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Abstract 
 
New photovoltaic energy technologies can contribute to environmentally friendly, renewable 

energy production and may lead to the reduction of carbon dioxide liberated by burning fossil 

fuels and biomass. Besides the established silicon based solar cells new photovoltaic 

technology has gained a lot of interest during the last decade. Among them organic solar cells 

based on conjugated molecules or polymers are promising candidates for the manufacturing 

of environmentally safe, flexible, lightweight, and inexpensive photovoltaic devices which can 

be used in low cost applications. This chapter gives a brief introduction into photovoltaics 

and into the challenges that have to be accomplished on the route towards efficient organic 

solar cells. Furthermore, a short outline of this thesis is presented.  
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It is expected that the global energy demand will double within the next 50 years while in 

the same time frame the resources of fossil fuels will go to depletion. Because the energy 

conversion processes based on simply burning fossil fuels are held responsible for the 

increased concentration of carbon dioxide in the earth’s atmosphere, the ultimate challenge of 

this new century is the development of environmentally friendly and sustainable technologies 

and processes. As one of the few renewable energy technologies available, solar cells convert 

sunlight directly into energy. Photovoltaics is one of the fastest growing of all renewable 

energy technologies, in fact, it is one of the most rapidly growing industries at present.[1] Solar 

cell manufacturing based on the technology of crystalline silicon devices is growing by 

approximately 40 % per year and this growth is increasing. This has been realized mainly by 

special market implementation programs and government grants encouraging the consumers 

to install photovoltaic devices at suitable, sunny places. 

At present, the main active material used for the fabrication of solar cells is silicon. 

However, other inorganic semiconductors such as gallium arsenide (GaAs), cadmium 

telluride (CdTe), indium phosphide (InP) and copper indium selenide (CIS) are also employed 

and are commercially available. More effective tandem cells based on multiple 

heterojunctions such as GaInP/GaAs/Ge are still in the phase of laboratory research. The 

efficiencies of optimized laboratory solar cells with cell areas in the square centimetre range 

are varying from 10 % to 32 % and are summarized in Table 1. 

 
Table 1: Characteristics of the highest confirmed efficiencies for a range of photovoltaic cell technologies[2] 

Material System JSC [mA⋅cm-2] VOC [V] Fill Factor η [%] 

GaInP/GaAs/Ge 14.4 2.62 0.85 32 

GaAs 
(crystalline) 14.2 2.49 0.86 30 

Si 
(crystalline) 42.2 0.71 0.83 25 

InP 
(crystalline) 29.3 0.88 0.85 22 

Si 
(polycrystalline) 37.7 0.66 0.81 20 

CuInS2 8.4 2.64 0.75 18 

CdTe 25.9 0.85 0.76 17 

Si 
(nanocrystalline ) 24.4 0.54 0.77 10 

Dye-sensitized TiO2 19.4 0.80 0.71 11 
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At the current status, photovoltaics hardly contribute to the energy market, because it is 

far too expensive. The immense manufacturing costs for silicon solar cells originate from the 

energy intensive production of highly pure silicon and are one of the major drawbacks for a 

large scale distribution. To ensure a sustainable technology path for photovoltaics, efforts to 

reduce the cost of the current silicon technology are needed while at the same time new solar 

cell technologies have to be placed in the consumer market. In the field of inorganic 

photovoltaics, thin-film technologies based on cheaper production processes such as ribbon 

silicon are currently under investigation. In addition the use of cheaper semiconductors like 

cadmium-telluride can also address this cost issue. Other approaches to cheaper solar cells are 

either based on dye-sensitized nanocrystalline titanium dioxide which has been discovered by 

Grätzel et al. in 1990[3,4] or on the use of conjugated molecules or polymers. The latter 

concept which is referred to organic solar cells incorporates materials. These offer the 

advantage of facile chemical tailoring by which their properties, such as the band gap, can be 

easily adapted. Conjugated polymers combine the electronic properties known from 

traditional semiconductors and conductors with the ease of processing and mechanical 

flexibility of plastics. Therefore, this new class of materials has attracted considerable 

attention owing to its potential of providing environmentally safe, flexible, lightweight and 

inexpensive electronics. 

Today’s state-of-the-art organic solar cells are based on photoinduced charge transfer at 

the interface of an electron-donating (p-type) and an electron-accepting (n-type) material.[5] 

Based on this concept, Tang demonstrated the first organic solar cell consisting of a double-

layer of two opposite doped semiconductive materials as early as 1986.[6] After this starting 

point was set in organic photovoltaics, it took almost a decade before the bulk-heterojunction 

architecture was introduced in which donor and acceptor molecules are randomly mixed to 

create a composite material exhibiting phase separation on the nanoscale.[7,8] The main 

advantage of this approach is that the interfacial area between the p- and n-type materials is 

enormously increased, resulting in a more efficient charge generation and improved use of the 

solar radiation. Hence, in 2001 a major breakthrough has been achieved with a demonstrated 

maximum energy conversion efficiency of η = 2.5 % based on a bulk-heterojunction organic 

photovoltaic device, using derivatives of poly(phenylene vinylene) (PPV) and fullerene.[9] 

Later in 2003, the substitution of PPV by poly(3-hexylthiophene) resulted in a further increase 

to η = 3.5 % under standard test conditions.[10] 
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However, this device architecture has some major drawbacks, originating from the spin-

coating process by which the photoactive layers are formed. The phase separation within 

these layers occurs spontaneously while the obtained morphology of these films depends on 

several factors such as solvent, temperature and spin-rate. Therefore, the spin-coating process 

has to be thoroughly optimized in order to circumvent charge trapping and charge 

recombination problems. 

Thus, the feasibility of creating appropriate phase-separated photoactive layers might rise 

if a preorganisation can be introduced between p-type and n-type semiconductive materials. 

This concept incorporates the application of novel donor-acceptor molecules in which the p-

type and n-type semiconductors are united into one single molecule. Controlling the distance 

and the length between the two segments via e.g. covalent bonding, it should be possible to 

achieve control over the characteristic distance between phase boundaries in composite 

materials, while their relative volumes predefine the micromorphology. 

Despite the problems in dealing with phase-separation in polymer-fullerene solar cells it is 

evident that the absorption spectra of those solar cells do not match the terrestrial solar 

spectrum which is shown in figure 1. The solar cells made of these materials can only use 

around 30 % of the total photon flux, as they do not absorb in the maximum region of the 

solar spectrum between 600 and 900 nm. Hence, the huge absorbance mismatch of organic 

solar cells is reflected by their relatively low efficiencies. 

 

 
Figure 1:  Comparison of the terrestrial solar spectrum (⎯) and the integrated spectral photon flux (–•–) with 

the absorption of an active layer in a polymer-fullerene solar cell (–∇–).[11] 
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It is the initial goal of this thesis to address these important factors which limit the overall 

efficiency of organic solar cells. In this manner, the synthesis of novel dye-functionalized 

donor-acceptor semiconductors can address both the problems of controlling the 

micromorphology and the light harvesting properties of the corresponding photoactive layers. 

In order to fabricate organic photovoltaic devices, showing significant long-term 

stabilities it is of great relevance to use environmental and light-stable materials. In this 

respect, promising donor-acceptor systems can be synthesized using oligo(3-hexylthiophene)s 

as the p-type subunits, exhibiting outstanding electronic and charge transport as well as self-

organizing properties. The combination with the excellent properties of perylene dyes as the 

corresponding n-type subunits which are good electron acceptors and absorb light up to 650 

nm can lead to promising donor-acceptor molecules. The resulting hybrid systems will be 

characterized by a “built-in” p-n-type nanophase separation and an extended absorption with 

respect to the well performing PPV-fullerene bulk-heterojunction devices. 

 At first, a series of novel linear perylenyl-oligothiophenes should be synthesized, 

consisting of perylene imide acceptors which are covalently linked to an oligo(3-

hexylthiophene) donor with varying chain lengths. This concept should be further extended 

by the synthesis of structurally related perylenyl-oligothiophenes in order to fully investigate 

the scope and limitations of this class of compounds. 

Solution and solid-state characterization of the envisaged donor-acceptor molecules 

should establish structure-property relationships which can be exploited for the fabrication of 

organic solar cells. Optical measurements provide vital information about the electronic 

properties and can be used as a proof of an ongoing electron-transfer within these donor-

acceptor materials. Furthermore, the energetic levels of the corresponding frontier orbitals can 

be determined by cyclic voltammetry which is essential with respect to the applied electrodes 

and acceptors in organic solar cells. These methods allow for the selection of the most 

promising candidates which can be employed for the fabrication of efficient organic solar 

cells. 
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Abstract 
 
Organic photovoltaics have been developed since the beginning of the 1970’s. However, this 

field of research has gained considerable interest during the last 10 years promoted by a 

rapid increase in energy conversion efficiency. State-of-the-art solar cells based on two 

different cell concepts already exhibit efficiencies of 3.5 %. The perspective of manufacturing 

environmentally safe, flexible, lightweight, and inexpensive photovoltaic devices drives the 

development of organic solar cells further and efficiencies as high as 5 % can be achieved in 

near future. This chapter elucidates the characteristics of organic photovoltaics and reviews 

different concepts utilized for the manufacturing of efficient organic solar cells.  
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2.1  Introduction 

 
2.1.1  Background 

 
Since the first report on organic solar cells in 1986[1] this field gained considerably interest 

due to the promising properties that were predicted for photovoltaic devices made out of 

organic electronic materials. Among them is the manufacturing of environmentally safe, 

lightweight, and inexpensive photovoltaic devices. Furthermore, the opportunity to design 

flexible devices or solar cells integrated in windows could make them superior to silicon 

based solar cells in certain fields of the consumer market. The intensive research in this area 

resulted in new photovoltaic materials, as well as in an improved understanding of the 

capabilities of such materials. As a side effect, the confidence in an industrial application has 

grown since electronic consumer companies were also attracted by this new photovoltaic 

field. Organic materials are attractive for the manufacturing of photovoltaic devices due to the 

possibility of high-throughput production using low cost roll-to-roll or spray deposition 

processes. 

Although the field has been intensively studied, progress has been made slowly with 

energy conversion efficiencies being around 1 % in 2000. However, in 2001 a major 

breakthrough has been achieved based on a polymer-fullerene solar cell with a confirmed 

efficiency of 2.5 %.[2] Since then, the energy conversion efficiencies increased steadily and 

values as high 3.5 % have been reported.[3] 

 

 

2.1.2  Organic materials for photovoltaics 

 
The potential of semiconducting organic materials to absorb light and to transport electric 

current is based on the delocalization of the π- and π*-orbitals throughout more or less the 

complete molecules. Hence, the origin of the electronic nature of organic semiconductors 

results in important differences to inorganic semiconductors. In contrast to crystalline silicon, 

organic semiconductors generally exhibit poor charge-carrier mobilities and are mainly hole-

transporting materials, exhibiting hole-mobilities in the order of 10-6-100 cm2V-1s-1.[4-7] 

However, a few examples of good electron transporter materials exist, which have electron-

mobilities in the order of 10-5-10-1 cm2V-1s-1 (Table 1).[5,8,9] 
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Table 1: The highest field-effect mobilities measured from p-type and n-type OTFTs as reported in literature[5] 

p-type Semiconductor Mobility 
[cm2V-1s-1]  n-type Semiconductor Mobility 

[cm2V-1s-1]
p-doped crystalline silicon 475[10] n-doped crystalline silicon 1500[10] 

amorphous silicon 1 C60 0.3 

α,ω-dihexyl-sexithiophene 0.13 

HT-poly(3-hexylthiophene) 0.1 
α,ω-di(perfluorohexyl)-

sexithiophene 0.02 

phthalocyanine 10-3 N,N’-bis(octyl)perylene-
3,4,9,10-bis-

(dicarboximide) 
0.6 

poly[(2-methoxy-5-(3,7-dimethyl-
octyloxy)-p-phenylene)vinylene] 

(MDMO-PPV) 
2⋅10-7 

7,7,8,8-tetracyano-1,4-
quinodimethane (TCNQ) 3⋅10-5 

 

 

Compared to inorganic crystals, the moderate transport properties of organic solids are a 

consequence of the weak intermolecular interactions, resulting in electronic states localised on 

single molecules. Because no valence and conductive bands are formed within organic 

semiconductors the charge transport between the localized states proceeds by a hopping 

mechanism, rather than a band-like transport. Furthermore, the high degree of disorder in 

many organic solids moves the localized states further apart which considerably drops the 

charge-carrier mobilities even further. 

In the organic semiconductors the photogenerated charge carriers, so-called excitons, are 

strongly bound electron hole pairs. Due to the exciton dissociation energy of about 100 meV 

(10 kJ/mol) which is high in comparison with a few meV in crystalline inorganic 

semiconductors, the dissociation into free charges does not occur spontaneously. Furthermore, 

the excitons in organic molecules are relatively short-lived species which recombine within a 

few nanoseconds, whereas in the inorganic counterparts, the photogenerated electron hole 

pairs exhibit lifetimes in the order of milliseconds. For these reasons, the excitons in organic 

semiconducting materials exhibit a small diffusion length in the order of 1-10 nm.[11] In 

consequence, only 10 % of the photogenerated excitons are converted into free charge carriers 

at room temperature, while all other excitons decay via radiative or non-radiative 

pathways.[12]  

Organic semiconductors have relatively high absorption coefficients, typically in the 

range of 105-107 cm-1, leading to high optical densities in thin solid films. In this respect, only 

small layer thicknesses in the order of 100-200 nm are required to absorb all incident photons. 

Nevertheless, they typically exhibit optical band gaps around 2.0 eV, which is considerably 
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higher than that of crystalline silicon and results in a spectral mismatch between the 

absorbance of the organic material and the terrestrial sun spectrum. 

Many materials are susceptible to degradation in the presence of oxygen and water and 

therefore, an efficient sealing of the resulting organic photovoltaic devices is necessary. 

Although a number of intrinsic problems are related to organic semiconductors, these 

issues can be addressed by the ease of their chemical modifications. New and adapted 

synthetic strategies can lead to the desired properties of organic semiconducting materials. 

The synthetic goals include the synthesis of low-band gap materials to increase the photon 

harvesting of the photoactive layers. This band gap engineering also includes the adjustment 

of the HOMO and LUMO levels of the p- and n-type conductive materials in order to narrow 

the energetic difference between the corresponding frontier orbitals on the one hand and to the 

work functions of the employed electrodes on the other hand. Furthermore, organic 

semiconductors with much higher hole or electron mobilities are also highly desirable. 

Despite the possibilities to adapt the properties of organic semiconductor by chemical 

means, they will always exhibit limitations with respect to their inorganic counterparts, 

imposing some constraints on organic photovoltaic devices. These include a limitation of the 

layer thickness due to the low charge carrier mobilities in order to efficiently extract the 

photogenerated charges. Furthermore, it is inevitable to apply an electric field throughout the 

photoactive layer, which provides a strong driving force to break up the photogenerated 

electron-hole pairs into separate charges. Since the dissociation energy of the photogenerated 

electron-hole pairs is not negligible, the photocurrent of an organic solar cell can be highly 

temperature depended.[13] Another important aspect related to the limited thickness of the 

active layer is the occurrence of interference effects of the incident radiation which can 

considerably reduce the light intensity within parts of the thin layer.[14]  

 

 

 

 

2.1.3  Device architecture of an organic solar cell 

 
The simplest device structure consists of an organic semiconductor arranged between two 

different electrodes with unequal work functions and is referred to a homojunction device. 

The device can be built up on either a transparent glass substrate or a polyethylene foil. The 

latter one allows the fabrication of flexible solar cells, but typically is permeable for oxygen, 
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which can cause long-term stability problems. One side of the substrate is covered with a 

typically 100-200 nm thick uniform layer of a transparent indium tin oxide (ITO) electrode, 

which is covered by an approximately 100 nm thick conductive layer of poly(3,4-ethylene-

dioxythiophene):polystyrenesulfonic acid (PEDOT:PSS) blend. Due to its highly p-doped 

state it can be considered a quasi electrode which decreases the work function of ITO from 

about -4.7 eV to ca. -5.0 eV vs. the vacuum level.[15] On top of the cathode, the photoactive 

layer is applied either by spin-coating or by thermal evaporation. As the negative top 

electrode, a metal layer such as aluminium, calcium or gold is deposited in vacuo with a 

common thickness of 10-100 nm.[16] To guarantee a good ohmic contact between the metal 

and the organic layer the deposition of an interfacial layer of thermally deposited lithium 

fluoride with a thickness of 1 nm has been found to be advantageous (Figure 1).[17] 

 

 
Figure 1: Device architecture of a thin film organic homojunction photovoltaic device. 

 

 

In the case of a homojunction architecture, the differences in work function provides an 

electric field throughout the photoactive layer to break up the photogenerated electron-hole 

pairs and drives the separated charge carriers to the corresponding electrodes. This mode of 

operation of an organic homojunction device roughly corresponds to a p-i-n junction in 

amorphous silicon solar cells. However, the applied electric field is barely sufficient to 

separate the photogenerated excitons which mainly results in charge carrier recombination. 

Therefore, the performance of such homojunction devices is rather moderate, showing 

external quantum and energy conversion efficiencies not higher than 0.1 % and 1 %, 

respectively.[18-20] In order to increase the performance of such devices the pure organic 

semiconductor can be substituted by a system consisting of a p-type and a n-type conductive 

material which is referred to as a heterojunction device (see chapters 2.2-2.5). 
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2.1.4  Characterizing a photovoltaic device 

 
2.1.4.1  Open-circuit voltage VOC 

 

Under open-circuit conditions the flow of charges through the illuminated photovoltaic 

device is interrupted. In an organic single-layer device the open-circuit voltage VOC cannot 

exceed the difference in the work functions of the two electrodes.[16] However, in the case of 

gold electrodes exceptional large deviations from this model are known.[21] The 

experimentally determined open-circuit voltage is generally somewhat lower, owing to the 

recombination of free charge carriers. At open-circuit conditions, all charge carriers 

recombine within the photoactive layer. Thus, if recombination can be minimized, the open-

circuit voltage VOC can more closely approach the theoretical limit. However, based on 

thermodynamic considerations of the balance between photogeneration and recombination of 

charge carriers, it has been found that charge recombination cannot be completely avoided, 

resulting in a lower maximum open-circuit voltage.[22] 

Nevertheless, this does not explain the VOC-potentials observed for bulk heterojunctions 

solar cells. For polymer-fullerene photovoltaic devices, the open-circuit voltage VOC was 

found to depend strongly on the LUMO of the acceptor[23] and the HOMO of the donor.[24] In 

the case of polymer-polymer bulk heterojunctions solar cells, it was demonstrated that the 

open-circuit voltage significantly exceeded the difference in electrode work function with 

values as large as 0.7 V.[25,26] The origin of this high VOC has been attributed to a diffusion 

current of photogenerated charge carriers from the bilayer interface towards the contacts 

which has to be balanced by the applied open circuit voltage. 

 
Figure 2: Linear (left) and logarithmic (right) current-voltage (I-U) curves of a photovoltaic device. The short-

circuit current JSC corresponds to the ordinate while the open-circuit voltage VOC is determined at the 
point where the I-U curve crosses the abscissa. 
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2.1.4.2  Short-circuit current JSC 

 

Under short-circuit conditions an appliance is prevented from receiving charges. If the 

path has no resistance, there is no voltage change, and thus, no work is done even though a 

current is flowing. 

The short-circuit current JSC is heavily depended on the number of absorbed photons 

which originates from two different facts. Firstly, JSC shows a linear dependence on the 

incident light intensity as long as no saturation effects occur within the active layer. Secondly, 

the short-circuit can be maximized by enlarging the absorption spectrum of the photoactive 

layer to harvest more photons within the terrestrial sun spectrum. This can either be 

accomplished by carefully designing the thickness of the distinct layers as optical modelling 

of the organic solar cells revealed that the light distribution varies considerably throughout the 

whole photovoltaic devices,[14] or by the use of low-band gap materials which can also 

contribute to improved photon harvesting. The short-circuit current also depends on the 

charge carrier mobilities of the active layer as the photocurrent increases with temperature due 

to a thermally active hopping transport.[13,27] 

Therefore, the syntheses of organic materials which are characterized by high charge 

carrier mobilities and a low band gap at the same time are highly desired. 

 

 

 

2.1.4.3  Fill factor FF 

 

The fill factor FF which describes the quality of the solar cell is determined by the fraction 

of photogenerated charge carriers that reach the electrodes when the built-in field is lowered 

toward the open-circuit voltage to the total number of photoexcitons generated. It gives 

information about the degree to which Vmax and Jmax match VOC and JSC, respectively. The 

largest power output Pmax is determined by the point where the product of voltage Vmax and 

current Jmax is largest (Figure 2). The fill factor is defined as the division of Pmax by the 

product of VOC and JSC (Equation 1). 

        
SCOCSCOC JV

P
JV
JVFF

⋅
=

⋅
⋅= maxmaxmax           (1) 
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In order to determine the power conversion efficiency η of a photovoltaic device, the 

maximum power Pmax that can be extracted from the solar cell has to be compared to the 

incident radiation intensity (Equation 2).  
 

    
in

SCOC

inin

out

P
FFJV

P
IV

P
P ⋅⋅=⋅== maxmaxη    (2) 

 

In order to obtain a high fill factor FF the shunt resistance of a photovoltaic device has to 

be very large in order to prevent leakage currents. This resistance is reflected in the horizontal 

part of the U-I curve at a negative applied bias. Another inherent resistance sums up all 

contributions of series resistances in the device. Among them are transport through the 

contact, interface transfer, and bulk transport. For a good fill factor, this series resistance has 

to be very low, which then is reflected by a sharp rise in the forward current. For polymer-

fullerene solar cells fill factors as high as 0.6 have been determined.[2,3] 

 

 

 

2.1.4.4  Quantum efficiencies 

 

An experimentally accessible value is the external quantum efficiency (EQE) or incident 

photon to current efficiency (EQE) which is defined by the number of photogenerated charge 

carriers over the number of incident monochromatic photons (Equation 3).  

 

           
in

SC

P
JEQE

⋅
⋅==

λ
1240

photonsincident  ofNumber 
generated charges ofNumber       (3) 

 

EQE-values as high as 70 % at the absorption maximum of the photoactive layer have 

been measured for polymer-fullerene solar cells,[3] whereas the internal quantum efficiency 

IQE, defined as the number of photogenerated charge carriers over the number of 

monochromatic, absorbed photons (Equation 4) of these photovoltaic devices is close to 

unity.[2] The IQE gives insight in the efficiency of the charge carrier generation, transport and 

collection process.[28] 

                
absorbed photons ofNumber 
generated charges ofNumber =IQE        (4) 
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2.1.4.5  Standard test conditions 

 

In order to reproducibly characterize photovoltaic devices standard test conditions had to 

be defined. This task has already been accomplished in the case of conventional inorganic 

solar cells and consequently was adapted for the organic counterparts. These test conditions 

are based on a spectral distribution, reflecting the emission spectrum of the sun measured on a 

clear sunny day with a radiant intensity of 1000 W/m2 that is received on a tilted plane surface 

with an angle of incidence of 48.2°. This spectrum that also counts for a model atmosphere 

containing specified concentrations of, e.g., water vapour, carbon dioxide, and aerosol is 

referred to as an “Air Mass 1.5 Global” (AM1.5G, IEC 904-3) spectrum (Figure 3). These 

standard test conditions also include a measuring temperature of 25 °C.[29] 

 

 
 
 
Figure 3:  Definition of AM0, AM1.0 and AM1.5 solar spectra (left) and the corresponding AM 1.5 spectrum 

(right). 
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2.2  Bilayer heterojunction devices 

 
2.2.1  Background 

 
At the interface between a p-type and a n-type semiconductor, electrostatic forces occur 

because of the differences in electron affinity and ionisation potential (Figure 4). Both of 

these properties are much more pronounced in the acceptor moiety rather than in the donor 

material which results in a strong electric field at the interface between the p- and the n-type 

semiconductor, providing a strong driving force for charge separation.  
 

 
Figure 4: Device architecture of a bilayer heterojunction solar cell. 

 

In a planar bilayer device, the electric field originating at the organic donor-acceptor 

interface, separates excitons much more efficiently than the electric field provided by the two 

different electrodes in a homojunction device, resulting in a forward charge transfer rate that 

is higher by several orders of magnitude than the charge-carrier recombination (Figure 5).[30] 

 

 
Figure 5:  Schematic energy-band diagram of a bilayer heterojunction. For sufficient large photocurrents, the 

charge carrier separation (b) has to be superior to geminate recombination (d) after excitation of the 
donor moiety (a). Additionally, the interfacial recombination (e) should be negligible with respect to 
charge transport (c). 
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2.2.2  Bilayer heterojunction devices with small molecules 

 
The use of small molecules (Figure 6) offers an advantage in processing so that all layers 

can be deposited in ultra-high vacuum. This technique allows for a perfect control of the 

thickness of the separate layers. 

In the first report on an organic bilayer heterojunction, Tang manufactured a photovoltaic 

device consisting of a donor layer of copper phthalocyanine (CuPc) and an acceptor layer of a 

perylene-3,4,9,10-tetracarboxyl-bis-benzimidazol (PTCBI).[31] The 30 nm thick donor and the 

50 nm thick acceptor layer were sandwiched between a transparent indium-tin-oxide (ITO) 

and a silver electrode. The solar cell exhibited a power conversion efficiency of η = 0.95 % 

under AM 1.5 conditions (750 W/m2) with an open-circuit voltage of VOC = 0.45 V and a 

short circuit current of JSC = 2.3 mA/cm2 as well as a remarkably high fill factor of FF = 65 % 

(Table 2).[1] However, this device was not stable and showed severe degradation after 5 days 

of illumination. Although many other photovoltaic devices based on phthalocyanines and 

acceptor dyes have been demonstrated, this device still shows one of the best 

performances.[32] 

Based on porphyrin derivatives, a three layer device has been manufactured, containing a 

porphyrin layer sandwiched between a perylene acceptor and a mercocyanine donor layer.[33] 

The device consisted of a 20 nm thick layer of PTCBI, a 10 nm thick layer of a 1:1 mixture 

of Zntpp(OMe)2 [5,10,15,20-tetra(2,5-dimethoxyphenyl)porphyrinatozinc] and H2pyp3p(Cl) 

[5,10,15-tri(4-chlorophenyl)-20-(3-pyridyl)porphyrin] as well as a 40 nm thick top layer of 

the mercocyanine dye MC (3-carboxymethyl-5-[(3-ethyl-2(3H)-benzothialzolylidine) ethyl-

idine]-2-thioxo-4-thiazoli-dione).[34] The three layer heterojunction device showed a power 

conversion efficiency of η = 3.5 % upon irradiation with monochromatic light of 445 nm 

(0.12 W/m2). A short-circuit voltage of VOC = 0.39 V, a high fill factor FF = 51 % and an 

EQE of 49 % were measured at that wavelength. 
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Figure 6: Small molecules utilized as donor and acceptor materials for multilayer heterjunction solar cells. 

 

 

Another approach based on the planarized star-shaped oligothiophene 2,5,8-tris-(5’-hexyl-

2,2’-bithiophenyl-5-yl)-1,4,7-trithia-trindene (THPTT)[35] has been reported by Roncali et al., 

which shows an absorption maximum at 420 nm in the solid state.[36] A fabricated bilayer 

heterojunction device consisting of a 20 nm thick donor-layer of THPTT and a 20 nm thick 

acceptor-layer of N,N’-bistridecylperylene-3,4,9,10-bis-(dicarboximide) (TPBI)[37] showed a 

power conversion efficiency of η = 1.3 % under AM1.5 (19 W/m2) conditions. However, 

when the incident light power was raised to 770 W/m2 the overall efficiency dropped to      

0.80 %. Under intense illumination the solar cell exhibited an open-circuit voltage of VOC = 

0.86 V, a short-circuit current of JSC = 1.35 mA/cm2 and a fill factor of FF = 51 % (Table 2). 

Forrest et al. described the application of a 1:1-mixed copper phthalocyanine (CuPc): 

fullerene (C60) donor layer with a pristine C60 acceptor layer. The corresponding photovoltaic 

device was fabricated by vacuum deposition of a 33 nm thick layer of a 1:1 blend of CuPc 

and C60 and a 10 nm thick discrete C60-layer. The photoactive layer was embedded between 

an ITO-cathode and a silver anode that was covered with a 7.5 nm thick hole blocking layer 

of 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP).[38] The solar cell was characterized 
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by a high efficiency of η = 3.5 % under AM1.5 (1000 W/m2) illumination and a relatively low 

open-circuit voltage with VOC = 0.50 V, while a remarkably high short-circuit current of JSC = 

15.4 mA/cm2 has been determined (Table 2).[39] 

Later, an optimized device setup of this type of solar cell was published which pushed the 

overall efficiency beyond the 4 % barrier. This new bilayer heterojunction was built up on an 

ITO-cathode, using a 20 nm thick pristine CuPc and a 40 nm thick pure C60 layer. A 10 nm 

thick hole blocking layer of BCP and silver as the anode were deposited on top of the 

acceptor layer. This photovoltaic device was characterized by a very low serial resistance and 

a high fill factor of FF = 59 %. However, the high power conversion efficiency of η = 4.2 % 

under AM1.5 conditions was only obtained at high light intensity of 10000 W/m2 

(corresponds to the light intensity of 10 suns), while under standard test conditions (1000 

W/m2) a somewhat lower efficiency of about η = 3.6 % was measured (Table 2).[40] Recently, 

it has been demonstrated that the intercalation of an additional layer of a 1:1-blend of CuPc 

and C60 results in a tremendous increase of the overall efficiency. The modified solar cell 

[ITO/CuPc (15 nm)/CuPc:C60 [1:1] (10 nm)/C60 (35 nm)/BCP (10 nm)/Ag] broke through 

the 5 % efficiency barrier when characterized under AM1.5 conditions with a incident power 

of 1200 W/m2.[41] 

 
 
 
 
 
 
 

2.2.3  p-i-n-Type photovoltaic devices 

 
Due to the small diffusion length in bilayer heterojunction devices, the active region of 

such solar cells is only a narrow layer at both sides of the hetero-interface. However, the 

devices have to be thicker than the active region to avoid shorts and recombination at the 

metallic contacts; hence there is a large absorbing region that does not contribute to the 

photocurrent. 

To address this issue a novel concept has been applied for organic solar cells consisting of 

an intrinsic donor-acceptor bulk heterojunction layer being sandwiched between n- and p-

doped highly conductive, charge carrier transport layers.[42] This concept of doping reduces 

the serial resistance of the photovoltaic device because the employed doped, wide-gap 

transport layers, separate the active region from the metal contacts that tend to quench the 

photogenerated exitons. Another advantage of p-i-n-structures is the possibility to separately 
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control the total device thickness and the thickness of the light absorbing active layer, and 

therefore can overcome the problem of a very thick, optimum active layer (30-50 nm for 

small molecular materials) which can cause shorting problems. 

Furthermore, the thin film optics can be tuned in the sense that the photoactive region is 

situated in the maximum of the internal field distribution of the incident light (Figure 7).[14] 

This p-i-n-structure compares to the concept of an “ideal solar cell”[43] and is crucial for 

inorganic photovoltaic devices, where it creates an electric field which provides a driving 

force for the photogenerated excitons to separate and to move to the opposite electrodes. 

 
 

 
Figure 7:  Device architecture of a p-i-n-type photovoltaic device (left) and mode of operation with maximum 

light intensity (dotted lines) at the photoactive layer (right). 
 

 

An efficient p-i-n-type photovoltaic device was manufactured by vacuum deposition using 

a 30 nm thick 1:1 blend of zinc phthalocyanine (ZnPc) and C60 as the photoactive layer which 

was sandwiched between a 50 nm thick hole transporting layer of N,N,N’,N’-tetrakis(4-

methoxyphenyl)-benzidine (MeO-TPD)[44] and a 30 nm thick electron transporting layer of 

pure C60. ITO and aluminium were used as the electrodes. The device exhibited a power 

conversion efficiency of η = 1.9 % under AM 1.5 illumination. An open-circuit voltage of 

VOC = 0.44 V, a short-circuit current of JSC = 9.8 mA/cm2 and a fill factor of FF = 45 % have 

been determined, respectively (Table 2).[45] 
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Figure 8: Materials used for the fabrication of p-i-n-type photovoltaic devices. 
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2.2.4  Heterojunction tandem cells 

 
One way to overcome the low total absorbance of single heterojunction devices is to stack 

two or more of them into a sandwich structure. The open-circuit voltage of these tandem cells 

can, in principle, be equal to the sum of the VOC of the individual cells.  

The mode of operation of a tandem cell is slightly different from a “normal” bilayer 

heterojunction device. Two excitons are photogenerated upon absorption of two photons near 

the front and back cell heterojunction interfaces. After these photoexcitons have diffused to 

the adjacent interface where they are separated into free charge carriers the electron in the 

back cell and the hole in the front cell are collected by the electrodes. At the same time, the 

electron in the front cell and the hole in the back cell migrate towards the metal interlayer 

where they recombine to prevent a charging of the cell (Figure 9). 

 

 

 

 

 

 

 

 

 
Figure 9:  Mode of operation of a tandem bilayer heterojunction (left) and an optimized tandem p-i-n-type solar 

cell (right) with the maximum light intensities (dotted lines) at the photoactive layers.[46] 

 

 

A first demonstration of a tandem cell based on the Tang cell[1] has been reported by 

Forrest et al.[46] The device setup was optimized to two 11 nm thick layers of both CuPc and 

PTCBI in the front and in the back cell, respectively. A 0.5 nm thick layer of Ag clusters was 

applied between the discrete cells and served as charge recombination sites. ITO/PEDOT:PSS 

and silver were used as the cathode and anode, respectively. Upon illumination with light 

(AM1.5, 1000 W/m2) the tandem cell showed a more than doubled efficiency of η = 2.5 % in 

comparison with the corresponding single heterojunction device.[1] The tandem cell was 

characterized by an open-circuit voltage of VOC = 0.9 V and a short circuit current of JSC = 6.5 

mA/cm2 (Table 2). 
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A tandem solar cell utilizing the p-i-n-structure has been manufactured using a 1 nm thick, 

interfacial gold layer to separate the two discrete p-i-n-solar cells. Under AM1.5 (1250 

W/cm2) conditions an overall efficiency of η = 2.4 % has been measured which is superior to 

the corresponding single heterojunction device. Although the open-circuit voltage with a 

potential of VOC = 0.85 V has been almost doubled and the fill factor had been increased by a 

third to FF = 0.53. The short-circuit current was more than halved to JSC = 6.6 mA/cm2 (Table 

2). However, the device showed a great potential for improvements, such as the incorporation 

of photoactive layers with different absorption properties.[47] 

 

 

 

 

2.2.5  Polymer-Polymer Bilayer Heterojunction Devices 

 
The use of conductive polymers offers the advantage that thin, uniform films can be easily 

obtained by spin-coating of the corresponding polymer solutions. They are even more 

attractive for industrial applications as they allow for the possibility of large-scale roll-to-roll 

processing. 

An efficient photovoltaic cell was manufactured by a polymer-polymer bilayer 

heterojunction, utilizing a donor layer of poly(p-phenylene vinylene) (PPV)[48] and an 

acceptor layer of poly[(7-oxo-7H,10H-benz[de]imidazo[4’,5’:5,6]benzimidazo[2,1-

a]isoquinoline-3,4:10,11-tetrayl)-10-carbonyl] (poly(benzimidazobenzophenanthroline) 

ladder [BBL])[49] which exhibits an absorption up to 740 nm. The two layer device, consisting 

of 50 nm thick layers each showed a power conversion efficiency of η = 0.7 % under AM1.5 

illumination with a light intensity of 1000 W/m2 which was increased to an efficiency of η = 

1.2 % at a tenth of the incident light power (100 W/m2). Under standard test conditions a fill 

factor of FF = 43 % and a high open-circuit voltage of VOC = 1.20 V were demonstrated, 

however, only a mediocre short-circuit current of JSC = 1.2 mA/cm2 was measured               

(Table 2).[50] A more recent investigation revealed a strong dependence of the electron affinity 

of the acceptor polymer on the charge-transfer efficiency of the resulting solar cell. 

Accordingly, a replacement of BBL by an acceptor polymer with a lower electron affinity 

was manifested by almost negligible short-circuit currents. In this respect, an optimized 

PPV:BBL solar cell, consisting of 60 nm thick layers each being annealed at 100 °C, showed 

an open-circuit voltage of VOC = 1.10 V, a short-circuit current of JSC = 2.15 mA/cm2 and a 
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fill factor of FF = 50 % (η = 1.5 %, AM 1.5G, 800 W/cm2). This type of solar cell was heavily 

influenced by the incident light power as a significantly lower light intensity of 100 W/m2 

resulted in power conversion efficiency of η = 3.4 % (VOC = 0.76 V, JSC = 0.86 mA/cm2, FF = 

52 %).[51] 
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Figure 10: Chemical structures of donor and acceptor polymer combinations used for the fabrication of polymer-

polymer bilayer heterojunction solar cells. 
 

 

The laminated fabrication of a polymeric photovoltaic device based on the donor polymer 

poly[3-(4-octylphenyl)thiophene] (POPT)[52] and the acceptor-polymer poly[(2-methoxy-5-

(2-ethylhexoxy)-1,4-phenylene)-1,2-(2-cyanovinylene)-(2-methoxy-5-(2-ethylhexoxy)-1,4-

phenylene)-1,2-(1-cyanovinylene)] (MEH-CN-PPV) has been reported by Friend et al.[53] 

Because the bulk heterojunction approach with an annealed 1:1 blend of those polymers 

exhibited a phase separation way larger than the exciton diffusion length a bilayer device 

architecture was forced. The application of both a 19:1 mixture of POPT:MEH-CN-PPV as 

the donor layer and a 1:19 mixture of the same polymers as the acceptor layer considerably 

boosted the power conversion efficiency over that device consisting of two pristine donor- 

and acceptor polymer layers. This device showed a remarkably high open-circuit voltage of 

VOC = 1.30 V and a fill factor of FF = 34 % with a calculated power conversion efficiency of 

η = 1.9 % under AM 1.5 illumination (770 W/m2) (Table 2).[54] Although this solar cell 

demonstrated a high efficiency it was difficult to process which limited it’s possible 

applications. 
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Table 2:  Device architecture and characterization of efficient small-molecule multilayer heterojunction, 
tandem heterojunction and polymer-polymer bilayer heterojunction solar cells 

 

 
 

Device Architecture Jsc 
[mA/cm2]

VOC
 

[V] FF 
max. EQE 

[%] 
(wavelength) 

Efficiency 
under AM1.5G 
(light intensity)

ITO/CuPc (30 nm)/ 
PTCBI (50 nm)/Ag[1] 2.3 0.45 0.65 15 % 

(620 nm) 
0.95 % 

(750 W/m2) 

ITO/PEDOT:PSS/ 
THPTT (20 nm)/ 

TPBI (20nm)/LiF/Al[36] 

1.35 
(0.053) 

0.86 
(0.78) 

0.51 
(0.59) 

17 % 
(420 nm) 

(17 % / 
420 nm) 

0.77 % 
(770 W/m2) 

(1.27 % / 
19 W/m2) 

ITO/CuPc:C60 [1:1] (33 nm)/ 
C60 (10 nm)/BCP (7.5 nm)/ 

Ag[39] 
15.4 0.50 0.46 N/A 3.5 % 

(1000 W/m2) 

ITO/CuPc (20 nm)/ 
C60 (40 nm)/BCP (10 nm)/ 

Ag[40] 
11.5 
(120) 

0.52 
(0.60) 

0.60 
(0.59) 

N/A 
(N/A) 

3.6 % 
(1000 W/m2) 

(4.2 % / 
10000 W/m2) 

ITO/CuPc (15 nm)/ 
CuPc:C60 [1:1] (10 nm)/C60 
(35 nm)/BCP (10 nm)/Ag[41] 

18.0 0.54 0.61 N/A 5.0 % 
(1200 W/m2) 

ITO/ MeO-TPD (50 nm)/ 
ZnPc:C60 [1:1] (30 nm)/ 

C60 (30 nm)/Al[45] 
9.8 0.44 0.45 40 % 

(620 nm) 
1.9 % 

(1000 W/m2) 

ITO/PEDOT:PSS/CuPc 
(11 nm)/PTCBI (11 nm)/Ag 

(0.5 nm)/ CuPc (11 nm)/ 
PTCBI (11 nm)/Ag [46] 

6.5 0.90 N/A N/A 2.5 % 
(1000 W/m2) 

ITO/MeO-TPD(30 nm)/  
ZnPc:C60 [1:2] (60 nm)/C60 
(20 nm)/Au (0.8 nm)/MeO-

TPD (30 nm)/ ZnPc:C60 [1:2] 
(48 nm)/C60 (30 nm)/Al[47] 

6.6 0.85 0.53 N/A 2.4 % 
(1250 W/m2) 

ITO/PPV(50 nm):BBL 
(50 nm)/Al[50] 1.20 1.20 0.43 49 % 

(420 nm) 
0.70 % 

(1000 W/m2) 

ITO/PPV (60 nm):BBL 
(60 nm)/Al[51] 

2.15 
(0.86) 

1.10 
(0.76) 

0.50 
(0.52) 

N/A 
(N/A) 

1.5 % 
(800 W/m2) 

(3.4 % / 
100 W/m2) 

Au/PEDOT:PSS/ 
MEH-CN-PPV:POPT [19:1]/ 
MEH-CN-PPV:POPT [1:19]/ 

Ca[54] 

2.00 1.30 0.34 29 % 
(480 nm) 

1.90 % 
(770 W/m2) 
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2.3  Bulk heterojunction devices 

 
2.3.1  Background 

 
The main intrinsic problem of bilayer heterojunction devices is the exciton diffusion 

length which is typically in the range of 1-10 nm.[11] Therefore, only excitons created within 

this distance of the heterojunction interface can be separated into free charge carriers and 

extracted out of the photoactive layer. Hence, a significant loss of absorbed photons is 

immanent and the quantum efficiencies of these photovoltaic devices are usually low. This 

issue has been addressed by substituting the separated bilayers by microphase-separated 

blends of the corresponding donor and acceptor moieties, resulting in a tremendously 

increased interfacial area. If the length scale of the microphase separation is similar to the 

exciton diffusion length, all the photogenerated excitons will immediately diffuse to the 

nearby interface where they can be separated into free charge carriers. The existence of 

percolation paths throughout the photoactive layer allows the free charge to travel 

independently towards the opposite electrodes and consequently a photocurrent can be 

extracted from the device (Figure 11).[11] 

 

 
Figure 11: Continuous paths for the transport of the free charge carriers in bulk heterojunction solar cells. 

 

 

 

 



Chapter 2:  Concepts towards highly efficient organic solar cells 
 

 

26 

2.3.2  Bulk heterojunction devices with small molecules 

 
In 2001, it has been reported that the morphology of the photoactive layer can be 

controlled by utilizing self-organising liquid crystalline materials. This approach was based 

on hexabenzocoronene derivatives which, as discotic liquid crystals, are known for their high 

hole mobilities as well as for their tendency to form self-assembled stacks.[55] These unique 

features have been exploited for the fabrication of photovoltaic devices by blending hexa(p-

dodecylphenyl)benzocoronene (HBC-PhC12)[56] and the acceptor N,N’-bis(1-

ethylpropyl)perylene-3,4,9,10-bis(dicarboximide) (EPBI)[37] in the solid state.  

 

H25C12

C12H25

C12H25

C12H25

C12H25

H25C12

O

N

O

N

O

O

HBC-PhC12 EPBI  
Figure 12: Small molecules as donor and acceptor materials for bulk heterjunction solar cells. 

 

 

Due to the self-assembling properties of both the donor and the acceptor moiety an 

ordering of the composition was achieved, leading to separate pathways for electrons and 

holes, respectively (Figure 13). 
 

 
Figure 13:  Idealized morphology of the photoactive layer which consists of self-assembled acceptor and donor 

stacks, providing separate pathways for electrons and holes, respectively (left).[54] Topographical 
AFM image of the 40:60 blend of HBC-PhC12 and EPBI (right).[57] 
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A solar cell in which the photoactive layer consisted of a 60:40 blend of HBC-PhC12 and 

EPBI showed a power conversion efficiency of η = 1.95 % when light with a wavelength of 

490 nm was applied. Under this monochromatic illumination an open-circuit voltage of VOC = 

0.69 V, a short-circuit current of JSC = 33.5 µA/cm2 and a fill factor of FF = 40 % was 

obtained. The EQE reached a maximum value of 35 % between 470 nm and 500 nm. 

However, the incident light power used was very low (4.7 W/m2) because a saturation of JSC 

was observed at light intensities above 10 W/m2.[57] 

 

 

 

2.3.3  Polymer-polymer bulk heterojunction devices 

 
Microphase separated polymer bulk heterojunctions (Figure 14) can be achieved by 

mixing hole and an electron conducting polymers (Figure 15), because polymer blends tend to 

phase separate due to their low entropy of mixing.[58] The obtained morphology of such 

blends is strongly depended on the processing conditions such as solvent and temperature 

which can be seen in Figure 16.[59] 

 

 
Figure 14: Device architecture of a polymer-polymer bulk heterojunction solar cell. 

 

 

 

In 1995, the invention of polymer-polymer bulk heterojunction devices has been reported 

independently by Friend et al.[60] and Heeger et al.[61] For the fabrication of the photovoltaic 

devices 1:1-blends of poly[(2-methoxy-5-(2-ethylhexoxy)-1,4-phenylene)vinylene] (MEH-

PPV)[62] and poly[(2,5-dihexyloxy-1,4-phenylene)-1,2-(2-cyanovinylene)-(2,5-dihexyloxy-

1,4-phenylene)-1,2-(1-cyanovinylene)] (CN-PPV)[63] were used as photoactive layers. Due to 

the incorporation of cyano groups into the polymer backbone the ionization potential and the 

electron affinity is increased by about 0.5 eV with respect to MEH-PPV, leading to good 

electron injection and transport properties.[64] Mixtures with varying compositions of MEH-
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PPV and CN-PPV showed substantial photoluminescence quenching so that the 

corresponding 1:1 mixture of those polymers resulted in a photovoltaic device with an open-

circuit voltage of VOC = 0.6 V. Nevertheless, no short-circuit current or efficiency has been 

given. Nevertheless, the device exhibited a maximum EQE of 6 % at 520 nm whereas a solar 

cell made out of pure MEH-PPV for comparison showed a maximum EQE of 0.04 % at 560 

nm. 

Although the field of polymer-polymer bulk heterojunction was not subjected to intense 

research for several years a breakthrough has been achieved recently with conversion 

efficiencies up to 1 % due to the use of novel acceptor polymers containing ether linkages. 

A photovoltaic device was fabricated from an annealed film of a 1:1-blend of poly[(2-

methoxy-5-(3,7-dimethyl-octyloxy)-1,4-phenylene)vinylene] (MDMO-PPV)[65] and poly 

[oxa-1,4-phenylene-1,2-(1-cyanovinylene)-(2-methoxy-5-(3,7-dimethyl-octyloxy)-1,4-

phenylene)-1,2-(2-cyanovinylene)-1,4-phenylene] (PCNEPV)[66] whose electronic properties 

correspond to that of the oligomeric repeating unit, because the delocalizion of the π-electrons 

over the polymer backbone is interrupted by ether-linkages at regular intervals. The solar cell 

showed a power conversion efficiency of η = 0.38 % with a remarkably high open-circuit 

voltage of VOC = 1.28 V under AM 1.5 illumination (1000 W/m2).[67] However, this efficiency 

has been increased to η = 0.75 % by the application of an additional acceptor layer of pure    

n-type conducting PCNEPV. This device exhibited an open-circuit voltage of VOC = 1.30 V, a 

short-circuit current of JSC = 1.80 mA/cm2 and a fill factor of FF = 32 % (Table 3).[67] 
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Figure 15: Chemical structures of donor (left) and acceptor polymer (right) combinations used for the 

fabrication of polymer-polymer bulk heterojunction solar cells. 
 

 

A similar approach is based on the material combination of poly[(2-methoxy-5-(3,7-

dimethyl-octyloxy)-1,4-phenylene)vinylene(2,5-dimethoxy-1,4-phenylene)vinylene]) 

(M3EH-PPV)[68] and poly[oxa-1,4-phenylene-1,2-(1-cyanovinylene)-(2,5-dioctyloxy-1,4-

phenylene)-1,2-(2-cyanovinylene)-1,4-phenylene] (CN-ether-PPV),[66] which also shows the 

electronic properties of the corresponding oligomeric repeating unit. The corresponding 
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photovoltaic device fabricated from a 1:1-blend of M3EH-PPV and CN-ether-PPV gave a 

power conversion efficiency of η = 1.0 % under AM 1.5 conditions (800 W/m2).[69] A high 

open-circuit voltage of VOC = 1.0 V as well as a good open-circuit current of JSC = 3.2 

mA/cm2 and a fill factor of FF = 25 % were confirmed. However, when the calcium top anode 

and the PEDOT-cathode were replaced by gold and titanium dioxide electrodes, respectively, 

the open-circuit voltage significantly dropped down to VOC = 0.65 V, resulting in an overall 

efficiency of only  η = 0.75 % (Table 3). 

A remarkable approach to control the morphology of polymer-blends in order to optimize 

the overall efficiency of the corresponding photovoltaic devices is based on a work carried out 

by Friend et al. in 2000. They reported the use of poly(9,9’-dioctylfluorene-co-bis-N,N’-(4-

butylphenyl)-bis-N,N’-phenyl-1,4-phenylenediamine) (PFB)[70] as the donor and poly(9,9’-

dioctylfluorene-co-benzothiadiazole) (F8BT)[71] as the acceptor polymer for the 

manufacturing of polymer-polymer bulk heterojunction devices. The solar cell which was 

obtained by spin-coating a 1:1-mixture of these polymers from a xylene solution, revealed a 

maximum EQE of 1.5 % at 390 nm.[72] When the solvent was changed to chloroform the 

morphology of the photoactive layer was significantly changed (Figure 16) and the maximum 

EQE of the corresponding device was raised to 4.0 % at 390 nm.[59]  
 

  

 

Figure 16:  Topographical AFM images of the spin-coasted PFB:F8BT films, using either xylene (a) or 
chloroform (b) as the solvent.[59] 

 

However, the external quantum efficiency was increased to 14 % at 390 nm due to a 

surface treatment of the cathode. The surface energy of the cathodic PEDOT-layer was 

modified by deposition of self-assembled monolayers of trichloro-oct-7-enyl-silane prior to 

the spin-casting process of the conductive polymers from the corresponding isodurene 

polymer solution. This surface treatment favoured segregation of the donor polymer PFB next 
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to the cathode while at the same time a concentration gradient of the blend composition was 

achieved, leading to a F8BT-rich layer next to the top electrode, resulting a vertically 

segregated conjugated polymer blend.[73] 

Later, this work was picked-up by Scherf et al., demonstrating that the morphology of the 

photoactive layer can been controlled by using mini-emulsions of the blended donor and 

acceptor polymers. Under the influence of ultrasonication and surfactants, small particles of 

the polymer blends were stabilized as aqueous mini-emulsions and subsequently spin-coated 

into thin films. This technique showed the advantage that the performance of the fabricated 

solar cells was dependent on the nanoparticle size rather than the employed solvents (Figure 

17)[74] and was applied to manufacture solar cells, consisting of a 1:1-blend of PFB and 

P8BT. The photovoltaic device showed a maximum EQE of 1.7 % at 390 nm, which was 

superior to the solar cell obtained from spin-coating of the 1:1 mixture of PFB and P8BT 

from the corresponding xylene solution. However, later it was reported that utilizing the mini-

emulsion technique under the same conditions, the fabrication of the photoactive layer, 

consisting of a 1:2-blend of PFB and P8BT, significantly boosted the photovoltaic 

performance. The corresponding device exhibited a high open-circuit voltage of                 

VOC = 1.38 V, a short-circuit current of JSC = 0.01 mA/cm2 and a fill factor FF = 28 % under 

AM1.5 conditions (1000 W/m2).[75] The maximum EQE has been measured to 4.2 % at      

390 nm (Table 3). 

 

 
Figure 17:  The production of aqueous polymer mini-emulsions (a) which are spin-coated on a substrate to 

from thin polymer blends (b).[74] 
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Table 3: Device architecture and characterization of efficient polymer-polymer bulk heterojunction solar cells 

 

Device Architecture Jsc 
[mA/cm2] 

VOC 
 [V] FF max. EQE 

(wavelength) 

Efficiency 
under AM1.5G 
(light intensity) 

ITO/PEDOT:PSS/ 
MDMO-PPV:PCNEPV/ 

LiF/Al[67] 
0.87 1.28 0.34 16 % 

(540 nm) 
0.38 % 

(1000 W/m2) 

ITO/PEDOT:PSS/ 
MDMO-PPV:PCNEPV/ 

PCNEPV/LiF/Al[67] 
1.80 1.30 0.32 23 % 

(500 nm) 
0.75 % 

(1000 W/m2) 

ITO/TiO2/ 
M3EH-PPV: 

CN-ether-PPV/Au[69] 
3.3 0.65 0.25 24 % 

(520 nm) 
0.75 % 

(800 W/m2) 

ITO/PEDOT:PSS/ 
M3EH-PPV: 

CN-ether-PPV/Ca[69] 
3.2 1.00 0.25 24 % 

(520 nm) 
1.0 % 

(800 W/m2) 

ITO/PEDOT:PSS/ 
PFB:P8BT [1:2]/Ca[75] 0.01 1.38 0.28 4.2 % 

(390 nm) 
0.004 % 

(1000 W/m2) 
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2.4  Polymer-fullerene bulk heterojunction devices 

 
2.4.1  Background 

 
In 1992, it has been reported that blends composed of poly[(2-methoxy-5-(2-

ethylhexoxy)-p-phenylene)vinylene] (MEH-PPV) and fullerene C60 showed a strong 

quenching of the polymer luminescence.[76] While no ground-state interactions between the 

two components was observed the strong luminescence quenching was an indication of an 

ultra-fast photoinduced electron transfer with a quantum efficiency close to unity.[77] In the 

same year, the observed effect has been reported independently for a poly(3-octylthiophene) 

(P3OT)/fullerene blend. Furthermore, the effect was evident for a variety of other conjugated 

polymer/fullerene composites.[78-85] Later in 1995, this concept has been exploited for 

photovoltaic applications.[86] Thin films consisting of MEH-PPV and the fullerene derivative 

[6,6]-phenyl-C61-butyric acid methyl ester (PCBM)[87] used as the surrogate for the hardly 

soluble C60 fullerene have been spin-coated on a transparent semiconducting indium tin oxide 

(ITO) electrode and has been covered with either an aluminium or a calcium electrode. The 

photoinduced charge carrier separation efficiency was more than two orders of magnitude 

higher than in the pure MEH-PPV films. However, at this early stage for this type of solar 

cell no energy conversion efficiencies were determined because the device was not fully 

optimized. It became evident that the carrier collection and conversion efficiencies of this 

interpenetrating network were critically dependent on the morphology and chemical 

composition of the photoactive layer. The best results with respect to photoinduced charge 

carrier formation have been obtained, using a 1:4-ratio of MEH-PPV and PCBM and 

therefore, one has to consider this photovoltaic device more as a fullerene cell rather than a 

polymer solar cell. 
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Figure 17: Chemical structures of the donor polymers, [60]PCBM and PEDOT:PSS. 
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Techniques to control the morphology of the photoactive layer have been studied by 

Sariciftci et al.[88] who demonstrated that efficiencies as high as 2.5 % can be achieved with a 

1:4-ratio of poly[(2-methoxy-5-(3,7-dimethyl-octyloxy)-p-phenylene)vinylene] (MDMO-

PPV) and PCBM. By spin-coating the polymer-fullerene mixture from the corresponding 

chlorobenzene solution instead of using toluene as the solvent, a much more homogeneous 

mixing of the photoactive layer in combination with a smoother surface were achieved. The 

resulting change of the morphology which can be seen in Figure 18 resulted in a tremendous 

increase of the power conversion efficiency from 1.1 % to 2.5 % (Table 3). 
 

 
Figure 18: Surface profiles of MDMO-PPV:PCBM 1:4 blends, spin-casted from 0.4 polymer wt-% solutions 

(a. o-dichlorobenzene; b. chlorobenzene; c. xylene). The AFM-measurements have been carried out 
on different scales.[89] 

 
 

These solar cells are characterized by long-living charge carriers which are generated by 

an ultra-fast photoinduced electron transfer taking place within 40 fs as determined by pump-

probe measurements.[2] The long-lived nature of these charge carriers allows their collection 

at electrodes via diffusion as well as field induced migration. Direct evidence of this electron 

transfer has been obtained by steady-state light-induced electron spin resonance (LESR) 

experiments showing two light-induced electron spin resonance signals which could be 

assigned to the radical cations (polarons) situated on the polymer backbone and the PCBM 

radical anion.[90,91] Time-resolved photocurrent studies on MEH-PPV fullerene composites 

revealed that the fullerene not only enhances the number of charge carriers photogenerated in 

the polymeric matrix, but also stabilises them, preventing their recombination.[92] However, 

the driving force for the transport of the photoinduced charge carriers to the opposite 

electrodes within the bulk heterojunction layer is not understood, although several concepts 

have been proposed which attribute the charge transport either to electric field induced drift of 

charge carriers or concentration gradient induced diffusion, respectively.[29] 
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2.4.2 Device setup and characteristics 

 
The device architecture of a thin film polymer-fullerene bulk-heterojunction solar cell is 

given in Figure 19.[2] This commonly used setup consists of a positive transparent ITO-

electrode on glass or flexible PE-foil as the substrate. The semiconducting ITO layer is 

typically smoothed with a 80 nm thick blend of PEDOT:PSS which decreases the work 

function of ITO to about -5.0 eV vs. vacuum.[15] As the negative top electrode, a metal layer 

such as Al, Ca or Au is deposited.[16] To increase the electron injecting- and collecting 

behaviour of this electrode an interfacial layer of thermally deposited LiF with a thickness of 

1 nm can be applied.[17] This treatment of the pristine Al electrode guarantees a good ohmic 

contact between the metal and the organic layer. 
 

 
 

Figure 19: Device architecture of a thin film polymer-fullerene bulk heterojunction photovoltaic device. 

 
 

The irradiance dependence of the photovoltaic parameters of MDMO-PPV:PCBM solar 

cells was studied by varying the cell temperature and irradiance intensities, 

respectively.[27,93,94] At all studied temperatures, the obtained almost linear irradiance 

dependence of the short-circuit current JSC indicates that the recombination of the 

photogenerated charge carriers is sufficiently slow compared to charge carrier transport for all 
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of the photogenerated carriers to be collected at short circuit.[95] This linear dependence 

between the photocurrent and the illumination intensity is crucial with respect to applications 

under “outdoor” conditions. If the photocurrent approaches the upper limit at a certain light 

intensity, the power conversion efficiency under AM1.5G conditions would be considerable 

lower than under less intense illumination. 

 

In the first instance, one would expect an open circuit voltage VOC of approximately 0.4 V 

for such photovoltaic devices which correspond to the difference in work functions of the two 

applied electrodes ITO (-4.7 eV) and Al (-4.3 eV) as it is found for single-layer conjugated 

polymer devices.[16,18] Therefore, another model had to be established explaining the origin of 

the open circuit voltage for polymer-fullerene solar cells. Based on the synthesis of different 

fullerenes with varying acceptor strength and the manufacturing of the corresponding 

MDMO-PPV-fullerene devices (Figure 20), it has been demonstrated that VOC reflects the 

relative energy difference of the HOMO of the conjugated polymer and the LUMO of the 

fullerene acceptor, which is displayed in Figure 21.[15,23,96] The origin of the open-circuit 

voltage of polymer-fullerene based solar cells has been confirmed independently by the 

correlation of VOC of various devices consisting of PCBM and polythiophene-derivatives.[97] 
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Figure 20: Open-circuit voltage VOC of MDMO-PPV-fullerene solar cells vs. the acceptor strength of 

different fullerene derivatives. 
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Figure 21:  HOMO-LUMO Scheme of a MDMO-PPV:PCBM solar cell. The energy difference between the 
PPV-HOMO and the PCBM-LUMO corresponds to the open-circuit voltage.[27] 

 

 

2.4.3  Efficiency optimization of polymer-fullerene solar cells 

 
While polymer-fullerene solar cells show quite respectable open-circuit voltages, the 

values of the short-circuit current and the fill factor are much lower than those available from 

inorganic solar cells. The lower photocurrent is caused by weak light absorption and slow 

charge transport processes, while low fill factors are due to poor charge transport properties 

and charge recombination. 

 

2.4.3.1  Improving charge carrier mobilities of the photoactive layer 

 

Charge transport in polymer-fullerene solar cells is limited mainly by the low intrinsic 

mobility of charge carriers in molecular solids and by the charge trapping effects of impurities 

and defects in the bulk and at the interfaces. 

A first improvement of the low mobility of PPV has been accomplished by synthesizing 

MDMO-PPV according to a different polycondensation method. On the industrial scale, PPV 

derivatives are synthesized by the so-called “gilch” method which starts from a two-fold 

chlorobenzyl substituted phenylene (Figure 22). These polymers exhibit various defects due 

to head-to-head and tail-to-tail additions during the polycondensation.[98] The use of a 

differently substituted monomer, in which a chloromethyl group is replaced by a methyl-tert-

butyl sulfoxide functionality, in the so-called “sulfinyl” method results in a more defectless 

conductive polymer which then was studied for applications in OLEDs[99] and polymer-

fullerene solar cells.[100] As a result, the power conversion efficiency of the corresponding 

photovoltaic devices increased from η = 2.5 % to η = 2.9 %. At the same time, fill factor, 

short-circuit current and maximum EQE were enhanced by 15 %. 
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Figure 22: Synthesis of PPV-derivatives according to the “gilch” (A) and the “sulfinyl” (B) route. 

 
However, the problem of the low charge carrier mobilities is not yet solved and has been 

addressed by substituting the “work-horse” MDMO-PPV by head-to-tail coupled poly(3-

hexylthiophene) (P3HT)[101] which is known for its high charge carriers mobilities. Although, 

a mobility as high as 0.1 cm2V-1s-1 has been reported in literature[4] this value seems not to be 

reproducible and a value of 0.01 cm2V-1s-1 might be more realistic. Nevertheless, this mobility 

is still higher by about four orders of magnitude in comparison with MDMO-PPV            

(5⋅10-7 cm2V-1s-1).[102] The first application of a P3HT:PCBM (1:2)-mixture as the 

photoactive layer in polymer-fullerene solar cells was not very promising due to the low 

power conversion efficiency of η = 0.4 %.[3] However, when the solar cell was annealed at   

75 °C which is above the glass transition temperature of P3HT a tremendous increase of the 

power conversion efficiency to η = 2.5 % was achieved. A postproduction treatment of the 

solar cell incorporating annealing and simultaneously subjection to an external voltage of    

2.7 V which was by far greater than the open-circuit voltage gave an overall power 

conversion efficiency of η = 3.5 % and a fill factor of FF = 60 % (Table 4). This significant 

performance increase was due to an enhanced crystallization of the polymer during the 

annealing process and an additional orientational effect because of the simultaneously applied 

external voltage which both resulted in an increased mobility of the conductive 

polymer.[103,104] The efficiency increase due to annealing of the photoactive layer at 75 °C has 

a notable effect on the life-time stability. Because solar cells will be exposed to high 

intensities of sun-light it is expected that their operational temperatures will be far above 

room temperature. This is, in the case of a MDMO-PPV:PCBM photovoltaic device, a 

critical point[105] because it has been demonstrated that an elevated temperatures of 130 °C the 

morphology will change dramatically leading to large domains of MDMO-PPV and PCBM, 

respectively (Figure 23).[106] Although an MDMO-PPV:PCBM solar cell will never be 

exposed to such harsh conditions in serious applications, it is expected that this effect cannot 

be avoided at room temperature and consequently the overall efficiency will decay with time. 

A similar effect has been found for a P3HT:PCBM solar cell as its efficiency is increased 
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upon a short annealing procedure. However, when the exposure to these high temperatures is 

maintained, the efficiency of this solar cell drops on the scale of several minutes.[3]
 

 
Figure 23: Optical microscopy reveals the formation of PCBM single crystals (dark features) in 1:4 thin solid 

films of MDMO-PPV:PCBM upon annealing at 130 °C. The annealing times are 10 min, 20 min, 
and 60 min, increasing from left to right (scale bar: 1 µm).[106] 

 
 
 

2.4.3.2 Improving light-harvesting of the photoactive layer 

 

The optical band gap of PPV and polythiophene derivatives that are currently used in the 

manufacturing of polymer-fullerene solar cells are in the range between 2.2 and 1.9 eV, which 

is not optimal with respect to the solar spectrum. One promising strategy is to use materials 

with enhanced light absorption properties. This can be either achieved by applying a low-band 

gap polymer with an optical band gap below 1.8 eV or by using a different acceptor moiety 

which absorbs light beyond 600 nm. 

The latter approach has been fulfilled due to replacement of [60]PCBM as part of the 

original MDMO-PPV:PCBM solar cell by its C70-fullerene analogue (Figure 24). 

[70]PCBM displays improved light absorption in the visible region due to its lower degree of 

symmetry compared to its C60-fullerene analogue. This property allows lower-energy 

transitions, which are dipole forbidden in the spherically shaped C60-analogue. The use of a 

1:4-mixture of MDMO-PPV and [70]PCBM, which has been employed as a mixture of 

regioisomers, resulted in an improved efficiency of η = 3.0 % over 2.5 % for the C60-

derivative.[107] Although the fill factor and the open-circuit voltage were significantly lower 

with respect to the optimized MDMO-PPV:[60]PCBM solar cell, the loss was more than 

compensated by the gain in the short-circuit current (Table 4). 
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Figure 24: Chemical structures of P3HT and [70]PCBM. 
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The second approach to an improved light harvesting of the photoactive layer has been 

studied by employing suitable low-band gap polymers. In order to obtain an enhanced overlap 

of the polymer absorption spectrum with the solar emission, the band gap of the 

corresponding polymers has to be pushed below 1.8 eV. In the case of a conventional 

homojunction solar cell the overall absorption of the photoactive layer and the simultaneous 

lowering of the open-circuit voltage VOC have to be balanced. To gain an optimum efficiency 

the band gap has to exhibit a value of 1.4 eV.[108] This, however, is more complex in the case 

of polymer-fullerene solar cells where the HOMOs and LUMOs of both, the donor polymer 

and the acceptor moiety, have to be matched. The decrease of the polymer band gap can either 

be achieved by raising the polymer HOMO in energy and/or energetically lowering the 

polymer LUMO. The first case in which the polymer HOMO is raised while the LUMO 

remains unaffected, results in a reduced open-circuit voltage, whereas the second possibility 

of altering the polymer band gap is more favourable because it would not change the open-

circuit voltage. Nevertheless, it has to be considered that both the polymer HOMO and the 

LUMO have to be higher in energy than the corresponding acceptor frontier orbitals to 

maintain electron transfer. Another, non-trivial issue in the case of low-band gap polymers is 

the frequently observed efficient non-radiative decay, which limits the lifetime of the excited 

state and hence the exciton diffusion length. 

Roncali reviewed the synthetic principles to lower the band gap of linear π-conjugated 

polymers. Among others possibilities, minimizing the bond length alternation and reducing 

the energy difference between aromatic and quinoid canonical resonance structures are one of 

the effective ways.[109] Another promising approach to obtain low-band gap polymers 

involves the alternation of electron-rich and electron-deficient units in a conjugated polymer 

chain.[110] 

Based on the 4,7-di-2’-thienyl-2,1,3-benzothiazole (DTPT) monomer an alternating 

copolymer with 9-(2’-ethylhexyl)-9-hexyl-fluorene (F) has been described. The 

corresponding copolymer PDFTPT which was accessible by polycondensation via Suzuki 

cross-coupling of the dibromo derivative of DTPT and the diboronic ester of the fluorene 

derivative exhibited an onset of the absorption in the solid-state at 620 nm. The corresponding 

photovoltaic device consisting of a 1:4-blend of PDFTPT and PCBM as the active layer 

demonstrated a power conversion efficiency of η = 2.2 % under AM1.5 conditions (1000 

W/m2, Table 4). This solar cell showed a remarkably high open-circuit voltage VOC of 1.04 V, 

which is about 200 mV higher than that of a comparable MDMO-PPV:PCBM device.[111] 
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Figure 25: Chemical structures of low-band gap polymers and nile red. 

 
Polycondensation via Stille cross-coupling of 2,5-bis(5-trimethylstannyl-2-thienyl)-N-

dodecylpyrrole (TPT) and 4,7-dibromo-2,1,3-benzothiadiazole (B) in the presence of 

Pd(PPh3)2Cl2 as the catalyst afforded copolymer PTPTB as a novel low-molecular weight 

conjugated polymeric material, which exhibits an optical band gap of 1.5 eV and an 

absorption maximum at 700 nm in the solid state.[112] A photovoltaic device manufactured 

with a 1:3-mixture of PTPTB and PCBM revealed a short-circuit current of JSC =                 

3.1 mA/cm2 upon illumination with a AM1.5 sun simulator (800 W/m2, Table 4).[113] 

Although, the onset of the absorption of the photoactive layer started at 750 nm the measured 

short-circuit current was relatively low with respect to a comparable P3HT:PCBM solar cell. 

From the complete absorption spectrum low EQE-values with a maximum of only 12 % at 

580 nm have been obtained. Due to the fact that EQE-values have been measured down to 

750 nm it is evident that photoinduced charge carriers are generated within the complete 

absorption spectrum of the active layer and therefore, the low short-circuit current of the 

photovoltaic device originates from a relatively low absorbance of the active layer. 

In order to increase the overall absorbance of the MDMO-PPV polymer-fullerene solar 

cells, blends of MDMO-PPV, the well absorbing PTPTB and PCBM were prepared. 

Although photoluminescence studies revealed an energy transfer from the low band gap 

polymer to MDMO-PPV after irradiation at the low energy absorption edge, the 

corresponding photovoltaic devices were less promising (Table 4).[114] A photovoltaic device 

consisting of a 1:1-blend of MDMO-PPV and PTPTB and a four-fold excess of PCBM as 

the active layer showed a reduced power conversion efficiency of only η = 0.2 %. Beside the 

reduced fill factor and short-circuit current, the open-circuit voltage dropped by 200 mV to 

VOC = 0.51 V in comparison with the pure PTPTB:PCBM solar cell (Table 4). 
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Another approach to increase the overall efficiency of PTPTB:PCBM solar cells has been 

investigated by incorporating 10 wt-% of a highly absorbing small molecule dye such as Nile 

Red into the photoactive layer. However, the power conversion efficiency reached a value of  

η = 0.5 %, which is only half as high in comparison with the pristine PTPTB:PCBM solar 

cell.[115] As with the mixed MDMO-PPV:PTPTB solar cell a severe drop of the open-circuit 

voltage to VOC = 0.53 V was evident (Table 4). Another low band gap polymer that was 

subjected to intensive studies was the regio-regular polythiophene-derivative poly(3-(4-(2-(2-

methoxy-ethoxy)ethoxy)phenyl)thiophene) (PEOPT),[116] exhibiting a non-crystalline phase 

and an optical band gap of 2.1 eV in the solid state. This polymer can be converted into an 

ordered phase by heat treatment which is accompanied by a decrease of the optical band gap 

down to 1.7 eV.[116,117] The same phase behaviour of PEOPT can be observed in blends 

consisting of equal amounts of the latter polymer and PCBM. However, the ordered PEOPT 

phase is characterized by poor film forming properties which was reflected in low energy 

conversion efficiencies measured from the corresponding photovoltaic devices. They were 

characterized by a moderate open-circuit voltage of VOC = 0.38 V and an overall power 

conversion efficiency of η = 0.02 % under AM1.5 illumination (800 W/m2),[117] whereas the 

same device manufactured from the non-crystalline 1:1-PEOPT:PCBM blend showed a 

higher efficiency of η = 0.1 % and a considerably higher open-circuit voltage of VOC = 0.62 V   

(Table 4).[117] The inherent low efficiencies of the low-band gap polymer-fullerene solar cells 

originate from the smaller absorption coefficients of the corresponding photoactive layers. 

Although this problem could be overcome by increasing the layer thickness to harvest more 

photons, at the same time the built-in electric field is reduced (Figure 26).[118] In conjunction 

with a raised serial resistance[119] of the active layer the charge extraction is significantly 

aggravated, leading to a reduced photocurrent. In order to maximize the photocurrent a 

compromise on the thickness of the active layer between photon absorption and 

recombination of the photogenerated charge carriers is inevitable. 

 
Figure 26: Fraction of light absorbed by the photoactive layer (P3HT) in dependence of the film thickness.[120] 
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Table 4: Characterization of efficient polymer-fullerene bulk heterojunction photovoltaic devices 

 

Photoactive Layer Jsc 
[mA/cm2] 

VOC 
 [V] FF max. EQE 

(wavelength) 

Efficiency 
under AM1.5G 
(light intensity) 

ITO/PEDOT:PSS/ 
MDMO-PPV:[60]PCBM 

[1:4]/Al[2] 
5.3 0.82 0.61 50 % 

(470 nm) 
2.5 % 

(800 W/m2) 

ITO/PEDOT:PSS/ 
MDMO-PPV:[70]PCBM 

[1:4]/LiF/Al[107] 
7.6 0.77 0.51 66 % 

(480 nm) 
3.0 % 

(1000 W/m2) 

ITO/PEDOT:PSS/ 
P3HT:[60]PCBM 

[1:2]/LiF/Al[3] 
8.5 0.55 0.60 70 % 

(500 nm) 
3.5 % 

(800 W/m2) 

ITO/PEDOT:PSS/ 
PFDTBT:[60]PCBM 

[1:4]/LiF/Al[111] 
4.7 1.04 0.46 40 % 

(550 nm) 
2.2 % 

(1000 W/m2) 

ITO/PEDOT:PSS/ 
PTPTB:[60]PCBM 

[1:3]/LiF/Al[113] 
3.1 0.72 0.37 12 % 

(580 nm) 
1.0 % 

(800 W/m2) 

ITO/PEDOT:PSS/ 
MDMO-PPV:PTPTB: 

[60]PCBM 
[1:1:8]/LiF/Al[114] 

1.0 0.51 0.30 9 % 
(480 nm) 

0.2 % 
(800 W/m2) 

ITO/PEDOT:PSS/ 
PFDTBT:Nile Red: 

[60]PCBM 
[10:1:30]/LiF/Al[115] 

2.3 0.53 0.32 10 % 
(530 nm) 

0.5 % 
(800 W/m2) 

ITO/PEDOT:PSS/ 
PEOPT(non-crystalline): 
[60]PCBM [1:1]/Al[117] 

0.5 0.62 0.28 5 % 
(460 nm) 

0.1 % 
(800 W/m2) 

ITO/PEDOT:PSS/ 
PEOPT(crystalline): 

[60]PCBM [1:1]/Al[117] 
0.013 0.38 0.49 0.2 % 

(400 nm) 
0.02 % 

(800 W/m2) 
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2.5  Polymer solar cells utilizing other concepts 

 
2.5.1  Different organic molecules as acceptors 

 
The use of other acceptors besides fullerene and its derivatives has been studied. Among 

the investigated candidates are single-wall carbon nanotubes, perylene dyes and nanoparticles 

of inorganic semiconductors. 

Friend et al. examined blends of the perylene derivative EPBI (Figure 12) and P3HT. The 

highest EQE was found for an annealed thin film consisting of a 4:1-mixture of the acceptor 

EPBI and the polymer P3HT. The external quantum efficiency was largest between 470 and 

500 nm with a value of 11 %. Under irradiation with monochromatic light of 540 nm a power 

conversion efficiency of η = 0.4 % has been measured.[121] 

Another investigation focused on the replacement of PCBM by single-wall carbon 

nanotubes (SWNT), which are electron acceptors and can provide percolation paths for the 

negative charge carriers.[122] The photovoltaic device that was fabricated from a 1 wt-% blend 

of SWNT and poly(3-octylthiophene) P3OT revealed an open-circuit voltage of VOC =     

0.75 V and a short-circuit current of JSC = 0.12 mA/cm2 under illumination with a solar 

simulator (AM 1.5, 1000 W/m2). Despite the reasonable fill factor of FF = 40 % the power 

conversion efficiency was as low as η = 0.04 %.[123] 

 

 

Figure 27:  Idealized representation of defect-free single-wall carbon nanotube (SWNT) with open ends. 

 

 

 

2.5.2  Inorganic semiconductors as acceptors 
 

Efficient photovoltaic devices have been obtained when fullerene-derivatives have been 

substituted by nanoparticles of inorganic semiconductors. These nanoparticles are attractive 

because of low cost, large area application and easy solution processability by spin-coating or 
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even screen printing techniques. Furthermore, they exhibit high charge carrier mobilities and 

their physical properties can be easily adjusted by varying the diameter of the 

nanoparticles.[124] When mixed with p-type conjugated polymers the nanoparticles can act as 

n-type semiconductors. 

The use of copper indium diselenide (CuInSe2) nanoparticles is promising due to their 

strong and extended absorption with an onset at 1000 nm which can contribute to the 

photocurrent of the corresponding device. The best solar cells have been fabricated by spin-

coating 6:1 mixtures of CuInSe2 nanoparticles and P3HT dissolved in toluene followed by 

subsequent annealing of the resulting films. Although the results were not very reproducible, 

the best device showed an open-circuit voltage of VOC = 1.0 V, a short-circuit current of         

JSC = 0.3 mA/cm2 and a fill factor of FF = 50 % under AM 1.5 illumination (800 W/m2). In 

this respect, a power conversion efficiency of 0.19 % has been obtained (Table 6).[125] 

Janssen et al. utilized titanium(IV)isopropoxide as a precursor to create a bulk 

heterojunction with MDMO-PPV. For that, a 1:4 mixture of titanium(IV)isopropoxide  and 

MDMO-PPV dissolved in THF was spin-coated on a ITO-covered glass substrate. Upon 

subsequent exposure to humid air the titanium precursor was hydrolyzed, leading to the 

formation of a titaniumdioxide (TiO2) phase with a conversion greater than 65 % according to 

XPS-measurements. The resulting photoactive layer became scratch resistant and was no 

longer soluble in organic solvents. The corresponding solar cell was irradiated with simulated 

sunlight (AM 1.5, 700 W/m2) and exhibited an open-circuit voltage of VOC = 0.52 V, a short-

circuit current of JSC = 0.6 mA/cm2 and a fill factor of FF = 42 %. The power conversion 

efficiency of this device was estimated to η = 0.2 % (Table 5).[126] In the same group, a much 

more effective approach has been achieved by employing nanoparticles of zinc oxide as the 

acceptor. An efficient solar cell was demonstrated, consisting of MDMO-PPV and 30 vol.-% 

zinc oxide as the photoactive layer. Characterization of the corresponding solar cell under 

typical test conditions (AM 1.5, 710 W/m2) revealed an open-circuit voltage of VOC = 0.81 V, 

a short-circuit current of JSC = 2.4 mA/cm2 and a fill factor of FF = 59 %. Although it showed 

a promising power conversion efficiency of η = 1.6 % the solar cell was suffering from 

photodegradation effects when illuminated with UV-light (λ < 420 nm), constantly lowering 

the open-circuit voltage with time.[127]  

A very intriguing approach is based on blends of P3HT and cadmium selenide (CdSe)-

nanorods, which like SWNT can also provide percolation pathways for the free charge 

carriers. Additionally, they are characterized by their strong absorption with an onset at      

720 nm and therefore are contributing to the photocurrent. The best photovoltaic performance 
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has been obtained using a 9:1-mixture of P3HT and the nanorods. Interestingly, the overall 

efficiency of the corresponding nanorod-polymer devices was dependent on the length-to-

diameter ratio of the applied nanorods. As a result, CdSe-nanocrystals with a length of 60 nm 

and a diameter of 7 nm were best performing, while shorter nanorods (length = 30 and 7 nm) 

significantly decreased the overall power conversion efficiencies (Figure 28). 

 

 
 

Figure 28: Dependence of the EQE by applying CdSe-nanorods with different length to diameter ratios.[128] 

 

 

 The corresponding solar cells exhibited an open-circuit voltage of VOC = 0.7 V, a short-

circuit current of JSC = 5.7 mA/cm2 and a fill factor of FF = 40 % upon illumination with a 

sun simulator (AM 1.5, 1000 W/m2). The maximum EQE was measured at 485 nm with a 

value of 55 % and power conversion efficiency was as high as η = 1.7 % (Table 5).[128] 
 

 

 

 

2.5.3  Double cable polymers 

 
In polymer-fullerene bulk heterojunctions the compatibility between the conjugated 

polymer and the fullerenes play a crucial role. The control of the microphase separation of 

these two components is highly depended on the applied conditions during the spin-casting 

process.[2] For efficient photovoltaic devices it is important to create distinct pathways for the 

electrons and holes, respectively, within the active layer so that the free charge carriers can 

easily diffuse to the opposite electrodes. This issue can be addressed by the synthesis of novel 

p-type conductive polymers bearing electron acceptor groups, such as fullerenes moieties, in 
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the solubilizing side-chains. The so-called double cable polymers should allow hole transport 

through the polymer backbone while the electrons can diffuse to the anode via a hopping 

mechanism (Figure 29). These double cable polymers should avoid clustering effects of the 

fullerenes by bringing the phase separation to a molecular level and as a consequence a 

maximized donor-acceptor interfacial area can be obtained. The synthesis and properties of 

double cable polymers have been reviewed by Sariciftci et al.[129] 

 

 
Figure 29:  Bulk heterojunction with microphase separation of both polymer chains and fullerenes (left), 

double cable polymers with pendant fullerene should provide discrete pathways for holes and 
electrons, respectively (right). 

 
 
 
 

Inganäs et al. reported on the synthesis of two double cable copolymers on the basis of 

PEOPT which contained a fullerene-derivate in the side-chain by 7 wt-% and 14 wt-%, 

respectively. The photovoltaic device fabricated using the latter polymer comprised by a high 

fullerene load (PEOPT (14 %)) showed an improved performance over the solar cells made 

from a 1:1 blend of PEOPT:[60]PCBM (Table 5).[130] Upon illumination with 

monochromatic light of a wavelength of 505 nm (1 W/m2) the power conversion efficiency 

has been determined to η = 0.6 %. The mediocre performance of these devices is due to the 

low fullerene loading. While in efficient polymer-fullerene bulk heterojunction solar cells 50-

75 wt-% fullerene is commonly employed, the fullerene portion in this double cable polymer 

(PEOPT (14 %)) is considerably lower. However, it is possible to increase the overall 

efficiency of the solar cells by mixing additional [60]PCBM into the photoactive layer, which 

enhanced the short-circuit current by one order of magnitude.[131] 

Another interesting approach is based on FPPVE a poly(phenylene vinylene ethynylene) 

derivative, bearing a soluble fullerene-derivative in the side-chains.[132] The pure polymer has 

been employed for the manufacturing of photovoltaic devices which exhibited an open-circuit 

voltage of VOC = 0.83 V, a short-circuit current of JSC = 0.42 mA/cm2 and a fill factor of      

FF = 29 % upon illumination (AM1.5, 1000 W/m2) resulting in a power conversion efficiency 

of η = 0.1 %. The EQE showed an onset at 550 nm with a maximum of 6 % at 480 nm.[133] As 
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in the case of the previous discussed polymer the low performance of the solar cells based on 

FPPVE can be attributed to the low fullerene loading of 31.5 % in photoactive layer. 
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Figure 30: Chemical structures of two representatives of double cable polymers. 
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Table 5: Characterization of bulk heterojunction photovoltaic devices based on other concepts 

 

 

2.6  Summary 
 

A tremendous progress in organic photovoltaics has been made during the last decade. 

The most promising concepts are based on either thermally deposited multilayer 

heterojunctions or on solution processed polymer-fullerene bulk heterojunction devices. 

Today, power conversion efficiencies of over 3 % have been achieved for solution 

processable systems, whereas 5 % have been demonstrated for solar cells manufactured by 

vacuum deposition. Furthermore, the solution processable polymer-polymer heterojunction 

devices have also demonstrated power conversion efficiencies of almost 2 %. Although these 

architectures are inherently different they share the heterojunction concept, exhibiting an 

electric field at the interface between a p-type and a n-type semiconductor. This field provides 

the energetic force to break up the photogenerated excitons into free charge carriers, which 

can travel independently to the opposite electrodes where they are extracted out of the device. 

Future research will focus on the synthesis of new organic semiconductors with smaller 

band gaps, enlarged absorptions and increased charge carrier mobilities as well as new ways 

to control the morphology of the photoactive layer. The ultimate goal of manufacturing 

environmentally safe, flexible, lightweight, inexpensive and long-term stable organic solar 

cells with good efficiencies on an industrial scale seems to be in reach. 

Photoactive Layer Jsc 
[mA/cm2] 

VOC 
 [V] FF max. EQE 

(wavelength) 

Efficiency 
under AM1.5G 
(light intensity) 

ITO/ 
CuInSe2:P3HT [6:1]/ 

Al[125] 
0.3 1.0 0.50 N/A 0.19 % 

(800 W/m2) 

ITO/PEDOT:PSS/ 
MDMO-PPV:TiO2 

[4:1]/LiF/Al[126] 
0.6 0.52 0.42 11 % 

(490 nm) 
0.2 % 

(700 W/m2) 

ITO/PEDOT:PSS/ 
MDMO-PPV:ZnO2 

[3.3:1]/Al[127] 
2.4 0.81 0.59 49 % 

(500 nm) 
1.6 % 

(710 W/m2) 

ITO/PEDOT:PSS/ 
  CdSe:P3HT [9:1]/Al[128] 5.7 0.7 0.40 55 % 

(485 nm) 
1.7 % 

(1000 W/m2) 

ITO/PEDOT:PSS/ 
  FPPVE/Al[133] 0.42 0.83 0.29 6 % 

(480 nm) 
0.1 % 

(1000 W/m2) 
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Abstract 
 
A series of novel donor-acceptor systems, consisting of head-to-tail coupled oligo(3-

hexylthiophene)s covalently linked to perylenemonoimide is described in this chapter. These 

hybrid molecules, which differ by the length of the oligothiophene units from a 

monothiophene up to an octithiophene were created via effective palladium-catalyzed Negishi 

and Suzuki cross-coupling reactions in good to excellent yields. The optical and 

electrochemical properties of these compounds were determined and based on this series 

structure-property relationships have been established which give vital information for the 

fabrication of photovoltaic devices.  
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3.1  Introduction 

 
3.1.1  Photoinduced electron transfer 

 
Photoinduced electron transfer is one of the most important processes in photosynthesis, 

organic reaction mechanisms and opto-electronic devices. It also occurs in artificial 

photoactive molecular systems composed of covalently linked electron donors and acceptors. 

