 

resulted to be unstable in acidic medium since it decomposed in CDCl3 solvent. 

 

3.1 3.2 TestM1 
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Scheme 3.10 

By 1H-NMR, the disappearance of the signals associated to the vinylic group 

on TestM1 and the appearance of a new singlet at 0.42 ppm corresponding to the 

chlorodimethylsilyl group was observed. The signals associated to the molecule 

with the vinylic group isomerized were also detected in a proportion below 40%. 

A priori, this synthetic strategy was attainable for linking the long alkyl chain 

(spacer) to the thiophene central core. In that case, it would be necessary to 

perform some studies in order to know if the ester group modifies or modulates 

the final device properties. 

b) Union via ketone group 

Taking as reference the reaction mechanism of the Vilsmeier formylation, 

an acid chloride was used instead of dimethylformamide as electrophile.  

Thus, the reaction was carried out using POCl3 and 10-undecenoyl chloride 

(Scheme 3.11). Although the consumption of the starting material (10-undecenoyl 

chloride) as well as the connection between the aromatic ring and the alkyl chain 

was confirmed by NMR and IR, the 1H-NMR spectrum showed the presence of the 

desired product but also the corresponding isomer with an internal double bond.  

Therefore, this synthetic strategy resulted to be unsuitable since the 

product with an internal vinylic group was inconsistent with the subsequent 

silylation reaction. 

 

Scheme 3.11 

TestM1 TestM1Si 

TestM2 TestM2isomer 
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As alternative, it was tried a weaker Lewis acid such as SnCl4, but in this case 

the signals corresponding to the vinylic group were not observed, probably due to 

a hydrogenation of that group by the SnCl4. 

Hence, we concluded that the suggested synthetic routes were not suitable 

for linking the alkyl chain and the thiophene ring by a ketone group. 

c) Union via double bond 

A synthetic strategy through a Horner-Wadsworth-Emmons reaction 

between an aldehyde and a phosphonate derivative was proposed (Scheme 3.12). 

The suggested reagents were aldehyde 3.1, previously described, and a 

phosphonate containing eleven carbon atoms and a terminal vinylic group. 

 

Scheme 3.12 

Nevertheless, the Arbuzov reaction of the corresponding bromide derivative 

and triethyl phosphite carried out in order to prepare the phosphonate derivative 

3.3 did not work (Scheme 3.13).  

 

Scheme 3.13 

1H-NMR spectrum did not show the signals associated to the vinylic group, 

suggesting that the group reacts under these conditions. Although it was not 

performed in this work, inverting the reaction sites, i.e., use an aldehyde provided 

by an undecanyl group and a thiophene phosphonate derivative, could be an 

alternative. 

d) Direct union 

Absence of bonding functional groups eases the subsequent silylation 

reaction, and the final device properties, a priori, remain unaltered. 

TestM3 3.1 3.3 

3.3 
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In this case, 2-hexylthiophene was treated with n-BuLi and 11-bromo-1-

undecene in THF at low temperature (Scheme 3.14). After purification by 

chromatography column, derivative TestM4 was achieved and characterized by 

NMR, agreeing all signals with the expected structure. 

 

Scheme 3.14 

Then, the hydrosilylation reaction under the same conditions previously 

described for compound TestM1 (ester derivative) afforded the final product 

TestM4Si after removing the chlorodimethylsilane excess (Scheme 3.15). 

 

Scheme 3.15 

By 1H-NMR, the absence of the signals corresponding to the vinylic group of 

the starting material and the new singlet at 0.40 ppm associated to the methyl 

groups linked to the silicon atom confirmed the expected structure. In this case, 

the proportion of the isomer derivative was less than 10%. 

Considering the experiments carried out, it is concluded that there are two 

main synthetic routes to introduce the spacer, along with the anchor group, to 

the thiophene ring: via an ester group (compound TestM1), involving three 

synthetic steps, or via direct union (compound TestM4), including only one 

chemical reaction and none functional group hindering the following processes. 

Therefore, it seemed evident that the best and more effective way for preparing 

the objective molecules was the direct union, and thus, this synthetic route was 

performed for the oTVs derivatives (see below). 

 

 

TestM4 

TestM4 TestM4Si 
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3.3.1.2 Synthesis of oTVs and testing 

Although the objective molecules are based on oligothienylenevinylene 

trimer (3TV), the test experiments carried out with oTV derivatives were 

performed from the dimer (2TV) and the tetramer (4TV). 

Oligomers 2TV and 4TV were synthesized according to the procedure 

described by Roncali and coll.64 with some modifications (Scheme 3.16).  

The synthesis began with a Kumada coupling between 3,4-

dibromothiophene and hexylmagnesium bromide (4 eq), prepared “in-situ” by 

reaction of the corresponding halogenated derivative with metallic magnesium, 

and using NiCl2(dppp) as catalyst.65 Distillation under reduced pressure gave the 

product 3.4 in 50% of yield. Hexyl chains increase the solubility of the oligomers 

and decrease the supramolecular aggregation between closed oTV chains. 

Vilsmeier formylation of 3,4-dihexylthiophene (3.4) using DMF, POCl3 and 

1,2-dichloroethane as solvent, afforded 3,4-dihexyl-2-thiophenecarboxaldehyde 

(3.5) in 84% of yield after purification by chromatography column. McMurry 

coupling of aldehyde 3.5 gave dimer 2TV in 71% of yield. 

 

Scheme 3.16 

                                                            
64 a) Jestin, I.; Frère, P.; Mercier, N.; Levillain, E.; Stievenard, D.; Roncali, J. J. Am. Chem. 
Soc. 1998, 120, 8150; b) Roncali, J. Acc. Chem. Res. 2000, 33, 147. 
65 Tamao, K.; Oddama, S.; Nakasima, I.; Kumada, M.; Minato, A.; Suzuki, K. Tetrahedron 
1982, 8, 3347. 
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3.6 

4TV 
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Vilsmeier formylation under stoichiometric conditions of dimer (2TV) 

afforded the corresponding monoaldehyde 3.6 in 62% of yield. Sometimes, the 

monoaldehyde 3.6 was obtained as Z/E isomers mix, so it was necessary a 

subsequent treatment with catalytic amounts of iodine in toluene at reflux over 

three days in order to convert the cis (Z) isomer into the trans (E) isomer.66 

Finally, McMurry coupling of monoaldehyde 3.6 gave tetramer 4TV in 65% 

of yield. Pure product was obtained as red solid after chromatography column in 

hexane as solvent. 

All products were fully characterized by the common spectroscopic 

techniques, agreeing with the bibliographic data.64 

Once the oligomers were synthesized, it was tried to introduce the alkyl 

chain (spacer) composed by eleven carbon atoms to the oTVs using the same 

synthetic strategy previously optimized for the model molecule (Scheme 3.17 and 

3.18). 

First experiments were carried out with 2TV, but 1H-NMR spectrum clearly 

showed the signals corresponding to the starting materials, and none signal 

associated to the expected product. After that, the same conditions were 

employed but instead of stirring an hour after n-BuLi addition, 11-bromo-1-

undecene was immediately added. By 1H-NMR similar results were detected 

because the starting materials signals were again identified. 

 

Scheme 3.17 

When tetramer 4TV was employed (Scheme 3.18), the reaction neither 

worked because only the starting materials (4TV and 11-bromo-1-undecene) were 

obtained. 

                                                            
66 Benson, S. W.; Egger, K. W.; Golden, D. M. J. Am. Chem. Soc. 1965, 87, 468. 

2TV 
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Scheme 3.18 

All these failed experiments led to design a new synthetic strategy able to 

link, through Horner-Wadsworth-Emmons reactions, a moiety provided by the 

spacer with the terminal vinylic group necessary to introduce the anchoring 

group, and a moiety that contains the end-capping group (ethyl group). This new 

strategy also enables the direct union between the spacer and the central core 

(oTVs). 