If electron transfer should occur in the photoexcited state of a donor-acceptor system, two 

different requirements have to be met. Firstly, the electron transfer reaction must be exergonic 

and secondly, the rate of the reaction must be sufficient to compete with other decay process.  

Light-induced electron transfer (Figure 1) is a process in which an electron is transferred 

from an electron donating species (D) to an electron acceptor species (A). Prior to the electron 

transfer one of the components is excited with light: D + A → D* + A, followed by the 

electron transfer reaction D* + A → D+• + A–• that produces a charge-separated state 

constituted by the radical cation of the donor (D+•) and the radical anion of the acceptor (A–•). 

By means of these simple reactions, light energy is converted into electrochemical energy. 

This energy can be stored, like in photosynthesis, or can lead to the generation of a direct 

power source, like in photovoltaics. 
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Figure 1:  Photoinduced energy and electron transfer between donor D and acceptor A: Hole transfer upon 

excitation of the acceptor (A), electron transfer upon excitation of the donor (B), and energy transfer 
(C). 
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Figure 1 schematically illustrates the photoinduced energy and electron transfer processes 

that can occur between an electron-rich donor and an electron-deficient acceptor A in a 

molecular D-A dyad. The electron transfer occurs from the donor to the acceptor moiety, 

leading to the donor radical cation (D+•) and the acceptor radical anion (A–•). However, it can 

also originate from photoexcitation of the excited acceptor (A*) which is referred to hole 

transfer. In contrast, energy transfer is only possible when the component with the highest 

optical band gap Eopt. is excited. In principle these processes can occur irrespective of the spin 

multiplicity of the excited states as long as the spin is conserved in the transfer, even though 

the transfer mechanism may be different. The energy and electron transfer reactions compete 

with the intrinsic decay processes of the photoexcited donor or acceptor such as thermal 

deactivation, internal conversion, intersystem crossing, fluorescence and phosphorescence. 

 

These donor-acceptor systems are so attractive that they are considered to be promising 

for applications in molecular and supramolecular electronics, light harvesting, photocatalysis 

and especially find important applications in organic photovoltaic cells to convert sunlight 

into electrical energy.[1] The latter field of organic photovoltaics has made a tremendous 

progress over the last ten years accompanied by a rapid increase in energy conversion 

efficiency.[2-4] Nevertheless, with energy conversion efficiencies being far way from their 

inorganic counterparts, an industrial production of organic solar cells is still not lucrative. 

Their low efficiency is mainly related to the low optical absorbance within the terrestrial sun 

spectrum and the low charge carrier mobilities of the photoactive layer. One promising 

approach to increase the overall energy conversion efficiencies of organic solar cells is the 

utilization of donor-acceptor system, consisting of n-type and p-type conducting materials, 

which absorb at different regions within the visible light spectrum and therefore, covering the 

terrestrial sun spectrum to a great extend. Furthermore, for the manufacturing of efficient and 

long-living organic solar cells it is necessary to use UV- and thermally stable materials with 

good electron and hole conductivities. 
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3.1.2   Linear perylenyl-oligothiophenes 

 
Head-to-tail coupled poly(3-alkylthiophene)s (HT-P3AT) are intensively investigated 

(semi)conducting polymers due to well established synthetic procedures and due to their out-

standing electronic and charge transport properties.[5,6] In particular, the understanding and 

control of their self-organizing properties has led to materials with excellent charge carrier 

mobilities[7-9] which allow their application in organic electronic devices.  

 The synthesis and investigation of structurally defined conjugated oligomers,[10] as models 

for the corresponding polymers and as materials in their own right has led to valuable 

structure-property relationships and applications in, e.g., organic field effect transistors and 

circuits,[11] light emitting diodes[12] or in solar cells based on small molecules.[13] 

In this respect and as models for P3ATs, the effective solution- and solid-phase synthesis 

of a series of monodisperse head-to-tail coupled oligo(3-alkylthiophene)s (HT-O3AT) up to a 

dodecamer by transition metal-catalyzed Suzuki cross-coupling reactions has been 

reported.[14,15] The investigation of the physical properties resulted in the typical dependence 

of the optoelectronic properties on the inverse of the oligomer length.[16-18] Furthermore, like 

the polymers, the model oligomers form well-organized self-assembled 2D-crystalline mo-

nolayers at the solid-liquid interface which have been characterized by scanning tunnelling 

microscopy (STM)[19] and exhibit very promising charge carrier mobilities in thin film field-

effect transistors. 

 In recent years, extensive studies on covalently linked π-conjugated oligomer-acceptor 

dyad and triad molecules have been performed in order to better understand the photophysics 

in photovoltaic applications. Combinations of oligothiophenes and C60,[20] oligophenylenevin-

ylenes and C60
[21,22] or oligophenylenevinylenes and perylenes[23-26] were synthesized and their 

electronic properties as well as their electron transfer processes were investigated. Perylenes 

are widely used as chromophores, dyes and pigments since they show outstanding photophy-

sical properties including high absorptivities and fluorescence quantum yields and at the same 

time are chemically and thermally extremely stable.[27,28] They also have been implemented 

successfully as small molecules in heterojunction solar cells acting as electron transport mate-

rial and represent an alternative to fullerenes which are frequently used as electron 

acceptors.[29] 
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This chapter focuses on a series of donor-acceptor hybrid systems, consisting of perylene-

functionalized head-to-tail coupled oligo(3-hexylthiophene)s 9-11, 14, 16, and 18 (Figure 2). 

The optical and electrochemical properties were investigated in dependence of the 

oligothiophene chain length which varies from one to eight thiophene units. The novel type of 

π-donor π-acceptor dyad molecules was designed in a way that the oligo(3-hexylthiophene)s 

should preserve the typical charge transport and self-assembling properties in the solid state, 

whereas the perylene unit, [N-(2,6-diisopropylphenyl)]-perylene-3,4-dicarboximide, should 

provide high absorptivity in the visible region as well as electron accepting properties.  

 

S

O
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n

 

H13C6
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n = 1:
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Figure 2:  Chemical structures of the linear perylenyl-oligothiophenes 9-11, 14, 16, and 18. 
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3.2  Synthesis 

 
3.2.1  Synthesis of the oligothiophene building blocks 

 
Prior to the synthesis of the perylenyl-oligothiophenes 9-11, 14, 16, and 18 the essential 

oligothiophene building blocks have been synthesized starting from 3-bromothiophene 1 

which was reacted with hexylmagnesiumbromide under nickel catalysis to afford 3-

hexylthiophene 2 in 86 % yield after distillation.[30] 2-Bromo-3-hexylthiophene 3 as the first 

key intermediate has been obtained in 88 % yield after distillation by selective halogenation 

with N-bromosuccinimid (NBS) in glacial acetic acid at room temperature.[31] 

2-Bromo-3-hexylthiophene 3 was converted into the pinacol boronic ester 4 in 92 % yield 

by lithiation with n-butyl lithium (n-BuLi) at -80 °C and subsequent reaction with tri(isopro-

pyl)borate and pinacol at room temperature. Furthermore, selective halogenation with N-

iodosuccinimid (NIS) gave 2-bromo-3-hexyl-5-iodothiophene 5 in 81 % yield after 

distillation, comprising two differently reactive halogen functions (Scheme 1).[32] 
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Scheme 1: Synthesis of the thiophene intermediates 3-5. 
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Suzuki-type cross-coupling of both components 4 and 5 yielded dihexyl-bithiophene 6 as 

a central building block.[15]  The conditions using DME, 1 equivalent of 5, 1.2 equivalents of 

4, 3 equivalents of tripotassium phosphate and 5 mol-% Pd(PPh3)4 under reflux for 24 hours 

lead to bithiophene 6 that could be obtained in 90 % yield after column chromatography 

(Scheme 2). Bithiophene 6 was converted to the corresponding zincate 6a via lithiation with 

n-BuLi in THF at -80 °C and metal-metal exchange by zinc chloride. Subsequently, it was 

reacted in a Neghishi-type cross-coupling with iodothiophene 5 in THF at room temperature. 

After the reaction mixture had been stirred for 24 hours in the presence of 10 mol-% 

Pd(PPh3)4 the regioregular and isomerically pure trihexyl-terthiophene 7 was obtained in      

38 % yield after column chromatography (Scheme 2). 
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Scheme 2: Synthesis of the thiophene building blocks 6 and 7. 

 

 

 

3.2.2  Synthesis of the perylenyl-oligothiophenes via Negishi-coupling 

 
The smaller members of the homologous series of the perylenyl-oligothiophenes 9-11 

were first synthesized by Neghishi-coupling of the brominated perylene-dicarboximide 8 and 

the zincates of the thiophenes 3, 6 and 7 (Scheme 3). In all three cases the synthesis started by 

converting the α-bromothiophenes 3, 6 and 7 into the corresponding zincates 3a, 6a and 7a by 

a bromine-lithium exchange with n-BuLi in THF at -80 °C followed by addition of an ethereal 

zincchloride solution at -80 °C which then gave the zincate after warming up to room 

temperature. The resulting zincate solutions of the thiophenes 3, 6 and 7 were subsequently 

reacted with brominated perylene-dicarboximide 8 at room temperature under palladium 

catalysis, using 10 mol-% Pd(PPh3)4, respectively. 
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These cross-coupling reactions were leading to the perylenyl-oligothiophenes 9-11 in 

moderate to good yields making perylenyl-monothiophene 9 accessible in 62 % yield, 

perylenyl-bithiophene 10 and perylenyl-terthiophene 11 have been obtained in 76 % and 35 % 

yield after column chromatography, respectively (Scheme 3). 
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Scheme 3: Synthesis of the perylenyl-oligothiophenes 9-11. 
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3.2.3  Synthesis of the perylenyl-oligothiophenes via Suzuki-coupling 

 
3.2.3.1  Development of a new synthetic strategy 

 

Because zincates of longer oligothiophenes are less stable, this synthesis was not too pro-

mising for the preparation of longer homologues in acceptable yields. Therefore, advantage 

was taken of a method developed for the step-wise built-up of longer head-to-tail coupled 

oligo(3-alkylthiophene)s (HT-O3ATs) on solid phase.[14,15] By adaptation of this strategy, the 

perylenyl-oligothiophenes 10 (n=2), 14 (n=4), 16 (n=6), and 18 (n=8) became accessible in 

excellent yields.   

The crucial module of this elegant approach which is added to the growing oligothiophene 

chain by Suzuki cross-coupling, the bithiophene boronic ester 12 was accessible in 98 % 

yield. Starting from bithiophene 6 which was lithiated with n-BuLi in THF at -80 °C and 

subsequently reacted with tri(isopropyl)borate and pinacol at room temperature yielded 

boronic ester 12 after filtration over neutral aluminium oxide (Scheme 4).  
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Scheme 4: Synthesis of bithiophene pinacol boronic ester 12. 

 

Generally, palladium-catalyzed Suzuki-couplings are strongly dependent on the nature of 

the solvent, on the added base as well as on the applied temperatures. Therefore, the reaction 

conditions of the different Suzuki-couplings that have been carried out to elongate the 

oligothiophene chain were optimized with respect to maximized isolated yields of the desired 

coupling products. As a result of the painstaking optimization of the palladium-catalyzed 

Suzuki reactions an effective cross-coupling/iodination protocol could be established for the 

synthesis of the perylenyl-oligothiophenes 10, 14, 16, and 18 which is depicted in Scheme 5. 

Following these optimized procedures, perylenyl-bithiophene 10 was obtained in 90 % yield. 

After subsequent iodination to perylenyl-bithiophene 13 (97 % yield), the progressive 

elongation of the oligothiophene chain gave perylenyl-quaterhiophene 14 in 82 % yield. The 

iodinated perylenyl-quaterhiophene 15 and the next higher homologue perylenyl-

sexithiophene 16 were accessible in 93 % and 75 % yield, respectively, while the iodinated 

perylenyl-sexithiophene 17 and the longest representative of this series perylenyl-

octithiophene 18 were obtained in 94 % and 70 % yield, respectively.  
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Scheme 5: Optimized iodination/cross-coupling protocol for the synthesis of the longer perylenyl-oligo-

thiophenes 10, 14, 16, and 18; 
a) 12 / K3PO4 / DME / Pd(PPh3)4 / 80 °C; b) 1. Hg(OCp)2 / CH2Cl2 / RT // 2. I2 / RT. 
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3.2.3.2  Optimization of the synthetic protocol 
 

The first palladium-catalyzed Suzuki reaction to obtain the smallest perylenyl-bithiophene 

10 was optimized for the coupling of the bromo-perylene 8 with bithiophene boronic ester 12, 

using 5 mol-% Pd(PPh3)4 as the catalyst and DME as the best solvent (Scheme 6). 
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Scheme 6: Synthesis of perylenyl-bithiophene 10. 

 

When using NaHCO3 as the base at 95 °C perylenyl-bithiophene 10 was obtained in 69 % 

after column chromatography (Table 1, Entry 1). A change to CsF and dioxane as a non-

aqueous system at a reaction temperature of 100 °C gave product 10 in 73 % yield (Table 1, 

Entry 2), while a bigger improvement was accomplished by using a 2 molar NaOH-solution 

with DME as the solvent. Even at a lower temperature of 80 °C the reaction has been 

accelerated giving the desired product 10 in 3 hours instead of 24 hours with an overall yield 

of 79 % (Table 1, Entry 3). The best result at a reaction temperature of 80 °C has been 

obtained using K3PO4 as the base, yielding perylenyl-bithiophene 10 in 90 % after column 

chromatography (Table 1, Entry 4). 

 
Table 1: Optimization of the Suzuki-coupling yielding perylenyl-bithiophene 10 

 
For the iterative step-wise elongation of the oligothiophene chain selective iodination at 

the reactive α-position of the bithiophene moiety was achieved by a mercuration/iodination 

sequence.[15] In this respect, bithiophene 10 was stirred in dry dichloromethane with an 

equimolar amount of mercury caproate at room temperature prior to the addition of 1.1 

equivalents of iodine yielding the iodinated perylenyl-bithiophene 13 in 97 % yield after 

filtration over basic alumina (Scheme 5). 

Entry Catalyst Conditions Yield 

1 5 mol-% Pd(PPh3)4 DME / NaHCO3 / 95 °C/ 24h 69 % 

2 5 mol-% Pd(PPh3)4 Dioxane / CsF / 100 °C / 24h 73 % 

3 5 mol-% Pd(PPh3)4 DME / NaOH / 80 °C / 3h 79 % 

4 5 mol-% Pd(PPh3)4 DME / K3PO4 / 80 °C / 3h 90 % 
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Scheme 7: Synthesis of perylenyl-quaterthiophene 14. 

 

 

Subsequent Suzuki-coupling of iodo-bithiophene 13 and 1.2 equivalents of boronic ester 

12 in the non-aqueous system dioxane / CsF gave the next higher homologue perylenyl-

quaterthiophene 14 (Scheme 7) in 74 % yield (Table 2, Entry 1). Utilizing a 2 M aqueous 

NaOH-solution and DME as solvent, the reaction was already finished after 3 hours instead of 

24 hours; however the yield dropped to 60 % (Table 2, Entry 2). The maximum yield has 

been obtained using DME and K3PO4 as the base which gave perylenyl-quaterthiophene 14 in 

82 % yield after column chromatography (Table 2, Entry 3). 

 

 
Table 2: Optimization of the Suzuki-coupling yielding perylenyl-quaterthiophene 14 

 

 

An iodine function was introduced into the reactive α-position of perylenyl-

quaterthiophene 14 by the reaction with an equimolar amount of mercury caproate in dry 

dichloromethane at room temperature. Subsequent addition of 1.1 equivalents of iodine and 

filtration over basic alumina yielded iodinated perylenyl-quaterthiophene 15 in 93 % yield 

(Scheme 5). 

Entry Catalyst Conditions Yield 

1 5 mol-% Pd(PPh3)4 Dioxane / CsF / 100 °C / 24h 74 % 

2 5 mol-% Pd(PPh3)4 DME / NaOH / 95 °C/ 3h 60 % 

3 5 mol-% Pd(PPh3)4 DME / K3PO4 / 80 °C / 3h 82 % 
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Scheme 8: Synthesis of perylenyl-sexithiophene 16. 

 

 

In order to further elongate the oligothiophene chain, iodinated perylenyl-quaterthiophene 

15 was reacted with 1.2 equivalents of boronic ester 12 (Scheme 8).  By using dioxane as the 

solvent and CsF as the base (Table 3, Entry 1) perylenyl-sexithiophene 16 was accessible in 

60 % yield. Although the yield increased only marginally to 62 % when DME and K3PO4 

were used (Table 3, Entry 2), a doubling of the amount of catalyst to 10 mol-% yielded 

perylenyl-sexithiophene 16 in 75 % after column chromatography (Table 3, Entry 3). 
 

 

Table 3: Optimization of the Suzuki-coupling yielding perylenyl-sexithiophene 16 

 

 

Perylenyl-sexithiophene 16 was iodinated by stirring with an equimolar amount of 

mercury caproate in dry dichloromethane at room temperature prior to the addition of 1.1 

equivalents of iodine. With this procedure, iodinated perylenyl-sexithiophene 17 was 

accessible in 94 % yield after filtration over basic alumina (Scheme 5). 

 

Entry Catalyst Conditions Yield 

1 5 mol-% Pd(PPh3)4 Dioxane / CsF / 100 °C / 24h  60 % 

2 5 mol-% Pd(PPh3)4 DME / K3PO4 / 80 °C / 3h 62 % 

3 10 mol-% Pd(PPh3)4 DME / K3PO4 / 80 °C / 3h 75 % 
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Scheme 9: Synthesis of perylenyl-octithiophene 18. 

 

 

In the first attempt, the highest homologue perylenyl-octithiophene 18 was obtained in    

40 % yield by reaction of iodinated perylenyl-sexithiophene 17 with 1.2 equivalents of 

boronic ester 12 (Scheme 9) in the two-phase system consisting of DME and an aqueous 

solution of K3PO4 (Table 4, Entry 1). However, an increased amount of the catalyst             

(10 mol-%) only marginally raised the yield to 48 % due to the competing deiodination 

reaction of the starting material, occurring at the reaction temperature of 80 °C (Table 4, 

Entry 2). By lowering the temperature to 60 °C the deiodination of the perylenyl-

sexithiophene 17 was mostly prevented, resulting in an increased yield of 70 % of the desired 

coupling-product perylenyl-octithiophene 18 after column chromatography (Table 4, Entry 3). 

 

 
Table 4: Optimization of the Suzuki-coupling yielding perylenyl-octithiophene 18 

 

Entry Catalyst Conditions Yield 

1 5 mol-% Pd(PPh3)4 DME / K3PO4 / 80 °C / 3h 40 % 

2 10 mol-% Pd(PPh3)4 DME / K3PO4 / 80 °C / 3h 48 % 

3 10 mol-% Pd(PPh3)4 DME / K3PO4 / 60 °C / 4h 70 % 
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3.3  Physical properties 

 
3.3.1  UV-Vis spectroscopy 

 
Absorption spectra of the perylenyl-oligothiophenes 9-11, 14, 16, and 18 were measured 

in chloroform (c = 5·10-5 mol/l). The absorption maxima and extinction coefficients of both, 

the perylene and the oligothiophene part, as well as the optical band gaps are given in Table 6. 

The optical band gaps were determined from the onset of the perylene absorption band 

(Figure 3). 
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Figure 3: UV-Vis spectra of the perylenyl-oligothiophenes 9-11, 14, 16, and 18 in comparison with PDCI in 

chloroform. 
 

 

N-(2,6-diisopropylphenyl)perylene-3,4-dicarboximide (PDCI) was taken as a reference 

which shows intense and structured π-π* transitions bands in the region of 450 to 550 nm 

with a maximum absorption at 485 and a shoulder at 509 nm, reflecting a rather planar and 

stiff aromatic system. The addition of the oligothiophene units to the parent perylene system 

only marginally alters the shape of the perylene band. Due to the positive inductive effect of 

the attached thiophene moieties the centre of the perylene absorption bands is red-shifted with 

growing oligothiophene chain length (Δλ = 14-22 nm) as determined at full width at half-

maxima (fwhm). In this respect, a change in the vibronic distribution is evident and an 
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increased tendency to a tailing of the band on the low energy side of the π-π* band is clearly 

visible. In order to investigate the origin of this effect a detailed analysis for the perylenyl-

oligothiophenes 9-11, 14, 16, and 18 has been performed by calculating the difference absorp-

tion spectra with respect to the reference PDCI. As a result a new absorption band in the 

region of 534-538 nm irrespective of the oligothiophene chain length appears which can be 

attributed to a charge-transfer (CT) transition. 

In the absorption spectra, starting with perylenyl-bithiophene 10 a second band due to the 

π-π* transitions of the oligothiophene moiety appears with a maximum absorption at 300 nm. 

With increasing chain length of the oligothiophene, this band gradually becomes more intense 

and red-shifted finally reaching a maximum of 422 nm for the perylenyl-octithiophene 18. A 

comparison of the absorption maxima and extinction coefficients of the thiophene moieties to 

those of the parent non-functionalized HT-O3HTs[33] reveals no significant deviations and 

therefore, is a good indication that the two chromophoric subunits in the dyads are 

electronically decoupled rather than fully conjugated. The interrupted communication 

originates from steric interactions between the perylene systems and the adjacent 3-hexylthio-

phene units. In the same line, the optical band gap is gradually diminished on going from 

PDCI with a value of 2.30 eV to perylenyl-quaterthiophene 14, exhibiting a band gap of   

2.13 eV and then remains almost constant with increasing oligothiophene length.  

 
Table 6: Optical properties of the perylenyl-oligothiophenes 9-11, 14, 16, and 18 in comparison with PDCI in 

chloroform 

Compound λabs
max

 (OT) 
 [nm] [a] 

ε 
[mol⋅l-1⋅cm-1] [a] 

λabs
max

 (P) 
 [nm] [a] 

ε 
  [mol⋅l-1⋅cm-1] [a] 

ΔEopt. 
 [eV] [b] 

PDCI   485 (509)[c] 34800 2.30 

9   519 (497)[c] 37000 2.22 

10 300 
(302)[d] 

16100 
(9800)[d] 517 (497)[c] 43000 2.19 

11 357 17500 520 (498)[c] 42600 2.18 

14 375 
(371)[e] 

25100 
(22800)[e] 522 (500)[c] 42200 2.13 

16 408 
(406)[f] 

35300 
(37000)[f] 520 (500)[c] 41300 2.12 

18 422 
(422)[g] 

43300 
(52300)[g] 494 (518)[c] 40200 2.12 

[a] c = 5⋅10-5 mol/l. P denotes perylene subunit, OT oligothiophene. – [b] Determined from the onset of the 
absorption at the lower energy band edge. – [c] Shoulder – [d] For comparison in parentheses values for the parent 
non-functionalized dihexyl-bithiophene, [e] tetrahexyl-quaterthiophene, [f] hexahexyl-sexithiophene, [g] octahexyl-
octithiophene.[15] 
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For solid-state absorption spectra of the perylenyl-oligothiophenes 9-11, 14, 16, and 18 

thin films were spin-coated onto glass substrates from the corresponding toluene solutions 

(c=20 mg/ml) and are depicted in Figure 4. The absorption maxima of both, the perylene and 

the oligothiophene moities, as well as the optical band gaps are given in Table 7.  
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Figure 4: Solid-state UV-Vis spectra of the perylenyl-oligothiophenes 9-11, 14, 16, and 18, normalized with 

respect to the maximum perylene absorption. 

 
The absorption spectra in the solid state show the same trends as compared to the solution 

spectra (Figure 4). In general a broadening and red-shift of the bands is visible, consequently 

leading to smaller band gaps by about 0.10 eV. The displacement on going from the solution 

to the solid state is small for the absorption band of the perylene moiety. This effect does not 

show a clear trend and is largest with a red-shift of 12 nm in the case of the bithiophene 10. 

However, it is rather pronounced for the oligothiophene chains and steadily increasing with 

increasing chain length, leading to a bathochromic shift of up to 42 nm in the case of 18. With 

respect to photovoltaic applications the absorption behaviour of the longer members 16 and 

18 in the series cover a broad range of the visible spectrum between 250 and 650 nm with 

high optical densities. 
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Table 7: Optical properties of the perylenyl-oligothiophenes 9-11, 14, 16, and 18 in the solid state 

[a] Determined from the onset of the absorption at the lower energy band edge. P denotes perylene subunit, OT 
oligothiophene. – [b] Shoulder. 

 

 

3.3.2  Fluorescence spectroscopy  
 

Corrected emission spectra of the perylenyl-oligothiophenes 9-11, 14, 16, and 18 were 

measured in chloroform (Figure 5). The absolute emission maxima, the quantum yields and 

the Stokes shifts are given in Table 8. 
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Figure 5: Emission spectra of the perylenyl-oligothiophenes 9-11, and 14 in comparison with PDCI in 

chloroform. 
 

The intense emission of the reference compound PDCI exhibits a maximum at 539 nm 

and a fluorescence quantum yield of Φ = 90 % (Figure 5).[34] The emission spectrum of PDCI 

shows a vibronic splitting, whereas the non-functionalized HT-O3HTs show structured 

emissions whose intensity increases with the enlargement of the conjugated backbone.[35] 

Compound λabs
max

 (OT) [nm] λabs
max

 (P) [nm] ΔEopt. [eV] [a] 

9  501 (523)[b] 2.11 

10  529 (505)[b] 2.10 

11 361 526 (502)[b] 2.09 

14 386 530 (503)[b] 2.03 

16 437 495 (527)[b] 2.02 

18 464 490 (524)[b] 2.02 
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However, the direct attachment of the corresponding oligothiophenes to the perylene 

monoimide leads to less structured broad emission bands. In this respect, the perylenyl-

oligothiophenes 9-11, 14, 16, and 18 exhibit emission maxima which are strongly shifted to 

the red with respect to PDCI when excited at 480 nm. With increasing oligothiophene length, 

the intensity of the emission bands and the quantum yields progressively decrease to Φ =     

67 % for perylenyl-monothiophene 9, to Φ = 37 % for bithiophene 10, to Φ = 21 % for 

terthiophene 11, and to values around Φ = 1 % for the longer homologues 14, 16 and 18. In 

contrast, excitation at wavelengths corresponding to the oligothiophene absorption           

(300-400 nm) results in a weak fluorescence in the regime of the perylene emission, whereas 

the luminescence, originating directly from the oligothiophene part is completely quenched. 

Because the emission bands of the perylenyl-oligothiophenes 9-11, 14, 16, and 18 are 

very broad the center of masses of the corresponding emission bands have been calculated in 

order to elaborate trends of the emission bands within this series. For the smaller homologues 

of this series, the emission bands are strongly red-shifted (9: λem
center = 588 nm, 10: λ em

center = 

655 nm) with respect to PDCI (λem
center = 571 nm). However, a further enlargement of the 

oligothiophene chain length results in a reversal of this trend which leads to gradually less 

red-shifted emission bands, finally reaching λ em
center = 596 nm in the case of octithiophene 16. 

The same tendency can be found for the Stokes shifts measured as the difference 

between the absorption and the corresponding emission maxima. The relatively low Stokes 

shift of 1100 cm-1 in the case of PDCI indicates that the structural differences between the 

ground state and the excited state are rather small in comparison with those of the perylenyl-

oligothiophenes. Their Stokes shifts are considerably larger with values ranging from       

2100 cm-1 to 4100 cm-1, giving rise to a structural and electronic rearrangement of the 

perylenyl-oligothiophenes upon excitation. 

These trends obtained from the fluorescence spectra can be explained by an ongoing 

charge-transfer process within the hybrid systems 9-11, 14, 16, and 18. The corresponding 

emissive CT-band is overlaid at the low-energy band edge of the pristine perylene 

luminescence. These results, implying an expected photoinduced electron transfer from the 

oligothiophene donor to the perylene acceptor, are in accordance with a positive 

solvatochromic effect observed for the smaller homologues of this series 9-11, which is 

discussed in passage 3.3.3. Furthermore, this effect has already been investigated for 

derivatives 9 and 10 by time-resolved optical measurements.[36] 
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Table 8:  Emission properties of the perylenyl-oligothiophenes 9-11, 14, 16, and 18 in comparison with PDCI in 
chloroform 

[a] Excitation wavelength λex = 480 nm. – [b] Quantum yields determined with respect to N-(2,6-
diisopropylphenyl)perylene-3,4-dicarboximide (PDCI).[34] – [c] Stokes shifts measured as λem

max-λabs
max. – [d] 

Shoulder. – [e] For comparison in parentheses values for the parent non-functionalized dihexyl-bithiophene, [f] 
tetrahexyl-quaterthiophene, [g] hexahexyl-sexithiophene, [h] octahexyl-octithiophene.[15] 
 
 
 
 
 

3.3.3  Influence of the solvent polarity on the optical properties 
 

Because of the donor-acceptor properties of the perylenyl-oligothiophenes 9-11, 14, 16, 

and 18 their photophysical behavior is expected to depend on the solvent polarity as it has 

been demonstrated for donor-acceptor molecules.[37] As a representative of the series, 

perylenyl-bithiophene 10 was chosen as the best compromise between the length of the 

thiophene donor moiety and a satisfactory fluorescence quantum yield of the perylene 

acceptor. UV-Vis absorption and emission spectra of perylenyl-bithiophene 10 in solvents of 

increasing polarity are shown in Figure 6 and 7, respectively. The absorption maxima and 

extinction coefficients of both, the perylene and the oligothiophene part, as well as the optical 

band gaps are given in Table 9 while the absolute emission maxima, the quantum yields and 

the Stokes shifts are given in Table 10. From the absorption maxima of both, the perylene and 

the thiophene moieties, it can be concluded that the solvent polarity has only a minor effect on 

the absorption properties of perylenyl-bithiophene 10. The deviation of the absorption 

maximum of the bithiophene part is smaller than 4 nm and its extinction coefficient can be 

found around 16000±1000 mol⋅l-1⋅cm-1. However, a significant deviation is evident in the 

cases of the more polar solvents 1-butanol and acetonitril where maximum absorptivities of 

23600 and 11500 mol⋅l-1⋅cm-1 are found, respectively. 

Compound λem
max [nm] [a] Φ [%] [b] Stokes shift [cm-1 (eV)] [c] 

PDCI 539 (579) [d] 90 1093 (0.14) 

9 588 67 2261 (0.28) 

10 655 
(367)[e] 

37 
(2)[e] 

4075 (0.51) 
(5865 (0.73))[e] 

11 592 21 2120 (0.26) 

14 595 
(494)[f] 

1 
(13)[f] 

2350 (0.29) 
(5723 (0.71))[f] 

16 590 
(534)[g] 

1 
(29)[g] 

2282 (0.28) 
(5904 (0.73))[g] 

18 600 
(560)[h] 

1 
(31)[h] 

2638 (0.33) 
(5840 (0.72))[h] 
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Figure 6: UV-Vis absorption spectra of perylenyl-bithiophene 10 in solvents of increasing polarity. 

 

 

A more pronounced influence of the solvent polarity is evident for the bands due to the 

perylene subunit, which exhibit extinction coefficients around 42000±2000 mol⋅l-1⋅cm-1. 

Considerable deviations of the maximum perylene absorption are evident in the cases of the 

most polar solvents acetonitrile and DMSO with absorptivities smaller than                     

36000 mol⋅l-1⋅cm-1. It can be seen that in the most non-polar solvent n-hexane, the perylene 

absorption is well structured with a maximum peak at 508 nm and a shoulder at 480 nm. This 

structure vanishes with increasing solvent polarity and in the cases of the medium polar 
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solvents the absorption bands only exhibit vestiges of a shoulder. Finally, it leads to a less 

structured and asymmetric Gaussian-shaped absorption band with one distinct maximum in 

the case of the most polar solvents 1-butanol, ethanol, acetonitrile and DMSO. As an overall 

trend the absorption bands are slightly broadened with increasing solvent polarity which can 

be concluded from the measured full width at half-maximum of the absorption spectra 

(fwhma) given in Table 9. These two effects are indications for an internal charge transfer 

(ICT) within the donor-acceptor molecule. As an additional influence of the solvent polarity 

the position of the absorption maxima varies from 508 nm to 520 nm. However this influence 

seems to be random and cannot be correlated with either the dielectric constant (ε) of the 

solvent or an empirical solvent polarity parameter such as the Kamlet-Taft π*-[38-40] or the 

Reichardt ET(30)-parameter[41] given in Table 11. 

 
Table 9: Absorption properties of perylenyl-bithiophene 10 in solvents of increasing polarity 

Solvent (ε) λabs
max

 (OT) 
[nm] [a] 

ε [a] 
[mol⋅l-1⋅cm-1] 

λabs
max

 (P) 
[nm] [a] 

ε [a] 
[mol⋅l-1⋅cm-1]  

fwhma 
[cm-1 (eV)] 

n-Hexane (0) 302 15500 508 43200 2990 (0.36) 

Toluene (2.3) 301 15600 518 37600 3021 (0.36) 

Diethylether (4.3) 301 15600 510 43100 3120 (0.38) 

Chloroform (4.8) 300 16100 516 43000 3250 (0.39) 

Ethyl acetate (6.0) 300 16200 511 42800 3177 (0.38) 

THF (7.4) 302 16400 513 42400 3092 (0.37) 

Dichloromethane (9.1) 303 16600 520 42800 3198 (0.39) 

1-Butanol (17.8) 302 23600 518 39300 3297 (0.40) 

Ethanol (24.3) 301 16200 516 40000 3244 (0.39) 

Acetonitrile (37.5) 302 11500 512 32000 3195 (0.38) 

DMSO (47.2) 300 15800 520 35800 3219 (0.39) 
[a] c = 5⋅10-5 mol/l. P denotes perylene subunit, OT oligothiophene. 

 

From the emission maxima given in Table 10 it can be concluded that an increase in the 

solvent polarity, from non-polar n-hexane to the moderately polar dichloromethane, leads to a 

progressive red-shift in the emission. This observation is referred to a positive 

solvatochromism.[37] However, a further increase of the solvent polarity does not result in an 

on-going bathochromic shift of the emission which can be seen in the case of the most polar 

solvents, 1-butanol, ethanol, acetonitrile and DMSO, for which a small to strong blue-shift 

can even be observed (Figure 7).  
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Figure 7: Emission spectra of perylenyl-bithiophene 10 in solvents of increasing polarity. 
 

The progressive red-shift of the emission is accompanied by spectral shape changes. 

While the emission in the case of the non-polar n-hexane is structured with a maximum at   

562 nm and a pronounced shoulder at 605 nm, the emission spectra in more polar solvents 

reveal only one maximum with broader emission bands as it is determined from the full width 

at half-maximum of the emission spectra (fwhme) given in Table 10. The fwhme-values 

increase slightly from non-polar n-hexane (2700 cm-1) to medium polar dichloromethane 

(3200 cm-1) and reach a maximum in the case of ethanol (5000 cm-1). For the most polar 

solvents, acetonitrile and DMSO, slightly smaller fwhme-values ranging from 3900 cm-1 to 

4100 cm-1 are observed which are still higher than those for the medium polar solvents such 
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as THF. The same trend observed for the emission maxima can be found for the Stokes shifts 

measured as the difference between the absorption and the corresponding emission maxima. 

The large Stokes shifts in the case of the medium polar solvents are an indication of 

significant structural and electronic variations between the ground and the excited state as a 

consequence of a photoinduced charge transfer (Figure 8). 

 
Table 10: Emission properties of perylenyl-bithiophene 10 in solvents of increasing polarity 

Solvent (ε) λem
max 

[nm] [a] 
Φ 

[%] [b] 
Stokes shift 

[cm-1 (eV)] [c] 
fwhme 

[cm-1 (eV)] 

n-Hexane (0) 562 (602)[d] 16 1946 (0.23) 2776 (0.33) 

Toluene (2.3) 596 27 2599 (0.30) 2920 (0.34) 

Diethylether (4.3) 588 27 2677 (0.31) 3395 (0.40) 

Chloroform (4.8) 655 37 4232 (0.50) 3110 (0.36) 

Ethyl acetate (6.0) 628 32 3752 (0.44) 3290 (0.39) 

THF (7.4) 645 32 4105 (0.48) 3329 (0.39) 

Dichloromethane (9.1) 671 32 4454 (0.52) 3305 (0.39) 

1-Butanol (17.8) 670 20 4507 (0.53) 4102 (0.48) 

Ethanol (24.3) 616 4 3237 (0.38) 5181 (0.61) 

Acetonitrile (37.5) 568 2 1982 (0.23) 4013 (0.47) 

DMSO (47.2) 577 2 1955 (0.23) 4259 (0.50) 
[a] Excitation wavelength λex = 480 nm. – [b] Quantum yields determined with respect to N-(2,6-
diisopropylphenyl)perylene-3,4-dicarboximide (PDCI).[34] – [c] Stokes shifts measured as λem

max-λabs
max. – [d] 

Shoulder. 
 

The solvatochromic shifts of the emission spectra are much larger than those of the 

absorption spectra, implying that the excited-state energy levels are more influenced than 

those of the electronic ground state.[38-41] This leads to the fact that the excited state is more 

charge separated than the ground state. This assumption is supported by the dependence of the 

fluorescence quantum yields of the perylenyl-bithiophene 10 on solvent polarity. The 

fluorescence quantum yield increases from 16 % in the case of the non-polar n-hexane to a 

maximum of 37 % in the case of chloroform. For the medium polar solvents a constant 

quantum yield of 32 % is observed which finally decreases in the cases of the most polar 

solvents acetonitrile and DMSO down to 2 %, indicating that the intramolecular charge trans-

fer becomes the dominating process in polar solvents. This is a result of a better stabilization 

of the charge-separated excited state in more polar solvents. A schematic representation of the 

possible energetic transitions within the perylene-oligothiophenes is depicted in Figure 8. 
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Figure 8:  Schematic representation of the possible energetic transitions in the perylenyl-oligothiophenes in 
solvents of different polarity. A donotes absorption, F fluorescence, CT charge transfer, and NR non-
radiative decay. 

 
Upon excitation (A) of the hybrid molecule the emission can either occur from the local 

excited state directly (F1) or by fluorescence (F2) from the energetically lower lying charge-

separated state (C1) which can be populated by a charge-transfer process (CT) from the local 

excited state (S1). As a result of these two competing mechanisms, the emission spectra of 

perylenyl-bithiophene 10 consist of two overlaid single fluorescence spectra, resulting in a 

broad and unstructured emission band. However, the latter process (F2) is impeded in non-

polar solvents and consequently almost absent in the case of the non-polar n-hexane. 

Therefore, the structured emission in this solvent originates mainly from the local excited 

state (S1). Because the charge-separated state (C1) exhibits a very large dipole moment it 

becomes better stabilized in more polar solvents, which in turn energetically decreases the 

luminescence (F2), originating from this C1-state. A progressive increase of the solvent 

polarity gradually enlarges the rate of the charge transfer process (CT) with respect to that of 

the primary fluorescence (F1) due to the gain in energy which is released upon the transition 

from the S1 to the more stable C1-state. This process results in a red-shift of the emission (F2), 

which in consequence originates from a lower lying charge-separated state (C1). Therefore, 

the emission of perylenyl-bithiophene 10, which is observed as a superposition of a solvent 

independent luminescence (F1) and the competitive highly solvent dependent fluorescence 

(F2) becomes less structured when the amount of the F2 emission contributes considerably to 

the overall emission. In this respect, the increasing quantum yields in the medium polar 

solvents give rise to a stronger emission from the C1-state in comparison with the 

luminescence from S1. In summary, the observed positive solvatochromism is a result of the 

energetic stabilization of the charge-separated state (C1), which strongly adds to the overall 

emission. A further enlargement of the solvent polarity from the medium polar to the most 
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polar solvent results in an even better stabilization of the charge-separated state (C1) and 

hence, the charge transfer (CT) becomes the predominating process. However, in polar 

solvents the C1-state becomes energetically lowered in a way that now the charge-separated 

state (C1) can interact with lower lying triplet states. In this respect, singlet-triplet annihilation 

leads to a deactivation of C1 via non-radiative pathways, resulting in a strong quenching of the 

corresponding fluorescence. The remaining emission originates preliminarily from the local 

excited state (S1), which is confirmed by the hypsochromically shifted fluorescence maxima. 

These maxima are found in the same region as the corresponding emission maximum 

observed in non-polar n-hexane which primarily originates from the C1-state. 

The progressive red-shift of the emission can be correlated with the dielectric constants 

and the empirically determined Reichardt ET(30)-parameters,[41] which are given in Table 11. 

The ET(30) values are based on a negatively solvatochromic pyridinium N-phenolate betaine 

dye (Reichardt’s dye). The value is determined from the molar electronic transition energies 

(ET) of the intramolecular charge-transfer π-π* absorption band. The transition energy is 

measured in kcal⋅mol-1 at room temperature and under normal pressure. 
 

Table 11: Dielectric constants, Reichardt ET(30)- and Kamlet-Taft π*-parameters of the applied solvents 

Solvent ε ET(30) [kcal⋅mol-1] π* 

n-Hexane  0 31.0 -0.08 

Toluene 2.3 33.9 0.54 

Diethylether 4.3 34.5 0.27 

Chloroform 4.8 39.1 0.82 

Ethyl acetate 6.0 38.1 0.55 

THF 7.4 37.4 0.58 

Dichloromethane 9.1 40.7 0.82 

1-Butanol 17.8 49.7 0.47 

Ethanol 24.3 51.9 0.54 

Acetonitrile 37.5 45.6 0.66 

DMSO 47.2 45.1 1.00 
 

A correlation of the maximum emission wavelength with the dielectric constant shows a 

linear correlation for the non-polar to medium polar solvents (Figure 9). The observed 

positive solvatochromism is due to the fact that the first excited state is more dipolar than the 

ground state. Due to the absence of luminescence from the charge-separated state (C1) in most 

polar solvents the linear behaviour is not valid anymore and hence even a negative trend can 
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even be observed. A similar result can be found for the correlation of the maximum emission 

wavelength with the ET(30)-solvent parameter and compared to the dielectric constant it is 

only valid for the non- and medium polar solvents up to dichlormethane.  
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Figure 9: Correlation of the emission maxima with dielectric constants and ET(30)-parameters of the solvents 

employed. 
 

Interestingly, the progressive red-shift cannot be correlated with the Kamlet-Taft π*-

scale[40] (Table 11) which is based on solvent-induced shifts of the longest wavelength of the 

π-π* absorption band of seven substituted nitroaromatic indicators where the electronic 

transition is connected with an intramolecular charge transfer from the electron-donor part to 

the acceptor part through the aromatic system.  
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3.3.4  Cyclic Voltammetry 
 

Optical measurements provide an estimation of the energy difference of the frontier 

orbitals and therefore, of the optical band gap ΔEopt. However, with respect to solar cell 

applications it is in particular of great importance to ascertain the absolute energetic positions 

of the HOMOs and LUMOs which can be derived from the redox potentials. Oxidation and 

reduction potentials of the perylenyl-oligothiophenes 9-11, 14, 16, and 18 were determined by 

cyclic voltammetry in dichloromethane (c = 10-3 mol/l) using tetrabutylammonium hexa-

fluorophosphate (nBu4NPF6) as the supporting salt (Figure 10). Reduction and oxidation po-

tentials are given versus the internal standard ferrocene/ferricenium (Fc/Fc+) and are compa-

red to the reference compound PDCI and the parent non-functionalized HT-O3HTs which 

facilitates the assignment of the individual redox waves. The potential difference between the 

onset of the first oxidation and the first reduction wave, respectively, gives the electrochemi-

cally determined band gap ΔECV (Table 12). 

The perylene PDCI exhibits two reversible reduction waves at -1.46 V and at -1.95 V, 

respectively as well as one reversible oxidation wave at 0.95 V indicating the formation of 

stable radical anions, dianions, and radical cations, respectively, where the major portion of 

the electron density resides on the carbonyl oxygen due to its electron-withdrawing nature.[43] 

As a general trend, for the perylenyl-oligothiophenes 9-11, 14, 16, and 18 both reduction 

processes are slightly facilitated and marginally positively shifted by 80 mV, but are 

independent of the oligothiophene chain length. The successive coupling of 3-hexylthiophene 

units to the parent perylene system leads to more complex cyclic voltammograms in the 

positive potential regime. This is due to the interference of the perylene with the 

oligothiophene oxidation processes. The detailed analysis of the observed redox potentials in 

comparison with the cyclic voltammograms of the non-functionalized HT-O3HTs allows an 

assignment of the individual redox waves, which clearly reveals that a complicated mutual 

influence of the two electrophoric subunits exists. In the case of monothiophene-derivative 9 

the first redox wave at 0.88 V corresponds to the oxidation of the perylene moiety to the radi-

cal cation. In comparison with pristine PDCI this value is slightly shifted to a negative 

potential by 70 mV because the monothiophene unit which is irreversibly oxidized at a quite 

higher potential of 1.21 V is therefore neutral and increases the overall conjugation. This con-

clusion is further supported by the fact that also the oxidation of the monothiophene unit is fa-

cilitated and shifted to negative potentials compared to pristine 3-hexylthiophene (for 

comparison: E°ox1 = 1.56 V for 3-methylthiophene).[44] 
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Figure 10: Cyclic voltammograms of the perylenyl-oligothiophenes 9-11, 14, 16, and 18 in comparison with 

PDCI in dichloromethane/ nBu4NPF6 (0.1 M) vs. Fc/Fc+ at 100 mV/s. 

-3

-2

-1

0

1

2
-2 .0 -1 .5 -1 .0 -0 .5 0 .0 0 .5 1 .0 1 .5

 

 P D C I

I [
µA

]

-3

-2

-1

0

1

2

3

4

5

 

 9

I [
µA

]

-3

-2

-1

0

1

2

3

4

 

 

 1 0

I [
µA

] 

-2

-1

0

1

2

3

 

 

 1 1

I [
µA

]

-3

-2

-1

0

1

2

3

4

 
 14

I [
µA

]

-3
-2
-1
0
1
2
3
4
5
6
7

 

 

 1 6

I [
µA

]

- 2 . 0 - 1 .5 - 1 .0 - 0 .5 0 .0 0 .5 1 .0 1 .5
- 3
- 2
- 1
0
1
2
3
4
5
6
7

 

 1 8

I [
µA

]

U  v s .  F c / F c +  [ V ]



Chapter 3:  Linear perylenyl-oligothiophenes 
 

 

86 

With increasing length of the oligothiophene chain, the first oxidation potential of the 

donor moiety is gradually shifted to more negative potentials, leading to a first oxidation 

potential of 0.27 V for perylenyl-octithiophene 18. This progressive shift is accompanied by 

an increasing number of redox processes, from one for monothiophene 9 to a final number of 

four in the case of octithiophene 18, and is a well known behaviour in homologous series of 

conjugated oligomers.[10] In contrast to perylenyl-monothiophene 9, in perylenyl-bithiophene 

10 the oxidation of the bithiophene unit occurs at a lower potential of 0.71 V with respect to 

perylene oxidation of 1.06 V which in turn is positively shifted by 0.18 V in comparison with 

the pure perylene monoimide (PDCI), because the oligothiophene unit now bears a positive 

charge in form of a radical cation and withdraws electron density from the perylene system. In 

the case of the next higher homologue 11, the first thiophene oxidation process at 0.52 V is 

clearly attributed to the formation of a terthiophene radical cation. 

 
Table 12: Electrochemical properties of the perylenyl-oligothiophenes 9-11, 14, 16, and 18 in comparison with 

PDCI 

Com-
pound 

E°red2 
(P) 

[V] [a] 

E°red1 
(P) 

[V] [a] 

E°ox1 

 (P) 
[V] [a] 

E°ox1 
(OT) 

[V] [a] 

E°ox2 

 (OT) 
[V] [a] 

E°ox3 
(OT) 
[V] [a] 

E°ox4 
(OT) 
[V] [a] 

  ΔECV
 

  [V] [b] 

PDCI -1.95 -1.46 0.95   
   2.24 

9 -1.88 -1.43 0.88 1.21[c]   
  2.12 

10 -1.87 -1.42 1.06 0.71[c] 

(0.83)[d] 
1.20[c] 

(1.24)[d]   2.02 

11 -1.87 -1.42 1.04 0.52 0.84[c]  
  1.80 

14 -1.87 -1.42 1.17 0.43 
(0.43)[e] 

0.71 

(0.85)[e]   1.70 

16 -1.88 -1.42 1.01 0.31 
(0.30)[f] 

0.45 
(0.43)[f] 

1.19[c] 

(1.20)[f]  1.59 

18 -1.87 -1.42 0.93 0.27 
(0.25)[g] 

0.38 
(0.34)[g] 

0.78 
(0.79)[g] 

1.19[c] 
(1.21)[g] 1.54 

[a] In dichloromethane/nBu4NPF6 (0.1 M) vs. Fc/Fc+ at 100 mV/s. P denotes perylene subunit, OT 
oligothiophene. – [b] Determined by ΔECV = E’ox1 – E’red1 (E’ is the potential at which the redox process starts). – 
[c] Irreversible redox process, E° determined at I° = 0.855 x Ip.[42] – [d] For comparison in parentheses values for 
the parent non-functionalized dihexyl-bithiophene, [e] tetrahexyl-quaterthiophene, [f] hexahexyl-sexithiophene, [g] 
octahexyl-octithiophene.[15] 

 

 However, the assignment of the second and third oxidation wave which lay quite close 

could only be performed with the help of a correlation of the redox potentials with the inverse 

chain length (1/n) (Figure 11). It can be concluded from the 1/n-plot that the oxidation wave 

at 0.84 V should correspond to the formation of a terthiophene dication whereas the one at 
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1.04 V belongs to the oxidation of the perylene moiety. For perylenyl-quaterthiophene 14 the 

two well-pronounced reversible redox waves for the oxidation of the quaterthiophene at    

0.43 V and 0.71 V, can be assigned to the formation of the radical cation and the dication, 

respectively. Due to the stronger electron-withdrawing capabilities of the dication, the 

oxidation of the perylenyl unit is shifted to an even higher potential of 1.17 V. For perylenyl-

sexithiophene 16, a similar situation is observed whereby due to the more extended π-system 

all three potentials are shifted towards lower potentials in comparison with those of the 

quaterthiophene 14. The oxidation of the sexithiophene chain to the radical trication is 

observable at 1.19 V. Finally, in perylenyl-octithiophene 18, the four waves are again shifted 

to the negative and an additional redox process at 1.19 V arises due to the formation of 

oligothienyl-tetracations. For the two longest representatives 16 and 18 the formed trications 

are delocalized over an extended π-system, consisting of 6 and 8 thiophene uits, respectively. 

As the electron-withdrawing potential of the oxidized oligothiophene unit is reduced with 

increasing length of its conjugated system the perylene oxidation is facilitated, which is 

reflected in the negative shift of the perylene oxidation from 1.01 V for hexithiophene 16 to 

0.93 V in the case of perylene-octithiophene 18. 

A useful approach to elucidate structure-property relationships in oligomer series is the 

correlation of physical properties to the inverse chain length of the conjugated system. Typi-

cally, a linear behaviour is found for chain lengths up to 9-11 repeating units, whereas for 

longer chains, a beginning saturation of the effective conjugation is identified.[14,16]  In this 

respect, the first oxidation potential of the oligothiophene units in the perylenyl-oligothio-

phenes 9-11, 14, 16, and 18 is plotted versus the inverse of the chain length of the 

corresponding oligothiophene unit (1/nT) (Figure 11), resulting in a good linear behaviour. In 

comparison, the same regression for the oligo(3-hexylthiophene)s results in a steeper linear 

relationship, indicating that in the hybrid systems the subunits are not fully decoupled and the 

perylene is slightly contributing to the overall conjugation due to its electron-withdrawing 

nature. However, this influence becomes less pronounced for longer oligothiophene chains as 

the first oxidation potentials of the longest hybrid systems become more and more 

comparable to those of the parent HT-O3HTs. A similar correlation of the electrochemically 

determined HOMO-LUMO band gaps of the perylenyl-oligothiophenes also reveals a perfect 

linear dependence (Figure 11). However, the band gap value of perylene-monothiophene 8 

has to be omitted, because the electrochemically determined band gaps of the higher 

homologues represents the energetic difference between the oligothiophene HOMO and the 

perylene LUMO, while ΔECV reflects the difference in energy between the perylene HOMO 
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and LUMO and therefore, is significant smaller. Nevertheless, it has to be considered that the 

electronic properties extrapolated to an infinite chain length are only rough estimates for the 

corresponding real chains because it is expected that these values will approach saturation 

beyond an oligothiophene chain length greater than 10 repeating units.[33] 
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Figure 11:  First oxidation potentials (top) and HOMO-LUMO band gaps (bottom) vs. the inverse chain length 

of the perylenyl-oligothiophenes 9-11, 14, 16, and 18 ([—■—]) in comparison with the parent 
oligo(3-hexylthiophene)s ([⋅⋅⋅⋅ο⋅⋅⋅⋅]).[33] 
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The band gap gradually becomes smaller when going from the reference compound PDCI 

(2.24 eV) to perylenyl-octithiophene 18 (1.54 eV) reflecting the decreasing oxidation 

potential of the oligothiophene subunit with increasing chain length, while the corresponding 

perylene reduction potentials remain almost constant in this series. If one compares ΔECV with 

the optically determined band gaps ΔEopt only the values for PDCI and perylenyl-

monothiophene 9 are in good agreement, whereas for the higher homologues ΔECV is 

substantially smaller. The electrochemically determined band gap reflects the difference of 

onset of the first oxidation and reduction, respectively. While the reduction is always due to 

the perylene moiety, the oxidation only corresponds to the perylene unit for PDCI and 9 

whereas for the longer homologues it is correlated with the oligothiophene units. In contrast, 

the optically determined band gap always represents the electronic properties of the perylene 

unit for all compounds in the series. Therefore, it can be concluded that these donor-acceptor 

systems consist of almost perfectly separated subunits with only marginal conjugation 

between the oligothiophene and the perylene moieties. 

 

MO-energies: MO-energy diagrams are very helpful for the construction and 

understanding of organic devices in which the fundamental processes are decisively 

determined by charged states and their corresponding energy level in the active, organic 

layer.[45] In order to calculate the absolute energies of the HOMO and LUMO levels of PDCI 

and the perylene-oligothiophenes 9-11, 14, 16, and 18 with respect to the vacuum level, the 

redox data are standardized to the ferrocene/ferricenium couple which has a calculated 

absolute energy of -4.8 eV.[46]  

 
Table 13:  MO energies vs. vacuum level of the perylenyl-oligothiophenes 9-11, 14, 16, and 18 in comparison 

with PDCI 

[a] Related to the Fc/Fc+-couple with a calculated absolute energy of -4.8 eV.[46] – [b] Band gap calculated to 
ΔE=ELUMO-EHOMO. 

Compound LUMO -1 
[eV][a]

 

LUMO 
[eV][a] 

HOMO 
[eV][a] 

HOMO -1 
[eV][a] 

HOMO -2 
[eV][a] 

HOMO -3 
[eV][a] 

HOMO -4 
[eV][a] 

Band gap 
[eV] [b] 

PDCI -2.85 -3.34 -5.75     2.41 

9 -2.91 -3.37 -5.68 -6.01    2.31 

10 -2.93 -3.38 -5.51 -5.86 -6.00   2.13 

11 -2.93 -3.38 -5.32 -5.64 -5.84   1.94 

14 -2.92 -3.38 -5.23 -5.51 -5.97   1.85 

16 -2.92 -3.38 -5.11 -5.25 -5.81 -5.99  1.73 

18 -2.93 -3.38 -5.07 -5.18 -5.58 -5.73 -6.02 1.69 
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The band gap energies result from the energy difference between the HOMO and the 

LUMO level. The MO energy levels as well as the band gap energies are listed in Table 13 

and a corresponding energy level diagram is depicted in Figure 12. It can be seen very clearly, 

that the HOMO-LUMO band gap decreases with increasing chain length of the 

oligothiophene units which is mainly due to a constant lowering of the HOMO energy levels, 

whereas the LUMO levels remain rather constant. 

Figure 12 also reveals that the perylenyl-oligothiophenes are suitable for photovoltaic 

applications using a standardized setup. The HOMOs of these materials perfectly correspond 

to the work function of PEDOT covered ITO electrodes, which gives rise to good hole 

injection properties of a corresponding solar cell. Furthermore, the LUMOs of these hybrid 

systems are higher in energy with respect to both, the LUMO of PCBM and the work 

function of aluminium, and therefore, allow the fabrication of either single-layer or fullerene 

bulk heterojunction photovoltaic devices. 
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Figure 12: MO Scheme of the perylenyl-oligothiophenes 9-11, 14, 16, and 18 in comparison with PDCI. 
PCBM and work functions of ITO and aluminium, which are commonly used for the fabrication of 
organic solar cells, are also given. 
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3.4  Photovoltaic performance of 14 and 18 

 
Solar cells were manufactured from perylenyl-quaterthiophene 14 and perylenyl-

octithiophene 18, respectively. Two devices each have been fabricated employing the pure 

perylenyl-oligothiophenes or blends with 80 wt-% [6,6]-phenyl-C61-butyric acid methyl ester 

(PCBM), respectively. ITO/PEDOT:PSS (ITO: indium tin oxide; PEDOT: poly(3,4-

ethylenedioxythiophene; PSS: polystyrenesulfonic acid was used as a transparent, high work 

function cathode to collect holes and LiF/Al[47] as a low work function anode for electron 

collection (Figure 13). The photoactive layers were spin-coated from the corresponding 

perylenyl-oligothiophene or a 1:4-mixtures of the perylenyl-oligothiophene and PCBM as a 

1.5 wt-% solution in chlorobenzene, respectively (Table 14). 

The manufactured solar cells, with an active cell area of 0.1 cm2, were characterized by 

their current-voltage behaviour determined in the dark and under illumination with a tungsten 

halogen lamp. The spectral response of the devices was obtained by measuring the U/I curves 

upon monochromatic illumination in the 410-750 nm region. In this way, the external 

quantum efficiency (EQE) of the devices corresponding to the number of electrons created per 

photon can be obtained from the short-circuit currents at the corresponding wavelength. The 

short-circuit currents of these photovoltaic devices obtained under standard test condition 

(AM1.5G, 1000 W/m2) were estimated by integrating the EQE-spectra. 

The linear and logarithmic U/I-characteristics in the dark and under illumination are 

depicted in Figure 14 for the pristine perylenyl-oligothiophene devices and in Figure 15 for 

the solar cells manufactured from 1:4 w/w-blends with PCBM. 

 

 
Figure 13: Device architecture of the polymer-fullerene bulk heterojunction photovoltaic devices. 
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The devices fabricated from pristine perylenyl-oligothiophenes 14 and 18 show high 

open-circuit voltages of VOC = 1.04 and 1.10 V, respectively which is significantly higher in 

comparison with homojunction devices, using different electrodes with unequal work 

functions such as ITO and aluminium. However, due to the low short-circuit currents of JSC = 

0.032 and 0.018 mA/cm2, respectively these devices exhibit only low overall power 

conversion efficiencies, which are in the region of homojunction device (Figure 14).[48-50] 

Interestingly, the performance of the device manufactured from the perylenyl-octithiophene 

18 (η = 0.004 %) is inferior to the corresponding solar cell made from the shorter analogue 14   

(η = 0.009 %), which however, can be a consequence of the not optimized device fabrication 

(Table 14). 
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Figure 14:  Linear (left) and logarithmic (right) U-I characteristics of the pristine perylenyl-quaterthiophene 14 

(top) and perylenyl-octithiophene 18 (bottom) solar cells. U-I curve taken in the dark ([⋅⋅⋅⋅]) and 
under illumination ([—]). 
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For the bulk-heterojunction devices consisting of 4:1-blends of PCBM and the perylenyl-

oligothiophenes 14 and 18, respectively, the results are completely different. While the open-

circuit voltages of VOC = 0.94 V are somewhat lower, the ISC are tremendously increased over 

the single-layer device with current densities of JSC = 1.46 mA/cm2 and 1.98 mA/cm2, 

respectively (Figure 15). These high short-circuit currents result in a calculated efficiency of    

η = 0.33 % for the device fabricated from perylenyl-quaterthiophene 14, while the device 

manufactured from the perylenyl-octihiophene 18 exhibited a considerably higher efficiency 

of η = 0.48 % under AM 1.5 conditions (Table 14). 
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Figure 15:  Linear (left) and logarithmic (right) U/I-characteristics of the solar cells fabricated from 1:4 w/w-

blends of PCBM with perylenyl-quaterthiophene 14 (top) and perylenyl-octithiophene 18 (bottom). 
U-I curve taken in the dark ([⋅⋅⋅⋅]) and under illumination ([—]). 
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The large rectification ratios, defined as the division of the current densities at negative 

bias in the dark and under illumination, indicate that the cells are not shorted. Therefore, the 

relatively low fill factors of FF = 24 % and FF = 26 %, respectively, can be attributed to a 

large series resistance which is due to low charge-carrier mobilities or barriers for charge 

injection at the electrodes. For comparison an optimized P3HT:PCBM polymer-fullerene 

device has fill factors as high as FF = 60 %.[51] 

 

 

Table 14: Characterization of the differently fabricated perylenyl-oligothiophene solar cells 

[a] Rounds per minute used for spin-coating. – [b] Spin-coated from 1.5 wt-% chlorobenzene solutions. – [c] 
Estimated from the integrated EQE-spectra. – [d] Estimated from the integrated EQE-spectra. 
 
 
 
 

The EQE-spectra of the devices fabricated from 1:4-blends of the perylenyl-

oligothiophenes and PCBM show reasonable external quantum efficiencies in the range 

between 400 and 650 nm (Figure 16). The perylenyl-quaterthiophene 14 device reveals a 

maximum EQE of 16 % at 430 nm while the perylenyl-octihiophene 18 solar cell exhibits 

higher EQEs in the same spectral region with a maximum value of 20 % at 440 nm, resulting 

in the enhanced energy conversion efficiency of the latter device. The EQE-spectra clearly 

demonstrate, that both the oligothiophene and the perylene moieties of the donor-acceptor 

molecules contribute to the photocurrent, due to the constantly high EQE-values in the region 

between 480 and 600 nm. This is in good agreement with the solid-state absorptions of the 

corresponding photoactive layers, which both reveal a higher absorbance due to the perylene 

units between 520 and 580 nm in comparison with a thin film of pure PCBM (Figure 16). 

In summary, the performance of the homojunction photovoltaic devices manufactured 

from the pristine perylenyl-oligothiophenes 14 and 18 showed a photovoltaic effect; however, 

only small power conversion efficiencies (η < 0.01 %) were obtained under simulated 

sunlight conditions. 

Entry RPM [a] Photoactive layer [b] JSC [mA/cm2] [c] VOC
 [V] FF η [%] [d] 

1 1500 14 0.032 1.04 0.27 0.009 

2 2000 18 0.018 1.10 0.22 0.004 

3 750 14:PCBM    [1:4] 1.46 0.94 0.24 0.33 

4 1000 18:PCBM    [1:4] 1.98 0.94 0.26 0.48 
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Figure 16:  EQE-spectrum (top) of the 1:4 w/w-perylenyl-quaterthiophene 14:PCBM (■) and 1:4 w/w-

perylenyl-octithiophene 18:PCBM (▲). 
UV-Vis absorption spectra (bottom) of the corresponding active layers. 1:4 w/w-14:PCBM         
(—), 1:4 w/w-18:PCBM (—) in comparison with PCBM (—). 
 
 

The extension of the concept to the corresponding bulk-heterojunction devices by using a 1:4-

blend with PCBM drastically increased the overall efficiencies, resulting in η = 0.3 % and      

η = 0.5 % in the cases of 14 and 18, respectively. According to EQE-measurements both, the 

oligothiophene and the perylene moieties, contribute to the photocurrent. Nevertheless, these 

devices show low fill factors (FF < 26 %) due to a possible inherent low charge carrier 

transport properties of the corresponding photoactive layer. 
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3.5  Experimental section 

 
3.5.1  General procedures 

 
1H NMR spectra were recorded in CDCl3 on a Bruker AMX 400 at 400 MHz. 13C NMR 

spectra were recorded in CDCl3 on a Bruker AMX 400 at 100 MHz. Chemical shifts are 

denoted in δ unit (ppm), and were referenced to internal tetramethylsilane (0.0 ppm). The 

splitting patterns are designated as follows: s (singlet), d (doublet), t (triplet), and                      

m (multiplet) and the assignments are Pery (perylene), Ph, (phenyl), Th (thiophene) for          
1H NMR. Mass spectra were recorded with a Varian Saturn 2000 GC-MS and with a MALDI-

TOF MS Bruker Reflex 2 (dithranol as the matrix). Elemental analyses were performed on an 

Elementar Vario EL. Melting points were determined with a Büchi B-545 melting point 

apparatus and are not corrected. Gas chromatography was carried out using a Varian CP-3800 

gas chromatograph. HPCL analyses were performed on a Shimadsu SCL-10A equipped with 

a SPD-M10A photodiode array detector and a SC-10A solvent delivery system using a 

LiChrosphor column (Silica 60, 5 µm, Merck). Thin-layer chromatography was carried out on 

Silica Gel 60 F254 aluminium plates (Merck). Developed plates were dried and examined 

under a UV lamp. Preparative column chromatography was carried out on glass columns of 

different sizes packed with silica gel Merck 60 (40-63 µm). UV-Vis spectra were taken on a 

Perkin-Elmer Lambda 19 in 1 cm cuvettes. Thin uniform films for solid-state spectra were 

obtained on a POLOS wafer spinner from a toluene solution (20 mg/ml) at 5000 rpm onto a 

glass substrate. Fluorescence spectra were measured with a Perkin-Elmer LS 55 in 1 cm 

cuvettes. Fluorescence quantum yields were determined with respect to N-(2,6-

diisopropylphenyl)perylene-3,4-dicarboximide (PDCI) (Φ = 0.9 in chloroform[34]). Cyclic 

voltammetry experiments were performed with a computer-controlled EG&G PAR 273 

potentiostat in a three-electrode single-compartment cell (5 ml). The platinum working 

electrode consisted of a platinum wire sealed in a soft glass tube with a surface of A = 0.785 

mm2, which was polished down to 0.5 µm with Buehler polishing paste prior to use in order 

to obtain reproducible surfaces. The counter electrode consisted of a platinum wire and the 

reference electrode was an Ag/AgCl secondary electrode. All potentials were internally 

referenced to the ferrocene/ferricenium couple.[46] For the measurements concentrations of  

10-3 mol/l of the electroactive species were used in freshly distilled and deairated 

dichloromethane (Lichrosolv, Merck) and 0.1 M tetrabutylammonium hexafluorophosphate 
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(nBu4NPF6, Fluka) which was twice recrystallized from ethanol and dried under vacuum prior 

to use. Solvents and reagents were purified and dried by usual methods prior to use and 

typically used under inert gas atmosphere. The following starting materials were purchased 

and used without further purification: n-Butyllithium (n-BuLi, Merck) was a 1.6 M solution in 

n-hexane, n-bromo-hexane (Merck), N-bromosuccinimide (NBS, Merck), N-iodosuccinimide 

(NIS, ABCR), pinacol (Aldrich), tri(isopropyl)borate (Merck), zinc chloride (Merck), iodine 

(Merck), 9-bromo-N-(2,6-diisopropylphenyl)perylene-3,4-dicarboximide 8 (BASF) and 

PEDOT:PSS (HC-Stark). Tetrakis(triphenylphosphino)palladium(0)[52] (Pd(PPh3)4) and 

PCBM[53] were prepared according to literature procedures. 

The photovoltaic devices were prepared by spin coating EL-grade PEDOT:PSS onto pre-

cleaned, patterned indium tin oxide substrates (14 Ω per square). The photoactive layers were 

deposited by spin-coating from 1.5 wt-% chlorobenzene solutions. The counterelectrode of 

LiF (1 nm) and aluminum (100 nm) was deposited in vacuo at 10-6 mbar. The active area of 

the cell was 0.1 cm2. U/I characteristics were measured under 180 W/cm2 white-light from a 

tungsten-halogen lamp filtered by a Schott KG3 filter. IPCE measurements were performed 

using monochromatic light from a xenon lamp-SPEX monochromator combination and 

measuring the light intensity using a silicon detector, calibrated for each wavelength. The 

experiments were carried out in a nitrogen-filled glove box to prevent degradation of the 

device by water or oxygen, which is commonly observed for polymer devices.  
 

3.5.2  Synthesis 
 

3-Hexylthiophene (2):  

Under an argon atmosphere a solution of 3-bromothiophene 1 (210 g, 1.29 mol), 

Ni(dppp)Cl2 (1.75 g, 3.23 mmol) in 800 ml dry diethyl ether was prepared and was 

cooled down to 0 °C and  a solution of hexylmagnesium bromide (1.42 mmol in 400 ml dry 

diethyl ether) was added drop wise under constant cooling. Next, the resulting black solution 

was stirred under reflux for 24 hours and then, was poured onto ice and the resulting two-

phase system was filtrated over celite. The organic layer was taken off while the water phase 

was extracted with diethyl ether. The combined organic phases were washed with a saturated 

sodium hydrogen carbonate solution and were dried with magnesium sulphate. After the 

solvent was removed by rotary evaporation 3-hexylthiophene 2 (188 g, 86 %) was obtained 

by distillation under vacuum as a clear liquid. 

B.p.: 55 °C (1.5⋅10-1 mbar); 

S

H13C6
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1H NMR (400 MHz, CDCl3): δ = 7.22-7.20 (m, 1H, 5-H), 6.93-6.90 (m, 2H, 2-H, 4-H), 2.62 

(t, J=7.7 Hz, 2H, -H), 1.65-1.61 (m, 2H, β-H), 1.38-1.23 (m, 6H, -CH2-), 0.88 (t, J=6.9 Hz, 

3H, -CH3); 
13C NMR (100 MHz, CDCl3): δ = 143.11, 128.17, 124.95, 119.73, 31.40, 30.47, 29.67, 29.32, 

22.62, 13.92; 

MS (EI): m/z [M+] = 168. 

 

2-Bromo-3-hexylthiophene (3): 

3-Hexylthiophene 2 (33.4 g, 0.2 mol) was dissolved in 40 ml glacial acetic acid. 

After addition of NBS (35.6 g, 0.2 mol) the resulting suspension was stirred at 

room temperature and was gently heated until the white solid had completely dissolved. The 

resulting hot, brownish solution was stirred until it was cooled down to room temperature. 

Then, the reaction mixture was poured into 150 ml of water and the organic layer was taken 

off while the water phase was extracted with dichloromethane. The combined organic phases 

were washed with 50 ml 1M sodium hydroxide solution, 50 ml water, 50 ml brine and were 

dried with magnesium sulphate. After the solvent was removed by rotary evaporation product 

3 (43.2 g, 88 %) was obtained by distillation under vacuum as a clear liquid. 

B.p.: 65 °C  (7⋅10-3 mbar); 
1H NMR (400 MHz, CDCl3): 7.20 (d, J=5.6 Hz, 1H, 5-H), 6.82 (d, J=5.6 Hz, 1H, 4-H), 2.58 

(t, J=7.6 Hz, 2H, -H), 1.62-1.55 (m, 2H, β-H), 1.38-1.29 (m, 6H, -CH2-), 0.92 (t, J=6.9 Hz, 

3H, -CH3); 
13C NMR (100 MHz, CDCl3): δ = 142.12, 128.37, 125.26, 108.92, 31.76, 29.85, 29.53, 29.04, 

22.74, 14.24; 

MS (EI): m/z [M+] = 247. 

 

2-(3-Hexyl-thien-2-yl)-4,4,5,5-tetramethyl-[1,3,2]dioxaborolane (4):  

To thiophene 3 (4.94 g, 20 mmol) in THF (20 ml) at -80 °C were added n-BuLi 

(13.2 ml, 21 mmol). After stirring at -80 °C for one hour tri(isopropyl)borate 

(4.14 g, 22 mmol) was added and the solution was allowed to warm up to room 

temperature. After an additional two hours at room temperature, pinacol (2.84 g, 24 mmol) 

was added and the resulting suspension was stirred over night at room temperature. Next, 

THF was taken off and the residue was dissolved in petrol ether. After the white precipitate 

had been filtered off the resulting solution was filtered over neutral aluminium oxide. The 

solvent was taken off and the product was dried in vacuum. Boronic ester 4 was obtained as a 

S

H13C6

Br

B
O

O
S

C6H13
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brownish oil (5.4 g, 92 %) yield with a purity of 95 % (GC) and was used without further 

purification. 
1H NMR (400 MHz, CDCl3): δ = 7.50 (d, J = 4.7 Hz, 1H, 5-H), 7.04 (d, J = 4.7 Hz, 1H, 4-H), 

2.91 (t, J = 7.6 Hz, 2H, -H), 1.70-1.53 (m, 2H, β-H), 1.40-1.30 (m, 18H, -CH2-, -CH3), 0.91 

(t, J=6.9 Hz, 3H, -CH3); 
13C NMR (100 MHz, CDCl3): δ = 154.58, 131.13, 128.17, 119.63, 83.39, 31.64, 31.54, 30.41, 

30.00, 28.90, 29.29, 28.83, 27.79 24.67, 22.49, 13.99; 

MS (EI): m/z [M+] = 294. 

 

2-Bromo-3-hexyl-5-iodothiophene (5): 

2-Bromo-3-hexylthiophene 3 (22.25 g, 90 mmol) was dissolved in glacial acetic 

acid (10 ml). After addition of NIS (20.25 g, 90 mmol) the resulting suspension 

was stirred vigorously for 4 hours at 100 °C under light protection. Then the reaction mixture 

was poured into water (50 ml) and the organic layer was taken off while the water phase was 

extracted with dichloromethane. The combined organic phases were washed with 1 M sodium 

hydroxide solution (20 ml), water (20 ml) and brine (20 ml) and were dried subsequently with 

magnesium sulphate. After the solvent was removed by rotary evaporation thiophene 5 was 

obtained by distillation under vacuum as a yellow liquid (27.25 g, 81 %). 

B.p.: 105 °C (5⋅10-3 mbar); 
1H NMR (400 MHz, CDCl3): δ = 6.99 (s, 1H, 4-H), 2.55 (t, J = 7.6 Hz, 2H, -H), 1.61-1.52 

(m, 2H, β-H), 1.28-1.29 (m, 6H, -CH2-), 0.92 (t, J = 6.7 Hz, 3H, -CH3); 
13C NMR (100 MHz, CDCl3): δ =144.41, 138.13, 111.84, 71.17, 31.71, 29.76, 29.33, 28.96, 

22.72, 14.23; 

MS (EI): m/z [M+] = 373. 

 

5-Bromo-4,3’-dihexyl-2,2’-bithiophene (6): 

To a solution of bromoiodothiophene 5 (6.71 g, 18 mmol) in DME (80 ml) 

Pd(PPh3)4 (835 mg, 0.72 mmol) was added. After the mixture was stirred for 

10 min at room temperature thiophene boronic ester 4 (5.29 g, 18 mmol) and a 

2 M aqueous solution of tripotassium phosphate (27 ml) was added. The reaction mixture was 

refluxed under vigorous stirring for 24 hours. Then it was poured into water (200 ml) and the 

organic phase was separated while the aqueous phase was extracted with diethyl ether. The 

combined extracts were dried over magnesium sulphate and the solvent was removed by 
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rotary evaporation. The crude product was purified by flash column chromatography (SiO2 / 

petrol ether) to yield bithiophene 6 (6.7 g, 90%) as a yellow liquid. 
1H NMR (400 MHz, CDCl3): δ = 7.18 (d, J = 5.2 Hz, 1H, 5’-H), 6.93 (d, J = 5.2 Hz, 1H, 4’-

H), 6.81 (s, 1H, 3-H), 2.73 (t, J = 7.8 Hz, 2H, ’-H), 2.58 (t, J = 7.7 Hz, 2H, -H), 1.68-1.59 

(m, 4H, β,β’-H), 1.40-1.30 (m, 12H, -CH2-), 0.94-0.89 (m, 6H, -CH3); 
13C NMR (100 MHz, CDCl3): δ = 142.50, 140.12, 135.85, 130.17, 130.06, 127.04, 124.07, 

108.63, 31.79, 31.78, 30.85, 29.79, 29.71, 29.32, 29.27, 29.06, 22.75, 14.23, 14.22; 

MS (EI): m/z [M+] = 413. 

 

5-Bromo-4,3’,3’’-trihexyl-2,2’;5,2’’-terthiophene (7): 

Bithiophene 6 (829 mg, 2 mmol) was dissolved in THF (5 ml). At -80 °C 

n-BuLi (1.32 ml, 2.1 mmol) was added drop wise and the resulting 

solution was stirred for one hour at -80 °C. After addition of zinc 

chloride (2.1 mmol as a 1 M solution in THF) the solution was allowed to warm up to room 

temperature. Next, this reaction mixture was transferred to a solution of 2-bromo-3-hexyl-5-

iodothiophene 5 (783.5 mg, 2.1 mmol) and Pd(PPh3)4 (232 mg, 0.2 mmol) in THF (5 ml) via 

cannula. The resulting orange solution was stirred at room temperature for 24 hours under 

light protection. Then the reaction mixture was poured into water (20 ml) and the organic 

layer was taken off while the water phase was extracted with dichloromethane (three times 20 

ml). The combined organic phases were dried with magnesium sulphate and the solvent was 

removed by rotary evaporation. The crude product was purified by flash column 

chromatography (SiO2 / petrol ether : dichloromethane [10:1]). Terthiophene 7 was obtained 

as an orange viscous liquid     (440 mg, 38 %). 
1H NMR (400 MHz, CDCl3): δ = 7.16 (d, J = 5.3 Hz, 1H, 5’’-H), 6.92 (d, J = 5.3 Hz, 1H, 4’’-

H), 6.91 (s, 1H, 4’-H), 6.81 (s, 1H, 3-H), 2.76 (t, J = 7.8 Hz, 2H, ’’-H), 2.70 (t, J = 7.8 Hz, 

2H, ’-H), 2.66 (t, J = 7.8 Hz, 2H, -H), 1.70-1.60 (m, 6H, β-β’’-H), 1.40-1.30 (m, 18H, -

CH2-), 0.91-0.87 (m, 9H, -CH3); 
13C NMR (100 MHz, CDCl3): δ = 143.53, 139.37, 135.88, 131.02, 129.87, 127.33, 123.38, 

121.97, 119.89, 31.71, 31.68, 30.71, 30.53, 30.40, 29.23, 20.17, 29.02, 22.64, 14.10, 14.07; 

MS (EI): m/z [M+] = 579; 

Elemental analysis: calcd (%) for C30H43BrS3: C 62.15, H: 7.48, S: 16.59; found C 62.36, H: 

7.42, S: 16.71. 
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General procedure for the preparation of the perylenyl-oligothiophenes (9-11) via 

Negishi-cross coupling: To a 0.1 M solution of the bromothiophene in dry THF at -80 °C 

was added n-BuLi (1.02 equivalents). After stirring at -80 °C for one hour zinc chloride (1.05 

equivalents / 1 M solution in THF) was added and the solution was allowed to warm up to 

room temperature. Next, this reaction mixture was transferred to a suspension of bromo-

perylene 8 (1.1 equivalents / 1 M solution in THF) and Pd(PPh3)4 (10 mol-%) in THF via 

cannula. The resulting red suspension was stirred at 65 °C for 24 hours. Then the solvent was 

taken off and the crude product was purified by flash column chromatography. 

 

2-([N-(2,6-diisopropylphenyl)]-9-perylenyl-3,4-dicarboximide)-3-hexyl-thiophene (9): 

Following the general procedure, 2-bromo-3-hexylthiophene 3 

(136 mg, 0.55 mmol) in THF (10 ml) was converted to the 

corresponding zincate by subsequently adding n-BuLi (0.35 ml, 

0.56 mmol) and zinc chloride (82 mg, 0.6 mmol) at -80 °C. The 

resulting zincate was reacted with 9-bromo-N-(2,6-diisopropylphenyl)perylene-3,4-

dicarboximide 8 (280 mg, 0.5 mmol) and Pd(PPh3)4 (58 mg, 0.05 mmol) to give 9 (200 mg, 

62 %) as a red solid after flash column chromatography (SiO2 / dichloromethane : petrol ether 

[2:1]). 

M.p.: 145-146 °C; 
1H NMR (400 MHz, CDCl3): δ = 8.59 (d, J = 8.0 Hz, 2H, Pery-1H,6H), 8.35-8.25 (m, 4H, 

Pery-2H,5H,7H,12H), 7.87 (d, J = 8.3 Hz, 1H, Pery-8H), 7.61 (d, J = 7.7 Hz, 1H, Pery-10H), 

7.56-7.45 (m, 3H, Pery-11H, Ph-4H, Th-3H), 7.40 (d, J = 7.7 Hz, 2H, Ph-3H,5H), 7.16 (d, J = 

5.2 Hz, 1H, Th-4H), 2.88 (sep, J = 6.8 Hz, 2H, Ph-CH-(CH3)2), 2.48 (t, J = 7.6 Hz, 2H, Th--

CH2), 1.60-1.53 (m, 2H, Th-β-CH2), 1.29 (d, J = 6.8 Hz, 12H, Ph-CH-(CH3)2), 1.35-1.10 (m, 

8H, -CH2-), 0.80 (t, J = 6.9 Hz, 3H, Th-CH3); 
13C NMR (100 MHz, CDCl3): δ = 162.83, 144.64, 140.46, 136.25, 135.95, 134.37, 132.95, 

132.78, 130.81, 130.03, 129.21, 128.41, 128.30, 128.04, 127.97, 127.71, 126.96, 125.98, 

125.57, 124.28, 122.98, 122.78, 121.86, 119.85, 119.07, 118.97, 30.42, 29.46, 28.18, 27.86, 

23.02, 21.42, 12.94; 

MS (MALDI-TOF): m/z [M+H+] = 647; 

Elemental analysis: calcd (%) for C44H41NO2S: C 81.57, H 6.38, N 2.16; found C 81.79, H 

6.57, N 2.17. 
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5-([N-(2,6-Diisopropylphenyl)]-9-perylenyl-3,4-dicarboximide)-4,3’-dihexyl-2,2’-

bithiophene (10):  

Following the general procedure, bithiophene 6 (207 mg, 

0.50 mmol) in THF (10 ml) was converted to the 

corresponding zincate by subsequently adding n-BuLi (0.32 

ml, 0.51 mmol) and zinc chloride (75 mg, 0.55 mmol) at      

-80 °C. The resulting zincate was reacted with 9-bromo-N-(2,6-diisopropylphenyl)perylene-

3,4-dicarboximide 8 (308 mg, 0.55 mmol) and Pd(PPh3)4 (58 mg, 0.05 mmol) to give 10   

(310 mg, 76 %) as a dark red solid after flash column chromatography (SiO2 / 

dichloromethane : petrol ether [2:1]). 

M.p.: 120-121 °C; 
1H NMR (400 MHz, CDCl3): δ = 8.65 (d, J = 8.0 Hz, 2H, Pery-1H,6H), 8.47-8.38 (m, 4H, 

Pery-2H,5H,7H,12H), 8.02 (d, J = 8.3 Hz, 1H, Pery-8H), 7.70 (d, J = 7.8 Hz, 1H, Pery-10H), 

7.64 (t, J = 7.9 Hz, 1H, Pery-11H), 7.51 (t, J = 7.8 Hz, 1H, Ph-4H), 7.39 (d, J = 7.8 Hz, 2H, 

Ph-3H,5H), 7.25 (d, J = 5.2 Hz, 1H, Th’-5H), 7.17 (s, 1H, Th-3H), 7.01 (d, J = 5.2 Hz, 1H, 

Th’-4H), 2.92-2.80 (m, 4H, Ph-CH-(CH3)2, Th-’-CH2), 2.49 (t, J = 7.6 Hz, 2H, Th--CH2), 

1.80-1.70 (m, 2H, Th-β’-CH2), 1.66-1.55 (m, 2H, Th-β-CH2), 1.51-1.41 (m, 2H, Th-γ’-CH2), 

1.41-1.31 (m, 4H, Th-CH2-), 1.25 (d, J = 6.8 Hz, 12H, Ph-CH-(CH3)2), 1.30-1.11 (m, 6H, -

CH2-), 0.92 (t, J = 6.9 Hz, 3H, Th’-CH3), 0.81 (t, J = 6.9 Hz, 3H, Th-CH3); 
13C NMR (100 MHz, CDCl3): δ = 168.84, 145.63, 141.75, 139.59, 137.36, 137.09, 136.15, 

134.88, 133.80, 133.77, 131.88, 130.99, 130.39, 130.35, 130.25, 130.09, 129.36, 129.22, 

129.19, 128.11, 127.30, 127.15, 126.73, 123.93, 123.66, 122.97, 120.98, 120.93, 120.22, 

120.14, 31.60, 31.40, 30.63, 30.38, 29.29, 29.17, 29.10, 28.95, 28.83, 23.96, 22.55, 22.40, 

14.02, 13.91; 

MS (MALDI-TOF): m/z [M+H+] = 813; 

Elemental analysis: calcd (%) for C54H55NO2S2: C 79.66, H 6.81, N 1.72; found C 79.62, H 

6.95, N 1.76. 

 

5-([N-(2,6-Diisopropylphenyl)]-9-perylenyl-3,4-dicarboximide)-4,3’,3’’-trihexyl-

2,2’;5’,2’’-terthiophene (11): 

Following the general procedure terthiophene 7    

(203 mg, 0.35 mmol) in THF (10 ml) was converted 

into the corresponding zincate by subsequently 

adding n-BuLi (0.22 ml, 0.35 mmol) and zinc 
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chloride (50 mg, 0.37 mmol) at -80 °C. The resulting zincate was reacted with 9-bromo-N-

(2,6-diisopropylphenyl)perylene-3,4-dicarboximide 8 (213 mg, 0.37 mmol) and Pd(PPh3)4  

(41 mg, 0.035 mmol) to give 11 (120 mg, 35 %) as a black solid after flash column 

chromatography (SiO2 / dichloromethane : petrol ether [2:1]). 

M.p.: 98-99 °C; 
1H NMR (400 MHz, CDCl3): δ = 8.68 (d, J = 8.0 Hz, 2H, Pery-1H,6H), 8.54-8.49 (m, 4H, 

Pery-2H,5H,7H,12H), 8.00 (d, J = 8.3 Hz, 1H, Pery-8H), 7.70 (d, J = 7.8 Hz, 1H, Pery-10H), 

7.66 (t, J = 7.8 Hz, 1H, Pery-11H), 7.48 (t, J = 7.8 Hz, 1H, 1H, Ph-4H), 7.34 (d, J = 7.8 Hz, 

2H, Ph-3H,5H), 7.18 (d, J = 5.2 Hz, 1H, Th’’-5H), 7.14 (s, 1H, Th-3H), 6.98 (s, 1H, Th’-4H), 

6.95 (d, J = 5.3 Hz, 1H, Th’’-4H), 2.80-2.65 (m, 6H, Ph-CH-(CH3)2, Th-’,’’-CH2), 2.44 (t, J 

= 7.6 Hz, 2H, Th--CH2), 1.81-1.65 (m, 4H, Th-β’,β’’-CH2), 1.65-1.57 (m, 2H, Th-β-CH2), 

1.57-1.15 (m, 18H, -CH2-), 1.22 (d, J = 6.8 Hz, 12H, Ph-CH-(CH3)2), 0.93 (m, 6H, Th’,Th’’-

CH3), 0.77 (t, J = 6.9 Hz, 3H, Th-CH3); 
13C NMR (100 MHz, CDCl3): δ = 163.88, 145.64, 141.84, 139.74, 139.60, 137.51, 137.24, 

135.80, 134.89, 134.14, 133.85, 132.00, 131.97, 130.45, 130.37, 130.30, 130.21, 130.01, 

1129.37, 129.35, 129.31, 128.71, 128.19, 127.22, 127.09, 126.85, 123.96, 123.90, 123.55, 

123.03, 121.04, 120.97, 120.35, 120.27, 31.57, 31.37, 30.53, 30.46, 30.34, 29.58, 29.38, 

29.20, 29.13, 29.11, 29.04, 28.91, 28.79, 23.89, 22.51, 22.36, 13.97, 13.87 

MS (MALDI-TOF): m/z [M+H+] = 979; 

Elemental analysis: calcd (%) for C64H69NO2S3: C 78.40, H 7.09, N 1.43; found 78.61, H: 

7.26, N: 1.34.  

 

5-(4,3’-Dihexyl-2,2’-bithien-5-yl)-4,4,5,5-tetramethyl-[1,3,2]dioxaborolane (12): 

To bithiophene 6 (1 g, 2.4 mmol) in THF (5 ml) at -80 °C was added       

n-BuLi (1.6 ml, 2.5 mmol). After stirring at -80 °C for one hour 

tri(isopropyl)borate (500 mg, 2.7 mmol) was added and the solution was 

allowed to warm up to room temperature. After an additional two hours at room temperature 

pinacol (340 g, 2.9 mmol) was added and the resulting suspension was stirred over night at 

room temperature. Next, the THF was taken off and the residue was dissolved in petrol ether. 

After the white precipitate had been filtered off the resulting solution was filtrated over 

neutral aluminium oxide. The solvent was taken off and the product was dried in vacuum. 

Boronic ester 12 was obtained as a brownish oil (1.1 g, 98 %) with a purity of 95 % (GC). It 

was used without further purification. 
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1H NMR (400 MHz, CDCl3): δ = 7.14 (d, J = 5.2 Hz, 1H, 5’-H), 7.02 (s, 1H, 3-H), 6.91 (d, J 

= 5.2 Hz, 1H, 4’-H), 2.85 (t, J = 7.6 Hz, 2H, ’-H), 2.77 (t, J = 7.8 Hz, 2H, -H), 1.40-1.25 

(m, 28H, -CH2-, -CH3), 0.93-0.85 (m, 6H, -CH3); 
13C NMR (100 MHz, CDCl3): δ = 154.31, 149.33, 141.32, 139.07, 130.37, 129.32, 128.45, 

123.05, 82.90, 31.01, 30.88, 30.24, 30.03, 29.82, 29.63, 28.80, 28.56, 28.50, 28.30, 27.23, 

24.12, 21.94, 13.45, 13.41; 

MS (EI): m/z [M+] = 460. 

 

General procedure for the preparation of the perylenyl-oligothiophenes (10, 14, 16, and 

18) via Suzuki-coupling: To a solution of the halogenated compound (1 equivalent) in DME, 

boronic ester 12 (1.2 equivalents) and Pd(PPh3)4 (5 mol-%) were added. After addition of a    

2 M aqueous solution of tripotassium phosphate (2 equivalents) the mixture was stirred for    

3 hours. Next, it was poured into water and the organic phase was separated while the 

aqueous phase was extracted with dichloromethane. The combined extracts were dried over 

magnesium sulphate and the solvent was removed by rotary evaporation. The crude product 

was purified by flash column chromatography and was dried in vacuum. 

 

General procedure for the preparation of the iodinated perylenyl-oligothiophenes (13, 

15, and 17): To a solution of the perylenyl-oligothiophene (1 equivalent) in dry 

dichloromethane was added mercury caproate (1.01 equivalents). The resulting suspension 

was stirred at room temperature for 24 hours until the mercury compound was completely 

dissolved. Next, iodine (1.1 equivalents) was added and the mixture was stirred for another 

six hours. Then the solution was filtered over basic aluminum oxide and the filtrate was 

concentrated in vacuum. Upon addition of ethanol the product was allowed to precipitate, was 

filtered and dried in vacuum. 

 

5-([N-(2,6-Diisopropylphenyl)]-9-perylenyl-3,4-dicarboximide)-4,3’-dihexyl-2,2’-

bithiophene (10): 

Following the general procedure, 9-bromo-N-(2,6-

diisopropylphenyl)perylene-3,4-dicarboximide 8 (2.5 g,    

4.5 mmol), boronic ester 12 (2.5 g, 5.5 mmol), tripotassium 

phosphate (5.5 ml, 11 mmol) and Pd(PPh3)4 (260 mg, 0.225 

mmol) in DME (30 ml) were reacted at 80 °C for 3 hours to give 10 (3.3 g, 90 %) as a dark 

red solid after flash column chromatography (SiO2 / dichloromethane : petrol ether [2:1]). 
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M.p.: 120-121 °C; 
1H NMR (400 MHz, CDCl3): δ = 8.65 (d, J = 8.0 Hz, 2H, Pery-1H,6H), 8.47-8.38 (m, 4H, 

Pery-2H,5H,7H,12H), 8.02 (d, J = 8.3 Hz, 1H, Pery-8H), 7.70 (d, J = 7.8 Hz, 1H, Pery-10H), 

7.64 (t, J = 7.9 Hz, 1H, Pery-11H), 7.51 (t, J = 7.8 Hz, 1H, Ph-4H), 7.39 (d, J = 7.8 Hz, 2H, 

Ph-3H,5H), 7.25 (d, J = 5.2 Hz, 1H, Th’-5H), 7.17 (s, 1H, Th-3H), 7.01 (d, J = 5.2 Hz, 1H, 

Th’-4H), 2.92-2.80 (m, 4H, Ph-CH-(CH3)2, Th-’-CH2), 2.49 (t, J = 7.6 Hz, 2H, Th--CH2), 

1.80-1.70 (m, 2H, Th-β’-CH2), 1.66-1.55 (m, 2H, Th-β-CH2), 1.51-1.41 (m, 2H, Th-γ’-CH2), 

1.41-1.31 (m, 4H, Th-CH2-), 1.25 (d, J = 6.8 Hz, 12H, Ph-CH-(CH3)2), 1.30-1.11 (m, 6H, -

CH2-), 0.92 (t, J = 6.9 Hz, 3H, Th’-CH3), 0.81 (t, J = 6.9 Hz, 3H, Th-CH3); 
13C NMR (100 MHz, CDCl3): δ = 168.84, 145.63, 141.75, 139.59, 137.36, 137.09, 136.15, 

134.88, 133.80, 133.77, 131.88, 130.99, 130.39, 130.35, 130.25, 130.09, 129.36, 129.22, 

129.19, 128.11, 127.30, 127.15, 126.73, 123.93, 123.66, 122.97, 120.98, 120.93, 120.22, 

120.14, 31.60, 31.40, 30.63, 30.38, 29.29, 29.17, 29.10, 28.95, 28.83, 23.96, 22.55, 22.40, 

14.02, 13.91; 

MS (MALDI-TOF): m/z [M+H+] = 813; 

Elemental analysis: calcd (%) for C54H55NO2S2: C 79.66, H 6.81, N 1.72; found C 79.62, H 

6.95, N 1.76. 

 

5-([N-(2,6-Diisopropylphenyl)]-9-perylenyl-3,4-dicarboximide)-4,3’-dihexyl-5’-iodo-2,2’-

bithiophene (13): 

Following the general procedure perylenyl-bithiophene 10 

(2.85 g, 3.5 mmol), mercury caproate (1.52 mg,           

3.54 mmol) and iodine (977 mg, 3.85 mmol) in 

dichloromethane (17 ml) were reacted to give 13 (3.2 g, 

97%) as a red solid. 

M.p.: 124-125 °C; 
1H NMR (400 MHz, CDCl3): δ = 8.65 (d, J = 8.0 Hz, 2H, Pery-1H,6H), 8.47-8.38 (m, 4H, 

Pery-2H,5H,7H,12H), 7.99 (d, J = 8.3 Hz, 1H, Pery-8H), 7.70-7.62 (m, 2H, Pery-10H,11H), 

7.52 (t, J = 7.8 Hz, 1H, Ph-4H), 7.39 (d, J = 7.8 Hz, 2H, Ph-3H,5H), 7.14 (s, 1H, Th’-4H), 

7.10 (s, 1H, Th-3H), 2.90-2.80 (m, 4H, Ph-CH-(CH3)2, Th-’-CH2), 2.47 (t, J = 7.6 Hz, 2H, 

Th--CH2), 1.75-1.65 (m, 2H, Th-β’-CH2), 1.65-1.54 (m, 2H, Th-β-CH2), 1.51-1.41 (m, 2H, 

Th-γ’-CH2), 1.47-1.29 (m, 4H, -CH2-), 1.24 (d, J = 6.8 Hz, 12H, Ph-CH-(CH3)2), 1.29-1.11 

(m, 6H, -CH2-), 0.92 (t, J = 6.9 Hz, 3H, Th’-CH3), 0.80 (t, J = 6.9 Hz, 3H, Th-CH3); 
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13C NMR (100 MHz, CDCl3): δ = 162.89, 144.68, 140.90, 140.43, 138.86, 136.39, 136.10, 

135.51, 133.74, 133.61, 133.49, 132.79, 130.95, 130.02, 129.42, 129.32, 128.42, 128.39, 

128.35, 127.19, 126.73, 126.28, 125.80, 122.99, 122.01, 120.12, 120.05, 119.35, 119.27, 

70.63, 30.60, 30.44, 29.59, 29.40, 28.15, 28.13, 28.00, 27.97, 27.87, 23.02, 21.57, 21.44, 

13.06, 12.97; 

MS (MALDI-TOF): m/z [M+H+] = 939; 

Elemental analysis: calcd (%) for C54H54INO2S2: C 69.00, H 5.74, N 1.49; found C 69.15, H 

5.79, N 1.36. 

 

5-([N-(2,6-Diisopropylphenyl)]-9-perylenyl-3,4-dicarboximide)-4,3’,3’’,3’’’-tetrahexyl-

2,2’;5’,2’’;5’’,2’’’-quaterthiophene (14): 

Following the general procedure iodinated 

perylenyl-bithiophene 13 (1.4 g, 1.5 mmol), 

boronic ester 12 (800 mg, 1.7 mmol), 

tripotassium phosphate (1.7 ml, 3.4 mmol) and 

Pd(PPh3)4     (87 mg, 0.075 mmol) in DME (10 ml) were reacted at 80 °C for 3 hours to give 

14             (1.4 g, 82 %) as a black solid after flash column chromatography (SiO2 / 

dichloromethane : petrol ether [2:1]). 

M.p.: 89-90 °C; 
1H NMR (400 MHz, CDCl3): δ = 8.64 (d, J = 8.0 Hz, 2H, Pery-1H,6H), 8.49-8.42 (m, 4H, 

Pery-2H,5H,7H,12H), 8.00 (d, J = 8.3 Hz, 1H, Pery-8H), 7.68 (d, J = 7.8 Hz, 1H, Pery-10H), 

7.63 (t, J = 7.9 Hz, 1H, Pery-11H), 7.48 (t, J = 7.8 Hz, 1H, Ph-4H), 7.34 (d, J = 7.8 Hz, 2H, 

Ph-3H,5H), 7.17-7.15 (m, 2H, Th-3H, Th’’’-5H), 7.00 (s, 1H, Th’-4H), 6.96 (s, 1H, Th’’-4H), 

6.93 (d, J = 5.3 Hz, 1H, Th’’’-4H), 2.87-2.75 (m, 8H, Ph-CH-(CH3)2, Th-’-’’’-CH2), 2.45 

(t, J = 7.6 Hz, 2H, Th--CH2), 1.70-1.60 (m, 6H, Th-β’-β’’’-CH2), 1.60-1.50 (m, 2H, Th-β-

CH2), 1.50-1.22 (m, 24H, -CH2-), 1.20 (d, J = 6.8 Hz, 12H, Ph-CH-(CH3)2), 0.96-0.82 (m, 

9H, Th’-Th’’’-CH3), 0.79 (t, J = 6.9 Hz, 3H, Th-CH3); 
13C NMR (100 MHz, CDCl3): δ = 163.96, 145.74, 141.97, 139.87, 139.67, 137.54, 137.26, 

135.91, 134.95, 134.22, 134.01, 133.94, 133.91, 132.05, 131.08, 130.51, 130.39, 130.35, 

130.12, 129.41, 129.38, 128.79, 128.63, 128.28, 127.31, 127.22, 126.91, 124.02, 123.65, 

123.11, 121.14, 121.08, 120.41, 120.32, 31.71, 31.50, 30.65, 30.59, 30.52, 30.48, 29.53, 

29.48, 29.28, 29.26, 29.24, 29.18, 29.05, 28.94, 24.04, 22.65, 22.50, 14.11; 

MS (MALDI-TOF): m/z [M+H+] = 1145; 
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Elemental analysis: calcd (%) for C74H83NO2S4: C 77.51, H 7.30, N 1.22; found C 77.45, H 

7.28, N 1.00. 

 

5-([N-(2,6-Diisopropylphenyl)]-9-perylenyl-3,4-dicarboximide)-4,3’,3’’,3’’’-tetrahexyl-

5’’’-iodo-2,2’;5’,2’’;5’’,2’’’-quaterthiophene (15): 

Following the general procedure perylenyl-

quaterthiophene 14 (800 mg, 0.7 mmol), 

mercury caproate (304 mg, 0.71 mmol) and 

iodine (195 mg, 0.77 mmol) in dichloromethane 

(4 ml) were reacted to give 15 (825 mg, 93 %) as a black solid. 

M.p.: 97-98 °C; 
1H NMR (400 MHz, CDCl3): δ = 8.62 (d, J = 8.0 Hz, 2H, Pery-1H,6H), 8.45-8.35 (m, 4H, 

Pery-2H,5H,7H,12H), 7.98 (d, J = 8.4 Hz, 1H, Pery-8H), 7.66 (d, J = 7.8 Hz, 1H, Pery-10H), 

7.61 (t, J = 7.9 Hz, 1H, Pery-11H), 7.48 (t, J = 7.8 Hz, 1H, Ph-4H), 7.35 (d, J = 7.8 Hz, 2H, 

Ph-3H,5H), 7.16 (s, 1H, Th-3H), 7.05 (s, 1H, Th’-4H), 7.00 (s, 1H, Th’’-4H), 6.89 (s, 1H, 

Th’’’-4H ), 2.90-2.70 (m, 8H, Ph-CH-(CH3)2, Th-’-’’’-CH2), 2.45 (t, J = 7.6 Hz, 2H, Th--

CH2), 1.80-1.65 (m, 6H, Th-β’-β’’’-CH2), 1.65-1.50 (m, 2H, Th-β-CH2), 1.50-1.05 (m, 24H, -

CH2-), 1.21 (d, J = 6.8 Hz, 12H, Ph-CH-(CH3)2), 0.97-0.81 (m, 9H, Th’-Th’’’-CH3), 0.77 (t, J 

= 6.9 Hz, 3H, Th-CH3); 
13C NMR (100 MHz, CDCl3): δ = 163.92, 145.71, 141.97, 141.40, 139.95, 139.87, 137.43, 

137.16, 136.53, 135.81, 134.86, 134.08, 133.84, 133.61, 132.67, 131.97, 131.06, 130.92, 

130.59, 130.45, 130.35, 129.44, 129.34, 129.13, 128.78, 128.22, 127.27, 126.82, 124.01, 

123.06, 121.10, 121.04, 120.34, 120.26, 71.53, 31.68, 31.62, 31.49, 30.55, 30.48, 29.52, 

29.43, 29.28, 29.23, 29.18, 29.13, 29.05, 28.97, 28.93, 24.04, 22.64, 22.60, 22.49, 14.11, 

14.00; 

MS (MALDI-TOF): m/z [M+H+] = 1271; 

Elemental analysis: calcd (%) for C74H82INO2S4: C 69.89, H 6.49, N 1.10; found C 70.05, H 

6.52, N 0.92. 

 

 

 

 

 

IS

H13C6

S

H13C6

S

H13C6

S

H13C6

O

O

N



Chapter 3:  Linear perylenyl-oligothiophenes 
 

 

108 

5-([N-(2,6-Diisopropylphenyl)]-9-perylenyl-3,4-dicarboximide)-4,3’,3’’,3’’’,3’’’’,3’’’’’-

hexahexyl-2,2’;5’,2’’;5’’,2’’’;5’’’,2’’’’;5’’’’,2’’’’’-sexithiophene (16): 

Following the general procedure 

iodinated perylenyl-quaterthiophene 

15 (160 mg, 126 µmol), boronic ester 

12 (70 mg, 151 µmol), tripotassium 

phosphate (0.15 ml, 302 µmol) and Pd(PPh3)4 (153 mg, 13 µmol) in DME (1 ml) were reacted 

at 80 °C for 4 hours to give 16 (140 mg, 75 %) as a black solid after flash column 

chromatography (SiO2 / dichloromethane : petrol ether [2:1]). 

M.p.: 64-65 °C; 
1H NMR (400 MHz, CDCl3): δ = 8.65 (d, J = 8.0 Hz, 2H, Pery-1H,6H), 8.52-8.40 (m, 4H, 

Pery-2H,5H,7H,12H), 8.00 (d, J = 8.3 Hz, 1H, Pery-8H), 7.69 (d, J = 7.8 Hz, 1H, Pery-10H), 

7.63 (t, J = 7.9 Hz, 1H, Pery-11H), 7.48 (t, J = 7.8 Hz, 1H, Ph-4H), 7.35 (d, J = 7.8 Hz, 2H, 

Ph-3H,5H), 7.16 (m, 2H, Th-3H, Th’’’’’-5H), 7.10-6.90 (m, 5H, Th’-Th’’’’-4H ), 2.90-2.75 

(m, 12H, Ph-CH-(CH3)2, Th-’-’’’’’-CH2), 2.46 (t, J = 7.5 Hz, 2H, Th--CH2), 1.80-1.50 (m, 

24H, -CH2-), 1.50-1.10 (m, 24H, -CH2-), 1.20 (d, J = 6.8 Hz, 12H, Ph-CH-(CH3)2), 0.95-0.80 

(m, 15H, Th’-Th’’’’’-CH3), 0.78 (t, J = 6.9 Hz, 3H, Th-CH3); 
13C NMR (100 MHz, CDCl3): δ = 163.85, 145.65, 141.88, 139.85, 139.80, 139.72, 139.55, 

137.47, 137.20, 135.79, 134.85, 134.05, 133.93, 133.84, 133.80, 133.75, 131.94, 130.97, 

130.44, 130.41, 130.31, 130.29, 130.26, 129.99, 129.36, 129.32, 128.68, 128.49, 128.20, 

127.22, 127.13, 126.85, 123.95, 123.89, 123.49, 123.01, 121.07, 121.01, 120.34, 120.26, 

31.59, 31.57, 31.37, 30.53, 30.46, 30.40, 30.35, 29.42, 29.38, 29.20, 29.16, 29.13, 29.11, 

29.06, 28.81, 23.91, 22.53, 22.49, 22.37, 13.99, 13.97, 12.67; 

MS (MALDI-TOF): m/z [M+H+] = 1478; 

Elemental analysis: calcd (%) for C94H111NO2S6: C 76.32, H 7.65, N 0.95; found C 76.36, H 

7.70, N 0.90. 

 

5-([N-(2,6-Diisopropylphenyl)]-9-perylenyl-3,4-dicarboximide)-4,3’,3’’,3’’’,3’’’’,3’’’’’-

hexahexyl-5’’’’’-iodo 2,2’;5’,2’’;5’’,2’’’;5’’’,2’’’’;5’’’’,2’’’’’-sexithiophene (17): 

Following the general procedure 

perylenyl-sexithiophen 16 (210 mg, 

0.14 mmol), mercury caproate       

(62 mg, 0.14 mmol) and iodine     
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(40 mg, 0.16 mmol) in dichloromethane (5 ml) were reacted to give 17 (210 mg, 94 %) as a 

black solid. 

M.p.: 76-77 °C; 
1H NMR (400 MHz, CDCl3): δ = 8.65 (d, J = 8.0 Hz, 2H, Pery-1H,6H), 8.52-8.40 (m, 4H, 

Pery-2H,5H,7H,12H), 8.00 (d, J = 8.3 Hz, 1H, Pery-8H), 7.69 (d, J = 7.8 Hz, 1H, Pery-10H), 

7.63 (t, J = 7.9 Hz, 1H, Pery-11H), 7.48 (t, J = 7.8 Hz, 1H, Ph-4H), 7.35 (d, J = 7.8 Hz, 2H, 

Ph-3H,5H), 7.16 (s, 1H, Th-3H), 7.06 (s, 1H, Th’-4H), 7.02 (s, 1H, Th’’-4H), 6.99 (s, 1H, 

Th’’’-4H), 6.96 (s, 1H, Th-4’’’’H), 6.88 (s, 1H, Th’’’’’-4H), 2.90-2.75 (m, 12H, Ph-CH-

(CH3)2, Th-’-’’’’’-CH2), 2.46 (t, J = 7.5 Hz, 2H, Th--CH2), 1.80-1.50 (m, 24H, -CH2-), 

1.50-1.10 (m, 24H, -CH2-), 1.20 (d, J = 6.8 Hz, 12H, Ph-CH-(CH3)2), 0.95-0.80 (m, 15H, Th’-

Th’’’’’-CH3), 0.78 (t, J = 6.9 Hz, 3H, Th-CH3); 
13C NMR (100 MHz, CDCl3): δ = 163.66, 145.45, 141.12, 139.66, 139.53, 137.26, 136.99, 

136.27, 135.57, 134.64, 133.75, 133.63, 133.56, 133.45, 133.22, 132.33, 131.74, 130.78, 

130.68, 130.34, 130.24, 130.09, 129.12, 128.86, 128.47, 128.36, 128.00, 127.01, 126.94, 

126.64, 123.75, 123.70, 122.81, 120.87, 120.80, 120.14, 120.05, 71.15, 31.39, 31.31, 31.18, 

30.25, 30.19, 30.16, 29.22, 29.18, 29.09, 28.95, 28.90, 28.86, 28.81, 28.73, 28.65, 28.61, 

23.71, 22.33, 22.28, 22.17, 13.79, 13.70; 

MS (MALDI-TOF): m/z [M+H+] = 1604; 

Elemental analysis: calcd (%) for C94H110INO2S6: C 70.34, H 6.91, N 0.87; found C 70.50, H 

6.79, N 0.92, 

 

5-([N-(2,6-Diisopropylphenyl)]-9-perylenyl-3,4-dicarboximide)-4,3’,3’’,3’’’,3’’’’,3’’’’’ 

,3’’’’’’,3’’’’’’’-octahexyl-2,2’;5’,2’’;5’’,2’’’;5’’’,2’’’’;5’’’’,2’’’’’;5’’’’’,2’’’’’’;5’’’’’’, 

2’’’’’’’-octithiophene (18):  

Following the general 

procedure iodinated peryl-

enyl-sexithiophene 17    

(25 mg, 16 µmol), boronic 

ester 15 (9 mg, 19 µmol), tripotassium phosphate (19 µl, 38 µmol) and Pd(PPh3)4 (2 mg,     

1.6 µmol) in DME (0.5 ml) were reacted at 60 °C for 4 hours to give 18 (20 mg, 70 %) as a 

black solid after flash column chromatography (SiO2 / dichloromethane : petrol ether [2:1]). 

M.p.: 66-67 °C; 
1H NMR (400 MHz, CDCl3): δ = 8.70 (d, J = 8.0 Hz, 2H, Pery-1H,6H), 8.56-8.50 (m, 4H, 

Pery-2H,5H,7H,12H), 8.04 (d, J = 8.4 Hz, 1H, Pery-8H), 7.75-7.65 (m, 2H, Pery-10H,11H), 
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7.51 (t, J = 7.8 Hz, 1H, Ph-4H), 7.37 (d, J = 7.7 Hz, 2H, Ph-3H,5H), 7.20-7.15 (m, 2H, Th-

3H, Th-5’’’’’’’H), 7.12-6.95 (m, 7H, Th’-Th-’’’’’’’4H), 2.90-2.75 (m, 16H, Ph-CH-(CH3)2, 

Th-’-’’’’’’’-CH2), 2.48 (t, J = 7.5 Hz, 2H, Th--CH2), 1.80-1.55 (m, 16H, -CH2-), 1.55-1.10 

(m, 48H, -CH2-), 1.22 (d, J = 6.8 Hz, 12H, Ph-CH-(CH3)2), 0.97-0.85 (m, 21H, Th’-Th’’’’’’’-

CH3), 0.81 (t, J = 6.9 Hz, 3H, Th-CH3); 
13C NMR (100 MHz, CDCl3): δ = 161.79, 143.59, 139.82, 137.79, 137.76, 137.65, 137.48, 

135.41, 135.14, 133.73, 132.79, 131.88, 131.79, 131.74, 131.65, 129.90, 129.88, 128.92, 

128.38, 128.26, 128.23, 127.92, 127.34, 127.30, 127.27, 126.62, 126.43, 126.15, 125.15, 

125.07, 124.79, 121.89, 121.83, 121.43, 120.95, 119.02, 118.96, 118.28, 118.20, 29.53, 29.32, 

28.47, 28.41, 28.33, 28.29, 27.36, 27.31, 27.14, 27.09, 27.05, 27.00, 26.87, 26.75, 21.85, 

20.48, 20.47, 20.43, 20.31, 11.93, 11.81; 

MS (MALDI-TOF): m/z [M+H+] = 1810; 

Elemental analysis: calcd (%) for C144H139NO2S8: C 75.57, H 7.73, N 0.77; found C 75.65, H 

7.79, N 0.85. 
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Abstract 
 
A series of novel acceptor-donor-acceptor triad systems, consisting of head-to-tail coupled 

oligo(3-hexylthiophene)s sandwiched between two terminal perylenemonoimides is described 

in this chapter. These hybrid molecules, which differ by the length of the oligothiophene units 

from a quaterthiophene up to a dodecithiophene were prepared via an effective palladium-

catalyzed Ullmann-type homo-coupling reaction in good yields. The optical and 

electrochemical properties of these compounds were determined. Based on this series 

structure-property relationships have been established which give vital information for the 

fabrication of the corresponding photovoltaic devices. 
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4.1  Introduction 

 
The synthesis and photophysical properties of various oligo- and polyfluorenes end-

capped with perylene monoimides have been reported by Müllen et. al.[1-2] The corresponding  

terfluorene PF1[1] (Figure 1) shows an intramolecular energy transfer upon excitation between 

the fluorene and the perylene moieties and between the perylene subunits themselves in 

solution.[2] 

Yamamoto-type polymerization of dibromofluorene and monobrominated 

perylenemonoimide resulted in the formation of PF2.[2] This polymer, exhibiting an average 

molecular mass of 21000 g/mol and a polydispersity of 2.1, was about 40 % double 

endcapped with two perylene monoimides while the remainder had only one perylene 

chromophore. Although no energy transfer upon excitation of the donor polyfluorene to the 

terminal electron-accepting perylenes has been observed in solution, it was almost 

quantitative in the solid state. 
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Figure 1:  Chemical structures of linear perylenyl end-capped oligo- and polyfluorenes PF1, PF2, and PF3. 
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The photophysical properties of a perylenyl end-capped polyindenofluorene PF3 

comprising an actual length of the donor moiety in the range of 13-29 repeating units, have 

been studied in solution and in the solid state. While in solution energy transfer from the 

polymer backbone to the perylene monoimide is in competition with radiative and non-

radiative decay, in the solid state, luminescence most likely occurs by interchain energy 

transfer from the polymer to the end caps.[3,4] 

 

Similar thiophene-based acceptor-donor-acceptor systems can be obtaiend by an efficient 

homo-coupling of the iodinated perylenyl-oligothiophenes 1, 3, and 5.[5] These novel end-

capped bis-perylenyl-oligothiophenes should provide high absorptivity in the visible region 

due to the attached perylene dyes. Additionally, the extended oligothiophene π-system should 

facilitate photoinduced electron transfer, making these materials in particular suitable for 

electronic and photovoltaic applications. 

 The synthesis, as well as the optical and electrochemical properties, of these novel 

endcapped bis-perylenyl-oligothiophenes 2, 4, and 6 (Figure 2) are disclosed in this chapter. 
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Figure 2:  Chemical structures of the linear bis-perylenyl-oligothiophenes 2, 4, and 6. 
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4.2  Synthesis 

 
The synthesis of the dimeric bis-perylenyl-oligothiophenes 2, 4, and 6 was derived from 

the route to iodinated perylenyl-oligothiophenes 1, 3, and 5.[5] In order to obtain dimers 2, 4, 

and 6 in excellent yields the reaction conditions were optimized for the smallest representative 

of this series bis-perylenyl-quaterthiophene 2 (Scheme 1). In this approach different homo-

coupling methods were applied to iodinated perylenyl-bithiophene 1 and the isolated yield of 

the dimerized coupling product 2 was determined after each run (Table 1). Once the most 

promising procedure has been elaborated the optimized reaction conditions were transferred 

to the homo-coupling of the higher homologues 4 and 6. 
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Scheme 1: Synthesis of bis-perylenyl-quaterthiophene 2. 

 

 

Although it has been demonstrated that homo-coupling based on nickel-catalysis is 

applicable for various systems and result in good to excellent yields,[6-11] for the dimerization 

of 1 this type of coupling reaction turned out to be not very effective because it was not 

possible to push the yield of the isolated product 2 beyond 10 %. While the reaction utilizing 

Ni(dppp)Cl2 and zinc as the coupling reagent yielded no coupling product (Entry 1), the 

change to the system based on a in situ preparation of Ni(PPh3)4 only marginally increased the 

isolated yield to 10 % (Entry 2). Even the effective Yamamoto-type cross-coupling did not 

lead to any better result (Entry 3). 

 

 



Chapter 4:  Dimeric perylenyl-oligothiophenes 
 

 

118 

However, it turned out that catalytic Ullmann-reactions based on palladium-catalysis are 

superior to nickel-catalyzed reactions for the dimerization of iodinated perylenyl-

quaterthiophene 1, resulting in good to excellent yields. Even a simple oxidative coupling 

using palladium on charcoal in the presence of oxygen[12] increased the isolated yield of dimer 

2 to 25 % (Entry 4). 
 

Table 1: Optimization of the dimerization reaction, yielding the bis-perylenyl-quaterthiophene 2 

 

 

A more sophisticated method, including a mechanism depicted in Scheme 2, has been 

published by Rawal et al.[13] This reaction is based on a catalytic system using a 1:1 ratio of 

palladium(II)acetate as the palladium source and tri(o-tolyl)phosphine as the ligand. In the 

beginning step of the catalytic cycle (step A) the palladium(II)-species is reduced by 

hydroquinone (HQ) to the active palladium(0)-species, which subsequently undergoes an 

oxidative addition with an aryl halide (step B). Under the basic conditions the palladium-

bound halogen is replaced via nucleophilic substitution by another hydroquinone (step C), 

which in turn is oxidized to quinone (Q). The resulting negatively charged palladium(0) 

complex attacks another aryl halide (step D) prior to the reductive elimination (step E) by 

which the palladium center is reduced to a palladium(0)-species upon liberation of the homo-

coupling product.  

 

Entry Reagents Conditions Yield 

1 50 mol-% Ni(dppp)Cl2 / Zn DMF / 100 °C / 24h 0 %  

2 1 Eq NiCl2 / 8 Eq PPh3 / 3 Eq bipy / Zn DMF / 80 °C / 24 h 10 % 

3 1 Eq NiCl2 / 4 Eq COD / 3 Eq bipy / Zn DMF / 80 °C / 24 h 10 % 

4 10 mol-% Pd/C / 1.5 Eq NEt3 / O2 / THF DMF / 80 °C / 24  h 25 % 

5 5 mol-% Pd(OAc)2 / 5 mol-% P(o-tol)3 / 
50 mol-% hydroquinone / 1 Eq CsCO3 

DMA / 80 °C / 24 h 60 % 

6 5 mol-% Pd(OAc)2 / 5 mol-% P(t-Bu)3 / 
50 mol-% hydroquinone / 1 Eq CsCO3 

DMA / 80 °C / 24 h 76 % 
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Scheme 2: Catalytic cycle of the hydroquinone-mediated, palladium-based, homo-coupling method. 

 

 

Utilizing this method it was possible to dimerize the iodinated perylenyl-bithiophene 1 to 

the corresponding homo-coupling product 2 in 60 % yield (Entry 5). An improvement of this 

method was achieved by the substitution of the tri(o-tolyl)phosphine ligand by tri(t-

butyl)phosphine which is known to increase the efficiency of various palladium-catalyzed 

reactions.[14-18] Following this optimized procedure, dimeric bis-perylenyl-quaterthiophene 2 

has been obtained in 76 % (Scheme 1) after column chromatography (Entry 6). 
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With the optimized reaction condition (Entry 6) iodinated perylenyl-quaterthiophene 3 

could be dimerized in 79 % yield to the corresponding bis-perylenyl-octithiophene 4 after 

chromatographic work-up (Scheme 3). 
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Scheme 3: Synthesis of bis-perylenyl-octithiophene 4. 

 

 

The longest representative of this series bis-perylenyl-dodecithiophene 6 was accessible in   

68 % yield after column chromatography by applying the optimized dimerization conditions 

to iodinated perylenyl-sexithiophene 5 (Scheme 4). The slightly lower yield with respect to 

the homo-coupling reactions of the smaller homologues 2 and 4 might be due to partial 

deiodination of the starting material 5 at the elevated temperature of 80 °C. 

 
 

 
Scheme 4: Synthesis of bis-perylenyl-dodecithiophene 6. 
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4.3  Physical properties 

 
4.3.1  UV-Vis spectroscopy 

 
Absorption spectra of the bis-perylenyl-oligothiophenes 2, 4, and 6 were measured in 

chloroform (c = 5·10-5 mol/l) and are depicted in Figure 3. The absorption maxima and 

extinction coefficients of the perylene and oligothiophene moieties as well as the optical band 

gaps are given in Table 2. The optical band gaps were determined from the onset of the 

longest wavelength absorption band. 
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Figure 3: UV-Vis spectra of the bis-perylenyl-oligothiophenes 2, 4, and 6 in comparison with (PDCI)2 in 

chloroform. 
 

 

The dimer of N-(2,6-diisopropylphenyl)-perylene-3,4-dicarboximide (PDCI2)[19] was 

taken as a reference. It shows an intense and structured π-π* transition band in the region of 

460 to 570 nm with a maximum absorption at 529 nm and a shoulder at 501 nm, reflecting a 

rather planar and stiff aromatic system (Figure 3). The insertion of oligothiophene units 

between the parent perylene units significantly changes the shape of the perylene band. 

Although a marginal blue-shift by 6-14 nm of the longest wavelength absorption is observed, 

an increased tendency to a tailing at the low energy side of the band with growing 

oligothiophene chain length is clearly visible. In the same manner, the optical band is gradual-
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ly diminished on going from (PDCI)2 (2.18 eV) to quaterthiophene 2 (2.12 eV) and to 

octithiophene 4 (2.11 eV) and dodecithiophene 6 (2.11 eV), respectively. 

The bis-perylenyl-oligothiophenes 2, 4, and 6 show high absorptivities below 450 nm 

which can be attributed to the absorption of the oligothiophene moieties. It has to be 

considered that the donor units of 2, 4, and 6 are not perfect copies of the comparable non-

functionalized head-to-tail coupled oligo(3-hexylthiophene)s (HT-O3HTs), because in the 

hybrid systems the oligothiophene moieties are not fully head-to-tail coupled. Nevertheless, 

their electronic properties should be very similar due to lacking steric interactions between 

adjacent thiophene units. Accordingly, a comparison to the related HT-O3HTs is worthwhile. 

 Although no distinct donor absorption maxima are observed they can be extracted by 

deconvolution of the corresponding absorption spectra. The corresponding absorption maxima 

are calculated to 380 nm for quaterthiophene 2, 428 nm for octithiophene 4 and 434 nm for 

dodecithiophene 6, revealing the same trend observed for the parent HT-O3HTs as the 

absorption becomes red-shifted with increasing length of the oligothiophene subunits.[20] The 

absorption maxima and the corresponding extinction coefficients are in good agreement with 

those of the non-functionalized HT-O3HTs, indicating that the donor and the acceptor 

moieties are rather electronically decoupled and the electronic influence of terminal, electron-

withdrawing perylenes on the oligothiophenes diminishes with increasing chain length. 

 
Table 2:  Optical properties of the bis-perylenyl-oligothiophenes 2, 4, and 6 in comparison with (PDCI)2 in 

chloroform 

[a] Determined by deconvolution. P denotes perylene subunit, OT oligothiophene.  – [b] c = 5⋅10-5 mol/l. – [c] 
Determined from the onset of the absorption at the lower energy band edge. – [c] Shoulder. – [d] For comparison 
in parentheses values for the comparable non-functionalized tetrahexyl-quaterthiophene, [e] octahexyl-
octithiophene, [f] dodecahexyl-dodecithiophene.[20] 
 
 

For solid-state absorption spectra of the dimeric bis-perylenyl-oligothiophenes 2, 4, and 6 

thin films were spin-coated onto glass substrates from the corresponding toluene solutions 

(c=20 mg/ml). The absorption maxima of both, the perylene and oligothiophene moieties, as 

well as the optical band gaps are given in Table 3.  

Compound λabs
max

 (OT) 
 [nm] [a] 

ε 
[mol⋅l-1⋅cm-1] [b] 

λabs
max

  (P) 
[nm] [b] 

ε 
[mol⋅l-1⋅cm-1] [b] 

ΔEopt 
[eV] [c] 

(PDCI)2   529 (501)[c] 86000 2.18 

2 380 
(371)[d] 

21600 
(22800)[d] 523 (502)[c] 84900 2.12 

4 428 
(422)[e] 

55400 
(52300)[e] 517 (498)[c] 92600 2.11 

6 434 
(436)[f] 

83200 
(83100)[f] 492 (515)[c] 107300 2.11 
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Figure 4: Solid-state UV-Vis spectra of the bis-perylenyl-oligothiophenes 2, 4, and 6 in comparison with 

(PDCI)2, normalized with respect to the maximum perylene absorption 
 
 

The absorption spectra of (PDCI)2, 2, 4, and 6 in the solid state show the same trends 

compared to the solution spectra; however, in general a broadening and a red-shift of the 

bands are visible, leading to smaller band gaps by 0.10 eV (Figure 4). In contrast to the linear 

perylenyl-oligothiophenes only a marginal displacement of a few nm is observed for the ab-

sorption band of the longest wavelength absorption in comparison with solution spectra with 

respect to a significantly stronger displacement observed for the oligothiophene absorption 

maxima. This displacement decreases with the elongation of the oligothiophene chain length                     

(Δλ = 68 - 47 nm). 

With respect to photovoltaic applications, the absorption behaviour of the longer members 

4 and 6 in the series cover a broad range of the visible spectrum between 400 and 650 nm 

with high optical densities. 

 
Table 3:  Optical properties of the bis-perylenyl-oligothiophenes 2, 4, and 6 in comparison with (PDCI)2 in the 

solid state 

[a] Determined by deconvolution. P denotes perylene subunit, OT oligothiophene.  – [b] Determined from the 
onset of the absorption at the lower energy band edge. – [c] Shoulder. 

Compound λabs
max

 (OT) [nm] [a] λabs
max

 (P) [nm] ΔEopt. [eV] [b] 

(PDCI)2    540 (506)[c] 2.05 

2 448 525 (497)[c] 2.01 

4 477 494 (518)[c] 2.01 

6 481 496 (519)[c] 2.01 
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4.3.2  Fluorescence spectroscopy 
 
 

Corrected emission spectra of the bis-perylenyl-oligothiophenes 2, 4, and 6 were 

measured in chloroform. The absolute emission maxima, quantum yields and Stokes shifts are 

given in Table 4. (PDCI)2, chosen as the reference compound, exhibits an intense and broad 

fluorescence (Φ = 0.81) with a maximum emission at 598 nm and a shoulder at 644 nm 

(Figure 5). This is in contrast to the dimeric bis-perylenyl-oligothiophenes 2, 4, and 6 which 

exhibit very weak and less structured broad emission bands. Almost irrespective of the 

oligothiophene chain length the fluorescence quantum yields are extremely small with values 

of 2 % for quaterthiophene 2 and less than 1 % for the higher homologues 4 and 6. While 

quaterthiophene 2 exhibits the most red-shifted emission maximum (λem
max = 671 nm), the 

emission maxima are progressively blue-shifted with increasing length of the oligothiophene 

chain (4: λem
max = 610 nm, 6: λem

max = 593 nm). 
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Figure 5: Emission spectra of the bis-perylenyl-oligothiophenes 2, 4, and 6 in comparison with (PDCI)2 in 

chloroform. 
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A similar effect is observed for the linear perylenyl-oligothiophenes[5] where an almost 

complete fluorescence quenching is evident for perylenes covalently linked to a 

quaterthiophene or longer donor moieties. On the other hand, the series of pristine, non-

functionalized (HT-O3HT)s[20] show structured emission, whose fluorescence quantum yields 

increase with the enlargement of the conjugated backbone.[21] These results obtained for the 

hybrid systems are in accordance with an expected photoinduced charge transfer from the 

oligothiophene donor to the perylene acceptor.[22] 

The Stokes shift measured as the difference between the absorption and the 

corresponding emission maxima is relatively small for (PDCI)2 (2200 cm-1). The values 

determined for the bis-perylenyl-oligothiophenes 2, 4, and 6 are in the range of 3000 to    

4200 cm-1, indicating larger structural differences between the ground and the corresponding 

excited states. Hence, the large Stokes-shifts are a consequence of a photoinduced charge 

transfer within these hybrid systems. 

 

 
Table 4:  Emission properties of the bis-perylenyl-oligothiophenes 2, 4, and 6 in comparison with (PDCI)2 in 

chloroform 

[a] Excitation wavelength λex = 480 nm. – [b] Quantum yields determined with respect to N-(2,6-
diisopropylphenyl)perylene-3,4-dicarboximide (PDCI).[23] – [c] Stokes shifts measured as λem

max-λabs
max. – [d] 

Shoulder. – [e] For comparison in parentheses values for the comparable non-functionalized tetrahexyl-
quaterthiophene, [f] octahexyl-octithiophene, [g] dodecahexyl-dodecithiophene.[20] 
  

Compound λem
max [nm] [a] Φ [%] [b] Stokes shift [cm-1 (eV)] [c] 

(PDCI)2 598 (644)[d] 81 2181 (0.27) 

2 671 
(494)[e] 

2 
(13)[e] 

4217 (0.52) 
(5723 (0.71))[e] 

4 610 
(560)[f] 

< 1 
(31)[f] 

2949 (0.37) 
(5840 (0.72))[f] 

6 593 
(579)[g] 

< 1 
(38)[g] 

3462 (0.43) 
(5665 (0.70))[g] 
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4.3.3  Cyclic voltammetry 

 
Oxidation and reduction potentials of the bis-perylenyl-oligothiophenes 2, 4, and 6 were 

measured by cyclic voltammetry in dichloromethane using tetrabutylammonium hexafluoro-

phosphate as the supporting salt and are referenced to the internal standard ferroce-

ne/ferricenium (Fc/Fc+) (Figure 6). To facilitate the assignment of the individual redox waves 

(PDCI)2 and the comparable non-functionalized HT-O3HTs[20] are utilized as reference 

compounds. The redox potentials and the electrochemically determined band gaps ΔECV, 

measured as the potential difference between the onset of the first oxidation and the first 

reduction wave, respectively, are given in Table 5. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
Figure 6:  Cyclic voltammograms of the bis-perylenyl-oligothiophenes 2, 4, and 6 in comparison with (PDCI)2 

in dichloromethane/nBu4NPF6 (0.1 M) vs. Fc/Fc+ at 100 mV/s. 
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The reference (PDCI)2 exhibits three reversible reductions (E°red1 = -1.46 V,                

E°red2 = -1.95 V, E°red3 = -2.12 V), as well as two reversible oxidation waves at E°ox1 = 0.89 V 

and at E°ox2 = 1.06 V, respectively. While the first reduction occurs simultaneously for both 

perylene subunits and two electrons are transferred, respectively, the cyclic voltammogram 

clearly reveals a mutual influence of the perylene moieties in the case of the oxidation and the 

second reduction due to two separated single redox processes observed. The nature of the 

two-electron process of the first reduction is a consequence of the extended π-system. The two 

electrons can be transferred onto the perylene dimer (PDCI)2 at the same time, because they 

reside mainly on the electron-withdrawing imide oxygens at both ends of the molecule. 

Therefore, the distance between the two electrons is maximal and any Coulombic repulsion 

can be neglected. Similar results have been obtained for terrylene and quaterrylene bisimides 

in aprotic solvents, where the first reduction is also observed as a two-electron process, while 

in the case of the smaller perylene bisimde the first reduction process is split up into two 

separate one electron transfers.[13] For the second reduction of the dimer (PDCI)2, the third 

electron will be transferred onto one of the perylene moities, where it should be localized 

more over the aromatic ring system rather than at the imide group. Consequently, Coulombic 

repulsion will occur when the fourth electron is added to the neighbouring perylene subunit, 

impeding this reduction process and hence, let it occur at a more negative potential. Similar to 

the second reduction, the radical cation which is formed upon the first oxidation is delocalized 

over the complete aromatic systems. The direct interaction with the next cation, being 

transferred onto the adjacent perylene system aggravates the second oxidation process which 

in turn is shifted to a more positive potential. 

The bis-perylene-oligothiophenes 2, 4, and 6 exhibit two reversible reductions at        

E°red1 = -1.45 V and at E°red2 = -1.90 V, respectively, which can be allocated to the formation 

of stable radical anions and dianions. The generation of these radical anions occurs 

simultaneously for the two terminal perylene subunits and is independent of the chain length 

of the inserted oligothiophene moities. The high currents observed during the first and second 

reduction can be attributed to two-electron processes, respectively. However, in the positive 

regime two different single electron perylene oxidations waves are evident, giving rise to a 

communication between the terminal perylene subunits via the oligothiophene donor part. The 

first perylene oxidation of the bis-perylene-oligothiophenes 2, 4, and 6 is impeded with 

respect to pristine perylene monoimide (E°ox1(PDCI) = 0.95 V),[5]
 due to the electron-

withdrawing capabilities of the attached oligothiophene moieties which are oxidized prior to 

the corresponding perylene units. In the case of bis-perylene-oligothiophene 2, the donor 
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moiety is oxidized to a dication prior to the first oxidation of the terminal perylene moieties. 

As a consequence, the electron deficient dication withdraws electron density from the 

neighbouring perylene subunits which in turn also become less electron rich. In this respect, 

the relatively short π-system of quaterthiophene 2, bearing a radical dication has a weaker 

influence than the tetracation delocalized over the larger conjugated system in octithiophene 4 

as the perylene oxidation of 4 (E°ox1 = 1.13 V) is impeded over the oxidation of the perylene 

moiety in 2 (E°ox1 = 1.08 V). However, this effect becomes reversed by going to the longest 

homologue 6 as the corresponding perylene oxidation is facilitated (E°ox1 = 0.96 V). 

Accordingly, the trication, being delocalized over a dodecithiophene in 6 is less electron-

withdrawing than the tetracationic octithiophene of 4. 

For the smaller bis-perylenyl-oligothiophenes 2 and 4, two separate perylene oxidations 

are observed as in the case of the (PDCI)2 oxidation. This leads to the assumption that the first 

oxidized perylene unit is electronically coupled via the oligothiophene entity with the other 

perylene acceptor at the opposite end of the system. Accordingly, the oxidation process of the 

second perylene is significantly aggravated (ΔE°ox > 150 mV). This electronic 

interdependence between the donor and acceptor subunits is based on the n-p-n-type structure 

and not observable in the reductive region. In this respect, the resulting electrochemical 

behaviour makes them perform as molecular diodes. However, in the case of bis-perylenyl-

dodecithiophene 6 the perylene oxidation is observed as a two-electron process, implying that 

the oligothiophene chain has be become to long to mediate the mutual electronic influence  

between the terminal perylenes.  

 
Table 5:  Electrochemical properties of the bis-perylenyl-oligothiophenes 2, 4, and 6 in comparison with 

(PDCI)2 

Com-
pound 

E°red2 
(P) 

[V] [a] 

E°red1 
(P) 

[V] [a] 

E°ox1 

 (P) 
[V] [a] 

E°ox2 

 (P) 
[V] [a] 

E°ox1  
(OT) 

[V] [a] 

E°ox2 

 (OT) 
[V] [a] 

E°ox3 
(OT) 
[V] [a] 

E°ox4 
(OT) 
[V] [a] 

ΔECV
 

[V] [b]

(PDCI)2 
-1.95 
-2.12[d] -1.46[c] 0.89 1.06     2.11 

2 -1.89[c] -1.44[c] 1.08 1.24 0.43 
(0.43)[e] 

0.68 
(0.85)[e] 

 
  1.70 

4 -1.90[c] -1.45[c] 1.13 1.28 0.29 
(0.25)[f] 

0.40 
(0.34)[f] 

0.74 
(0.79)[f] 

0.88 
(0.98)[f] 1.57 

6 -1.90[c] -1.45[c] 0.96[c]  0.24 
(0.19)[g] 

0.30 
(0.27)[g] 

0.50 
(0.60)[g] 

1.16 
(1.01)[g] 1.51 

[a] In dichloromethane/nBu4NPF6 (0.1 M) vs. Fc/Fc+ at 100 mV/s. P denotes perylene subunit, OT 
oligothiophene. – [b] Determined by ΔECV = E’ox1 – E’red1 (E’ is the potential at which the redox process starts). – 
[c] Two-electron process. – [d] Third reduction potential. – [e] For comparison in parentheses values for the 
comparable non-functionalized tetrahexyl-quaterthiophene, [f] octahexyl-octithiophene, [g] dodecahexyl-
dodecithiophene.[20] 
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The oxidation potentials of the oligothiophene moieties of the hybrid molecules 2, 4, and 

6 are in good agreement with those of the non-functionalized oligo(3-hexylthiophene)s,[10] 

giving rise to almost electronically decoupled donor-acceptor systems. However, the first and 

second oligothiophene oxidations are slightly shifted to more positive potentials in general as 

a consequence of the negative inductive effect of the terminal perylene monoimides, 

withdrawing electron density from the donor moieties to some extend. 

With increasing length of the oligothiophene chain, the first oxidation potential of the 

donor moiety is gradually shifted to more negative potentials from bis-perylenyl-

quaterthiophene 2 (E°ox1 = 0.43 V) to bis-perylenyl-dodecithiophene 6 (E°ox1 = 0.24 V). This 

progressive shift is accompanied by an increasing number of redox processes, from four in the 

case of 2 to a final number of six in the case of 6. In this respect, the first oxidation potential 

of the oligothiophene units in the bis-perylenyl-oligothiophenes 2, 4, and 6 is plotted versus 

the inverse of the chain length of the corresponding oligothiophene units (1/nT) (Figure 7), 

resulting in a linear relationship. In comparison with the same regression of the oligo(3-

hexylthiophene)s it is evident that the slope is less steep, indicating a contribution of the 

perylene units to the electronic properties of the oligothiophene moieties. Although the 

electronic properties can be extrapolated to an infinite chain length, they will not reflect those 

of the corresponding real chains. This is due to that fact, that typically a saturation of the 

properties is observed for oligothiophene chains longer than 10 repeating units and 

consequently a significant deviation from the linear relation result in higher values.[20] 
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Figure 7:  First oxidation potentials vs. the inverse chain length of the bis-perylenyl-oligothiophenes 2, 4, and 6 

([—■—]) in comparison with the comparable oligo(3-hexylthiophene)s ([⋅⋅⋅⋅ο⋅⋅⋅⋅]).[20] 



Chapter 4:  Dimeric perylenyl-oligothiophenes 
 

 

130 

The electronic properties, which have been calculated for an infinite chain length are only 

rough estimates and do not reflect those of the corresponding real chains. Typically, a 

saturation of the properties is observed for oligothiophene chains longer than 10 repeating 

units.[33] 

The band gaps ΔECV were determined from the cyclic voltammograms by taking the 

difference between the onset of the first oxidation and reduction processes, respectively 

(Table 5). The band gap gradually becomes smaller when going from the reference compound 

(PDCI)2 (2.11 eV) to the bis-perylenyl-dodecithiophene 6 (1.51 eV) reflecting the decreasing 

oxidation potential of the oligothiophene subunits. While the optically determined band gap 

(ΔEopt) always represents the electronic properties of the perylene units of the bis-perylenyl-

oligothiophenes 2, 4, and 6 the electrochemically determined band gap (ΔECV) reflects the 

difference between the onset of the oligothiophene oxidation and the perylene reduction, 

respectively. As a consequence of the strong deviation between ΔECV and ΔEopt an almost 

perfectly, electronically separated donor-acceptor system has to be assumed, as it has been 

concluded for the parent linear perylenyl-oligothiophenes. 
 

MO-energies: MO-energy diagrams are very helpful for the construction and 

understanding of organic devices in which the fundamental processes are decisively 

determined by charged states and their corresponding energy level in the active, organic 

layer.[25] In order to calculate the absolute energies of the HOMO and LUMO levels of the 

bis-perylene-oligothiophenes 2, 4, and 6 with respect to the vacuum level, the redox data are 

standardized to the ferrocene/ferricenium couple which has a calculated absolute energy of     

-4.8 eV.[26] The band gap energies result from the energy difference between the HOMO and 

the LUMO level. The MO energy levels as well as the band gap energies are listed in Table 6 

and a corresponding energy level diagram is depicted in Figure 8. It can be seen, that the 

HOMO-LUMO band gap decreases with increasing chain length of the oligothiophene unit 

which is due to the gradual decrease of the HOMO energy level with respect to a constant 

LUMO level. 
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Table 6: MO energies vs. vacuum level of the bis-perylenyl-oligothiophenes 2, 4, and 6 in comparison with 
(PDCI)2 

Com-
pound 

LUMO -1 
[eV][a]

 

LUMO 
[eV][a] 

HOMO 
[eV][a] 

HOMO -1
[eV][a] 

HOMO -2
[eV][a] 

HOMO -3
[eV][a] 

HOMO -4 
[eV][a] 

HOMO -5 
[eV][a] 

Band gap 
[eV][b] 

(PDCI)2 -2.85 -3.34 -5.69 -5.86     2.35 

2 -2.91 -3.36 -5.23 -5.48 -5.88 -6.04   1.87 

4 -2.90 -3.35 -5.09 -5.20 -5.54 -5.68 -5.93 -6.08 1.74 

6 -2.90 -3.35 -5.04 -5.10 -5.30 -5.76 -5.96  1.69 
[a] Related to the Fc/Fc+-couple with a calculated absolute energy of -4.8 eV.[26] – [b] Band gap calculated to 
Δ=ELUMO-EHOMO. 
 

 

 
In the energy diagram the bis-perylenyl-oligothiophenes 2, 4, and 6 are related to the 

electrode work functions commonly used for the fabrication of standard photovoltaic devices. 

The work function of a PEDOT covered ITO electrode lies higher in energy with respect to 

the HOMOs of the donor-acceptor materials, allowing the holes to be easily injected from the 

cathode into the photoactive layer. On the other side, the LUMOs of these hybrid systems are 

higher in energy with respect to both the LUMO of PCBM and the work function of 

aluminium, making the hybrid materials suitable for manufacturing single-layer or fullerene 

bulk-heterojunction photovoltaic devices. 
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Figure 8:  MO scheme of the bis-perylenyl-oligothiophenes 2, 4, and 6 in comparison with (PDCI)2. PCBM 
and work-functions of ITO as well as aluminium, which are commonly used for the fabrication of 
organic solar cells, are also given. 
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4.4  Experimental section 

 
4.4.1  General procedures 

 
1H NMR spectra were recorded in CDCl3 on a Bruker AMX 400 at 400 MHz. 13C NMR 

spectra were recorded in CDCl3 on a Bruker AMX 400 at 100 MHz. Chemical shifts are 

denoted in δ unit (ppm), and were referenced to internal tetramethylsilane (0.0 ppm). The 

splitting patterns are designated as follows: s (singlet), d (doublet), t (triplet), and                   

m (multiplet) and the assignments are Pery (perylene), Ph (phenyl), and Th (thiophene) for    
1H NMR. Mass spectra were recorded with a Varian Saturn 2000 GC-MS and with a MALDI-

TOF MS Bruker Reflex 2 (dithranol as the matrix). Elemental analyses were performed on an 

Elementar Vario EL. Melting points were determined with a Büchi B-545 melting point 

apparatus and are not corrected. Gas chromatography was carried out using a Varian CP-3800 

gas chromatograph. HPCL analyses were performed on a Shimadsu SCL-10A equipped with 

a SPD-M10A photodiode array detector and a SC-10A solvent delivery system using a 

LiChrosphor column (Silica 60, 5 µm, Merck). Thin-layer chromatography was carried out on 

Silica Gel 60 F254 aluminium plates (Merck). Developed plates were dried and examined 

under a UV lamp. Preparative column chromatography was carried out on glass columns of 

different sizes packed with silica gel Merck 60 (40-63 µm). UV-Vis spectra were taken on a 

Perkin-Elmer Lambda 19 in 1 cm cuvettes. Thin uniform films for solid-state spectra were 

obtained on a POLOS wafer spinner from a toluene solution (20 mg/ml) at 5000 rpm onto a 

glass substrate. Fluorescence spectra were measured with a Perkin-Elmer LS 55 in 1 cm 

cuvettes. Fluorescence quantum yields were determined with respect to N-(2,6-

diisopropylphenyl)perylene-3,4-dicarboximide (PDCI) (Φ = 0.9 in chloroform[23]). Cyclic 

voltammetry experiments were performed with a computer-controlled EG&G PAR 273 

potentiostat in a three-electrode single-compartment cell (5 ml). The platinum working 

electrode consisted of a platinum wire sealed in a soft glass tube with a surface of A = 0.785 

mm2, which was polished down to 0.5 µm with Buehler polishing paste prior to use in order 

to obtain reproducible surfaces. The counter electrode consisted of a platinum wire and the 

reference electrode was an Ag/AgCl secondary electrode. All potential were internally 

referenced to the ferrocene/ferricenium couple.[26] For the measurements concentrations of 10-

3 mol/l of the electroactive species were used in freshly distilled and deairated 

dichloromethane (Lichrosolv, Merck) and 0.1 M tetrabutylammonium hexafluorophosphate 
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(nBu4NPF6, Fluka) which was twice recrystallized from ethanol and dried under vacuum prior 

to use. Solvents and reagents were purified and dried by usual methods prior to use and 

typically used under inert gas atmosphere. The following starting materials were purchased 

and used without further purification: Pd(OAc)2 (Merck), P(o-tol)3 (Merck) and P(t-Bu)3 

(ACROS). 

 

 

 

 

4.4.2  Synthesis 

 
General Procedure for the synthesis of the dimeric bis-perylenyl-oligothiophenes (1,3,5): 

The iodinated perylenyl-oligothiophene (1 equivalent), hydroquinone (0.5 equivalents) and 

cesium carbonate (1 equivalent) were dissolved in dry dimethylacetamide (DMA). Next, 

palladium acetate (5 - 10 mol-%) and tri(t-butyl)phophine (5 - 10 mol-%) as a 0.01 molar 

solution in DMA were added. The resulting solution was carefully degassed and stirred at    

80 °C for 24 hours. Next, the crude product was precipitated by adding water and was filtered 

off. The obtained crude product was purified by column chromatography. 

 

5,5’’’-Bis([N-(2,6-diisopropylphenyl)]-9-perylenyl-3,4-dicarboximide)-4,3’,4’’,4’’’-

tetrahexyl-[2,2’;5’,2’’;5’’,2’’’]quaterthiophene (2): 

Following the general 

procedure, to a solution of 

iodinated bis-perylenyl-

bithiophene 1 (120 mg, 

0.13 mmol), hydroquinone (7 mg, 65 µmol) and cesium carbonate (42 mg, 0.13 mmol) in    

2.5 ml DMA were added 0.65 ml of a 0.01 molar solution of palladium acetate (1.5 mg,      

6.5 µmol) and tri(t-butyl)phosphine (1.3 mg, 6.5 µmol) in DMA. The reaction was carried out 

at 80 °C for 24 hours to give 2 (80 mg, 76 %) as a black solid after column chromatography 

(dichloromethane : petrol ether [2:1]). 

M.p.: 218-219 °C; 
1H NMR (400 MHz, CDCl3): δ=8.67 (d, J=8.0 Hz, 4H, Pery-1H,6H,1’H,6’H), 8.55-8.41 (m, 

8H, Pery-2H,5H,7H,12H,2’H,5’H,7’H,12’H), 8.02 (d, J=8.5 Hz, 2H, Pery-8H,8’H), 7.71 (d, 

J=7.7 Hz, 2H, Pery-10H, 10’H), 7.66 (t, J=7.8 Hz, 2H, Pery-11H, 11’H), 7.50 (t, J=7.8 Hz, 
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2H, Ph-4H,4’H), 7.37 (d, J=7.8 Hz, 4H, Ph-3H,5H,3’H,5’H), 7.18 (s, 2H, Th-3H, Th’’’-3H), 

7.09 (s, 2H, Th’-4H, Th’’-3H), 2.90-2.75 (m, 8H, Ph-CH-(CH3)2, Th-’-CH2, Th-’’-CH2), 

2.48 (t, J=7.5 Hz, 4H, Th--CH2, Th-’’’-CH2), 1.82-1.70 (m, 4H, Th-β’-CH2, Th-β’’-CH2), 

1.65-1.55 (m, 4H, Th-β-CH2, Th-β’’’-CH2), 1.50-1.40 (m, 4H, Th-γ’-CH2, Th-γ’’-CH2), 1.40-

1.10 (m, 20H, -CH2-), 1.21 (d, J=6.8 Hz, 24H, Ph-CH-(CH3)2), 0.87-0.83 (m, 6H, Th’-CH3, 

Th’’-CH3), 0.80 (t, J=7.1 Hz, 6H, Th-CH3, Th’’’-CH3); 
13C NMR (100 MHz, CDCl3): δ=162.94, 144.72, 141.01, 139.42, 136.50, 136.22, 134.88, 

133.83, 133.07, 132.88, 131.01, 130.05, 129.49, 129.37, 128.65, 128.41, 127.26, 126.31, 

126.24, 125.88, 125.63, 123.01, 122.08, 120.14, 120.07, 119.40, 119.32, 30.68, 30.48, 29.51, 

29.44, 28.62, 28.26, 28.17, 28.03, 27.91, 23.01, 21.61, 21.59, 21.47, 13.08, 12.98; 

MS (MALDI-TOF): m/z = [M+H+] 1625; 

Elemental analysis: calcd (%) for C108H108N2O4S4: C 78.30, H 7.12, N 1.52; found C 78.40, 

H 7.05, N 1.60. 

 

5,5’’’’’’’-Bis([N-(2,6-diisopropylphenyl)]-9-perylenyl-3,4-dicarboximide)-4,3’,3’’,3’’’, 

4’’’’,4’’’’’,4’’’’’’,4’’’’’’’-octahexyl-[2,2’;5’,2’’;5’’,2’’’;5’’’,2’’’’;5’’’’,2’’’’’;5’’’’’,2’’’’’’; 

5’’’’’’,2’’’’’’’]octithiophene (4): 

 

 

 

 

Following the general procedure, to a solution of iodinated bis-perylenyl-quaterthiophene 3 

(127 mg, 0.1 mmol), hydroquinone (6 mg, 50 µmol) and cesium carbonate (33 mg, 0.1 mmol) 

in 1 ml DMA were added 1 ml of a 0.01 molar solution of palladium acetate (2.3 mg, 10 

µmol) and tri(t-butyl)phosphine (2.0 mg, 10 µmol) in DMA. The reaction was carried out at 

80 °C for 24 hours to give 4 (90 mg, 79 %) as a black solid after column chromatography 

(dichloromethane : petrol ether [2:1]). 

M.p.: 163-164 °C; 
1H NMR (400 MHz, CDCl3): δ=8.67 (d, J=7.5 Hz, 4H, Pery-1H,6H,1’H,6’H), 8.52-8.41 (m, 

8H, Pery-2H,5H,7H,12H,2’H,5’H,7’H,12’H), 8.01 (d, J=8.3 Hz, 2H, Pery-8H,8’H), 7.69 (d, 

J=7.6 Hz, 2H, Pery-10H, 10’H), 7.64 (t, J=7.5 Hz, 2H, Pery-11H, 11’H), 7.48 (t, J=7.8 Hz, 

2H, Ph-4H,4’H), 7.35 (d, J=7.7 Hz, 4H, Ph-3H,5H,3’H,5’H), 7.17 (s, 2H, Th-3H, Th’’’’’’’-

3H), 7.10-6.90 (m, 6H, Th-4’-4’’’H, Th-3’’’’-3’’’’’’H), 2.90-2.74 (m, 16H, Ph-CH-(CH3)2, 

Th-’-’’’’’’-CH2), 2.46 (t, J=7.3 Hz, 4H, Th--CH2, Th-’’’’’’’-CH2), 1.80-1.50 (m, 16H, -
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CH2-), 1.50-1.30 (m, 32H, -CH2-), 1.30-1.05 (m, 16H, -CH2-), 1.20 (d, J=6.8 Hz, 24H, Ph-

CH-(CH3)2), 0.95-0.80 (m, 18H, Th’-Th’’’’’’-CH3), 0.78 (t, J=6.7 Hz, 6H, Th-CH3, Th’’’’’’’-

CH3); 
13C NMR (100 MHz, CDCl3): δ=163.56, 145.64, 141.90, 139.87, 137.43, 137.17, 134.83, 

133.81, 133.74, 131.95, 130.97, 130.41, 130.28, 129.35, 128.56, 128.18, 127.22, 127.15, 

126.81, 123.92, 123.01, 121.04, 120.98, 120.32, 120.23, 31.60, 31.39, 30.48, 30.37, 30.34, 

29.47, 29.43, 29.21, 29.17, 29.08, 29.02, 28.94, 28.83, 23.93, 22.54, 22.39, 14.02, 14.00, 

13.89; 

MS (MALDI-TOF): m/z [M+H+] = 2290; 

Elemental analysis: calcd (%) for C148H164N2O4S8: C 77.58, H 7.21, N 1.22; found C 77.51, 

H 7.13, N 1.18. 

 

5,5’’’’’’’’’’’-Bis([N-(2,6-diisopropylphenyl)]-9-perylenyl-3,4-dicarboximide)-4,3’,3’’, 

3’’’,3’’’’,3’’’’’,3’’’’’’,4’’’’’’’,4’’’’’’’’,4’’’’’’’’’,4’’’’’’’’’’,4’’’’’’’’’’,4’’’’’’’’’’’-dodecahexyl-

[2,2’;5’,2’’;5’’,2’’’;5’’’,2’’’’;5’’’’,2’’’’’;5’’’’’,2’’’’’’;5’’’’’’,2’’’’’’’,5’’’’’’’,2’’’’’’’’,5’’’’’’’’,

2’’’’’’’’’,5’’’’’’’’’,2’’’’’’’’’’,5’’’’’’’’’’,2’’’’’’’’’’’]dodecithiophene (6): 

 

Following the general procedure, to a solution of iodinated bis-perylenyl-sexithiophene 5 (40 

mg, 25 µmol), hydroquinone (2 mg, 13 µmol) and cesium carbonate (9 mg, 25 µmol) in    

0.25 ml DMA were added 0.25 ml of a 0.01 molar solution of palladium acetate (0.6 mg,    

2.5 µmol) and tri(t-butyl)phosphine (0.5 mg, 2.5 µmol) in DMA. The reaction was carried out 

at 80 °C for 24 hours to give 6 (25 mg, 68 %) as a black solid after column chromatography 

(dichloromethane : petrol ether [2:1]). 

M.p.: 141-142 °C; 
1H NMR (400 MHz, CDCl3): δ=8.68 (d, J=8.0 Hz, 4H, Pery-1H,6H,1’H,6’H), 8.55-8.45 (m, 

8H Pery-2H,5H,7H,12H,2’H,5’H,7’H,12’H), 8.01 (d, J=8.5 Hz, 2H, Pery-8H,8’H), 7.71 (d, 

J=7.8 Hz, 2H, Pery-10H, 10’H), 7.66 (t, J=7.9 Hz, 2H, Pery-11H, 11’H), 7.49 (t, J=7.8 Hz, 

2H, Ph-4H,4’H), 7.35 (d, J=7.7 Hz, 4H, Ph-3H,5H,3’H,5’H), 7.17 (s, 2H, Th-3H, 

Th’’’’’’’’’’’-3H), 7.05-6.95 (m, 10H, Th-4’-4’’’’’’H, Th-3’’’’’’’-3’’’’’’’’’’H), 2.90-2.75 (m, 

24H, Ph-CH-(CH3)2, Th-’-’’’’’’’’’’-CH2), 2.46 (t, J=7.4 Hz, 4H, Th--CH2, Th-’’’’’’’’’’’-

CH2), 1.80-1.51 (m, 24H, -CH2-), 1.51-1.41 (m, 24H, -CH2-), 1.41-1.10 (m, 48H, -CH2-), 1.20 
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(d, J=6.8 Hz, 24H, Ph-CH-(CH3)2), 0.97-0.80 (m, 30H, Th’-Th’’’’’’’’’’-CH3), 0.78 (t, J=6.7 

Hz, 6H, Th-CH3, Th’’’’’’’’’’’-CH3); 
13C NMR (100 MHz, CDCl3): δ=163.87, 145.61, 141.89, 140.26, 139.86, 139.84, 137.49, 

137.23, 135.75, 134.84, 134.57, 133.91, 133.81, 133.74, 133.61, 132.01, 130.92, 130.44, 

130.30, 129.45, 129.33, 129.30, 128.52, 128.18, 127.24, 127.10, 126.83, 126.49, 123.99, 

123.93, 123.06, 121.01, 120.95, 120.35, 120.26, 31.62, 31.40, 30.50, 30.40, 30.34, 29.39, 

29.18, 29.05, 28.93, 28.83, 23.94, 22.57, 22.56, 22.53, 22.41, 14.05, 14.03, 13.93; 

MS (MALDI-TOF): m/z [M+H+]  = 2955; 

Elemental analysis: calcd (%) for C188H220N2O4S12: C 76.37, H 7.50, N 0.95; found C 76.24, 

H 7.42, N 0.88. 
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Abstract 
 
A series of novel star-shaped donor-acceptor systems as new amorphous model compounds is 

described in this chapter. These molecules consist of three head-to-tail coupled oligo(3-

hexylthiophene)s covalently attached to a triphenylamine core as the donor part as well as 

three terminal perylene monoimide moieties as the acceptor part. These hybrid molecules, 

which differ by the length of the oligothiophene units from a bithiophene to a sexithiophene 

were prepared via an effective palladium-catalyzed Suzuki-type reaction in good yields. The 

optical and electrochemical properties of these compounds were determined and based on 

this series structure-property relationships have been established which give vital information 

for the fabrication of photovoltaic devices. 

 

 



Chapter 5:  Star-shaped perylenyl-oligothiophene-triphenylamines 
 

 

140 

5.1  Introduction 
 

Although perylene derivatives tend to form crystalline, ordered structures which are 

characterized by a large exciton diffusion length[1,2] and high electron mobilities,[3] the 

formation of large domains is less beneficial for the fabrication of bulk heterojunction organic 

solar cells. For the manufacturing of efficient devices a nanophase separation, resulting in a 

tremendous increase of the interfacial area, is vital and can be controlled by the degree of 

crystallization of the photoactive layer. A drawback of crystalline materials is the possible 

change of a prepared amorphous morphology with time or temperature due to a phase 

transition from the amorphous to a corresponding crystalline phase. Therefore, amorphous 

compounds can circumvent the problems associated with crystallization. Generally, these type 

of molecules consist of a manifold of linked chromophores and have a non-polar structure that 

prevents crystallization.[4,5] 

As new amorphous materials with n-type semiconducting properties star-shaped structures 

PERY3 and PERY4 containing multiple perylene units have been synthesized and their 

optical properties have been studied.[6,7] Simultaneously, triarylamine derivatives which 

include good spectral properties and are well known hole transporting materials with good 

charge transport mobilities,[8-13] have been widely employed for the fabrication of organic 

field-effect transistors (OFET)[14] and organic light emitting diodes (OLED).[15] These hole 

conductors have already been combined with the excellent properties of oligothiophenes to 

create star-shaped molecules with several oligothiophene chains attached to the central 

core.[16-18] 
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Figure 1:  Chemical structures of the PERY3 and PERY4. 
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In this chapter new star-shaped perylenyl-oligothiophenes 5, 7, and 9 are disclosed which 

combine the concepts of star-shaped oligothiophene-derivatized triarylamines with threefold 

adjacent perylene units. These hybrid molecules include three n-type perylene-acceptors 

covalently linked to an extended inner p-type π-donor system. The star-shaped donor-acceptor 

systems 5, 7, and 9 (Figure 2) have been synthesized via palladium-catalyzed Suzuki-type 

reaction based on a triphenylamine boronic ester 3 and the corresponding iodinated perylenyl-

oligothiophenes 4, 6, and 8[19] with varying length of the oligothiophene chain.   
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Figure 2:  Chemical structures of the star-shaped perylenyl-oligothiophenes 5, 7, and 9. 

 
 

The novel type of star-shaped perylenyl-oligothiophenes should provide high absorptivity 

in the visible region due to the attached perylene dyes. Furthermore, the donor-acceptor 

design ought to facilitate photoinduced charge transfer, making these materials suitable for 

photovoltaic application. 

This chapter describes the synthesis of these novel molecules and elucidates their optical 

and electrochemical properties in dependence of the oligothiophene chain length which varies 

from a bi- to a sexithiophene. 
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5.2  Synthesis 

 
Prior to the synthesis of the star-shaped perylenyl-oligothiophenes 5, 7, and 9, the 

triphenylamine boronic ester 3 as the core building block had to be prepared. The synthetic 

route started from commercially available triphenylamine 1 which was reacted with bromine 

in chloroform at 0 °C to give tris(4-bromophenyl)amine 2 in 86 % yield after recrystalliza-

tion.[20] Next, it was converted into the corresponding triphenylamine boronic ester 3 by 

treating tris(4-bromophenyl)amine 2 with n-butyllithium in THF at -80 °C and subsequent 

addition of tri(isopropyl)borate and pinacol at room temperature. This procedure afforded 

boronic ester 3 in 36 % yield after recrystallization (Scheme 1). Although 3 was only 

accessible in moderate yields, this synthetic route resulted in a doubling of the overall yield 

with respect to the literature procedure.[21] 
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Scheme 1: Synthesis of triphenylamine boronic ester 3. 

 

 

The synthesis of the star-shaped perylenyl-oligothiophene-triphenylamines 5, 7, and 9 started 

from the iodinated perylenyl-oligothiophenes 4, 6, and 8.[19] In order to obtain the star-shaped 

triads 5, 7, and 9 in good yields the reaction conditions were optimized for the smallest 

representative of this series perylenyl-bithiophene-triphenylamine 5 (Scheme 2). In this 

approach the applied Suzuki cross-coupling reaction of iodinated perylenyl-bithiophene 4 and 

boronic ester 3[19] was systematically optimized by using different solvents, bases, catalysts 

and reaction temperatures (Table 1). In each case, the given yields refer to isolated yields of 

perylenyl-bithiophene-triphenylamine 5 which have been determined after each run. Once the 

most promising procedure has been elaborated the optimized reaction conditions were 

transferred to the cross-coupling of the higher homologues 7 and 9. 
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Scheme 2: Synthesis of perylenyl-bithiophene-triphenylamine 5. 

 

When the palladium-catalyzed cross-coupling reaction was carried out using a mixture of 

toluene and ethanol with potassium carbonate as the base at 100 °C no product was found 

(Entry 1). The change of the solvent system to DME and the base to hydrogen carbonate did 

not lead to any improvement even when the more active catalyst Pd(dppf)Cl2 was used which 

is superior to Pd(PPh3)4 in Suzuki-coupling reactions (Entry 2,3).[22] Similar results have been 

obtained using THF instead of DME (Entry 4) or switching over to a non-aqueous system 

based on dioxane and caesium fluoride as the base at 100 °C. In the latter case, no coupling 

product was found using either Pd(PPh3)4 or Pd(dppf)Cl2 (Entry 5,6). However, the desired 

product 5 was successfully prepared when K3PO4 or NaOH as stronger bases have been 

employed in DME at 80 °C, resulting in isolated yields of 45 % and 52 %, respectively (Entry 

7,8). The outcome of the reaction has been further optimized by increasing the amount of 

catalyst from 10 mol-% to 15 mol-%. Thus, perylenyl-bithiophene-triphenylamine 5 was 

accessible in 62 % yield after column chromatography. Because this reaction is a three-fold 

addition of the perylenyl-bithiophene to the triphenylamine core the isolated yield of 62 % 

reflects a 85 % efficiency for each coupling step.  
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Table 1: Optimization of the cross-coupling reaction, yielding perylenyl-bithiophene-triphenylamine 5 

 

With the optimized reaction conditions (Entry 9), the next higher homologue perylenyl-

quaterthiophene-triphenylamine 7 was accessible in 54 % yield after column chromatography 

(Scheme 3). 
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Scheme 3: Synthesis of perylenyl-quaterthiophene-triphenylamine 7. 

Entry Reagents Conditions Yield 

1 Toluene : ethanol [15:1] / K2CO3 / Pd(PPh3)4 [10 mol-%] 100 °C / 24h 0 % 

2 DME / NaHCO3 / Pd(PPh3)4 [10 mol-%] 80 °C / 24h 0 % 

3 DME / NaHCO3 /  Pd(dppf)Cl2 [10 mol-%] 80 °C / 24h 0 % 

4 THF / NaHCO3 / Pd(PPh3)4 [10 mol-%] 70 °C / 24h 0 % 

5 Dioxane / CsF / Pd(PPh3)4 [10 mol-%] 100 °C / 24h 0 % 

6 Dioxane / CsF / Pd(dppf)Cl2 [10 mol-%] 100 °C / 24h 0 % 

7 DME / K3PO4 / Pd(PPh3)4 [10 mol-%] 80 °C / 24h 45 % 

8 DME / NaOH / Pd(PPh3)4 [10 mol-%] 80 °C / 24h 52 % 

9 DME / NaOH / Pd(PPh3)4 [15 mol-%] 80 °C / 24h 62 % 
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Similarly, perylenyl-sexithiophene-triphenylamine 9 has been obtained in pure form in 45 % 

isolated yield after column chromatography (Scheme 4). 
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Scheme 4: Synthesis of perylenyl-sexithiophene-triphenylamine 9. 
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5.3  Physical properties 

 
5.3.1  UV-Vis spectroscopy 

 
Absorption spectra of the perylenyl-oligothiophene-triphenylamines 5, 7, and 9 were 

measured in chloroform (c = 5·10-5 mol/l) and are depicted in Figure 3. The absorption 

maxima and extinction coefficients of both, the perylene and the donor moieties, and optical 

band gaps are given in Table 2. The optical band gaps were determined from the onset of 

perylene absorption band. 
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Figure 3:  UV-Vis spectra of the perylenyl-oligothiophene-triphenylamines 5, 7, and 9 in comparison with TPA 

in chloroform. 
 
Perylenyl-bithiophene-triphenylamine 5 shows an intense absorption in the region 

between 450 and 550 nm with a maximum at 520 nm and a shoulder at 498 nm, reflecting the 

typical shape of an absorption band due to perylene moieties as it has been observed for the 

linear perylenyl-oligothiophenes.[19] The shape of the perylene absorption does not 

significantly change when the chain length of the adjacent oligothiophene is increased. In this 

respect, the second perylene absorption maximum is not altered in its position and intensity 

with elongation of the attached donor moieties while the first maximum is gradually increased 

and finally becomes the most intense perylene absorption maximum. This effect is due to the 

superposition of the donor absorption band at the high energy side of the perylene absorption 

band. 
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In the series of perylenyl-oligothiophene-triphenylamines 5, 7, and 9 no pronounced tai-

ling of the band at the low energy side is visible, resulting in a constant optical band gap of 

2.11 eV for all three hybrid systems 5, 7, and 9. These values are significantly lower in 

comparison with the parent linear perylenyl-oligothiophene (ΔEopt = 2.19 - 2.12 eV), clearly 

indicating the electronic influence of the oligothiophene-donor subunits.  

For the smallest representative of this series perylenyl-bithiophene-triphenylamine 5, the 

absorption of the donor moiety appears as a second absorption band in the region between 

300 and 450 nm with a distinct maximum absorption at 404 nm. With increasing chain length 

of the oligothiophene, this band gradually becomes more intense and red-shifted finally 

reaching a maximum of 438 nm for perylenyl-sexithiophene-tiphenylamine 9. The appearance 

of two distinct absorption bands, one for the perylene and one for the donor moieties, 

respectively, indicate that the two chromophoric subunits in these donor-acceptor units are 

rather electronically decoupled due to sterical interactions of the perylene system with the 

adjacent 3-hexylthiophene units. The donor maxima are bathochromically shifted with respect 

to the parent linear perylenyl-oligothiophenes. While the difference of the absorption maxima 

between linear perylenyl-bithiophene[19] and perylenyl-bithiophene-triphenylamine 5 is rather 

large (Δλmax = 104 nm), this effect becomes gradually less pronounced for the larger 

homologues 7 and 9, resulting in smaller displacements of Δλmax = 54 nm and Δλmax = 30 nm, 

respectively. Furthermore, the absorptivities and extinction coefficients of the donor 

absorptions are more than three times higher than it is expected for a three fold addition of the 

corresponding coefficients of the parent linear perylenyl-oligothiophenes. The latter 

extinction coefficient of perylenyl-bithiophene-triphenylamine 5, exhibiting a value of ε = 

79000 mol⋅l-1⋅cm-1, is almost five times as high as that of the corresponding linear perylenyl-

bithiophene (ε = 16100 mol⋅l-1⋅cm-1). Consequently, the absorption of the bithiophene moiety 

is magnified by a factor of 1.6 upon the direct attachment to the triphenylamine core. In the 

series of perylenyl-oligothiophene-triphenylamines a slight decline of this effect is observed 

with elongation of the oligothiophene parts. While the quaterthiophene absorption of 7 is 

enhanced by a factor of 1.5, the absorption of sexithiophene is only increased 1.4 times. 

Hence, the electronic nature of the triphenylamine core has a significant influence on the 

properties of the adjacent oligothiophene moieties, which, however, becomes less pronounced 

with increasing length of the oligothiophene chain. 

The red-shifted and intensified oligothiophene absorption maxima are an indication that 

the donor π-systems are larger than the corresponding pristine oligothiophene moieties 

themselves. In this respect, the four covalently connected p-type subunits are electronically 
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coupled and form an extended star-shaped conjugated system, including the triphenylamine-

core and the adjacent three oligothiophene chains. This assumption is further supported by the 

absence of any distinct absorption maxima in the region around 300 nm that can be ascribed 

to the absorption of pristine triphenylamine (TPA). 