3.3.1.3 Objective molecules 

This new synthetic strategy began with a Vilsmeier formylation of 3,4-

dihexylthiophene (3.4) under the same conditions previously described. Then, the 

reduction of the corresponding aldehyde derivatives (3.7 and 3.5) with NaBH4 

gave the alcohol derivatives 3.8 and 3.9, respectively, in quantitative yields 

(Scheme 3.19). 

Synthesis of phosphonates 3.10 and 3.11 started with the addition of a 

solution of the corresponding alcohol derivatives (3.8 and 3.9, respectively) and 

phosphorus tribromide in dry toluene, over a solution composed by 

diethylphosphite and sodium hydride in THF previously stirred at -20 ºC for an 

hour. After heating at reflux for two hours, work-up and purification by 

chromatography column, phosphonate derivatives 3.10 and 3.11 were obtained in 

81% and 69% of yield, respectively (Scheme 3.19). 

 

 

Scheme 3.19 

3.7: R = H 

3.5: R = C6H13 

4TV 

3.8: R = H 

3.9: R = C6H13 

3.10: R = H 

3.11: R = C6H13 



Results and Discussion 
 

 
309 

All compounds were characterized by the common spectroscopic 

techniques and all data corresponded with the expected structures. 

Next step consisted on a Horner-Wadsworth-Emmons reaction between the 

corresponding phosphonate derivatives (3.10 and 3.11) and 5-ethyl-2-

thiophenecarboxaldehyde, commercially available, which incorporates the 

required end-capping group (Scheme 3.20). At room temperature, potassium 

tert-butoxide was used as base and dry THF as solvent, affording compounds 3.12 

and 3.13 in 92% and 68% of yield, respectively.  

 

 

 

Scheme 3.20 

Vilsmeier formylation of building blocks 3.12 and 3.13 led to the 

corresponding aldehydes 3.14 and 3.15, respectively, after purification by 

chromatography column. By 1H-NMR, the typical doublets associated to a trans 

vinylic group (3J ≈ 15.6 Hz) were assigned, agreeing with the expected structures 

(Figure 3.9 as example).  

 

Figure 3.9 1H-NMR spectrum of monoaldehyde 3.14. 

1.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.5 ppm

6.46.56.66.76.86.97.07.17.27.37.47.57.67.77.87.9 ppm

3.10: R = H 

3.11: R = C6H13 

3.12: R = H 

3.13: R = C6H13 

3.14: R = H 

3.15: R = C6H13 
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Once the moiety composed by the end-capping group was synthesized, the 

moiety which contains the spacer based on eleven carbon atoms was prepared. 

This synthesis began with an alkylation reaction of the thiophene ring by 

treatment with n-BuLi at low temperature and 11-bromo-1-undecene (Scheme 

3.21). Compound 3.16 was achieved in 63% of yield and was characterized by 

NMR. 1H-NMR showed the signals corresponding to the aromatic protons (from 

7.2 ppm to 6.7 ppm) as well as the signals attributed to the terminal 

monosubstituted vinylic group around 5 ppm and 6 ppm. Signals assigned to the 

aliphatic protons are showed from 3 ppm to 0.8 ppm (Figure 3.10). 

 

Figure 3.10 1H-NMR spectrum of derivative 3.16. 

Vilsmeier formylation followed by reduction with NaBH4 of derivative 3.17, 

gave the corresponding alcohol (3.18) in quantitative yield (Scheme 3.21). Both 

compounds were characterized by NMR, agreeing all signals with the expected 

structures. 

S

BuLi

Br 9

S 9

POCl3

DMF S 9OHC S 9

NaBH4
HO

CH2Cl2, MeOH

 

Scheme 3.21 

Alcohol 3.18 was converted into the corresponding phosphonate derivative 

3.19 under the same conditions previously described for derivatives 3.10 and 3.11 

in 60% of yield (Scheme 3.22). 

3.16 3.17 3.18 
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Scheme 3.22 

Thereby, the undecane chain (spacer) and the end-capping group (ethylene) 

were directly linked to thiophene moieties and, moreover, both fragments exhibit 

the functional groups required for a Horner-Wadsworth-Emmons reaction which 

leads to the desired oligomers (Scheme 3.23). These reactions were carried out 

using potassium tert-butoxide as base and dry THF as solvent, and final products 

were obtained in 49% of yield for the derivative without hexyl chains (3.20), and 

in 46% of yield for the derivative with hexyl chains (3.21). All new compounds 

were characterized by the common spectroscopic techniques and the data were 

consistent with the expected structures (see experimental section). 

 

 

Scheme 3.23 

Finally, the anchoring group was incorporated to the precursor molecules 

(3.20 and 3.21) by the terminal vinylic group (Scheme 3.24). The hydrosilylation 

reaction was performed under the same conditions previously described, i. e., 

using chlorodimethylsilane, Karstedt’s catalyst and toluene as solvent at 32 ºC for 

16 hours under rigorous inert atmosphere. After complete elimination of the 

chlorodimethylsilane excess and without further purification, resulting products 

were preserved under argon atmosphere due to their instability to oxygen and 

humidity. 

  

 

Scheme 3.24 

3.18 3.19 

3.20: R = H 

3.21: R = C6H13 

MT 1: R = H 

MT 2: R = C6H13 

3.19 3.14: R = H 

3.15: R = C6H13 

3.20: R = H 

3.21: R = C6H13 
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1H-NMR spectra revealed the existence of the final products MT 1 and MT 2 

since they did not show the signals associated to the vinylic group whereas 

revealed the new singlet at 0.43 ppm assigned to the methyl groups linked to the 

silicon atom (Figure 3.11). 

 

Figure 3.11 1H-NMR spectrum of final product MT 2. 

3.3.2 Deposition, Formation and Characterization of the SAM 

The substrate employed for depositing the molecules and forming the 

monolayer was silicon, an inorganic semiconductor which operates as collector in 

the final SAMFET device. 

Self-assembly of the synthesized organic molecules (MT 1 and MT 2) is 

attributed to the chemisorption of Si-Cl groups on the hydrated silicon surface, as 

Scheme 3.25 describes. 
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Scheme 3.25 

First of all, monolayer generation occurs by the heterocondensation of the 

Si-Cl groups from the oligomer (MT 1 and MT 2) with the Si-OH groups of the 

hydrolyzed silicon surface (reaction (a) in Scheme 3.26). 

Water traces, which cannot be excluded, lead to the partial hydrolysis of Si-

Cl groups belonging to the organic molecules (reaction (b) in Scheme 3.26). In 

addition, another secondary reaction to consider is the condensation of the 

hydrolyzed organic molecules with the hydrolyzed silicon surface, especially 

favored in acid medium (reaction (c) in Scheme 3.26). 

 

Scheme 3.26 

There are two main driving forces responsible for the semiconductor 

monolayer formation from the oligomers: (1) the chemical reaction which 

involves the disiloxane bonds and, consequently, connect the organic molecules 
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to the silicon surface; and (2) the strong π-π interactions between the oligomeric 

central cores in the monolayer.67 

Regarding to the deposition procedure, the silicon surface should be 

oxidized in order to generate the required hydroxyl groups to carry out the 

chemisorption of the oTVs synthesized. For that, first of all the silicon surfaces 

were cleaned by sonication with acetone and isopropanol, and dried under argon 

flow. Then, the substrates were immersed in a strong acid solution (H2SO4:H2O2, 

3:1) for five minutes, rinsed several times with milli-Q water and dried under 

argon flow. 

Deposition was performed by immersing the oxidized silicon substrates into 

a solution composed by 10 mg of the corresponding oTV in 10 mL of dry toluene 

(Figure 3.12). As it was mentioned before, there are secondary reactions that 

reduce the deposition effectiveness. In order to avoid or reduce those reactions, 

oTVs solution preparation as well as deposition should be carried out in a glob 

box. Immersion time required to form a dense monolayer was not optimized, but 

the test experiments involved 1, 3 and 7 days. 