 
Table 2:  Optical properties of the perylenyl-oligothiophene-triphenylamines 5, 7, and 9 in comparison with 

TPA in chloroform 

[a] c = 5⋅10-5 mol/l. P denotes perylene subunit, D donor moiety. – [b] Determined from the onset of the absorption 
at the lower energy band edge. – [c] Shoulder. – [d] For comparison in parentheses values for the parent linear 
perylenyl-bithiophene, [e] perylenyl-quaterthiophene, [f] perylenyl-sexithiophene.[19] 

 

For the solid-state absorption spectra of perylenyl-oligothiophene-triphenylamines 5, 7, 

and 9 thin films were spin-coated onto glass substrates from the corresponding toluene 

solutions (c=20 mg/ml). The absorption maxima of both the perylene and the combined donor 

part as well as the optical band gaps are given in Table 3.  
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Figure 4: Solid-state UV-Vis spectra of the perylenyl-oligothiophene-triphenylamines 5, 7, and 9, normalized 

with respect to the maximum perylene absorption. 

Compound λabs
max

 (D) 
 [nm] [a] 

ε 
[mol⋅l-1⋅cm-1] [a] 

λabs
max

 (P) 
 [nm] [a] 

ε 
  [mol⋅l-1⋅cm-1] [a] 

ΔEopt. 
 [eV] [b] 

TPA 304 20800   3.70 

5 404 
(300)[d] 

79000 
(16100)[d] 

520 (498)[c] 

(517, 497)[d] 
123600 
(43000)[d] 

2.11 
(2.19)[d] 

7 429 
(375)[e] 

117600 
(25100)[e] 

520 (495)[c] 

(522, 497)[e] 
123800 
(42200)[e] 

2.11 
(2.13)[e] 

9 438 
(408)[f] 

152100 
(35300)[f] 

491 (519)[c] 

(520, 500)[f] 
125500 
(41300)[f] 

2.11 
(2.12)[f] 
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The absorption spectra of the perylenyl-oligothiophene-triphenylamines in the solid state 

show the same trends compared to the solution spectra. In general a broadening and red-shift 

of the bands is visible which results in smaller band gaps by 0.10 eV, reflecting the similar 

tailing at the low-energy band edge in the solid state found for the parent linear perylenyl-

oligothiophene. No displacement is observed for the perylene absorption maxima, which is in 

contrast to those of the donor systems. Here, this effect is chain length dependent as no 

displacement is observed for the smallest representative perylenyl-bithiophene-

triphenylamine 5, while clear bathochromic shifts are evident for the higher analogues  (7: 

Δλmax = 17 nm, 9: Δλmax = 27 nm). In comparison with the parent linear perylenyl-

oligothiophenes, the donor maxima are strongly red-shifted due to the electronic nature of the 

triphenylamine core (Δλabs
max = 28 - 60 nm). With respect to photovoltaic applications the ab-

sorption behaviour of the longer members 7 and 9 in the series is noteworthy as they cover a 

broad range of the visible spectrum between 250 and 650 nm with high optical densities. 
 
Table 3: Optical properties of the perylenyl-oligothiophene-triphenylamines 5, 7, and 9 in the solid state 

[a] Determined from the onset of the absorption at the lower energy band edge. P denotes perylene subunit, D 
donor moiety. – [b] Shoulder. – [c] For comparison in parentheses values for the parent linear perylenyl-
bithiophene, [d] perylenyl-quaterthiophene, [e] perylenyl-sexithiophene.[19] 

 

 

 

5.3.2  Fluorescence spectroscopy 

 
Corrected emission spectra of the perylenyl-oligothiophene-triphenylamines 5, 7, and 9 

were measured in chloroform. The emission maxima, the quantum yields and the Stokes shifts 

are given in Table 4. While the standard N-(2,6-diisopropylphenyl)perylene-3,4-

dicarboximide (PDCI) exhibits a structured and intense emission with a fluorescence quan-

tum yield of Φ = 90 %,[23] the series of non-functionalized head-to-tail coupled oligo(3-

hexylthiophene)s (HT-O3HT)s[24] also show structured luminescence, which fluorescence 

quantum yields increase with the enlargement of the conjugated backbone.[24] However, the 

Compound λabs
max

 (D) [nm] λabs
max

 (P) [nm] ΔEopt. [eV] [a] 

5 404 520 (495)[b] 

(529, 505)[c] 
2.01 

(2.10)[c] 

7 446 
(386)[d] 

490 (515)[b] 

(530, 502)[d] 
2.01 

(2.03)[d] 

9 465 
(437)[e] 

485 (519)[b] 

(495, 527)[e] 
2.01 

(2.02)[e] 
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star-shaped hybrid systems 5, 7, and 9 show less structured, very weak and broad emission 

bands and extremely small fluorescence quantum yields with values not greater than 1 %, 

irrespective of the length of the adjacent oligothiophene chain (Figure 5). These results are in 

accordance with an expected photoinduced charge transfer from the donor-system to the pery-

lene acceptor as it has been found for the linear perylenyl-oligothiophenes.[25] In comparison 

with the latter molecules, the star-shaped compounds 5, 7, and 9 exhibit higher degrees of 

fluorescence quenching. This, in particular, is evident for bithiophene 5 (Φ = 0.01), whereas 

the corresponding linear perylenyl-bithiophene is characterized by a considerably stronger 

luminescence. In this respect, it is expected that the larger donor-systems of compounds 5, 7, 

and 9 facilitate the photoinduced charge transfer. 

The center of mass of the emission bands is most red-shifted in the case of bithiophene 5 

(λem
center = 636 nm), while for the longer homologues quaterthiophene 5 and sexithiophene 9 

they are more blue-shifted (λem
center = 589 nm). 
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Figure 5: Normalized emission spectra of the perylenyl-oligothiophene-triphenylamines 5, 7, and 9 in 

chloroform. 
 

The Stokes shifts measured as the difference between the absorption and the 

corresponding emission maxima are relatively high for the perylenyl-oligothiophene-

triphenylamines 5, 7, and 9 with values ranging from 1800 to 3400 cm-1. A comparison to the 

small Stokes-shift of the reference PDCI (1100 cm-1) indicates that the structural differences 

between the ground and the excited state are larger in the case of perylenyl-oligothiophene-

triphenylamines as a consequence of a photoinduced charge transfer within these hybrid-

systems. 
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Table 4:  Emission properties of the perylenyl-oligothiophene-triphenylamines 5, 7, and 9 in comparison with 
PDCI in chloroform 

[a] Excitation wavelength λex = 480 nm. – [b] Quantum yields determined with respect to N-(2,6-
diisopropylphenyl)perylene-3,4-dicarboximide (PDCI).[23] – [c] Stokes shifts measured as λem

max-λabs
max. – [d 

center of mass of the emission band – [e] For comparison in parentheses values for the parent linear perylenyl-
bithiophene, [f] perylenyl-quaterthiophene, [g] perylenyl-sexithiophene.[19] 

 

 

5.3.3  Cyclic voltammetry 

 
Oxidation and reduction potentials of the perylenyl-oligothiophene-triphenylamines 5, 7, 

and 9 were measured by cyclic voltammetry in dichloromethane using tetrabutylammonium 

hexafluorophosphate as the supporting salt and are referenced to the internal standard 

ferrocene/ferricenium (Fc/Fc+) (Figure 6). For comparison triphenylamine (TPA), PDCI and 

the parent linear perylenyl-oligothiophenes[19] are utilized as references. The redox potentials 

and the electrochemically determined band gaps ΔECV, measured as the potential difference 

between the onset of the first oxidation and the first reduction wave, respectively (Table 5). 

The perylenyl-oligothiophene-triphenylamines 5, 7, and 9 exhibit two reversible 

reductions (E°red1 = -1.43 V, E°red2  = -1.88 V), irrespective of the oligothiophene chain length, 

indicating the formation of stable radical anions, dianions, respectively. Due to the electron 

withdrawing nature of the carbonyl oxygens, the anions are mainly located at the imide 

groups.[17] The high currents observed during the reductions give rise to three-electron 

processes where the generation of the radical anions and dianions, respectively occur at the 

same potentials for all three perylene moieties situated at the outer rim of the dendrimers. A 

direct comparison to the parent linear perylenyl-oligothiophenes reveals that the first and 

second reduction waves are observed at the same potentials, revealing that the electronic 

properties of the perylene subunits are in excellent agreement with those of the linear 

perylenyl-oligothiophenes. Hence, no influence of the triphenylamine core on the electronic 

properties of the perylene subunits can be found. Consequently, the terminal acceptor 

moieties of the dedrimeric systems are almost electronically decoupled from the donor core. 

Compound λem
max [nm] [a] Φ [%] [b] Stokes shift [cm-1 (eV)] [c] 

5 636 [d] 

(655)[e] 
1 

(37)[e] 
3358 (0.40) 
(4075 (0.51))[e] 

7 589 [d] 

(595)[f] 
< 1 
(1)[f] 

2424 (0.32) 
(2350 (0.29))[f] 

9 589 [d] 

(590)[g] 
< 1 
(1)[g] 

1816 (0.23) 
(2282 (0.28)[g] 
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Figure 6: Cyclic voltammograms of the perylenyl-oligothiophenes 5, 7, and 9 in comparison with TPA in 

dichloromethane/nBu4NPF6 (0.1 M) vs. Fc/Fc+ at 100 mV/s. 
 
In the case of the perylene oxidation, the cyclic voltammograms reveal a mutual influence 

between the oxidized donor moieties and the perylene subunits as it was found for the parent 

linear perylenyl-oligothiophenes. In the case of perylenyl-bithiophene-triphenylamine 5 the 

donor moiety is oxidized to a tetracation prior to the oxidation of the adjacent perylene 

moieties. As a consequence, the electron deficient tetracation withdraws electron density from   

the neighbouring perylene subunits which in turn also become less electron rich. Accordingly, 

the oxidation processes of the three perylene units are impeded and shifted to a higher 

potential of E°ox = 1.20 V, being significantly higher in comparison with pristine perylene 

monoimide PCDI (E°ox = 0.95 V).[3] For the longer homologues 7 and 9 the corresponding 

tetracations are delocalized over larger π-systems, decreasing the electron withdrawing 

potential of these oxidized donor moieties. Therefore, the perylene oxidations are slightly 

facilitated with respect to bithiophene 5 which is reflected in a gradual decline of the perylene 

oxidation potentials by going to perylenyl-quaterthiophene-triphenylamine 7 (E°ox = 1.11 V) 

and finally to perylenyl-sexithiophene-triphenylamine 9 (E°ox = 0.97 V).  
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Table 5:  Electrochemical properties of the perylenyl-oligothiophene-triphenylamines 5, 7, and 9 in comparison 
with PDCI and TPA 

Compound 
E°red2 
(P) 

[V] [a] 

E°red1 
(P) 

[V] [a] 

E°ox1 

 (P) 
[V] [a] 

E°ox1  
(D) 

[V] [a] 

E°ox2 

 (D) 
[V] [a] 

E°ox3 
(D) 

[V] [a] 

E°ox4 
(D) 

[V] [a] 

ΔECV
 

[V] [b] 

TPA     0.53[c]      

5 -1.88[d] 

(-1.87)[e] 
-1.43[d] 

(-1.42)[e] 
1.20[d] 

(1.06)[e] 
0.29 

(0.71)[e] 
0.56 

(1.20)[e] 0.77 0.96 1.55 
(2.02)[e] 

7 -1.89[d] 

(-1.87)[f] 
-1.44[d] 

(-1.42)[f] 
1.11[d] 

(1.17)[f] 
0.24 

(0.43)[f] 
0.38 

(0.71)[f] 0.44   0.64 1.48 
(1.70)[f] 

9 -1.88[d] 

(-1.88)[g] 
-1.43[d] 

(-1.42)[g] 
0.97[d] 

(1.01)[g] 
0.22 

(0.31)[g] 
0.29 

(0.45)[g] 
0.41 

(1.19)[g] 0.73 1.47 
(1.59)[g] 

[a] In dichloromethane/nBu4NPF6 (0.1 M) vs. Fc/Fc+ at 100 mV/s. P denotes perylene subunit, D donor subunit. – 
[b] Determined by ΔECV = E’ox1 – E’red1 (E’ is the potential at which the redox process starts). – [c] Oxidation of 
triphenylamine. – [d] Three-electron process. – [e] For comparison in parentheses values for the parent linear 
perylenyl-bithiophene, [f] perylenyl-quaterthiophene, [g] perylenyl-sexithiophene.[19] 

 
In contrast to the dimeric bis-perylenyl-oligothiophenes,[27] both, the perylene oxidation 

and reduction, of the perylenyl-oligothiophene-triphenylamines 5, 7, and 9 show high currents 

which can be attributed to three-electron processes. Therefore, no mutual influence between 

the oxidized acceptors units is evident as it is observed for the dimeric bis-perylenyl-

oligothiophenes. 

The successive increase of the conjugated donor system, consisting of the triphenylamine 

core and the attached oligothiophene arms leads to more complex cyclic voltammograms in 

the positive potential regime. The analysis of the observed redox potentials in comparison 

with the cyclic voltammograms of the linear perylenyl-oligothiophenes[3] reveals that more 

oxidation waves can be identified in the case of the perylenyl-oligothiophene-triphenylamines 

5, 7, and 9. Due to the extended character of the donor systems the oxidation potentials are 

considerably lower than those of the corresponding linear perylenyl-oligothiophenes. If the 

donor system is divided into the triphenylamine core and three discrete oligothiophene 

subunits, then oxidation potentials similar to those of the linear perylenyl-oligothiophenes 

would be observed. Furthermore, an additional oxidation wave, corresponding to the 

oxidation process of pristine triphenylamine should be found at a constant potential of E°ox = 

0.53 V. Due to the absence of these features in the cyclic voltammograms, a completely π-

conjugated donor-system, consisting of the three oligothiophenes moieties covalently linked 

to the triphenylamine core has to be inferred, which is in accordance with the optical 

measurements. The extension of the donor systems significantly facilitates the oxidation 

processes and leads to a negative shift of the redox potentials. Additionally, more discrete 
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oxidation waves are observed with respect to the corresponding hypothetical systems 

consisting of separated oligothiophene and triphenylamine donor moieties. While in the case 

of the linear perylenyl-bithiophene and perylenyl-quaterthiophene two oligothiophene 

oxidations are evident, which exhibit first oxidation potentials at E°ox1 = 0.71 V and E°ox1 = 

0.43 V, respectively, perylenyl-bithiophene-triphenylamine 5 and perylenyl-quaterthiophene-

triphenylamine 7 show four donor oxidation waves (5: E°ox1 = 0.29 V, 7: E°ox1 = 0.24 V), 

respectively. For perylenyl-sexithiophene-triphenylamine 9 four donor oxidations are evident 

which redox potentials are negatively shifted with respect to those of the parent perylene-

sexithiophene and triphenylamine (E°ox1 = 0.22 V).  

If the first oxidation potential of the oligothiophene units in the perylenyl-oligothiophene-

triphenylamines 5, 7, and 9 is plotted versus the inverse of the chain length of the 

corresponding oligothiophene units (1/nT) (Figure 7), a linear behaviour is observed. In 

comparison with the same regression of the parent linear perylenyl-oligothiophenes it is 

evident that the slope is less steep, indicating the strong influence of the triphenylamine core 

on the electronic properties of the oligothiophene moieties. In this respect, the length of 

oligothiophene chain has an almost negligible influence on the first oxidation potential in the 

series of perylenyl-oligothiophene-triphenylamines. The electronic properties, which can be 

extrapolated to an infinite chain length are only rough estimates and do not reflect those of the 

corresponding real chains. Typically, a saturation of the properties is observed for 

oligothiophene chains longer than 10 repeating units, leading to significantly higher values.[28] 
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]

Inverse chainlength (1/n)  
Figure 7:  First oxidation potentials vs. the inverse chain length of the perylenyl-oligothiophene-

triphenylamines 5, 7, and 9 ([—■—]) in comparison with the parent linear perylenyl-oligothiophenes 
([⋅⋅⋅⋅ο⋅⋅⋅⋅]).[19] 
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The band gaps ΔECV were determined from the cyclic voltammograms by taking the 

difference between the onset of the first oxidation and reduction process, respectively (Table 

5). In this series, the band gap is almost constant and shows only a weak decrease from 

bithiophene 5 (1.55 eV) to sexithiophene 9 (1.47 eV), reflecting the decreasing oxidation 

potential of the oligothiophene subunit. The electrochemically determined band gap reflects 

the difference of onset of the donor oxidation and perylene reduction, respectively. This is in 

contrast to the optically determined band gaps which always represent the electronic 

properties of the perylene unit and a consequence of almost perfectly decoupled donor and 

acceptor moieties with only marginal conjugation between these subunits. 

 

MO-energies: MO-energy diagrams are very vital for the evaluation of organic devices in 

which the fundamental processes are decisively determined by charged states and their 

corresponding energy level in the active, organic layer.[29] In order to calculate the absolute 

energies of the HOMO and LUMO levels of the perylenyl-oligothiophene-triphenylamines 5, 

7, and 9 with respect to the vacuum level, the redox data are standardized to the 

ferrocene/ferricenium couple which has a calculated absolute energy of -4.8 eV.[30] 

 

 

 Table 6: MO energies vs. the vacuum level of the perylenyl-oligothiophene-triphenylamines 5, 7, and 9 

Compound LUMO -1 
[eV][a]

 

LUMO 
[eV][a] 

HOMO 
[eV][a] 

HOMO -1 
[eV][a] 

HOMO -2 
[eV][a] 

HOMO -3 
[eV][a] 

HOMO -4 
[eV][a] 

Band gap 
[eV][b] 

5 -2.92 -3.37 -5.09 -5.36 -5.57 -5.76 -6.00 1.72 

7 -2.91 -3.36 -5.04 -5.18 -5.24 -5.44 -5.91 1.68 

9 -2.92 -3.37 -5.02 -5.09 -5.21 -5.53 -5.77 1.65 
[a] Related to the Fc/Fc+-couple with a calculated absolute energy of -4.8 eV.[29] – [b] Band gap calculated to 
Δ=ELUMO-EHOMO. 
 

 

 

 

The band gap energies result from the energy difference between the HOMO and the 

LUMO level and are listed in Table 6. It can be seen in the corresponding energy level 

diagram (Figure 8), that the HOMO-LUMO band gap only marginally decreases with 

increasing chain length of the oligothiophene unit which is due to the gradual decrease of the 

HOMO energy levels with respect a constant LUMO level. In the energy diagram the 

perylenyl-oligothiophene-triphenylamines 5, 7, and 9 are related to the electrode work 

functions commonly used for the fabrication of standard photovoltaic devices. Because the 

HOMOs of the donor-acceptor materials are lower in energy with respect to the work function 
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of a PEDOT covered ITO electrode, holes can be easily injected from the cathode into the 

photoactive layer. In conjunction with the energetically high lying LUMOs with respect to 

both, the LUMO of PCBM and the work function of aluminium, requirement for the 

fabrication of single-layer or fullerene bulk-heterojunction photovoltaic devices are fulfilled. 
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Figure 8:   HOMO-LUMO Scheme of the perylenyl-oligothiophene-triphenylamines 5, 7, and 9 in comparison 
with PCBM and the work-functions of ITO and aluminium, which are commonly used for the 
fabrication of organic solar cells. 
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5.4  Experimental section 
 

5.4.1  General procedures 

 
1H NMR spectra were recorded in CDCl3 on a Bruker AMX 400 at 400 MHz. 13C NMR 

spectra were recorded in CDCl3 on a Bruker AMX 400 at 100 MHz. Chemical shifts are 

denoted in δ unit (ppm), and were referenced to internal tetramethylsilane (0.0 ppm). The 

splitting patterns are designated as follows: s (singlet), d (doublet), t (triplet), and                   

m (multiplet) and the assignments are Pery (perylene), Ph (phenyl), Th (thiophene), and TPA 

(triphenylamine) for 1H NMR. Mass spectra were recorded with a Varian Saturn 2000 GC-

MS and with a MALDI-TOF MS Bruker Reflex 2 (dithranol as the matrix). Elemental 

analyses were performed on an Elementar Vario EL. Melting points were determined with a 

Büchi B-545 melting point apparatus and are not corrected. Gas chromatography was carried 

out using a Varian CP-3800 gas chromatograph. HPCL analyses were performed on a 

Shimadsu SCL-10A equipped with a SPD-M10A photodiode array detector and a SC-10A 

solvent delivery system using a LiChrosphor column (Silica 60, 5 µm, Merck). Thin-layer 

chromatography was carried out on Silica Gel 60 F254 aluminium plates (Merck). Developed 

plates were dried and examined under a UV lamp. Preparative column chromatography was 

carried out on glass columns of different sizes packed with silica gel Merck 60 (40-63 µm). 

UV-Vis spectra were taken on a Perkin-Elmer Lambda 19 in 1 cm cuvettes. Thin uniform 

films for solid-state spectra were obtained on a POLOS wafer spinner from a toluene solution 

(20 mg/ml) at 5000 rpm onto a glass substrate. Fluorescence spectra were measured with a 

Perkin-Elmer LS 55 in 1 cm cuvettes. Fluorescence quantum yields were determined with 

respect to N-(2,6-diisopropylphenyl)perylene-3,4-dicarboximide (PDCI) (Φ = 0.9 in 

chloroform[23]). Cyclic voltammetry experiments were performed with a computer-controlled 

EG&G PAR 273 potentiostat in a three-electrode single-compartment cell (5 ml). The 

platinum working electrode consisted of a platinum wire sealed in a soft glass tube with a 

surface of A = 0.785 mm2, which was polished down to 0.5 µm with Buehler polishing paste 

prior to use in order to obtain reproducible surfaces. The counter electrode consisted of a 

platinum wire and the reference electrode was an Ag/AgCl secondary electrode. All potential 

were internally referenced to the ferrocene/ferricenium couple.[30] For the measurements 

concentrations of 10-3 mol/l of the electroactive species were used in freshly distilled and 

deairated dichloromethane (Lichrosolv, Merck) and 0.1 M tetrabutylammonium hexafluoro-

phosphate (nBu4NPF6, Fluka) which was twice recrystallized from ethanol and dried under 
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vacuum prior to use. Solvents and reagents were purified and dried by usual methods prior to 

use and typically used under inert gas atmosphere. The following starting materials were 

purchased and used without further purification: n-Butyllithium (n-BuLi, Merck) was a 1.6 M 

solution in n-hexane, pinacol (Aldrich), tri(isopropyl)borate (Merck), Pd(dppf)Cl2 (Aldrich). 

Tetrakis(triphenylphosphino)palladium(0)[31] (Pd(PPh3)4) was prepared according to a 

literature procedure. 

 

 

 

 

 

5.4.2 Synthesis 

 
Tris(4-bromophenyl)amine (2):  

Triphenylamine 1 (10.6 g, 43 mmol) was dissolved in 43 ml of chloroform 

and cooled down to 0 °C previous to the drop-wise addition of bromine 

(20.7 g, 0.130) under light protection. After complete addition of the 

bromine the resulting green solution was stirred for another hour and the 

crude product was precipitated by addition of 100 ml of an ethanol-water mixture [1:1]. The 

white solid was filtered off and dissolved in 20 ml of hot chloroform. After addition of 50 ml 

hot ethanol the product was allowed to crystallize over night at -18 °C, before the precipitate 

was filtered off and dried in vacuum. Tris(4-bromophenyl)amine 2 (18.0 g, 86 %) was 

obtained as white crystals. 

M.p.: 143-144 °C; 
1H NMR (400 MHz, CDCl3): δ=7.35 (approx. d, J=8.7 Hz, 6H, 3H,5H), 6.92 (approx. d, 

J=8.8 Hz, 6H, 2H,6H); 
13C NMR (100 MHz, CDCl3): δ=146.06, 132.52, 125.62, 116.07; 

MS (EI): m/z [M+] = 482. 
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Tris(4-(4,4,5,5-tetramethyl-[1,3,2]dioxaborolane)phenyl)amine (3):  

To a solution of tris(4-bromophenyl)amine 2 (0.96 g, 2 mmol) in 

dry THF at -80 °C n-butyllithium (3.77 ml, 6 mmol) was added. 

After stirring at -80 °C for one hour tri(isopropyl)borate (1.24 g, 

6.6 mmol) was added to the resulting suspension. The solution 

was allowed to warm up to room temperature prior to the 

addition of solid pinacol (0.78 g, 6.6 mmol). After the resulting 

solution was stirred over night at room temperature 100 ml of water were added and the water 

phase was extracted with dichloromethane. Next, the organic phase was washed with water 

and brine, before the solvent was taken off. The crude product was dissolved in 5 ml of hot 

chloroform. After addition of 25 ml of hot n-hexane the product was allowed to crystallize 

over night. Then, the precipitate was filtered off and was dried in vacuum. Boronic ester 3 

(450 mg, 36 %) was obtained as pale yellow crystals. 

M.p.: 334-335 °C; 
1H NMR (400 MHz, CDCl3): δ=7.68 (approx. d, J=8.4 Hz, 6H, 3H,5H), 7.07 (approx. d, 

J=8.4 Hz, 6H, 2H,6H), 1.34 (s, 36H, -CH3); 
13C NMR (100 MHz, CDCl3): δ=149.81, 135.93, 123.50, 83.68, 24.88; 

MS (EI): m/z [M+] = 413. 

 
General Procedure for the synthesis of the star-shaped perylenyl-oligothiophene-

triphenylamines (5, 7, 9): 

A solution of the iodinated perylenyl-oligothiophenes (1 equivalent) and boronic ester 3 (0.33 

equivalents) in dry DME was carefully degassed. After addition of tetrakis(triphenyl-

phosphine)palladium(0) (15 mol-%) and a 2 molar deairated, aqueous sodium hydroxide 

solution (3 equivalents) the resulting emulsion was carefully degassed. After the reaction 

mixture was stirred at 80 °C for 24 hours it was poured into water and the aqueous phase was 

extracted with dichloromethane. The combined organic phases were dried with magnesium 

sulphate and the solvent was taken off. The crude product was purified by column 

chromatography. 
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Tris{4-[5-([N-(2,6-diisopropylphenyl)]-9-perylenyl-3,4-dicarboximide)-4,3’-dihexyl-2,2’-

bithiophene-5’-yl]phenyl}amine (5):  

Following the general procedure, 4 (188 mg, 0.2 mmol), 

3 (42 mg, 67 µmol), 2 M aqueous sodium hydroxide 

solution (0.3 ml, 24 mg, 0.6 mmol), and Pd(PPh3)4       

(35 mg, 0.03 mmol) in 60 ml DME were reacted at 80 °C 

for 24 hours to give 5 (110 mg, 62 %) as a black solid 

after column chromatography (dichloromethane : petrol 

ether [5:1]). 

M.p.: 247-248 °C; 
1H NMR (400 MHz, CDCl3): δ=8.64 (d, J=8.0 Hz, 6H, Pery-1H,6H), 8.50-8.40 (m, 12H, 

Pery-2H,5H,7H,12H), 8.00 (d, J=8.5 Hz, 3H, Pery-8H), 7.67 (d, J=7.7 Hz, 3H, Pery-10H), 

7.62 (t, J=7.8 Hz, 3H, Pery-11H), 7.55 (approx. d, J=8.6 Hz, 6H, TPA-3H,5H), 7.48 (t, J=7.8 

Hz, 3H, Ph-4H), 7.34 (d, J=7.8 Hz, 6H, Ph-3H,5H), 7.20-7.10 (m, 12H, TPA-2H,6H,Th-

3H,4’H), 2.92-2.81 (m, 6H, Ph-CH-(CH3)2), 2.78 (t, J=6.8 Hz, 6H, Th-’-CH2), 2.46 (t, J=7.5 

Hz, 6H, Th--CH2), 1.81-1.70 (m, 6H, Th-β’-CH2), 1.64-1.50 (m, 6H, Th-β-CH2), 1.50-1.40 

(m, 6H, Th-γ’-CH2), 1.40-1.08 (m, 30H, -CH2-), 1.21 (d, J=6.8 Hz, 36H Ph-CH-(CH3)2), 0.89 

(t, J=6.9 Hz, 9H, Th’-CH3), 0.78 (t, J=6.9 Hz, 9H, Th-CH3); 
13C NMR (100 MHz, CDCl3): δ=163.84, 146.43, 145.64, 141.87, 141.41, 140.56, 137.39, 

137.12, 136.20, 134.85, 133.81, 133.72, 131.92, 130.99, 130.39, 130.28, 129.48, 129.34, 

129.31, 129.27, 128.95, 128.17, 127.19, 126.99, 126.78, 126.44, 125.57, 124.38, 123.91, 

122.99, 121.05, 120.99, 120.29, 120.20, 31.62, 31.40, 30.51, 30.37, 29.62, 29.20, 29.09, 

28.96, 28.83, 23.93, 22.54, 22.38, 14.00, 13.89; 

MS (MALDI-TOF): m/z [M+H+] = 2680; 

Elemental analysis: calcd (%) for C180H174N4O6S6: C 80.56, H 6.61, N 2.09; found C 80.38, 

H 6.72, N 2.12. 
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Tris{4-[5-([N-(2,6-diisopropylphenyl)]-9-perylenyl-3,4-dicarboximide)-4,3’,3’’,3’’’-

tetrahexyl-2,2’;5’,2’’;5’’,2’’’-quaterthiophene-5’’’-yl]phenyl}amine (7): 

Following the general procedure, 6 (191 mg, 

0.15 mmol), 3 (31 mg, 0.05 mmol), 2 M 

aqueous sodium hydroxide solution (0.15 ml,   

12 mg, 0.3 mmol), and Pd(PPh3)4 (35 mg,    

0.03 mmol) in 15 ml DME were reacted at      

80 °C for 24 hours to give 7 (100 mg, 54 %) as 

a black solid after column chromatography 

(dichloromethane : petrol ether [5:1]). 

M.p.: 192-193 °C; 
1H NMR (400 MHz, CDCl3): δ=8.66 (d, J=7.9 

Hz, 6H, Pery-1H,6H), 8.51-8.44 (m, 12H, Pery-2H,5H,7H,12H), 8.00 (d, J=8.6 Hz, 3H, Pery-

8H), 7.70 (d, J=7.8 Hz, 3H, Pery-10H), 7.65 (t, J=7.9 Hz, 3H, Pery-11H), 7.51 (approx. d, 

J=8.6 Hz, 6H, TPA-3H,5H), 7.49 (t, J=7.8, 3H, Ph-4H), 7.34 (d, J=7.8 Hz, 6H, Ph-3H,5H), 

7.17-7.10 (m, 12H, TPA-2H,6H,Th-3H,4’H), 7.03 (s, 3H, Th-4’’H), 7.01 (s, 3H, Th-4’’’H),  

2.90-2.75 (m, 24H, Ph-CH-(CH3)2, Th-’-’’’-CH2), 2.46 (t, J=7.5 Hz, 6H, Th--CH2), 1.80-

1.69 (m, 18H, Th-β’-β’’’-CH2), 1.65-1.41 (m, 30H, -CH2-), 1.41-1.10 (m, 48H, -CH2-), 1.20 

(d, J=6.8 Hz, 36H, Ph-CH-(CH3)2), 0.95-0.85 (m, 27H, Th’-Th’’’-CH3), 0.78 (t, J=7.6 Hz, 9H, 

Th-CH3); 
13C NMR (100 MHz, CDCl3): δ=163.85, 146.37, 145.65, 141.88, 141.31, 140.53, 139.85, 

137.45, 137.18, 135.80, 134.84, 134.15, 133.93, 133.83, 131.93, 130.98, 130.43, 130.28, 

130.11, 129.50, 129.34, 129.31, 128.91, 128.50, 128.36, 128.19, 127.21, 127.13, 126.83, 

126.38, 125.53, 124.33, 123.95, 123.90, 123.00, 121.07, 121.00, 120.33, 120.24, 31.61, 31.59, 

31.38, 30.47, 30.43, 30.41, 30.36, 29.56, 29.43, 29.40, 29.17, 29.06, 28.94, 28.82, 23.91, 

22.54, 22.53, 22.37, 14.01, 14.00, 13.98, 13.87; 

MS (MALDI-TOF): m/z [M+H+] = 3677; 

Elemental analysis: calcd (%) for C240H258N4O6S12: C 78.34, H 7.07, N 1.52; found C 79.58, 

H 7.23, N 1.42. 
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Tris{4-[5-([N-(2,6-diisopropylphenyl)]-9-perylenyl-3,4-dicarboximide)-4,3’,3’’,3’’’, 

3’’’’,3’’’’’-hexahexyl-2,2’;5’,2’’;5’’,2’’’;5’’’,2’’’’;5’’’’,2’’’’’-sexithiophene-5’’’’’-

yl]phenyl}amine (9):  

Following the general procedure, 8   

(48 mg, 0.03 mmol), 3 (6 mg,          

0.01 mmol), 2 M aqueous sodium 

hydroxide solution (0.03 ml, 2.4 mg, 

0.06 mmol), and Pd(PPh3)4 (7 mg,       

6 µmol) in 1 ml DME were reacted at 

60 °C for 24 hours to give 9 (20 mg,   

43 %) as a black solid after column 

chromatography (dichloromethane : 

petrol ether [5:1]). 

M.p.: 145-146 °C; 
1H NMR (400 MHz, CDCl3): δ=8.68 

(d, J=7.8 Hz, 6H, Pery-1H,6H), 8.57-8.49 (m, 12H, Pery-2H,5H,7H,12H), 8.01 (d, J=8.4 Hz, 

3H, Pery-8H), 7.70 (d, J=7.8 Hz, 3H, Pery-10H), 7.65 (t, J=8.0 Hz, 3H, Pery-11H), 7.51 

(approx. d, J=8.7 Hz, 6H, TPA-3H,5H), 7.48 (t, J=7.8 Hz, 3H, Ph-4H), 7.34 (d, J=7.7 Hz, 6H, 

Ph-3H,5H), 7.18-7.10 (m, 12H, TPA-2H,6H,Th-3H,4’H), 7.02 (s, 3H, Th’’-4H), 7.01 (s, 3H, 

Th-4’’’H),  6.98 (s, 3H, Th-4’’’’H), 2.90-2.75 (m, 36H, Ph-CH-(CH3)2, Th-’-’’’’’-CH2), 

2.46 (t, J=7.6 Hz, 6H, Th--CH2), 1.80-1.50 (m, 72H), 1.41-1.10 (m, 72H), 1.19 (d, J=6.8 Hz, 

36H, Ph-CH-(CH3)2), 0.95-0.85 (m, 45H, Th’-Th’’’’’-CH3), 0.78 (t, J=7.6 Hz, 9H, Th-CH3); 
13C NMR (100 MHz, CDCl3): δ=163.86, 145.65, 142.84, 141.88, 140.50, 139.84, 139.79, 

137.50, 137.23, 136.70, 135.77, 134.86, 134.09, 133.93, 133.86, 133.77, 133.74, 132.02, 

131.98, 131.96, 131.89, 130.96, 130.46, 130.31, 129.51, 129.38, 129.35, 129.32, 129.30, 

128.53, 128.50, 128.48, 128.44, 128.36, 128.21, 127.22, 127.13, 126.90, 126.37, 124.32, 

123.96, 123.89, 123.84, 12.01, 121.09, 121.02, 120.36, 120.32, 120.28, 31.58, 31.37, 30.45, 

30.39, 30.34, 30.30, 29.53, 29.40, 29.37, 29.23, 29.14, 29.08, 29.04, 28.92, 28.79, 23.89, 

22.53, 22.36, 13.98, 13.86; 

MS (MALDI-TOF): m/z [M+H+] = 4673; 

Elemental analysis: calcd (%) for C300H342N4O6S18: C 77.01, H 7.41, N 1.20; found C 77.22, 

H 7.54, N 1.31. 
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Chapter 6 
 
 

Effect of linkages within 
perylenyl-oligothiophenes  

 

 

 

 

 

 

 

 

Abstract 
 
This chapter discloses new strategies towards perylenyl-oligothiophenes in which the donor 

and acceptor units are linked by different synthetic means. The first part of this chapter 

elucidates the synthesis of new oligothiophene and perylene building blocks which are 

employed for the synthesis of these novel types of perylenyl-oligothiophenes. The physical 

properties of these novel donor-acceptor systems as obtained by optical and cyclic 

voltammetric measurements are discussed in the second part of this chapter. 
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6.1  Introduction 

 
The synthesis and the physical properties of linear perylenyl-oligothiophenes are discussed in 

chapter 3 while new structures based on these novel donor-acceptor molecules such as 

dimeric and dendritic systems are elucidated in chapter 4 and 5, respectively. This chapter 

focuses on the synthesis of perylenyl-oligothiophenes in which the oligothiophene donor and 

the perylene acceptor moieties are covalently linked via different bridged groups. These 

synthetic modifications are important for investigations into possible extensions of the already 

established structure-property relationships as elucidated in the previous chapters. 

Additionally, new attempts in order to adapt the electronic properties of π-conjugated donor-

acceptor hybrid molecules are demonstrated by this approach. 

For a first series, a concept similar to the linear perylenyl-oligothiophenes as described in 

chapter 3 is utilized. In this respect, bithiophene 11 and quaterthiophene 12 have been 

synthesized, which are characterized by a different substitution of the solublizing hexyl side 

chains of the oligothiophene moieties, pointing away from the adjacent perylene units. In this 

manner, the reduced steric hindrance between the perylene and the oligothiophene side-chains 

should facilitate the overall conjugation, leading to a bathochromically shifted perylene 

absorption. 

In a second series, the perylene and donor units are linked via a triple-bond which 

facilitates the mutual influence of the two electrophoric subunits. In this respect, the 

conjugation between the subunits should be increased and consequently the overall absorption 

should be red-shifted. This small series is represented by monothiophene 19, bithiophene 20 

and quaterthiophene 22. 
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Finally, with the perylenyl-oligothiophenes 23 and 25, hybrid systems have been created 

in which the donor and the acceptor moiety are fully separated. This goal has been achieved 

by the introduction of functional groups with immanent cross-conjugation. Due to the 

separation of the subunits no mutual communication between the donor and acceptor moieties 

should be present within these hybrid molecules and consequently the physical properties of 

the subunits should be comparable to the corresponding pristine perylene and 

oligothiophenes. 

 

  

 

 

 

 

 

 
 

Figure 1:  Chemical structures of the perylenyl-oligothiophenes 11, 12, 19, 20, 22, 23, and 25.
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6.2  Synthesis 

 
6.2.1  Synthesis of the perylenyl-oligothiophenes 11 and 12 

 
Prior to the synthesis of the perylenyl-oligothiophenes 17 and 18 the oligothiophene 

building blocks 4 and 7 have been synthesized starting from 5-bromo-4,3’-dihexyl-2,2’-

bithiophene 1[1] (Scheme 1).  
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Scheme 1: Synthesis of the oligothiophene building blocks 4 and 7. 
 
 

Bithiophene 1 was converted into silylated bithiophene 2 by a one-pot, two-step synthesis. 

Firstly, a bromine-lithium exchange was achieved in THF at -78 °C with 1.02 equivalents of      

n-BuLi. The lithiated intermediate was subsequently reacted with 1.5 equivalents of dichloro-

diisopropyl-silan to give silylated compound 2 in quantitative yield at room temperature. 

Immediately, the moisture sensitive bithiophene 2 was converted into the benzyloxy-protected 

bithiophene 3 by treatment with 1.5 equivalents of benzylic alcohol in dry DMF and 3 

equivalents of imidazole. After stirring the reaction mixture at room temperature for 24 hours 

bithiophene 3 was accessible in 78 % yield after column chromatography. 
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In order to introduce an iodine atom at the reactive α-position of bithiophene 3, a mercury 

mediated method was utilized.[2] Firstly, by reacting bithiophene 3 with an equimolar amount 

of mercury caproate in dry dichloromethane at room temperature and secondly, by subsequent 

addition of 1.1 equivalents of iodine, iodinated compound 4 was accessible in 96 % yield after 

filtration over basic aluminum oxide. 

The elongation of bithiophene 4 to quaterthiophene 6 was feasible by reacting 4 with 

bithiophene boronic ester 5[1] in a palladium-catalyzed Suzuki cross-coupling reaction. In this 

type of reaction, a highly active catalytic system based on Pd2(dba)3 and P(t-Bu)3 has been 

utilized, which gained a lot of interest in the recent years. It has been demonstrated that this 

combination of ligand and palladium source can cross-couple chloroarenes with a variety of 

nucleophiles under mild reaction conditions and in excellent yields.[3-7] Because of this high 

activity towards the palladium-catalyzed Suzuki-reactions iodine and bromine containing 

aromatic compounds can be coupled with boronic acids at room temperature.[3] The only 

drawback of the very versatile ligand P(t-Bu)3 is its sensitivity towards oxygen. Although the 

protonated, air-stable tetrafluoroborate complex [HP(t-Bu)3]BF4 has been known since 

1991,[8] G.C. Fu et al. reported as late as 2001 that this oxygen and moisture insensitive 

compound can circumvent the use of pristine P(t-Bu)3.[9] The phosphonium salt is 

deprotonated in situ to the free ligand and comparable yields were obtained when using the 

pure phosphine ligand P(t-Bu)3 directly. 

Following this general procedure, 2.5 mol-% of a 1:2-ratio of Pd2(dba)3 and              

[HP(t-Bu)3]BF4 was used as the catalytic system to react iodobithiophene 4 with 1.5 

equivalents of boronic ester 5. Using DME as solvent and 3 equivalents of tripotassium 

phosphate as base at room temperature, quaterthiophene 6 could be obtained in 87 % yield 

after chromatographic work-up. 

Iodination at the free α-position of quaterthiophene 6 has been achieved by the same two-

step procedure, using mercury caproate and adding 1.1 equivalents of iodine. As a result, the 

iodinated compound 7 was accessible in 89 % yield after column chromatography. 

For the synthesis of the perylenyl-oligothiophenes 11 and 12 an additional perylene 

building block was necessary. Therefore, perylene boronic ester 10 was synthesized by using 

a palladium-catalyzed Miyaura-boronation reaction (Scheme 2).[10] In this respect, 9-

bromoperylene 8 was reacted with 2 equivalents of bis(pinacolato)diboron 9, 3 equivalents of 

potassium acetate and 5 mol-% Pd(dppf)Cl2 in DME at 70 °C for 3 hours. Boronic ester 10 

was obtained in 98 % yield (HPLC-purity = 90 %) and was used without further purification. 
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Scheme 2: Synthesis of perylene building block 10. 
 

 

In order to obtain perylenyl-bithiophene 11, a one-pot synthesis was used by firstly 

reacting iodinated bithophene 4 and perylene boronic ester 10 in a Suzuki-type cross-coupling 

reaction (Scheme 3). This reaction was carried out using 1.5 equivalents of perylene boronic 

ester 10, 6 equivalents of tripotassium phosphate as base and DME as solvent. 5 mol-% of a 

1:2-mixture of Pd2(dba)3 and [HP(t-Bu)3]BF4 were used as the catalytic system. After 24 

hours at room temperature the coupling reaction was completed. Subsequently, the 

intermediate product was desilylated in situ by adding 4 equivalents of tetrabutylammonium 

fluoride to the reaction mixture. After stirring at 80 °C for another hour the reaction mixture 

was worked-up. Finally, perylenyl-bithiophene 10 was obtained in 91 % overall yield after 

chromatographic work-up. 
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Scheme 3: Synthesis of perylenyl-bithiophene 11. 
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The same one-pot synthesis was utilized for the preparation of perylenyl-quaterthiophene 

12 (Scheme 4). In this respect, iodinated quaterthiophene 7 has been reacted with 1.5 

equivalents of perylene boronic ester 10 under the same reaction conditions which were 

applied for the synthesis of the shorter representative 11. In this manner, perylenyl-

oligothiophene 12 was accessible in 87 % overall yield after column chromatography. 
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Scheme 4: Synthesis of perylenyl-quaterthiophene 12. 

 

 

 

 

6.2.2  Synthesis of the perylenyl-oligothiophenes 19-22 

  
Prior to the synthesis of the perylenyl-oligothiophenes 19-22, the oligothiophene building 

blocks 16 and 18 had to be synthesized. Starting from 2-bromo-3-hexylthiophene 13, 

acetylene thiophene 15[11] was accessible in excellent yields (Scheme 5) by a Sonogashira-

reaction with 1.2 equivalents of ethynyl-trimethyl-silane 14, 10 mol-% cuprous iodide and 5 

mol-% Pd(PPh3)4 in piperidine. The reaction mixture was stirred at 90 °C for 3 hours and 

TMS-protected thiophene 15 was obtained in 97 % yield after filtration over a short column. 
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Next, TMS-protected thiophene 15 was deprotected using 3 equivalents of caesium 

fluoride in a THF/methanol mixture. After one hour at room temperature, free acetylene 16 

has been obtained in quantitative yield. 
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Scheme 5: Synthesis of oligothiophene building block 16. 
 

 

Acetylenic bithiophene 17 was synthesized starting from 5-bromo-4,3’-dihexyl-2,2’-

bithiophene 1 in a Sonogashira-reaction with 1.2 equivalents of ethynyl-trimethyl-silane 14,         

10 mol-% cuprous iodide and 5 mol-% Pd(PPh3)4 in piperidine at 90 °C to give TMS-

protected bithiophene 17 in 90 % yield after chromatographic work-up (Scheme 6). 

TMS-protected bithiophene 17 was deprotected using 3 equivalents of caesium fluoride in 

a THF/methanol-mixture at room temperature to give free acetylene 18 in quantitative yield. 
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Scheme 6: Synthesis of oligothiophene building block 18. 
 

 

The synthesis of perylenyl-ethynyl-monothiophene 19 started from 9-bromoperylene 8 

which was reacted with 1.2 equivalents of ethynyl-monothiophene 16 in piperidine in the 

presence of 5 mol-% Pd(PPh3)4
 and 10 mol-% cuprous iodide. After 4 hours at 90 °C the 

reaction was worked-up to give 19 in 78 % yield after column chromatography (Scheme 7). 
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Scheme 7: Synthesis of perylenyl-ethynyl-monothiophene 19. 
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The synthesis of the perylenyl-ethynyl-oligothiophenes 20-22 also started from 9-

bromoperylene 8 which was reacted with 1.2 equivalents of ethynyl-bithiophene 18, 5 mol-% 

Pd(PPh3)4 and 10 mol-% cuprous iodide in a Sonogashira-type cross-coupling reaction to give 

bithiophene 20. After the reaction mixture has been stirred for 3 hours in piperidine at 90 °C 

20 was accessible in 87 % yield after column chromatography (Scheme 8). 
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Scheme 8: Synthesis of the perylenyl-oligothiophenes 20 and 22. 
 

 

Before the elongation of the conjugated oligothiophene system, ethynyl-bithiophene 20 

was iodinated at the reactive α-position. Therefore, it was stirred in dry dichloromethane with 

an equimolar amount of mercury caproate at room temperature prior to the addition of 1.1 

equivalents of iodine. By this procedure, iodinated compound 21 was accessible in 98 % yield 

after filtration over basic alumina. 

In the following step, iodinated perylenyl-ethynyl-bithiophene 21 was reacted in a Suzuki-

type cross-coupling reaction with bithiophene boronic ester 5. 1.2 equivalents of boronic ester 

5, 2 equivalents of tripotassium phosphate and 5 mol-% Pd(PPh3)4 in DME at 70 °C led to 

quaterthiophene 22 after 4 hours in 82 % yield after typical work-up. 
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6.2.3  Synthesis of the perylenyl-oligothiophenes 23 and 25 
 

It has been demonstrated that triple bonds attached to the 9-position of N-(2,6-

diisopropylphenyl)perylene-3,4-dicarboximide can be converted into a vicinal diketon by 

reacting the starting material in DMSO at 155 °C in the presence of 0.5 equivalents of 

iodine.[12] The same reaction conditions were applied to perylenyl-bithiophene 19, giving 

perylenyl-thienyl-diketon 23 in 43 % yield after column chromatography (Scheme 9). The 

relatively low yield is due to the harsh reaction conditions, leading to the decomposition of 

the starting material. When the same reaction has been carried out with perylenyl-ethynyl-

bithiophene 20 or perylenyl-ethynyl-quaterthiophene 22 as the starting material only 

decomposition rather than the desired diketones could be detected. 
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Scheme 9: Synthesis of perylenyl-thienyl-diketon 23. 
 
 
 

The synthesis of perylenyl-ethynyl-bithiophene 25 in which the bithiophene moiety is 

covalently attached to the acceptor moiety via the phenylring of the perylene unit, started 

from N-(4-bromo-2,6-diisopropylphenyl)perylene-3,4-dicarboximide 24[13] (Scheme 10). In 

this respect, bromo-perylene 24 was reacted with 1.2 equivalents of ethynyl bithiophene 13 in 

piperidine for 3 hours at 90 °C. The cross-coupling reaction has been carried out in the 

presence of 5 mol-% Pd(PPh3)4
 and 10 mol-% cuprous iodide to give 25 in 86 % yield after 

chromatographic work-up. 
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Scheme 10: Synthesis of perylenyl-ethynyl-bithiophene 25.



6.3  Physical properties 
 

 

175

6.3  Physical properties 

 
6.3.1  UV-Vis spectroscopy 

 
Absorption spectra (Figures 2, 4, and 5) of the perylenyl-oligothiophenes 11, 12, 19, 20, 

22, 23, and 25 were measured in chloroform (c = 5·10-5 mol/l). The absorption maxima and 

extinction coefficients of both, the perylene and the oligothiophene part, as well as the optical 

band gaps are given in Table 1. The optical band gaps were determined from the onset of the 

perylene absorption bands. The optical properties of 11, 12, 19, 20, 22, 23, and 25 are 

compared to those of PDCI-T2 and PDCI-T4.[1] The references PDCI-T2 and PDCI-T4 

show intense absorption bands between 450 and 550 nm, exhibiting an absolute maximum at 

517 nm and 522 nm, respectively, which originate from the perylene absorption. Additionally, 

a second absorption band arises between 300 and 450 nm due to the absorption of the 

covalently attached oligothiophene moieties. 

 

 
Table 1: Optical properties of the perylenyl-oligothiophenes 11, 12, 19, 20, 22, 23, and 25 in comparison with 

the linear perylenyl-oligothiophenes in chloroform 

 [a] c = 5⋅10-5 mol/l. P denotes perylene subunit, OT oligothiophene. – [b] Determined from the onset of the 
absorption at the lower energy band edge. – [c] Shoulder. – [d] For comparison in parentheses values for the parent 
linear perylenyl-monothiophene, [e] perylenyl-bithiophene, [f] perylenyl-quaterthiophene.[1] 

 

 

Compound λabs
max (OT) 

[nm] [a] 
ε 

[mol⋅l-1⋅cm-1] [a] 
λabs

max (P) 
[nm] [a] 

ε 
[mol⋅l-1⋅cm-1] [a] 

ΔEopt. 
[eV] [b] 

11 (2T) 315 
(300)[e] 

14000 
(16100)[e] 

535 
(517, 497)[e] 

39200 
(43000)[e] 

2.02 
  (2.19)[e] 

12 (4T) 386 
(375)[f] 

22200 
(25100)[f] 

540 
(522, 497)[f] 

40000 
(42200)[f] 

1.95 
(2.13)[f] 

19 (1T) 291 
(< 270)[d] 22400 540 

(519, 497)[d] 
50100 

(37000)[d] 
2.06 

  (2.22)[d] 

20 (2T) 319 
(300)[e] 

17200 
(16100)[e] 

541 
(517, 497)[e] 

50100 
(43000)[e] 

2.00 
  (2.19)[e] 

22 (4T) 391 
(375)[f] 

26900 
(25100)[f] 

552 
(522, 497)[f] 

50500 
(42200)[f] 

1.93 
(2.13)[f] 

23 (1T) 291 15200 524 (490)[c] 45500 2.26 

25 (2T) 353 30500 487 (511)[c] 36500 2.29 
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6.3.1.1  Absorption properties of 11 and 12 in solution 

 

Perylenyl-bithiophene 11 exhibits a broad Gaussian-shaped perylene absorption band in 

the region between 420 and 620 nm (λmax = 535 nm), whereas the bithiophene absorption 

arises below 420 nm (λmax = 315 nm). Similarly, perylenyl-quaterthiophene 12 is 

characterized by a Gaussian-shaped perylene absorption band with one distinct maximum 

(λmax = 540 nm) and a broad quaterthiophene absorption in the region between 350 and      

450 nm (λmax = 386 nm). 

The perylene absorption band of perylenyl-bithiophene 11 is bathochromically shifted by 

Δλ = 18 nm and its optical band gap is decreased by 0.17 eV with respect to the reference 

PDCI-T2. Elongating the donor chain to a quaterthiophene in 12 only a marginally effects the 

perylene absorption (Figure 2). The maximum of 12 is further shifted by another Δλ = 5 nm 

(λmax = 540 nm) and a decreased optical band gap (Eopt. = 1.95 eV) is evident. In this respect, 

the change of the hexyl side chain substitution pattern induces significant changes to the 

corresponding absorption spectra, red-shifting the perylene absorption bands of perylenyl-

oligothiophene 11 and 12. Furthermore, these bands become less structured as they are rather 

Gaussian-shaped with one distinct maximum, whereas the reference compounds exhibit 

asymmetric perylene absorption bands with vestiges of a shoulder at the high-energy band 

edges. 
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Figure 2:  UV-Vis spectra of the perylenyl-oligothiophenes 11 and 12 in comparison with PDCI-T2 and  

PDCI-T4 in chloroform. 
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The loss of the structural information and the inherent red-shift of the perylene absorption 

is a consequence of a stronger conjugation between the acceptor and the donor moieties due 

to less steric hindrance between the perylene and the directly attached hexyl-substituted 

oligothiophenes. The move of the hexyl side chains from the directly adjacent α-position in 

PDCI-T2 and PDCI-T4 to the second distant α-position in 11 and 12 results in a reduced 

torsion angle between the acceptor and the donor subunits, which has been theoretically 

calculated on a semi-empirical level (AM1). For PDCI-T2 the torsion angle between the 

perylene acceptor and the oligothiophene donor has been calculated to 46°, which gives rise 

to an almost fully separated donor-acceptor hybrid system, while a significantly reduced 

torsion angle of 35° has been calculated for 11 (Figure 3). Consequently, a stronger electronic 

conjugation between the electrophoric subunits is immanent. 

The enhanced interactions within the donor-acceptor molecules also influence the 

electronic properties of the donor moieties which are reflected by a bathochromic shift of the 

oligothiophene absorptions. In comparison with the references PDCI-T2 and PDCI-T4, the 

oligothiophene absorptions are considerably red-shifted (11: Δλ = 15 nm;  12: Δλ = 11 nm). 

 

Figure 3: AM1 geometry optimizations of the PDCI-T2, 11 and 21. Hydrogen atoms are omitted for better 
visualization.  

 
6.3.1.2  Absorption properties of 19, 20 and 22 in solution 

 

With respect to the parent linear perylenyl-oligothiophenes, the same progressive red-shift 

of the perylene absorption bands can be found for the perylenyl-ethynyl-oligothiophenes 19, 

20, and 22. While the shortest representative, perylenyl-ethynyl-monothiophene 19, reveals a 

maximum absorption at 540 nm, the absorption maximum is even more bathochromically 

shifted in case of ethynyl-bithiophene 20 (541 nm) and perylenyl-ethynyl-quaterthiophene 22 

(552 nm). This ongoing red-shift is accompanied by a gradual decrease of the optical band 

gap from 2.06 eV (19) to 1.93 eV (22) with increasing length of the oligothiophene systems 

46° 
35° 2° 

PDCI-T2 11 21 
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(Figure 4). In comparison with the reference compounds, 19, 20, and 22 clearly reveal 

Gaussian-shaped and bathochromically shifted perylene absorptions. These effects are even 

more pronounced in comparison with the perylenyl-oligothiophenes 11 and 12.  

The intensity of the perylene absorption bands of 19, 20, and 22 (compare ε22 = 50500 

mol⋅l-1⋅cm-1 to εPDCI-T4 = 42200 mol⋅l-1⋅cm-1) are significantly enhanced with respect to the 

references as a consequence of a much stronger mutual influence between the donor and 

acceptor subunits which is mediated by the acetylene-moieties. The triple bonds act as spacers 

by which the donor and acceptor moiety are spatially separated and hence, any steric 

hindrance between the subunits is avoided. This can be supported by semi-empirical 

calculations (Figure 3) which predict the torsion angle between the oligothiophene donor and 

the perylene acceptor to be only 2° in case of 20. The resulting nearly planar systems allow 

full conjugation between the electrophoric subunits via the triple bonds. 
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Figure 4: UV-Vis spectra of the perylenyl-oligothiophenes 19, 20, and 22 in comparison with PDCI-T4 in 

chloroform. 
 

In comparison with the reference compounds PDCI-T2 and PDCI-T4 the oligothiophene 

absorption bands of the derivatives 19, 20 and 22 are also red-shifted (Δλ = 16 - 19 nm) and 

increased in absorptivity due to the enhanced communication within the hybrid systems. 

Furthermore, it has to be considered that the conjugated donor systems are elongated by the 

incorporation of the terminal triple bond which in consequence leads to an additional 

bathochromic shift of the donor absorption maximum with respect to those of the references. 

However, the latter effect decreases with increasing length of the oligothiophene system and 

is largest for the ethynyl-monothiophene 19. 
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6.3.1.3  Absorption properties of 23 and 25 in solution 

 

In contrast to the previously discussed perylenyl-oligothiophenes 11, 12, 19, 20, and 22 

the absorption spectra of the derivatives 23 and 25 speak for perfectly separated donor-

acceptor systems. The perylene absorption of 23 shows one absolute maximum at 524 nm and 

two shoulders at 490 and 461 nm, respectively; while in the case of 25 the shape of the 

perylene absorption entirely matches the absorption spectrum of pristine PDCI.[1] Due to the 

structured absorption bands it can be concluded that the π-conjugation is interrupted by the 

linkage between the donor and acceptor moieties. 
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Figure 5:  UV-Vis spectra of the perylenyl-oligothiophenes 23 and 25 in comparison with PDCI-T1 and PDCI-

T2 in chloroform. 

 
In the case of perylenyl-thienyl-diketon 23 the interruption of the conjugated system has 

been achieved by the incorporation of the cross-conjugated diketon functionality, which leads 

to a red-shifted and intensified perylene absorption with respect to pure PDCI. In this respect, 

the optical band gap has been reduced from 2.30 eV (PDCI) to 2.26 eV (23). Therefore, at 

least one carbonyl group of the diketone functionality contributes to the overall electronic 

properties of the perylene moiety, elongating the conjugated acceptor system and 

consequently inducing a bathochromic shift in the absorption. Secondly, the second ketone 

functionality influences the donor properties as absorption can be observed between 280 nm 

and 400 nm which is not detectable in the case of PDCI-T1. 
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In the case of 25, the ethynyl-bithiophene moiety is attached to the acceptor via the phenyl 

ring, which is twisted out-of-plane by 90 °C with respect to the perylene core as indicated by 

semi-empirical calculations. This is due to steric repulsion between the bulky isopropyl 

groups and the large aromatic perylene system (Figure 3). In this manner, a complete 

electronic separation between the donor and acceptor moiety is immanent. Because of the 

incorporation of the phenyl ring into the conjugated donor backbone, the longer π-conjugated 

donor system of 25 exhibits a considerable red-shift as well as an increased absorptivity with 

respect to PDCI-T2. This leads to an absorption maximum of 353 nm (PDCI-T2: λmax =   

300 nm) in conjunction with an increased extinction coefficient of 30500 mol⋅l-1⋅cm-1 (PDCI-

T2: ε = 16100 mol⋅l-1⋅cm-1). 

 

6.3.1.4  Absorption properties of 11, 12, 19, 20, 22, 23, and 25 in the solid state 

 

Thin films of the perylenyl-oligothiophenes 11, 12, 19, 20, 22, and 23 were obtained by 

spin-coating of the corresponding toluene solutions (c = 20 mg/ml) onto glass substrates 

(Figure 6). The absorption maxima of both, the perylene and the oligothiophene moieties, as 

well as the optical band gaps in the solid state are given in Table 2. 

 
Table 2: Optical properties of the perylenyl-oligothiophenes 11, 12, 19, 20, 22, and 23 in the solid state 

[a] P denotes perylene subunit, OT oligothiophene. – [b] Determined from the onset of the absorption at the lower 
energy band edge. – [c] Shoulder. – [d] For comparison in parentheses values for the parent linear perylenyl-
bithiophene, [e] perylenyl-quaterthiophene.[1] 

 

Absorption spectra in the solid state reveal the same trends as compared to the solution 

spectra. Generally, a broadening and a red-shift of the bands is visible which in consequence 

lead to smaller optical band gaps by about 0.10 eV. The displacement is small for the perylene 

absorption bands. While no bathochromic shifts are observed for the perylenyl-

Compound λabs
max (OT) [nm] [a] λabs

max (P) [nm] [a] ΔEopt. [eV] [b] 

11 (2T)  527 1.95 

12 (4T) 400 540 1.86 

19 (1T)  534 (565)[c] 1.97 

20 (2T) 382 
(361)[d] 

556 
(526, 502)[d] 

1.88 
(2.10)[d] 

22 (4T) 428 
(386)[e] 

589 
(530, 502)[e] 

1.76 
(2.03)[e] 

23 (1T)  536 (500)[c] 2.14 
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oligothiophenes 11 and 12, a significant gain is evident for the perylenyl-ethynyl-

oligothiophenes 19, 20 and 22. In the latter series the displacement increases with elongation 

of the oligothiophene chain length (19: Δλmax = 14 nm; 20: Δλmax = 25 nm) and is largest for 

the longest homologue with a gain of Δλmax = 37 nm by going from solution to the solid state. 

For diketon-monothiophene 23 a displacement of Δλmax = 25 nm is observed which, as for the 

series of perylenyl-ethynyl-oligothiophenes, can be attributed to an enhanced conjugation in 

the solid state as a consequence of an induced planarization of the conjugated π-system. 
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Figure 6: Solid-state UV-Vis spectra of 11, 12, 19, 20, 22, and 23 in comparison with PDCI-T4, normalized 

with respect to the maximum perylene absorption. 
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6.3.2  Fluorescence spectroscopy 

 
Corrected emission spectra of the perylenyl-oligothiophenes 11, 12, 19, 20, 22, 23, and 25 

and the references PDCI-T1, PDCI-T2 and PDCI-T4 were measured in chloroform (Figures 

7-9). The absolute emission maxima, the quantum yields and the Stokes shifts are given in 

Table 3. PDCI-T1 shows a broad and intense luminescence (Φ = 0.67) with an emission 

maximum at 588 nm. When excited at 480 nm, he reference PDCI-T2 exhibits a quantum 

yield of 37 % with an emission maximum at 655 nm, while PDCI-T4 has very low emission 

(Φ = 0.01) with a maximum at 595 nm. The observed fluorescence quenching with increasing 

length of the attached oligothiophene chain is a results of a photoinduced charge transfer from 

the oligothiophene donor to the perylene acceptor.[15] 

 
Table 3: Emission properties of the perylenyl-oligothiophenes 11, 12, 19, 20, 22, 23, and 25 

[a] Excitation wavelength λex = 480 nm. – [b] Quantum Yields determined with respect to N-(2,6-
diisopropylphenyl)perylene-3,4-dicarboximide (PDCI).[14] – [c] Stokes shifts measured as λem

max-λabs
max – [d] 

Shoulder. – [e] For comparison in parentheses values for the parent linear perylenyl-monothiophene, [f] perylenyl-
bithiophene, [g] perylenyl-quaterthiophene.[1] 

 

 

 

6.3.2.1 Emission properties of 11 and 12 

 

The fluorescence spectra of the perylenyl-oligothiophenes 11 and 12 show broad and 

unstructured emission bands. They exhibit large Stokes shifts and only one discrete emission 

maximum. The shape of the emission bands and the quantum yields (11: Φ = 0.38,               

12: Φ = 0.01) are comparable to those of the references PDCI-T2 and PDCI-T4, indicating 

Compound λem
max [nm] [a] Φ [%] [b] Stokes shift [cm-1 (eV)] [c] 

11 (2T) 668 38 3722 (0.46) 

12 (4T) 760 1 5361 (0.66) 

19 (1T) 596 (637)[d] 

(588)[e] 
72 

(67)[e] 
1740 (0.22) 
(2261, 0.28)[e] 

20 (2T) 664 
(655)[f] 

40 
(37)[f] 

3424 (0.42) 
(4075, 0.51)[f] 

22 (4T) 704 
(595)[g] 

1 
(1)[g] 

3911 (0.49) 
(2350, 0.29)[g] 

23 (1T) 541 (584)[d] 14 600 (0.07) 

25 (2T) 541 (582)[d] 7 1085 (0.13) 
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that the excited states are rather comparable. This can be explained by an induced 

planarization as a consequence of a more quinoid excited state structure by which the torsion 

angles between the oligothiophene donor and the perylene acceptor are reduced to a certain 

extent. In this respect, the electrophoric subunits are almost arranged in a coplanar fashion, 

which results in a comparable degree of conjugation between the donor and acceptor units. 

The fluorescence spectra of the perylenyl-oligothiophenes 11 and 12 show broad and 

unstructured emission bands. They exhibit large Stokes shifts and only one discrete emission 

maximum. The shape of the emission bands and the quantum yields (11: Φ = 0.38,                

12: Φ = 0.01) are comparable to those of the references PDCI-T2 and PDCI-T4, concluding 

that the excited states are rather comparable. This can be explained by an induced 

planarization as a consequence of a more quinoid excited state structure by which the torsion 

angles between the oligothiophene donor and the perylene acceptor are reduced to a certain 

extent. In this respect, the electrophoric subunits are almost arranged in a coplanar fashion, 

which results a comparable degree of conjugation between the donor and acceptor units in the 

cases of either the perylenyl-oligothiophenes 11 and 12 or the reference compounds. 
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Figure 7: Fluorescence spectra of the perylenyl-oligothiophenes 11 and 12 in comparison with PDCI-T2 in 

chloroform.           
 

  The large Stokes shifts for compounds 11, 12 and the references are an indication that 

structural and electronic rearrangements are taking place upon excitation due to the stronger 

conjugation between the oligothiophene donor and perylene acceptor within these hybrid 

systems. In this respect, the broad emission bands originate from charge-transfer bands which 

are overlaid at the low-energy edge of the corresponding perylene luminescence. 
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6.3.2.2  Emission properties of 19, 20 and 22 

 

The fluorescence spectra of the perylenyl-oligothiophenes 19, 20, and 22 show the same 

trends observed for the previous series 11 and 12. They exhibit broad and unstructured 

emission bands with only one discrete emission maximum. However, in the case of ethynyl-

monothiophene 19 vestiges of a shoulder are visible at 637 nm beside the maximum at       

596 nm. 

In comparison with the reference compounds, the perylenyl-oligothiophenes 19, 20, and 

22 exhibit similar quantum yields and Stokes shifts. This leads to the assumption that the 

excited states are electronically comparable and are characterized by an immanent 

conjugation between the oligothiophene donor and the perylene acceptor. As observed for the 

reference compounds the electronic coupling of the subunits results in a photoinduced charge-

transfer upon excitation. This leads to broad fluorescence bands due to additional emission 

processes occurring upon charge transfer within the hybrid molecules. As a consequence of 

the photoinduced electron transfer a quenching of fluorescence can be observed, which 

increases with elongation of the donor system and is largest for the longest homologue 

ethynyl-quaterthiophene 22. Accordingly, the quantum yields decreased progressively from 

monothiophene 19 (Φ = 0.72) to quaterthiophene 22 (Φ = 0.01). 
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Figure 8:  Fluorescence spectra of the perylenyl-oligothiophenes 19, 20, and 22 in comparison with PDCI-T2 

and PDCI-T1 in chloroform.            
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6.3.2.3  Emission properties of 23 and 25 

 

The idea of a complete decoupling of the donor and acceptor moieties within the hybrid 

systems 23 and 25 is confirmed by the corresponding fluorescence spectra, which clearly 

show structured emission with one distinct maximum and two shoulders. Furthermore, low 

Stokes shifts smaller than 1100 cm-1 demonstrate the absence of any charge-transfer bands 

which are laid over the emission of the pure perylene moieties. 

Perylenyl-ethynyl-bithiophene 25 is characterized by fully decoupled electrophoric 

subunits which can be confirmed by the corresponding emission spectrum. Here, the shape of 

the luminescence spectrum perfectly matches that of pristine PDCI, indicating that only the 

pure acceptor contributes to the emission and any mutual influence between the donor and the 

acceptor is excluded. Nevertheless, a rather low fluorescence quantum yield (Φ = 0.06) is 

observed as compared to the very high quantum yield (Φ = 0.90) of pure PCDI, suggesting a 

photoinduced charge transfer within the hybrid system 25 upon excitation. Even in the case of 

perylenyl-thienyl-diketon 23 the shape of the emission band almost perfectly corresponds to 

that of PDCI, although a stronger influence of the diketone functionality on the electronic 

properties of the excited state, such as a red-shifted absorption, was expected. Therefore, the 

Stoke shift is very small for 23, demonstrating that the ground and the excited state are rather 

similar. Interestingly, 23 shows a rather low quantum yield (Φ = 0.14) whereas the ethynyl-

monothiophene analogue 19 has a significantly higher quantum yield (Φ = 0.72). 
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Figure 9:  Fluorescence spectra of the perylenyl-oligothiophenes 23 and 25 in comparison with PDCI-T2 in 

chloroform.            
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In conclusion, the fluorescence spectra reveal that the conjugation between the 

electrophoric subunits is fully interrupted in the case of perylenyl-thienyl-diketon 23 and 

perylenyl-ethynyl-bithiophene 25, while for the other perylenyl-oligothiophenes 11, 12, 19, 

20, and 22, the corresponding broad emission bands indicate strong mutual influences 

between the donor and acceptor moieties. According to the emission properties of the latter 

hybrid systems the conjugation between the donor and the acceptor moieties are almost 

independent, irrespective of the type of linkage utilized to covalently connect the donor and 

acceptor moieties. In this respect, quantum yields, Stokes shifts and even the shape of the 

emission bands of 11, 12, 19, 20, and 22 are comparable, showing that the excited states are 

electronically almost indistinguishable. Furthermore, the large Stoke shifts observed in the 

emission spectra infer for significant, structural differences between the ground and the 

corresponding excited states.  

 

 

 

 

6.3.3  Cyclic voltammetry 
   

Oxidation and reduction potentials of the perylenyl-oligothiophenes 11, 12, 19, 20, 22, 23, 

and 25 as well as the references PDCI-T2 and PDCI-T4 were determined by cyclic 

voltammetry in dichloromethane using tetrabutylammonium hexafluorophosphate as the 

supporting salt (Figure 10). Reduction and oxidation potentials (Table 4) are given versus the 

internal standard ferrocene/ferricenium (Fc/Fc+) and are compared to the reference 

compounds PDCI-T1, PDCI-T2 and PDCI-T4. The potential difference between the onset of 

the first oxidation and the first reduction wave, respectively, gives the electrochemically 

determined band gap ΔECV (Table 4). 
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Table 4:  Electrochemical properties of the perylenyl-oligothiophenes 11, 12, 19, 20, 22, 23, and 25 

Compound E°red2 (P)  

[V] [a] 
E°red1 (P)  

[V] [a] 
E°ox1 (P) 

[V] [a] 
E°ox1 (OT) 

[V] [a] 
E°ox2  (OT) 

[V] [a] 
ΔECV

 

[V] [c] 

11 (2T) -1.88 
(-1.87)[e] 

-1.45 
(-1.42)[e] 

1.04 
(1.06)[e] 

0.61 
(0.71)[e] 

1.23 
(1.20)[e] 

1.92 
(2.02)[e] 

12 (4T) -1.81 
(-1.87)[f] 

-1.43 
(-1.42)[f] 

1.13 
(1.17)[f] 

0.40 
(0.43)[f] 

0.66 
(0.71)[f] 

1.66 
(1.70)[f] 

19 (1T) -1.77 
(-1.88)[d] 

-1.39 
(-1.43)[d] 

0.84 
(0.88)[d] 

1.20 
(1.21)[d]  2.06 

(2.12)[d] 

20 (2T) -1.76 
(-1.87)[e] 

-1.39 
(-1.42)[e] 

0.98 
(1.06)[e] 

0.65 
(0.71)[e] 

1.15 
(1.20)[e] 

1.90 
(2.02)[e] 

22 (4T) -1.76 
(-1.87)[f] 

-1.39 
(-1.42)[f] 

1.17 
(1.17)[f] 

0.46 
(0.43)[f] 

0.68 
(0.71)[f] 

1.65 
(1.70)[f] 

23 (1T) -1.38 -1.18 1.15 1.36  2.17 

25 (2T) -1.95 -1.45 0.96 0.66  1.97 
[a] In dichloromethane/nBu4NPF6 (0.1 M) vs. Fc/Fc+ at 100 mV/s. P denotes perylene subunit, OT 
oligothiophene. – [b] Irreversible redox process, E° determined at I° = 0.855⋅Ip.[16] – [c] Determined by ΔECV = 
E’ox1 – E’red1 (E’ is the potential at which the redox process starts). – [d] For comparison in parentheses values for 
the parent linear perylenyl-monothiophene, [e] perylenyl-bithiophene, [f] perylenyl-quaterthiophene.[1] 

 

The reference compounds each show to two reversible reductions (E°Red1 = -1.42 V,  

E°Red1 = -1.87 V), leading to stable radical anions and dianions, respectively while in the 

oxidative regime two (PDCI-T1) and three (PDCI-T2, PDCI-T4) oxidation waves are 

observed. One oxidation process can be attributed to the perylene oxidation and the remaining 

oxidation waves originate from the oxidation of the oligothiophene. With elongation of the 

conjugated donor system the corresponding oxidations are gradually shifted to more negative 

potentials.  
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Figure 10:  Cyclic voltammograms of 11, 12, 19, 20, 22, 23, and 25 in comparison with PDCI-T2 and PDCI-

T4 in dichloromethane/nBu4NPF6 (0.1 M) vs. Fc/Fc+ at 100 mV/s. 
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6.3.3.1  Electrochemical properties of 11, 12, 19, 20 and 22 

 

In the case of the perylenyl-oligothiophenes 11 and 12 redox potentials similar to those of 

PDCI-T2 and PDCI-T4 are observed. The reduction potentials show no significant deviation, 

although the second reduction of perylenyl-quaterthiophene 12 is marginally positively 

shifted (ΔEred2 = 60 mV). In contrast to the reduction potentials, the oxidation processes of the 

donor moieties are slightly facilitated (ΔEox = 30 - 100 mV) with respect to the reference 

compounds as a result of the enhanced conjugation between the electrophoric subunits. Along 

the same line, the small decline of the electrochemical band gap ΔECV is in accordance with 

the decrease of the optical band gap ΔEopt observed from the solution and solid-state 

absorption spectra. 

For the perylenyl-ethynyl-oligothiophenes 19, 20 and 22 both reductions are slightly 

facilitated with respect to the reference compounds. This effect is more pronounced in the 

case of the second reduction (ΔEred2 = 110 mV) rather than for the first one (ΔEred1 = 30 mV) 

and is independent on the length of the adjacent donor system. This effect can be attributed to 

the electronic influence of the directly attached triple bonds. These adjacent ethynylene-

moieties are in conjugation with the aromatic system of the perylene acceptors, increasing the 

overall conjugation and consequently facilitating the reduction processes. 

Although the conjugated donor systems of the perylenyl-ethynyl-oligothiophenes 19, 20 

and 22 are elongated by a triple bond with respect to linear perylenyl-oligothiophenes no 

significant trend can be found for the small deviations between the corresponding oxidation 

potentials as a consequence of two almost identical but opposite effects. On the one hand, the 

increased mutual communication between the donor and acceptor moieties facilitates the 

oxidation processes, whereas on the other hand the oxidation is impeded due to the high 

electron affinity of the triple bonds as part of the donor systems. These competitive effects are 

more or less balanced and in consequence no large deviations between the oxidation 

potentials of the perylenyl-ethynyl-oligothiophenes 19, 20 and 22 and the corresponding 

reference compounds are observed. In summary, the electrochemical band gaps of 19, 20 and 

22 are somewhat decreased (ΔECV = 50 - 120 mV) due to the slightly increased overall 

comjugation. 

Although it has been concluded from the optical properties that the perylenyl-

oligothiophenes 11, 12, 19, 20, and 23 are characterized by a stronger conjugation between 

the electrophoric subunits with respect to the corresponding reference compounds, the 

electrochemical measurements clearly reveal that this enhanced π-conjugation is still rather 
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small and hence, the donor and acceptor moieties are electronically decoupled to a large 

extent. The utilization of a different linkage between the oligothiophene donor and perylene 

acceptor considerably decreases both ΔECV and ΔEopt as a result of an overall increased 

conjugation. However, the electrochemically determined band gaps ΔECV are still 

substantially smaller compared to the corresponding optical band gaps ΔEopt. This indicates 

largely separated subunits with only marginal conjugation between the oligothiophene and the 

perylene moieties. 

 

 

6.3.3.2  Electrochemical properties of 23 and 25 

 

In contrast to the previously discussed perylenyl-oligothiophenes, the perylene redox 

potentials of perylenyl-ethynyl-bithiophene 25 perfectly match the redox processes which 

occur in PDCI. Therefore, any mutual influence between the oligothiophene and the perylene 

can be excluded, supporting the assumption of a fully separated donor-acceptor system. 

The diketo-functionality of perylenyl-thienyl-diketon 23 has an extraordinary influence on 

the redox behaviour of the hybrid system as both reduction and oxidation processes of the 

perylene moiety are positively shifted by more than 200 mV. This effect can be attributed to 

the strong electron-withdrawing effect of the diketo functionality which aggravates the 

oxidation and in the same line facilitates the reduction.  In this respect, the redox behaviour of 

the perylene moiety is nearly comparable to that of perylene-3,4,9,10-bis(dicarboximide) 

which electrochemical behaviour was subject of previous studies (E°red2 = -1.10 V, E°red1 =      

-0.88 V, E°ox = 1.30 V).[17] Besides the influence on the acceptor moiety the oxidation of the 

monothiophene is also impeded (ΔE = 150 mV) as a result of the directly adjacent, electron-

withdrawing diketo functionality. 

In contrast to the optical measurements, a conjugation between the donor and the acceptor 

units within the hybrid molecule 23 cannot be excluded by cyclic voltammetry because of the 

significant difference between the electrochemically determined band gap ΔECV = 2.17 V and 

the corresponding optical band gap ΔEopt = 2.26 V. Nevertheless, it has to be considered that 

both, ΔECV and ΔEopt, are determined by different methods and therefore, a deviation between 

both values band gaps is generally immanent. 
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6.3.3.3  MO-energies of 11, 12, 19, 20, 22, 23, and 25 

 

In order to calculate the absolute energies of the molecular orbitals of perylenyl-

oligothiophenes 11, 12, 19, 20, 22, 23, and 25 with respect to the vacuum level, the reduction 

and oxidation potentials are related to the oxidation potential of the ferrocene/ferricenium 

couple which has been calculated to an absolute energy of -4.8 eV.[18] The band gap energies 

are calculated from the absolute energy difference between the HOMOs and the LUMOs. The 

corresponding MO energy levels as well as the band gap energies are listed in Table 5 and a 

corresponding energy level diagram is depicted in Figure 11. 

 

 
Table 5:  MO energies vs. the vacuum level of the perylenyl-oligothiophenes 11, 12, 19, 20, 22, 23, and 25 

Compound LUMO -1 
[eV][a]

 

LUMO 
[eV][a] 

HOMO 
[eV][a] 

HOMO -1 
[eV][a] 

HOMO -2 
[eV][a] 

Band gap 
[eV] [b] 

11 (2T) -2.92 -3.35 -5.41 -5.84 -6.03 2.06 
12 (4T) -2.99 -3.37 -5.20 -5.46 -5.93 1.83 
19 (1T) -3.03 -3.41 -5.64 -6.00  2.23 
20 (2T) -3.04 -3.41 -5.45 -5.78 -5.95 2.04 
22 (4T) -3.04 -3.41 -5.26 -5.48 -5.97 1.85 

23 (1T) -3.42 -3.62 -5.95 -6.16  2.33 
25 (2T) -2.85 -3.35 -5.46 -5.76  2.11 

[a] Related to the Fc/Fc+-couple with a calculated absolute energy of -4.8 eV.[16] – [b] Determined by Band gap = 
E1

LUMO1 – E1
HOMO. 

 

 

 

The energy diagram reveals that as a general trend the HOMO-LUMO band gap decreases 

with increasing length of the conjugated oligothiophene donor units which is mainly due to 

the progressive increase of the HOMO energy. At the same time, the LUMO level remains 

mainly unchanged and only marginal differences are seen between the different series. 

However, the strong influence of the diketo functionality of perylenyl-thienyl-diketon 23 is 

clearly visible, significantly lowering both the HOMO- and the LUMO-level. 
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Figure 11:  MO scheme of the perylenyl-oligothiophenes 11, 12, 19, 20, 22, 23, and 25 in comparison with the 

linear perylenyl-oligothiophenes. 
 

 

 

Figure 11 also reveals that the perylenyl-oligothiophenes 11, 12, 19, 20, 22, 23, and 25 are 

possible candidates for the use in photovoltaic devices. The HOMOs of these materials are 

lower in energy than the work function of ITO/PEDOT, while the corresponding LUMOs are 

energetically higher compared to either the work function of aluminium or the LUMO of 

PCBM. This should result in good electron and hole injection properties of the corresponding 

single-layer or fullerene bulk heterojunction photovoltaic devices.  
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6.4  Experimental section 
 

6.4.1  General procedures 

 
1H NMR spectra were recorded in CDCl3 on a Bruker AMX 400 at 400 MHz. 13C NMR 

spectra were recorded in CDCl3 on a Bruker AMX 400 at 100 MHz. Chemical shifts are 

denoted in δ unit (ppm), and were referenced to internal tetramethylsilane (0.0 ppm). The 

splitting patterns are designated as follows: s (singlet), d (doublet), t (triplet), quin (quintet), 

sep (septet), and m (multiplet) and the assignments are Pery (perylene), Ph, (phenyl), Th 

(thiophene) for 1H NMR. Mass spectra were recorded with a Varian Saturn 2000 GC-MS and 

with a MALDI-TOF MS Bruker Reflex 2 (dithranol as the matrix). Elemental analyses were 

performed on an Elementar Vario EL. Melting points were determined with a Büchi B-545 

melting point apparatus and are not corrected. Gas chromatography was carried out using a 

Varian CP-3800 gas chromatograph. HPCL analyses were performed on a Shimadsu SCL-

10A equipped with a SPD-M10A photodiode array detector and a SC-10A solvent delivery 

system using a LiChrosphor column (Silica 60, 5 µm, Merck). Thin-layer chromatography 

was carried out on Silica Gel 60 F254 aluminium plates (Merck). Developed plates were dried 

and examined under a UV lamp. Preparative column chromatography was carried out on glass 

columns of different sizes packed with silica gel Merck 60 (40-63 µm). UV-Vis spectra were 

taken on a Perkin-Elmer Lambda 19 in 1 cm cuvettes. Thin uniform films for solid-state 

spectra were obtained on a POLOS wafer spinner from a toluene solution (20 mg/ml) at 5000 

rpm onto a glass substrate. Fluorescence spectra were measured with a Perkin-Elmer LS 55 in 

1 cm cuvettes. Fluorescence quantum yields were determined with respect to N-(2,6-

diisopropylphenyl)perylene-3,4-dicarboximide (PDCI) (Φ = 0.9 in chloroform[14]). Cyclic 

voltammetry experiments were performed with a computer-controlled EG&G PAR 273 

potentiostat in a three-electrode single-compartment cell (5 ml). The platinum working 

electrode consisted of a platinum wire sealed in a soft glass tube with a surface of A = 0.785 

mm2, which was polished down to 0.5 µm with Buehler polishing paste prior to use in order 

to obtain reproducible surfaces. The counter electrode consisted of a platinum wire and the 

reference electrode was an Ag/AgCl secondary electrode. All potential were internally 

referenced to the ferrocene/ferricenium couple.[18] For the measurements concentrations of  

10-3 mol/l of the electroactive species were used in freshly distilled and deairated 

dichloromethane (Lichrosolv, Merck) and 0.1 M tetrabutylammonium hexafluorophosphate 
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(nBu4NPF6, Fluka) which was twice recrystallized from ethanol and dried under vacuum prior 

to use. Solvents and reagents were purified and dried by usual methods prior to use and 

typically used under inert gas atmosphere. The following starting materials were purchased 

and used without further purification: n-Butyllithium (n-BuLi, Merck) was a 1.6 M solution in 

n-hexane, iodine (Merck), dichloro-diisopropyl-silan (Fluka), benzylic alcohol (Merck), 

ethynyl-trimethyl-silan (Fluka), bis(pinacolato)diboron (Lancaster), Pd(dppf)Cl2 (Aldrich),   

n-tetrabutylammonium fluoride (Merck), 9-bromo-N-(2,6-diisopropylphenyl)perylene-3,4-

dicarboximide 8 (BASF). [HP(t-Bu)3]BF4
[9], Pd2(dba)3

[19] and tetrakis(triphenylphos-

phino)palladium(0)[20] (Pd (PPh3)4) were prepared according to literature procedures. N-(4-

bromo-2,6-diisopropyl-phenyl)perylene-3,4-dicarboximide[13] 24 was gratefully provided by 

the group of Prof. Müllen, MPI Mainz. 

 
 
 
 
 
 

6.4.2  Synthesis 

 
Chloro(4,3’-dihexyl-2,2’-bithien-5-yl)diisopropyl-silane (2): 

1 (1.0 g, 2.42 mmol) was dissolved in 12 ml THF. At -80 °C n-butyllithium 

(1.54 ml, 2.46 mmol) were added drop wise and the resulting solution was 

stirred for one hour at -80 °C. After addition of dichloro-diisopropyl-silan 

(0.67 g, 3.63 mmol) the solution was allowed to warm up to room temperature and stirred for 

another hour. Next, the solvent was removed by rotary evaporation and the residue was 

dissolved in petrol ether. The white precipitate was filtered off and the solvent was 

evaporated. The excess of dichloro-diisopropyl-silan was removed in vacuum. 2 was obtained 

as a pale yellow viscous liquid (1.17 g, quantitative yield) and was used without further 

purification. 
1H NMR (400 MHz, CDCl3): δ = 7.18 (d, J=5.2 Hz, 1H, 5’-H), 7.11 (s, 1H, 3-H), 6.93 (d, 

J=5.2 Hz, 1H, 4’-H), 2.79 (t, J=7.8 Hz, 2H, ’-H), 2.73 (t, J=8.0 Hz, 2H, -H), 1.71-1.61 (m, 

4H, β,β’-H), 1.50-1.30 (m, 14H,-CH2-, Si-CH-(CH3)2), 1.17 (d, J=7.2 Hz, 6H, Si-CH-(CH3)2), 

1.12 (d, J=7.3 Hz, 6H, Si-CH-(CH3)2), 0.94-0.89 (m, 6H, -CH3); 
13C NMR (100 MHz, CDCl3): δ = 152.54, 142.13, 139.77, 130.51, 130.10, 129.06, 124.92, 

123.69, 31.92, 31.73, 31.63, 31.47, 30.59, 29.42, 29.31, 29.19, 22.63, 17.34, 17.04, 15.68, 

14.06; 

S

H13C6

Si
S

H13C6

Cl
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MS (EI): m/z [M+] = 483. 

Benzyloxy(4,3’-dihexyl-2,2’-bithien-5-yl)diisopropyl-silane (3): 

2 (2.90 g, 6 mmol) was added to a solution of benzylic alcohol  (0.97 

g, 9 mmol) and imidazole (1.02 g, 15 mmol) in 50 ml dry DMF. After 

stirring for 24 hours at room temperature the reaction mixture was 

poured into 10 ml water and the water phase was extracted with petrol ether. The organic 

phase was dried with magnesium sulphate before the solvent was removed by rotary 

evaporation. The crude product was purified by column chromatography (SiO2 / petrol ether : 

dichloromethane [10:1]) to give 3 (2.6 g, 78 %) as a yellow viscous liquid. 

1H NMR (400 MHz, CDCl3): δ = 7.43-7.34 (m, 4H, Ph-2H,3H,5,H,6H), 7.28 (m, 1H, Ph-

4H), 7.17 (d, J=5.2 Hz, 1H, 5’-H), 7.13 (s, 1H, 3-H), 6.94 (d, J=5.2 Hz, 1H, 4’-H), 4.94 (s, 

2H, Ph-CH2-), 2.80 (t, J=7.8 Hz, 2H, ’-H), 2.69 (t, J=8.1 Hz, 2H, -H), 1.70-1.60 (m, 4H, 

β,β’-H), 1.46-1.22 (m, 14H,-CH2-, Si-CH-(CH3)2), 1.20-1.13 (m, 12H, Si-CH-(CH3)2), 0.95-

0.85 (m, 6H, -CH3); 
13C NMR (100 MHz, CDCl3): δ = 152.31, 141.30, 141.00, 139.40, 130.98, 130.08, 128.70, 

128.17, 128.15, 126.96, 126.89, 125.93, 123.34, 65.56, 31.77, 31.69, 31.66, 31.60, 30.63, 

29.51, 29.35, 29.23, 22.64, 17.76, 17.62, 14.06, 13.99; 

MS (MALDI-TOF): m/z [M+H+] = 555; 

Elemental analysis: calcd (%) for C33H50OS2Si: C 71.42, H 9.08, S 11.56; found C 71.49, H 

9.17, S 11.62. 

 

Benzyloxy(5’-iodo-4,3’-dihexyl-2,2’-bithien-5-yl)diisopropyl-silane (4): 

3 (1.1 g, 2 mmol) was dissolved in 20 ml of dry dichloromethane. 

After addition of mercury caproate (870 mg, 2.02 mmol) the 

resulting suspension has stirred for 24 hours until the mercury 

compound was completely dissolved. After addition of iodine (558 mg, 2.2 mmol) the 

reaction mixture was stirred for another 2 hours. Then the solution was filtered over basic 

aluminum oxide with petrol ether as the eluent. After the solvent was taken off 4 was obtained 

as a yellow viscous liquid (1.3 g, 95 %). 
1H NMR (400 MHz, CDCl3): δ = 7.43-7.34 (m, 4H, Ph-2H,3H,5,H,6H), 7.28 (m, 1H, Ph-

4H), 7.07 (s, 1H, 3-H), 7.05 (s, 1H, 4’-H), 4.93 (s, 2H, Ph-CH2-), 2.74 (t, J=7.9 Hz, 2H, ’-H), 

2.68 (t, J=8.1 Hz, 2H, -H), 1.67-1.55 (m, 4H, β,β’-H), 1.40-1.20 (m, 14H,-CH2-, Si-CH-

(CH3)2), 1.19-1.13 (m, 12H, Si-CH-(CH3)2), 0.95-0.85 (m, 6H, -CH3); 

S

H13C6
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S
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13C NMR (100 MHz, CDCl3): δ = 152.19, 141.07, 140.07, 139.76, 137.01, 128.94, 128.08, 

127.71, 126.82, 125.84, 71.15, 65.50, 31.64, 31.53, 31.48, 31.45, 30.43, 29.36, 29.01, 28.97, 

28.89, 22.49, 17.63, 14.49, 13.94, 13.87; 

MS (MALDI-TOF): m/z [M+H+] = 681; 

Elemental analysis: calcd (%) for C33H49IOS2Si: C 58.21, H 7.25, S 9.42; found C 58.35, H 

7.31, S 9.63. 

 

Benzyloxy(4,3’,3’’,3’’’-tetrahexyl-2,2’;5’,2’’;5’’,2’’’-quaterthien-5-yl)diisopropyl-silane 

(6): 

A solution of 4 (136 mg, 0.2 mmol) and 5 (138 mg,         

0.3 mmol) in 2 ml DME was carefully degassed prior to the 

addition of 0.5 ml (1 mmol) of a 2 molar tripotassium 

phosphate solution. The resulting emulsion was degassed and the catalyst (Pd2dba3 [2.6 mg, 

2.5 µmol], [HP(t-Bu)3]BF4 [1.5 mg, 5.0 µmol]) was added. Next, the mixture was degassed 

and was stirred at room temperature for 24 hours. Next it was poured into water and was 

extracted with dichloromethane. The organic phase was dried with magnesium sulphate and 

the solvent was taken off. The crude product was purified by column chromatography (SiO2 / 

petrol ether) to give 6 (155 mg, 87 %) as an orange, viscous oil. 

1H NMR (400 MHz, CDCl3): δ = 7.40 (d, J=7.1 Hz, 2H, Ph-2H,6H), 7.36 (t, J=7.4 Hz, 2H, 

Ph-3H,5H), 7.26 (t, J=7.2 Hz, 1H, Ph-4H), 7.18-7.13 (m, 2H, 3-H,5’’’-H), 6.97-6.92 (m, 3H, 

4’-H, 4’’-H, 4’’’-H), 4.93 (s, 2H, Ph-CH2-), 2.79 (t, J=7.1 Hz, 6H, ’-’’’-CH2), 2.68 (t, J=8.0 

Hz, 2H, -CH2), 1.73-1.57 (m, 8H, β-β’’’-CH2), 1.45-1.23 (m, 26H, -CH2-, Si-CH-(CH3)2), 

1.15 (m, 12H, Si-CH-(CH3)2), 0.93-0.84 (m, 12H, -CH3); 
13C NMR (100 MHz, CDCl3): δ = 152.54, 141.10, 141.06, 139.80, 139.71, 134.08, 133.63, 

131.01, 130.70, 130.64, 130.24, 128.89, 128.75, 128.60, 128.31, 127.18, 127.03, 126.03, 

123.69, 65.67, 31.90, 31.83, 31.81, 31.76, 30.80, 30.64, 29.66, 29.63, 29.56, 29.43, 29.40, 

29.38, 22.79, 22.77, 17.89, 17.75, 14.26, 14.24, 14.24, 14.10; 

MS (MALDI-TOF): m/z [M+H+] = 887; 

Elemental analysis: calcd (%) for C53H78OS4Si: C 71.72, H 8.86, S 14.45; found C 71.54, H 

8.69, S 14.12. 
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Benzyloxy(5’’’-iodo-4,3’,3’’,3’’’-tetrahexyl-2,2’;5’,2’’;5’’,2’’’-quaterthien-5-

yl)diisopropyl-silane (7): 

A suspension of 6 (88 mg, 0.01 mmol) and mercury 

caproate (43 mg, 0.01 mmol) in 1 ml dry dichloro-

methane was stirred at room temperature for 24 hours. 

After the mercury compound was completely dissolved iodine (27 mg, 0.11 mmol) was added 

and the mixture was stirred for another hour. Next the precipitate was filtered off and the 

solvent was removed by rotary evaporation. The crude product was purified by column 

chromatography (SiO2 / petrol ether) to give 7 (90 mg, 89 %) as an orange, viscous oil. 
1H NMR (400 MHz, CDCl3): δ = 7.41 (d, J=7.1 Hz, 2H, Ph-2H,6H), 7.35 (t, J=7.4 Hz, 2H, 

Ph-3H,5H), 7.26 (t, J=7.2 Hz, 1H, Ph-4H), 7.14 (s, 1H, 3-H), 7.06 (s, 1H, 4’-H), 6.95 (s, 1H, 

4’’-H), 6.88 (s, 1H, 4’’’-H), 4.93 (s, 2H, Ph-CH2-), 2.81-2.71 (m, 6H, ’-’’’-CH2), 2.68 (t, 

J=8.1 Hz, 2H, -CH2), 1.73-1.57 (m, 8H, β-β’’’-CH2), 1.45-1.23 (m, 26H, -CH2-, Si-CH-

(CH3)2), 1.15 (m, 12H, Si-CH-(CH3)2), 0.93-0.84 (m, 12H, -CH3); 
13C NMR (100 MHz, CDCl3): δ = 152.64, 141.56, 141.17, 141.07, 140.05, 139.91, 136.83, 

133.41, 132.67, 131.35, 129.36, 129.01, 128.76, 128.41, 127.39, 127.13, 126.13, 71.67, 65.78, 

32.00, 31.90, 31.87, 30.74, 30.70, 29.76, 29.72, 26.62, 29.49, 29.46, 29.38, 29.19, 22.90, 

22.88, 22.87, 17.99, 17.85, 14.36, 14.33, 14.20; 

MS (MALDI-TOF): m/z [M+H+] = 1013; 

Elemental analysis: calcd (%) for C53H77IOS4Si: C 62.81, H 7.66, S 12.66; found C 62.57, H 

7.51, S 12.45. 

 

N-(2,6-Diisopropylphenyl)-9-(4,4,5,5-tetramethyl-[1,3,2]dioxaborolan-2-yl)perylen-3,4-

dicarboximide  (10): 

8 (280 mg, 0.5 mmol), bis(pinacolato)diboron 9 (254 mg,           

1 mmol), potassium acetat (147 mg, 1.5 mmol) and Pd(dppf)Cl2 

(20 mg, 25 µmol) were added to 5 ml dry DME. The resulting 

red suspension was degassed and was stirred at 70 °C for            

3 hours. After the reaction was completed the solvent was taken off. Next, the residue was 

dissolved in dichloromethane and was filtered over a short silica column to remove the 

catalytic residues. After evaporation of the solvent the product was dried in vacuum to give 10 

(300 mg, 98 %) as a red solid with a HPLC-purity of 90 % which was used without further 

purification. 

M.p.: Decomp. >200 °C; 
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1H NMR (400 MHz, CDCl3): δ = 8.82 (d, J=8.3Hz, 1H, Pery-8H), 8.63-8.58 (m, 2H, Pery-

1H,6H), 8.39-8.32 (m, 4H, Pery-2H,5H,7H,12H), 8.16 (d, J=7.3Hz, 1H, Pery-10H), 7.60 (t, 

J=7.9Hz, 1H, Pery-11H), 7.48 (t, J=7.8Hz, 1H, Ph-4H), 7.34 (d, J=7.8Hz, 2H, Ph-3H,5H), 

2.79 (sep, J=6.8Hz, 2H, Ph-CH-(CH3)2), 1.47 (s, 12H, C-(CH3)2), 1.20 (d, J=7.8Hz, 12H, Ph-

CH-(CH3)2); 
13C NMR (100 MHz, CDCl3): δ = 164.03, 163.98, 145.74, 137.95, 137.83, 137.22, 136.19, 

132.02, 131.82, 131.69, 131.59, 131.15, 130.39, 129.44, 128.89, 127.66, 127.13, 126.84, 

124.02, 123.58, 122.70, 121.31, 120.73, 120.18, 84.28, 29.19, 25.04, 24.06; 

MS (MALDI-TOF): m/z [M+H+] = 608. 

 

5-([N-(2,6-Diisopropylphenyl)]-9-perylenyl-3,4-dicarboximide)-3,4’-dihexyl-2,2’-

bithiophene (11): 

A solution of 4 (34 mg, 0.05 mmol) and 10 (46 mg,  

0.075 mmol) in 2 ml DME was carefully degassed prior 

to addition of 0.15 ml (0.30 mmol) of a 2 molar 

tripotassium phosphate solution. The resulting emulsion 

was degassed and the catalyst (Pd2dba3 [1.4 mg, 1.3 µmol], [0.8 mg, 2.6 µmol]) was added. 

Next, the mixture was degassed and was stirred at room temperature. After 24 hours               

n-tetrabutylammonium fluoride (63 mg, 0.2 mmol) was added to the reaction mixture, which 

then was heated up to 80 °C. After the mixture was stirred for another hour it was poured into 

water and it was extracted with dichloromethane. The organic phase was dried with 

magnesium sulphate and the solvent was taken off. The crude product was purified by column 

chromatography (SiO2 / dichloromethane : petrol ether [2:1]) to give 11 (37 mg, 91 %) as a 

dark purple solid. 

M.p.: 96-97 °C; 
1H NMR (400 MHz, CDCl3): δ = 8.65-8.61 (m, 2H, Pery-1H,6H), 8.48-8.34 (m, 5H, Pery-

2H,5H,7H,8H,12H), 7.72 (d, J=7.8 Hz, 1H, Pery-10H), 7.65 (t, J=7.9 Hz, 1H, Pery-11H), 

7.48 (t, J=7.8 Hz, 1H, Ph-4H), 7.34 (d, J=7.8 Hz, 1H, Ph-3H,5H), 7.17 (s, 1H, Th-4H), 7.06 

(d, J=1.2, 1H, Th’-5H), 6.95 (d, J=1.2, 1H, Th’-3H),  2.86 (t, J=7.6 Hz, 2H, Th--CH2), 2.80 

(sep, J=6.8 Hz, 2H, Ph-CH-(CH3)2), 2.64 (t, J=7.6 Hz, 2H, Th-’-CH2), 1.78-1.63 (m, 4H, Th-

β-β’-CH2), 1.63-1.52 (m, 2H Th-γ’-CH2), 1.52-1.40 (m, 2H Th-γ-CH2), 1.40-1.25 (m, 8H,        

-CH2-), 1.19 (d, J=6.8 Hz, 12H, Ph-CH-(CH3)2), 0.91 (t, J=6.9 Hz, 6H, Th-CH3); 
13C NMR (100 MHz, CDCl3): δ = 163.84, 163.83, 145.63, 143.71, 139.92, 138.30, 137.44, 

137.13, 135.34, 135.16, 132.72, 132.38, 131.88, 131.18, 131.00, 130.39, 129.30, 128.99, 
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128.75, 128.65, 128.43, 127.46, 127.19, 126.73, 123.95, 123.88, 123.26, 120.91, 120.85, 

120.32, 120.24, 120.05, 31.58, 31.56, 30.59, 30.41, 30.31, 29.34, 29.17, 29.06, 28.90, 23.90, 

22.53, 22.51, 13.97, 13.96; 

MS (MALDI-TOF): m/z [M+H+] = 814; 

Elemental analysis: calcd (%) for C54H55NO2S2: C 79.66, H 6.81, N 1.72; found C 79.49, H 

6.77, N 1.63. 

 

5-([N-(2,6-Diisopropylphenyl)]-9-perylenyl-3,4-dicarboximide)-3,4’,4’’,4’’’-tetrahexyl-

2,2’;5’,2’’;5’’,2’’’-quaterthiophene (12): 

A solution of 7 (50 mg, 0.05 mmol) and 10 

(46 mg, 0.075 mmol) in 2 ml DME was 

carefully degassed prior to addition of 0.15 ml 

(0.30 mmol) of a 2 molar tripotassium 

phosphate solution. The resulting emulsion was degassed and the catalyst (Pd2dba3 [1.3 mg, 

1.3 µmol], [HP(t-Bu3)]BF4 [0.7 mg, 2.6 µmol]) was added. Next, the mixture was degassed 

and was stirred at room temperature. After 24 hours n-tetrabutylammonium fluoride (63 mg, 

0.2 mmol) was added to the reaction mixture, which then was heated up to 80 °C. After the 

mixture was stirred for another hour it was poured onto water and it was extracted with 

dichloromethane. The organic phase was dried with magnesium sulphate and the solvent was 

taken off. The crude product was purified by column chromatography (SiO2 / 

dichloromethane : petrol ether [2:1]) to give 12 (40 mg, 87 %) as a black solid. 

M.p.: 99-100 °C; 
1H NMR (400 MHz, CDCl3): δ = 8.68 (m, 2H, Pery-1H,6H), 8.55 Hz (d, J=7.4 Hz, 1H, Pery-

8H), 8.51-8.47 (m, 4H, Pery-2H,5H,7H,12H), 7.76 (d, J=7.8 Hz, 1H, Pery-10H), 7.71 (t, 

J=8.0 Hz, 1H, Pery-11H), 7.48 (t, J=7.7 Hz, 1H, Ph-4H), 7.34 (d, J=7.7 Hz, 1H, Ph-3H,5H), 

7.19 (s, 1H, Th-4H), 7.05 (s, 1H, Th’-3H), 6.99 (s, 1H, Th’’-3H), 6.98 (d, J=1.1, Th’’’-5H), 

6.91 (d, J=1.1, Th’’’-3H),  2.90 (t, J=7.8 Hz, 2H, Th--CH2), 2.84-2.74 (m, 6H, Th-’-’’-

CH2, Ph-CH-(CH3)2), 2.62 (t, J=7.4 Hz, 2H, Th-’’’-CH2), 1.81-1.67 (m, 8H, Th-β-β’’’-CH2), 

1.55-1.20 (m, 24H, -CH2-), 1.19 (d, J=6.8 Hz, 12H, Ph-CH-(CH3)2), 0.94-0.89 (m, 12H, Th-

CH3); 
13C NMR (100 MHz, CDCl3): δ = 162.71, 144.48, 142.45, 138.98, 138.64, 138.42, 137.30, 

136.30, 135.99, 134.21, 134.09, 132.12, 132.06, 131.21, 131.15, 130.77, 130.24, 129.85, 

129.26, 128.18, 127.75, 127.63, 127.34, 126.11, 125.98, 125.60, 122.85, 122.75, 122.15, 
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119.78, 119.72, 119.13, 118.95, 118.84, 30.45, 29.41, 29.29, 29.16, 28.36, 28.20, 28.06, 

28.00, 27.29, 22.77, 21.39, 12.85; 

MS (MALDI-TOF): m/z [M+H+] = 1146; 

Elemental analysis: calcd (%) for C74H83NO2S4: C 77.51, H 7.30, N 1.22; found C 77.53, H 

7.39, N 1.11. 

 

(3-Hexyl-thien-2-ylethynyl)trimethyl-silane (15): 

2-Bromo-3-hexylthiophene 13 (618 mg, 2.5 mmol), ethynyl-trimethyl-silane 14        

(294 mg, 3 mmol), CuI (48 mg, 0.25 mmol) and Pd(PPh3)4 (145 mg,            

0.125 mmol) were added to 10 ml piperidine. After the reaction mixture was 

carefully degassed it was stirred at 90 °C for 2 hours. After the reaction was completed the 

mixture was poured into water (50 ml) and was acidified with concentrated hydrochloric acid 

(pH = 1). The organic layer was taken off while the water phase was extracted with 

dichloromethane. The combined organic phases were dried with magnesium sulphate and the 

solvent was removed by rotary evaporation. The crude product was filtered over a short 

column (SiO2 / petrol ether) to give 15 (640 mg, 97 %) as a yellow, liquid, which was used 

without further purification. 
1H NMR (400 MHz, CDCl3): δ = 7.11 (d, J = 5.1 Hz, 1H, 5-H), 6.82 (d, J = 5.1 Hz, 1H, 4-H), 

2.69 (t, J = 7.8 Hz, 2H, -H), 1.61 (quin, J = 7.4 Hz, 2H, β-H), 1.36-1.28 (m, 6H, -CH2-), 0.89 

(t, J = 6.9 Hz, 3H, -CH3), 0.25 (s, 9H, Si-(CH3)3); 
13C NMR (100 MHz, CDCl3): δ = 148.97, 128.20, 126.00, 118.39, 100.83, 97.70, 31.72, 

30.21, 29.58, 29.04, 22.74, 14.22, 0.12; 

MS (EI): m/z [M+] = 264. 

 

2-Ethynyl-3-hexylthiophene (16): 

15 (635 mg, 2.4 mmol) was dissolved in 4 ml THF and caesium fluoride (1.09 g, 

7.2 mmol) dissolved in 3 ml methanol was added. The resulting solution was stirred 

for 1 hours at room temperature. After the reaction was completed the mixture was poured 

into water and the organic layer was taken off while the water phase was extracted with petrol 

ether. The combined organic phases were washed with water three times and were dried with 

magnesium sulphate. The solvent was removed in vacuum to give 16 (460 mg, quantitative) 

as a yellow, liquid which was used without further purification. 
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1H NMR (400 MHz, CDCl3): δ = 7.14 (d, J = 5.1 Hz, 1H, 5-H), 6.85 (d, J = 5.1 Hz, 1H, 4-H), 

3.43 (s, 1H, C≡CH), 2.71 (t, J = 7.8 Hz, 2H, -H), 1.61 (quin, J = 7.4 Hz, 2H, β-H), 1.38-1.25 

(m, 6H, -CH2-), 0.89 (t, J = 6.9 Hz, 3H, -CH3); 
13C NMR (100 MHz, CDCl3): δ = 149.23, 128.29, 126.30, 117.15, 108.53, 83.26, 31.76, 

30.31, 29.54, 29.07, 22.74, 14.21; 

MS (EI): m/z [M+] = 192. 

 

(4,3’-Dihexyl-2,2’-bithienyl-5-ylethynyl)trimethyl-silane (17): 

1 (827 mg, 2 mmol), ethynyl-trimethyl-silane 14 (236 mg, 2.4 mmol), CuI   

(38 mg, 0.2 mmol) and Pd(PPh3)4 (116 mg, 0.1 mmol) were added to      

15 ml piperidine. After the reaction mixture was carefully degassed it was 

stirred at 90 °C for 3 hours. After the reaction was completed the mixture was poured into 

water (50 ml) and was acidified with concentrated hydrochloric acid (pH = 1). The organic 

layer was taken off while the water phase was extracted with dichloromethane. The combined 

organic phases were dried with magnesium sulphate and the solvent was removed by rotary 

evaporation. The crude product was purified by column chromatography (SiO2 / petrol ether : 

dichloromethane [20:1]) to give 17 (780 mg,   90 %) as a yellow, viscous oil. 
1H NMR (400 MHz, CDCl3): δ = 7.14 (d, J=5.2 Hz, 1H, 5’-H), 6.90 (d, J=5.2 Hz, 1H, 4’-H), 

6.84 (s, 1H, 3-H), 2.73 (t, J=7.8 Hz, 2H, ’-CH2), 2.67 (t, J=7.6 Hz, 2H, -CH2), 1.68-1.60 

(m, 4H, β,β’-CH2), 1.45-1.35 (m, 12H, -CH2-), 0.94-0.85 (m, 6H, -CH3), 0.25 (s, 9H, Si-CH3); 
13C NMR (100 MHz, CDCl3): δ = 149.16, 140.13, 136.35, 130.38, 130.13, 126.69, 123.90, 

117.89, 101.85, 97.40, 31.67, 31.60, 30.60, 30.00, 29.59, 29.32, 29.22, 28.92, 22.61, 14.09, 

14.06, 0.00; 

MS (EI): m/z [M+] = 431; 

Elemental analysis: calcd (%) for C25H38S2Si: C 69.70, H 8.89, S 14.89; found C 69.85, H 

8.95, S 14.71. 

 

5-Ethynyl-4,3’-dihexyl-2,2’-bithiophenyl (18): 

17 (216 mg, 0.5 mmol) was dissolved in 5 ml THF and caesium fluoride (227 

mg, 1.5 mmol) dissolved in 0.5 ml methanol was added. The resulting 

solution was stirred for 1 hour at room temperature. After the reaction was 

completed the mixture was poured into water and the organic layer was taken off while the 

water phase was extracted with petrol ether. The combined organic phases were washed with 

water three times and were dried with magnesium sulphate. The solvent was removed in 
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vacuum to give 18 (180 mg, quantitative) as a yellow, viscous oil which was used without 

further purification. 
1H NMR (400 MHz, CDCl3): δ = 7.16 (d, J=5.2 Hz, 1H, 5’-H), 6.91 (d, J=5.2 Hz, 1H, 4’-H), 

6.85 (s, 1H, 3-H), 3.50 (s, 1H, C≡CH),  2.74 (t, J=7.8 Hz, 2H, ’-CH2), 2.69 (t, J=7.6 Hz, 2H, 

-CH2), 1.68-1.60 (m, 4H, β,β’-CH2), 1.45-1.35 (m, 12H, -CH2-), 0.94-0.85 (m, 6H, -CH3); 
13C NMR (100 MHz, CDCl3): δ = 149.55, 146.74, 140.39, 134.25, 136.83, 130.27, 126.75, 

124.16, 90.39, 84.18, 31.79, 31.76, 31.06, 30.77, 30.24, 29.69, 29.44, 29.35, 29.08, 22.74, 

14.23, 14.21; 

MS (EI): m/z [M+] = 358. 

 

2-([N-(2,6-Diisopropylphenyl)]perylen-9-ylethynyl-3,4-dicarboximide)-3-hexylthiophene 

(19): 

8 (1.12 g, 2 mmol), 18 (460 mg, 2.4 mmol), CuI (38 mg,     

0.2 mmol) and Pd(PPh3)4 (116 mg, 0.1 mmol) were dissolved 

in 10 ml piperidine. After the resulting red suspension was 

carefully degassed it was stirred at 90 °C for 4 hours. When 

the reaction was completed the mixture was poured into water and was acidified with 

concentrated hydrochloric acid (pH = 1). The organic layer was taken off while the water 

phase was extracted with dichloromethane. The combined organic phases were dried with 

magnesium sulphate and the solvent was removed by rotary evaporation. The crude product 

was purified by column chromatography (SiO2 / dichloromethane : petrol ether [4:1]) to give 

19 (1.05 g, 78 %) as a brownish solid. 

M.p.: 265-266 °C; 
1H NMR (400 MHz, CDCl3): δ = 8.65-8.62 (m, 2H, Pery-1H,6H), 8.46-8.33 (m, 5H, Pery-

2H,5H,7H,8H,12H), 7.78 (d, J = 7.8 Hz, 1H, Pery-10H), 7.69 (t, J = 7.9 Hz, 1H, Pery-11H), 

7.49 (t, J = 7.8 Hz, 1H, Ph-4H), 7.35 (d, J = 7.8 Hz, 2H, Ph-3H,5H), 7.31 (d, J = 5.1 Hz, 1H, 

Th-5H), 6.98 (d, J = 5.1 Hz, 1H, Th-4H), 2.90 (t, J = 7.7 Hz, 2H, Th--CH2), 2.78 (sep, J = 

6.8 Hz, 2H, Ph-CH-(CH3)2), 1.76 (quin, J = 7.5 Hz, 2H, Th-β-CH2), 1.50-1.40 (m, 2H, Th-γ-

CH2), 1.40-1.30 (m, 8H, -CH2-), 1.20 (d, J = 6.8 Hz, 12H, Ph-CH-(CH3)2), 0.89 (t, J = 7.1 Hz, 

3H, Th-CH3); 
13C NMR (100 MHz, CDCl3): δ = 164.07, 164.05, 149.05, 145.82, 137.02, 133.93, 132.15, 

132.08, 131.14, 130.87, 130.60, 129.61, 129.58, 129.25, 128.74, 127.95, 127.69, 127.41, 

126.90, 124.34, 124.17, 124.11, 123.33, 121.25, 121.22, 120.74, 120.58, 117.98, 93.60, 91.09, 

31.83, 30.62, 30.11, 29.29, 24.17, 22.81, 14.28; 
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MS (MALDI-TOF): m/z [M+H+] = 672; 

Elemental analysis: calcd (%) for C46H41NO2S: C 82.23, H 6.15, N 2.08; found C 82.39, H 

6.19, N 2.13. 

 

5-([N-(2,6-Diisopropylphenyl)]perylen-9-ylethynyl-3,4-dicarboximide)-4,3’-dihexyl-2,2’-

bithiophene (20): 

8 (168 mg, 0.3 mmol), 18 (161 mg, 0.45 mmol), CuI       

(6 mg, 0.03 mmol) and Pd(PPh3)4 (17 mg, 15 µmol) were 

dissolved in 2 ml piperidine. After the resulting red 

suspension was carefully degassed it was stirred at 90 °C 

for 3 hours. When the reaction was completed the mixture was poured into water and was 

acidified with concentrated hydrochloric acid (pH = 1). The organic layer was taken off while 

the water phase was extracted with dichloromethane. The combined organic phases were 

dried with magnesium sulphate and the solvent was removed by rotary evaporation. The crude 

product was purified by column chromatography (SiO2 / dichloromethane : petrol ether [2:1]) 

to give 20 (220 mg, 87 %) as a dark purple solid. 

M.p.: 103-104 °C; 
1H NMR (400 MHz, CDCl3): δ = 8.63 (m, 2H, Pery-1H,6H), 8.47-8.28 (m, 5H, Pery-

2H,5H,7H,8H,12H), 7.78 (d, J=7.8 Hz, 1H, Pery-10H), 7.70 (t, J=7.8 Hz, 1H, 1H, Pery-11H), 

7.52 (t, J=7.8 Hz, 1H, Ph-4H), 7.38 (d, J=7.7 Hz, 2H, Ph-3H,5H), 7.23 (d, J=5.2 Hz, 1H, Th’-

5H), 7.01 (s, 1H, Th-3H), 6.98 (d, J=5.2Hz, 1H, Th’-4H), 2.92 (t, J=7.6Hz, 2H, Th--CH2), 

2.87-2.81 (m, 4H, Ph-CH-(CH3)2, Th-’-CH2), 1.82 (quin, J=7.5 Hz, 2H, Th-β-CH2), 1.71 

(quin, J=7.5 Hz, 2H, Th-β’-CH2), 1.60-1.50 (m, 2H, Th-γ-CH2), 1.50-1.35 (m, 10H, Th-γ’-

CH2, -CH2-), 1.24 (d, J=6.8 Hz, 12H, Ph-CH-(CH3)2), 1.00-0.87 (m, 6H, Th-CH3); 
13C NMR (100 MHz, CDCl3): δ = 163.88, 149.30, 145.72, 140.41, 137.95, 137.14, 136.81, 

133.73, 131.92, 131.86, 131.06, 130.63, 130.43, 130.30, 130.24, 129.46, 129.09, 127.83, 

127.52, 126.97, 126,72, 124.27, 124.14, 124.03, 123.97, 123.15, 121.14, 120.54, 120.38, 

117.35, 94.72, 91.06, 31.70, 30.58, 30.40, 30.14, 29.45, 29.25 29.21, 29.18, 24.04, 22.68, 

22.65, 14.14, 14.13; 

MS (MALDI-TOF): m/z [M+H+] = 838; 

Elemental analysis: calcd (%) for C56H55NO2S2: C 80.25, H 6.61, N 1.76; found C 80.06, H 

6.64, N 1.59. 
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5-([N-(2,6-Diisopropylphenyl)]perylen-9-ylethynyl-3,4-dicarboximide)-4,3’-dihexyl-5’-

iodo-2,2’-bithiophene (21): 

A suspension of 20 (50 mg, 0.06 mmol) and mercury 

caproate (26 mg, 0.06 mmol) in 2 ml dry 

dichloromethane was stirred at room temperature for   

24 hours. After the mercury compound was completely 

dissolved iodine (18 mg, 0.07 mmol) was added and the mixture was stirred for another hour. 

The reaction mixture was filtered over basic aluminum oxide and the filtrate was concentrated 

in vacuum. Upon addition of ethanol the product was allowed to precipitate, was filtered and 

dried in vacuum to give 21 (57 mg, 98 %) as a dark purple solid. 

M.p.: 117-118 °C; 
1H NMR (400 MHz, CDCl3): δ = 8.66 (m, Pery-1H,6H), 8.45-8.38 (m, 5H, Pery-

2H,5H,7H,8H,12H), 7.83 (d, J=8.0 Hz, 1H, Pery-10H), 7.74 (t, J=7.9 Hz, 1H, Pery-11H), 

7.48 (t, J=7.8 Hz, 1H, Ph-4H), 7.34 (d, J=7.8 Hz, 2H, Ph-3H,5H), 7.09 (s, 1H, Th-3H), 6.92 

(s, 1H, Th’-4H), 2.88 (t, J=7.6Hz, 2H, Th--CH2), 2.85-2.75 (m, 4H, Ph-CH-(CH3)2, Th-’-

CH2), 1.76 (quin, J=7.5 Hz, 2H, Th-β-CH2), 1.64 (quin, J=7.5 Hz, 2H, Th-β’-CH2), 1.55-1.45 

(m, 2H, Th-γ-CH2), 1.45-1.25 (m, 10H, Th-γ’-CH2, -CH2-), 1.19 (d, J=6.9 Hz, 12H, Ph-CH-

(CH3)2), 0.95-0.85 (m, 6H, Th-CH3); 
13C NMR (100 MHz, CDCl3): δ = 163.92, 149.27, 145.75, 142.16, 140.03, 137.25, 136.92, 

136.27, 136.24, 133.89, 132.04, 131.98, 131.07, 130.86, 130.54, 129.63, 129.47, 129.36, 

129.13, 129.05, 128.24, 127.97, 127.70, 127.37, 126.89, 124.27, 124.02, 123.87, 123.23, 

121.31, 121.27, 120.72, 120.56, 118.01, 95.04, 90.67, 72.35, 31.69, 31.64, 30.53, 30.37, 

30.10, 29.17, 29.10, 24.02, 22.67, 22.61, 14.12, 14.09; 

MS (MALDI-TOF): m/z [M+H+] = 963; 

Elemental analysis: calcd (%) for C56H54INO2S2: C 69.77, H 5.65, N 1.45; found C 70.11, H 

5.71, N 1.55. 

 

5-([N-(2,6-Diisopropylphenyl)]perylen-9-ylethynyl-3,4-dicarboximide)-4,3’,3’’,3’’’-

tetrahexyl-2,2’;5’,2’’;5’’,2’’’-quaterthiophene (22): 

A solution of 21 (50 mg, 52 µmol) and 5         

(36 mg, 78 µmol) in 1 ml DME was carefully 

degassed prior to addition of 78 µl             

(0.156 mmol) of a 2 molar tripotassium 

phosphate solution. The resulting emulsion was degassed and Pd(PPh3)4 (3.0 mg, 2.6 µmol) 
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was added. Next, the mixture was degassed and was stirred at 70 °C for 4 hours. Next it was 

poured into water and was extracted with dichloromethane. The organic phase was dried with 

magnesium sulphate and the solvent was taken off. The crude product was purified by column 

chromatography (SiO2 / dichloromethane : petrol ether [2:1]) to give 22 (50 mg, 82 %) as a 

black solid. 

M.p.: 83-84 °C; 
1H NMR (400 MHz, CDCl3): δ = 8.63 (m, Pery-1H,6H), 8.46 (d, J=8.4 Hz, 2H, Pery-

2H,5H), 8.42-8.33 (m, 3H, Pery-8H,7H,12H), 7.79 (d, J=7.8 Hz, 1H, Pery-10H), 7.70 (t, 

J=7.9 Hz, 1H, Pery-11H), 7.48 (t, J=7.8 Hz, 1H, Ph-4H), 7.34 (d, J=7.8 Hz, 2H, Ph-3H,5H), 

7.16 (d, J=5.2 Hz, 1H, Th’’’-5H), 6.98 (s, 1H, Th-3H), 6.95 (s, 1H, Th’-4H), 6.94 (s, 1H, Th’’-

4H), 6.93 (d, J=5.2 Hz, 1H, Th’’’-4H), 2.90 (t, J=7.6Hz, 2H, Th--CH2), 2.87-2.75 (m, 8H, 

Ph-CH-(CH3)2, Th-’-’’’-CH2), 1.81 (quin, J=7.6 Hz, 2H, Th-β-CH2), 1.76-1.60 (m, 6H, Th-

β’-β’’’-CH2), 1.55-1.25 (m, 24H, -CH2-), 1.20 (d, J=6.8 Hz, 12H, Ph-CH-(CH3)2), 0.97-0.82 

(m, 12H, Th-CH3); 
13C NMR (100 MHz, CDCl3): δ = 163.90, 149.41, 145.74, 140.71, 140.10, 139.75, 137.59, 

137.21, 136.89, 134.58, 134.45, 133.80, 131.98, 131.92, 131.10, 130.70, 130.50, 130.45, 

130.14, 130.06, 129.54, 129.45, 129.15, 128.81, 128.68, 127.91, 127.59, 126.81, 126.72, 

124.21, 124.02, 123.71, 123.22, 121.19, 120.61, 120.46, 117.38, 95.02, 91.13, 31.72, 30.64, 

30.50, 30.46, 30.43, 30.16, 29.64, 29.51, 29.34, 29.30, 29.26, 29.24, 29.21, 24.03, 22.69, 

22.66, 14.11; 

MS (MALDI-TOF): m/z [M+H+] = 1170; 

Elemental analysis: calcd (%) for C74H83NO2S4: C 77.79, H 7.15, N 1.20; found C 77.99, H 

7.08, N 1.04. 

 

2-([N-(2,6-Diisopropylphenyl)]perylen-9-yl-3,4-dicarboximide)-2-(3-hexyl-thien-2-

yl)ethane-1,2-dione (23): 

19 (672 g, 1 mmol) and iodine (127 mg, 0.5 mmol) were 

dissolved in 5 ml dry DMSO. After the resulting red 

suspension was carefully degassed it was stirred at 155 °C for 

9 hours. After the reaction was completed it was cooled down 

to room temperature and 20 ml water have added. Next the water phase was decanted off and 

the residue was dissolved in 20 ml dichloromethane. The organic phase was washed with 1M 

sodium thiosulphate solution, 30 % hydrogen peroxide solution, and brine before it was dried 

with magnesium sulphate. After the solvent was removed by rotary evaporation the crude 
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product was purified by column chromatography (SiO2 / dichloromethane) to give 23 (300 

mg, 43 %) as a red solid. 

M.p.: 243-244 °C; 
1H NMR (400 MHz, CDCl3): δ = 9.13 (d, J = 8.6 Hz, 1H, Pery-7H), 8.67 (d, J = 8.1 Hz, 1H, 

Pery-1H), 8.64 (d, J = 8.1 Hz, 1H, Pery-6H), 8.47-8.41 (m, 3H, Pery-2H,5H,12H), 8.36 (d, J 

= 8.1 Hz, 1H, Pery-8H), 8.04 (d, J = 7.8 Hz, 1H, Pery-10H), 7.77 (t, J = 8.2 Hz, 1H, Pery-

11H), 7.73 (d, J = 5.1 Hz, 1H, Th-5H), 7.49 (t, J = 7.8 Hz, 2H, Ph-4H), 7.35 (d, J = 7.8 Hz, 

2H, Ph-3H,5H), 7.14 (d, J = 5.1 Hz, 1H, Th-4H), 3.04 (t, J = 7.8 Hz, 2H, Th--CH2), 2.78 

(sep, J = 6.8 Hz, 2H, Ph-CH-(CH3)2), 1.66 (quin, J = 7.7 Hz, 2H, Th-β-CH2), 1.40-1.30 (m, 

2H, Th-γ-CH2), 1.30-1.20 (m, 8H, -CH2-), 1.20 (d, J = 6.8 Hz, 12H, Ph-CH-(CH3)2), 0.83 (t, J 

= 6.8 Hz, 3H, Th-CH3); 
13C NMR (100 MHz, CDCl3): δ = 194.68, 186.24, 163.86, 163.82, 154.63, 145.83, 136.95, 

135.73, 135.62, 135.07, 134.40, 132.64, 132.31, 131.90, 131.79, 131.71, 130.94, 130.22, 

130.08, 129.71, 129.66, 129.47, 128.78, 128.70, 126.68, 124.39, 124.20, 122.88, 122.56, 

122.01, 121.67, 121.46, 31.71, 30.88, 30.51, 29.38, 29.36, 24.15, 22.70, 14.16; 

MS (MALDI-TOF): m/z [M+H+] = 704; 

Elemental analysis: calcd (%) for C46H41NO4S: C 78.49, H 5.87, N 1.99; found C 78.55, H 

5.94, N 2.03. 

 

5-(N-[4-(4,3'-Dihexyl-2,2’-bithienyl-5-ylethynyl)-2,6-diisopropyl-phenyl])perylen-3,4-

dicarboximide) (25): 

24 (70 mg, 0.13 mmol), 18 (82 mg, 0.19 mmol), CuI       

(5 mg, 0.03 mmol) and Pd(PPh3)4 (7 mg, 6.3 µmol) were 

dissolved in 2 ml piperidine. After the resulting red 

suspension was carefully degassed it was stirred at 90 °C 

for 3 hours. When the reaction was completed the mixture was poured into water and was 

acidified with concentrated hydrochloric acid (pH = 1). The organic layer was taken off while 

the water phase was extracted with dichloromethane. The combined organic phases were 

dried with magnesium sulphate and the solvent was removed by rotary evaporation. The crude 

product was purified by column chromatography (SiO2 / dichloromethane : petrol ether [2:1]) 

to give 25 (90 mg, 86 %) as a dark red solid. 

M.p.: 235-236 °C; 
1H NMR (400 MHz, CDCl3): δ = 8.55 (d, J=7.8 Hz, 2H, Pery-1H,6H), 8.30-8.24 (m, 4H, 

Pery-2H,5H,7H,12H), 7.80 (d, J=8.0 Hz, 2H, Pery-8H,11H), 7.55-7.49 (m, 4H, Ph-3H,5H, 
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Pery-9H,10H), 7.16 (d, J=5.2 Hz, 1H, Th’-5H), 6.93-6.91 (m, 2H, Th-3H, Th’-4H), 2.90-2.70 

(m, 6H, Th--’-CH2, Ph-CH-(CH3)2), 1.73 (quin, J=7.5 Hz, 2H, Th-β-CH2), 1.65 (quin, 

J=7.6 Hz, 2H, Th-β’-CH2), 1.50-1.28 (m, 12H, -CH2-), 1.24 (d, J=7.0 Hz, 12H, Ph-CH-

(CH3)2), 0.94-0.86 (m, 6H, Th-CH3); 
13C NMR (100 MHz, CDCl3): δ = 164.02, 148.42, 146.37, 140.17, 137.60, 136.57, 134.26, 

132.03, 131.72, 131.06, 130.67, 130.55, 130.30, 129.10, 127.91, 127.44, 127.04, 126.99, 

124.51, 123.97, 123.91, 120.87, 120.16, 118.21, 96.84, 82.34, 31.83, 31.82, 30.77, 30.38, 

29.94, 29.52, 29.38, 29.20, 24.06, 22.80, 22.78, 14.27, 14.23; 

MS (MALDI-TOF): m/z [M+H+] = 838; 

Elemental analysis: calcd (%) for C56H55NO2S2: C 80.25, H 6.61, N 1.76; found C 80.11, H 

6.53, N 1.80. 
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Perylenyl-oligothiophene-triphenylamines 
for dye-sensitized solar cells 

 

 

 

 

 

 

 

 

Abstract 
 
Owing to their high efficiency for the conversion of solar energy to electric power and low 

production cost, dye-sensitized nanocrystalline solar cells (DSSCs) have been attracting 

widespread scientific and technological interest and have evolved as potential alternatives to 

traditional photovoltaic devices in the past decade. Recently, an impressive 11 % light-to-

electricity conversion efficiency has been obtained for this new type of photovoltaic devices. 

This chapter discloses novel donor-acceptor systems for a possible utilization in dye-

sensitized solar cells. The synthesis of new triphenylamines utilized to obtain the donor-

acceptor systems bearing carboxylic acid functionalities is discussed in the first part of this 

chapter while the physical properties of these hybrid systems as obtained by optical and 

cyclic voltammetric measurements are elucidated in the second part of this chapter.  
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7.1  Introduction 

 
Dye-sensitized solar cells (DSSCs) gained a lot of interest since the first report by Grätzel 

et al.[1] and enormous progress has been made during the last decade. State-of-the-art devices 

exhibit efficiencies up to 11 % over small areas (0.25 cm2) and 5-8 % over somewhat larger 

areas of 1-5 cm2.[2] Although this type of solar cells is still of academic interest in order to 

investigate various unknown aspects of this photovoltaic device, it attracted industrial 

research which concentrates on the technological development of efficient, cheap and long-

living, large-area, multi-cell modules. 

This photoelectrochemical cell is based on a charge transfer from light-excited dye 

molecules to an inorganic semiconductor with a large band gap. By using nanostructured 

TiO2 having pores on the nanometer scale, sufficient light can be absorbed to achieve useful 

efficiencies. Mesoporous titanium dioxide films are made up of arrays of tiny crystals 

measuring a few nanometres across. These are interconnected to allow electronic conduction 

to take place. A monolayer of a sensitizing dye is absorbed on the nanocrystalline TiO2 film. 

On a flat substrate the small amount of adsorbed dye should absorb less than 1 % of the 

incident light, but due to the nanocrystalline character of the film, the surface area of the 

photoelectrode and therefore, the overall absorption can be enhanced by a factor of 1000. 

Between the dye-coated nanocrystals are mesoscopic pores filled with an electrolyte 

containing the iodide/triiodide (I-/I3
-) redox couple (mediator). The net result is a junction of 

extremely large contact area between two interpenetrating, individually continuous 

networks.[3] The general operating principle of a dye-sensitized solar cell is depicted in   

Figure 1. 

 
Figure 1:  Device architecture of a dye-sensitized solar cell (right) and its schematic operation (left).[3] 

(TCO = transparent conductive oxide) 
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The mode of operation starts with the excitation of the photoanode by the incident 

radiation. Upon absorption of photons by sensitizing dyes at various depths in the film, 

electrons are promoted from the ground state to the excited state of the dye molecules which 

in turn are injected into the conducting band of the adjacent TiO2 particles. The injected 

electrons percolate through the interconnected oxide nanocrystals to the anode and are fed 

into an electrical circuit. Instantaneously, the oxidized sensitizer is reduced by the mediator 

present in the electrolyte which in turn is oxidized from the iodide form to the triiodide. The 

latter species diffuses to the counter electrode, where it is reduced back to the original form 

under uptake of electrons circulated through the external circuit.[4] 

The maximum open-circuit voltage that can be generated under illumination with a sun 

simulator (AM1.5G, 1000 W/m2) corresponds to the difference between the Fermi level of the 

conduction band of TiO2 under illumination and the electrochemical potential of the 

electrolyte and is approximately 0.8 V. 

The best device so far exhibits a short-circuit current of 19.4 mA/cm2, an open-circuit 

voltage of 0.80 V, a fill factor of 71 % under AM1.5G conditions and hence, a power 

conversion efficiency of 11 %.[2] 

If this type of photovoltaic technology should be successfully placed in the consumer 

market several requirements have to be met. Among them are a large-area deposition of 

uniform nanoporous TiO2 layers, development of new methods for dye-staining and 

electrolyte-filling, internal electrical interconnection of individual cells, sealing of the 

modules in order to achieve sufficient long-term stability. Especially the long-term stability 

became an issue for the manufacturing of efficient devices in order to profitably place them in 

the consumer market. To achieve this ultimate goal the presence of liquid electrolytes in such 

modules, which result in some practical limitations of sealing and reduced long-term 

operation, has to be replaced. Therefore, p-type semiconductors,[5,6] hole transport medium,[7] 

p-type conducting polymers,[8] polymeric materials incorporating triiodide/iodide as a redox 

couple[9-11] and ionic liquids [12-14] have been attempted to substitute the liquid electrolytes for 

solid-state DSSCs. However, until today the efficiencies of these cells were found 

unsatisfactory compared to those utilizing liquid electrolytes. 
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Typical sensitizing dyes are based on ruthenium-bipyridine complexes which absorb light 

in the region of 250 nm to 800 nm. In order to adsorb onto the nanocrystalline TiO2 these 

complexes are derivatized with carboxylic groups at the bipyridine ligands which are 

important for the formation of stable titanium dioxide-dye adducts. 

Because the energy conversion efficiencies of DSSC are strongly dependent on the dyes 

employed to sensitize the titanium dioxide semiconductor, it is worthwhile to investigate the 

potential photovoltaic performance of the linear perylene-oligothiophenes[15] in this type of 

solar cells.  

However, prior to a possible application these hybrid-systems have to be modified by 

carboxylic acid groups at the end of the oligothiophene chain. This can be accomplished by 

the attachment of triphenylamines bearing carboxylic acid functionalities, which have good 

spectral properties and are well known hole transport materials with charge transport 

mobilities.[16-21] This approach combines an extension of the donor system and the possibility 

to adsorb the corresponding perylenyl-oligothiophene-triphenylamines onto TiO2 layers. 

 

Based on the linear perylenyl-oligothiophenes the attachment of suitable triphenylamine 

linkers leads to novel donor-acceptor hybrid systems, which should provide high absorptivity 

in the visible region because of the attached perylene dyes (Figure 2). Due to the extended π-

system of the donor moiety the photoinduced electron transfer should be facilitated with 

respect to the parent linear perylenyl-oligothiophenes, making these materials suitable for the 

application in dye-sensitized solar cells. 

This chapter describes the synthesis of these novel molecules and elucidates their optical 

and electrochemical properties in dependence of the oligothiophene chain length and the 

incorporation of an ethynylene moiety into the donor system. 
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Figure 2:  Chemical structures of the perylenyl-oligothiophene-triphenylamines 13, 16, 19, 22, 24, and 26. 
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7.2  Synthesis 

 
7.2.1 Synthesis of the triphenylamine building blocks 

 
The synthesis of the triphenylamine building blocks 9 and 10 was started from 4-bromo-

benzoic acid 1 which in the first step was converted into 4-bromo-benzoic acid tert-butyl 

ester 2.[22] In this respect, 1 was suspended in thionylchloride and then stirred under reflux for 

1 hour. After removal of the excess thionylchloride the intermediate 4-bromo-benzoic acid 

chloride 1a was reacted with potassium(tert-butylate) dissolved in THF at 0 °C to give         

4-bromo-benzoic acid tert-butyl ester 2 in an overall 87 % yield after bulb-to-bulb distillation 

(Scheme 1). 
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Scheme 1: Synthesis of 4-bromo-benzoic acid tert-butyl ester 2. 

 

 

 

In the following step, benzoic acid 2 should be reacted with aniline 3 in a two-fold 

palladium-catalyzed amination reaction to triphenylamine 5 via diphenylamine 4 as the 

intermediate, which in turn is more reactive than the starting material 3.[23] In this respect, the 

desired disubstituted product 5 should be accessible in just one step (Scheme 2). 

 

NH

O

O

 

O

O

N

O

O

O

O

Br

NH2

+

3 42 5  
 
Scheme 2:  Tandem Buchwald-Hartwig reaction to directly access triphenylamine 5. 
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In order to optimize the reaction conditions, generally, 2.4 equivalents of 4-bromo-

benzoic acid tert-butyl ester 2 and 1 equivalent aniline 3 have been used (Table 1). The 

general protocol for the amination reaction at room temperature as published by Hartwig      

et al.[23] uses Pd2(dba)3 and P(t-Bu)3 as a very active catalytic system in conjunction with 

KO(t-Bu) as the base in toluene. This protocol was adapted by using the air stable 

phosphonium salt [HP(t-Bu)3]BF4 instead of the pristine P(t-Bu)3.[24] The application of this 

procedure to this type of reaction yielded only diphenylamine 4 as the main product at room 

temperature (Table 1, Entry 1), while elevated temperatures lead to ester cleavage of the 

starting material which then precipitated from solution (Table 1, Entry 2). The application of 

an alternative procedure established for base sensitive starting materials[23] (Table 1, Entry 3) 

gave a variety of products under which the desired triphenylamine 5 was not detectable. 

Independently, another general protocol for the very effective amination of brominated 

arylenes was published by Buchwald et al., using lithium hexamethyldisalazane (LiHMDS) 

as a soluble base at elevated temperatures.[25] Under these conditions, either in hexane or in 

THF, the intermediate diphenylamine 4 has also been found as the main product (Table 1, 

Entry 4,5). Concluding, none of the five tested amination reactions yielded triphenylamine 5 

as the main product and the reason is for this experimental outcome is not clear. 

 

 
Table 1: Reaction conditions for two-fold amination of aniline 4 to 4-bromo-benzoic acid tert-butyl ester 5 

 

 

 

 

Entry Conditions Results 

1 Pd2(dba)3 / [HP(t-Bu)3]BF4 / KO(t-Bu) 
toluene / RT 

Diphenylamine 4 as main 
product 

2 Pd2(dba)3 / [HP(t-Bu)3]BF4 / KO(t-Bu) 
toluene / 70 °C Ester cleavage 

3 Pd2(dba)3 / [HP(t-Bu)3]BF4 / K3PO4 
DME / 100 °C Undefined products 

4 Pd2(dba)3 / [HP(t-Bu)3]BF4 / LiHMDS 
hexane / 80 °C 

Diphenylamine 4 as main 
product 

5 Pd2(dba)3 / [HP(t-Bu)3]BF4 / LiHMDS 
THF / 80 °C 

Diphenylamine 4 as main 
product 
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Therefore, a synthetic detour was taken via the isolation and characterization of the 

diphenylamine intermediate 4 (Scheme 3). In this manner, 1.5 equivalents of aniline 3 were 

reacted with 4-bromo-benzoic acid tert-butyl ester 2 in a palladium-catalyzed amination, 

using 2.25 equivalents of potassium tert-butylate in toluene at room temperature. The use of         

1 mol-% Pd2(dba)3 together with 1.6 mol-% [HP(t-Bu)3]BF4 as the catalytic system, yielding 

78 % of diphenylamine 4 after recrystallization. 

Under the same conditions, diphenylamine 4 was reacted with 1.2 equivalents of the aryl 

bromide 2 to give the corresponding triphenylamine 5 in 93 % yield after column 

chromatography. 

In order to further derivatize triphenylamine 5, an iodine functionality was introduced at 

the free, reactive para-position at room temperature. In this respect, 5 was iodinated in 

dioxane with 2 equivalents iodine chloride which had been activated by zinc acetate as 

Lewis-acid.[26] Hence, the iodinated triphenylamine 6 was obtained in 90 % yield after 

recrystallization. 
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Scheme 3: Synthesis of iodinated triphenylamine 6. 
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The triphenylamine building block 9 was derived from iodinated triphenylamine 6 by a 

palladium-catalyzed Miyaura-boronation reaction.[27] In this respect, 6 was reacted with 1.2 

equivalents of bis(pinacolato)diboron 7, 3.6 equivalents of potassium acetat and 2.5 mol-% 

Pd(dppf)Cl2 in DMSO at 80 °C for 1 hour. The boronic ester 9 has been obtained in 84 % 

yield after recrystallization (Scheme 4). 

The triphenylamine building block 10 was synthesized via a palladium-catalyzed 

Sonogashira-reaction by starting from iodinated triphenylamine 6. This reaction has been 

carried out, reacting 6 with 1.5 equivalents of ethynyl-trimethyl-silane 8, 10 mol-% cuprous 

iodide and 5 mol-% Pd(PPh3)2Cl2 in piperidine. The reaction mixture was stirred at 60 °C for 

3 hours and product 10 has been obtained in 92 % yield after chromatographic work-up. 
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Scheme 4: Synthesis of the triphenylamine building blocks 9 and 10.  
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7.2.2 Synthesis of Perylenyl-oligothiophene-triphenylamines 

 
The perylenyl-oligothiophene-triphenylamines 13, 16, and 19 were accessible via Suzuki-

coupling of the corresponding iodinated perylenyl-oligothiophenes 11, 14, and 17[15] and 

triphenylamine boronic ester 9 in excellent yields. The shortest representative of this series, 

perylenyl-bithiophene-triphenylamie 13 was obtained by reacting 1 equivalent of iodinated 

perylenyl-bithiophene 11 and 1.2 equivalents of boronic ester 9 in DME at room temperature. 

This reaction was carried out in the presence of 4.8 equivalents K3PO4 and 2.5 mol-% 

Pd2(dba)3 as well as 5 mol-% [HP(t-Bu)3]BF4 as the catalytic system.[23,24] Thus, perylenyl-

bithiophene 12 was obtained in 87 % yield after column chromatography (Scheme 5). Next, 

12 was subjected to a cleavage of the tert-butyl ester groups, giving the free acids. In this 

respect, 12 was dissolved in dry dichloromethane and stirred in the presence of trifluoroacetic 

acid at room temperature to give free carboxylic acid 13 in quantitative yield. 

 

O
B

O

O
O

N

O
O

S

H13C6

S

H13C6

O

O

N

I

O
O

N

O
O

S

H13C6

S

H13C6

O

O

N

OH
O

N

OH
O

S

H13C6

S

H13C6

O

O

N

Pd2(dba)3 / H[P(t-Bu)3]BF4

K3PO4 / DME / RT
87 %

+

quantitative
TFA / CH2Cl2 / RT

11 9

12

13  
Scheme 5: Synthesis of the perylenyl-bithiophene-triphenyalmines 12 and 13. 
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The quaterthiophenes 15 and 16 have been synthesized in a similar manner. Accordingly, 

iodinated perylenyl-quaterthiophene 14 was reacted with 1.2 equivalents of boronic ester 9 in 

DME. The mixture was stirred at room temperature in the presence of 2.5 mol-% Pd2(dba)3,  

5 mol-% [HP(t-Bu)3]BF4 and 4.8 equivalents of K3PO4 to give quaterthiophene 15 in 88 % 

yield after column chromatography (Scheme 6). Subsequently, the ester groups were 

quantitatively hydrolyzed by reacting perylenyl-quaterthiophene-triphenylamine 16 with 

trifluoroacetic acid in dry dichloromethane at room temperature. 
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Scheme 6: Synthesis of the perylenyl-quaterthiophene-triphenylamines 15 and 16. 
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The longest representative of this series, sexithiophene 19 has been obtained by reacting 1 

equivalent of iodinated perylenyl-sexithiophene 17 with 1.2 equivalents of boronic ester 9 in 

DME at room temperature. By using 2.5 mol-% Pd2(dba)3, 5 mol-% [HP(t-Bu)3]BF4 and 4.8 

equivalents of K3PO4 as base, 84 % of perylenyl-sexithiophene 18 was obtained after 

chromatographic work-up (Scheme 7). 

Subsequently, the tert-butyl esters were cleaved quantitatively by stirring 18 in a mixture 

of dry dichloromethane and trifluoroacetic acid at room temperature.  
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Scheme 7: Synthesis of the perylenyl-sexithiophene-triphenylamine 18 and 19. 
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Prior to the synthesis of the perylenyl-ethynyl-triphenylamine 22, silyl-protected 

triphenylamine building block 10 was deprotected using 3 equivalents of caesium fluoride in 

a THF/methanol mixture. After one hour at room temperature the free acetylene 10a was 

obtained in quantitative yield and was reacted subsequently with bromo-perylene 20 in a 

Sonogashira-type reaction. In this respect, 20 was suspended in piperidine with 1.2 

equivalents of free acetylene 10a and 20 mol-% cuprous iodide. The resulting suspension was 

stirred at room temperature in the presence of 2.5 mol-% Pd2(dba)3 and 10 mol-%          

[HP(t-Bu)3]BF4 as the active catalytic system[24] to give perylenyl-triphenylamine 21 in 95 % 

yield after column chromatography (Scheme 8). 
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Scheme 8: Synthesis of perylenyl-ethynyl-triphenylamine 21. 
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The ester cleavage that has been successfully applied for the perylenyl-oligothiophene-

triphenylamines 13, 16, and 19 could not be effectively employed for the perylenyl-

oligothiophenes-ethynyl-triphenylamines 22, 25, and 26, bearing an ethynylene moiety. In the 

latter cases, trifluoroacetic acid did not only cleave the ester groups but also attacked the 

triple bond, leading to a variety of products. Therefore, the general saponification protocol 

has been changed by hydrolyzing the tert-butyl esters with lithium hydroxide in methanol at 

70 °C. 

Following this procedure, perylenyl-ethynyl-triphenylamine 21 was dissolved in a 

methanolic lithium hydroxide solution and stirred at 70 °C. After the saponification reaction 

was completed the carboxylate groups were protonated by adding hydrochloric acid. In this 

manner, product 22 has been obtained in 92 % yield after filtration over a short column 

(Scheme 9). 
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Scheme 9: Synthesis of perylenyl-ethynyl-triphenylamine 22. 

 

 

In order to synthesize perylenyl-ethynyl-bithiophene-triphenylamine 24, iodinated 

perylenyl-bithiophene 11 was reacted with free acetylene 10a. In this respect, 11 was 

dissolved in piperidine together with 1.2 equivalents of 10a and 20 mol-% cuprous iodide. 

The coupling reaction was carried out at room temperature in the presence of 2.5 mol-% 

Pd2(dba)3 and 10 mol-% [HP(t-Bu)3]BF4 to give perylenyl-ethynyl-bithiophene 23 in 86 % 

yield after column chromatography (Scheme 10). 

Subsequently, the ester groups were saponificated with lithium hydroxide in methanol at 

70 °C to give the free acid 24 in 88 % yield after protonation with hydrochloric acid and 

filtration over a short column. 
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Scheme 10: Synthesis of the perylenyl-ethynyl-bithiophene-triphenylamines 23 and 24. 
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The quaterthiophenes 25 and 26 have been synthesized in a similar manner. Therefore, 

iodinated perylenyl-quaterthiophene 14 was reacted with 1.2 equivalents of the free acetylene 

10a in piperidine. The mixture was stirred at room temperature in the presence of 2.5 mol-% 

Pd2(dba)3, 5 mol-% [HP(t-Bu)3]BF4 and 20 mol-% cuprous iodide to give quaterthiophene 25 

in 87 % yield after chromatographic work-up (Scheme 11). 

In order to hydrolyze the ester groups, quaterthiophene 25 was dissolved in a methanolic 

lithium hydroxide solution and was stirred at 70 °C. After completed saponification, the 

reaction mixture was acidified by adding hydrochloric acid and perylenyl-ethynyl-

quaterthiophene-triphenylamine 26 was obtained in 96 % yield after filtration over a short 

column. 

 

S

H13C6

S

H13C6

O

O

N
S

H13C6

S

H13C6

O
O

N

O
O

O
O

N

O
O

S

H13C6

S

H13C6

I
S

H13C6

S

H13C6

O

O

N

S

H13C6

S

H13C6

O

O

N
S

H13C6

S

H13C6

OH
O

N

OH
O

Pd2(dba)3 / H[P(t-Bu)3]BF4

CuI / piperidine / RT

+

87 %

14 10a

25

26

THF / MeOH / 70 °C

LiOH

96 %

  
 

Scheme 11: Synthesis of the perylenyl-ethynyl-quaterthiophene-triphenylamines 25 and 26. 
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7.3  Physical properties 

 
7.3.1  UV-Vis spectroscopy 

 
Absorption spectra of the perylenyl-oligothiophene-triphenylamines 12, 13, 15, 16, 18, 

19, and 21-26 were measured in chloroform (c = 5·10-5 mol/l). The absorption maxima and 

extinction coefficients of both, the perylene and the oligothiophene part, as well as the optical 

band gaps are given in Table 2 and 3. The optical band gaps were determined from the onset 

of the perylene absorption band. Because the absorption spectra of both the free acids 13, 16, 

19, 22, 24, and 26 and the esters 12, 15, 18, 21, 23, and 25 are very similar only the optical 

properties of the latter compounds are discussed (Figures 3 and 4). 

The reference PDCI-T2[15] shows an intense absorption between 450 and 550 nm, 

exhibiting an absolute maximum at 517 nm which originates from the perylene absorption 

(Figure 3). Additionally, a second absorption band arises between 300 and 450 nm due to the 

absorption of the covalently attached oligothiophene moieties. 

 

 

 

7.3.1.1  Absorption properties of 12, 15, and 18 in solution 

 

For bithiophene 12 the enlargement of the donor moiety by the triphenylamine-linker 

significantly alters the shape of the perylene band which results in a red-shift of 12 nm of the 

longest wavelength absorption and is accompanied by a decrease of the optical band gap 

(ΔEopt. (PDCI-T2) = 2.19 eV, ΔEopt. (12) = 2.10 eV). However, this is a unique feature of the 

smallest representative 12 and a consequence of the strong electron donating properties of the 

triphenylamine-bithiophene donor system, whose absorption is clearly visible in the region 

between 300 and 450 nm. In contrast to the references, PDCI-T2 and triphenylamine 5, the 

donor system shows a very intense and red-shifted absorption, exhibiting an extinction 

coefficient  (ε = 52200 mol⋅l-1⋅cm-1) larger than that of the corresponding perylene unit, with 

one intense absorption maximum at 369 nm. The huge absorptivity accompanied by a strong 

red-shift (Δλmax = 67 nm with respect to PDCI-T2), indicating the presence of an extended 

donor π-system, being completely delocalized over the bithiophene and the adjacent 

triphenylamine unit. In this respect, the very electron-rich donor system directly adjacent to 
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the perylene pushes electron density into the aromatic system of the acceptor via a strong 

inductive electron donating effect. This in turn influences the electronic nature of the perylene 

acceptor and consequently induces the observed bathochromic shift (Δλmax = 12 nm). 

The perylene absorption bands of the longer homologues 15 and 18 (Figure 3) are 

comparable in shape with the one of reference PDCI-T2; however, a tailing at the low energy 

side of the band can be observed as it was found for the series of the linear perylenyl-

oligothiophenes. This is due to a charge-transfer band being laid over the absorption of the 

pristine perylene monoimide and gives rise to weak interactions between the donor and the 

acceptor subunits. For quaterthiophene 15 and sexithiophene 18 the optical band gap can be 

calculated to ΔEopt. = 2.13 eV, which is significantly higher compared to bithiophene 12. 

Furthermore, the perylene absorption bands of 15 and 18 are less bathochromically shifted 

with respect to that of 12. This can be attributed to a weaker electron-donating effect of the 

larger triphenylamine-oligothiophene donor systems and is due to a partial electronic 

decoupling of the larger oligothiophenes with the corresponding terminal triphenylamines. 
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Figure 3:  UV-Vis spectra of the perylenyl-oligothiophene-triphenylamines 12, 15, and 18 in comparison with 

PDCI-T2 and triphenylamine 5 in chloroform. 
 
 

Although strong and broad absorption bands of the oligothiophene-triphenylamine donor 

systems can be found between 300 and 450 nm with distinct absorption maxima at similar 

wavelengths (15: λmax = 364 nm; 18: λmax = 365 nm), the absorption spectra reveal additional 

shoulders at 400 nm and 417 nm, respectively. While for bithiophene 12 a fully conjugated 

donor system is assumed because of the small absorption band with one individual maximum, 
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the two donor absorption maxima in the case of quarterthiophene 15 and sexithiophene 18, 

respectively, are a consequence of a partial electronic decoupling of the donor species. In this 

respect, the donor π-systems of 15 and 18 are not fully delocalized over the oligothiophene-

triphenylamine backbone. 

Based on semi-empirical calculations it can be demonstrated that the donor systems are 

divided into two almost independent electronic species. In this respect, one part of the overall 

π-conjugation is restricted to the oligothiophene part and an adjacent phenylring of the 

terminal triphenylamine, whereas the other part is delocalized over the terminal 

triphenylamine unit and two neighbouring thiophene units. These theoretical results are 

reflected in the corresponding absorption spectra. The absolute maxima of the donor subunits 

(12: λmax = 369 nm; 15: λmax = 364 nm; 18: λmax = 365 nm) can be assigned to a π-conjugated 

system, consisting of the terminal triphenylamine which are in conjugation with two directly 

adjacent thiophene units of the oligothiophene chain. The positions of the additional donor 

maxima observed for 15 and 18 (15: λmax = 400 nm; 18: λmax = 417 nm), as well as their 

extinction coefficients, are more comparable to the electronic properties of the parent 

tetrahexyl-quaterthiophene and hexahexyl-sexithiophene. Nevertheless, the second donor 

maxima of 15 and 18 are slightly red-shifted (15: Δλmax = 25 nm; 18: Δλmax = 9 nm) in 

comparison with the corresponding oligothiophenes, reflecting an electronic influence of the 

terminal triphenylamine, which decreases with increasing length of the oligothiophene chain. 

 
 Table 2: Optical properties of the perylenyl-oligothiophene-triphenylamines 12, 13, 15, 16, 18, and 19 in 

comparison with triphenylamine 5 in chloroform 

Compound λabs
max

 (D) 
[nm] [a] 

ε 
[mol⋅l-1⋅cm-1] [a] 

λabs
max

 (P) 
[nm] [a] 

ε 
[mol⋅l-1⋅cm-1] [a] 

ΔEopt. 
[eV] [b] 

5 355 (325)[c] 24200   3.26 

12 (2T) 369 
(300)[d] 

52200 
(16100)[d] 

529 (509)[c] 

(517, 497)[d] 
44800 

(43000)[d] 
2.10 

  (2.19)[d] 

15 (4T) 364 (400)[c] 

(375)[e] 
50200 

(25100)[e] 
520 (499)[c] 

(522, 497)[e] 
41400 

(42200)[e] 
2.13 

  (2.13)[e] 

18 (6T) 365 (417)[c] 

(408)[f] 
51800 

(35300)[e] 
494 (519)[c] 

(520, 500)[f] 
42500 

(41300)[e] 
2.13 

  (2.12)[f] 

13 (2T) 370 53400 529 (509)[c] 44800 2.11 

16 (4T) 362 50600 519 (499)[c] 41300 2.16 

19 (6T) 367 (415)[c] 52300 494 (518)[c] 42900 2.11 
[a] c = 5⋅10-5 mol/l. P denotes perylene, D donor subunit. – [b] Determined from the onset of the absorption at the 
lower energy band edge. – [c] Shoulder. – [d] For comparison in parentheses values for the parent linear 
perylenyl-bithiophene, [e] perylenyl-quaterthiophene, [f] perylenyl-sexithiophene.[15] 
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7.3.1.2  Absorption properties of 21, 23, and 25 in solution 

 

The direct attachment of the ethynylene-triphenylamine linker to the perylene unit in 21 

leads to an increased, red-shifted and Gaussian-shaped perylene absorption (λmax = 535 nm) 

with an optical band gap of 2.09 eV (Figure 4). Simultaneously, a second strong absorption 

peak arises at 356 nm which can be assigned to the triphenylamine donor which is 

bathochromically shifted and increased in intensity with respect to triphenylamine 10. The 

perylene absorption shows a strong red-shifted (Δλmax = 50 nm) and larger overall 

absorptivity with respect to pristine PDCI (εPDCI = 34800 mol⋅l-1⋅cm-1).[1] The considerable 

red-shifts of both the donor and the acceptor absorptions give rise to a strong mutual 

communication between the electrophoric subunits, which is mediated by the ethynylene 

moiety. 

 

250 300 350 400 450 500 550 600 650
0

5000

10000

15000

20000

25000

30000

35000

40000

45000

50000

55000

60000

10

25

23

21 

 

E
xt

in
ct

io
n 

co
ef

fic
ie

nt
 [l

 m
ol

-1
 c

m
-1
]

Wavelength [nm]
 

Figure 4:  UV-Vis spectra of the perylenyl-oligothiophene-ethynyl-triphenylamines 21, 23, and 25 in 
comparison with triphenylamine 10 in chloroform. 

 

 

Perylenyl-ethynyl-bithiophene-triphenylamine 23 and perylenyl-ethynyl-quaterthiophene-

triphenylamine 25 exhibit comparable perylene absorption bands with respect to the 

corresponding perylenyl-oligothiophene-triphenylamines 12 and 15 (Figure 4). Therefore, it 

can be assumed that the bithiophene-ethynyl-triphenylamine donor system of 23 has an 

electron-donating effect comparable to the corresponding bithiophene-triphenylamine donor 

of 12. In this respect, the donor moiety of 23 is comprised of a fully π-conjugated system 
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delocalized over the bithiophene, the triple bond and the terminal triphenylamine, whereas a 

partial decoupling between the corresponding donor subunits can be assumed for  the 

quaterthiophene-ethynyl-triphenylamine donor system of 25. This assumption is supported on 

a semi-empirical level and by the corresponding absorption spectra of the donor subunits, 

showing one intense maximum (λmax = 368 nm) for 23 and two maxima (λmax (1)  = 368 nm; 

λmax (2) = 396 nm) in the case of 25. In comparison with perylenyl-bithiophene-triphenylamine 

12, the donor system of 23 is elongated by a triple bond, leading to an absorption band which 

is intensified by 15 % (ε12 = 52200 mol⋅l-1⋅cm-1; ε23 = 60000 mol⋅l-1⋅cm-1). Although the 

elongated donor system leads to an enlarged absorptivity no red-shift of the absorption can be 

found (λmax (12) = 369 nm; λmax (23) = 369 nm). 

In analogy to quaterthiophene 15, the two donor absorption maxima in the case of 

quarterthiophene 25 can be attributed to two partial decoupled donor species, where the 

overall π-system is not fully delocalized over the oligothiophene-ethynyl-triphenylamine 

backbone. The absolute absorption maximum at 361 nm can be assigned to a π-system 

consisting of the terminal ethynyl-triphenylamine and two adjacent thiophene units, whereas 

the second maximum at 396 nm is fairly comparable to the absorption behaviour of the parent 

tetrahexyl-quaterthiophene. The observed red-shift of the latter maximum with respect to the 

parent oligothiophene reveals a small electronic influence of terminal ethynyl-triphenylamine. 

 
Table 3: Optical properties of the perylenyl-oligothiophene-ethynyl-triphenylamines 21-26 in comparison with 

triphenylamine 10 in chloroform 

Compound λabs
max

 (D) 
[nm] [a] 

ε 
[mol⋅l-1⋅cm-1] [a] 

λabs
max

 (P) 
[nm] [a] 

ε 
[mol⋅l-1⋅cm-1] [a] 

ΔEopt. 
[eV] [b] 

10 350 46600   3.26 

21 (0T) 356 (344)[c] 44400 535 
(485, 509)[d] 

51500 
(34800)[d] 

2.09  
(2.30)[d] 

23 (2T) 368 

(300)[e] 
60000 

(16100)[e] 
528 (507)[c] 

(517, 497)[e] 
44500 

(43000)[e] 
2.12 

  (2.19)[e] 

25 (4T) 361 (396)[c] 

(375)[f] 
54600 

(25100)[f] 
521 (497)[c] 

(522, 497)[f] 
41600 

(42200)[f] 
2.15 

  (2.13)[f] 

22 (0T) 355 (344)[c] 43200 538 51600 2.10 

24 (2T) 369 60400 528 (505)[c] 45100 2.13 

26 (4T) 364 (395)[c] 53300 519 (498)[c] 41200 2.16 
[a] c = 5⋅10-5 mol/l. P denotes perylene, D donor subunit. – [b] Determined from the onset of the absorption at the 
lower energy band edge. – [c] Shoulder. – [d] For comparison in parentheses values for PDCI, [e] and the parent 
linear perylenyl-bithiophene, [f] perylenyl-quaterthiophene.[14] 
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7.3.1.3  Absorption properties of 12, 15, 18, 21, 23, and 25 in the solid state 

 

For the solid-state absorption spectra of the perylenyl-oligothiophene-triphenylamines 12, 

13, 15, 16, 18, 19, and 21-26 thin films were drop-casted onto quartz-glass substrates from 

the corresponding THF solutions (c=1 mg/ml; Figures 5 and 6). The absorption maxima of 

both the perylene and the oligothiophene part as well as the optical band gaps are given in 

Table 4 and 5.  
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Figure 5: Solid-state UV-Vis spectra of the perylenyl-oligothiophene-triphenylamines 12, 15, and 18, 

normalized with respect to the maximum perylene absorption. 
 

 

The absorption spectra in the solid state show similar trends compared to the solution 

spectra, however, a small displacement by going from the solution to the solid state is found 

for the perylene absorption bands and is typically in the order of 10 nm. Furthermore, the 

perylene absorption bands exhibit a tailing at the low-energy side which in consequence 

results in slightly smaller optical band gaps (ΔEopt = 0.10 - 0.15 eV).  

Nevertheless, the pronounced red-shifted perylene absorption maxima of bithiophene 12 

and 23 with respect to the reference PDCI-T2 are not found in the solid state and even a 

slightly hypsochromic shift (Δλmax = 1-5 nm) is observed. For the perylenyl-triphenylamines 

21 and 22 an extraordinary broadening of the perlyene absorption is visible with a 

pronounced shoulder at about 570 nm. In this respect, the optical band gaps are decreased by 

approximately 0.2 eV. This effect can be explained by an enhanced conjugation in the solid 

state as a consequence of an induced planarization of the conjugated π-system. 
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Table 4: Optical properties of the perylenyl-oligothiophene-triphenylamines 12, 13, 15, 16, 18, and 19 in the 
solid state 

Compound λabs
max

 (D) [nm] [a] λabs
max

 (P) [nm] [a] ΔEopt. [eV] [b] 

12 (2T) 363 
(361)[d] 

525 (502)[c] 

(529, 505)[d] 
1.99 

  (2.10)[d] 

15 (4T) 368 (419)[c] 

(386)[e] 
530 (502)[c] 

(530, 502)[e] 
1.92 

  (2.03)[e] 

18 (6T) 367 (457)[c] 

(437)[f] 
530 (495)[c] 

(495, 527)[f] 
1.88 

 (2.02)[f] 

13 (2T) 364 522 (503)[c] 2.06 

16 (4T) 371 529 (495)[c] 1.91 

19 (6T) 382 (472)[c] 527 (499)[c] 1.82 
[a] c = 5⋅10-5 mol/l. P denotes perylene, D donor subunit. – [b] Determined from the onset of the absorption at the 
lower energy band edge. – [c] Shoulder. – [d] For comparison in parentheses values for the parent linear 
perylenyl-bithiophene, [e] perylenyl-quaterthiophene, [f] perylenyl-sexithiophene.[14] 

 

 

In the case of the esters 12, 15, 18, 21, 23, 25 in comparison with their corresponding free 

acids 13, 16, 19, 22, 24, 26 no clear trends can be found for the optical band gaps. However, 

it seems that for the shorter representatives the optical band gaps are lower in the case of free 

acids while for the longest homologues the opposite trend is observed. 

A more pronounced influence of the packing effects on the electronic properties can be 

found for the donor absorptions. For the shorter representatives of the perylenyl-

oligothiophene-triphenylamines a small blue-shift or no significant influence on the position 

of the donor absorption maximum can be observed in the solid state, whereas the longest 

homologues sexithiophene 18, 19 and quaterthiophene 25, 26 exhibit considerable red-shifted 

absorption bands. Therefore, it can be assumed that the hybrid molecules are more strongly 

aggregated in the solid state and consequently, the donor systems are more planarized which  

gives rise to a stronger conjugation between the oligothiophenes and the terminal 

triphenylamines. 
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Figure 6:  Solid-state UV-Vis spectra of the perylenyl-oligothiophene-ethynyl-triphenylamines 21, 23, and 25, 

normalized with respect to the maximum perylene absorption. 
 
 
 
 

In general, the donor parts of the absorption spectra reveal no noteworthy difference 

between esters 12, 15, 18, 21, 23, 25 and the corresponding carboxylic acids 13, 16, 19, 22, 

24, 26. Although carboxylic acid groups tend to form dimers in the solid state it seems that 

this packing effect does not influence the aggregation behaviour of the latter hybrid-systems. 
 
 
Table 5: Optical properties of the perylenyl-oligothiophene-ethynyl-triphenylamines 21-26 in the solid state 

Compound λabs
max

 (D) [nm] [a] λabs
max

 (P) [nm] [a] ΔEopt. [eV] [b] 

21 (0T) 350 518 (576)[c] 1.92 

23 (2T) 361 (390)[c] 

(361)[d] 
523 (495)[c] 

(529, 505)[d] 
2.03 

  (2.10)[d] 

25 (4T) 369 (417)[c] 

(386)[e] 
524 (495)[c] 

(530, 502)[e] 
1.93 

  (2.03)[e] 

22 (0T) 355 509 (567)[c] 1.91 

24 (2T) 367 523 (501)[c] 2.07 

26 (4T) 370 (419)[c] 526 (501)[c] 1.88 
[a] c = 5⋅10-5 mol/l. P denotes perylene, D donor subunit. – [b] Determined from the onset of the absorption at the 
lower energy band edge. – [c] Shoulder. – [d] For comparison in parentheses values for the parent linear 
perylenyl-bithiophene, [e] perylenyl-quaterthiophene.[15] 
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7.3.2  Fluorescence spectroscopy  
 

7.3.2.1  Emission properties of 12, 15, and 18 

 

Corrected emission spectra of the perylenyl-oligothiophene-triphenylamines 12, 13, 15, 

16, 18, 19, and 21-26 were measured in chloroform (Figures 7 and 8). The absolute emission 

maxima, the quantum yields and the Stokes shifts are given in Table 6 and 7. 

While the standard N-(2,6-diisopropylphenyl)perylene-3,4-dicarboximide (PDCI) 

exhibits an intense, structured emission with a fluorescence quantum yield of Φ = 90 %,[28] 

the attachment of oligothiophene units to the perylene core leads to a non-structured emission 

of the perylene moiety. For the linear perylenyl-oligothiophenes the fluorescence quantum 

yields progressively decrease to Φ = 67 % for perylenyl-monothiophene (PDCI-T1), to Φ = 

37 % for perylenyl-bithiophene (PDCI-T2), to Φ = 21 % for perylenyl-terthiophene     

(PDCI-T3) and to values around Φ = 1 % for the longer homologues. In this respect, the 

quenching of the perylene emission is a consequence of increasing donor strength of the 

adjacent oligothiophenes, facilitating photoinduced charge transfer.[29] 
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Figure 7:  Fluorescence spectra of the perylenyl-oligothiophene-triphenylamines 12, 15, and 18 in comparison 

with PDCI-T2 in chloroform. 
 
 

In this line, the broad and moderate emission (Φ = 0.03) of perylenyl-bithiophene-

triphenylamine 12 suggests a longer conjugated donor system with respect to the parent 

perylenyl-bithiophene PDCI-T2. In analogy to the conclusions drawn from the corresponding 
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absorption spectra, the terminal triphenylamine contributes to the overall conjugation of the 

donor subunit such that the π-system is fully delocalized over both the bithiophene and the 

adjacent triphenylamine. However, the same conclusions cannot be drawn for the higher 

homologues quaterthiophene 15 and sexithiophene 18 because no additional influence on the 

fluorescence quenching is evident due to the very low emissions of the parent perylenyl-

oligothiophenes (PDCI-T4: Φ = 0.01, PDCI-T6: Φ = 0.01). 

In summary, the direct attachment of the triphenylamine at the terminal α-position of the 

oligothiophene units elongates the conjugated donor system and consequently facilitates the 

photoinduced charge transfer from the donor to the perylene acceptor to some extend which, 

in particular, can be validated in the case of bithiophene 12. The large Stokes shifts observed 

for the perylenyl-oligothiophene-triphenylamines 12, 15, and 18 are an indication of 

significant structural changes between the ground and the excited state and accordingly, 

indicate a photoinduced charge transfer which has already been postulated for the parent 

linear perylenyl-oligothiophenes.[29] 
 
 
Table 6: Emission properties of the perylenyl-oligothiophene-triphenylamines 12, 13, 15, 16, 18, and 19 in 

chloroform 

[a] Excitation wavelength λex = 480 nm. – [b] Quantum Yields determined with respect to N-(2,6-
diisopropylphenyl)perylene-3,4-dicarboximide (PDCI).[28] – [c] Stokes shifts measured as λem

max-λabs
max – [d] 

Shoulder. – [e] For comparison in parentheses values for the parent linear perylenyl-bithiophene, [f] perylenyl-
quaterthiophene, [g] perylenyl-sexithiophene.[15] 

 

The corresponding free acids 13, 16, and 19 show the same trends, compared to the esters 12, 

15, and 18. However, in the case of bithiophene 13 a slightly stronger luminescence (Φ = 

0.06) accompanied by blue-shift of the corresponding emission maximum is evident, which 

might be an effect of the free carboxyl groups. In this respect, the free protons can interfere 

with the excited state of perylenyl-bithiophene-triphenylamine 13. 

Compound λem
max [nm] [a] Φ [%] [b] Stokes shift [cm-1 (eV)] [c] 

12 (2T) 690 
(655)[e] 

3 
(37)[e] 

4411 (0.55) 
(4075 (0.51))[e] 

15 (4T) 565 (607)[d] 

(595)[f] 
1 

(1)[f] 
1532 (0.19) 
(2350 (0.29))[f] 

18 (6T) 683 
(590)[g] 

1 
(1)[g] 

4627 (0.57) 
(2282 (0.28))[g] 

13 (2T) 603 6 2320 (0.29) 

16 (4T) 583 1 2115 (0.26) 

19 (6T) 674 1 4468 (0.55) 
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7.3.2.2  Emission properties of 21, 23, and 25 
 

With respect to reference PDCI, perylenyl-ethynyl-triphenylamine 21 shows a broad 

and slightly less intense fluorescence (Φ = 0.72). The broad emission band can be attributed 

to an immanent conjugation between the triphenylamine donor and the perylene acceptor 

mediated by the ethynylene moiety. The coupling of the electrophoric subunits results in a 

photoinduced charge transfer by which the excited state can relax to ground state via other 

emissive pathways. The resulting additional emissions are laid over the pristine perylene 

luminescence at the low-energy side which leads to the observed broad fluorescence band. 