 

Figure 3.12 Schematic representation of the deposition process. 

                                                            
67 Ponomarenko, S. A.; Borshchev, O. V.; Meyer-Friedrichsen, T.; Pleshkova, A. P.; 
Setayesh, S.; Smits, E. C. P.; Mathijssen, S. G. J.; Leeuw, D. M.; Kirchmeyer, S.; Muzafarov, 
A. M. Organometallics 2010, 29, 4213. 

Si Substrate Si Substrate 



Results and Discussion 
 

 
315 

After deposition, the substrates were rinsed with toluene and isopropanol, 

and finally dried under argon flow. Substrates should be remained in a closed 

vessel. 

First deposition experiments were performed with a simple molecule 

consisting on a thiophene ring linked to the undecane chain with the anchoring 

group (3.22) (Scheme 3.27). 

 

Scheme 3.27 Trial molecule for deposition process. 

By IR spectroscopy, the same bands were observed in both the spectrum of 

the neat molecule 3.22 and the spectrum of the silicon substrate deposited with 

it; so the existence of anchored molecules on the surface was assumed (Figure 

3.13). 

 

Figure 3.13 (Left) IR spectrum of neat trial molecule (3.22); (right) IR spectrum 

of the SAM deposited from the trial molecule (3.22) on the silicon surface. 

Another technique used for studying and characterizing the surface was 

atomic force microscopy (AFM). Recorded images also confirmed the existence of 

deposited molecules on the silicon surface, since the calculated length for 

molecule 3.22 (≈ 1.4 nm) was in agreement with the length obtained for the 
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deposited molecules, according to the height profile (Figure 3.14). The surface 

also contains some aggregates of higher height (up to 5 nm). 

 

Figure 3.14 AFM images of the SAM deposited from molecule 3.22 on the 

silicon substrate. 

Once the chemisorption was checked and proved, next step involved the 

deposition of the oTV molecules (MT 1 and MT 2). Both cleaning and oxidation of 

the silicon substrates were performed according to the procedure previously 

described. oTV solutions were also prepared in the glob box using 10 mg of MT 1 

or MT 2 in 10 mL of dry toluene. 

Different experiments varying the immersion time and the atmosphere in 

which the deposition was developed (air or argon) were carried out. 

AFM, XPS and optical microscopy revealed, under air and argon 

atmosphere, insufficient immersion time for 1 and 3 days. Although IR spectra 

showed the same peaks in both neat and deposited molecules (Figure 3.15), the 

density of oTVs deposited on the surface was very low, as showed AFM (Figure 

3.16) and optical microscopy (Figure 3.17) images. 
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Figure 3.15 (Left) IR spectrum of neat molecule MT 2 and (right) IR spectrum 

of the SAM deposited from molecule MT 2 under Ar for 3 days on the silicon 

surface. 

 

 

Figure 3.16 AFM images of the SAM deposited from molecule MT 2 under Ar 

for 3 days on the silicon surface. 
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Figure 3.17 Optical microscopy images of the SAM deposited from molecule 

MT 2 under Ar for 3 days on the silicon surface. 

More covered surfaces were achieved from 7 days as immersion time under 

Ar atmosphere. Once again the IR spectra showed the same bands in both the 

neat and deposited molecules. AFM images (Figure 3.18) also exhibited molecules 

anchored to the surface whose length (≈ 1.6 nm) is not exactly in agreement with 

the theoretical length (≈ 3 – 3.1 nm) since, presumably, the long chain of eleven 

carbon atoms displays more folded conformation after the deposition process. 

 

 

Figure 3.18 AFM image of the SAM deposited from molecule MT 2 under Ar 

for 7 days on the silicon surface. 
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Optical microscopy displayed higher amount of anchored molecules and 

higher homogeneity on the surface (Figure 3.19). 

 

Figure 3.19 Optical microscopy image of the SAM deposited from molecule MT 

2 under Ar for 7 days on the silicon surface. 

Finally, analysis by X-Ray photoelectron (XPS) spectroscopy (carried out by 

Prof. José Luis García Fierro) confirmed the presence of the oTV molecules 

anchored on the silicon surface since two different types of carbon, aliphatic and 

aromatic, with different binding energies (BE) were found (Table 3.3). The binding 

energy of orbital S2p in the SAM matches with that associated to C–S bond and is 

in agreement with the neat oTV molecule MT 2 (Figure 3.20). 

Table 3.3 Binding energies of the neat oTV molecule (MT 2) and the SAM 

deposited from molecule MT 2 (SAM – MT 2) under Ar for 7 days on the silicon 

surface. 

Sample C1s O1s S2p Si2p 

Molecule (MT 2) 
284.9 (96) 

286.2 (4) 
532.5 164.0 102.3 

SAM – MT 2 
284.9 (95) 

286.1 (5) 
532.4 163.9 

98.9 (73) Si0 

102.5 (27) SiO2 
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Figure 3.20 Representation of BE (eV) vs counts per second (a. u.) for neat 

molecule MT 2 (up) and SAM deposited from molecule MT 2 under Ar for 7 

days on the silicon surface (bottom). 

All results showed that, although the deposition is not yet complete, there is 

a SAM of molecules anchored on the silicon surface. 

Once the monolayer was achieved, next step involved the fabrication of the 

SAMFET device. 

3.3.3 SAMFET Preparation and Characterization 

This part of the work was carried out in collaboration with the research 

group of Dr. Markus Halik at the University of Erlangen-Nürnberg in Germany. 

The lithographically patterned substrates used for preparing the SAMFET 

devices exhibited the following setup (Figure 3.21): 

 Silicon with 100 nm thermal SiO2 as substrate 

 Al gate electrode 

MT 2 

SAM-MT 2 

S2p 
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 Hybrid dielectric consisting of AlOx (obtained by oxygen plasma 

treatment of the Al) and a tetradecylphosphonic acid (C14-PA) SAM 

to reduce the leakage current 

 Au source and drain electrodes 

 

Figure 3.21 Schematic representation of the patterned substrates used for 

preparing the SAMFETs. 

C14-PA SAM was removed from the channel area by an oxygen plasma 

treatment, so that the active molecules (oTVs) could be directly self-assembled on 

the AlOx in the channel. 

The substrates used for checking the static contact angle (with water) of the 

SAM were composed by Si/SiO2 with 30 nm Al and a thin AlOx layer. 

Self-assemble was performed by immersion of the substrates in 0.2 mM and 

0.4 mM solutions of the oTV molecules (MT 1 and MT 2) in dry toluene inside the 

globe box. In these experiments, more diluted solutions, compared with the 

experiments carried out previously for the formation and checking of the SAM 

(section 3.3.2), and two different concentrations, in order to find the most 

suitable one, were employed. After self-assemble, the substrates were rinsed 

with pure toluene and dried under Ar flow and vacuum for 5 hours at 40 ºC. 
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Initial experiments were performed from molecule MT 2 (derivative with 

hexyl chains) and 7 days as immersion time. However, after realizing that this 

time was too long, an immersion time of only 3 days was employed for the 

following experiments carried out with molecule MT 1 (derivative without hexyl 

chains). 

Static contact angles measurements for the SAMs deposited on the 

aluminum surface resulted to be around 90º, according to the expected values 

(Table 3.4 and Figure 3.22). 

Table 3.4 Static contact angles of SAMs based on molecules MT 1 and MT 2 at 

different concentrations. 

Sample Concentration 
(mM) 

Static contact 
angle [º] 

Molecule MT 1 
0.2 95.9 ± 0.7 

0.4 93.6 ± 0.7 

Molecule MT 2 
0.2 92.8 ± 2.9 

0.4 94.4 ± 0.7 

 

 

Figure 3.22 Static contact angles of SAMs based on molecule MT 1 (left) and 

molecule MT 2 (right). 

Nevertheless, the results obtained by the characteristic transfer 

measurements showed no transistor behavior (Figure 3.23).  
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Figure 3.23 Gate-source voltage (Vgs) versus the square root of drain current 

(Id) for molecule MT 1 (up) and molecule MT 2 (bottom). 

After measuring the SAMFET devices based on MT 2, the results were 

attributed to the hexyl chains attached to one of the thiophene rings of the oTV 

central core, since they could hinder the charge transport between molecules. 

This reason led us to prepare the molecule without hexyl chains (MT 1). However, 

this latter molecule neither exhibited transistor behavior. 

Results suggest that the low covered surface by the active molecules (oTV 

derivatives) involves a large distance between molecules which hinders the 

interaction of the π-conjugated systems. Thereby, there is not charge transport 

between molecules and no transistor behavior. 
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3.4 CONCLUSIONS 
The results exhibited in this chapter are summarized in the following 

conclusions. 

 The optimal synthetic route to link the end-capping group and the 

spacer to the central thiophene-based moiety was optimized; 

comparison between the union via ester group, ketone, vinyl and direct 

union was performed. 

 Two new molecules based on oligothienylenevinylene trimer (3TV) have 

been synthesized and characterized, varying the number of hexyl chains 

linked to the central thiophene ring. 

 Self-assembled monolayers (SAMs) were prepared and characterized by 

FT-IR, AFM, optical microscopy and XPS analysis, showing a unique layer 

of molecules along the surface for both molecules. Static contact angles 

of the SAMs were also measured, finding suitable values (around 90º). 

 SAMFET devices were prepared and characterized, but no transistor 

behavior was exhibited by any of the molecules. The low coverage of 

the surface by the active molecules hinders the charge transport 

between molecules since the large distance between them hampers the 

interaction of the π-conjugated systems. 
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3.5 EXPERIMENTAL SECTION 

3.5.1 Reagents and Materials 

Reagents and materials used for synthesizing the molecules described in 

this memory were provided by Across and Sigma-Aldrich. All of them were 

employed without previous treatment, unless otherwise is specified. 

Reactions were monitored by thin-layer chromatography (TLC) using TLC-

sheets of 0.20 mm thickness pre-coated with silica gel 60. 

 Silica gel used as stationary phase for separation and purification by 

chromatography column was silica gel 60, 0.06 - 0.2 mm (70 – 230 mesh ASTM) or 

0.04 - 0.06 mm (230 – 400 mesh ASTM) Scharlau. 

3.5.2 Structural Characterization Techniques 

3.5.2.1 Nuclear Magnetic Resonance Spectroscopy 

1H-NMR and 13C-NMR spectra were registered in a Bruker TopSpin AV-400 

(400 MHz) or Bruker Innova 500 spectrometers. The partially deuterated solvent 

employed for each molecule is indicated in brackets together with the experiment 

frequency. Chemical shifts are reported in parts per million (ppm) relative to the 

solvent residual peak: CDCl3, 7.27 ppm, CD2Cl2, 5.30 ppm and DMSO-d6, 2.50 ppm 

for 1H-NMR experiments, and CDCl3, 77.0 ppm, CD2Cl2, 54.0 ppm and DMSO-d6, 

39.5 ppm for 13C-NMR experiments. 

3.5.2.2 UV-Vis Spectroscopy 

UV-Vis absorption measurements were carried out in a Shimadzu UV 3600 

spectrophotometer using 1 cm standard quartz cuvettes. 

3.5.2.3 Fluorescence Spectroscopy 

Fluorescence spectra were recorded in a Cary Eclipse fluorescence 

spectrophotometer using 1 cm standard quartz cuvettes. 

3.5.2.4 Fourier Transform Infrared Spectroscopy 

FT-IR spectra were recorded in a Fourier Transform IR spectrometer Avatar 

370 Thermo Nicolet, using pellets of dispersed samples of the corresponding 

compounds in dried KBr or ATR accessory. 
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3.5.2.5 Mass Spectrometry 

Mass spectra were achieved from a VOYAGER DETM STR mass spectrometer 

(MALDI-TOF) using dithranol as matrix. 

3.5.2.6 Electrochemical Studies 

Cyclic voltammetry (CV) and Osteryoung square wave voltammetry (OSWV) 

experiments were carried out in a potentiostat/galvanostat AUTOLAB using a one-

compartment cell equipped with a glassy working electrode (Ø = 2 mm) and a 

platinum wire counter electrode. An Ag/AgNO3 (0.01 M in the supporting 

electrolyte) electrode was used as reference and checked against the 

ferrocene/ferrocenium couple (Fc/Fc+) before each experiment. Measurements 

were performed in o-dichlorobenzene/acetonitrile 4:1 solutions and 

tetrabutylammonium perchlorate (purchased from Sigma-Aldrich and used 

without purification) (0.1 M) as background electrolyte. Solutions were 

deoxygenated by argon bubbling prior to each experiment which runs under 

argon atmosphere. 

3.5.2.7 Thermogravimetric (TGA) Analysis 

TGA analyses were performed using a TGA/DSC Linea Excellent instrument 

by Mettler-Toledo and collected under inert atmosphere of nitrogen with a rate 

of 10ºC min-1. Weight changes were recorded as a function of temperature. 

3.5.2.8 Differential Scanning Calorimetry (DSC) Analysis 

DSC analyses were performed using a DSC Linea Excellent instrument by 

Mettler-Toledo and collected under inert atmosphere of nitrogen at a heating 

rate of 20 K min-1 and a cooling rate of 10 K min-1. 

3.5.2.9 Atomic Force Microscopy (AFM) 

AFM images were acquired in tapping mode using a Multimode V8.10 

(Veeco Instruments Inc., Santa Barbara, USA) with a NanoScope V controller 

(Digital Instruments, Santa Barbara, USA). Silicon cantilevers were used (RTESP 

from Bruker Probes) with a resonance frequency of 300 kHz and a nominal force 

constant of 40 N m-1. 
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3.5.2.10 Optical Microscopy 

Optical microscopy images were acquired by a CCD (charge-coupled device) 

camera and confocal Leica DM2500 microscope, using magnification objectives of 

5x, 20x, 50x and 100x.   

3.5.3 Synthesis and Characterization 

General procedure for the Vilsmeier formylation. 

In a round-bottomed flask and under argon atmosphere, POCl3 is added to a 

solution of the corresponding derivative and DMF in dry 1,2-dichloroethane (1,2-

DCE). The mixture is stirred at room temperature or reflux (depending on the 

compound) overnight. A saturated aqueous solution of sodium acetate is then 

added and the mixture is stirred vigorously for 1 h. The solution is extracted with 

dichloromethane and the organic phases are dried over MgSO4. After evaporation 

of the solvent, the product is purified by chromatography column. 

General procedure for aldehyde to alcohol groups reduction. 

The corresponding aldehyde (1 eq) is dissolved in a mix of solvents 

composed by CH2Cl2:MeOH 1:1 and, under Ar atmosphere, sodium borohydride 

(2 eq) is added. The reaction mixture is stirred at room temperature and 

monitored by TLC. After extraction from dichloromethane, the organic phases are 

dried over anhydrous MgSO4 and the solvent is removed under reduced pressure. 

The corresponding alcohol derivative is obtained without further purification. 

General procedure for Horner-Wadsworth-Emmons reaction. 

Potassium tert-butoxide is slowly added to a solution of the corresponding 

phosphonate and aldehyde in dry THF under argon atmosphere. The reaction 

mixture is stirred at room temperature and monitored by TLC (disappearance of 

aldehyde). After hydrolyzing with water and extracting with diethyl ether, the 

organic phases are dried over anhydrous MgSO4, filtrated and the solvent is 

removed under reduced pressure. The product is purified by chromatography 

column. 
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Synthesis of 5-hexyl-2-thiophencarboxaldehyde (3.1). 