500 550 600 650 700 750 800 850 900
0

100

200

300

400

500

23
25 x 10

21

Em
is

si
on

 [A
.U

.]

Wavelength [nm]

PDCI-T2

 
Figure 8: Fluorescence spectra of the perylenyl-oligothiophene-ethynyl-triphenylamines 21, 23, and 25 in 

comparison with PDCI-T2 in chloroform. 
 

The low fluorescence quantum yield (Φ = 0.06) of perylenyl-bithiophene-ethynyl-

triphenylamine 23 can be attributed to an elongated donor system with respect to the parent 

perylenyl-bithiophene PDCI-T2 as it is assumed for the structurally related bithiophene 12. 

In this respect, the terminal triphenylamine cores also contributed to the overall conjugation 

of the donor subunits, leading to a π-system delocalized over the bithiophene, the ethynylene- 

moiety and the terminal triphenylamine. However, the incorporation of the electron-

withdrawing ethynylene-moiety into the donor backbone of 21 significantly reduces the 

electron-donating effect of the resulting donor system. In this respect, the photoinduced 

charge transfer from the donor to the acceptor moiety is slightly aggravated and consequently, 

a somewhat higher fluorescence is detectable in comparison with perylenyl-bithiophene-

triphenylamine 12 (Φ = 0.03). 
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Table 7: Emission properties of the perylenyl-oligothiophene-ethynyl-triphenylamines 21-26 in chloroform 

[a] Excitation wavelength λex = 480 nm. – [b] Quantum Yields determined with respect to N-(2,6-
diisopropylphenyl)perylene-3,4-dicarboximide (PDCI).[28] – [c] Stokes shifts measured as λem

max-λabs
max – [d] 

Shoulder. [e] For comparison in parentheses values PDCI, [f] and the parent linear perylenyl-bithiophene, [g] 
perylenyl-quaterthiophene.[15] 

 

Due to the large structural conformity of perylenyl-quaterthiophene-ethynyl-

triphenylamine 25 and quaterthiophene 15 a meaningful comparison between these two 

analogues can be drawn. In this respect, both hybrid systems exhibit low emissions (Φ = 0.01) 

as a consequence of a photoinduced charge transfer within these molecules. Although it is 

expected that the addition of the triphenylamine to the terminal α-position of the 

quaterthiophene should increase the overall donor strength of the resulting extended donor 

system, this conclusion cannot be validated because no additional influence on the 

fluorescence quenching is evident due to the very low emission of the parent linear perylenyl-

quaterthiophenes (Φ = 0.01). 

The large Stokes shifts which are observed for the perylenyl-oligothiophene-ethynyl- 

triphenylamines are an indication that structural and electronic rearrangements are taking 

place upon excitation and in consequence, support the assumption of a photoinduced charge 

transfer within these hybrid molecules. 

The corresponding free acids 22, 24, and 26 show the same general trends, compared to 

the esters 21, 23, and 25. However, the deviations observed for both fluorescence quantum 

yields and emission maxima are beyond experimental error and probably can be ascribed to 

an influence of the free carboxyl groups, which interact with the excited states of the 

corresponding perylenyl-bithiophene-ethynyl-triphenylamines. 
 

 
 

 

Compound λem
max [nm] [a] Φ [%] [b] Stokes shift [cm-1 (eV)] [c] 

21 (0T) 641 
(539, 579)[e] 

72 
(90)[e] 

3091 (0.38) 
(1093 (0.14))[e] 

23 (2T) 581 
(655)[f] 

6 
(37)[f] 

1728 (0.21) 
(4075 (0.51))[f] 

25 (4T) 578 

(595)[g] 
1 

(1)[g] 
1893 (0.23) 
(2350 (0.29))[g] 

22 (0T) 631 (653)[d] 66 2740 (0.34) 

24 (2T) 677 9 4168 (0.52) 

26 (4T) 709 1 5163 (0.64) 
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7.3.3  Cyclic voltammetry 
   

Oxidations and reductions of the perylenyl-oligothiophene-triphenylamines 12, 13, 15, 16, 

18, 19, and 21-26 were performed by cyclic voltammetry in dichloromethane using 

tetrabutylammonium hexafluorophosphate as the supporting salt and are referenced to the 

internal standard ferrocene/ferricenium (Fc/Fc+) (Figures 9 and 11). The standard redox 

potentials as well as the potential difference between the onset of the first oxidation and the 

first reduction wave, respectively, referred to as the electrochemically determined band gap 

ΔECV are given in Tables 8 and 9. The cyclic voltammograms of both the carboxylic acids 13, 

16, 19, 22, 24, and 26 and the esters 12, 15, 18, 21, 23, and 25 are almost identical and the 

redox potentials and the electrochemically determined band gaps of the carboxylic acids in 

comparison with those of the corresponding esters are within experimental error. Therefore, 

only the electrochemical properties of the latter compounds are discussed. 

For the references PDCI-T2, PDCI-T4, and PDCI-T6 two reversible reduction waves 

can be found at -1.42 V and at -1.87 V, respectively and are irrespective of the adjacent 

oligothiophene chain length. These reduction processes can be attributed to the perylene 

reduction and lead to stable radical anions and dianions where the main electron density 

resides on the carbonyl oxygen atoms due to their electron withdrawing nature.[30] In the 

oxidative regime, one oxidation process can be attributed to the perylene oxidation while the 

remaining oxidation waves originate from the oxidation of the oligothiophene unit which are  

gradually shifted to more negative potentials upon elongation of the conjugated donor system 

(E°ox1 (PDC I-T2) = 0.71 V, E°ox1 (PDC I-T4) = 0.43 V, E°ox1 (PDC I-T6) = 0.31 V). 

 

 

7.3.3.1  Electrochemical properties of 12, 15, and 18 

 

In comparison with the linear perylenyl-oligothiophenes, a similar redox behaviour can be 

found for the perylenyl-oligothiophene-triphenylamines 12, 15, and 18, which are reduced to 

a radical cation at E°red1 = -1.42 V and to a dication at E°red2 = -1.86 V, respectively. These 

reduction potentials are not dependent on the electronic nature of the adjacent donor and 

hence, the attachment of the terminal triphenylamines to the donor moieties does not affect 

the redox potentials of the perylene acceptors.  

In the case of the perylene oxidation potentials, the same mutual influence between the 

oxidized donor moieties and the perylenes is evident as for the parent linear perylenyl-
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oligothiophenes.[15] The successive increase of the conjugated donor system, consisting of the 

oligothiophenes and the adjacent triphenylamines leads to more complex cyclic 

voltammograms in the positive potential regime. While one oxidation process can always be 

identified as the perylene oxidation, the remaining waves originate from the oxidation of the 

donor subunits. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9: Cyclic voltammograms of the perylenyl-oligothiophene-triphenylamines 12, 15, and 18 in 

comparison with 5 in dichloromethane/nBu4NPF6 (0.1 M) vs. Fc/Fc+ at 100 mV/s. 
 

 

In comparison with PDCI (E°ox (P) = 0.95 V), the perylene oxidations of the hybrid 

systems 12, 15, and 18 occur significantly less easily, depending on the nature of the 

covalently attached donor functionality. This effect is also observed for the parent linear 

perylenyl-oligothiophenes and is caused by the fact that the donor entities are oxidized prior 

to the corresponding oxidation of the perylene acceptors. In this respect, the oxidized donor 

moieties are strongly electron withdrawing due to their lack of electron density. In 
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consequence, they withdraw electron density from the adjacent acceptor unit which in turn 

impedes the corresponding perylene oxidation. This effect is strongly dependent on the length 

of the conjugated system and on the valency of the corresponding cations. Hence, the dication 

of 12 which is formed before the perylene oxidation occurs, is delocalized over the 

bithiophene-triphenylamine system, whereas the dication of 15 resides on a larger conjugated 

π-system. Therefore, the latter dication is less electron withdrawing and consequently the 

perylene oxidation of 15 (E°ox (P) = 1.01 V) is facilitated over the corresponding oxidation of 

12 (E°ox (P) = 1.14 V). In this series, the trication of 18 is delocalized over a considerably 

longer donor system, giving rise to its less pronounced electron withdrawing nature          

(E°ox (P) = 0.93 V). 

As a general trend, the donor oxidations are significantly shifted to more negative values 

in comparison with those of the corresponding linear perylenyl-oligothiophenes and 

furthermore, for the longer homologues 15 and 18 additional oxidations are observed. This is 

a consequence of an extended donor-system where the π-electrons are delocalized throughout 

the oligothiophene and the terminal triphenylamine subunits. For bithiophene 12, this 

assumption is in accordance with the optical properties of the donor moiety, exhibiting only 

one discrete maximum. However, for the longer systems 15 and 18, it is expected that an 

electronic decoupling occurs to some extend between the two donor subunits and accordingly, 

the absorption spectra reveal two donor maxima. 

 

0.0 0.1 0.2 0.3 0.4 0.5 0.6

0.2

0.3

0.4

0.5

0.6

0.7

 

E0 1 [V
]

Inverse chain length (1/n)  
Figure 10: First oxidation potentials vs. the inverse chain length of the perylenyl-oligothiophene-

triphenylamines 12, 15, and 18 ([—■—]) in comparison with the parent linear perylenyl-
oligothiophenes ([⋅⋅⋅⋅ο⋅⋅⋅⋅]).[15] 
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However, if the first oxidation potential of the donor subunits of 12, 15, and 18 are plotted 

versus the inverse of the oligothiophene chain length (1/nT) a linear behaviour is obtained 

(Figure 10), indicating that the radical cations are fully delocalized over the corresponding 

conjugated donor backbones. Even in the case of perylenyl-sexithiophene-triphenylamine 18, 

this result suggests a complete delocalized oxidized donor moiety, while the corresponding π-

conjugation is not fully pronounced in the neutral state, due to a partial electronic decoupling 

between the sexithiophene and the triphenylamine parts. 

In comparison with the same regression of the parent linear perylenyl-oligothiophenes it is 

evident that the slope is less steep, indicating a significant influence of the terminal 

triphenylamines on the electronic properties of the adjacent oligothiophene moieties. The 

electronic properties, which can be extrapolated to an infinite chain length are only rough 

estimates and do not reflect those of the corresponding real chains. Typically, a saturation of 

the properties is observed for oligothiophene chains longer than 10 repeating units, leading to 

significantly higher values.[31] 

 

 
Table 8:  Electrochemical properties of the perylenyl-oligothiophene-triphenylamines 12, 13, 15, 16, 18, and 19 

in comparison with triphenylamine 6  

Com-
pound 

E°red2 

 (P) 
[V] [a] 

E°red1 

 (P) 
[V] [a] 

E°ox1 
(P) 

[V] [a] 

E°ox1 

 (D) 
[V] [a] 

E°ox2 
(D) 

[V] [a] 

E°ox3 
(D) 

[V] [a] 

E°ox4 
(D) 

[V] [a] 

ΔECV
 

[V] [b] 

5    0.81[c]     

12 (2T) -1.87 
(-1.87)[d] 

-1.40 
(-1.42)[d] 

1.14 
(1.06)[d] 

0.46 
(0.71)[d] 

0.67 
(1.20)[d]   1.72 

(2.02)[d] 

15 (4T) -1.88 
(-1.87)[e] 

-1.43 
(-1.42)[e] 

1.01 
(1.17)[e] 

0.34 
(0.43)[e] 

0.45 
(0.71)[e] 1.20  1.60 

(1.70)[e] 

18 (6T) -1.86 
(-1.87)[e] 

-1.41 
(-1.42)[e] 

0.93 
(1.01)[f] 

0.29 
(0.31)[f] 

0.38 
(0.45)[f] 

0.77 
(1.19)[f] 1.23 1.56 

(1.59)[f] 

13 (2T) -1.86 -1.42 1.12 0.48 0.67   1.72 

16 (4T) -1.86 -1.44 0.98 0.34 0.46 1.18  1.59 

19 (6T) -1.87 -1.43 0.94 0.30 0.39 0.78 1.22 1.56 
[a] In dichloromethane/nBu4NPF6 (0.1 M) vs. Fc/Fc+ at 100 mV/s. P denotes perylene, D donor subunit. –  [b] 
Determined by ΔECV = E’ox1 – E’red1 (E’ is the potential at which the redox process starts). – [c] Oxidation of 
triphenylamine. [d] – For comparison in parentheses values for the parent linear perylenyl-bithiophene, [e] 
perylenyl-quaterthiophene, [f] perylenyl-sexithiophene.[15]  
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The band gaps ΔECV were determined from the cyclic voltammograms by taking the 

difference between the onset of the first oxidation and reduction process, respectively (Table 

5). In this series the band gap gradually decreases from perylenyl-bithiophene-triphenylamine 

12 (1.72 eV) to perylenyl-sexithiophene-triphenylamine 18 (1.56 eV) reflecting the 

decreasing oxidation potential of the oligothiophene subunit. The electrochemically 

determined band gap reflects the difference of the onset of the donor oxidation and perylene 

reduction, respectively, whereas the optically determined band gap ΔEopt. always represents 

the electronic properties of the perylene unit for all compounds in the series. Therefore, it can 

be concluded that these donor-acceptor system consist of almost perfectly separated subunits 

with only marginal conjugation between the oligothiophene and the perylene moieties as 

discussed for the parent linear perylenyl-oligothiophenes. 

 
 

 

7.3.3.2  Electrochemical properties of 21, 23, and 25 

 

The perylenyl-oligothiophene-ethynyl-triphenylamines 23 and 25 show the same 

electrochemical behaviour in the reductive regime compared to the parent linear perylenyl-

oligothiophenes PDCI-T2 and PDCI-T4. Irrespective of the oligothiophene chain length and 

the presence of the terminal triphenylamine, two perylene reductions are found at identical 

potentials (E°red1 = -1.42 V; E°red2 = -1.86 V). However, in the case of perylenyl-ethynyl-

triphenylamine 21 the incorporation of the ethynylene-moiety into the hybrid-system slightly 

facilitates both reduction processes, whereas this influence is more pronounced in the case of 

the second reduction (ΔEred2 = 100 mV) rather than for the first reduction (ΔEred1 = 50 mV). 

This effect can be attributed to the high electron affinity of the triple bond directly attached to 

the acceptor unit. In this respect, electron density is withdrawn from the aromatic perylene 

system and consequently, the reduction processes are facilitated. 

For the perylene oxidations of the perylenyl-oligothiophene-ethynyl-triphenylamines 23 

and 25, the same electronic influence of the oxidized donor moieties is observed as for 

corresponding perylenyl-oligothiophene-triphenylamines 12 and 15. The dication of 23 which 

is formed prior to the perylene oxidation withdraws less electron density from the adjacent 

perylene than the donor trication of 25 and consequently, the perylene oxidation of 23      

(E°ox (P) = 1.10 V) is favoured over that of  25 (E°ox (P) = 1.16 V). 
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In the case of perylenyl-ethynyl-triphenylamines 21, the perylene oxidation (E°ox (P) = 

0.88 V) is facilitated with respect to PDCI (E°ox (P) = 0.95 V) as a consequence of a strong π-

conjugation between the electrophoric subunits, which stabilizes the resulting radical cation. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11: Cyclic voltammograms of the perylenyl-oligothiophene-triphenylamines 21, 23, and 25 in 

comparison with 10 in dichloromethane/nBu4NPF6 (0.1 M) vs. Fc/Fc+ at 100 mV/s. 
 

 

The oxidations of the perylenyl-oligothiophene-ethynyl-triphenylamines 23 and 25 show 

the same trends compared to the corresponding perylenyl-oligothiophene-triphenylamines 12 

and 15. Due to interactions between the oligothiophenes and the terminal ethynyl-

triphenylamines the donor systems are elongated with respect to the parent perylenyl-

oligothiophenes PDCI-T2 and PDCI-T4, resulting in more negative oxidation potentials. 

Although the conjugated donor systems of 23 and 25 have been enlarged by the incorporation 

of the ethynylene-moieties, the corresponding oxidations are impeded with respect to those of 
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12 and 15 due to a change of the electronic nature of the donor subunits. The triple bonds, 

which are part of the donor backbone, raise the electron affinity of the corresponding donor 

moieties and in turn increase their oxidation potentials. Nevertheless, the electronic influence 

of the triple bonds decreases as the conjugated π-systems are elongated, because with respect 

to 12 and 15, the first oxidation is less aggravated in the case of the larger quaterthiophene 25 

(ΔEox1 = 80 mV) than for bithiophene 23 (ΔEox1 = 120 mV). 

 
 
Table 9: Electrochemical properties of the perylenyl-oligothiophene-ethynyl-triphenylamines 21-26 in 

comparison with PDCI and triphenylamine 10 

Com-
pound 

E°red2 

 (P) 
[V] [a] 

E°red1 

 (P) 
[V] [a] 

E°ox1 
(P) 

[V] [a] 

E°ox1 

 (D) 
[V] [a] 

E°ox2 
(D) 

[V] [a] 

E°ox3 
(D) 

[V] [a] 

E°ox4 
(D) 

[V] [a] 

ΔECV
 

[V] [b] 

10    0.80[c]     

21 (0T) -1.76 
(-1.95)[d] 

-1.37 
(-1.46)[d] 

0.88 
(0.95)[d] 0.71[c]    1.93 

(2.24)[d] 

23 (2T) -1.86 
(-1.87)[e] 

-1.41 
(-1.42)[e] 

1.10 
(1.06)[e] 

0.58 
(0.71)[e] 

0.72 
(1.20)[e]   1.85 

(2.02)[e] 

25 (4T) -1.86 
(-1.87)[f] 

-1.41 
(-1.42)[f] 

1.16 
(1.17)[f] 

0.42 
(0.43)[f] 

0.59 
(0.71)[f] 0.95  1.67 

(1.70)[f] 

22 (0T) -1.76 -1.38 0.87 0.71[c]    1.93 

24 (2T) -1.84 -1.38 1.08 0.58 0.74   1.83 

26 (4T) -1.86 -1.41 1.15 0.43 0.60 0.96  1.65 
[a] In dichloromethane/nBu4NPF6 (0.1 M) vs. Fc/Fc+ at 100 mV/s. P denotes perylene, D donor subunit. –  [b] 
Determined by ΔECV = E’ox1 – E’red1 (E’ is the potential at which the redox process starts). – [c] Oxidation of 
triphenylamine. [d] – For comparison in parentheses values for PDCI, [e] and the parent linear perylenyl-
bithiophene, [f] perylenyl-quaterthiophene.[15]  

 

 

The electrochemically determined band gaps ΔECV of the perylenyl-oligothiophene-

ethynyl-triphenylamines shows a progressive decline from 21 (1.93 eV) to 25 (1.67 eV). 

However, due to the electron withdrawing properties of the ethynylene moieties, which 

impede the donor oxidation, the band gaps are significantly higher with respect to the 

comparable perylenyl-oligothiophene-triphenylamines. In analogy to the previous series, a 

comparison of ΔECV with the corresponding optical band gaps ΔEopt. reveals that these hybrid 

systems are comprised of almost perfectly separated subunits with only marginal conjugation 

between the oligothiophene and the perylene moieties. 
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7.3.3.3  MO-energies of 13, 16, 19, 22, 24, and 26 
 

In order to calculate the absolute energies of the HOMO and LUMO levels of the 

perylene-oligothiophene-triphenylamines 13, 16, 19, 22, 24, and 26 with respect to the 

vacuum level, the redox data are standardized to the ferrocene/ferricenium couple which has a 

calculated absolute energy of -4.8 eV.[32] The band gap energies result from the energy 

difference between the HOMO and the LUMO level. The MO energy levels as well as the 

band gap energies are listed in Table 10 and a corresponding energy level diagram for the 

carboxylic acids is depicted in Figure 12. 

 
 
Table 10:  MO energies vs. the vacuum level of the perylenyl-oligothiophene-triphenylamines 13, 16, 19, 22, 

24, and 26  

[a] Related to the Fc/Fc+-couple with a calculated absolute energy of -4.8 eV.[32] – [b] Band gap calculated to 
Δ=ELUMO-EHOMO. 
 
 

 

It can be seen in the energy diagram that the HOMO-LUMO band gap decreases with 

increasing chain length of the oligothiophene unit which is due to the gradual decrease of the 

HOMO energy level with respect to a constant LUMO level. In the cases of 24 and 26, the 

influence of the ethynylene moieties incorporated into the donor backbone is visualized by 

which the HOMO energies are significantly decreased (ΔE ≈ 100 meV) with respect to those 

of 13 and 16. 

 

 

 

 

 

 

Compound LUMO -1 
[eV][a]

 

LUMO 
[eV][a] 

HOMO 
[eV][a] 

HOMO -1 
[eV][a] 

HOMO -2 
[eV][a] 

HOMO -3 
[eV][a] 

HOMO -4 
[eV][a] 

Band gap 
[eV] [b] 

13 -2.94 -3.38 -5.28 -5.47 -5.92   1.90 

16 -2.94 -3.36 -5.14 -5.26 -5.78 -5.98  1.78 

19 -2.93 -3.37 -5.10 -5.19 -5.58 -5.74 -6.02 1.73 

22 -3.04 -3.42 -5.51 -5.67    2.09 

24 -2.96 -3.42 -5.38 -5.54 -5.88   1.96 

26 -2.94 -3.39 -5.23 -5.40 -5.76 -5.95  1.84 
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Figure 12 also reveals that the perylenyl-oligothiophene-triphenylamines are suitable for 

the fabrication of dye-sensitized solar cells using a standardized setup. The HOMOs of these 

materials are slightly lower in energy with respect to the electrochemical potential of the 

iodide/triiodide redox couple. In this respect, the redox system can effectively act as a 

mediator, which is necessary for the electron transfer from the cathode to the dye which is 

adsorbed onto the nanocrystalline titanium dioxide. Furthermore, the LUMOs of these hybrid 

systems lie higher in energy with respect to the Fermi level of titanium dioxide, giving rise to 

good electron injections properties from the excited dye molecules to the inorganic 

semiconductor TiO2.  
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Figure 12: MO Scheme of the perylenyl-oligothiophene-triphenylamines 13, 16, 19, 22, 24, and 26 in 

comparison with the Fermi level of TiO2 and the electrochemical potential of the iodide/triiodide 
redox couple used for the fabrication of dye-sensitized solar cells. 
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7.4  Experimental section 

 
7.4.1  General procedures 

 
1H NMR spectra were recorded in CDCl3 and d6-DMSO on a Bruker AMX 400 at        

400 MHz. 13C NMR spectra were recorded in CDCl3 and d6-DMSO on a Bruker AMX 400 at 

100 MHz. Chemical shifts are denoted in δ unit (ppm), and were referenced to internal 

tetramethylsilane (0.0 ppm). The splitting patterns are designated as follows: s (singlet), d 

(doublet), t (triplet), dt (double triplet), quin (quintet), hep (heptet) and m (multiplet) and the 

assignments are Pery (perylene), TPA (triphenylamine), Ph, (phenyl), Th (thiophene) for 1H 

NMR. Mass spectra were recorded with a Varian Saturn 2000 GC-MS and with a MALDI-

TOF MS Bruker Reflex 2 (dithranol as the generally used matrix and 2,5-dihydroxybenzoic 

acid for the free acids 13, 16, 19, 22, 24, and 26). Elemental analyses were performed on a 

Elementar Vario EL. Melting points were determined with a Büchi B-545 melting point 

apparatus and are not corrected. Gas chromatography was carried out using a Varian CP-3800 

gas chromatograph. HPCL analyses were performed on a Shimadsu SCL-10A equipped with 

a SPD-M10A photodiode array detector and a SC-10A solvent delivery system using a 

LiChrosphor column (Silica 60, 5 µm, Merck). Thin-layer chromatography was carried out 

on Silica Gel 60 F254 aluminium plates (Merck). Developed plates were dried and examined 

under a UV lamp. Preparative column chromatography was carried out on glass columns of 

different sizes packed with silica gel Merck 60 (40-63 µm). UV-Vis spectra were taken on a 

Perkin-Elmer Lambda 19 in 1 cm cuvettes. Thin uniform films for solid-state spectra were 

obtained by drop-casting from the corresponding THF-solutions (2 mg/ml) onto glass 

substrates. Fluorescence spectra were measured with a Perkin-Elmer LS 55 in 1 cm cuvettes. 

Fluorescence quantum yields were determined with respect to N-(2,6-

diisopropylphenyl)perylene-3,4-dicarboximide (PDCI) (Φ = 0.9 in chloroform[28]). Cyclic 

voltammetry experiments were performed with a computer-controlled EG&G PAR 273 

potentiostat in a three-electrode single-compartment cell (5 ml). The platinum working 

electrode consisted of a platinum wire sealed in a soft glass tube with a surface of A = 0.785 

mm2, which was polished down to 0.5 µm with Buehler polishing paste prior to use in order 

to obtain reproducible surfaces. The counter electrode consisted of a platinum wire and the 

reference electrode was an Ag/AgCl secondary electrode. All potential were internally 

referenced to the ferrocene/ferricenium couple.[32] For the measurements concentrations of  
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10-3 mol/l of the electroactive species were used in freshly distilled and deairated 

dichloromethane (Lichrosolv, Merck) and 0.1 M tetrabutylammonium hexafluorophosphate 

(nBu4NPF6, Fluka) which was twice recrystallized from ethanol and dried under vacuum prior 

to use. Solvents and reagents were purified and dried by usual methods prior to use and 

typically used under inert gas atmosphere. The following starting materials were purchased 

and used without further purification: p-Bromobenzoic acid (Merck), thionyl chloride 

(Merck), potassium tert-butylate (Merck), iodine chloride (Merck), zinc acetate (Merck), 

bis(pinacolato)diboron (Lancaster), ethynyl-trimethyl-silane (ABCR), Pd(dppf)Cl2 (Aldrich), 

9-bromo-N-(2,6-diisopropylphenyl)perylene-3,4-dicarboximide 20 (BASF). Pd(PPh3)2Cl2,[33] 

[HP(t-Bu)3]BF4
[24] and Pd2(dba)3

[34] were prepared according to literature procedures. 

 

 

 

 

7.4.2  Synthesis 
 

4-Bromo-benzoic acid tert-butyl ester (2): 

4-Bromobenzoic acid 1 (10.1 g, 50 mmol) was added to 25 ml thionyl 

chloride. After three drops DMF were added to the suspension it was stirred 

under reflux for one hour. When the reaction was completed the excess of thionyl chloride 

was removed in vacuum. The residual yellowish solid 1a was dissolved in 10 ml dry THF and 

the resulting solution was cooled down to 0 °C. Next, under constant stirring a solution of 

potassium tert-butylate (6.7 g, 60 ml) dissolved in 50 ml dry THF was added slowly over a 

period of one hour while the temperature was not allowed to exceed 5 °C. The resulting 

suspension was poured onto 250 ml water and was extracted with diethylether. The organic 

phase was washed with a saturated sodium hydrogen carbonate solution and was dried with 

magnesium sulphate. After the solvent was removed by rotary evaporation the crude product 

was purified by bulb-to-bulb distillation to afford ester 2 (11.2 g, 87 %) as a colorless liquid. 
1H NMR (400 MHz, CDCl3): δ = 7.84 (approx. d, J=8.6 Hz, 2H, Ph-2H,6H), 7.54 (approx. d, 

J=8.6 Hz, 2H, Ph-3H,5H), 1.59 (s, 9H, C-(CH3)3); 
13C NMR (100 MHz, CDCl3): 165.38, 132.03, 131.06, 131.50, 128.00, 81.84, 28.74; 

MS (EI): m/z = 257. 
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4-(N-Phenylamino)benzoic acid tert-butyl ester (4):  

Anilin 3 (1.4 g, 15 mmol) and ester 2 (2.6 g, 10 mmol) were dissolved in   

50 dry toluene. After the solution was degassed potassium tert-butylate    

(2.5 g, 22.5 mmol) and the catalyst (Pd2dba3 [104 mg, 0.1 mmol],        

[HP(t-Bu3)]BF4 [46 mg, 0.16 mmol]) were added. Next, the resulting 

suspension was degassed and was stirred for 2 hours at room temperature. After the reaction 

was completed it was poured into water and the aqueous phase was acidified with 

hydrochloric acid (pH=7). The water phase was extracted with dichloromethane and the 

organic phase was dried with magnesium sulphate. After the solvent was removed by rotary 

evaporation the residue was dissolved in dichloromethane and was filtered over a short silica 

column to remove the catalytic residues. The solvent was evaporated and the crude product 

was dissolved in 5 ml hot chloroform. After addition of 50 ml hot n-hexane the product was 

allowed to crystallize. The white crystals of 4 (2.1 g, 78 %) were filtered off and dried in 

vacuum. 

M.p.: 115 °C; 
1H NMR (400 MHz, CDCl3): δ = 7.89-7.85 (m, 2H, (t-Bu)OOC-Ph-2H,6H), 7.35-7.28 (m, 

2H, Ph-2H,6H), 7.17-7.13 (m, 2H, (t-Bu)OOC-Ph-3H,5H), 7.04 (approx. dt, J1=7.4 Hz, 

J2=1.1 Hz, 1H, Ph-4H), 7.00-6.95 (m, 2H, Ph-3H,5H), 5.99 (s, 1H, -NH), 1.58 (s, 9H, C-

(CH3)3); 
13C NMR (100 MHz, CDCl3): δ = 165.75, 147.54, 141.18, 131.27, 129.48, 123.28, 122.83, 

120.06, 114.75, 80.25, 28.31; 

MS (EI): m/z [M+] = 269; 

Elemental analysis: calcd (%) for C17H19NO2: C 75.81, H 7.11, N 5.20; found C 75.85, H 

7.00, N 5.19. 

 

N,N-Di(4-benzoic acid tert-butyl ester)phenylamine (5):  

Diphenylamine 4 (0.97 g, 3.6 mmol) and ester 2 (1.0 g,             

3.9 mmol) were dissolved in 18 ml dry toluene. After the 

solution was degassed potassium tert-butylate (807 mg,           

7.5 mmol) and the catalyst (Pd2dba3 [37 mg, 36 µmol],        

[HP(t-Bu3)]BF4 [17 mg, 58 µmol]) were added. Next, the resulting suspension was degassed 

and was stirred for 2 hours at room temperature. After the reaction was completed it was 

poured into water and the aqueous phase was acidified with hydrochloric acid (pH=7). The 

water phase was extracted with dichloromethane and the organic phase was dried with 

NH

O

O

O

O

N

O

O
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magnesium sulphate. After the solvent was removed by rotary evaporation the crude product 

was purified by column chromatography (SiO2 / dichloromethane : petrol ether [2:1]) to give 

5 (1.5 g, 93 %) as a white solid. 

M.p.: 63 °C; 
1H NMR (400 MHz, CDCl3): δ = 7.86 (approx. td, J1=8.8 Hz, J2=2.1 Hz, 4H, (t-Bu)OOC-Ph-

2H,6H), 7.32 (approx. dt, J1=7.8 Hz, J2=2.0 Hz, 2H, Ph-2H,6H), 7.17 (approx. dt, J1=7.3 Hz, 

J2=1.1 Hz, 1H, Ph-4H), 7.14-7.10 (m, 2H, Ph-3H,5H), 7.06 (approx. td, J1=8.8 Hz, J2=2.1 

Hz, 4H, (t-Bu)OOC-Ph-3H,5H), 1.58 (s, 18H, C-(CH3)3); 
13C NMR (100 MHz, CDCl3): δ = 165.40, 150.76, 130.80, 129.75, 126.31, 126.10, 122.43, 

80.70, 28.26 

MS (CI): m/z [M+] = 445; 

Elemental analysis: calcd (%) for C28H31NO4: C 75.48, H 7.01, N 3.14; found C 75.40, H 

7.03, N 3.05. 

 

N,N-Di(4-benzoic acid tert-butyl ester)-4-iodo-phenylamine (6): 

Iodine chloride (413 mg, 2.46 mmol) and zinc acetate (270 mg, 

1.23 mmol) were added to 3 ml dioxane and was stirred for      

15 min at room temperature. Next, diphenylamine 5 (550 mg,    

1.23 mmol) dissolved in 2 ml dioxane was added slowly and the 

resulting brownish solution was stirred at room temperature for 3 hours. After the reaction 

was completed the reaction mixture was poured into 20 ml of a 1 molar sodium thiosulphate 

solution. The water phase was extracted with dichloromethane and the organic phase was 

dried with magnesium sulphate. After the solvent was removed by rotary evaporation the 

crude product was dissolved in 3 ml hot chloroform. After addition of 30 ml hot methanol the 

product was allowed to crystallize. The white crystals of 6 (635 mg, 90 %) were filtered off 

and dried in vacuum. 

M.p.: 172-173 °C; 
1H NMR (400 MHz, CDCl3): δ = 7.87 (approx. td, J1=8.8 Hz, J2=2.3 Hz, 4H, (t-Bu)OOC -

Ph-2H,6H), 7.60 (approx. td, J1=8.6 Hz, J2=2.5 Hz, 2H, Ph-3H,5H), 7.05 (approx. td, J1=8.8 

Hz, J2=2.2 Hz, 4H, (t-Bu)OOC-Ph-3H,5H), 6.87 (approx. td, J1=8.8 Hz, J2=2.4 Hz, 2H, Ph-

2H,6H), 1.58 (s, 18H, C-(CH3)3); 
13C NMR (100 MHz, CDCl3): δ = 126.26, 150.23, 138.72, 130.92, 127.57, 126.64, 122.78, 

80.86, 28.23 

MS (MALDI-TOF): m/z [M+H+] = 572; 
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Elemental analysis: calcd (%) for C28H30INO4: C 58.85, H 5.29, N 2.45; found C 58.92, H 

5.32, N 2.37. 

 

N,N-Di(4-benzoic acid tert-butyl ester)-4-(4,4,5,5-tetramethyl-[1,3,2]dioxaborolan-2-yl)-

phenylamine (9):  

Diphenylamine 6 (620 mg, 1.08 mmol), bis(pinacolato)diboron 7 

(330 mg, 1.3 mmol), potassium acetate (383 mg, 3.9 mmol) and 

Pd(dppf)Cl2 (22 mg, 27 µmol) were added to 10 ml dry DMSO. 

The resulting red suspension was degassed and was stirred at    

80 °C for 1 hour. After the reaction was completed the mixture 

was filtered over a short silica column with dichloromethane as 

eluent. The solvent was evaporated and the crude product was obtained as a brownish oil 

from which upon the addition of 50 ml hot methanol white crystals precipitated. The crystals 

of 9 (520 mg, 84 %) were filtered off and dried in vacuum. 

M.p.: 239-240 °C; 
1H NMR (400 MHz, CDCl3): δ = 7.86 (approx. td, J1=8.8 Hz, J2=2.1 Hz, 4H, (t-Bu)OOC-Ph-

2H,6H), 7.74 (approx. dt, J1=8.6 Hz, J2=1.9 Hz, 2H, Ph-3H,5H), 7.11-7.05 (m, 6H, (t-

Bu)OOC-Ph-3H,5H, Ph-2H,6H), 1.58 (s, 18H, C-(CH3)3), 1.35 (s, 12H, C-(CH3)2); 
13C NMR (100 MHz, CDCl3): δ = 165.34, 150.48, 136.22, 130.81, 126.52, 124.43, 123.08, 

83.83, 80.78, 28.23, 24.86; 

MS (MALDI-TOF): m/z [M+H+] = 572; 

Elemental analysis: calcd (%) for C34H42BNO6: C  71.45, H 7.41, N 2.45; found C  71.73, H 

7.25, N 2.26. 

 

N,N-Di(4-benzoic acid tert-butyl ester)-4-trimethylsilanylethynyl-phenylamine (10): 

Diphenylamine 6 (115 mg, 0.2 mmol), ethynyl-trimethyl-silane 8 

(30 mg, 0.3 mmol), Pd(PPh3)2Cl2 (7.0 mg, 0.01 mmol) and CuI 

(3.8 mg, 0.02 mmol) were added to 0.5 ml piperidine. The 

reaction mixture was carefully degassed and was stirred at 60 °C 

for 3 hours. After the reaction was completed the mixture was 

poured into water (20 ml) and was acidified with concentrated 

hydrochloric acid (pH = 1). The organic layer was taken off while the water phase was 

extracted with dichloromethane. The combined organic phases were dried with magnesium 

sulphate and the solvent was removed by rotary evaporation. The crude product was purified 
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by column chromatography (SiO2 / dichloromethane : petrol ether [2:1]) to give 10 (100 mg, 

92 %) as a white solid. 

M.p.: 150-151 °C; 
1H NMR (400 MHz, CDCl3): δ =7.87 (approx. d, J=8.6 Hz, 4H, (t-Bu)OOC-Ph-2H,6H), 7.39 

(approx. d, J=8.6 Hz, 2H, Ph-3H,5H), 7.07 (approx. d, J=8.6 Hz, 4H, (t-Bu)OOC-Ph-3H,5H), 

7.02 (approx. d, J=8.6 Hz, 2H, Ph-2H,6H), 1.58 (s, 18H, C-(CH3)3), 0.25 (s, 9H, Si-(CH3)3); 
13C NMR (100 MHz, CDCl3): δ = 165.26, 150.25, 146.43, 133.32, 130.89, 126.72, 124.86, 

123.06, 118.89, 104.60, 94.41, 80.84, 28.22; 

MS (MALDI-TOF): m/z [M+H+] = 542; 

Elemental analysis: calcd (%) for C33H49NO4Si: C 73.16, H 7.26, N 2.59; found C  72.89, H 

7.17, N 2.39. 

 

N,N-Di(4-benzoic acid tert-butyl ester)-4-ethynyl-phenylamine (10a): 

To a solution of diphenylamine 10 (65 mg, 0.12 mmol) in  1 ml 

THF was added cesium fluoride (54 mg, 0.36 mmol dissolved in 

0.36 ml methanol). The resulting solution was stirred for 1 hour 

at room temperature. After the reaction was completed the 

mixture was poured into water and the organic layer was taken 

off while the water phase was extracted with dichloromethane. The combined organic phases 

were washed with water three times and were dried with magnesium sulphate. The solvent 

was removed in vacuum to give 10a (56 mg, quantitative) as a brownish, viscous oil which 

was used without further purification. 
1H NMR (400 MHz, CDCl3): δ =7.87 (approx. d, J=8.6 Hz, 4H, (t-Bu)OOC-Ph-2H,6H), 7.41 

(approx. d, J=8.6 Hz, 2H, Ph-3H,5H), 7.07 (approx. d, J=8.6 Hz, 4H, (t-Bu)OOC-Ph-3H,5H), 

7.04 (approx. d, J=8.6 Hz, 2H, Ph-2H,6H), 3.07 (s, 1H, C≡CH),  1.58 (s, 18H, C-(CH3)3); 
13C NMR (100 MHz, CDCl3): δ = 165.41, 150.39, 146.94, 133.63, 131.07, 127.01, 125.00, 

123.30, 117.93, 107.90, 83.40, 81.02, 28.38; 

165.26, 150.25, 146.43, 133.32, 130.89, 126.72, 124.86, 123.06, 118.89, 104.60, 94.41, 

80.84, 28.22; 

MS (CI): m/z [M+H+] = 470. 
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General procedure for the preparation of the perylenyl-oligothiophene-triphenylamines 

(12, 15, 18) via Suzuki-coupling: A solution of the halogenated compound (1 equivalent) 

and boronic ester 9 (1.2 equivalents) in DME was degassed prior to the addition of a degassed      

2 M aqueous solution of tripotassium phosphate (4 equivalents). Next, the catalytic system 

(Pd2(dba)3 (2.5 mol-%), [HP(t-Bu3)]BF4 (5 mol-%)) was added. The resulting emulsion was 

carefully degassed and stirred at room temperature for 24 hours. Then it was poured into 

water and the organic phase was separated while the aqueous phase was extracted with 

dichloromethane. The combined extracts were dried over magnesium sulphate and the solvent 

was removed by rotary evaporation. The crude product was purified by flash column 

chromatography and was dried in vacuum. 

 

General procedure for the ester hydrolysis of the perylenyl-oligothiophene- 

triphenylamines (13, 16, 19): The tert-butyl ester was dissolved in a mixture of dry 

dichloromethane and trifluoroacetic acid. The resulting deep violet solution was stirred at 

room temperature for 6 hours. After the reaction was completed the solvent was removed and 

the product was dried in vacuum. 

 

Di-tert-butyl 4,4'-[(4-{5’-([N-(2,6-diisopropylphenyl)]-9-perylenyl-3,4-dicarboximide)- 

3,4’-dihexyl-2,2’-bithien-5-yl}phenyl)imino]dibenzoate (12):  

Following the general procedure, 11         

(94 mg, 0.1 mmol), boronic ester 9 (69 mg, 

0.12 mmol), tripotassium phosphate solution 

(0.24 ml, 0.48 mmol) in DME (1 ml) were 

reacted in the presence of the catalyst 

(Pd2(dba)3 [1.5 mg, 2.5 µmol],             

[HP(t-Bu)3]BF4 [1.5 mg, 5.0 µmol]) to give 

12 (110 mg, 87 %) as a black solid after flash column chromatography (SiO2 / petrol ether : 

ethyl acetate [5:1]). 

M.p.: 181-182 °C; 
1H NMR (400 MHz, CDCl3): δ = 8.66 (d, J=8.1 Hz, 2H, Pery-1H,6H), 8.49-8.42 (m, 4H, 

Pery-2H,5H,7H,12H), 8.00 (d, J=8.3 Hz, 1H, Pery-8H), 7.90 (approx. d, J=8.8 Hz, 4H, (t-

Bu)OOC-Ph-2H,6H), 7.69 (d, J=7.8 Hz, 1H, Pery-10H), 7.64 (t, J=8.0 Hz, 1H, Pery-11H), 

7.55 (approx. d, J=8.6 Hz, 2H, TPA-Ph-3H,5H), 7.48 (t, J=7.8 Hz, 1H, Ph-4H), 7.35 (d, J=7.8 

Hz, 2H, Ph-3H,5H), 7.18 (s, 1H, Th-3H), 7.17 (s, 1H, Th’-4H), 7.15-7.09 (m, 6H, (t-
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Bu)OOC-Ph-3H,5H, TPA-Ph-2H,6H), 2.86 (t, J=7.8 Hz, 2H, Th-’-CH2), 2.79 (hep, J=6.8 

Hz, 2H, Ph-CH-(CH3)2), 2.45 (t, J=7.5 Hz, 2H, Th--CH2), 1.74 (quin, J=6.8 Hz, 2H, Th-β’-

CH2), 1.59 (s, 18H, C-(CH3)3), 1.55-1.50 (m, 2H, Th-β-CH2), 1.48-1.40 (m, 2H, Th-γ’-CH2), 

1.40-1.30 (m, 4H, Th-CH2-), 1.20-1.10 (m, 6H, Th-CH2-), 1.20 (d, J=6.8 Hz, 12H, Ph-CH-

(CH3)2), 0.89 (t, J=6.9 Hz, 3H, Th’-CH3), 0.77 (t, J=6.9 Hz, 3H, Th-CH3); 
13C NMR (100 MHz, CDCl3): δ = 166.26, 164.88, 151.36, 146.63, 146.52, 142.89, 141.57, 

138.44, 138.16, 137.05, 135.82, 134.83, 134.80, 132.96, 131.95, 131.81, 131.47, 131.42, 

131.31, 130.95, 130.37, 130.31, 130.28, 129.17, 128.22, 128.08, 127.80, 127.62, 127.35, 

127.00 124.94, 124.03, 123.66, 122.03, 121.96, 121.32, 121.23, 81.71, 32.62, 32.41, 31.53, 

31.39, 30.60, 30.21, 30.08, 29.95, 29.84, 29.16, 24.96, 23.56, 23.41, 15.04, 14.93; 

MS (MALDI-TOF): m/z [M+H+] = 1257; 

Elemental analysis: calcd (%) for C82H84N2O6S2: C 78.31, H 6.73, N 2.23; found C 78.14, H 

6.48, N 1.93. 

 

4,4'-[(4-{5’-([N-(2,6-Diisopropylphenyl)]-9-perylenyl-3,4-dicarboximide)-3,4’-dihexyl-

2,2’-bithien-5-yl}phenyl)imino]dibenzoate (13): 

Following the general procedure, 12 (126 mg, 

0.1 mmol) was stirred in a mixture of dry 

dichloromethane (2 ml) and trifluoroacetic 

acid (0.4 ml) to give 13 (115 mg, quantitative) 

as a black solid. 

M.p.: 230-231 °C; 
1H NMR (400 MHz, CDCl3): δ = 8.67 (d, J=7.8Hz, 2H, Pery-1H,6H), 8.53-8.45 (m, 4H, 

Pery-2H,5H,7H,12H), 8.05-7.97 (m, 5H, Pery-8H, HOOC-Ph-2H,6H), 7.70 (d, J=7.8 Hz, 1H, 

Pery-10H), 7.66 (d, J=7.8 Hz, 1H, Pery-11H), 7.61 (approx. d, J=8.3 Hz, 2H, TPA-Ph-

3H,5H), 7.49 (t, J=7.8 Hz, 1H, Ph-4H), 7.35 (d, J=7.8 Hz, 2H, Ph-3H,5H), 7.22-7.15 (m, 8H, 

Th’-4H, Th-3H, HOOC-Ph-3H,5H, TPA-Ph-2H,6H), 2.86 ppm (t, J=7.4 Hz, 2H, Th-’-CH2), 

2.79 (hep, J=6.8 Hz, 2H, Ph-CH-(CH3)2), 2.45 (t, J=7.2 Hz, 2H, Th--CH2), 1.72 (quin, J=7.6 

Hz, 2H, Th-β’-CH2), 1.57 (quin, =6.8 Hz, 2H Th-β-CH2),  1.50-1.40 (m, 2H, Th-γ’-CH2), 

1.38-1.30 (m, 4H, Th-CH2-), 1.20-1.10 (m, 6H, Th-CH2-), 1.20 (d, J=6.8 Hz, 12H Ph-CH-

(CH3)2), 0.89 (t, J=6.8 Hz, 3H Th’-CH3), 0.77 (t, J=6.8 Hz, 3H Th-CH3); 
13C NMR (100 MHz, CDCl3): δ = 172.35, 164.93, 152.28, 146.63, 145.96, 142.92, 141.67, 

141.61, 138.46, 138.18, 136.97, 135.80, 134.91, 134.77, 133.02, 132.74, 132.26, 131.92, 

131.41, 131.30, 131.23, 130.41, 130.29, 129.15, 128.25, 128.14, 127.78, 127.68, 127.28, 
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124.97, 124.56, 124.06, 123.58, 121.97, 121.90, 121.34, 121.25, 32.63, 32.42, 31.54, 31.41, 

30.68, 30.22, 30.09, 29.96, 29.86, 24.96, 23.57, 23,42, 15.05, 14.94; 

MS (MALDI-TOF): m/z [M+H+] = 1145; 

Elemental analysis: calcd (%) for C74H68N2O6S2: C 75.57, H 7.73, N 0.77; found C 75.65, H 

7.79, N 0.85. 

 

Di-tert-butyl 4,4'-[(4-{5’’’-([N-(2,6-diisopropylphenyl)]-9-perylenyl-3,4-dicarboximide)-

3,4’,4’’,4’’’-tetrahexyl-2,2’;5’,2’’;5’’,2’’’-quaterthien-5-yl}phenyl)imino]dibenzoate (15):  

Following the general procedure, 

14 (170 mg, 0.13 mmol), boronic 

ester 9 (91 mg, 0.16 mmol), 

tripotassium phosphate solution 

(0.32 ml, 0.64 mmol) in DME   

(1.5 ml) were reacted in the 

presence of the catalyst (Pd2(dba)3 

[3.4 mg, 3.3 µmol], [HP(t-Bu)3]BF4 [1.9 mg, 6.5 µmol]) to give 15 (190 mg, 88 %) as a black 

solid after flash column chromatography (SiO2 / petrol ether : ethyl acetate [5:1]). 

M.p.: 128-129 °C; 
1H NMR (400 MHz, CDCl3): δ = 8.68 (d, J=7.8 Hz, 2H, Pery-1H,6H), 8.55-8.47 (m, 4H, 

Pery-2H,5H,7H,12H), 8.01 (d, J=8.3 Hz, 1H, Pery-8H), 7.89 (approx. d, J=8.8 Hz, 4H, (t-

Bu)OOC-Ph-2H,6H), 7.71 (d, J=7.6 Hz, 1H, Pery-10H), 7.66 (t, J=7.8 Hz, 1H, Pery-11H), 

7.53 (approx. d, J=8.0 Hz, 2H, TPA-Ph-3H,5H), 7.49 (t, J=7.8 Hz, 1H, Ph-4H), 7.35 (d, J=7.6 

Hz, 2H, Ph-3H,5H), 7.16 (s, 1H, Th-3H), 7.13-7.09 (m, 7H, Th’-4H, (t-Bu)OOC-Ph-3H,5H, 

TPA-Ph-2H,6H), 7.02 (s, 1H, Th’’-4H), 7.00 (s, 1H, Th’’’-4H), 2.90-2.72 (m, 8H, Ph-CH -

(CH3)2, Th-’-’’’-CH2), 2.45 (t, J=7.6 Hz, 2H, Th--CH2), 1.78-1.66 (m, 6H, Th-β’-β’’’-

CH2), 1.59 (s, 18H, C-(CH3)3), 1.60-1.50 (m, 2H, Th-β-CH2), 1.50-1.40 (m, 6H, Th- γ’-γ’’’-

CH2), 1.40-1.30 (m, 12H, Th-CH2-),  1.20 (d, J=6.8 Hz, 12H, Ph-CH-(CH3)2), 1.20-1.10 (m, 

6H, Th-CH2-),  0.93-0.87 (m, 9H, Th’-Th’’’-CH3), 0.78 (t, J=6.9 Hz, 3H, Th-CH3); 
13C NMR (100 MHz, CDCl3): δ = 165.36, 163.99, 150.44, 145.72, 145.54, 141.99, 140.89, 

140.65, 139.94, 137.61, 137.34, 135.85, 134.94, 134.02, 133.92, 133.84, 132.10, 131.02, 

130.88, 130.57, 130.55, 130.41, 130.34, 130.08, 129.52, 129.47, 129.44, 129.41, 128.63, 

128.58, 128.29, 127.34, 127.20, 126.94, 126.67, 126.39, 126.08, 124.11, 124.03, 123.17, 

122.73, 121.12, 121.05, 120.46, 120.37, 80.80, 31.71, 31.50, 30.59, 30.55, 30.53, 30.49, 
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29.71, 29.64, 29.52, 29.50, 29.29, 29.15, 29.04, 28.93, 28.24, 24.04, 22.67, 22.51, 14.15, 

14.13, 14.02; 

MS (MALDI-TOF): m/z [M+H+] = 1589; 

Elemental analysis: calcd (%) for C102H112N2O6S4: C 77.04, H 7.10, N 1.76; found C 77.13, 

H 7.10, N 1.48. 

 

4,4'-[(4-{5’’’-([N-(2,6-Diisopropylphenyl)]-9-perylenyl-3,4-dicarboximide)-3,4’,4’’,4’’’-

tetrahexyl-2,2’;5’,2’’;5’’,2’’’-quaterthien-5-yl}phenyl)imino]dibenzoate (16): 

Following the general procedure, 

15 (135 mg, 0.09 mmol) was 

stirred in a mixture of dry 

dichloromethane (2 ml) and 

trifluoroacetic acid (0.4 ml) to give 

16 (126 mg, quantitative) as a black solid. 

M.p.: 180-181 °C; 
1H NMR (400 MHz, CDCl3): δ = 8.71 (d, J=7.8 Hz, 2H, Pery-1H,6H), 8.56-8.49 (m, 4H, 

Pery-2H,5H,7H,12H), 8.10-7.95 (m, 5H, Pery-8H, HOOC-Ph-2H,6H), 7.74 (d, J=7.8 Hz, 1H, 

Pery-10H), 7.69 (t, J=7.8 Hz, 1H, Pery-11H), 7.61 (approx. d, J=8.4 Hz, 2H, TPA-Ph-

3H,5H), 7.51 (t, J=7.8 Hz, 1H, Ph-4H), 7.35 (d, J=7.6 Hz, 2H, Ph-3H,5H), 7.20-7.10 (m, 8H, 

Th-3H, Th’-4H, HOOC-Ph-3H,5H, TPA-Ph-2H,6H), 7.05 (s, 1H, Th’’-4H), 7.04 (s, 1H, 

Th’’’-4H), 2.90-2.75 (m, 8H, Ph-CH -(CH3)2, Th-’-’’’-CH2), 2.48 (t, J=7.2 Hz, 2H, Th--

CH2), 1.78-1.66 (m, 6H, Th-β’-β’’’-CH2), 1.60-1.50 (m, 2H, Th-β-CH2), 1.50-1.40 (m, 6H, 

Th- γ’-γ’’’-CH2), 1.40-1.30 (m, 12H, Th-CH2-),  1.22 (d, J=6.8 Hz, 12H, Ph-CH-(CH3)2), 

1.20-1.10 (m, 6H, Th-CH2-), 0.95-0.89 (m, 9H, Th’-Th’’’-CH3), 0.80 (t, J=6.8 Hz, 3H, Th-

CH3); 
13C NMR (100 MHz, CDCl3): δ = 171.35, 164.21, 145.71, 142.02, 140.68, 140.57, 139.96, 

137.82, 137.55, 135.87, 135.09, 133.94, 133.87, 133.80, 132.30, 131.90, 130.83, 130.55, 

130.43, 129.58, 129.34, 129.31, 128.65, 128.24, 127.36, 127.21, 126.90, 126.40, 124.25, 

124.11, 123.24, 122.63, 120.84, 120.49, 120.40, 31.71, 31.49, 30.59, 30.55, 30.48, 29.71, 

29.52, 29.28, 29.15, 29.03, 28.92, 24.00, 22.66, 22.50, 14.14, 14.13, 14.02; 

MS (MALDI-TOF): m/z [M+H+] = 1477; 

Elemental analysis: calcd (%) for C94H94N2O6S4: C 76.39, H 6.55, N 1.90; found C 76.11, H 

6.54, N 1.71. 
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Di-tert-butyl 4,4'-[(4-{5’’’’’-([N-(2,6-diisopropylphenyl)]-9-perylenyl-3,4-dicarboxy-

imide)-3,4’,4’’,4’’’,4’’’’,4’’’’’-hexahexyl-2,2’;5’,2’’;5’’,2’’’;5’’’,2’’’’;5’’’’,2’’’’’-sexithien-

5-yl}phenyl)imino]dibenzoate (18):  

Following the general 

procedure, 17 (80 mg, 

0.05 mmol), boronic 

ester 9 (34 mg,        

0.06 mmol), tri-

potassium phosphate 

solution (0.12 ml,     

0.24 mmol) in DME (1 ml) were reacted in the presence of the catalyst (Pd2(dba)3 [1.3 mg, 

1.3 µmol], [HP(t-Bu)3]BF4 [0.7 mg, 2.5 µmol]) to give 18 (80 mg, 83 %) as a black solid after 

flash column chromatography (SiO2 / dichloromethane). 

M.p.: 125-126 °C; 
1H NMR (400 MHz, CDCl3): δ = 8.70-8.68 (m, 2H, Pery-1H,6H), 8.53-8.47 (m, 4H, Pery-

2H,5H,7H,12H), 8.00 (d, J=8.6 Hz, 1H, Pery-8H), 7.88 (approx. d, J=8.6 Hz, 4H, (t-

Bu)OOC-Ph-2H,6H), 7.72 (d, J=7.8 Hz, 1H, Pery-10H), 7.67 (t, J=7.9 Hz, 1H, Pery-11H), 

7.54-7.46 (m, 3H, TPA-Ph-3H,5H, Ph-4H), 7.36 (d, J=7.8 Hz, 2H, Ph-3H,5H), 7.16-7.09 (m, 

9H, Th-3H, Th’-4H, Th’’’’’-5H, (t-Bu)OOC-Ph-3H,5H, TPA-Ph-2H,6H), 7.02-6.99 (m, 3H, 

Th’’-Th’’’’-4H), 2.89-2.72 (m, 12H, Ph-CH-(CH3)2, Th-’-’’’’’-CH2), 2.46 (t, J=7.5 Hz, 2H, 

Th--CH2), 1.80-1.60 (m, 12H, Th-β-β’’’’’-CH2), 1.59 (s, 18H, C-(CH3)3), 1.50-1.30 (m, 

24H, Th-CH2-), 1.20-1.10 (m, 12H, Th-CH2-), 1.19 (d, J=6.8 Hz, 12H, Ph-CH-(CH3)2), 0.95-

0.85 (m, 15H, Th’-Th’’’’’-CH3), 0.78 (t, J=6.9 Hz, 3H, Th-CH3); 
13C NMR (100 MHz, CDCl3): δ = 166.27, 164.90, 151.35, 146.62, 146.43, 142.90, 141.75, 

141.53, 140.87, 140.85, 140.81, 138.51, 138.24, 136.77, 135.85, 134.89, 134.82, 134.75, 

134.69, 134.65, 133.04, 133.01, 131.93, 131.79, 131.50, 131.46, 131.34, 131.02, 130.35, 

130.31, 129.53, 129.48, 129.19, 128.26, 128.11, 127.84, 127.58, 127.28, 126.99, 125.02, 

124.96, 124.96, 124.08, 123.06, 122.03, 121.96, 121.37, 121.28, 81.71, 32.63, 32.42, 31.45, 

31.41, 30.40, 30.20, 30.06, 29.85, 29.16, 24.96, 23.58, 23.43, 15.08, 14.95; 

MS (MALDI-TOF): m/z [M+H+] = 1921; 

Elemental analysis: calcd (%) for C122H140N2O6S6: C 76.21, H 7.34, N 1.46; found C 76.42, 

H 7.51, N 1.53. 
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4,4'-[(4-{5’’’’’-([N-(2,6-Diisopropylphenyl)]-9-perylenyl-3,4-dicarboxy-imide)-3,4’,4’’, 

4’’’,4’’’’,4’’’’’-hexahexyl-2,2’;5’,2’’;5’’,2’’’;5’’’,2’’’’;5’’’’,2’’’’’-sexithien-5-yl} 

phenyl)imino]dibenzoate (19):  

Following the general 

procedure, 18 (58 mg, 

0.03 mmol) was stirred in 

a mixture of dry 

dichloromethane (1 ml) 

and trifluoroacetic acid (0.2 ml) to give 19 (54 mg, quantitative) as a black solid. 

M.p.: 171-172 °C; 
1H NMR (400 MHz, CDCl3): δ = 8.70-8.68 (m, 2H, Pery-1H,6H), 8.53-8.47 (m, 4H, Pery-

2H,5H,7H,12H), 8.06-8.00 (m, 5H, HOOC-Ph-2H,6H, Pery-8H), 7.72 (approx. d, J=7.6 Hz, 

1H, Pery-10H), 7.67 (t, J=7.8 Hz, 1H, Pery-11H), 7.59 (approx. d, J=8.1 Hz, 2H, TPA-Ph-

3H,5H), 7.49 (t, J=7.8 Hz, 1H, Ph-4H), 7.36 (approx. d, J=7.8 Hz, 2H, Ph-3H,5H), 7.20-7.15 

(m, 8H, Th-3H, Th’’’’’-5H, HOOC-Ph-3H,5H, TPA-Ph-2H,6H), 7.03-6.97 (m, 4H, Th’-

Th’’’’-4H), 2.88-2.73 (m, 12H, Ph-CH-(CH3)2, Th-’-’’’’’-CH2), 2.46 (t, J=7.5 Hz, 2H, Th-

-CH2), 1.80-1.60 (m, 12H, Th-β-β’’’’’-CH2), 1.50-1.30 (m, 24H, Th-CH2-), 1.20-1.10 (m, 

12H, Th-CH2-), 1.20 (d, J=6.8 Hz, 12H, Ph-CH-(CH3)2), 0.95-0.85 (m, 15H, Th’-Th’’’’’-

CH3), 0.78 (t, J=6.9 Hz, 3H, Th-CH3); 
13C NMR (100 MHz, CDCl3): δ = 166.27, 164.90, 151.35, 146.62, 146.43, 142.90, 141.75, 

141.53, 140.87, 140.85, 140.81, 138.51, 138.24, 136.77, 135.85, 134.89, 134.82, 134.75, 

134.69, 134.65, 133.04, 133.01, 131.93, 131.79, 131.50, 131.46, 131.34, 131.02, 130.35, 

130.31, 129.53, 129.48, 129.19, 128.26, 128.11, 127.84, 127.58, 127.28, 126.99, 125.02, 

124.96, 124.96, 124.08, 123.06, 122.03, 121.96, 121.37, 121.28, 81.71, 32.63, 32.42, 31.45, 

31.41, 30.40, 30.20, 30.06, 29.85, 29.16, 24.96, 23.58, 23.43, 15.08, 14.95; 

MS (MALDI-TOF): m/z [M+H+] = 1809; 

Elemental analysis: calcd (%) for C114H122N2O6S6: C 75.62, H 6.90, N 1.55; found C 75.41, 

H 6.71, N 1.33. 

 

General procedure for the preparation of the perylenyl-oligothiophene-ethynyl-

triphenylamines (21, 23, 25) via Sonogashira-coupling: The halogenated compound          

(1 equivalent), diphenylamine 10a (1.2 equivalents) and CuI (10 mol-%) were dissolved in 

piperidine. The resulting solution was carefully degassed and the catalyst (Pd2(dba)3           

(2.5 mol-%), [HP(t-Bu3)]BF4 (10 mol-%)) was added. Next, the solution was degassed and 
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was stirred at room temperature for 24 hours. After the reaction was completed it was poured 

into water and the organic phase was separated while the aqueous phase was extracted with 

dichloromethane. The combined extracts were dried over magnesium sulphate and the solvent 

was removed by rotary evaporation. The crude product was purified by flash column 

chromatography and was dried in vacuum. 

 

General procedure for the ester hydrolysis of the perylenyl-oligothiophene-ethynyl-

triphenylamines (22, 24, 26): The ester was dissolved in a mixture of THF and a 1M 

solution of lithium hydroxide in methanol. The resulting red solution was stirred at 70 °C for 

4 hours. After the reaction was completed the mixture was poured into water and was 

acidified with concentrated hydrochloric acid (pH = 1). The organic layer was taken off while 

the water phase was extracted with dichloromethane. The combined organic phases were 

dried with magnesium sulphate and the solvent was removed by rotary evaporation. The 

crude product was purified by flash column chromatography (SiO2 / dichloromethane : acetic 

acid [50:1]) and was dried in vacuum. 

 

Di-tert-butyl 4,4'-[(4-(([N-(2,6-diisopropylphenyl)]-9-perylenyl-3,4-dicarboximide) 

ethynyl)phenyl)imino]dibenzoate (21):  

Following the general procedure, 10a (56 mg,    

0.12 mmol) were reacted with 20 (56 mg,             

0.1 mmol) in piperidine (5 ml) in the presence of 

CuI (3.8 mg, 20 µmol) and the catalyst (Pd2(dba)3 

[2.6 mg, 2.5 µmol], [HP(t-Bu)3]BF4 [2.9 mg,        

10 µmol]) to give 21 (90 mg, 95 %) as a purple 

solid after flash column chromatography (SiO2 / 

dichloromethane). 

M.p.: decomp. >250 °C; 
1H NMR (400 MHz, CDCl3): δ = 8.61-8.59 (m, 2H, Pery-1H,6H), 8.38 (d, J=8.3 Hz, 1H, 

Pery-12H), 8.30 (m, 2H, Pery-2H,5H), 8.24 (d, J=8.4 Hz, 1H Pery-7H), 8.17 (d, J=8.1 Hz, 

1H, Pery-8H), 7.93 (approx. d, J=8.6 Hz, 4H, (t-Bu)OOC-Ph-2H,6H), 7.70 (d, J=7.8 Hz, 1H, 

Pery-10H), 7.63-7.57 (m, 3H, Pery-11H, TPA-Ph-3H,5H), 7.49 (t, J=7.8 Hz, 1H, Ph-4H), 

7.35 (d, J=7.8 Hz, 1H, Ph-3H,5H), 7.18-7.12 (m, 6H, (t-Bu)OOC-Ph-3H,5H, TPA-Ph-

2H,6H), 2.81 (hep, J=6.8 Hz, 2H, Ph-CH-(CH3)2), 1.61 (s, 18H, C-(CH3)3), 1.21 (d, J=6.8 Hz, 

12H, Ph-CH-(CH3)2); 
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13C NMR (100 MHz, CDCl3): δ = 165.26, 163.92, 163.89, 150.20, 147.03, 145.69, 137.05, 

136.64, 133.98, 133.17, 131.93, 131.83, 131.08, 131.02, 130.89, 130.38, 129.49, 129.24, 

129.04, 127.65, 127.36, 127.09, 126.57, 124.88, 124.04, 123.87, 123.38, 123.38, 122.98, 

121.12, 121.06, 120.50, 120.32, 118.23, 97.62, 87.56, 80.94, 29.23, 28.26, 27.78, 24.05 

MS (MALDI-TOF): m/z [M+H+] = 949; 

Elemental analysis: calcd (%) for C64H56N2O6: C 80.99, H 5.95, N 2.95; found C 81.12, H 

5.81, N 2.87. 

 

4,4'-[(4-(([N-(2,6-Diisopropylphenyl)]-9-perylenyl-3,4-dicarboximide)ethynyl)phenyl) 

imino]dibenzoate (22): 

Following the general procedure, 21 (50 mg,             

53 µmol) was reacted in a mixture of THF (2 ml) and 

1M methanolic LiOH solution (2 ml) to give 22      

(40 mg, 91 %) as a purple solid after filtration over a 

short column (SiO2 / dichloromethane : acetic acid 

[50:1]). 

M.p.: 302-303 °C; 
1H NMR (400 MHz, d6-DMSO): δ = 8.66-8.57 (m, 3H, Pery-1H,6H,12H), 8.52-8.48 (m, 3H, 

Pery-2H,5H,7H), 8.36 ppm (d, J=8.1 Hz, 1H, Pery-8H), 7.91 (approx. d, J=8.6 Hz, 4H, 

HOOC-Ph-2H,6H), 7.82 ppm (d, J=7.8 Hz, 1H, Pery-10H), 7.76-7.70 (m, 3H, Pery-11H, 

TPA-Ph-3H,5H), 7.46 (t, J=7.8 Hz, 1H, Ph-4H), 7.34 (d, J=7.8 Hz, 2H, Ph-3H,5H), 7.19 

(approx. d, J=8.4 Hz, 2H, TPA-Ph-2H,6H), 7.14 (approx. d, J=8.6 Hz, 4H, HOOC-Ph-

3H,5H), 2.70 (septett, J=6.8 Hz, 2H, Ph-CH-(CH3)2), 1.08 (d, J=6.8 Hz, 12H, Ph-CH-

(CH3)2); 
13C NMR (100 MHz, d6-DMSO): δ =167.24, 163.81, 163.78, 150.32, 147.09, 145.91, 137.20, 

136.75, 133.83, 133.58, 132.17, 132.05, 131.62, 130.03, 129.21, 128.56, 127.34, 126.39, 

126.15, 125.53, 124.60, 124.21, 123.73, 123.27, 122.14, 121.90, 120.73, 120.65, 118.03, 

97.81, 87.83, 29.05, 24.14, 14.33; 

MS (MALDI-TOF): m/z [M+H+] = 837; 

Elemental analysis: calcd (%) for C56H40N2O6: C 80.37, H 4.82, N 3.35; found C 80.45, H 

4.97, N 3.41. 
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Di-tert-butyl 4,4'-[(4-({5’-([N-(2,6-diisopropylphenyl)]-9-perylenyl-3,4-dicarboximide)-

3,4’-dihexyl-2,2’-bithien-5-yl}ethynyl)phenyl)imino]dibenzoate (23):  

Following the general procedure, 10a    

(56 mg, 0.12 mmol) were reacted with 11 

(94 mg, 0.1 mmol) in piperidine (1 ml) in 

the presence of CuI (3.8 mg, 20 µmol) and 

the catalyst (Pd2(dba)3 [2.6 mg, 2.5 µmol], 

[HP(t-Bu)3]BF4 [2.9 mg, 10 µmol]) to give 

23 (110 mg,  86 %) as a black solid after 

flash column chromatography (SiO2 / petrol ether : ethyl acetate [5:1]). 

M.p.: 183-184 °C; 
1H NMR (400 MHz, CDCl3): δ = 8.67 (d, J=8.1Hz, 2H, Pery-1H,6H), 8.52-8.46 (m, 4H, 

Pery-2H,5H,7H,12H), 7.98 (d, J=8.4 Hz, 1H, Pery-8H), 7.79 (approx. d, J=8.6 Hz, 4H, (t-

Bu)OOC-Ph-2H,6H), 7.69 (d, J=7.8 Hz, 1H, Pery-10H), 7.64 (t, J=7.9 Hz, 1H, Pery-11H), 

7.49 (t, J=7.7 Hz, 1H, Ph-4H), 7.44 (approx. d, J=8.6 Hz, 2H, TPA-Ph-3H,5H), 7.35 (d, J=7.8 

Hz, 2H, Ph-3H,5H), 7.15 (m, 2H, Th-3H, Th’-4H), 7.12-7.06 (m, 6H, (t-Bu)OOC-Ph-3H,5H, 

TPA-Ph-2H,6H), 2.75-2.65 (m, 4H, Th-’-CH2, Ph-CH-(CH3)2), 2.44 (t, J=7.6 Hz, 2H, Th--

CH2), 1.70 (quin, J=6.8 Hz, 2H, Th-β’-CH2), 1.59 (s, 18H, C-(CH3)3), 1.55 (quin, J=6.8 Hz, 

2H, Th-β-CH2), 1.45-1.40 (m, 2H, Th-γ’-CH2), 1.39-1.30 (m, 4H, Th-CH2-), 1.20-1.10 (m, 

6H, Th-CH2-), 1.19 (d, J=6.8 Hz, 12H, Ph-CH-(CH3)2), 0.89 (t, J=6.8 Hz, 3H, Th’-CH3), 0.77 

(t, J=6.9 Hz, 3H, Th-CH3); 
13C NMR (100 MHz, CDCl3): δ = 165.27, 163.97, 150.23, 146.42, 145.70, 142.05, 139.53, 

137.53, 137.25, 135.34, 134.97, 134.71, 134.49, 133.86, 132.69, 132.43, 132.11, 132.07, 

131.01, 130.51, 130.39, 129.47, 128.26, 127.66, 127.37, 126.91, 126.83, 124.89, 124.03, 

123.20, 123.12, 121.15, 120.89, 120.39, 118.53, 93.72, 82.99, 80.78, 31.68, 31.47, 30.48, 

30.45, 29.38, 29.20, 29.15, 28.99, 28.90, 28.23, 24.03, 22.63, 22.49, 14.12, 14.02; 

MS (MALDI-TOF): m/z [M+H+] = 1281; 

Elemental analysis: calcd (%) for C84H84N2O6S2: C 78.72, H 6.61, N 2.19; found C 78.86, H 

6.72, N 2.23. 
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4,4'-[(4-({5’-([N-(2,6-Diisopropylphenyl)]-9-perylenyl-3,4-dicarboximide)-3,4’-dihexyl-

2,2’-bithien-5-yl}ethynyl)phenyl)imino]dibenzoate (24):  

Following the general procedure, 23    

(150 mg, 0.12 mmol) was reacted in a 

mixture of THF (3 ml) and 1M methanolic 

LiOH solution (3 ml) to give 24 (120 mg, 

88%) as a black solid after filtration over a 

short column (SiO2 / dichloromethane : acetic acid [50:1]). 

M.p.: 227-228 °C; 
1H NMR (400 MHz, CDCl3): δ = 8.67 (d, J=7.8 Hz, 2H, Pery-1H,6H), 8.50-8.40 (m, 4H, 

Pery-2H,5H,7H,12H), 8.03 (approx. d, J=8.6 Hz, 4H, HOOC-Ph-2H,6H), 7.98 (d, J=8.3 Hz, 

1H, Pery-8H), 7.68 (d, J=7.8 Hz, 1H, Pery-10H), 7.64 (t, J=7.9 Hz, 1H, Pery-11H), 7.51-7.45 

(m, 3H, Ph-4H, TPA-Ph-3H,5H), 7.35 (d, J=7.6 Hz, 2H, Ph-3H,5H), 7.19-7.12 (m, 8H, Th-

3H, Th’-4H, HOOC-Ph-3H,5H, TPA-Ph-2H,6H), 2.85-2.75 (m, 4H, Th-’-CH2, Ph-CH-

(CH3)2), 2.45 (t, J=7.3 Hz, 2H, Th--CH2), 1.70 (quin, J=7.5 Hz, 2H, Th-β’-CH2), 1.55 (quin, 

J=7.1 Hz, 2H, Th-β-CH2), 1.45-1.37 (m, 2H, Th-γ’-CH2), 1.37-1.30 (m, 4H, Th-CH2-), 1.20-

1.10 (m, 6H, Th-CH2-), 1.19 (d, J=6.8 Hz, 12H, Ph-CH-(CH3)2), 0.89 (t, J=6.8 Hz, 3H, Th’-

CH3), 0.77 (t, J=6.9 Hz, 3H, Th-CH3); 
13C NMR (100 MHz, CDCl3): δ = 172.30, 164.93, 152.12, 146.80, 146.63, 142.99, 140.47, 

138.45, 138.16, 136.22, 136.04, 135.61, 135.47, 134.75, 133.82, 133.52, 133.02, 132.80, 

131.90, 131.42, 131.31, 130.38, 130.33, 129.16, 128.62, 128.27, 127.79, 126.65, 124.96, 

124.87, 123.98, 122.03, 121.95, 121.66, 121.38, 121.30, 120.49, 94.43, 84.33, 32.59, 32.40, 

31.40, 31.37, 30.30, 30.13, 30.08, 29.91, 29.82, 24.96, 23.55, 23.41, 15.04, 14.93; 

MS (MALDI-TOF): m/z [M+H+] = 1169; 

Elemental analysis: calcd (%) for C76H66N2O6S2: C 78.05, H 5.86, N 2.40; found C 78.21, H 

5.99, N 2.33. 
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Di-tert-butyl 4,4'-[(4-({5’’’-([N-(2,6-diisopropylphenyl)]-9-perylenyl-3,4-dicarboximide) -

3,4’,4’’,4’’’-tetrahexyl-2,2’;5’,2’’;5’’,2’’’-quaterthien-5-yl}ethynyl)phenyl)imino] 

dibenzoate (25):  

Following the general 

procedure, 10a (42 mg,       

0.09 mmol) were reacted with 

14 (95 mg, 0.75 mmol) in 

piperidine (1 ml) in the 

presence of CuI (2.9 mg,       

15 µmol) and the catalyst 

(Pd2(dba)3 [1.9 mg, 1.9 µmol], [HP(t-Bu)3]BF4 [2.2 mg, 7.5 µmol]) to give 25 (105 mg,       

87 %) as a black solid after flash column chromatography (SiO2 / petrol ether : ethyl acetate 

[5:1]). 

M.p.: 143-144 °C; 
1H NMR (400 MHz, CDCl3): δ = 8.67 (d, J=8.1 Hz, 2H, Pery-1H,6H), 8.51-8.45 (m, 4H, 

Pery-2H,5H,7H,12H), 8.01 (d, J=8.3 Hz, 1H, Pery-8H), 7.89 (approx. d, J=8.8 Hz, 4H, (t-

Bu)OOC-Ph-2H,6H), 7.70 (d, J=7.8 Hz, 1H, Pery-10H), 7.65 (t, J=7.8 Hz, 1H, Pery-11H), 

7.48 (d, J=7.8 Hz, 1H, Ph-4H), 7.45 (approx. d, J=8.8 Hz, 2H, TPA-Ph-3H,5H), 7.35 (t, J=7.8 

Hz, 2H, Ph-3H,5H), 7.16 (s, 1H, Th-3H), 7.11-7.06 (m, 7H, Th’-4H, (t-Bu)OOC-Ph-3H,5H, 

TPA-Ph-2H,6H), 7.02 (s, 1H, Th’’-4H), 6.98 (s, 1H, Th’’’-4H), 2.88-2.74 (m, 8H, Ph-CH-

(CH3)2, Th-’-’’’-CH2), 2.46 (t, J=7.6 Hz, 2H, Th--CH2), 1.76-1.64 (m, 6H, Th-β’-β’’’-

CH2), 1.59 (s, 18H, C-(CH3)3), 1.60-1.50 (m, 2H, Th-β-CH2), 1.50-1.40 (m, 6H, Th-γ’-γ’’’-

CH2), 1.40-1.25 (m, 12H, Th-CH2-),  1.20 (d, J=6.8 Hz, 12H, Ph-CH-(CH3)2), 1.20-1.10 (m, 

6H Th-CH2-),  0.95-0.85 (m, 9H, Th’-Th’’’-CH3), 0.78 (t, J=7.0 Hz, 3H, Th-CH3); 
13C NMR (100 MHz, CDCl3): δ = 165.27, 163.97, 150.25, 146.41, 145.75, 142.01, 140.00, 

139.98, 139.53, 137.55, 137.29, 135.82, 134.94, 134.11, 133.93, 133.68, 133.28, 132.70, 

132.48, 132.05, 131.07, 130.95, 130.62, 130.54, 130.40, 129.45, 129.43, 129.11, 128.80, 

128.30, 127.33, 127.28, 126.94, 126.87, 124.91, 124.07, 124.03, 123.20, 123.12, 121.17, 

121.10, 120.83, 120.45, 120.36, 118.64, 93.71, 83.06, 80.86, 31.71, 31.68, 31.50, 30.59, 

30.50, 30.48, 30.42, 29.52, 29.45, 29.34, 29. 28, 29.26, 29.19, 29.04, 28.94, 28.24, 24.04, 

22.65, 22.64, 22.50, 14.12, 14.00; 

MS (MALDI-TOF): m/z [M+H+] = 1614; 

Elemental analysis: calcd (%) for C104H112N2O6S4: C 77.38, H 6.99, N 1.74; found C 77.08, 

H 6.11, N 1.86. 
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4,4'-[(4-({5’’’-([N-(2,6-Diisopropylphenyl)]-9-perylenyl-3,4-dicarboximide)-3,4’,4’’,4’’’-

tetrahexyl-2,2’;5’,2’’;5’’,2’’’-quaterthien-5-yl}ethynyl)phenyl)imino]dibenzoate (26):  

Following the general 

procedure, 25 (68 mg,            

42 µmol) was reacted in a 

mixture of THF (2 ml) and 1M 

methanolic LiOH solution      

(2 ml) to give 26 (61 mg, 96 %) as a black solid after filtration over a short column (SiO2 / 

dichloromethane : acetic acid [50:1]). 

M.p.: 195-196 °C; 
1H NMR (400 MHz, CDCl3): δ = 8.68 (d, J=7.8 Hz, 2H, Pery-1H,6H), 8.51-8.45 (m, 4H, 

Pery-2H,5H,7H,12H), 8.05-7.98 (m, 5H, Pery-8H, HOOC-Ph-2H,6H), 7.71 (d, J=7.8 Hz, 1H, 

Pery-10H), 7.66 (t, J=7.6 Hz, 1H, Pery-11H), 7.50-7.46 (m, 3H, Ph-4H, TPA-Ph-3H,5H), 

7.35 (t, J=7.6 Hz, 2H, Ph-3H,5H), 7.17-7.11 (m, 8H, Th-3H, Th’-4H, HOOC-Ph-3H,5H, 

TPA-Ph-2H,6H), 7.01 (s, 1H, Th’’-4H), 6.99 (s, 1H, Th’’’-4H), 2.87-2.73 (m, 8H, Ph-CH-

(CH3)2, Th-’-’’’-CH2), 2.45 (t, J=7.6 Hz, 2H, Th--CH2), 1.76-1.64 (m, 6H, Th-β’-β’’’-

CH2), 1.60-1.50 (m, 2H, Th-β-CH2), 1.50-1.40 (m, 6H, Th-γ’- γ’’’-CH2), 1.40-1.25 (m, 12H, 

Th-CH2-),  1.19 (d, J=6.8 Hz, 12H, Ph-CH-(CH3)2), 1.20-1.10 (m, 6H, Th-CH2-),  0.95-0.85 

(m, 9H, Th’-Th’’’-CH3), 0.77 (t, J=6.8 Hz, 3H, Th-CH3); 
13C NMR (100 MHz, CDCl3): δ = 171.38, 164.15, 151.34, 145.96, 145.83, 142.14, 140.12, 

140.09, 139.67, 137.75, 135.23, 134.03, 133.74, 133.31, 133.02, 132.77, 132.27, 132.00, 

131.11, 130.74, 130.68, 130.54, 129.58, 129.28, 128.92, 128.41, 127.49, 127.07, 125.88, 

124.26, 124.18, 123.97, 123.31, 123.17, 121.23, 121.17, 120.61, 120.52, 119.74, 83.58, 

68.10, 31.84, 31.63, 30.72, 30.62, 30.56, 29.65, 29.58, 29.47, 29.42, 29.39, 29.33, 29.28, 

29.16, 29.06, 25.74, 24.17, 22.80, 22.78, 22.64, 14.29, 14.16; 

MS (MALDI-TOF): m/z [M+H+] = 1502; 

Elemental analysis: calcd (%) for C96H94N2O6S4: C 76.76, H 6.44, N 1.86; found C 77.94, H 

6.31, N 1.91. 
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Head-to-tail coupled poly(thienylene 
ethynylene)s and related model oligomers 

 

 

 

 

 

Abstract 
 
In this chapter new soluble head-to-tail coupled poly(thienylene ethynylene) are disclosed. 

Furthermore, based on one of these new polymers a homologous series of well-defined 

oligomers has been synthesized in order to elucidate structure–property relationships. 

The first part of this chapter describes the synthesis of both, the polymers and the related 

oligomeric model compounds. Their characterization by UV-Vis and fluorescence 

spectroscopy as well as cyclic voltammetry is described in the second part. In the case of the 

polymers, the obtained results are compared to head-to-tail coupled poly(3-hexylthiophene) 

and their properties are discussed with respect to photovoltaic applications. 

For the homologous oligomer series, the data analysis provides an insight into the 

corresponding defectless, infinite polymer chain and gives information about the “effective” 

conjugation length of the parent real polymer. 
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8.1 Introduction 

 
Since the past three decades, much attention has been focused on the investigation of the 

properties of π-conjugated polymers, culminating with the award of the Nobel Prize in 

chemistry in the year 2000 to Alan J. Heeger, Alan G. MacDiarmid, and Hideki Shirakawa for 

the discovery and development of conductive polymers.[1-3] 

Conjugated polymers are organic semiconductors and as such important materials for 

applications in electronic and photonic devices. Prime examples are organic light-emitting 

diodes (OLEDs),[4] plastic lasers,[5] and polymer-based photovoltaic cells,[6] but at least in 

principle conjugated polymers[7] should be able to pertain to all of the functions of inorganic 

semiconductor devices. That may include their use in semiconductor diodes and FETs,[8,9] and 

could lead in the future to “molecular electronics”.[10] The primary advantages of organic 

polymers over their inorganic counterparts is their ease of processing by dip-coating, spin-

casting, printing, or use of doctor blade techniques.[11] However, conjugated polymers are 

likewise important as sensory materials for water, organic vapors, and explosives either by 

fluorescence quenching or in artificial nose devices, which change their conductivity upon 

exposure to a suitable analyte.[12] 

Among semiconducting polymers, poly(p-phenylene vinylene)s (PPV) and its derivatives 

have been widely studied since the discovery of electroluminescence in PPV by Holmes et al. 

in 1990.[13] Unfortunately, it turned out that most PPV derivatives had low electron affinity 

which was reflected by the low electroluminescence efficiencies obtained from the 

corresponding monolayer light-emitting diodes.[13] An increase of the electroluminescence 

efficiency of the OLEDs has been achieved by rising the electron affinity of the applied 

polymers due to incorporating electron-withdrawing acetylene groups in the polymer 

backbone.[14,15] The resulting lowering of the HOMO has been confirmed by cyclic 

voltammetry measurements in the solid state. While the HOMO and the LUMO of PPV have 

absolute energy values of -5.6 eV and -3.1 eV, respectively[16] the HOMO is decreased in 

energy to -5.9 eV in the case of poly(p-phenylene ethynylene) (PPE).[17] However, the LUMO 

of PPE is increased to -2.5 eV which significantly rises the polymer band gap from 2.5 eV 

(PPV) to 3.4 eV (PPE). This remarkable influence of the connectivity between the phenyl 

rings of the polymer backbone has also been studied by Meier et al. with respect to the optical 

properties. They designed a series of 2,5-disopropoxy-substituted phenylene vinylene[18] and 

phenylene ethynylene oligomers[19] up to a pentadecamer, respectively. While a saturation of 

the absorption and the emission maximum was found at 481 nm and 543 nm, respectively, in 
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the case of the phenylene vinylene oligomers a blue-shift was observed for the corresponding 

phenylene ethynylene oligomers. Here, the saturation of the absorption already started at 438 

nm and the emission maximum reached a limit of 475 nm. 

 

Although PPV and fullerene-based heterojunction solar cells have been thoroughly 

investigated and showed promising results with respect to power conversion efficiencies,[20] 

head-to-tail coupled poly(3-hexylthiophene) (HT-P3HT) has become its successor in 

photovoltaic research[21] due to the improved properties over PPV and its derivatives.         

HT-P3HT exhibits excellent environmental and thermal stabilities[2] as well as charge carrier 

mobilities being in the range of amorphous silicon which is five orders of magnitude higher 

than those of PPV.[22] 

Interestingly and in contrast to PPE, the concept of incorporating ethynylene moieties into 

the polythiophene backbone in order to alter the optical and electrochemical behaviour was 

not investigated broadly. However, the first report on the synthesis of poly(thienylene 

ethynylene) (PTE) with a low molecular weight can be found as early as 1986.[23] In the 

beginning of the 90’s, a few studies were carried out to improve the molecular weight of 

PTE.[24,25] Similar to high molecular weight polythiophene (PT), PTE is insoluble and exhibits 

a low conductivity of 10-6 S/cm in the iodine-doped state. 
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Figure 1: Chemical structures of representative conductive polymers. 
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 In order to solubilize this type of polymer alkyl groups have been introduced into the β-

positions of the thiophene rings. In 1994, this effort led to soluble head-to-tail coupled 

oligo(3-ethylthienylene ethynylene)s up to a 16-mer which were designed by Tour et al.[26] 

The optical properties of these oligomers were measured and extrapolated to an infinite chain 

length leading to an absorption maximum of 440 nm. In the same year, the first soluble 

poly(3-hexylthienylene ethynylene) (HT-P3HTE), which was obtained as a regiorandom 

polymer, was reported by Yamamoto et al.[27] The corresponding regioregular, head-to-tail 

coupled HT-P3HTE was synthesized by Pang et al. in 1997.[28] A comparison of the optical 

properties in solution and in the solid state between the regiorandom and the corresponding 

regioregular HT-P3HTE  revealed only marginal differences. This is in contrast to poly(3-

alkylthiophene)s (P3AT) where the effect of stereoregularity has been well demonstrated.[29,30] 

The latter polymer has interesting properties including strong photoluminescence[27,31] and 

third-order optical nonlinearity.[27,32] Beside these studies, the electrochemical behaviour of 

HT-P3HTE has never been determined. Therefore, their potential use with respect to 

photovoltaic applications is not clear. Furthermore, no alternating polymers consisting of a 

bithiophene and an ethynylene monomer unit were reported in literature so far. 

 

In the first part of this chapter, new synthetic routes to head-to-tail coupled HT-P3HTE 6 

and the corresponding head-to-tail coupled bithiophene derivative 15 are disclosed. These 

polymers are characterized by UV-Vis and fluorescence spectroscopy as well as cyclic 

voltammetry and the corresponding results are compared to head-to-tail coupled HT-P3HT. 
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Besides the synthesis of theses polymers, it is of great interest to derive clear 

structure/property relationships. This is rather different in the case of polymers because their 

physical properties cannot be directly correlated to their structural parameters. This is mainly 

due to their character exhibiting a statistical chain length distribution and interruption of the 

conjugated chain by mislinkages and other defects. Therefore, the conjugation and conducting 

pathways might be disturbed. 

Hence, the synthesis and investigation of well-defined model oligomers has become 

useful to gain insight into the structural and electronic peculiarities of the corresponding 

polymers. These oligomeric model compounds are superior to their polymeric counterparts 

with respect to monodisperse chain length and the lack of defects, hindering full conjugation. 

However, these advantageous properties of the model oligomers are accompanied by the 

necessity of long well planned and resource demanding synthetic strategies. Nevertheless, 

homologous series of defined oligomers of nearly all basic conducting polymers have been 

synthesized during the last years. The painstaking characterization of these homologous series 

could be well correlated to the conjugated chain length, resulting in vital information about 

the mean conjugation length of the corresponding polymer. Furthermore, an extrapolation of 

the data obtained from optical and electrochemical measurements revealed the character of a 

hypothetical polymer with an infinite chain length and the lack of all possible occurring 

defects.[33] 

Based on the head-to-tail coupled polymer 15, the second part of this chapter describes the 

synthesis of a homologous series of well-defined oligomers 12, 17, 19, and 22. Their optical 

and electrochemical properties are determined and compared to a parallel series of oligo(3-

hexylthiophene)s which have been synthesized prior to this work.[34] Furthermore, these 

properties are related to the corresponding oligomer chain length and in this respect, are 

correlated to the parent polymer 15. 
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Figure 2: Structures of the oligomeric model compounds 12, 17, 19, and 22. 



Chapter 8:  Poly(thienylene ethynylene)s and related oligomers 
 

 

270 

8.2  Synthesis 

 
8.2.1  Synthesis of Polymer 6 

 
Prior to the synthesis of polymer 6, oligothiophene building block 5 has been synthesized 

starting from 2-bromo-3-hexylthiophene 1[34] (Scheme 1). 
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Scheme 1: Synthesis of monomer 5 and polymer 6. 

 

 

Thiophene 1 was reacted in a Sonogashira-type reaction with 1.2 equivalents of ethynyl-

triisopropyl-silan 2, 5 mol-% cuprous iodide and 2.5 mol-% Pd(PPh3)2Cl2 in piperidine at     

90 °C for 1 hour. By this method, thiophene 3 was obtained in excellent 96 % yield after bulb-

to-bulb distillation. 

An iodine group was introduced at the reactive α-position of the thiophene moiety in 3 by 

a mercury-mediated method.[35] Firstly, thiophene 3 was reacted with an equimolar amount of 

mercury caproate in dry chloroform at room temperature followed by the addition of 1.1 

equivalents of iodine. Iodinated compound 4 was accessible in 87 % yield after column 

chromatography. 

In order to polycondensate thiophene 4 to the corresponding polymer 6 by a polymer-

analogous Sonogashira cross-coupling reaction, the ethinyl group was deprotected. Therefore, 

a solution of 4 and 3 equivalents of caesium fluoride in a THF/methanol mixture was stirred 

at 70 °C for 2 hours, yielding deprotected thiophene 5 after chromatographic work-up. 

Because of its inherent instability, free acetylene-thiophene 5 was handled in solution and not 

isolated. Therefore, deprotected monomer 5 was immediately used as the starting material for 

the polycondensation to the corresponding polymer 6. 
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The Sonogashira-type polycondensation of 5 was optimized with respect to the obtained 

yield and the average molecular weight of the resulting polymer 6 (Table 1). In each test run, 

10 mol-% cuprous iodide, 2.5 mol-% Pd2(dba)3 as well as 10 mol-% [HP(t-Bu)3]BF4 were 

used as the active catalytic system,[36] while the solvent was varied. The molecular weights 

were determined by gel permeation chromatography with respect to a polystyrene standard, 

using chloroform as the eluent at 30 °C. 

Polycondensation in piperidine at room temperature (Table 1, Entry 1) only led to a 

sticky, black, low molecular weight material that turned into a completely insoluble 

compound after exposure to air. When the polycondensation was carried out in dry THF at an 

elevated temperature (60 °C) a polymeric material was obtained which was extracted in a 

Soxhlet-extractor with n-hexane (Table 1, Entry 2a) and chloroform (Table 1, Entry 2b) into a 

low molecular and a high molecular weight portion, respectively. Despite the fact that the 

latter fraction contained a polymeric material with a relatively low number-average molar 

weight the obtained yield of this fraction is relative low (6 %). The low yield combined with 

the low molecular average weight of the polycondensation in THF might be due to a 

competitive deiodination reaction at higher temperatures. Changing the solvent to toluene, 

polymer 6 was accessible in 81 % yield after a 3 day reaction time at room temperature (Table 

1, Entry 3). At the same time, the average molecular weight was increased to Mw=12600 

g/mol which corresponds to about 33 repeating units. The polymer was treated with n-hexane 

in a sonic bath in order to remove the low molecular weight portion, but only a negligible 

amount of oligomeric material could be extracted. Hence, a good polymeric material with an 

acceptable average molecular weight was obtained by polycondensating thienylene 

ethynylene 5 in toluene. Nevertheless, polymer 6 was not very heat resistant when handled in 

the bulk. After exposure to temperatures above 50 °C, it turned into an insoluble black 

material. 
 

 

Table 1: Optimization of the polycondensation of 5 

[a] Measured in chloroform at 30 °C vs. a polystyrene standard. – [b] D = Mw/Mn. – [c] Calculated as Mn/Mmonomer. 

Entry Solvent Temperature Mn 
[a] Mw 

[a] D [b] Xn [c] Yield 

1 Piperidine RT - - - - 67 % 

2a THF 60 °C 2100 2900 1.4 11 35 % 

2b THF 60 °C 4000 6000 1.5 21 6 % 

3 Toluene RT 6300 12600 2.0 33 81 % 
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8.2.2  Synthesis of Polymer 15 

 
The synthesis of polymer 15 started from 4,3’-dihexyl-5-ethinyl-5’-iodo-2,2’-bithiophene 14 

as the monomer (Scheme 3). 5-Bromo-4,3’-dihexyl-2,2’-bithiophene[34] as the starting 

material was not appropriate due to its thermal instability and instead the corresponding 5-

chloro-4,3’-dihexyl-2,2’-bithiophene 11 was synthesized as the key intermediate (Scheme 2). 

Replacing the bromine of the corresponding 5-bromo-4,3’-dihexyl-2,2’-bithiophene by a 

chlorine atom led to a heat stable compound which could be easily purified by distillation, 

while the bromo derivative decomposes under the same conditions. Therefore, this synthetic 

route is cheaper and faster because no flash column chromatography is needed for the 

purification of bithiophene 11 in this key step. Additionally, 11 can be easily prepared on a 

100 g-scale. 
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Scheme 2: Synthesis of 5-chloro-4,3’-dihexyl-2,2’-bithiophene 11. 

 

The synthesis of bithiophene 11 started with the chlorination of 3-hexylthiophene 7 with 

N-chlorosuccinimide (NCS). Therefore, 7 was dissolved in acetic acid and an equimolar 

amount of NCS was added at room temperature. Chlorinated thiophene 8 was obtained in     

80 % yield after vacuum distillation. 

Chlorothiophene 8 was iodinated at the reactive α-position with an equimolar amount of 

mercury acetate in dry chloroform at room temperature followed by the addition of 1.1 

equivalents of iodine. 2-Chloro-3-hexyl-5-iodothiophene 9, comprising two different halogen 

functions, was accessible in 75 % yield after distillation in vacuo. 

Thiophene 9 underwent an effective Suzuki-type cross-coupling reaction with pinacol 

boronic ester 10[34] to form intermediate product 5-chloro-4,3’-dihexyl-2,2’-bithiophene 11. In 

this respect, thiophene 9, 1.5 equivalents of boronic ester 10 and 4.5 equivalents of a 2 molar 

aqueous tripotassium phosphate solution were reacted in DME for 24 hours at room 

temperature, 1 mol-% Pd2(dba)3 and 2 mol-% [HP(t-Bu)3]BF4 was used as the highly active 

catalytic system.[36-38] The desired chlorobithiophene 11 was accessible in 80 % yield after 

distillation in vacuo. 
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Next, a TIPS-protected ethinyl-group was introduced by coupling chlorinated bithiophene 

11 with ethynyl-triisopropyl-silan 2 in a Sonogashira reaction (Scheme 3).  Fu et al. reported 

for Sonogashira-type reactions of chlorinated arenes that the use of 1 equivalent Pd2(dba)3 and 

4 equivalents [HP(t-Bu)3]BF4 as the catalytic system gives good to excellent yields at elevated 

temperatures.[36] Therefore, chloro-bithiophene 11 was reacted with 1.2 equivalents ethynyl-

triisopropyl-silan 2, 5 mol-% cuprous iodide and 1.25 mol-% Pd2(dba)3 as well as 5 mol-% 

[HP(t-Bu)3]BF4 in piperidine at 100 °C for 3 hours. In this manner, ethynylated bithiophene 

12 has been obtained in 79 % yield after column chromatography. 

An iodine functionality was introduced at the reactive α-position of bithiophene 12 via a 

mercury-mediated method. Firstly, bithiophene 12 was reacted with an equimolar amount of 

mercury caproate in dry chloroform at room temperature and subsequently 1.1 equivalents of 

iodine were added. Iodinated derivative 13 was accessible in 87 % yield after 

chromatographic work-up. 

Prior to the polycondensation bithiophene 13 was deprotected by 3 equivalents caesium 

fluoride in a THF/methanol-mixture at 70 °C for 2 hours, yielding deprotected thiophene 14 

after column chromatography. The free acetylene 14 was handled in solution and was not 

isolated due to its inherent instability. Therefore, it was used immediately for the 

polycondensation to polymer 15.  
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Scheme 3: Synthesis of monomer 14 and polymer 15. 
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The polycondensation reaction was optimized with respect to yield and average molecular 

weight of the resulting polymer 15 (Table 2). In each test run, 10 mol-% cuprous iodide,     

2.5 mol-% Pd2(dba)3 as well as 10 mol-% [HP(t-Bu)3]BF4 were used as the active catalytic 

system, while the polycondensations were carried out in different solvents. The average 

molecular weights have been measured by gel permeation chromatography with respect to a 

polystyrene standard using chloroform as the eluent at 30 °C. 

Polycondensation in piperidine at room temperature (Table 2, Entry 1) only led to a 

sticky, red, low molecular weight material that was not subjected to further investigations. 

When the polycondensation was carried out in dry THF at an elevated temperature (60 °C) a 

polymeric material was obtained that has been extracted in a Soxhlet-extractor with n-hexane 

(Table 2, Entry 2a) into a low molecular weight and a high molecular weight portion, which 

has been extracted with chloroform (Table 2, Entry 2b). The relatively low molecular average 

weight obtained in THF might be due to the same fact that led to a low molecular weight 

polymer in the case of polymer 5. Therefore, the competitive deiodination reaction at higher 

temperatures might have prevented a high degree of polycondensation. Changing the solvent 

to toluene, polymer 15 was accessible in 84 % yield after 3 days at room temperature (Table 

2, Entry 3). At the same time, the average molecular weight was increased to Mn = 34800 

g/mol, which corresponds to 66 repeating units. Although the polymer was treated with n-

hexane in a sonic bath in order to remove the low molecular weight portion almost no 

oligomers were extracted. In this respect, an excellent polymeric material was obtained in 

high yields by the polycondensation reaction of 14 in toluene. 
 

 

Table 2: Optimization for the polycondensation of 14 

[a] Measured in chloroform at 30 °C vs. a polystyrene standard. – [b] D = Mw/Mn. – [c] Calculated as Mn/Mmonomer. 

Entry Solvent Temperature Mn
 [a] Mw 

[a] D [b] Xn [c] Yield 

1 Piperidine RT - -   45 % 

2a THF 60 °C 2900 3400 1.2 8 24 % 

2b THF 60 °C 11400 16500 1.5 32 44 % 

3 Toluene RT 23500 34800 1.5 66 84 % 
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8.2.3  Synthesis of the oligomeric model compounds 17, 19 and 22 

 
The synthesis of the oligomeric model compounds 17, 19 and 22 started from silyl-

protected iodo-bithiophene 13 (Scheme 4), which was cross-coupled with deprotected 

ethynylated bithiophene 16[39] in a Sonogashira-reaction with 5 mol-% Pd(PPh3)2Cl2 in 

piperidine at 60 °C for 1 hour in the presence of 10 mol-% cuprous iodide. Dimer 17 was 

accessible in 82 % yield after column chromatography. 

An iodine functionality was introduced at the free α-position of the terminal bithiophene 

moiety 17 by firstly reacting oligomer 17 with an equimolar amount of mercury acetate in dry 

chloroform at room temperature and subsequent addition of 1.1 equivalents of iodine. 

Iodinated dimer 18 was obtained in 81 % yield after column chromatography. 

To elongate the conjugated system oligomer 18 was reacted in a subsequent Sonogashira-

reaction with 1.2 equivalents of unprotected acetylene bithiophene 16. In analogy to the 

synthesis of dimer 17, the same reaction conditions have been applied for this palladium-

catalyzed cross-coupling, yielding trimer 19 in 45 % yield after chromatographic work-up.  

Prior to the last step of this sequence, silyl-protected trimer 19 was reacted with 5 

equivalents caesium fluoride in a THF/methanol-mixture at 70 °C for 2 hours. In this manner, 

deprotected trimer 20 was obtained in quantitative yield. 

Finally, trimer 20 underwent a Sonogashira-reaction with 1.2 equivalents of iodinated 

bithiophene 21.[39] The cross-coupling reaction has been run in piperidine with 5 mol-% 

Pd(PPh3)4 and 10 mol-% cuprous iodide at 60 °C for 1 hour. After the reaction was 

completed, the intermediate product was desilylated in situ by adding 5 equivalents Bu4NF to 

the reaction mixture. After stirring at 80 °C for another hour the reaction mixture was worked-

up, yielding tetramer 22 in 62 % after column chromatography. 
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Scheme 4: Synthesis of the oligomeric model compounds 17, 19, and 22. 
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8.3 Physical properties of the polymers 

 
8.3.1 Gel permeation chromatography 

 
In general, conductive polymers are rigid rods making their molecular weight 

determination not trivial. In contrast to osmotic pressure or viscosity, GPC as a relative 

method does not measure an intrinsic polymer property but rather its hydrodynamic volume 

which is influenced by several parameters and reflects the conformation of a given polymer in 

solution. Using an appropriate standard polymer which adopts a similar conformation in the 

same solvent, the determined hydrodynamic volume can be related to the molecular weight of 

the sample polymer. In the case of rigid rod-like polymers their hydrodynamic volume is 

much larger in comparison with flexible coiled polymers such as polystyrene which is by far 

the most commonly used system for the determination of molecular weight and molecular 

weight distribution. Hence, the use of polystyrene as the standard overestimates the molecular 

weight of rigid rods-like polymers. The groups of Tour et al. and of Müllen et al. have 

investigated this discrepancy by looking at the properties of poly(arylene ethynylene)s. Tour 

et al. prepared a series of defined oligomers and compared their real molecular weight to the 

molecular weights obtained by GPC.[40,41] They found that the molecular weights, based on 

GPC measurements, are overestimated by a factor of 2-3. Müllen et al. investigated 

poly(phenylene ethynylene)s (PPE) and performed end group analysis by 1H-NMR 

spectroscopy which gives an average degree of polymerisation (Xn) based on the number-

average molar mass  (Mn).[42] The comparison to GPC results showed that up to a Xn of about 

50 (determined by 1H-NMR), GPC overestimates molecular weights by a factor of two. 

Similar results have been obtained by Bunz et al. demonstrating a difference between GPC- 

and 1H-NMR-measurements by a factor of 1.5 to 2.[43,44] 

Nevertheless, in the case of high molecular weight conductive polymers the question 

arises if the rigid rod-like structure breaks down at a certain degree of polymerisation which 

would make them more flexible. Above this threshold, these polymers could then either be 

true coils or fit the Kratky-Porod model of wormlike chains.[45] Cotts and Swager et al. 

investigated the equilibrium flexibility of PPEs by light scattering and found that their 

persistence length was approximately 15 nm, which equals 20 repeating units.[46] Above that 

value, PPEs behave as wormlike chains and should not be considered as rigid rods anymore 

which is in good agreement with calculated results for poly(p-phenylene)s (PPP).[47] 
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It would be highly desirable to have a scaling factor or an equation which would convert 

GPC versus polystyrene values into a “real” molecular weight distribution for any measured 

polymer.[48] A very elegant approach which is referred to as universal calibration[49] is based 

on the fact that in GPC the elution volume Ve of a polymer depends on it hydrodynamic 

volume which is proportional to the product of its molar mass M and intrinsic viscosity [η] 

(Equation 1). 

 

][][ 2211 ηη ⋅=⋅ MM                                                        (1) 

 

The intrinsic viscosity is a function of molar mass, which is described by the Mark-

Houwink relationship, where K and α are constants for a given polymer in a given solvent at a 

given temperature (Equation 2).  
αη MK ⋅=][                                                              (2) 

 

If a GPC column has been calibrated with polymer 1 the calibration line for another 

polymer 2 can be calculated using the combination of the equations 1 and 2 which leads to 

Equation 3. 
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The main problem is the accuracy of K and α which is rather limited even in the case of 

polymers for which a sufficient number of well defined standards exist. 

In the case of some triple bond containing conductive polymers, Pang et al. have 

measured these constants by viscosity measurement and by light scattering.[50-52] Interestingly, 

they obtained Mark-Houwink constants α ranging from 0.68 to 1.06. In order to assign these 

values to the conformation present in solution the Mark-Houwink constants α of “limiting” 

conformations have to be considered. A rigid rod-like structure corresponds to a α-value of 2 

while an ideal chain and a coiled chain correspond to α=0.5 and α=1, respectively.[53] 

Therefore, theses polymers have to be regarded as more or less true coils rather than rigid 

rods and show a much better conformational correlation with respect to polystyrene[54] 

(α=0.73 in chloroform at 25 °C) as one would expect at first glance. 
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The molecular weights of polymers 6 and 15 were measured by GPC with chloroform as 

the eluent at 30 °C and are compared to HT-P3HT which has been prepared according to a 

literature procedure published by McCullough et al.[55] 

The polycondensations for 6 and 15 carried out in THF were extracted in a Soxhlet-

extractor with n-hexane and chloroform into a low molecular weight and the high molecular 

weight fraction, respectively. Each fraction was measured separately with GPC. For polymers 

6 and 15 synthesized in toluene only one fraction was obtained which was measured by GPC. 

The number-average molecular weights (Mn), the weight-average molecular weights 

(Mw), the polydispersities (D) and the average degrees of polycondensation (Xn) of polymer 6 

and 15 in comparison with HT-P3HT are given in Table 3. 

 
 

Table 3: Mn, Mw, D and Xn of polymers 6 and 15 in comparison with HT-P3HT 

[a] Measured in chloroform at 30 °C vs. a polystyrene standard. – [b] D = Mw/Mn. – [c] Calculated as Mn/Mmonomer. 

 

 

Reference HT-P3HT shows a number-average molecular weight of 13500 g/mol      

(Entry 1) which reflects an average degree of polycondensation of about 80 monomer units. 

In the ideal case of a polycondensation reaction the molecular weight distribution follows a 

Flory-Schulz distribution resulting in a polydispersity of exactly 2.[56] Therefore, the 

measured polydispersity of 2.6 for HT-P3HT is slightly higher than expected. In contrast, 

polymer 6 which was synthesized in THF (Entry 2,3) shows a relatively low molecular weight 

and a small polydispersity of about 1.5 as a result of the work-up procedure. Due to the 

extraction with different solvents, the original weight distribution has been fractionated into 

two smaller ones with different number-average molecular weights. When the 

polycondensation was carried out in toluene (Entry 4) almost no low molecular weight 

oligomers have been extracted with n-hexane. Therefore, the molecular weight distribution 

Entry Polymer Polycondensation Mn [g/mol] [a] Mw [g/mol] [a] D [b] Xn
 [c] 

1 HT-P3HT THF 13500 35000 2.6 81 

2 6 (n-hexane) THF / 60 °C 2100 2900 1.4 11 

3 6 (chloroform) THF / 60 °C 4000 6000 1.5 21 

4 6 Toluene / RT 6300 12600 2.0 33 

5 15 (n-hexane) THF / 60 °C 2900 3400 1.2 8 

6 15 (chloroform) THF / 60 °C 11400 16500 1.5 32 

7 15 Toluene / RT 23500 34800 1.5 66 
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remained almost unchanged and exhibits a broader distribution showing a polydispersity of 

2.0. By changing the solvent to toluene, the number-average molecular weight was increased 

to 6300 g/mol representing an average degree of polycondensation of 33 monomer units. In 

comparison with HT-P3HT, polymer 6 exhibits much shorter polymer chains and a smaller 

chain length distribution. 

In the case of polymer 15 higher molecular weights were obtained with respect to polymer 

6. The reaction carried out in THF was fractionated into a low molecular weight fraction 

showing a small polydispersity of 1.2 and a high molecular weight fraction with a number-

average molecular weight of 11400 g/mol and polydispersity of 1.5. By changing the solvent 

to toluene, the number-average molecular weight was increased to 23500 g/mol, representing 

an average number of 66 repeating units. Interestingly, polymer 15 exhibits a rather low 

polydispersity of 1.5 although no low molecular oligomers have been extracted. 

A direct comparison between polymers 6 and 15 reveals a difference in the measured 

average molar masses. Under the same polycondensation conditions polymer 15 exhibits 

number-average molar masses being higher by a factor of 3-4 with respect to those of 

polymer 6. To explain this discrepancy one has to consider that the repeating unit in polymer 

15 has almost twice the molecular mass (M = 357 g/mol) in comparison with the monomer in 

polymer 6 (M = 190 g/mol). Therefore, the same degree of polycondensation led to a higher 

molecular mass polymer in the case of 15 than for 6. However, the huge discrepancy between 

the measured number-average molecular weights of the polymers 6 and 15 cannot be only 

explained by the different respective repeating units. 

To further investigate the differences in molecular weights between polymer 6 and 15 it 

has to be considered that the molecular weight distributions of the corresponding polymers 

determined by GPC are based on the measurement of their hydrodynamic volumes. In order 

to obtain the real molecular weight of a polymer Equation 3 can be used if the Mark-Houwink 

coefficients are known for the standard and the measured polymers. In the case of polystyrene 

α has been determined to 0.78[54] while for HT-P3HT α is 0.96,[57] leading to the assumption 

that this conductive polymer does not adopt the rigid rod-like conformation rather than a 

coiled chain in solution. Hence, the average molecular weights of HT-P3HT are significantly 

overestimated when measured by GPC versus a polystyrene standard. It is intriguing to make 

a comparison with polymer 6, for which the Mark-Houwink coefficient has been measured to 

α=0.68.[28] It can be concluded from this strikingly low α-value that polymer 6 may not have 

a rigid rod-like conformation in dilute solution and the conformational difference between 

HT-P3HT and polymer 6 may originate from reduced steric and Coulombic interactions 
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between the adjacent thiophenes in the latter polymer making it more flexible. Furthermore, 

this low α-value leads to the assumption that GPC even underestimates the molecular masses 

of polymer 6 when polystyrene is used as the standard. 

In the case of polymer 15 no Mark-Houwink coefficients are known. However, it can be 

estimated that the α-value of 15 lies in between those of HT-P3HT and polymer 6 (0.68 < α 

< 0.98). Therefore, the molecular masses determined by GPC versus a polystyrene standard 

should be close to the real molecular masses that can be determined by osmometry and light 

scattering. 

In summary, for polymers the molecular weights determined by GPC have to be carefully 

interpreted. Especially, in the case of conductive polymers GPC measurements tend to 

overestimate the real molecular weights. Therefore, the real number-average molecular 

weight of HT-P3HT should be lower by a factor of about two. However, the triple bond 

containing polymers 6 and 15 are much more flexible than expected, concluding that for 

polymer 15 Mn and MW are close to the real values, while in the case of polymer 6 these 

values are even underestimated and should be higher by approximately a factor of 1.5. 

 

 

8.3.2  UV-Vis spectroscopy 

 
Absorption spectra of polymers 6 and 15 were measured in chloroform (Figure 3). The 

absorption maxima and the optical band gaps are given in Table 4.  
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Figure 3: Normalized UV-Vis spectra of the polymers 6 and 15 in comparison with HT-P3HT in chloroform. 
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Reference polymer HT-P3HT shows a maximum absorption at 448 nm which is 

marginally hypsochromically shifted in comparison with polymer 15 exhibiting a maximum 

at 451 nm. The maximum of polymer 6 can be found at 438 nm which is 10 nm 

hypsochromically shifted with respect to HT-P3HT. 

Due to the absorption maxima lying closely together a similar behaviour is observed for 

the optical band gaps which are determined from the onset of polymer absorption bands. 

Although polymer 15 exhibits the most red-shifted absorption maximum, the optical band gap 

is smallest in the case of HT-P3HT (ΔEopt. = 2.32 eV) while 15 shows a marginally bigger 

optical band gap (ΔEopt. = 2.35 eV). With 6 having the most blue-shifted absorption maximum 

it also reveals the highest optical band gap (ΔEopt. = 2.42 eV).  
 
 
 Table 4: Absorption properties of polymers 6 and 15 in comparison with HT-P3HT measured in chloroform 

[a] Determined from the onset of the absorption at the lower energy band edge. 

 

 

For solid-state absorption spectra of the polymers 6, 15 and HT-P3HT thin films were 

spin-coated at 2000 rpm onto a glass substrate from the corresponding toluene solutions (c=10 

mg/ml) (Figure 4). The absorption maxima and the optical band gaps are given in Table 5. 
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Figure 4: Normalized UV-Vis spectra of the polymers 6 and 15 in comparison with HT-P3HT in the solid state. 

Polymer λabs
max [nm] ΔEopt. [eV] [a] 

HT-P3HT 448 2.32 

6 438 2.42 

15 451 2.35 
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The solid-state absorption spectra reveal that in comparison with the solution spectra the 

maximum absorption of each polymer is bathochromically shifted to a certain degree. The 

red-shift of the absorption band can be attributed to a single molecule effect that has been 

interpreted by Rughooputh et al. for polythiophenes.[58]  Hence, a planarization of the π-

system is induced by aggregation. The forced planarization leads to an increased conjugation 

and consequently to a red-shifted absorption and a lower band gap. This effect is frequently 

observed for conjugated polymers in the solid state.[59-63] 

 

Table 5: Absorption properties of polymers 6 and 15 in comparison with HT-P3HT measured in the solid state 

[a] Determined from the onset of the absorption at the lower energy band edge. – [b] Shoulder. 

 

In comparison with solution spectra, the corresponding solid-state absorption spectrum of 

HT-P3HT exhibits the most pronounced red-shift (Δλ = 71 nm), whereas for polymer 6 and 

15 smaller shifts of Δλ = 7 nm and Δλ = 50 nm are noticed. The small bathochromic shift of 

the solid-state absorption of polymer 6 might be due to the relatively low molecular weight. A 

comparison with previous studies leads to the conclusion that an increase of the molecular 

weight should be accompanied by a red-shift of the solid-state absorption maximum beyond 

485 nm.[27,28] The latter work also implies that the red-shift of the absorption in the solid state 

is strongly depended on the molecular weight of the corresponding polymer and is in 

accordance to similar investigations performed for HT-P3HT with different molecular 

weights.[64,65] This assumption is supported by the observation that the low molecular weight 

fraction of polymer 15 (Table 3, Entry 6) only exhibits an absorption maximum of 474 nm in 

the solid state whereas the high molecular weight fraction exhibits a solid-state maximum 

absorption of 501 nm. 

The absorption bands of polymers 15 and HT-P3HT are more structured, showing 

additional shoulders that are not observed in solution. For HT-P3HT these two shoulders at 

551 nm and 595 nm, respectively, and the shoulder at 550 nm in the case of 15 can be 

interpreted as vestiges of vibrational structures. However, in the same way the shape of the 

absorption band of polymer 6 is not altered and no additional shoulders show up in the solid-

state absorption spectrum as a consequence of its low molecular weight. 

Polymer λabs
max [nm] ΔEopt. [eV] [a] 

HT-P3HT 519 (551, 595)[b] 1.92 

6 445 2.28 

15 501 (550)[b] 2.06 
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The red-shift of the absorption maxima is accompanied by a decrease of the optical band 

gaps for all polymers. The decrease is largest for HT-P3HT (ΔΔEopt. = 0.40 eV), whereas the 

triple bond containing polymers 6 (ΔΔEopt. = 0.22 eV) and 15 (ΔΔEopt. = 0.29 eV) show less 

pronounced declines of the optical band gaps. 

In conclusion, the absorption spectra of thin solid films of these polymers are red-shifted 

with respect to the corresponding solution spectra as a consequence of the formation of 

polymeric aggregates. The resulting planarization of the polymer backbone increases the 

overall conjugation and induces additional electronic transitions at the low energy band edge 

of the absorptions. This effect is strongly dependent on the average molecular weight of the 

polymers and because it is largest for high molecular weight polymers, it seems that longer 

polymer chains can be more easily arranged in the corresponding polymer crystals.  
 

 

 

8.3.3  Fluorescence spectroscopy 

 
Corrected emission spectra of the polymers 6, 15 and HT-P3HT were measured in 

chloroform (Figure 5). The absolute emission maxima, the quantum yields and the Stokes 

shifts are given in Table 6. The quantum yields have been calculated with respect to N-(2,6-

diisopropylphenyl)perylene-3,4-dicarboximide (PDCI) (Φ = 0.9 in chloroform[66]). 
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Figure 5:  Normalized emission spectra of the polymers 6 and 15 in comparison with HT-P3HT in chloroform 

(λex
 = 440 nm). 
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Although the absorption behavior of the polymers 6, 15 and HT-P3HT in chloroform 

solution is very similar, a remarkable discrepancy is observed by studying the emission 

spectra of those compounds (Figure 5). The reference polymer HT-P3HT shows a broad 

emission spectrum with a maximum at 580 nm and a shoulder at 609 nm as well as a quantum 

yield of Φ = 0.30, whereas polymer 15 exhibits a much more structured and hypsochromically 

shifted emission band with a maximum at 535 nm and a distinct shoulder at 575 nm. The 

fluorescence quantum yield was determined to Φ = 0.34, a value slightly higher compared to 

HT-P3HT, indicating that the incorporation of acetylenic moieties into the polymer backbone 

enlarges the fluorescence quantum yield. Polymer 6 shows the most blue-shifted emission 

spectrum, including a maximum at 508 nm and a pronounced shoulder at 545 nm as well as a 

quantum yield of Φ = 0.20. The lower value for polymer 6 might be due to its lower 

molecular weight compared to the two other polymers. The resulting high degree of terminal 

iodine functionalities still present in the polymer which is responsible for the quenching of the 

fluorescence has been validated by mass spectrometry. It would be worthwhile to completely 

remove all remaining iodine functions in polymer 6 and 15 in order to further increase the 

quantum yields. In the case of HT-P3HT defunctionalization can be accomplished by treating 

the polymer with isopropyl magnesium chloride in dry THF resulting in a halogen-metal 

exchange. After subsequent addition of methanol, the non-functionalized HT-P3HT 

precipitates and can be filtered off. Unfortunately, the same procedure could not be applied 

successfully to the ethynylene-containing polymers 6 and 15, respectively, because only 

insoluble materials were obtained after treatment with isopropyl magnesium chloride. 

 

 
Table 6: Emission properties of polymers 6 and 15 in comparison with HT-P3HT measured in chloroform 

[a] Excitation wavelength λex = 440 nm. – [b] Quantum yields determined with respect to N-(2,6-
diisopropylphenyl)perylene-3,4-dicarboximide (PDCI).[66] – [c] Stokes shifts measured as λem

max-λabs
max. – [d] 

Shoulder. 
 

 

 

 

Polymer λem
max [nm] [a] Φ [%] [b] Stokes shift [cm-1 (eV)] [c] 

HT-P3HT 580 (609)[d] 30 5080 (0.63) 

6 508 (545)[d] 20 3146 (0.39) 

15 535 (575)[d] 34 3481 (0.43) 
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All polymers exhibit smaller bandwidths of the emission bands compared to the 

corresponding absorption spectra. This fact as well as the more structured emission with 

respect to the absorption are caused by the reduced flexibility of the emitting chromophore 

due to stronger conjugation in the excited state.[63] 

Assumptions about the excited states can also be made from the corresponding Stokes 

shifts measured as the difference between the absorption and the corresponding emission 

maxima. For polymers 6 and 15, constant values around 3300 cm-1 are determined while a 

considerably larger Stokes shift of 5100 cm-1 is observed for HT-P3HT. The relatively low 

Stokes shifts for the polymers 6 and 15 in comparison with HT-P3HT is an indication that the 

structural differences between the ground state and the excited state are less pronounced. In 

the case of HT-P3HT the aromatic structure in the ground state changes to a quinoid, 

planarized form in the excited state which leads to a structured emission and to a large Stokes 

shift. In contrast to HT-P3HT, similar quinoid forms which allow full conjugation cannot be 

formulated for the ethynylene-containing polymers 6 and 15 and consequently the excited 

state structures must be more comparable to the corresponding ground states, which in turn 

results in smaller Stokes shifts. 

 
 
 
 

8.3.4 Cyclic voltammetry 
 

Oxidation and reduction potentials of the polymers 6, 15 and HT-P3HT were determined 

by cyclic voltammetry in dichloromethane using tetrabutylammonium hexafluorophosphate as 

the supporting salt (Figure 6). The oxidative and reductive peak potentials of the polymers are 

listed in Table 7. The HOMO and the LUMO of the polymers 6, 15 and HT-P3HT which are 

also given in Table 7 are calculated from the onset of the oxidation and the reduction. They 

are related to the ferrocene/ferricenium couple which has a calculated absolute energy of        

-4.8 eV vs. vacuum.[67] 

The onset of the oxidation of the reference HT-P3HT starts at 0.10 V, whereas the 

resulting broad oxidation wave has a peak potential of 0.54 V. The onset of the reduction 

starts at -2.25 V which results in a band gap of 2.35 eV well matching the optical band gap 

(ΔEopt. = 2.32 eV) in chloroform solution. By relating these values to the absolute energy of 

the Fc/Fc+ couple, a HOMO energy of -4.90 eV and LUMO energy of -2.55 eV can be 

calculated. 
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Figure 6: Cyclic voltammograms of polymers 6 and 15 in comparison with HT-P3HT in dichloromethane/ 

nBu4NPF6 (0.1 M) vs. Fc/Fc+ at 100 mV/s. 
 
 

Polymer 6 exhibits a positively shifted oxidation with respect to HT-P3HT. While the 

onset of the oxidation starts at 0.53 V, a first peak potential is observed at 0.67 V, a second 

one arises at 0.99 V. From the cyclic voltammogram, a LUMO and HOMO energy of -2.92 

eV and -5.33 eV, respectively, can be calculated, both are lower in energy (ΔEHOMO = 0.37 eV 

and (ΔELUMO = 0.43 eV) compared to HT-P3HT. From the difference of the HOMO and 

LUMO levels a band gap of 2.44 eV is calculated which is comparable to the optical band gap 

(ΔEopt. = 2.42 eV) in chloroform. Polymer 15 shows a similar oxidation behavior as polymer 

6. The onset of the oxidation starts at 0.40 V and two peak potentials are observed at 0.75 V 

and at 1.10 V, respectively. The reduction process starts at -1.96 V and therefore, the HOMO 

and the LUMO levels can be calculated to -2.84 eV and -5.20 eV, respectively, leading to a 

band gap of 2.36 eV, which is in accordance to the optical band gap (ΔEopt. = 2.35 eV) in 

chloroform solution. 
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Table 7: Electrochemical properties of the polymers 6 and 15 in comparison with HT-P3HT 

[a] In dichloromethane/nBu4NPF6 (0.1 M) vs. Fc/Fc+ at 100 mV/s. –  [b] Determined by ΔECV = E’ox – E’red (E’ is 
the potential at which the redox process starts). – [c] Determined from the onset of the reduction and the 
oxidation[d] waves, respectively and are related to the Fc/Fc+-couple with a calculated absolute energy of -4.8 
eV.[67] – [e] Second peak potential. 
 

 

Cyclic voltammograms show that the incorporation of acetylenic moieties into the 

polymer backbone considerably decreases the energetic levels of both the HOMOs and the 

LUMOs of polymer 6 and 15. A direct comparison to HT-P3HT, reveals that the ethynylene 

moieties have a predominant influence on the electronic properties of the corresponding 

polymers, lowering both the HOMO and LUMO levels by more than 300 meV in polymer 15. 

In this respect, doubling the number of acetylenic moieties in the polymer backbone (15 

exhibits 1 triple bond per bithiophene unit, whereas 6 contains 1 triple bond per 

monothiophene unit) does not dramatically reduce the energetic levels of the corresponding 

frontier orbitals (ΔE ≈ 100 meV) in polymer 6 (Figure 8).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 7:  Solid-state cyclic voltammograms of polymers 6 and 15 and HT-P3HT in acetonitrile/nBu4NPF6  

(0.1 M) vs. Fc/Fc+ at 100 mV/s. 

Polymer Epa [V] [a] Epc [V] [a] ΔECV [V] [b] LUMO [eV] [c] HOMO [eV] [d] 

HT-P3HT 0.54 0.30 2.35 -2.55 -4.90 

6 0.67 (0.99) [e] 0.38 2.41 -2.92 -5.33 

15 0.75 (1.10) [e] 0.60 2.36 -2.84 -5.20 
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Cyclic voltammetry measurements of the corresponding thin polymer films drop-casted 

onto the platinum electrode have been carried out in acetonitrile in which the three polymers 

are not soluble (Figure 7). In all cases, only oxidations were accessible, while in the reductive 

mode no reduction of the polymers could be observed. For HT-P3HT a reversible oxidation 

was observed with a peak potential of the oxidative wave at 0.75 V and a peak potential of the 

reductive wave at 0.50 V (Table 8). The onset of the oxidation starts at 0.42 V which 

corresponds to a HOMO value of -5.22 eV. For the ethynylene-containing polymers 6 and 15 

only irreversible oxidations were observed which were positively shifted with respect to HT-

P3HT. In the case of polymer 6 two peak potentials were found at 0.82 V and 1.01 V, 

respectively, while the onset of the oxidation starts at 0.75 V. A similar behavior can be found 

for polymer 15 where the onset of the irreversible oxidation starts at 0.70 V with a clear peak 

potential at 1.02 V. 

In general, the same trend is observed for the HOMO levels in the solid state, however, 

they are energetically decreased by about 300 meV with respect to those determined in 

solution. Hence, the HOMO of HT-P3HT has been calculated to -5.22 eV, while polymer 6 

and 15 exhibit almost identical HOMO values in the solid state (-5.55 eV and -5.50 eV) which 

is in contrast to the solution properties. 

  

 
Table 8: Electrochemical properties of the polymers 6 and 15 in comparison with HT-P3HT in the solid state 

[a] Polymers drop-casted onto a platinum electrode and measured in acetonitrile/nBu4NPF6 (0.1 M) vs. Fc/Fc+ at 
100 mV/s. –  [b] Determined by ΔECV = E’ox1 – E’red1 (E’ is the potential at which the redox process starts). – [c] 
LUMO levels are calculated via the optical band gaps. – [d] Determined from the onset of the oxidation waves 
and are related to the Fc/Fc+-couple with a calculated absolute energy of -4.8 eV.[67] – [e] Second peak potential 

 

 

A corresponding MO scheme is depicted in Figure 8. To evaluate the performance of the 

polymers 6 and 15 in photovoltaic applications, the HOMO and LUMO levels of the 

polymers as well as those of PCBM are compared to the electrode work functions commonly 

used for the fabrication of polymer-fullerene solar cells.  

 

Polymer Epa [V] [a] Epc [V] [a] LUMO [eV] [c] HOMO [eV] [d] 

HT-P3HT 0.75 0.50 -3.30 -5.22 

6 0.82 (1.01) [e] - -3.25 -5.55 

15 1.02 - -3.44 -5.50 
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Figure 8:   MO Scheme of the polymers 6, 15 and HT-P3HT in comparison with those of PCBM and electrode 
work functions used in polymer-fullerene bulk-heterojunction solar cells.[68] (Thin lines correspond to 
the values measured in solution and thick lines represent solid-state properties.) 

 
 

The open-circuit voltage VOC of a polymer-fullerene solar cell is determined by the energy 

difference between the LUMO of the acceptor and the HOMO of the donor polymer. For a 

possible application in polymer-fullerene solar cells it is of great interest to increase the 

energy difference between the HOMO level of the polymer and the LUMO of the fullerene-

derivative typically [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) in order to maximize 

the open-circuit voltage (VOC) of the corresponding photovoltaic devices. 

In the case of the commonly used HT-P3HT the open-circuit voltage is theoretically 

calculated to 1.0 V, however, due to recombination effects the effective VOC is only           

0.55 V.[21] A substitution of HT-P3HT by polymer 6 or 15 would raise VOC to a theoretical 

potential of over 1.3 V, which should lead to an increased power conversion efficiency, if the 

current of such a solar cell remains unchanged. However, the current output is strongly 

depended on the number of photons absorbed and on the charge carrier mobilities of the 

photoactive layer. A comparison of the solid state absorption spectra of HT-P3HT and 

polymer 15 reveals that a thin film of HT-P3HT harvests only marginally more photons 

within the terrestrial solar spectrum due to its slightly smaller optical band gap. Therefore, the 

corresponding photovoltaic devices should generate roughly comparable short-circuit currents 

JSC, while the solar cell manufactured from polymer 15 should produce a higher VOC at the 

same time. The characteristics of the corresponding photovoltaic devices are discussed in 

chapter 8.5. 
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8.4  Physical properties of the oligomeric model compounds 

 
8.4.1  UV-Vis spectroscopy 

 
Absorption spectra of the oligomeric model compound series 12, 17, 19 and 22 depicted 

in Figure 9 have been measured in chloroform (c=5⋅10-5 mol/l). The absorption maxima and 

the corresponding extinction coefficients as well as the optical band gaps estimated from the 

onset of the absorption bands are given in Table 9. 
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Figure 9:  UV-Vis spectra of the oligomeric model compounds 12, 17, 19 and 22 in chloroform. 

 
 

The spectra reveal a progressive bathochromic shift of the absorption maxima with 

increasing chain length of the conjugated system. While ethynylated bithiophene 12 shows a 

maximum at 333 nm, 392 nm is found for the next higher homologue, dimer 17. Further 

elongation of the conjugated chain in trimer 19 leads to a progressive red-shift to 417 nm, 

whereas for tetramer 22 a maximum is found at 427 nm. A similar trend can be seen for the 

optical band gap which is largest for 12 (ΔEopt. = 3.21 eV) and decreases steadily with 

increasing chain length (ΔEopt. (22) = 2.46 eV). It can be concluded from the absorption 

spectra that the “effective” conjugation is about to approach saturation and consequently 

further elongation of the conjugated chain will not significantly alter the optical properties. 
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In this respect, the extinction coefficients are gradually enhanced in steps of about     

20000 mol⋅l-1⋅cm-1 which is almost equal to ε of ethynylated bithiophene 12 (ε =             

18800 mol⋅l-1⋅cm-1). While the next higher homologue 17 exhibits a coefficient twice as large 

(ε = 40800 mol⋅l-1⋅cm-1) the molar extinction coefficient of the longest homologue 22 is 

increased by almost a factor of four (ε = 78700 mol⋅l-1⋅cm-1). 

 
 
Table 9: Absorption properties of the oligomeric model compounds 12, 17, 19 and 22 in comparison with 

polymer 15 in chloroform  

[a] c = 5⋅10-5 mol/l. – [b] Determined from the onset of the absorption at the lower energy band edge. – [c] For 
comparison in parentheses values for the parent non-functionalized dihexyl-bithiophene,[d] tetrahexyl-
quaterthiophene,[e] hexahexyl-sexithiophene,[f] octahexyl-octithiophene.[72] 

 
 

It has been shown theoretically[69] and experimentally[70,71] that the electronic properties of 

conjugated systems are depended on the chain length and can be found by linear correlation 

of the properties vs. the inverse chain length. Such linear relationships have been 

demonstrated for homologous oligomer series of important polymers such as oligo(phenylene 

vinylene)s (OPV),[18] oligo(phenylene ethynylene)s (OPE)[19] and oligo(3-hexylthiophene) 

(HT-O3HT).[72] However, this linear behaviour is only valid for oligomers not longer than 10 

repeating units because beyond this limit a beginning saturation of the electronic properties is 

typically observed and consequently, the effective conjugation deviates from the expected 

linear dependence. This observation originates from mainly two effects. Firstly, an out-of-

plane twist of the monomer units leads a deviation from planarity of the polymer backbone. 

This results in a reduced overlap of the corresponding π-orbitals leading to a containment of 

the effective conjugation. The out-of-plane twist may be caused due to sterical interactions 

between the momomeric units or rotations around single bonds.[73,74] Secondly, the 

incorporation of aromatic rings into the polymer backbone leads to a preferred localisation of 

the π-electrons which further reduces the effective conjugation. 

Compound λabs
max [nm] [a] ε [mol⋅l-1⋅cm-1] [a] ΔEopt. [eV] [b] 

Polymer 15 451  2.35 

12 333 
(302)[c] 

18800 
(9800)[c] 

3.21 
(3.59)[c] 

17 392 
(371)[d] 

40800 
(22800)[d] 

2.68 
(2.82)[d] 

19 417 
(406)[e] 

54400 
(37000)[e] 

2.51 
(2.57)[e] 

22 427 
(422)[f] 

78700 
(52300)[f] 

2.46 
(2.45)[f] 
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An extrapolation of the electronic properties of the corresponding oligomers to an infinite 

conjugated chain gives vital information about the effective conjugation length of the parent 

polymer and allows the estimation of the average chain length of the parent polymers. 

The electronic properties of the homologous oligomeric series 12, 17, 19 and 22 are 

related to the inverse number of atoms in the conjugated chain and the extrapolation to an 

ideal, infinite conjugated chain gives information about the corresponding ideal polymer. 

These values can be compared to the results obtained from the corresponding data regression 

of a series of oligo(3-hexylthiophene)s which have been published prior to this work.[72] In 

this manner, the influence of the ethynylene units in the polymer backbone of polymer 15 

with respect to HT-P3HT can be deduced from this direct comparison of the electronic 

properties of the two structurally related oligomeric series.   
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Figure 10: Maximum absorption energies vs. the inverse number of atoms in the conjugated backbone of the 

oligomeric series ([—■—] oligomeric series 12, 17, 19 and 22, [⋅⋅⋅⋅ο⋅⋅⋅⋅] oligo(3-hexylthiophene)[72]). 
 

 

A correlation of the maximum absorption energies vs. the inverse number of atoms in the 

conjugated backbone (10 atoms per monomer unit of oligomeric series 12, 17, 19 and 22 in 

comparison with 8 atoms per structurally comparable bithiophene units of the series of 

oligo(3-hexylthiophene)s) furnishes a clear linear dependence with an excellent correlation 

efficient of R = 0.9996 (Figure 10). In this respect, the incorporation of the triple bonds into 

the polymer backbone has no significant influence on the maximum absorption energies of 
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polymer 15 compared to HT-P3HT, because hypothetical oligomers with an identical length 

of the conjugated chain would exhibit the same absorption maximum. 

An extrapolation of the maximum absorption energies to an ideal, infinite chain length, 

implies stronger red-shifted absorption maxima as they have been measured for the parent, 

real polymers 15 and HT-P3HT due to the missing deviation from linearity that would be 

observed for longer oligomer chains.[72] Nevertheless, the extrapolated absorption maxima for 

an infinite chain length (λinf
max (12, 17, 19, 22) = 477 nm; λinf

max (O3HT) = 487 nm) are fairly 

comparable to the absorption maxima of the parent polymers (λmax (15) = 450 nm;             

λmax (HT-P3HT) = 448 nm). 

 

 

 

8.4.2  Fluorescence spectroscopy 

 
Corrected emission spectra of the oligomeric model compound series 12, 17, 19 and 22 

were measured in chloroform (Figure 11). The absolute emission maxima and the quantum 

yields are given in Table 10. The quantum yields have been calculated with respect to 9,10-

diphenylantracene (Φ = 0.9 in hexane[75]). 
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Figure 11:  Normalized emission spectra of the oligomeric model compounds 12, 17, 19 and 22 in chloroform 

(λex = 350 nm for 12, λex
 = 400 nm for 17, 19 and 22). 
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The emission maxima of the oligomeric model compounds 12, 17, 19 and 22 are gradually 

red-shifted with increasing length of the conjugated backbone. While ethynylated-bithiophene 

12 shows a maximum emission at 410 nm this is steadily shifted to longer wavelength for the 

next higher homologues 17 (λmax = 469 nm) and 19 (λmax = 510), finally reaching an emission 

maximum of 521 nm for tetramer 22. As typically observed for all oligomeric series, the 

difference of the emission maxima between the corresponding representatives of this series 

(Δλmax) diminishes with increasing chain length. While the gain in the red-shift is relatively 

large between monomer 12 and dimer 17 (Δλmax = 59 nm), it is less pronounced between the 

larger homologues. Going from dimer 17 to trimer 19 the emission maximum is red-shifted 

by Δλmax = 41 nm, whereas Δλmax is only 11 nm between the highest analogues 19 and 22. 

All oligomeric model compounds exhibit smaller and more structured emission spectra 

compared to the corresponding absorption spectra. This is due to the reduced flexibility of the 

emitting chromophore leading to a stronger conjugation in the excited state.[61] 

 
Table 10: Emission properties of the oligomeric model compounds 12, 17, 19 and 22 measured in chloroform 

[a] Quantum yields determined with respect to 9,10-diphenylantracene.[75] – [b] Stokes shifts measured as λem
max-

λabs
max. – 

[c] Excitation wavelength λex = 350 nm, λex = 400 nm.[d] – [e] For comparison in parentheses values for 
the parent non-functionalized dihexyl-bithiophene,[f] tetrahexyl-quaterthiophene,[g] hexahexyl-sexithiophene,[h] 
octahexyl-octithiophene.[72] 

 

 

The quantum yields do not show an overall trend. Monomer 12 has the lowest quantum 

yields in this series (Φ = 0.08). Interestingly, the dimer 17 shows the largest quantum yield    

(Φ = 0.46), while the next higher oligomers 19 and 22 are exhibiting slightly lower quantum 

yields (Φ (19) = 0.36; Φ (22) = 0.43). The two longest representatives 19 and 22, exhibit 

considerably stronger fluorescence in comparison with the corresponding oligo(3-

hexylthiophene)s which show fluorescence quantum yields in the order of Φ = 0.30. 

The Stokes shifts, measured as the difference between the absorption and the 

corresponding emission maxima, show constant values around 4200 cm-1 for the oligomers 

Compound λem
max [nm] Φ [%] [a] Stokes shift [cm-1 (eV)] [b] 

Polymer 15 535 (575)[c] 34 3481 (0.43) 

12 410[c] 

(367)[e] 
8 

(2)[e] 
5640 (0.70) 
(5865 (0.73))[e] 

17 469 (500)[d] 

(494)[f] 
46 

(13)[f] 
4188 (0.52) 
(5723 (0.71))[f] 

19 510 (542)[d] 

(534)[g] 
36 

(29)[g] 
4373 (0.54) 
(5904 (0.73))[g] 

22 521 (554)[d] 

(560)[h] 
43 

(31)[h] 
4225 (0.52) 

 (5840 (0.72))[h] 
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17, 19 and 22. The only exception is observed in the case of ethynyl-bithiophene 12 where the 

Stokes shift of 5600 cm-1 is considerably higher. In general, this is smaller in comparison with 

the corresponding oligo(3-hexylthiophene)s, exhibiting Stokes shifts of around 5900 cm-1. As 

for the parent polymer 15 the considerably smaller Stokes shifts are an indication that the 

ground state and the excited state are structurally more comparable in the case of the 

oligomeric model compounds 12, 17, 19 and 22 rather than for the oligo(3-hexylthiophene)s. 

In the latter case a planar, quinoid structure can be postulated in the excited state, whereas a 

comparable quinoid structure, cannot be formulated without interrupting the conjugation 

within the oligomers 12, 17, 19 and 22. 

A correlation of the maximum emission energies vs. the inverse number of atoms in the 

conjugated backbone furnishes a clear linear relationship with an excellent correlation 

efficient of R = 0.9946 (Figure 12). A comparison to the corresponding correlation of the 

O3HTs clearly demonstrates the influence of the triple bonds incorporated into the conjugated 

backbone of the oligomers 12, 17, 19 and 22. As a result, the gap between the maximum 

emission energies of the oligomers 12, 17, 19 and 22 and the comparable O3HTs increases 

with elongation of the conjugated oligomer backbones (λinf
max (12, 17, 19, 22) = 574 nm; 

λinf
max (O3HT) = 693 nm). In this respect, a similar effect is observed for the parent polymers 

15 and HT-P3HT which exhibit emission maxima of 535 nm and 580 nm, respectively. 
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Figure 12: Maximum emission energies vs. the inverse number of atoms in the conjugated backbone of the 

oligomeric series ([—■—] oligomeric series 12, 17, 19 and 22, [⋅⋅⋅⋅ο⋅⋅⋅⋅] oligo(3-hexylthiophene)[72]) 
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8.4.3  Cyclic voltammetry 

 
The oxidation potentials and the absolute HOMO levels of the oligomeric model 

compound series 12, 17, 19 and 22 which have been determined cyclic voltammetry (Figure 

13) are listed in Table 11. 

 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13:   Cyclic voltammograms of 12, 17, 19 and 22 in dichloromethane/nBu4NPF6 (0.1 M) vs. Fc/Fc+ at 

100 mV/s. 
 

 

Ethynyl-bithiophene 12 shows one irreversible oxidation at E° = 0.75 V, while in the case 

of dimer 17 two quasireversible oxidations are observed at 0.56 V and 0.77 V, respectively. 

With increasing length of conjugated chain the oxidation potentials are shifted to more 

negative values and are becoming reversible (trimer 19: E° = 0.50 V, 0.62 V, 1.00 V; tetramer 

22: E° = 0.45 V, 0.50 V, 0.77 V, 0.94 V).  
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Table 11: Electrochemical properties of the oligomeric model compounds 12, 17, 19 and 22 

[a] In dichloromethane/nBu4NPF6 (0.1 M) vs. Fc/Fc+ at 100 mV/s. – [b] LUMO levels are calculated via the optical 
band gaps. – [c] Determined from the onset the oxidation waves and are related to the Fc/Fc+-couple with a 
calculated absolute energy of -4.8 eV.[67] – [d] Irreversible redox process, E° determined at I° = 0.855⋅Ip.[76] – [e] 
For comparison in parentheses values for the parent non-functionalized dihexyl-bithiophene,[f] tetrahexyl-
quaterthiophene,[g] hexahexyl-sexithiophene,[h] octahexyl-octithiophene.[72] 

 

 

The progressive extension of the conjugated oligomer chain leads to an increased number 

of redox-potentials which lie more closely together and are starting to overlap. While only 

one oxidation wave is observed for monomer 12, two and three appear for dimer 17 and 

trimer 19, respectively, leading to a final number of four redox waves in the case of tetramer 

22. Nevertheless, no reduction waves were observed down to potentials of -2.1 V vs. 

ferrocene/ferricenium. 

The increasing number of oxidation waves observed for longer conjugates chains suggests 

that in the highest measured oxidized state each repeating unit of the corresponding oligomers 

bears a radical cation. The fact that the monomer units are oxidized at different potentials is 

due to the electronic communication between the monomer units via the triple bonds. In this 

respect, an already oxidized monomer unit withdraws electron density from the adjacent 

monomer units, impeding their oxidation processes and consequently, shifts the 

corresponding redox processes to more positive values. This effect gets more pronounced the 

more radical cations are located on the oligomer backbone. 

A correlation of first oxidation potentials vs. the inverse number of atoms in the 

conjugated backbone of the oligomers 12, 17, 19 and 22 furnishes a clear linear relationship 

with an excellent correlation coefficient of R=0.9991 (Figure 14). This type of regression 

reveals a strong influence of the ethynylene moieties incorporated into the oligomer 

backbones on the electrochemical properties. In this respect, the corresponding oxidation 

potentials of the oligomers 12, 17, 19 and 22 are more positive compared to the those of the 

oligo(3-hexylthiophene)s (Figure 14). The influence of the triple bonds becomes more 

Compound E°Ox1 

 [V] [a] 
E°Ox2 

 [V] [a] 
E°Ox3 

 [V] [a] 
E°Ox4 

 [V] [a] 
LUMO 
[eV] [b] 

HOMO 
[eV] [c] 

Polymer 15     -2.84 -5.20 

12 0.75[d] 

(0.83)[e] (1.24)[e]   -2.28 
(-1.93)[e] 

-5.49 
(-5.52)[e] 

17 
0.56 

(0.43)[f] 
0.77 

(0.85)[f]   -2.61 
(-2.34)[f] 

-5.29 
(-5.16)[f] 

19 0.50 
(0.30)[g] 

0.62 
(0.43)[g] 

1.00 
(1.20)[g]  -2.71 

(-2.47)[g] 
-5.22 

(-5.04)[g] 

22 0.45 
(0.25)[h] 

0.50 
(0.34)[h] 

0.77 
(0.79)[h] 

0.94 
(1.21)[h] 

-2.73 
(-2.53)[h] 

-5.19 
(-4.98)[h] 
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pronounced with increasing length of the conjugated system as the slope of the regression is 

much steeper in the case of the oligo(3-hexylthiophene)s. 
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Figure 14:  First oxidation potentials (top) and HOMO energies (bottom) vs. the inverse number of atoms in 

the conjugated backbone of the oligomeric series ([—■—] oligomeric series 12, 17, 19 and 22, 
[⋅⋅⋅⋅ο⋅⋅⋅⋅] oligo(3-hexylthiophene)[72]). 
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A similar linear behaviour can be found for the HOMO-energies plotted vs. the inverse 

number of atoms in the conjugated backbone (Figure 15). This correlation shows the 

influence of the ethynylene moieties of the oligomers 12, 17, 19 and 22 on the HOMO levels 

by which these frontier orbitals are drastically lowered in energy with respect to the 

corresponding orbitals of the comparable oligo(3-hexylthiophene)s. The energetic differences 

between the corresponding HOMO levels becomes more pronounced with increasing length 

of the conjugated oligomers and is largest in the limiting case of an infinite chain. The 

electrochemical properties, which can be extrapolated to an ideal, infinite chain length are 

only rough estimates and do not reflect those of the corresponding real chains. Typically, a 

saturation of the properties is observed for oligothiophene chains longer than 10 repeating 

units, leading to significantly higher values.[72] 

A MO-scheme of the oligomeric series 12, 17, 19 and 22 is depicted in figure 15, showing 

the HOMO levels which are determined from the onset of the first oxidation processes, while 

the LUMO levels are calculated from the corresponding optical band gaps. The elongation of 

the conjugated chain is accompanied by a progressive decrease of the HOMO energies from 

bithiophene 12 (-5.49 eV) to tetramer 22 (-5.19 eV). At the same time, the energetic levels of 

the corresponding LUMOs are decreasing in energy from 12 (-2.28 eV) to tetramer 22           

(-2.73 eV), resulting in a gradual decline of the HOMO-LUMO band gap with increasing 

length of the conjugated oligomer backbone. 
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Figure 15:  MO Scheme of the oligomeric model compounds 12, 17, 19 and 22. 
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8.5  Photovoltaic performance of polymers 6 and 15 

 
Polymer-fullerene solar sells were fabricated by using the polymers 6 and 15 as electron 

donors and PCBM as the electron acceptor. Photovoltaic cells were made by sandwiching the 

photoactive blends, consisting of PCBM and the polymers 6 or 15 between charge-selective 

electrodes. ITO/PEDOT:PSS (ITO: indium tin oxide; PEDOT: poly(3,4-

ethylenedioxythiophene; PSS: poly(styrene sulfonate) was used as a transparent, high-work-

function cathode to collect the holes, and LiF/Al[77] as a low-work-function anode for electron 

collection (Figure 16). Devices made from polymer 15 consisted of photoactive layers of 

different w/w-ratios with PCBM, ranging from 1:1 to 1:4. The photoactive layers were spin-

coated from the corresponding polymer:PCBM solutions in either chlorobenzene or ortho-

dichlorobenzene at various speeds of rotation (Table 12). 

The manufactured solar cells, covering an area of 0.1 cm2, were characterized by current-

voltage behaviour determined in the dark and under illumination with a tungsten halogen 

lamp. The spectral response of the devices was obtained by measuring the U/I curves upon 

monochromatic illumination in the 410-750 nm region. In this way the external quantum 

efficiency (EQE) of the device corresponding to the number of electrons created per photon, 

can be obtained from the short-circuit currents at the corresponding wavelength. The ISC of 

these photovoltaic devices obtained under standard test condition (AM1.5G, 1000 W/m2) can 

be estimated by integrating the EQE-spectra. 
 

 
Figure 16: Device architecture of the polymer-fullerene bulk heterojunction photovoltaic devices. 

 
The devices spin-coated from chlorobenzene solutions of polymer 15 exhibited high open-

circuit voltages of approximately VOC = 1.0 V, which is about 450 mV higher than the VOC of 

a comparable HT-P3HT:PCBM polymer-fullerene device.[21] The high open-circuit voltage 

is independent of the amount of PCBM in the photoactive layer and is due to the lower lying 

HOMO of 15 in comparison with HT-P3HT. However, the measured short-circuit currents 

are lower than those of an optimized HT-P3HT:PCBM polymer-fullerene device. The best 
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device exhibits a current density of about JSC = 3.2 mA/cm2, whereas JSC = 8.5 mA/cm2 can 

be reached using HT-P3HT as the donor polymer. It can be seen from the series of different 

fabricated photovoltaic devices that the current density and therefore, the energy conversion 

efficiencies, are increasing when the amount of PCBM used for the photoactive layer is 

enlarged (Figure 17). 
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Figure 17:  Linear (left) and logarithmic (right) U/I-characteristics of the polymer 15:fullerene solar cells with 
varying polymer:PCBM w/w-ratios of 1:1 (A), 1:2 (B) and 1:4 (C), spin-coated from 
chlorobenzene. 
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While the device fabricated from a 1:1-blend of polymer 15 and PCBM has an JSC of    

1.8 mA/cm2 (Figure 17A), the current density increases to JSC = 2.6 mA/cm2 for a 1:2-blend 

(Figure 17B) and reaches a maximum of JSC = 3.1 mA/cm2 in the case of a 1:4-mixture 

(Figure 17C), which corresponds to an estimated maximum power conversion efficiency of   

η = 1.1 % under AM 1.5 conditions. Furthermore, the short-circuit current depends on the 

thickness of the photoactive layer and is generally larger for thicker devices, which were spin-

coated at lower speeds of rotation (Table 12). 

 

 
Table 12: Characterization of the differently fabricated polymer 15:PCBM and polymer 6:PCBM solar cells in 

comparison with a HT-P3HT:PCBM reference device 

 [a] Estimated from the integrated EQE-spectra. – [b] Polymer 15 spin-coated from a 1 wt-% chlorobenzene 
solution. – [c] Polymer 15 spin-coated from a 1.5 wt-% chlorobenzene solution. – [d] Polymer 15 spin-coated from 
a 2 wt-% ortho-dichlorobenzene solution. – [e] Polymer 6 spin-coated from a 1.5 wt-% chlorobenzene solution. – 
[f] Values taken from literature.[21] 

 

 

Entry RPM Polymer:fullerene ratio JSC [mA/cm2] [a] VOC
 [V] FF η [%] 

1[b] 1000 15:PCBM    [1:1] 1.78 1.03 0.29 0.43 

2[b] 750 15:PCBM   [1:1] 1.84 1.03 0.28 0.53 

3[b] 500 15:PCBM    [1:1] 1.80 1.02 0.26 0.48 

4[b] 1000 15:PCBM    [1:2] 1.88 1.00 0.40 0.75 

5[b] 750 15:PCBM    [1:2] 2.24 1.01 0.37 0.84 

6[b] 500 15:PCBM   [1:2] 2.62 1.01 0.34 0.90 

7[c] 1000 15:PCBM    [1:4] 2.95 0.99 0.38 1.11 

8[c] 750 15:PCBM   [1:4] 3.12 1.01 0.36 1.13 

9[c] 500 15:PCBM    [1:4] 3.20 0.99 0.32 1.01 

10[d] 750 15:PCBM    [1:4] 2.58 0.77 0.28 0.56 

11[d] 500 15:PCBM    [1:4] 1.59 0.90 0.25 0.36 

12[e] 750 6:PCBM     [1:4] 1.05 0.71 0.29 0.21 

13 [f]  HT-P3HT:PCBM [1:2] 8.5 0.55 0.60 3.5 
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The large rectification ratios, as the division of the current densities at negative bias in the 

dark and under illumination, indicate that the cells are not shorted. Therefore, the relatively 

low FF of 28 to 38 % can be attributed to a large series resistance which is due to low charge-

carrier mobilities or barriers for charge injection at the electrodes. For comparison an 

optimized HT-P3HT:PCBM polymer-fullerene device has fill factors as high as 60 %. 

The EQE-spectra demonstrate large external quantum efficiencies in the range between 

400 and 550 nm for the devices made of a 1:4-blend of polymer 15 and PCBM, exhibiting a 

maximum EQE of 42 % at 450 nm. This is comparable to a device fabricated from a 1:4-

blend of MDMO-PPV and PCBM which shows a maximum EQE of 50 % at 470 nm.[78] 

In the case of a 1:2-blend the EQEs are somewhat lower with a maximum of 37 % at      

450 nm, whereas the 1:1-blend reveals considerable decreased efficiencies with a maximum 

of 24 % at 470 nm (Figure 18). 

 

450 500 550 600 650 700 750
0

5

10

15

20

25

30

35

40

45

 

EQ
E 

[%
]

Wavelength [nm]
 

Figure 18:  EQE-spectra of the polymer 15:fullerene solar cells with varying polymer:PCBM w/w-ratios of 1:1 
(■), 1:2 (●) and 1:4 (▲).  

 
 

 

The EQE-spectra as well as the UV-Vis absorption spectra (Figure 19) demonstrate 

clearly that the maximum absorption of the polymer-fullerene blend does not match the solid 

state absorption maximum of 501 nm of the pristine polymer 15. When the superpositioned 

absorption of PCBM is subtracted from the overall absorption of the photoactive layer, the 

absorption maximum of the polymer in the solid state can be calculated to 470 nm. Although, 
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this is hypsochromically shifted with respect to the corresponding spectrum obtained from 

chloroform solution, it does not match the solid state absorption of the pristine polymer. 

A similar blue-shift of the polymer-fullerene mixture in the solid state with respect to the 

pure polymer film has been reported for the very efficient HT-P3HT:PCBM solar cells. In 

the latter case, the problem was overcome by annealing the solar cells after the spin-coating 

process at 75 °C, which is above the glass transition temperature of HT-P3HT. When the 

solar cell was annealed a huge red-shift of the absorption of the photoactive layer was evident 

and a tremendous increase of the efficiency from η = 0.4 % of the untreated device to               

η = 2.5 % was achieved. 

The same process of annealing was applied to solar cells consisting of a 1:4-blend of 

polymer 15 and PCBM. Even at temperatures of up 120 °C no change in the solid state 

absorption spectra were observed. However, when the photovoltaic devices were annealed at 

75 °C for 1 minute a significant performance decrease of about 15 % was observed. 
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Figure 19:  Absorption spectra of the polymer 15:fullerene layers with varying polymer:PCBM w/w-ratios of 
1:1 (—), 1:2 (—) and 1:4 (—) in comparison with PCBM (—). 

 

Changing the solvent from chlorobenzene to ortho-dichlorobenzene for the spin-coating 

process affected the morphology of the photoactive layer. The resulting devices were inferior 

to the corresponding devices spin-coated from chlorobenzene solutions. Besides the worse 

diode behaviour in the dark, these devices had a lower short-circuit current (JSC = 2.58 V), 

open-circuit voltage (VOC = 0.77 V) as well as a lower fill factor (FF = 28 %), resulting in an 

approximately halved energy conversion efficiency of 0.56 % (Figure 20). 
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Figure 20:  Linear (left) and logarithmic (right) U/I-characteristics of the polymer 15:fullerene solar cell with a 
polymer:PCBM w/w-ratio of 1:4, spin-coated from ortho-dichlorobenzene. 

 
 

 

The optimized device setup of the polymer 15:PCBM solar cell was adapted for the 

fabrication of photovoltaic devices with polymer 6. Hence, a 1:4-blend of polymer 6 and 

PCBM was spin-coated from the corresponding chlorobenzene solution. According to the 

HOMO level of polymer 6, that is lower in energy by about 100 meV, a higher open-circuit 

voltage of the corresponding solar cell is expected. However, the polymer 6:PCBM devices 

were inferior to the comparable devices manufactured from polymer 15. The best solar cell 

exhibited an open-circuit voltage of VOC = 0.71 V and a short-circuit current of JSC =           

1.0 mA/cm2. With the fill factor of FF = 29 %, a power conversion efficiency of η = 0.2 % 

was obtained (Figure 21). 
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Figure 21:  Linear (left) and logarithmic (right) U/I-characteristics of the polymer 6:fullerene solar cell with a 

polymer:PCBM w/w-ratio of 1:4, spin-coated from chlorobenzene. 
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The UV-Vis absorption spectrum of the photoactive layer (Figure 22) revealed a 

maximum of the polymer absorption at 455 nm, which is in good agreement with the 

maximum EQE of 13 % observed at 450 nm. However, the calculated absorption maximum 

of the polymer dissolved in the solid fullerene is red-shifted with respect to the pristine 

polymer film, which exhibits a maximum absorption at 445 nm. 
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Figure 22:  EQE-spectrum (top) and UV-Vis absorption spectrum (bottom) of the polymer 6:fullerene solar 
cell (—), with a polymer:PCBM w/w-ratios of 1:4 in comparison with PCBM (—). 
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The lower performance of the photovoltaic devices made from polymer 6 might be due to 

the low molecular weight of this polymer in comparison with polymer 15, whose number 

average molecular mass is almost four times as high. The film forming properties of the low 

molecular weight polymer 6 were rather poor and therefore, the morphology of the active 

layer is not expected to be ideal for a reasonable photovoltaic performance. In this respect, the 

photoactive layer was characterized by poor charge transport properties. 

 

In summary, the performance of the photovoltaic devices manufactured from polymer 15 

and PCBM showed a strong dependence on the polymer:PCBM w/w ratio. The best devices 

obtained from a w/w 1:4-ratio revealed a power conversion efficiency of η = 1.1 % and an 

excellent open-circuit voltage of VOC = 1.01 V, which is almost twice as high compared to the 

state-of-the-art HT-P3HT:PCBM solar cell (VOC = 0.55 V). However, in this respect the 

mediocre short-circuit current (JSC = 3.12 mA/cm2) and fill factor (FF = 0.36) can be 

attributed to transport problems within the photoactive layer and a significantly blue-shifted 

absorption of the active layer with respect to the pure polymer 15. Neither a change of the 

solvent used for the spin-coating process nor a post-production annealing process resulted in 

any efficiency improvements. Furthermore, polymer-fullerene devices fabricated from 

polymer 6 exhibited only mediocre power conversion efficiencies (η = 0.6 %) as a result of 

the low molecular weight of polymer 6. 
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8.6  Experimental section 

 
8.6.1  General procedures 

 
1H NMR spectra were recorded in CDCl3 on a Bruker AMX 400 at 400 MHz. 13C NMR 

spectra were recorded in CDCl3 on a Bruker AMX 400 at 100 MHz. Chemical shifts are 

denoted in δ unit (ppm), and were referenced to internal tetramethylsilane (0.0 ppm). The 

splitting patterns are designated as follows: s (singlet), d (doublet), t (triplet), quin (quintet), 

and m (multiplet) and the assignments are Th (thiophene) for 1H NMR. Mass spectra were 

recorded with a Varian Saturn 2000 GC-MS and with a MALDI-TOF MS Bruker Reflex 2 

(dithranol as the matrix). Elemental analyses were performed on an Elementar Vario EL. 

Melting points were determined with a Büchi B-545 melting point apparatus and are not 

corrected. Gas chromatography was carried out using a Varian CP-3800 gas chromatograph. 

HPCL analyses were performed on a Shimadsu SCL-10A equipped with a SPD-M10A 

photodiode array detector and a SC-10A solvent delivery system using a LiChrosphor column 

(Silica 60, 5 µm, Merck). Thin-layer chromatography was carried out on Silica Gel 60 F254 

aluminium plates (Merck). Developed plates were dried and examined under a UV lamp. 

Preparative column chromatography was carried out on glass columns of different sizes 

packed with silica gel Merck 60 (40-63 µm). GPC-measurements were performed on a 

Hitachi L-7200 equipped with a L-7490 RI detector and a L-7100 solvent delivery system 

using a PSS column (SDV, 5 µm, 105 Å). UV-Vis spectra were taken on a Perkin-Elmer 

Lambda 19 in 1 cm cuvettes. Thin uniform films for solid state spectra were obtained on a 

POLOS wafer spinner from the corresponding toluene solution (10 mg/ml) at 2000 rpm onto a 

glass substrate. Fluorescence spectra were measured with a Perkin-Elmer LS 55 in 1 cm 

cuvettes. Fluorescence quantum yields were determined with respect to N-(2,6-

diisopropylphenyl)perylene-3,4-dicarboximide (PDCI) (Φ = 0.9 in chloroform[66]) and 9,10-

diphenylanthracene (Φ = 0.9 in hexane[75]).  Cyclic voltammetry experiments were performed 

with a computer-controlled EG&G PAR 273 potentiostat in a three-electrode single-

compartment cell (5 ml). The platinum working electrode consisted of a platinum wire sealed 

in a soft glass tube with a surface of A = 0.785 mm2, which was polished down to 0.5 µm 

with Buehler polishing paste prior to use in order to obtain reproducible surfaces. The counter 

electrode consisted of a platinum wire and the reference electrode was an Ag/AgCl secondary 

electrode. All potential were internally referenced to the ferrocene/ferricenium couple.[67] 
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Solid-state cyclic voltammetry was performed by drop-casting the polymer containing toluene 

solution onto the platinum electrode. The measurements were carried out in freshly distilled 

and deairated solvents. Acetonitrile (Lichrosolv, Merck) was used for the solid state 

experiments while dichlormethane (Lichrosolv, Merck) with 10-3 mol/l of the electroactive 

species has used for the solution measurements and 0.1 M tetrabutylammonium hexafluoro-

phosphate (nBu4NPF6, Fluka) which was twice recrystallized from ethanol and dried under 

vacuum prior to use. Solvents and reagents were purified and dried by usual methods prior to 

use and typically used under inert gas atmosphere. The following starting materials were 

purchased and used without further purification: N-Chlorosuccinimide (Meck), iodine 

(Merck), ethynyl-triisopropyl-silan (Fluka), n-tetrabutylammonium fluoride (Merck), 

PEDOT:PSS (HC-Stark). [HP(t-Bu)3]BF4,[36] Pd2(dba)3,[79] Pd(PPh3)4,[80] Pd(PPh3)2Cl2,[81] 

HT-P3HT[57] and PCBM[82] were prepared according to literature procedures. 

The photovoltaic devices were prepared by spin coating EL-grade PEDOT:PSS onto pre-

cleaned, patterned indium tin oxide substrates (14 Ω per square). The photoactive layer was 

deposited by spin coating from the appropriate solvent. The counterelectrode of LiF (1 nm) 

and aluminum (100 nm) was deposited by vacuum evaporation at 10-6 mbar. The active area 

of the cell was 0.1 cm2. U/I characteristics were measured under 180 W/cm2 white-light from 

a tungsten-halogen lamp filtered by a Schott KG3 filter. IPCE measurements were performed 

using monochromatic light from a xenon lamp-SPEX monochromator combination and 

measuring the light intensity using a silicon detector, calibrated for each wavelength. 

The experiments were carried out in a nitrogen-filled glove box to prevent degradation of the 

device by water or oxygen, which is commonly observed for polymer devices.  

 
 
 

8.6.2  Synthesis 

 
(3-Hexyl-thien-2-ylethynyl)triisopropyl-silane (3): 

1 (2.97 g, 12.0 mmol), ethynyl-triisopropyl-silan 2 (2.65 g, 14.0 mmol), CuI 

(114 mg, 0.6 mmol) and Pd(PPh3)2Cl2 (211 mg, 0.3 mmol) were added to      

30 ml piperidine. After the reaction mixture was carefully degassed it was 

stirred at 90 °C for 1 hour. After the reaction was completed the mixture was poured into 

water (50 ml) and was acidified with concentrated hydrochloric acid (pH = 1). The organic 

layer was taken off while the water phase was extracted with dichloromethane. The combined 

organic phases were dried with magnesium sulphate and the solvent was removed by rotary 

SSi

H13C6
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evaporation. The crude product was purified by bulb-to-bulb distillation to give 3 (4.02 g,     

96 %) as a clear, viscous liquid. 
1H NMR (400 MHz, CDCl3): δ = 7.11 (d, J=5.0 Hz, 1H, 5-H), 6.83 (d, J=5.0 Hz, 1H, 4-H), 

2.71 (t, J=7.7 Hz, 2H, -CH2), 1.61 (quin, J=7.7 Hz, 2H, β-CH2), 1.38-1.23 (m, 6H, -CH2-), 

1.15-1.05 (m, 21H, Si-CH-(CH3)2, Si-CH-(CH3)2), 0.88 (t, J=6.8 Hz, 3H, -CH3); 
13C NMR (100 MHz, CDCl3): δ = 149.55, 129.01, 126.44, 119.59, 100.06, 98.02, 32.59, 

31.29, 30.62, 29.98, 23.53, 19.59, 15.00, 12.22; 

MS (EI): m/z [M+] = 348; 

Elemental analysis: calcd (%) for C21H36SSi: C 72.34, H 10.41, S 9.20; found C 72.49, H 

10.57, S 9.01. 

 

(3-Hexyl-5-iodo-thien-2-ylethynyl)triisopropyl-silane (4): 

A suspension of 3 (4.01 g, 11.5 mmol) and mercury caproate (5.00 g,     

11.6 mmol) in 23 ml dry chloroform was stirred at room temperature for   

24 hours. After the mercury compound was completely dissolved iodine 

(3.10 g, 12.2 mmol) was added and the mixture was stirred for another hour. Next the 

precipitate was filtered off and the solvent was removed by rotary evaporation. The crude 

product was purified by column chromatography (SiO2 / petrol ether) to give 4 (4.31 g, 79 %) 

as a yellow, viscous oil. 
1H NMR (400 MHz, CDCl3): δ = 6.97 (s, 1H, 5-H), 2.66 (t, J=7.7 Hz, 2H, -CH2), 1.57 

(quin, J=7.7 Hz, 2H, β-CH2), 1.37-1.22 (m, 6H, -CH2-), 1.15-1.05 (m, 21H, Si-CH-(CH3)2, Si-

CH-(CH3)2), 0.87 (t, J=6.8 Hz, 3H, -CH3); 
13C NMR (100 MHz, CDCl3): δ = 151.02, 138.84, 125.73, 100.20, 98.62, 74.27, 32.52, 31.17, 

30.33, 29.87, 23.49, 19.56, 14.98, 12.16; 

MS (EI): m/z [M+] = 474; 

Elemental analysis: calcd (%) for C21H35ISSi: C 53.15, H 7.43, S 6.76; found C 52.89, H 

7.21, S 6.52. 

 

2-Ethynyl-3-hexyl-5-iodothiophene (5): 

4 (2.14 g, 4.5 mmol) was dissolved in 20 ml THF and caesium fluoride   (2.04 g, 

13.5 mmol) dissolved in 5 ml methanol was added. The resulting solution was 

degassed and was stirred for 2 hours at 70 °C. After the reaction was completed the mixture 

was poured into water and the organic layer was taken off while the water phase was 

extracted with petrol ether. The combined organic phases were dried with magnesium 

SSi

H13C6

I

S

H13C6
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sulphate and the solvent was removed by rotary evaporation. The crude product was purified 

by column chromatography (SiO2 / petrol ether) to give 5 as a yellow, viscous oil.  
1H NMR (400 MHz, CDCl3): δ = 7.00 (s, 1H, 5-H), 3.55 (s, 1H, C≡CH),  2.66 (t, J=7.7 Hz, 

2H, -CH2), 1.57 (quin, J=7.7 Hz, 2H, β-CH2), 1.35-1.25 (m, 6H, -CH2-), 0.88 (t, J=6.8 Hz, 

3H, -CH3); 
13C NMR (100 MHz, CDCl3): δ = 150.82, 138.03, 123.20, 84.99, 75.60, 74.31, 31.69, 30.21, 

29.27, 28.97, 22.71, 14.24; 

MS (EI): m/z [M+] = 318. 

 

Poly(1,2-ethynediyl(3-hexyl-thiene-2,5-diyl) (6): 

5 (954 mg, 3 mmol) and CuI (57 mg, 0.3 mmol) were dissolved in 30 ml dry 

toluene. The resulting solution was degassed prior to the addition of the 

catalyst (Pd2(dba)3 [77 mg, 0.075 mmol], [HP(t-Bu3)]BF4 [87 mg, 0.3 mmol]). 

After the resulting orange solution was carefully degassed it was stirred at room temperature 

for 3 days. Next the solvent was removed by rotary evaporation and the residue was dissolved 

in chloroform. The organic phase had been washed with 2M sulfuric acid three times before it 

was dried with magnesium sulphate. After the brownish solution was concentrated in vacuum 

the polymer was precipitated by pouring the polymer solution into 50 ml methanol. The black 

residue was treated in a sonic bath with 50 ml methanol, 50 ml n-hexane and 50 ml 

chloroform for 15 min, respectively. The solid been filtered off and was dried in vacuum to 

give the black polymer 6 (460 mg, 81 %). 
1H NMR (400 MHz, CDCl3): δ = 7.00 (s, 1H, 5-H), 2.75-2.69 (m, 2H, -CH2), 1.68-1.58 (m, 

2H, β-CH2), 1.40-1.25 (m, 6H, -CH2-), 0.92-0.86 (m, 3H, -CH3); 
13C NMR (100 MHz, CDCl3): δ = 148.50, 133.01, 123.33, 119.74, 89.56, 86.84, 31.59, 30.06, 

29.57, 28.84, 22.59, 14.11; 

GPC (polysytrene, CHCl3, 30°C): Mn = 6300 g/mol, Mw = 12600 g/mol. 
 

2-Chloro-3-hexylthiophene (8): 

7 (16.83 g, 0.1 mol) was dissolved in 10 ml acetic acid. After addition of               

NCS (13.35 g, 0.1 mol) the resulting suspension was stirred at room temperature 

and was gently heated until the white solid had completely dissolved. The resulting hot, pale 

yellow solution was stirred until it was cooled down to room temperature. Then, the obtained 

yellow suspension was poured into 100 ml of water and the organic layer was taken off while 

the water phase was extracted with dichloromethane. The combined organic phases were 
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washed with 50 ml 1M NaOH solution, 50 ml water, 50 ml brine and were dried with MgSO4. 