 

Following the procedure described for the Horner-Wadsworth-Emmons 

reaction, 2-n-hexylthiophene (2.5 g, 14.7 mmol), 2.5 mL of DMF (32.3 mmol) and 

1.31 mL of POCl3 (14.7 mmol) in 100 mL of 1,2-DCE at reflux for 2 h afforded, 

after purification by chromatography column using silica gel and 

hexane:chloroform 3:2 mix as eluent, pure product 3.1 as brown oil in 98% of 

yield (2.83 g, 14.41 mmol). 

1H-NMR (500 MHz, CDCl3) δ/ppm: 9.81 (s, 1H), 7.61 (d, 1H, 3J = 4 Hz), 6.90 

(d, 1H, 3J = 4 Hz), 2.86 (t, 2H, 3J = 7 Hz), 1.72-1.68 (m, 2H), 1.37-1.28 (m, 6H), 0.89 

(t, 3H, 3J = 7 Hz); 13C-NMR (125 MHz, CDCl3) δ/ppm: 182.6, 157.7, 141.4, 137.0, 

125.8, 31.3, 31.1, 30.7, 28.6, 22.4, 13.9. 

Synthesis of 5-hexyl-2-thienilmethanol (3.2). 

 

Following the procedure described for reduction from aldehydes to 

alcohols, aldehyde 3.1 (1 g, 5.1 mmol) and 0.96 g of NaBH4 (25.5 mmol) in 40 mL 

of dichloromethane and 40 mL of methanol gave product 3.2 as yellow oil in 57% 

of yield (0.58 g, 2.91 mmol). 

1H-NMR (500 MHz, CDCl3) δ/ppm: 6.81 (d, 1H, 3J = 3.5 Hz), 6.63 (d, 1H, 3J = 

3.5 Hz), 4.75 (s, 2H), 2.78 (t, 2H, 3J = 7 Hz), 1.65 (q, 2H, 3J = 7.5 Hz), 1.38-1.28 (m, 

6H), 0.89 (t, 3H, 3J = 7 Hz); 13C-NMR (125 MHz, CDCl3) δ/ppm: 146.7, 141.2, 125.4, 

123.6, 60.3, 31.6, 31.5, 30.2, 28.8, 22.6, 14.1. 

Synthesis of TestM1. 

 

To a cold solution (0ºC) of alcohol 3.2 (250 mg, 1.26 mmol) and Et3N (0.35 

mL, 2.52 mmol) in 30 mL of dry dichloromethane under argon atmosphere, was 

added dropwise a solution composed by 10-undecenoyl chloride (0.42 mL, 1.94 
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mmol) in 10 mL of dry dichloromethane. After stirring at 0ºC for 2 h, crude 

product was treated with a 5% aqueous solution of NaOH, a saturated aqueous 

solution of NaHCO3 and extracted from dichloromethane. Purification by 

chromatography column using silica gel and hexane:ethyl acetate 9:1 mix as 

eluent, afforded product TestM1 as colorless oil in 90% of yield (413 mg, 1.13 

mmol). 

1H-NMR (500 MHz, CDCl3) δ/ppm: 6.88 (d, 1H, 3J = 3.5 Hz), 6.63 (d, 1H, 3J = 

3.5 Hz), 5.85-5.77 (m, 1H, 3Jtrans = 16.8 Hz, 3Jcis = 10.4 Hz, 3J = 6.4 Hz), 5.18 (s, 2H), 

5.01-4.92 (m, 2H, 3Jtrans = 16.8 Hz, 3Jcis = 10.4 Hz, 2Jgem = 2 Hz), 2.77 (t, 2H, 3J = 8 

Hz), 2.32 (t, 2H, 3J = 7.5 Hz), 2.05-2.01 (m, 2H), 1.67-1.61 (m, 4H), 1.39-1.27 (m, 

16H), 0.89 (t, 3H, 3J = 7 Hz); 13C-NMR (125 MHz, CDCl3) δ/ppm: 173.6, 147.8, 

139.2, 135.4, 127.9, 123.6, 114.1, 60.7, 34.3, 33.8, 31.6, 31.5, 30.2, 29.3, 29.2, 

29.1, 29.0, 28.9, 28.8, 24.9, 22.6, 14.1. 

Synthesis of TestM4. 

 

To a cold solution (-78ºC) of 2-hexylthiophene (1 g, 5.94 mmol) in 10 mL of 

dry THF under inert atmosphere, was slowly added n-BuLi (2.5 M solution in 

hexane, 2.4 mL, 6.24 mmol) and the mixture was stirred at the same temperature 

for 1 h. 11-bromo-1-undecene (1.37 mL, 6.24 mmol) was then added dropwise 

and the reaction mixture was stirred at room temperature overnight. Crude 

product was extracted from diethyl ether and purified by chromatography 

column using silica gel and hexane as eluent, giving pure product TestM4 as 

colorless oil. 

1H-NMR (500 MHz, CDCl3) δ/ppm: 6.55 (s, 2H), 5.84-5.78 (m, 1H, 3Jtrans = 

16.8 Hz, 3Jcis = 10.4 Hz, 3J = 6.4 Hz), 5.01-4.91 (m, 2H, 3Jtrans = 16.8 Hz, 3Jcis = 10.4 

Hz, 2Jgem = 2 Hz), 2.73 (t, 4H, 3J = 7.5 Hz), 2.04 (q, 2H, 3J = 7.5 Hz), 1.66-1.60 (m, 

4H), 1.38-1.28 (m, 18H), 0.88 (t, 3H, 3J = 7 Hz). 13C-NMR (125 MHz, CDCl3) δ/ppm: 

143.3, 143.2, 139.2, 123.2, 114.1, 94.8, 33.8, 31.7, 31.6, 31.5, 30.2, 29.5, 29.4, 

29.3, 29.1, 29.1, 28.9, 28.8, 22.6, 14.1. 
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Synthesis of TestM1Si. 

 

100 mg of TestM1 (0.27 mmol), 4 drops of Karstedt’s catalyst in 4 mL of 

chlorodimethylsilane were stirred at 32ºC for 22 h under argon atmosphere. After 

removing chlorodimethylsilane excess and without further purification, the 1H-

NMR analysis of the isolated product showed the desired derivative TestM1Si as 

well as the corresponding vinyl isomer of the starting material as reaction by-

product. It was estimated, by 1H-NMR analysis, a 60% of yield. 

1H-NMR (500 MHz, CDCl3) δ/ppm: 6.89 (d, 1H, 3J = 3.5 Hz), 6.64 (d, 1H, 3J = 

3.5 Hz), 5.20 (s, 2H), 2.79 (t, 2H, 3J = 8 Hz), 2.33 (t, 2H, 3J = 7.5 Hz), 1.67-1.61 (m, 

4H), 1.39-1.27 (m, 20H), 0.91-0.85 (m, 5H), 0.42 (s, 6H). 

Synthesis of TestM4Si. 

 

50 mg of TestM4 (0.16 mmol), 4 drops of Karstedt’s catalyst in 2 mL of 

chlorodimethylsilane were stirred at 32ºC for 22 h under argon atmosphere. After 

removing chlorodimethylsilane excess and without further purification, the 1H-

NMR analysis of the isolated product showed the desired derivative TestM4Si as 

well as the corresponding vinyl isomer of the starting material as reaction by-

product. It was estimated, by 1H-NMR analysis, a 90% of yield. 

1H-NMR (500 MHz, CDCl3) δ/ppm: 6.55 (s, 2H), 2.73 (t, 4H, 3J = 7.5 Hz), 1.63-

1.62 (m, 6H), 1.35-1.26 (m, 20H), 0.88 (t, 3H, 3J = 7 Hz), 0.80 (m, 2H), 0.40 (s, 6H). 

Synthesis of 3,4-dihexylthiophene (3.4).64 

 

To a solution of 3,4-dibromothiophene (10.00 g, 41.33 mmol) and NiCl2 

(dppp) (5.60 g, 10.33 mmol) in 140 mL of dry THF under argon atmosphere, was 

slowly added a solution composed by hexylmagnesium bromide in dry THF, 
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previously prepared by slow addition of 1-bromohexane (27.28 g, 33.00 mmol) to 

a suspension of metallic magnesium (4.02 g, 165.33 mmol) in 60 mL of dry THF 

under argon atmosphere. After stirring at reflux for 24 h, 80 mL of an aqueous 

solution 1M of HCl was added and the crude product was filtered to remove the 

solid formed. Extraction from diethyl ether and purification by distillation under 

reduced pressure (fraction distilling around 225-235 ºC) gave pure product 3.4 as 

colorless oil in 50% of yield (6.54 g, 25.93 mmol). 

1H-NMR (400 MHz, CDCl3) δ/ppm: 6.90 (s, 2H), 2.50 (t, 4H, 3J = 7.7 Hz), 1.62 

(t, 4H, 3J = 7.7 Hz), 1.40-1.20 (m, 12H), 0.95-0.85 (m, 6H). 

Synthesis of 3,4-dihexy-2-thiophencarboxaldehyde (3.5).64 

 

Following the procedure described for the Vilsmeier formylation, 3,4-

dihexylthiophene (3.4) (6.54 g, 25.93 mmol), DMF (3.6 mL, 46.68 mmol) and 

POCl3 (3.83 mL, 41.49 mmol) in 100 mL of 1,2-DCE at reflux overnight gave, after 

purification by chromatography column using silica gel and hexane:chloroform 

1:1 mix as eluent, pure product 3.5 as brown oil in 84% of yield (6.11 g, 21.78 

mmol). 

1H-NMR (400 MHz, CDCl3) δ/ppm: 10.02 (s, 1H), 7.35 (s, 1H), 2.89 (t, 2H, 3J = 

5.9 Hz), 2.54 (t, 2H, 3J = 5.9 Hz), 1.64-1.57 (m, 4H), 1.39-1.31 (m, 12H), 0.92-0.88 

(m, 6H). 

Synthesis of 2TV.64 

 

Zn powder (2.27 g, 34.80 mmol) was added to a solution composed by TiCl4 

(1.91 mL, 17.40 mmol) in 20 mL of dry THF previously stirred for 15 min at 0ºC. 

The mixture was stirred at reflux 1 h and, at 0ºC, was slowly added a solution of 

3,4-dihexyl-2-thiophencarboxaldehyde (3.5) (2.35 g, 8.39 mmol) and dry pyridine 
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(1.88 mL, 23.13 mmol) in 30 mL of dry THF. The reaction mixture was stirred at 

reflux overnight and the crude product was extracted from diethyl ether and 

purified by chromatography column using silica gel and hexane as eluent. Pure 

product 2TV was achieved as yellow oil in 71% of yield (3.15 g, 5.96 mmol). 

1H-NMR (400 MHz, CDCl3) δ/ppm: 7.00 (s, 2H), 6.75 (s, 2H), 2.60 (t, 4H, 3J = 

7.8 Hz), 2.49 (t, 4H, 3J = 7.8 Hz), 1.63 (q, 4H, 3J = 7.7 Hz), 1.50 (q, 4H, 3J = 7.7 Hz), 

1.40 (m, 8H), 1.35-1.33 (m, 16H), 0.93-0.90 (m, 12H). 

Synthesis of 3.6.64 

 

Following the procedure described for the Vilsmeier formylation, oligomer 

2TV (1.59 g, 3.01 mmol), DMF (0.35 mL, 4.51 mmol) and POCl3 (0.35 mL, 3.79 

mmol) in 150 mL of 1,2-DCE at reflux overnight gave, after purification by 

chromatography column using silica gel and hexane:chloroform 3:2 mix as eluent, 

pure product 3.6 as red oil in 62% of yield (1.04 g, 1.87 mmol). 

1H-NMR (400 MHz, CDCl3) δ/ppm: 9.97 (s, 1H), 7.27 (d, 1H, 3J = 15.6 Hz), 

6.96 (d, 1H, 3J = 15.6 Hz), 6.85 (s, 1H), 2.85 (t, 2H, 3J = 8.0 Hz), 2.64-2.57 (m, 4H), 

2.49 (t, 2H, 3J = 7.8 Hz), 1.67-1.27 (m, 32H), 0.93-0.85 (m, 12H). 

Synthesis of 4TV.64 

 

Following the conditions about the McMurry reaction previously described 

for the synthesis of derivative 2TV, TiCl4 (0.28 mL, 2.61 mmol), Zn (342 mg, 5.22 

mmol), compound 2TV (970 mg, 1.74 mmol), pyridine (1 mL, 10.44 mmol) in 50 

mL of dry THF afforded, after purification by chromatography column using silica 

gel and hexane as eluent, pure product 4TV as dark red solid in 65% of yield (1.22 

g, 1.13 mmol). 
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1H-NMR (400 MHz, CDCl3) δ/ppm: 6.99 (s, 4H), 6.98 (s, 2H), 6.76 (s, 2H), 

2.66-2.53 (m, 12H), 2.49 (t, 4H, 3J = 7.8 Hz), 1.66-1.25 (m, 64H), 0.95-0.92 (m, 

24H). 

Synthesis of 3.12. 

 

Following the procedure described for the Horner-Wadsworth-Emmons 

reaction, 5-ethyl-2-thiophenecarboxaldehyde (commercially available) (0.14 mL, 

1.15 mmol), phosphonate 3.10 (270 mg, 1.15 mmol) reacted with 517 mg of 
tBuOK (4.61 mmol) in 60 mL of dry THF. Pure product 3.12 was achieved, after 

purification by chromatography column using silica gel and hexane as eluent, as 

yellow oil in 92% of yield (234 mg, 1.06 mmol). 

1H-NMR (400 MHz, CDCl3) δ/ppm: 7.20-7.17 (m, 1H), 7.03-6.99 (m, 3H), 6.92 

(d, 1H, 3J = 15.6 Hz), 6.86 (d, 1H, 3J = 3.3 Hz), 6.69 (d, 1H, 3J = 3.3 Hz), 2.85 (q, 2H, 
3J = 7.4 Hz), 1.34 (t, 3H, 3J = 7.4 Hz); 13C-NMR (100 MHz, CDCl3) δ/ppm: 147.0, 

142.7, 139.9, 127.6, 126.2, 125.6, 124.0, 123.9, 122.0, 120.2, 23.8, 15.8; FT-IR 

(ATR) ν/cm-1: 2966, 1470, 933, 852, 810, 794, 690; MS (m/z) (MALDI-TOF): 

calculated C12H12S2: 220.04; found: 220.36 (M+).  

Synthesis of 3.13. 

 

Following the procedure described for the Horner-Wadsworth-Emmons 

reaction, 5-ethyl-2-thiophenecarboxaldehyde (commercially available) (209 mg, 

1.49 mmol), phosphonate 3.11 (600 mg, 1.49 mmol) reacted with 669 mg of 
tBuOK (5.96 mmol) in 70 mL of dry THF. Pure product 3.13 was achieved, after 

purification by chromatography column using silica gel and hexane as eluent, as 

yellow oil in 75% of yield (437 mg, 1.12 mmol). 

1H-NMR (400 MHz, CDCl3) δ/ppm: 6.93 (s, 2H), 6.82 (d, 1H 3J = 3.6 Hz), 6.74 

(s, 1H), 6.67 (d, 1H, 3J = 3.6 Hz), 2.84 (q, 2H, 3J = 7.6 Hz), 2.60 (t, 2H, 3J = 7.6 Hz), 

2.49 (t, 2H, 3J = 7.8 Hz), 1.63 (t, 3H, 3J = 7.2 Hz), 1.51-1.49 (m, 4H), 1.42-1.28 (m, 
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12H), 0.94-0.93 (m, 6H); 13C-NMR (100 MHz, CDCl3) δ/ppm: 146.4, 143.2, 140.6, 

139.9, 136.5, 125.6, 123.9, 120.9, 119.5, 117.8, 31.8, 31.6, 31.0, 29.7, 29.3, 29.0, 

26.9, 23.7, 22.6, 15.8, 14.1; FT-IR (ATR) ν/cm-1: 2954, 2923, 2854, 1456, 933, 794. 

725; MS (m/z) (MALDI-TOF): calculated C24H36S2: 388.23; found: 388.87 (M+). 

Synthesis of 3.14. 

 

Following the procedure described for the Vilsmeier formylation, 225 mg of 

3.12 (1.02 mmol), 0.14 mL of DMF (1.84 mmol) and 0.15 mL of POCl3 (1.63 mmol) 

in 40 mL of 1,2-DCE at reflux overnight gave, after purification by chromatography 

column using silica gel and hexane:chloroform 3:2 mix as eluent, pure product 

3.14 as orange oil in 67% of yield (170 mg, 0.68 mmol). 

1H-NMR (400 MHz, CDCl3) δ/ppm: 9.82 (s, 1H), 7.62 (d, 1H, 3J = 3.3 Hz), 7.19 

(d, 1H, 3J = 15.6 Hz), 7.06 (d, 1H, 3J = 3.3 Hz), 6.94 (d, 1H, 3J = 3.3 Hz), 6.87 (d, 1H, 
3J = 15.6 Hz), 6.71 (s, 1H), 2.84 (q, 2H, 3J = 7.4 Hz), 1.32 (t, 3H, 3J = 7.4 Hz); 13C-

NMR (100 MHz, CDCl3) δ/ppm: 182.5, 152.5, 149.3, 141.0, 138.8, 137.4, 128.6, 

126.4, 126.1, 124.4, 118.9, 23.8, 15.7; FT-IR (KBr) ν/cm-1: 2964, 2924, 1662, 1608, 

1435, 1219, 1047, 810, 660; MS (m/z) (MALDI-TOF): calculated C13H12OS2: 248.03; 

found: 248.24 (M+). 

Synthesis of 3.15. 

 

Following the procedure described for the Vilsmeier formylation, 100 mg of 

3.13 (0.26 mmol), 0.04 mL of DMF (0.46 mmol) and 0.04 mL of POCl3 (0.41 mmol) 

in 15 mL of 1,2-DCE at reflux overnight gave, after purification by chromatography 

column using silica gel and hexane:chloroform 3:2 mix as eluent, pure product 

3.15 as orange oil in 77% of yield (83 mg, 0.20 mmol). 

1H-NMR (400 MHz, CDCl3) δ/ppm: 9.97 (s, 1H), 7.18 (d, 1H, 3J = 15.6 Hz), 

6.94 (d, 1H, 3J = 3.6 Hz), 6.90 (d, 1H, 3J = 15.6 Hz), 6.72 (d, 1H, 3J = 3.6 Hz), 2.85 (q, 

2H, 3J = 7.6 Hz), 2.60 (t, 2H, 3J = 7.6 Hz), 2.47 (t, 2H, 3J = 7.6 Hz), 1.62-1.57 (m, 3H), 
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1.53-1.49 (m, 4H), 1.39-1.29 (m, 12H), 0.94-0.86 (m, 6H); 13C-NMR (100 MHz, 

CDCl3) δ/ppm: 181.4, 152.9, 148.7, 146.7, 141.4, 139.5, 134.6, 128.1, 125.6, 

124.4, 117.9, 32.3, 31.5, 31.1, 29.7, 29.4, 29.3, 27.1, 26.4, 23.8, 22.6, 15.7, 14.1; 

FT-IR (ATR) ν/cm-1: 2952, 2921, 2850, 1651, 1244, 937, 800, 670; MS (m/z) 

(MALDI-TOF): calculated C25H36OS2: 416.22; found: 416.42 (M+). 

Synthesis of 3.16. 

 

To a cold solution (-78ºC) of thiophene (commercially available) (2.5 g, 

29.71 mmol) in 50 mL of dry THF under Ar atmosphere, was added dropwise 12.5 

mL of n-BuLi (2.5 M solution in hexane, 31.20 mmol) and the mixture was stirred 

at the same temperature for 1 h. 11-bromoundecene (commercially available) 

(7.28 g, 31.20 mmol) was then slowly added and the reaction mixture was stirred 

overnight at room temperature. After purification by chromatography column 

using silica gel and hexane as eluent, pure product 3.16 was achieved as colorless 

oil in 90% of yield (6.32 g, 26.73 mmol). 

1H-NMR (400 MHz, CDCl3) δ/ppm: 7.12 (d, 1H, 3J = 5.2 Hz), 6.93-6.91 (m, 

1H), 6.79 (s, 1H), 5.88-5.78 (m, 1H, 3Jtrans = 16.8 Hz, 3Jcis = 10.4 Hz, 3J = 6.4 Hz), 

5.03-4.93 (m, 2H, 3Jtrans = 16.8 Hz, 3Jcis = 10.4 Hz, 2Jgem = 2 Hz), 2.83 (t, 2H, 3J = 7.6 

Hz), 2.08-2.03 (m, 2H), 1.70-1.65 (m, 2H), 1.38-1.27 (m, 12H); 13C-NMR (100 MHz, 

CDCl3) δ/ppm: 145.9, 139.3, 126.6, 123.9, 122.7, 114.12, 33.8, 31.8, 29.9, 29.7, 

29.5, 29.4, 29.3, 29.1, 29.0. 

Synthesis of 3.17. 

 

Following the procedure described for the Vilsmeier formylation, derivative 

3.16 (1.4 g, 5.92 mmol), DMF (0.82 mL, 10.66 mmol) and POCl3 (0.87 mL, 9.47 

mmol) in 20 mL of 1,2-DCE at reflux overnight gave, after purification by 

chromatography column using silica gel and hexane:chloroform 3:2 mix as eluent, 

pure product 3.17 as colorless oil in 83% of yield (1.30 g, 4.92 mmol). 
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1H-NMR (400 MHz, CDCl3) δ/ppm: 9.83 (s, 1H), 7.62 (d, 1H, 3J = 3.8 Hz), 6.91 

(d, 1H, 3J = 3.8 Hz), 5.87-5.77 (m, 1H, 3Jtrans = 16.8 Hz, 3Jcis = 10.4 Hz, 3J = 6.4 Hz), 

5.02-4.93 (m, 2H, 3Jtrans = 16.8 Hz, 3Jcis = 10.4 Hz, 2Jgem = 2 Hz), 2.87 (t, 2H, 3J = 7.6 

Hz), 2.07-2.02 (m, 2H), 1.75-1.67 (m, 2H), 1.38-1.25 (m, 12H); 13C-NMR (100 MHz, 

CDCl3) δ/ppm: 182.7, 157.8, 141.6, 139.2, 137.1, 125.8, 114.2, 33.8, 31.3, 30.8, 

29.7, 29.4, 29.2, 29.1, 29.0, 28.9.  

Synthesis of 3.19. 

 

Following the procedure described for reduction from aldehydes to 

alcohols, monoaldehyde 3.17 (1.5 g, 5.67 mmol) was reduced with NaBH4 (0.43 g, 

11.34 mmol) in 20 mL of dichloromethane and 20 mL of methanol. Alcohol 

derivative 3.18 was achieved as colorless oil in 98% of yield (1.48 g, 5.55 mmol). 

Subsequently, to a cold solution (-20ºC) of NaH (0.53 g, 22.25 mmol) in 20 mL of 

dry THF, was added another solution composed by diethyl phosphite (2.89 mL, 

22.25 mmol) in 30 mL of dry THF. The mixture was stirred at -20ºC for 1 h and 

then, a solution of alcohol 3.18 (1.48 g, 5.56 mmol) and PBr3 (0.17 mL, 1.85 mmol) 

in 20 mL of dry toluene. After stirring at reflux for 2 h, the reaction mixture was 

poured into ice water and extracted with diethyl ether. The crude product was 

purified by chromatography column using silica gel and hexane:ethyl acetate 4:1 

mix as eluent, giving the pure product as brown oil in 60% of yield (1.29 g, 10.42 

mmol). 

1H-NMR (400 MHz, CDCl3) δ/ppm: 6.76 (t, 1H, 3J = 3.4 Hz), 6.60 (d, 1H, 3J = 

3.6 Hz), 5.85-5.76 (m, 1H, 3Jtrans = 16.8 Hz, 3Jcis = 10.4 Hz, 3J = 6.4 Hz), 5.02-4.92 (m, 

2H, 3Jtrans = 16.8 Hz, 3Jcis = 10.4 Hz, 2Jgem = 2 Hz), 4.14-4.04 (m, 4H), 3.30 (d, 2H, 2J = 

20.8 Hz), 2.74 (t, 2H, 3J = 7.6 Hz), 2.07-2.01 (m, 2H), 1.67-1.60 (m, 2H), 1.37-1.26 

(m, 18H); 13C-NMR (100 MHz, CDCl3) δ/ppm: 145.4, 145.3, 139.2, 129.5, 129.4, 

126.9, 126.8, 123.9, 123.8, 114.1, 62.4, 62.3, 61.4, 61.3, 33.8, 31.6, 30.1, 29.5, 

29.4, 29.3, 29.1, 29.0, 28.9, 16.4. 
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Synthesis of 3.20. 

 

Following the procedure described for the Horner-Wadsworth-Emmons 

reaction, aldehyde 3.14 (500 mg, 2.01 mmol), phosphonate 3.19 (778 mg, 2.01 

mmol) reacted with 904 mg of tBuOK (8.05 mmol) in 160 mL of dry THF. Pure 

product 3.20 was achieved, after purification by chromatography column using 

silica gel and hexane:chloroform 4:1 mix as eluent, as orange solid in 65% of yield 

(630 mg, 1.31 mmol). 

1H-NMR (400 MHz, CDCl3) δ/ppm: 6.96 (d, 2H, 3J = 15.6 Hz), 6.89-6.85 (m, 

6H), 6.69-6.67 (m, 2H), 5.89-5.79 (m, 1H, 3Jtrans = 16.8 Hz, 3Jcis = 10.4 Hz, 3J = 6.4 

Hz), 5.05-4.94 (m, 2H, 3Jtrans = 16.8 Hz, 3Jcis = 10.4 Hz, 2Jgem = 2 Hz), 2.88-2.78 (m, 

4H), 2.09-2.04 (m, 2H), 1.72-1.65 (m, 2H), 1.40-1.28 (m, 15H); 13C-NMR (100 MHz, 

CDCl3) δ/ppm: 147.2, 145.7, 141.3, 141.2, 140.1, 140.0, 139.3, 126.7, 126.6, 

126.3, 124.8, 124.1, 122.0, 121.9, 120.3, 120.2, 114.2, 33.9, 31.6, 30.5, 29.8, 29.5, 

29.5, 29.4, 29.2, 29.1, 29.0, 23.8, 15.8; UV-Vis (CH2Cl2) λmax/nm (log ε): 424 (4.75), 

448 (4.64); FT-IR (KBr) ν/cm-1: 2922, 2846, 1466, 935, 908, 798, 546; MS (m/z) 

(MALDI-TOF): calculated C29H36S3: 480.20; found: 480.28 (M+). Melting point: 

76ºC. 

Synthesis of 3.21. 

 

Following the procedure described for the Horner-Wadsworth-Emmons 

reaction, aldehyde 3.15 (200 mg, 0.48 mmol), phosphonate 3.19 (186 mg, 0.48 

mmol) reacted with 215 mg of tBuOK (1.92 mmol) in 50 mL of dry THF. Pure 

product 3.21 was achieved, after purification by chromatography column using 

silica gel and hexane:chloroform 9:1 mix as eluent, as red oil in 46% of yield (143 

mg, 0.22 mmol). 

1H-NMR (400 MHz, CDCl3) δ/ppm: 6.93 (s, 4H), 6.83-6.82 (m, 2H), 6.69-6.66 

(m, 2H), 5.89-5.79 (m, 1H, 3Jtrans = 16.8 Hz, 3Jcis = 10.4 Hz, 3J = 6.4 Hz), 5.04-4.94 
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(m, 2H, 3Jtrans = 16.8 Hz, 3Jcis = 10.4 Hz, 2Jgem = 2 Hz), 2.85 (q, 2H, 3J = 7.6 Hz), 2.80 

(t, 2H, 3J = 7.6 Hz), 2.57 (t, 4H, 3J = 7.6 Hz), 2.07 (q, 2H, 3J = 6.8 Hz), 1.72-1.68 (m, 

2H), 1.52-1.48 (m, 3H), 1.45-1.28 (m, 28H), 0.97-0.89 (m, 6H); 13C-NMR (100 MHz, 

CDCl3) δ/ppm: 146.7, 145.2, 141.3, 141.2, 140.8, 140.7, 139.3, 134.5, 134.4, 

125.8, 124.7, 124.0, 121.2, 121.1, 119.0, 118.9, 114.1, 114.0, 33.8, 31.6, 31.5, 

31.2, 30.5, 29.7, 29.5, 29.4, 29.3, 29.1, 29.0, 28.9, 27.0, 23.8, 22.6, 15.8, 14.1; UV-

Vis (CH2Cl2) λmax/nm (log ε): 326 (4.18), 431 (4.55), 453 (4.52); FT-IR (ATR) ν/cm-1: 

2923, 2852, 1740, 1464, 1375, 1217, 930, 791; MS (m/z) (MALDI-TOF): calculated 

C41H60S3: 648.39; found: 649.11 (M+). 

Synthesis of MT 1.  

 

To a solution composed by the precursor molecule 3.20 (50 mg, 0.10 mmol) 

in 6 mL of dry toluene in rigorous inert atmosphere conditions at 32ºC, was added 

0.23 mL of dimethylchlorosilane (2.08 mmol) and 3 drops of Karstedt’s catalyst. 

The reaction mixture was stirred at 32ºC for 16 h in a closed vessel. After 

removing the dimethylchlorosilane excess and the solvent under reduced 

pressure, the product was dried under vacuum at 50ºC for 7 h and preserved 

under Ar atmosphere. 

Synthesis of MT 2. 

 

 To a solution composed by the precursor molecule 3.21 (50 mg, 0.077 

mmol) in 2 mL of dry toluene in rigorous inert atmosphere conditions at 32ºC, 

was added 0.17 mL of dimethylchlorosilane (1.54 mmol) and 3 drops of Karstedt’s 

catalyst. The reaction mixture was stirred at 32ºC for 16 h in a closed vessel. After 

removing the dimethylchlorosilane excess and the solvent under reduced 

pressure, the product was dried under vacuum at 50ºC for 7 h and preserved 

under Ar atmosphere. 



Experimental Section 
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1H-NMR (400 MHz, CD2Cl2) δ/ppm: 6.95-6.94 (m, 4H), 6.88-6.86 (m, 2H), 

6.73-6.70 (m, 2H), 2.86 (q, 2H, 3J = 8 Hz), 2.82 (t, 2H, 3J = 8 Hz), 2.60 (t, 4H, 3J = 8 

Hz), 1.72-1.70 (m, 4H), 1.53-1.51 (m, 3H), 1.44-1.30 (m, 32H), 0.96-0.91 (m, 6H), 

0.43 (s, 6H). 
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