After the solvent was removed by rotary evaporation distillation under vacuum afforded 8 

(16.2 g, 80 %) as a clear liquid. 

B.p.: 69 °C (1.4⋅10-2 mbar); 
1H NMR (400 MHz, CDCl3): δ = 7.01 (d, J=5.8 Hz, 1H, 5-H), 6.78 (d, J=5.8 Hz, 1H, 4-H), 

2.56 (t, J = 7.6 Hz, 2H, -H), 1.60-1.52 (m, 2H, β-H), 1.32-1.29 (m, 6H, -CH2-), 0.88 (t, J = 

6.4 Hz, 3H, -CH3); 
13C NMR (100 MHz, CDCl3): δ = 139.20, 127.90, 124.40, 121.90, 31.60, 29.60, 28.90, 27.90, 

22.60, 14.00; 

MS (EI): m/z [M+] = 202; 

Elemental analysis: calcd (%) for C10H15ClS: C 59.24, H 7.46, S 15.81; found C 59.45, H 

7.59, S 15.98. 

 

2-Chloro-3-hexyl-5-iodothiophene (9): 

8 (5.10 g, 25 mmol) and mercury acetate (7.98 g, 25 mmol) in 25 ml dry 

chloroform was stirred at room temperature for 24 hours. After the mercury 

compound was completely dissolved iodine (6.60 g, 26 mmol) was added and the mixture was 

stirred for another hour. Next the precipitate was filtered off. After the solvent was removed 

by rotary evaporation 9 was obtained by distillation under vacuum as a yellow, viscous liquid 

(6.2, 75 %). 

B.p.: 100 °C (1.2⋅10-2 mbar); 
1H NMR (400 MHz, CDCl3): δ = 6.97 (s, 1H, 4-H), 2.52 (t, J = 7.7 Hz, 2H, -H), 1.56-1.49 

(m, 2H, β-H), 1.31-1.28 (m, 6H, -CH2-), 0.88 (t, J = 6.4 Hz, 3H, -CH3); 
13C NMR (100 MHz, CDCl3): δ = 141.50, 137.70, 127.70, 68.30, 31.60, 29.60, 28.90, 27.80, 

22.70, 14.20; 

MS (EI): m/z [M+] = 328; 

Elemental analysis: calcd (%) for C10H14ClIS: C 36.55, H 4.29, S 9.76; found C 36.76, H 

4.12, S 9.95. 

 

5-Chloro-4,3’-dihexyl-2,2’-bithiophene (11): 

A solution of 9 (2.10 g, 6.4 mmol) and the pinacol bornic ester 10 (2.44 g,   

8.3 mmol) in 20 ml DME was carefully degassed prior to addition of 12.5 ml 

(25 mmol) of a 2 molar tripotassium phosphate solution. The resulting 

emulsion was degassed and the catalyst (Pd2(dba)3 [66 mg, 64 µmol], [HP(t-Bu)3]BF4 [37 mg, 

S
S

H13C6
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Cl
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64 µmol]) was added. Next, the mixture was degassed and was stirred at room temperature for 

24 hours. Then it was poured into water (50 ml) and the organic phase was separated while 

the aqueous phase was extracted with dichloromethane. The combined extracts were dried 

over magnesium sulphate and the solvent was removed by rotary evaporation. The crude 

product was first filtered over a short silica column to remove the catalytic residues and then 

purified by bulb-to-bulb distillation to yield bithiophene 11 (1.80 g, 76 %) as a yellow liquid. 
1H NMR (400 MHz, CDCl3): δ = 7.16 (d, J = 5.1 Hz, 1H, 5’-H), 6.92 (d, J = 5.1 Hz, 1H, 4’-

H), 6.81 (s, 1H, 3-H),  2.72 (t, J = 7.8 Hz, 2H, ’-H), 2.59 (t, J = 7.6 Hz, 2H, -H), 1.67-1.59 

(m, 4H, β,β’-H), 1.42-1.28 (m, 12H, -CH2-), 0.96-0.85 (m, 6H, -CH3); 
13C NMR (100 MHz, CDCl3): δ= 140.06, 139.75, 132.73, 130.14, 130.04, 126.71, 124.13, 

123.99, 31.80, 31.77, 30.86, 29.71, 29.33, 29.26, 29.07, 28.18, 22.77, 22.75, 14.23, 14.21; 

MS (EI): m/z [M+] = 368; 

Elemental analysis: calcd (%) for C20H29ClS2: C 65.09, H 7.92, S 17.38; found C 65.31, H 

8.08, S 17.31. 

 

(4,3’-Dihexyl-2,2’-bithien-5-ylethynyl)triisopropyl-silane (12): 

11 (2.20 g, 6.0 mmol), ethynyl-triisopropyl-silan 2 (1.31 g, 7.2 mmol) 

and CuI (57 mg, 0.3 mmol) were added to 12 ml piperidine. The 

resulting solution was degassed prior to the addition of the catalyst 

(Pd2(dba)3 [78 mg, 75 µmol], [HP(t-Bu)3]BF4 [87 mg, 0.3 mmol]). After the reaction mixture 

was carefully degassed it was stirred at 100 °C for 3 hours. Next, the mixture was poured into 

water (50 ml) and was acidified with concentrated hydrochloric acid (pH = 1). The organic 

layer was taken off while the water phase was extracted with dichloromethane. The combined 

organic phases were dried with magnesium sulphate and the solvent was removed by rotary 

evaporation. The crude product was purified by column chromatography (SiO2 / petrol ether) 

to give 12 (2.45 g, 79 %) as a yellow, viscous oil. 
1H NMR (400 MHz, CDCl3): δ =  7.14 (d, J=5.2 Hz, 1H, 5’-H), 6.91 (d, J=5.2 Hz, 1H, 4’-H), 

6.84 (s, 1H, 3-H), 2.74 (t, J=7.8 Hz, 2H, ’-H), 2.69 (t, J=7.7 Hz, 2H, -H), 1.66-1.58 (m, 4H, 

β,β’-H), 1.45-1.25 (m, 12H, -CH2-), 1.15-1.10 (m, 21H, Si-CH-(CH3)2, Si-CH-(CH3)2), 0.88 

(t, J=6.7 Hz, 6H, -CH3); 
13C NMR (100 MHz, CDCl3): δ = 149.01, 140.02, 135.97, 130.40, 130.09, 126.71, 123.87, 

118.32, 98.97, 98.34, 31.68, 31.65, 30.30, 29.85, 29.25, 29.19, 29.08, 22.62, 18.70, 14.08, 

11.33; 

MS (EI): m/z [M+] = 515; 
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Elemental analysis: calcd (%) for C31H31S2Si: C 72.31, H 9.79, S 12.45; found C 72.53, H 

9.98, S 12.74. 

 

(4,3’-Dihexyl-5’-iodo-2,2’-bithien-5-ylethynyl)triisopropyl-silane (13): 

A suspension of 12 (2.06 g, 4.0 mmol) and mercury caproate (1.72 g, 

4.0 mmol) in 15 ml dry chloroform was stirred at room temperature 

for 24 hours. After the mercury compound was completely dissolved 

iodine (1.07 g, 4.4 mmol) was added and the mixture was stirred for another hour. Next the 

precipitate was filtered off and the solvent was removed by rotary evaporation. The crude 

product was purified by column chromatography (SiO2 / petrol ether) to give 13 (2.23 g,       

87 %) as a yellow, viscous oil. 
1H NMR (400 MHz, CDCl3): δ = 7.04 (s, 1H, 4’-H), 6.78 (s, 1H, 3-H), 2.71-2.65 (m, 4H, 

,’-H), 1.66-1.56 (m, 4H, β,β’-H), 1.40-1.25 (m, 12H, -CH2-), 1.15-1.10 (m, 21H, Si-CH-

(CH3)2, Si-CH-(CH3)2), 0.88 (t, J=6.7 Hz, 6H, -CH3); 
13C NMR (100 MHz, CDCl3): δ = 148.99, 141.79, 139.81, 136.39, 134.39, 127.09, 118.92, 

98.90, 97.15, 71.83, 31.66, 31.59, 30.51, 30.26, 29.80, 29.09, 29.06, 28.90, 22.61, 22.58, 

18.68, 14.07, 11.31; 

MS (EI): m/z [M+] = 640; 

Elemental analysis: calcd (%) for C31H30IS2Si: C 58.10, H 7.71, S 10.01; found C 57.93, H 

7.51, S 9.94. 

 

5’-Ethynyl-3,4’-dihexyl-5-iodo-2,2’-bithiophene (14): 

13 (640 mg, 1 mmol) was dissolved in 5 ml THF and caesium fluoride    

(755 mg, 5 mmol) dissolved in 1 ml methanol was added. The resulting 

solution was degassed and was stirred for 2 hours at 70 °C. After the 

reaction was completed the mixture was poured into water and the organic layer was taken off 

while the water phase was extracted with dichloromethane. The combined organic phases 

were dried with magnesium sulphate and the solvent was removed by rotary evaporation. The 

crude product was purified by column chromatography (SiO2 / petrol ether) to give 14 as a 

yellow, viscous oil.  
1H NMR (400 MHz, CDCl3): δ = 7.04 (s, 1H, 4’-H), 6.78 (s, 1H, 3-H), 3.50 (s, 1H, C≡CH),  

2.71-2.65 (m, 4H, ,’-H), 1.66-1.52 (m, 4H, β,β’-H), 1.40-1.25 (m, 12H, -CH2-), 0.90-0.85 

(m, 6H, -CH3); 
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13C NMR (100 MHz, CDCl3): δ = 149.52, 142.12, 139.97, 136.25, 135.24, 127.08, 117.33, 

84.56, 76.48, 72.16, 31.71, 30.67, 30.18, 29.61, 29.23, 29.07, 29.03, 22.70, 14.18, 14.17, 

12.46, 12.18; 

MS (EI): m/z [M+] = 484. 

 

Poly(1,2-ethynediyl(4,3’-dihexyl-2,2’-bithiene-5,5’-diyl) (15):  

14 (387 mg, 0.8 mmol) and CuI (15 mg, 0.08 mmol) were dissolved in 

10 ml dry toluene. The resulting solution was degassed prior to the 

addition of the catalyst (Pd2(dba)3 [21 mg, 20 µmol], [HP(t-Bu)3]BF4 

[23 mg, 80 µmol]). After the resulting orange solution was carefully degassed it was stirred at 

room temperature for 3 days. Next the solvent was removed by rotary evaporation and the 

residue was dissolved in chloroform. The organic phase had been washed with 2M sulfuric 

acid three times before it was dried with magnesium sulphate. After the brownish solution 

was concentrated in vacuum the polymer was precipitated by pouring the polymer solution 

into 20 ml methanol. The black residue was treated in a sonic bath with 50 ml methanol,      

50 ml n-hexane and 50 ml chloroform for 15 min, respectively. The solid been filtered off and 

was dried in vacuum to give the black polymer 15 (240 mg, 84 %). 
1H NMR (400 MHz, CDCl3): δ = 7.09 (s, 1H, 4’-H), 6.93 (s, 1H, 3-H), 2.80-2.65 (m, 4H, 

,’-H), 1.75-1.58 (m, 4H, β,β’-H), 1.45-1.25 (m, 12H, -CH2-), 0.85-0.95 (m, 6H, -CH3); 
13C NMR (100 MHz, CDCl3): δ =148.86, 140.27, 136.16, 135.02, 132.66, 127.26, 121.20, 

118.24, 89.95, 87.20, 31.81, 31.78, 30.54, 30.29, 29.83, 29.57, 29.34, 29.08, 22.78, 22.77, 

14.28, 14.23; 

GPC (polysytrene, CHCl3, 30°C): Mn = 23500 g/mol, Mw = 34800 g/mol. 
 

({5’-[(3,4’-Dihexyl-2,2’-bithien-5-yl)ethynyl]-3,4’-dihexyl-2,2’-bithien-5-

yl}ethynyl)triisopropyl-silane (17): 

13 (513 mg, 0.8 mmol), 16 (414 mg (0.96 mmol), CuI 

(15 mg, 0.08 mmol) and Pd(PPh3)2Cl2 (28 mg,            

0.04 mmol) were dissolved in 4 ml piperidine. After the 

resulting yellow solution was carefully degassed it was stirred at 60 °C for 1 hour. When the 

reaction was completed the mixture was poured into water and was acidified with 

concentrated hydrochloric acid (pH = 1). The organic layer was taken off while the water 

phase was extracted with dichloromethane. The combined organic phases were dried with 

magnesium sulphate and the solvent was removed by rotary evaporation. The crude product 
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was purified by column chromatography (SiO2 / petrol ether) to give 17 (570 mg, 82 %) as a 

yellow, viscous oil. 
1H NMR (400 MHz, CDCl3): δ = 7.16 (d, J=5.3 Hz, 1H, 5’’’-H); 7.06 (s, 1H, 4’-H), 6.92 (d, 

J=5.3 Hz, 1H, 4’’’-H); 6.90 (s, 1H, 3-H), 6.87 (s, 1H, 3’’-H),  2.79-2.67 (m, 8H, -H), 1.72-

1.60 (m, 8H, β-H), 1.45-1.30 (m, 24H, -CH2-), 1.14 (s, 21H, Si-CH-(CH3)2, Si-CH-(CH3)2), 

0.90-0.80 (m, 12H, -CH3); 
13C NMR (100 MHz, CDCl3): δ = 149.22, 148.76, 140.31, 140.11, 137.18, 135.15, 134.80, 

132.58, 130.51, 130.35, 127.15, 126.97, 124.12, 121.26, 119.08, 117.62, 99.15, 98.97, 89.42, 

87.17, 31.82, 31.79, 30.78, 30.50, 30.41, 30.30, 29.97, 29.86, 29.53, 29.44, 29.39, 29.28, 

29.22, 29.09, 22.78, 22.76, 22.75, 18.85, 14.27, 14.21, 11.50; 

MS (MALDI-TOF): m/z [M+H+] = 871; 

Elemental analysis: calcd (%) for C53H78S4Si: C 73.04, H 9.02, S 14.72; found C 73.23, H 

9.11, S 15.01. 

 

5’-({5’-[(3,4’-Dihexyl-2,2’-bithien-5’-iodo-5-yl)ethynyl]-3,4’-dihexyl-2,2’-bithien-5-yl} 

ethynyl)triisopropyl-silane (18): 

A suspension of 17 (500 mg, 0.57 mmol) and mercury 

caproate (247 mg, 0.57 mmol) in 5 ml dry chloroform 

was stirred at room temperature for 24 hours. After the 

mercury compound was completely dissolved iodine (160 mg, 0.64 mmol) was added and the 

mixture was stirred for another hour. Next the precipitate was filtered off and the solvent was 

removed by rotary evaporation. The crude product was purified by column chromatography 

(SiO2 / petrol ether) to give 18 (460 mg, 81 %) as an orange, viscous oil. 
1H NMR (400 MHz, CDCl3): δ = 7.07 (s, 1H, 4’’’-H); 7.06 (s, 1H, 4’-H), 6.88 (s, 1H, 3-H), 

6.84 (s, 1H, 3’’-H),  2.76-2.69 (m, 8H, -H), 1.72-1.58 (m, 8H, β-H), 1.40-1.25 (m, 24H, -

CH2-), 1.15 (s, 21H, Si-CH-(CH3)2, Si-CH-(CH3)2), 0.95-0.80 (m, 12H, -CH3); 
13C NMR (100 MHz, CDCl3): δ = 149.22, 148.71, 142.03, 140.11, 140.06, 136.51, 135.57, 

135.10, 134.91, 132.73, 127.31, 127.17, 121.09, 119.13, 118.25, 99.19, 98.95, 89.85, 86.89, 

72.14, 31.82, 31.77, 30.70, 30.50, 30.41, 30.27, 29.97, 29.81, 29.44, 29.31, 29.28, 29.22, 

29.20, 29.07, 22.77, 22.75, 18.85, 14.26, 14.22, 11.50; 

MS (MALDI-TOF): m/z [M+H+] = 997; 

Elemental analysis: calcd (%) for C53H77IS4Si: C 63.82, H 7.78, S 12.86; found C 64.02, H 

7.99, S 12.81. 
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5’-{5’-[(3,4’-Dihexyl-2,2’-bithien-5-yl)ethynyl]-5’-[(3,4’-dihexyl-2,2’-bithien-5-

yl)ethynyl]}-[3,4’-dihexyl-2,2’-bithien-5-yl]ethynyl)triisopropyl-silane (19): 

18 (450 mg, 0.45 mmol), 16 (237 mg 

(0.55 mmol), CuI (9 mg, 0.045 mmol) and 

Pd(PPh3)2Cl2 (16 mg, 23 µmol) were 

dissolved in 3 ml piperidine. After the 

resulting orange solution was carefully degassed it was stirred at 60 °C for 1 hour. When the 

reaction was completed the mixture was poured into water and was acidified with 

concentrated hydrochloric acid (pH = 1). The organic layer was taken off while the water 

phase was extracted with dichloromethane. The combined organic phases were dried with 

magnesium sulphate and the solvent was removed by rotary evaporation. The crude product 

was purified by column chromatography (SiO2 / petrol ether : dichloromethane [20:1]) to give 

19 (250 mg, 45 %) as an orange-red, viscous oil. 
1H NMR (400 MHz, CDCl3): δ = 7.17 (d, J=5.0 Hz, 1H, 4’’’’’-H), 7.07 (s, 2H, 4’,4’’’-H), 

6.93 (s, 1H, 3-H), 6.92 (d,  J=5.0 Hz, 1H, 5’’’’’-H), 6.90 (s, 1H, 3’’-H), 6.88 (s, 1H, 3’’’’-H), 

2.80-2.68 (m, 12H, -H), 1.75-1.60 (m, 12H, β-H), 1.45-1.25 (m, 36H, -CH2-), 1.15 (s, 21H, 

Si-CH-(CH3)2, Si-CH-(CH3)2), 0.95-0.85 (m, 18H, -CH3); 
13C NMR (100 MHz, CDCl3): δ = 149.23, 148.81, 148.78, 140.32, 140.22, 140.13, 137.22, 

136.17, 135.11, 134.91, 134.88, 132.73, 132.50, 130.49, 130.35, 127.21, 127.17, 126.96, 

124.13, 121.35, 121.10, 119.12, 118.21, 117.59, 99.19, 98.95, 89.93, 89.42, 87.83, 87.04, 

31.81, 31.78, 30.77, 30.54, 30.50, 30.41, 30.31, 30.28, 29.97, 29.86, 29.82, 29.57, 29.54, 

29.43, 29.39, 29.35, 29.28, 29.21, 29.08, 22.78, 22.76, 22.74, 18.84, 14.27, 14.23, 14.21, 

11.50; 

MS (MALDI-TOF): m/z [M+H+] = 1227; 

Elemental analysis: calcd (%) for C75H106S6Si: C 73.35, H 8.70, S 15.66; found C 73.54, H 

8.91, S 16.76. 

 

5-[(4,3’-Dihexyl-2,2’-bithien-5-yl)ethynyl]-5’-({5’-[(3,4’-dihexyl-2,2’-bithien-5-

yl)ethynyl]-3,4’-dihexyl-2,2’-bithien-5-yl}ethynyl)-3,4’-dihexyl-2,2’-bithiophene (21): 

19 (200 mg, 0.16 mmol) was 

dissolved in 5 ml THF and 

caesium fluoride (121 mg,          

0.8 mmol) dissolved in 0.5 ml 

methanol was added. The resulting solution was stirred for 2 hours at 70 °C. After the reaction 
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was completed the mixture was poured into water and the organic layer was taken off while 

the water phase was extracted with dichloromethane. The combined organic phases were 

washed with water 3 times and were dried with MgSO4 before the solvent was removed by 

rotary evaporation. The residual orange-red oil 20 was dissolved in 3 ml piperidine prior to 

the addition of 21 (129 mg, 0.19 mmol), CuI (3 mg, 16 µmol) und Pd(PPh3)4 (9 mg, 8 µmol). 

Next, the mixture was degassed and was stirred at 60 °C. After 1 hour n-tetrabutylammonium 

fluoride (252 mg, 0.8 mmol) was added to the reaction mixture, which then was heated up to 

80 °C. After the mixture was stirred for another hour it was poured onto water and it was 

extracted with dichloromethane. The organic phase was dried with magnesium sulphate and 

the solvent was taken off. The crude product was purified by column chromatography (SiO2 / 

petrol ether : dichloromethane [20:1] to give 22 (150 mg, 67 %) as a red, viscous oil which 

crystallized to a red solid over night. 

M.p.: 40-41 °C; 
1H NMR (400 MHz, CDCl3): δ = 7.17 (d, J=5.0 Hz, 1H, 4’’’’’’’-H), 7.09-7.07 (m, 3H, 

4’,4’’’,4’’’’’-H), 7.00 (d, J=1.3 Hz, 1H, 5-H), 6.97-6.95 (m, 2H, 3,3’’’’’’-H), 6.94 (d, J=5.0 

Hz, 1H, 5’’’’’’’-H),  6.93-6.91 (m, 2H, 3’’,3’’’’-H), 2.81-2.73 (m, 14H, ’-’’’’’’’-H), 2.63 (t, 

J=7.7 Hz, 2H, -H),  1.75-1.60 (m, 16H, β-H), 1.45-1.25 (m, 48H, -CH2), 0.95-0.85 (m, 24H, 

-CH3); 
13C NMR (100 MHz, CDCl3): δ = 148.81, 148.76, 148.65, 143.88, 140.28, 140.20, 140.18, 

139.44, 137.21, 136.17, 135.95, 135.12, 134.96, 134.86, 134.83, 133.49, 132.68, 132.48, 

130.47, 130.33, 127.75, 127.20, 127.18, 126.93, 124.11, 121.33, 121.12, 120.63, 120.55, 

118.39, 118.18, 117.57, 90.09, 89.09, 89.42, 87.33, 87.16, 86.59, 31.82, 31.79, 31.76, 31.01, 

30.75, 30.59, 30.51, 30.30, 30.27, 29.84, 29.79, 29.55, 29.52, 29.38, 29.33, 29.30, 29.13, 

29.07, 22.77, 22.75, 14.26, 14.22; 

MS (MALDI-TOF): m/z [M+H+] = 1403; 

Elemental analysis: calcd (%) for C86H114S8: C 73.55, H 8.18, S 18.27; found C 73.31, H 

8.03, S 18.15. 
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Abstract 
 
Based on the characteristic photoinduced cis-trans isomerization of azobenzene, molecules 

that include azobenzene units have attracted much attention as functional compounds over the 

past 50 years, owing to their potential application in molecular devices such as information 

storage systems and photochemical switching systems. 

This chapter focuses on oligo(3-hexylthiophene) derivatized azobenzenes exhibiting a 

potential to form light-switchable self-assembled monolayers. The first part of this chapter 

describes the synthesis of the novel bis(oligothienyl)azobenzenes, while the second part 

elucidates their optical and electrochemical properties. Finally, the electrochemical 

characterization of some poly(bis[oligothienyl]azobenzene)s is presented at the remainder of 

this chapter. 
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9.1  Introduction 

 
The photochemical reactions of azobenzene which exists in two isomeric states, the rod-

like trans-form and the bent cis-configuration, have been well studied. The isomerization can 

be induced by light in both directions, from trans to cis and from cis to trans, whereas the cis-

isomer can also undergo a thermal back reaction to the thermodynamically more stable trans-

isomer. The photoisomerization of azobenzene leads to a photostationary state, where the cis-

trans ratio is dependent upon the excitation wavelength. The irradiation at 313 nm of the 

trans-isomer results in approximately 80 % conversion to the cis-isomer (Scheme 1). 

 

NN

NN
313 nm

> 380 nm

trans cis-isomer -isomer  
Scheme 1: Photoisomerization of azobenzene. 

 

 

This feature of photoisomerization has been widely employed for the fabrication of 

molecular switches where the excess of one isomer over the other can be easily detected by 

the change in the UV-VIS spectrum upon the application of light of different wavelengths.[1-4] 

Among others solid films of azobenzene chromophores covalently attached to polymer 

systems have been investigated for potential technological applications such as optical 

information storage and processing,[5-7] optical switching devices,[8,9] diffractive optical 

elements.[10,11] Some of the recent research interest in azo-dye containing polymer films 

includes fabricating integrated optical devices of thin azo-functionalized polymer films, such 

as channel waveguides,[12] polarization splitters,[13] and nonlinear optical (NLO) devices.[14,15] 

Thiophene-based polymers containing pendant azobenzenes have been synthesized as 

photochromic polymers (Figure 1).[16-18] Upon irradiation the photoisomerization of the 

photoactive side chains does not only modify their own UV-visible absorption but also 

induces a modification of the optical features associated with the conjugated backbone which 

can be exploited for nonlinear optical applications. 
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Figure 1: Thiophene-based polymers containing pendant azobenzenes. 

 

 

This chapter focuses on oligo(3-hexylthiophene)-derivatized azobenzenes which combine 

the unique features of photoisomerization due to the azobenzene unit and mesoscopic 

ordering, being well known for poly(3-alkylthiophene)s.[19] Therefore, these novel type of 

thienyl-azobenzenes might be able to form light-switchable self-assembled monolayers 

(SAM)s. 

In order to thoroughly investigate the potentials and limitations of this novel class of 

semiconducting materials, various structurally related bis(oligothienyl)azobenzenes (Figure 2) 

have been synthesized and characterized, which are disclosed in this chapter. 
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Figure 2: Chemical structures of the bis(oligothienyl)azobenzenes 4, 6, 9, 11, 15, and 17. 
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9.2  Synthesis 

 
The synthesis of the bis(oligothienyl)azobenzenes 4, 6, 9 and 11 was started from bis-(4-

iodo-phenyl)-diazene 2 which has been obtained by an oxidative coupling of 4-iodoaniline 1. 

Aniline-derivative 1 was dissolved in degassed dichloromethane and was stirred with a finely 

ground mixture of KMnO4 and CuSO4⋅5H2O for 48 hours at room temperature. After the soild 

reactant had been filtered off, the crude product was purified by column chromatography to 

give trans-azobenzene derivative 2 in 50 % yield (Scheme 2).[20] 

 

NH2I
N I

NIKMnO4 / CuSO4      H2O2
CH2Cl2 / RT

50 %

5.

1 2  
 
Scheme 2: Synthesis of bis(4-iodo-phenyl)diazene 2. 

 

 

The addition of two bithiophene units was accomplished by a Suzuki cross-coupling 

reaction, using bithiophene boronic ester 3.[21] For this type of reaction, advantage was taken 

of an active catalytic system, consisting of Pd2(dba)3 and PCy3 which has been intensively 

investigated and was found to catalyze the addition of a multitude of nucleophiles to 

chloroarenes. This ligand can be superior to the widely used P(t-Bu)3 in the case of cross-

coupling reactions, using alkyl chlorides[22] or stericly demanding chloroarenes,[23] resulting in 

higher yields of the desired coupling products. Furthermore, the cheaper available PCy3 being 

a crystalline solid is easier to weigh and less sensitive towards oxygen than the highly viscous 

liquid P(t-Bu)3.  

In order to obtain bis(bithienyl)azobenzene 4, 5 mol-% of a 1:2-ratio of Pd2(dba)3 and 

PCy3 was used as the catalytic system for the reaction of bis(4-iodo-phenyl)diazene 2 with 2.4 

equivalents of boronic ester 3. With DME as solvent and 4.8 equivalents of tripotassium 

phosphate as base the reaction mixture was stirred for 2 hours at 60 °C to give 4 in 82 % yield 

after column chromatography (Scheme 3). 

The iodination of the free α-positions of bis(bithienyl)azobenzene 4 has been achieved by 

firstly reacting the thiophene derivative with two equivalents of mecury caproate in dry 

dichloromethane at room temperature and subsequently adding 2.1 equivalents of iodine.[24] 

As the result, iodinated compound 5 was accessible in 87 % yield after column 

chromatography. 



Chapter 9:  Oligothiophene-derivatized azobenzenes 
 

 

328 

In the following reaction, iodinated bis(bithienyl)azobenzene 5 underwent a Suzuki cross-

coupling with boronic ester 3 which was catalysed by 5 mol-% of a 1:2-ratio of Pd2(dba)3 and 

PCy3. Using DME, 2.4 equivalents of boronic ester 3 and 4.8 equivalents of tripotassium 

phosphate at 60 °C for 2 hours, bis(quaterthienyl)azobenzene 6 was obtained in 73 % yield 

after column chromatography. 
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Scheme 3: Synthesis of the bis(oligothienyl)azobenzenes 4 and 6. 

 

 

The synthesis of the bis(ethynyl-oligothienyl)azobenzenes 9 and 11, bearing an 

ethynylene moiety between the azobenzene and the adjacent thiophenes, has been performed 

in a similar manner. However, the cross-coupling reaction starting from diiodo-azobenzene 2 

has been carried out via a Sonogashira-type reaction with deprotected ethynyl-bithiophene 8 

to give the bithiophene representative 9 (Scheme 4). 

Firstly, the corresponding TMS-protected bithiophene 7[25] was deprotected using 3 

equivalents of caesium fluoride in a THF/methanol-mixture. The resulting mixture was stirred 

at room temperature for one hour to give free terminal acetylene 8 in quantitative yield which 

secondly was reacted with bis(4-iodo-phenyl)diazene 2. 
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The subsequent Sonogashira-reaction was carried out by reacting 2.4 equivalents of 

acetylene 8 with 1 equivalent of bis(4-iodo-phenyl)diazene 2 in the prescence of 10 mol-% 

Pd(PPh3)4 and 20 mol-% cuprous iodide. The reaction-mixture was stirred in piperidine at        

70 °C for 2 hours to give the bis(ethynyl-bithienyl)azobenzene 9 in 75 % yield after 

chromatographic work-up. 

In order to introduce iodine functions into the reactive α-positions of bis(ethynyl-

bithienyl)azobenzene 9, it has been stirred with 2 equivalents of mecury caproate in dry 

dichloromethane at room temperature. After subsequently adding 2.1 equivalents of iodine 

bis(ethynyl-bithienyl)azobenzene 10 was accessible in 86 % yield after column 

chromatography. The elongation of the bithiophene moieties in compound 10 to the 

corresponding bis(ethynyl-quaterthienyl)azobenzene 11 was feasible by reacting 10 with 

boronic ester 3 in a palladium-catalyzed Suzuki cross-coupling reaction, which was carried 

out in DME using 2.4 equivalents of boronic ester 3, 4.8 equivalents of tripotassium 

phosphate and  5 mol-% of a 1:2-ratio of Pd2(dba)3 and PCy3. The resulting mixture was 

stirred for 1 hour at 60 °C, yielding bis(ethynyl-quaterthienyl)azobenzene 11 in 74 % after 

column chromatography 
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Scheme 4: Synthesis of the bis(ethynyl-oligothienyl)azobenzenes 9 and 11. 
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The synthesis of the bis(oligothienyl)azobenzenes 15 and 17 started from boronic ester 13 

which has been obtained by a palladium-catalyzed Miyaura-boronation reaction (Scheme 

5).[26] Bis(4-iodo-phenyl)diazene 2 was reacted with 2.2 equivalents of bis(pinacolato)diboron 

12, 6.6 equivalents of potassium acetat and 10 mol-% Pd(dppf)Cl2 in DMSO at 70 °C for       

1 hour. Boronic ester 13 was obtained in 78 % yield after recrystallisation. 
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Scheme 5: Synthesis of bis[4-(4,4,5,5-tetramethyl-[1,3,2]dioxaborolan-2-yl)phenyl]diazene 13. 

 
To obtain bis(bithienyl)azobenzene 15, a one-pot synthesis was used by firstly reacting 

boronic ester 13 with iodinated bithiophene 14[25] in a Suzuki-type cross-coupling reaction, 

which was carried out using 1 equivalent of boronic ester 13, 2.2 equivalents of bithiophene 

14, 6.6 equivalents of tripotassium phosphate as the base and DME as solvent. The reactions 

mixture was stirred at 70 °C in the presence of 5 mol-% of a 1:2-ratio of Pd2(dba)3 and PCy3 

as the catalytic system. After 2 hours the coupling reaction was completed and the 

intermediate product 15a was desilylated in situ by adding 8.8 equivalents of 

tetrabutylammonium fluoride to the reaction mixture. After stirring at 80 °C for another hour, 

the reaction mixture was worked-up. Bis(bithienyl)azobenzene 15 was obtained in 63 % 

overall yield after chromatographic work-up (Scheme 6). 
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Scheme 6: Synthesis of bis(bithienyl)azobenzene 15. 
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The same one-pot synthesis has been utilized for the preparation of 

bis(quaterthienyl)azobenzene 17. In this respect, 1 equivalent of boronic ester 13 was reacted 

with 2.2 equivalents of iodinated quaterthiophene 16[25] under the same conditions as applied 

for the synthesis of 15, yielding bis(quaterthienyl)azobenzene 17 in overall 66 % after column 

chromatography (Scheme 7). 

 

O

O
BO

O
B

N
N

S
S

C6H13

OS Si
S

C6H13

I

C6H13 C6H13

S S

S S
N

SS

SS
N

H13C6

H13C6

H13C6

H13C6
C6H13

C6H13

C6H13

C6H13

OSi
O Si S S

S S
N

SS

SS
N

H13C6

H13C6

H13C6

H13C6
C6H13

C6H13

C6H13

C6H13
 

13

+

16

17a

Pd2(dba)3 / PCy3

DME / K3PO4 / 70 °C

Bu4NF

63 %

/ 80 °C

17

 
Scheme 7: Synthesis of bis(quaterthienyl)azobenzene 17. 
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9.3  Physical properties 

 
9.3.1  Optical properties 

 
Absorption spectra (Figures 3-5) of the various bis(oligothienyl)azobenzenes 4, 6, 9, 11, 

15, and 17 were measured in chloroform (c=5·10-5 mol/l). The absorption maxima and 

extinction coefficients as well as the optical band gaps are given in Table 1. The optical band 

gaps were determined from the onset of the corresponding absorption bands. Their values are 

compared to pure trans-azobenzene AB. 

Due to the reaction conditions applied (60 °C / absence of light) it is expected that all 

bis(oligothienyl)azobenzenes 4, 6, 9, 11, 15, and 17 were obtained in the pure trans-form. 
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Figure 3:  UV-Vis spectra of the bis(oligothienyl)azobenzenes 4 and 6 in comparison with trans-azobenzene 

AB in chloroform (c=5⋅10-5 mol/l). 
 

Pure trans-azobenzene AB is an orange-red solid which shows a strong ππ*-absorption 

band below 375 nm with an absolute maximum at 326 nm. This maximum corresponds to the 

energy necessary for the trans-to-cis isomerisation. Beside this pronounced absorption peak a 

very weak absorption nπ*-band is visible between 390 nm and 560 nm with a maximum at 

450 nm. 

Substitution of the azobenzene moieties in the para-positions by bithiophene units in the 

way that the hexyl-side chains are directly adjacent to the azobenzene center results in 

completely different absorption spectra.  
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Table 1:  Optical properties of the bis(oligothienyl)azobenzenes 4, 6, 9, 11, 15, and 17 in comparison with 
trans-azobenzene AB 

[a] c = 5⋅10-5 mol/l in chloroform. – [b] Determined from the onset of the absorption at the lower energy band 
edge. – [c] Second, relative maximum. – [d] For comparison in parentheses values for the parent non-functionalized 
dihexyl-bithiophene and [e] tetrahexyl-quaterthiophene.[27] 

 

 

For bis(bithienyl)azobenzene 4 a new intense maximum can be found at 416 nm as well as 

a weaker, relative maximum at 314 nm. In the case of the quaterthiophene-substituted 

azobenzene 6 this change in the absorption spectrum is even more pronounced showing a very 

intense absorption between 300 nm and 530 nm with a maximum at 421 nm. In this series, the 

optical band gap decreases from 3.37 eV in the case of pure trans-azobenzene via 2.40 eV in 

the case of 4 to 2.25 eV for the bis(quaterthienyl)azobenzene 6. 
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Figure 4:  UV-Vis spectra of the bis(oligothienyl)azobenzenes 9 and 11 in comparison with trans-azobenzene 

AB in chloroform (c=5⋅10-5 mol/l). 

Compound λabs
max [nm] [a] ε [mol⋅l-1⋅cm-1] [a] ΔEopt. [eV] [b] 

AB 326 19600 3.37 

4 (2T) 416 (314)[c] 

(302)[d] 
33700 
(9800)[d] 

2.40 
(3.59)[d] 

6 (4T) 421 
(371)[e] 

53000 
(22800)[e] 

2.25 
(2.82)[e] 

9 (2T) 438 (340)[c] 47500 2.33 

11 (4T) 450 63900 2.22 

15 (2T) 444 (319)[c] 46600 2.29 

17 (4T) 479 (395)[c] 55200 2.14 
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In the case of the bis(ethynyl-oligothienyl)azobenzenes 9 and 11, where the thiophene 

moieties are linked to the azobenzene-core via a triple bond a similar trend can be found in the 

absorption spectra. By going from trans-azobenzene to bis(ethynyl-bithienyl)azobenzene 9 

the absorption maximum is bathochromically shifted to 438 nm, which is red-shifted by 22 

nm with respect to bis(bithienyl)azobenzene 4 without the triple bond linkage. In the case of 

the bis(ethynyl-quaterthienyl)azobenzene 11, the maximum is even further bathochromically 

shifted to 450 nm which is accompanied by an enhanced absorption. The optical band gaps in 

this series are decreasing with increasing length of oligothiophene chain (9: ΔEopt. = 2.33 eV; 

11: ΔEopt. = 2.22 eV). 
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Figure 5:  UV-Vis spectra of the bis(oligothienyl)azobenzenes 15 and 17 in comparison with trans-azobenzene 

AB in chloroform (c=5⋅10-5 mol/l). 
 

The regioisomers 15 and 17, in which the hexyl-side chains are not directly adjacent to the 

azobenzene center exhibit the largest red-shifted absorptions among all the six thiophene-

derivatized azobenzenes 4, 6, 9, 11, 15, and 17. In the case of bis(bithienyl)azobenzene 15 an 

intense absorption band can be found between 360 nm and 530 nm with an absolute 

maximum at 444 nm. This absorption band is enlarged for bis(quaterthienyl)azobenzene 17 

which reveals its intense absorption between 320 nm and 560 nm, exhibiting a maximum at 

479 nm and a shoulder at 395 nm. Bis(bithienyl)azobenzene 15 has a band gap of 2.29 eV, 

while in the case of bis(quaterthienyl)azobenzene 17 the band gap is calculated to 2.14 eV. 

The absolute maxima of the bis(oligothienyl)azobenzenes 4, 6, 9, 11, 15, and 17 are 

bathochromically shifted with respect to both the reference trans-azobenzene AB and the non-

functionalized head-to-tail coupled oligo(3-hexylthiophene)s (O3HTs).[27] While dihexyl-
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bithiophene has a maximum of 302 nm, tetrahexyl-quaterthiophene exhibits an absorption 

maximum at 371 nm. In this respect, the red-shifted maxima observed for the oligothiophene-

derivatized azobenzenes 4, 6, 9, 11, 15, and 17 in comparison with the O3HTs can be 

explained by an increased length of the conjugated system, where the π-electrons are 

delocalized over the azobenzene core and the two adjacent oligothiophene moieties. As a 

result, the oligothiophene-units are not decoupled from the azobenzene part as it is observed 

in the case of the linear perylenyl-oligothiophenes.[21] Nevertheless, steric hindrance might 

occur between the hexyl-side chains and the phenyl rings of the azobenzene moiety in the 

case of the bis(oligothienyl)azobenzenes 4 and 6. This results in an out-of-plane twist of the 

adjacent thiophene moieties and therefore, the conjugation between these two parts will be 

decreased to a certain extent, but is still evident as can be concluded from the absorption 

spectra. In this respect, the more red-shifted absorption maxima of the bis(oligothienyl)-

azobenzenes 15 and 17 indicate the absence of significant steric hindrance, resulting in a 

stronger conjugation between the oligothiophene and the azobenzene subunits. 

In the case of the ethynylene containing bis(ethynyl-oligothienyl)azobenzenes 9 and 11, 

no steric hindrance between the phenyl-rings of the azobenzene and the adjacent thiophenes 

units should be present, resulting in a largely delocalized π-system. Thus, the absorption 

maxima and the optical band gaps are shifted to lower energies with respect to the 

bis(oligothienyl)azobenzenes 4 and 6. Although no steric hindrace is immanent, the 

absorption spectra show hypsochromically shifted absorption bands with respect to the 

corresponding bis(oligothienyl)azobenzenes 15 and 17, implying less delocalized π-systems. 

This is due to the electronic nature of the ethynylene-moities incorporated into the 

bis(ethynyl-oligothienyl)azobenzenes 9 and 11, which reduce the π-conjugation between the 

azobenzene core and the adjacent oligothiophene units. This electronic influence is stronger 

than the one from the elongation of the overall π-system, which in general has the opposite 

effect on the optical properties, shifting the absorption bands to the red. A comparison of the 

optical properties between a series of oligo(phenylene vinylene)s (OPV)s[28] and the 

corresponding oligo(phenylene ethynylene)s (OPE)s[29] reveals similar effects on the 

electronic nature of these polymers. In this respect, the change from vinylene to ethynylene 

moieties into the polymer backbone of the OPEs causes a significant blue-shift on both the 

absorption and emission properties. 

All six thiophene-derivatized azobenzenes 4, 6, 9, 11, 15, and 17 show no fluorescence 

which might be due a strong energy or electron transfer between the azobenzene core and the 

adjacent oligothiophene moieties. 
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9.3.2  Cyclic voltammetry 

 
Oxidations and reductions of the bis(oligothienyl)azobenzenes 4, 6, 9, 11, 15, and 17 were 

performed by cyclic voltammetry in dichloromethane using tetrabutylammonium 

hexafluorophosphate as the supporting salt (Figure 6). The standard redox potentials as well 

as the potential difference between the onset of the first oxidation and the first reduction 

wave, respectively, referred to as the electrochemically determined band gap ΔECV are given 

in Table 2. The reference trans-azobenzene AB shows a reversible reduction at -1.88 V and 

an irreversible oxidation at 1.38 V, leading to a stable radical anion and a less stable radical 

cation, respectively. The electrochemically determined band gap of 3.00 eV reveals a 

significant deviation from the optical band gap with a value of 3.37 eV. 

Bis(bithienyl)azobenzene 4 exhibits a reversible reduction at -1.66 V and a second 

irreversible reduction at -2.21 V, leading to a stable radical anion and a less stable dianion, 

respectively. Hence the reduction of the azobenzene moiety is facilitated upon the attachment 

of the two bithiophene units with respect to pristine trans-azobenzene, as a result of an 

immanent π-conjugation between the bithiophene and the azobenzene units. In comparison 

with the corresponding non-functionalized dihexyl-bithiophene (E1
Ox = 0.83 V),[27] this mutual 

influence is also reflected in the decreased oxidation potential of the bithiophene units (E1
Ox = 

0.65 V). A similar tendency is observed for the bis(quaterthienyl)azobenzene 6, exhibiting 

comparable reduction potentials of -1.71 V and -2.16 V, respectively. Whereas the electronic 

influence of the azobenzene core on the bithiophene units in 4 is rather large, this effect is 

only marginally pronounced in the case of quaterthiophene 6 as the first oxidation potential is 

only slightly negatively shifted (E1
Ox = 0.40 V) compared to the parent tetrahexyl-

quaterthiophene (E1
Ox = 0.43 V).[27] For 4 and 6 the electrochemically determined band gaps 

are 2.18 eV and 1.98 eV, respectively which is considerably lower than the corresponding 

optical band gaps of 2.40 eV and 2.25 eV, respectively. 

In the case of the bis(ethynyl-oligothienyl)azobenzenes 9 and 11 similar oxidation 

potentials for the bithienyl- and quaterthienyl-moieties are observed in comparison with the 

corresponding oligothienyl-units of the bis(oligothienyl)azobenzenes 4 and 6. In this respect, 

the elongation of the conjugated π-system, which in general is accompanied by decreasing 

oxidation potentials, is balanced by the electronic influence of the ethynylene moieties, 

aggravating the oxidation processes due to their electron withdrawing properties. However, 

the introduction of additional ethynylene moieties between the azobenzene cores and the 

oligothiophene units has a significant effect on the azobenzene reduction.  
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Figure 6: Cyclic voltammograms of the bis(oligothienyl)azobenzenes 4, 6, 9, 11, 15, and 17 in comparison with 

trans-azobenzene AB in dichloro-methane/nBu4NPF6 (0.1 M) vs. Fc/Fc+ at 100 mV/s. 
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Due to the electron withdrawing capabilities of the acetylenes, the reduction potentials of 

the azobenzene subunits are shifted to higher potentials by about 200 mV. In this sense, the 

electrochemically determined band gaps are significantly reduced (9: ΔECV = 2.07 eV; 11: 

ΔECV = 1.77 eV).  

The bis(oligothienyl)azobenzenes 15 and 17 exhibit two reduction potentials, which are 

slightly more positive in comparison with those of the bis(oligothienyl)azobenzenes 4 and 6. 

In the case of the bithiophene 15, two oxidation waves can be found at 0.57 V and 0.69 V, 

leading to a radical cation and a dication, respectively and compared to the parent dihexyl-

bithiophene are shifted to more negative potentials. These low oxidation potentials are a 

consequence of the strong mutual influence between the azobenzene core and the adjacent 

bithiophene units. In the case of quaterthiophene 17, this enhanced conjugation results in four 

oxidation potentials with the first oxidation found at 0.17 V, which is extraordinary low for a 

quaterthiophene and comparable to the electrochemical properties of dodecahexyl-

dodecithiophene (E1
Ox = 0.19 V).[27] The electrochemically determined band gaps of 15 and 

17 are calculated to 2.10 eV and 1.72 eV, respectively. This is comparable to those of the 

bis(ethynyl-oligothienyl)azobenzenes 9 and 11 and, as observed for the optical band gap, 

significantly lower than for the regioisomers 4 and 6. 

 
Table 2:  Electrochemical properties of the bis(oligothienyl)azobenzenes 4, 6, 9, 11, 15, and 17 in comparison 

with trans-azobenzene AB 

Compound E°red2 [V][a] E°red1 [V][a] E°ox1 [V][a] E°ox2 [V][a] E°ox3 [V][a] ΔECV [V][b] 

AB  -1.88 1.38[c]   3.00 

4 (2T) -2.21[c] -1.66 0.65[c] 

(0.83)[d] (1.24)[d]  2.18 

6 (4T) -2.16[c] -1.71 0.40 
(0.43)[e] 

0.70 
(0.85)[e]  1.98 

9 (2T) -1.94[c] -1.54 0.67[c] 0.78  2.07 

11 (4T) -1.93[c] -1.51 0.42 0.72  1.77 

15 (2T) -2.12[c] -1.61 0.57[c] 0.69  2.10 

17 (4T) -2.12[c] -1.70 0.17[c] 0.37[c] 0.90 
(1.05)[f] 1.72 

[a] In dichloromethane/nBu4NPF6 (0.1 M) vs. Fc/Fc+ at 100 mV/s. – [b] Determined by ΔECV = E’ox1 – E’red1 (E’ is 
the potential at which the redox process starts). – [c] Irreversible redox process, E° determined at I° = 0.855 x 
Ip.[30] – [d] For comparison in parentheses values for the parent non-functionalized dihexyl-bithiophene and [e] 
tetrahexyl-quaterthiophene.[27] – [f] Fourth oxidation potential. 

 

MO-energies: In order to calculate the absolute energies of the molecular orbitals of the 

bis(oligothienyl)azobenzenes 4, 6, 9, 11, 15, and 17 with respect to the vacuum level, the 

reduction and oxidation potentials are related to the redox potential of ferrocene/ferricenium 
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couple which has been calculated to an absolute energy of -4.8 eV.[31] The band gap energies 

are calculated from the absolute energy difference between the HOMOs and the LUMOs. The 

corresponding values are listed in Table 3 and an energy level diagram is depicted in Figure 7. 
 

Table 3:  MO energies vs. the vacuum level of the bis(oligothienyl)azobenzenes 4, 6, 9, 11, 15, and 17 in 
comparison with trans-azobenzene AB 

Compound LUMO -1 
[eV][a]

 

LUMO 
[eV][a] 

HOMO 
[eV][a] 

HOMO -1 
[eV][a] 

HOMO -2 
[eV][a] 

Band gap 
[eV] [b] 

AB  -2.92 -6.18   3.26 
4 (2T) -2.59 -3.14 -5.45   2.31 
6 (4T) -2.64 -3.09 -5.20 -5.50  2.11 
9 (2T) -2.86 -3.26 -5.47 -5.58  2.21 
11 (4T) -2.87 -3.29 -5.22 -5.52  1.93 
15 (2T) -2.68 -3.19 -5.37 -5.49  2.18 
17 (4T) -2.68 -3.10 -4.97 -5.17 -5.70 1.87 

[a] Related to the Fc/Fc+-couple with a calculated absolute energy of -4.8 eV.[31] – [b] Determined by Band gap = 
E1

LUMO1 – E1
HOMO. 

 

The MO scheme reveals a progressive decrease of the band gap energies from the first 

series of bis(oligothienyl)azobenzenes, via the ethynylene containing to the regioisomeric 

bis(oligothienyl)azobenzenes as a consequence of the energetic increase of the HOMOs and a 

simultaneous lowering of the LUMOs with respect to trans-azobenzene. In all three series the 

bis(oligothienyl)azobenzenes bearing quaterthiophenes instead of bithiophenes show 

considerably lower band gap energies due to the energetically increased HOMO levels while 

the LUMOs remain almost constant. 
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Figure 7:  MO Scheme of the bis(oligothienyl)azobenzenes 4, 6, 9, 11, 15, and 17 in comparison with trans-
azobenzene AB. 
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9.3.3  Electrochemical polymerization 

 
The bis(bithienyl)azobenzenes 4, 9, and 15 can be electrochemically polymerized at a 

potential of 1.4 V vs. Ag/AgCl. The polymerizations were performed by successive cyclic 

potential sweeps (P4: 11 sweeps; P9: 6 sweeps, P15: 9 sweeps) in dichloromethane at        

100 mV/s and a concentration of 10-3 mol/l of the monomer (Figure 9). The corresponding 

polymers P4, P9, and P15 (Figure 8), which have been obtained as thin solid films on 

platinum electrodes, were electrochemically characterized in acetonitrile (Figure 10). The 

oxidation and reduction peak potentials as well as the HOMO determined from the onset of 

the oxidation process are listed in Table 4. 
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Figure 8: Chemical structures of the polymers P4, P9, and P15. 

 

 

As the electropolymerization of the monomers 4, 9, and 15 is continued by repeating 

scanning, the oxidation and reduction currents increase and the peak potentials slightly shifts 

due to the successive built-up of the electroactive polymer on the electrode surface (Figure 9). 

However, this effect is less pronounced for the ethynylene containing 

bis(bithienyl)azobenzene 9 in comparison with 4, and 15, which show a strong polymerization 

tendency being largest in the case of 4 as it reveals the strongest current increase during the 

polymerization. 
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While the current of the oxidation waves increases after each cycle the reduction becomes 

hardly visible after 6 polymerization cycles. However vestiges of the azobenzene reduction 

waves are still evident in dichloromethane, whereas no reduction potential can be observed in 

acetonitrile when the pure deposited polymer is characterized. This might be due to the fact 

that the p-type polymer deposited on the electrode only allows the transport of positive charge 

carriers through the polymer film, whereas it is not conductive for negative charge carriers. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9: Multisweep voltammograms of the polymerization of the bis(oligothienyl)azobenzenes 4, 9, and 15 in 
dichloro-methane/nBu4NPF6 (0.1 M) vs. Fc/Fc+ at 100 mV/s. 

 
 
  

In the solid state (Figure 10), P4 shows a reversible oxidation, including two oxidative 

peak potentials (E1
pa = 0.60 V; E1

pa = 0.85 V) and one corresponding reduction peak           

(Epc = 0.67 V). The onset of the oxidation starts at 0.45 V, which corresponds to a HOMO 

level of -5.25 eV. P15 obtained from the regioisomer 15 exhibits a reversible oxidation with 

two defined oxidation waves (E1
pa = 0.49 V; E1

pa = 0.79 V) and one reduction wave            

(Epc = 0.65 V). The onset of the oxidation can be found at 0.39 V, corresponding to a HOMO 

energy -5.19 eV. In analogy to the monomers 4 and 15, the regiomeric polymer P15 reveals a 

lower first oxidation with respect to P4, which is due to the stronger π-conjugation between 

the azobenzene core and the adjacent oligothiophene moieties. 
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For P4 large currents are observed during the oxidation process (Ipa
max = 320 µA) 

compared to P9 (Ipa
max = 18 µA) and P15 (Ipa

max = 60 µA), leading to the conclusion that in 

the case of P4 a better polymer film is accessible. In the case of monomer 4, the 

electrochemical polymerization includes only tail-to-tail coupling of the corresponding 

bithiophene units, excluding any steric hindrance within polymer P4, which is in contrast to 

P9 and P15, where the monomers can only be polymerized in a head-to-head fashion. As a 

consequence of the head-to-head coupled bithiophene units steric hindrance is immanent 

which firstly, hinders the overall π-conjugation within the corresponding polymer and 

secondly, impedes the rate of polymerization. Accordingly, in the case of P4, a polymer with 

better electronic properties and a higher layer thickness of the corresponding film deposited 

on the electrode has been obtained. 

P9 only shows one oxidation peak (Epa = 0.93 V) and a corresponding reduction peak (Epc 

= 0.54 V). In contrast to P4 and P15, the oxidation of P9 is predominately irreversible and 

after one scan the polymer turns into a black insoluble, non-conductive material. Due to the 

incorporation of the electron withdrawing ethynylene moieties into the polymer backbone the 

oxidation process is impeded, resulting in considerably higher HOMO level of -5.44 eV. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10: Electrochemical characterization of the corresponding polymers P4, P9, and P15 by cyclic 
voltammetry in acetonitrile/nBu4NPF6 (0.1 M) vs. Fc/Fc+ at 100 mV/s. 
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A comparison with the electronic properties of head-to-tail coupled poly(3-hexylthiophene) 

P3HT in the solid state reveals, that its HOMO-level of -5.22 eV is in good agreement with 

P4 and P15, whose HOMOs were calculated to -5.25 eV and -5.19 eV, respectively. 

However, the ethynylene containing polymer P9 shows a HOMO level that is significantly 

shifted to lower energies (-5.44 eV) due to the electron withdrawing nature of the triple 

bonds.  

Compared to the reference polymer P3HT, the polymers P4, P9, and P15 are not 

characterized by long π-conjugated oligothiophene moieties, but rather by relatively short 

quaterthiophene units, which are covalently linked by azobenzene entities. Nevertheless, the 

HOMO levels of the latter polymers, in particular P4 and P15, match that of the reference, 

indicating that the azobenzene moieties contribute to the overall conjugation and therefore, 

exert a strong influence on the electronic properties of the corresponding polymers. In this 

respect, the incorporation of azobenzene units into the polymer backbone might be a versatile 

method for the band-gap engineering of polymers. 

 
Table 4: Solid-state properties of the polymers P4, P9, and P15 in comparison with P3HT  

[a] Electrochemically polymerized bis(oligothienyl)azobenzenes on a platinum electrode and measured in 
acetonitrile/nBu4NPF6 (0.1 M) vs. Fc/Fc+ at 100 mV/s. –  [b] Determined from the onset of the oxidation waves 
and are related to the Fc/Fc+-couple with a calculated absolute energy of -4.8 eV.[32] 

Polymer E1
pa [V] [a] E2

pa  [V] [a] Epc [V] [a] HOMO [eV] [b] 

P3HT 0.75  0.50 -5.22 

P4 0.60 0.85 0.67 -5.25 

P9 0.93  0.54 -5.44 

P15 0.49 0.79 0.65 -5.19 
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9.4  Experimental section 

 
9.4.1  General procedures 

 
1H NMR spectra were recorded in CDCl3 on a Bruker AMX 400 at 400 MHz. 13C NMR 

spectra were recorded in CDCl3 on a Bruker AMX 400 at 100 MHz. Chemical shifts are 

denoted in δ unit (ppm), and were referenced to internal tetramethylsilane (0.0 ppm). The 

splitting patterns are designated as follows: s (singlet), d (doublet), t (triplet), and m 

(multiplet) and the assignments are Ph (phenyl) and Th (thiophene) for 1H NMR. Mass 

spectra were recorded with a Varian Saturn 2000 GC-MS and with a MALDI-TOF MS 

Bruker Reflex 2 (dithranol as the matrix). Elemental analyses were performed on an 

Elementar Vario EL. Melting points were determined with a Büchi B-545 melting point 

apparatus and are not corrected. Gas chromatography was carried out using a Varian CP-3800 

gas chromatograph. HPCL analyses were performed on a Shimadsu SCL-10A equipped with 

a SPD-M10A photodiode array detector and a SC-10A solvent delivery system using a 

LiChrosphor column (Silica 60, 5 µm, Merck). Thin-layer chromatography was carried out on 

Silica Gel 60 F254 aluminium plates (Merck). Developed plates were dried and examined 

under a UV lamp. Preparative column chromatography was carried out on glass columns of 

different sizes packed with silica gel Merck 60 (40-63 µm). UV-Vis spectra were taken on a 

Perkin-Elmer Lambda 19 in 1 cm cuvettes. Cyclic voltammetry experiments were performed 

with a computer-controlled EG&G PAR 273 potentiostat in a three-electrode single-

compartment cell (5 ml). The platinum working electrode consisted of a platinum wire sealed 

in a soft glass tube with a surface of A = 0.785 mm2, which was polished down to 0.5 µm 

with Buehler polishing paste prior to use in order to obtain reproducible surfaces. The counter 

electrode consisted of a platinum wire and the reference electrode was an Ag/AgCl secondary 

electrode. All potential were internally referenced to the ferrocene/ferricenium couple.[31] For 

the measurements concentrations of 10-3 mol/l of the electroactive species were used in 

freshly distilled and deairated dichloromethane and acetonitrile (Lichrosolv, Merck) and 0.1 

M tetrabutylammonium hexafluorophosphate (nBu4NPF6, Fluka) which was twice recry-

stallized from ethanol and dried under vacuum prior to use. Solvents and reagents were 

purified and dried by usual methods prior to use and typically used under inert gas 

atmosphere. The following starting materials were purchased and used without further 

purification: 4-Iodoanilin (ACROS), PCy3 (ACROS) iodine (Merck), n-tetrabutylammonium 
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fluoride (Merck), bis(pinacolato)diboron (Lancaster), Pd(dppf)Cl2 (Aldrich). Pd2(dba)3
[32] and 

tetrakis(triphenylphosphino)palladium(0)[33] (Pd(PPh3)4) were prepared according to literature 

procedures. 

 

 

9.4.2  Synthesis 

 

Bis(4-iodo-phenyl)diazene (2):  

4-Iodoaniline 1 (2.19 g, 10 mmol) was dissolved in 100 ml 

dichloromethane.  To this was added a finely ground mixture of KMnO4 

(3.7 g, 2.28 mmol) and CuSO4⋅5H2O (3.7 g, 14.8 mmol). After the reaction mixture was 

carefully degassed it was stirred at room temperature for 48 hours. After it was filtered 

through celite the solvent was taken off and the crude product was purified by column 

chromatography (SiO2 / petrol ether) to give 2 (1.09 g, 50 %) as an orange solid. 

M.p.: 243-244 °C; 
1H NMR (400 MHz, CDCl3): δ = 7.89 (approx. d, J=8.5 Hz, 4H, Ph-3H,5H), 7.66 (approx. d, 

J=8.5 Hz, 4H, Ph-2H,6H); 
13C NMR (100 MHz, CDCl3): δ = 151.90, 138.60, 124.50, 98.10; 

MS (EI): m/z [M] = 434. 

 

Bis[4-(4,3’-dihexyl-2,2’-bithien-5-yl)phenyl]diazene (4):  

A solution of 2 (100 mg, 0.23 mmol) and 3 (256 mg, 

0.55 mmol) in 4 ml DME was carefully degassed prior 

to addition of 0.55 ml (1.1 mmol) of a 2 molar 

tripotassium phosphate solution. The resulting 

emulsion was degassed and the catalyst (Pd2(dba)3 [11.9 mg, 11.5 µmol], PCy3 [6.7 mg,       

23 µmol]) was added. Next, the mixture was degassed and was stirred at 60 °C for 2 hours. 

Next it was poured into water and was extracted with dichloromethane. The organic phase 

was dried with magnesium sulphate and the solvent was taken off. The crude product was 

purified by column chromatography (SiO2 / petrol ether : dichloromethane [4:1]) to give 4 

(160 mg, 82 %) as a red, viscous oil. 
1H NMR (400 MHz, CDCl3): δ = 7.98 (approx. d, J=8.5 Hz, 4H, Ph-3H,5H), 7.62 (approx. d, 

J=8.5 Hz, 4H, Ph-2H,6H), 7.15 (d, J=5.2Hz, 2H, Th’-5H), 7.02 (s, 2H, Th-3H). 6.93 (d, J=5.2 
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Hz, 2H, Th’-4H), 2.80 (t, J=7.8 Hz, 4H, Th--CH2), 2.72 (t, J=7.8 Hz, 4H, Th-’-CH2), 1.71-

1.60 (m, 8H, Th-β,β’-H), 1.55-1.32 (m, 24H, -CH2-), 0.95-0.81 (m, 12H, -CH3); 
13C NMR (100 MHz, CDCl3): δ = 151.59, 139.94, 139.64, 137.36, 136.76, 135.26, 130.65, 

130.07, 129.65, 128.69, 123.62, 123.19, 31.69, 31.63, 30.87, 30.69, 29.32, 29.24, 29.20, 

29.03, 22.63, 22.60, 14.09, 14.06; 

MS (MALDI-TOF): m/z [M+H+] = 847; 

Elemental analysis: calcd (%) for C52H66N2S4: C: 73.71, H: 7.85, N: 3.31; found C: 73.60, H: 

7.73, N: 3.25. 

 

Bis[4-(4,3’-dihexyl-5’-iodo-2,2’-bithien-5-yl)phenyl]diazene (5):  

4 (75 mg, 89 µmol) was dissolved in 5 ml of dry 

chlorofrom. After addition of mercury caproate      

(76 mg, 177 µmol) the resulting suspension has 

stirred for 24 h. After addition of iodine (49 mg,     

195 µmol) the reaction mixture was stirred for another 2 hours. Next the precipitate was 

filtered off and the solvent was removed by rotary evaporation. The crude product was 

purified by column chromatography (SiO2 / petrol ether : dichloromethane [4:1]) to give 5 (85 

mg, 87 %) as an red, viscous oil. 
1H NMR (400 MHz, CDCl3): δ = 7.97 (approx. d, J=8.6 Hz, 4H, Ph-3H,5H), 7.59 (approx. d, 

J=8.6 Hz, 4H, Ph-2H,6H), 7.06 (s, 2H, Th-3H), 6.96 (s, 2H, Th’-4H), 2.80-2.65 (m, 8H, Th-

,’-CH2), 1.70-1.50 (m, 8H, Th-β,β’-H), 1.45-1.20 (m, 24H, -CH2-), 0.95-0.80 (m, 12H, -

CH3); 
13C NMR (100 MHz, CDCl3): δ = 150.58, 140.38, 138.97, 138.79, 136.28, 126.06, 135.65, 

132.74, 128,70, 128.63, 127.99, 122.26, 122.19, 70.56, 30.61, 30.59, 30.53, 29.81, 29.58, 

28.17, 28.13, 27.95, 27.85, 27.78, 21.58, 13.09, 13.06; 

MS (MALDI-TOF): m/z [M+H+] = 1099; 

Elemental analysis: calcd (%) for C52H64I2N2S4: C: 56.82, H: 5.87, N: 2.55; found C: 56.60, 

H: 5.71, N: 2.37. 

 

Bis[4-(4,3’,3’’,3’’’-tetrahexyl-2,2’;5’,2’’;5’’,2’’’-quaterthien-5-yl)phenyl]diazene (6):  

A solution of 5 (50 mg, 46 µmol) 

and 3 (54 mg, 0.11 mmol) in 2 ml 

DME was carefully degassed prior 

to addition of 0.17 ml (0.33 mmol) 
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of a 2 molar tripotassium phosphate solution. The resulting emulsion was degassed and the 

catalyst (Pd2(dba)3 [1.2 mg, 1.1 µmol], PCy3 [0.7 mg, 2.3 µmol]) was added. Next, the 

mixture was degassed and was stirred at 60 °C for 1 hour. Next it was poured into water and 

was extracted with dichloromethane. The organic phase was dried with magnesium sulphate 

and the solvent was taken off. The crude product was purified by column chromatography 

(SiO2 / petrol ether : dichloromethane [5:1]) to give 6 (50 mg, 73 %) as a red, viscous oil, 

which crystallized after several days to a red solid. 

M.p.: 51-52 °C; 
1H NMR (400 MHz, CDCl3): δ = 8.00 (approx. d, J=8.6 Hz, 4H, Ph-3H,5H), 7.64 (approx. d, 

J=8.6 Hz, 4H, Ph-2H,6H), 7.15 (d, J=5.3 Hz, 2H, Th’’’-5H), 7.05 (s, 2H, Th-3H), 6.98 (s, 2H, 

Th’-4H), 6.95 (s, 2H, Th’’-4H), 6.93 (d, J=5.3 Hz, 2H, Th’’’-4H),  2.90-2.70 (m, 16H, Th--

’’’-CH2), 1.70-1.55 (m, 16H, Th-β-β’’’-CH2), 1.50-1.20 (m, 48H, -CH2-), 1.00-0.80 (m, 24H, 

-CH3); 
13C NMR (100 MHz, CDCl3): δ = 140.11, 139.92, 139.82, 139.65, 137.32, 136.83, 134.93, 

134.14, 133.86, 130.54, 130.39, 130.11, 129.66, 128.79, 128.60, 128.53, 123.60, 123.22, 

31.70, 31.64, 30.89, 30.66, 30.56, 30.53, 29.47, 29.23, 29.06, 22.65, 14.11; 

MS (MALDI-TOF): m/z [M+H+] = 1511; 

Elemental analysis: calcd (%) for C92H122N2S8: C: 73.06, H: 8.13, N: 1.85; found C: 73.22, 

H: 8.23, N: 1.95. 

 

Bis[4-(4,3’-dihexyl-2,2’-bithien-5-ylethynyl)phenyl]diazene (9): 

7 (312 mg, 0.72 mmol) was dissolved in 5 ml 

THF and caesium fluoride (328 mg, 2.16 mmol) 

dissolved in 1 ml methanol was added. The 

resulting solution was stirred for 1 hour at room 

temperature. After the reaction was completed the mixture was poured into water and the 

organic layer was taken off while the water phase was extracted with dichloromethane. The 

combined organic phases were washed with water three times, were dried with magnesium 

sulphate and the solvent was removed by rotary evaporation. The residual yellow oil 8 was 

dissolved in 3 ml piperidine prior to the addition of 2 (130 mg, 0.3 mmol), CuI (11.5 mg,  

0.06 mmol) and Pd(PPh3)4 (35 mg, 0.03 mmol). After the resulting red suspension was 

carefully degassed it was stirred at 70 °C for 2 hours. After the reaction was completed the 

mixture was poured into water and was acidified with concentrated hydrochloric acid         

(pH = 1). The organic layer was taken off while the water phase was extracted with 
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dichloromethane. The combined organic phases were dried with magnesium sulphate and the 

solvent was removed by rotary evaporation. The crude product was purified by column 

chromatography (SiO2 / petrol ether : dichloromethane [4:1]) to give 9 (200 mg, 75 %) as a 

red oil which crystallized after several days to a red solid. 

M.p.: 66-67 °C; 
1H NMR (400 MHz, CDCl3): δ = 7.91 (approx. d, J=8.6 Hz, 4H, Ph-3H,5H), 7.62 (approx. d, 

J=8.6 Hz, 4H, Ph-2H,6H), 7.15 (d, J=5.3 Hz, 2H, Th’-5H), 6.92-6.90 (m, 4H, Th-3H, Th’-

4H), 2.77 (t, J=7.7 Hz, 8H, Th-,’-CH2), 1.71 (quin, J=7.8 Hz, 4H, Th-β-H), 1.64 (quin, 

J=7.8 Hz, 4H, Th-β’-H), 1.50-1.25 (m, 24H, -CH2-), 0.95-0.85 (m, 12 H, -CH3); 
13C NMR (100 MHz, CDCl3): δ = 157.73, 148.92, 140.23, 137.30, 131.94, 130.37, 130.25, 

126.88, 126.30, 124.06, 123.16, 117.54, 96.34, 85.54, 31.72, 31.69, 30.64, 30.23, 29.77, 

29.43. 29.28, 29.01, 22.67, 14.16, 14.13; 

MS (MALDI-TOF): m/z [M+H+] = 895; 

Elemental analysis: calcd (%) for C56H66N2S4: C: 75.12, H: 7.43, N: 3.13; found C: 75.34, H: 

7.31, N: 3.49. 

 

Bis[4-(4,3’-dihexyl-5’-iodo-2,2’-bithien-5-ylethynyl)phenyl]diazene (10):  

9 (50 mg, 56 µmol) was dissolved in 5 ml of 

dry chlorofrom. After addition of mercury 

caproate (48 mg, 112 µmol) the resulting 

suspension has stirred for 24 h. After 

addition of iodine (31 mg, 123 µmol) the reaction mixture was stirred for another          2 

hours. Next the precipitate was filtered off and the solvent was removed by rotary 

evaporation. The crude product was purified by column chromatography (SiO2 / petrol ether : 

dichloromethane [4:1]) to give 10 (55 mg, 86 %) as an red, viscous oil. 
1H NMR (400 MHz, CDCl3): δ = 7.91 (approx. d, J=8.6 Hz, 4H, Ph-3H,5H), 7.62 (approx. d, 

J=8.6 Hz, 4H, Ph-2H,6H), 7.05 (s, 2H, Th-3H), 6.85 (s, 2H, Th’-4H), 2.78-2.69 (m, 8H, Th-

,’-CH2), 1.69 (quin, J=7.8 Hz, 4H, Th-β-H), 1.60 (quin, J=7.8 Hz, 4H, Th-β’-H), 1.50-1.25 

(m, 24H, -CH2-), 0.95-0.85 (m, 12 H, -CH3); 
13C NMR (100 MHz, CDCl3): δ = 151.76, 148.90, 141.95, 139.86, 136.86, 136.40, 136.36, 

135.70, 131.98, 131.74, 129.64, 127.16, 123.16, 123.00, 122.83, 118.14, 96.70, 85.24, 72.17, 

31.80, 31.67, 30.55, 30.19, 29.73, 29.19, 29.10, 28.99, 28.85, 22.65, 22.63, 22.18, 14.16, 

14.12, 13.80; 

MS (MALDI-TOF): m/z [M+H+] = 1147; 
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Elemental analysis: calcd (%) for C56H64I2N2S4: C: 58.63, H: 5.62, N: 2.44; found C: 58.34, 

H: 5.42, N: 2.25. 

Bis[4-(4,3’,3’’,3’’’-tetrahexyl-2,2’;5’,2’’;5’’,2’’’-quaterthien-5-ylethynyl)phenyl]diazene 

(11):  

A solution of 10 (30 mg,     

26 µmol) and 3 (31 mg,      

62 µmol) in 3 ml DME was 

carefully degassed prior to 

addition of 0.10 ml (0.19 mmol) of a 2 molar tripotassium phosphate solution. The resulting 

emulsion was degassed and the catalyst (Pd2(dba)3 [1.3 mg, 1.3 µmol], PCy3 [0.8 mg,          

2.6 µmol]) was added. Next, the mixture was degassed and was stirred at 60 °C for 1 hour. 

Next it was poured into water and was extracted with dichloromethane. The organic phase 

was dried with magnesium sulphate and the solvent was taken off. The crude product was 

purified by column chromatography (SiO2 / petrol ether : dichloromethane [5:1]) to give 11 

(30 mg, 74 %) as a red, viscous oil which crystallized after several days to a black solid. 

M.p.: 72-73 °C; 
1H NMR (400 MHz, CDCl3): δ = 7.94 (approx. d, J=8.5 Hz, 4H, Ph-3H,5H), 7.65 (approx. d, 

J=8.5 Hz, 4H, Ph-2H,6H), 7.17 (d, J=5.1 Hz, 2H, Th’’’-5H), 6.98-6.92 (m, 8H, Th-3H, Th’-

Th’’’-4H),  2.85-2.75 (m, 16H, Th--’’’-CH2), 1.77-1.65 (m, 16H, Th-β-β’’’-CH2), 1.45-1.40 

(m, 16H, Th-γ-γ’’’-CH2), 1.40-1.25 (m, 32H, -CH2-),  0.95-0.80 (m, 24H, -CH3); 
13C NMR (100 MHz, CDCl3): δ = 156.68, 148.02, 139.50, 139.00, 138.68, 135.88, 133.30, 

133.26, 130.90, 129. 39, 129.15, 129.10, 127.76, 127.64, 125.60, 125.24, 122.69, 122.14, 

116.47, 95.57, 84.52, 30.68, 30.65, 29.69, 29.64, 29.49, 29.46, 29.30, 29.21, 29.10, 28.92, 

28.72, 28.55, 28.53, 28.44, 28.27, 28.23, 28.21, 27.97, 21.63, 13.09; 

MS (MALDI-TOF): m/z [M+H+] = 1559; 

Elemental analysis: calcd (%) for C96H122N2S8: C: 73.89, H: 7.88, N: 1.80; found C: 73.71, 

H: 7.79, N: 1.66. 

 

Bis[4-(4,4,5,5-tetramethyl-[1,3,2]dioxaborolan-2-yl)phenyl]diazene (13): 

2 (217 mg, 0.5 mmol), bis(pinacolato)diboron 12 (279 mg,  

1.1 mmol), potassium acetat (323 mg, 3.3 mmol) and 

Pd(dppf)Cl2 (40 mg, 50 µmol) were added to 4 ml dry DMSO. The resulting red suspension 

was degassed and was stirred at 70 °C for 1 hour. After the reaction was completed the 

mixture was filtered over a short silica column with dichloromethane as the eluent. The 
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solvent was evaporated and the crude product was obtained as a brownish oil which turned 

into a solid upon the addition of 10 ml water. The solid was filtered off and was recrystallized 

from ethanol. The red brownish crystals were filtered off and were dried in vacuum to afford 

13 (170 mg, 78 %). 

M.p.: 96-97 °C; 
1H NMR (400 MHz, CDCl3): δ = 7.96 (approx. d, J = 8.4 Hz, 4H, Ph-2H,6H), 7.91 (approx. 

d, J = 8.4 Hz, 4H, Ph-3H,5H), 1.38 (s, 24H); 
13C NMR (100 MHz, CDCl3): δ = 154.58, 135.79, 122.21, 84.23, 25.07; 

MS (EI): m/z [M] = 434; 

Elemental analysis: calcd (%) for C24H32B2N2O4: C: 66.40, H: 7.43, N: 6.45; found C: 66.33, 

H: 7.28, N: 6.40. 

 

Bis[4-(3,4’-dihexyl-2,2’-bithien-5-yl)phenyl]diazene (15):  

A solution of 13 (65 mg, 0.15 mmol) and 14       

(225 mg, 0.33 mmol) in 4 ml DME was carefully 

degassed prior to addition of 0.45 ml (0.9 mmol) of 

a 2 molar tripotassium phosphate solution. The 

resulting emulsion was degassed and the catalyst (Pd2(dba)3 [7.8 mg, 7.5 µmol], PCy3        

[4.4 mg, 15 µmol]) was added. Next, the mixture was degassed and was stirred at 60 °C for    

2 hours. After the reaction was completed n-tetrabutylammonium fluoride (419 mg,            

1.33 mmol) was added to the reaction mixture, which then was heated up to 70 °C for another 

hour. Next it was poured into water and was extracted with dichloromethane. The organic 

phase was dried with magnesium sulphate and the solvent was taken off. The crude product 

was purified by column chromatography (SiO2 / petrol ether : dichloromethane [4:1]) to give 

15 (80 mg, 63 %) as a red, viscous oil which crystallized after several days to a red solid. 

M.p.: 56-57 °C; 
1H NMR (400 MHz, CDCl3): δ = 7.94 (approx. d, J=8.6 Hz, 4H, Ph-3H,5H), 7.72 (approx. d, 

J=8.6 Hz, 4H, Ph-2H,6H), 7.26 (s, 2H, Th-4H), 7.02 (d, J=1.3 Hz, 2H, Th’-3H), 6.92 (d, 

J=1.3 Hz, 2H, Th’-5H), 2.78 (t, J=7.8 Hz, 4H Th--CH2), 2.76 (t, J=7.6 Hz, 4H, Th-’-CH2), 

1.74-1.62 (m, 8H, Th-β,β’-CH2), 1.48-1.30 (m, 24H, -CH2-), 0.93-0.89 (m, 12H, -CH3); 
13C NMR (100 MHz, CDCl3): δ = 151.85, 143.87, 140.70, 140.60, 136.74, 135.79, 132.16, 

127.46, 

127.19, 125.99, 123.79, 120.34, 31.85, 31.82, 30.74, 30.66, 30.54, 29.63, 29.42, 29.17, 22.78, 

14.25; 
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MS (MALDI-TOF): m/z [M+H+] = 847; 

Elemental analysis: calcd (%) for C52H66N2S4: C: 73.71, H: 7.85, N: 3.31; found C: 73.80, H: 

7.91, N: 3.39. 

 

Bis[4-(3,4’,4’’,4’’’-tetrahexyl-2,2’;5’,2’’;5’’,2’’’-quaterthien-5-yl)phenyl]diazene (17): 

A solution of 13 (43 mg,          

0.1 mmol) and 16 (223 mg,    

0.22 mol) in 4 ml DME was 

carefully degassed prior to 

addition of 0.33 ml (0.66 mmol) 

of a 2 molar tripotassium phosphate solution. The resulting emulsion was degassed and the 

catalyst (Pd2(dba)3 [5.2 mg, 5 µmol], PCy3 [2.9 mg, 10 µmol]) was added. Next, the mixture 

was degassed and was stirred at 60 °C for 1 hour. After the reaction was completed                

n-tetrabutylammonium fluoride (277 mg, 0.88 mmol) was added to the reaction mixture, 

which then was heated up to 70 °C for another hour.  Next it was poured into water and was 

extracted with dichloromethane. The organic phase was dried with magnesium sulphate and 

the solvent was taken off. The crude product was purified by column chromatography (SiO2 / 

petrol ether : dichloromethane [5:1]) to give 17 (100 mg, 66 %) as a dark red, viscous oil 

which crystallized after several days to a black solid. 

M.p.: 39-40 °C; 
1H NMR (400 MHz, CDCl3): δ = 7.94 (approx. d, J=8.6 Hz, 4H, Ph-3H,5H), 7.73 (approx. d, 

J=8.6 Hz, 4H, Ph-2H,6H), 7.28 (s, 2H, Th-3’H), 7.01 (s, 2H, Th-3’’H), 6.99 (d, 2H, J=1.0 Hz, 

Th-3’’’H), 6.98 (s, 2H, Th-4H), 6.91 (d, 2H, J=1.0 Hz, Th-5’’’H), 2.84-2.75 (m, 12H, Th-’-

’’’-CH2), 2.62 (t, J=7.7 Hz, 4H, Th--CH2), 1.77-1.62 (m, 16H, Th-β-β’’’-CH2), 1.50-1.30 

(m, 48H, -CH2-), 0.97-0.83 (m, 24H, -CH3); 
13C NMR (100 MHz, CDCl3): δ = 151.88, 143.81, 140.90, 140.67, 139.94, 139.77, 136.63, 

135.65, 133.82, 133.58, 131.74, 131.26, 130.97, 128.88, 128.65, 127.38, 127.31, 125.97, 

123.81, 120.17, 31.85, 31.83, 30.72, 30.66, 30.55, 29.81, 29.60, 29.45, 29.41, 29.40, 29.17, 

22.80, 14.27, 14.24; 

MS (MALDI-TOF): m/z [M+H+] = 1511; 

Elemental analysis: calcd (%) for C92H122N2S8: C: 73.06, H: 8.13, N: 1.85; found C: 73.34, 

H: 8.31, N: 1.91. 
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Abstract 
 
As large discotic liquid crystalline molecules hexabenzocoronenes reveal a great potential of 

π-stacking, resulting in self-assembled p-type semiconducting columnar phases, which make 

them promising candidates for the use in organic electronics. 

Based on these disk-like materials, this chapter encompasses novel p-type semiconductors 

consisting of hexabenzocoronenes core which are derivatized by head-to-tail coupled oligo(3-

hexylthiophene)s. While the synthesis of these new discotic materials is given in the first part 

of this chapter, the physical properties of these hexabenzocoronenes as obtained by optical 

and cyclic voltammetric measurements are discussed in the second part of this chapter. 
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10.1  Introduction 

 
In the past two decades, discotic liquid crystalline molecules, which are typically 

composed of flat, rigid aromatic cores substituted with long alkyl chains, have attracted great 

research interest. Owing to their potential of π-stacking this class of materials is characterized 

by the formation of discotic liquid crystalline phases with well-defined supramolecular 

structures organized in large homogeneous domains. The resulting self-assembled columnar 

phases can be regarded as large π-systems which exhibit technological promise as conducting 

pathways in organic-based electronics.[1-3] 

Among the widely studied two dimensional triphenylenes,[4-6]  porphyrins,[7,8]  and 

phthalocyanines[9,10] hexa-peri-hexabenzocoronenes (HBCs)[11-16] are much larger in size and 

due to their extended planar π-systems HBCs tend to form large π-stacks, which however, 

makes them extremely insoluble. Nevertheless, this solubility issue can be overcome by the 

introduction of larger solubilizing alkyl-side chains. The resulting alkyl substituted HBCs 

exhibit aggregation behaviour in solution that persists to nanomolar concentrations with 

highly ordered bulk columnar mesophases. These phases exhibit the highest reported room 

temperature charge-carrier mobility for discotic liquid crystalline materials with values as 

high as 1 cm2V-1s-1, which is in the region of amorphous silicone.[7,17] Furthermore, HBCs 

exhibit exceptional thermal stabilities.[8] The solubility of these molecules as well as the 

thermal transitions of the corresponding columnar phases can be easily tuned by altering the 

length and the degree of branching of the attached alkyl chains.[18] The latter groups also 

influence the self-assembling properties of the HBC-derivatives, which can result in various 

topologically different domains on graphite surfaces such as self-assembled molecular wires 

or extended single nanoribbons.[19] Due to the extraordinary aggregation behaviour HBCs can 

be easily processed by spin-coating or zone-casting processes while the self-assembling 

properties are maintained, resulting in large columnar phases in the solid state.[20] 

The bulk properties qualify them as active components in organic field-effect transistors 

(OFETs)[21-23] and as hole-conducting layers in photovoltaic devices[24] or light-emitting 

diodes (LEDs).[25]  

One important precursor for the synthesis of a family of HBC-derivatives is hexa(4-

iodophenyl)hexaphenylbenzene 8, the synthesis of which is outlined in Scheme 1. The 

iodinated HBC 8 is accessible via the key intermediate hexa(4-trimethylsilylphenyl)- 

hexaphenylbenzene 4, which can be obtained via two different synthetic strategies. The first 

convergent route involves a Stille coupling[26] and a cobalt-catalyzed cyclotrimerization.[6] To 
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avoid the toxic organotin chemistry, as well as to simplify the synthesis, an alternative 

divergent route requiring one sixfold bromination[27] and one sixfold Suzuki coupling 

reaction[28] has been developed. Next, 4 was converted with iodine chloride into the hexaiodo 

derivative 7, which then was cyclodehydrogenated with iron(III)chloride to give the desired 

compound 8 as a yellow powder in quantitative yield.  
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Scheme 1: Synthesis of hexa(4-iodophenyl)hexabenzocoronene 8 via the convergent and the divergent route. 
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In this chapter, novel oligothiophene-derivatized hexabenzocoronenes 11 and 16 are 

disclosed, consisting of either six bithiophenes or six quaterthiophenes covalently linked to a 

hexaphenyl-HBC core via triple bonds. These new hexabenzocoronenes 11 and 16 (Figure 2) 

were synthesized via a six-fold palladium-catalyzed Sonogashira-reaction of hexa(4-

iodophenyl)hexaphenylbenzene 8 and either ethynyl-bithiophene 10 or ethynyl-

quaterthiophene 15. Their optical and electrochemical properties in dependence on the 

oligothiophene chain length are investigated and discussed. 
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Figure 2:  Chemical structures of the oligothienyl-HBCs 11 and 16. 
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10.2  Synthesis 

 
The synthesis of bithienyl-HBC 11 was started from TMS-protected bithiophene 9,[29] 

which at first, was deprotected using 3 equivalents of caesium fluoride in a THF/methanol 

mixture. The resulting mixture was stirred at room temperature for one hour to give free 

acetylene 10 in quantitative yield which subsequently was reacted with hexa(4-iodophenyl)-

hexabenzocoronene 8 (Scheme 2). 
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Scheme 2: Synthesis of bithienyl-HBC 11. 
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The subsequent Sonogashira-type reaction was carried out in piperidine by reacting 9 

equivalents of free bithienyl-acetylene 10 and 1 equivalent of iodo-HBC 8 in the prescence of 

30 mol-% Pd(PPh3)4 and 60 mol-% cuprous iodide. The reaction mixture was stirred at 80 °C 

for 24 hours to give bithienyl-HBC 11 in 80 % yield after column chromatography      

(Scheme 2). 

Prior to the synthesis of quaterthienyl-HBC 16, quaterthiophene 14 had to be obtained via 

a Suzuki cross-coupling reaction of iodinated silyl-protected ethynyl-bithiophene 12[30] and 

boronic ester 13.[29] In this respect, 1 mol-% of a 1:2-ratio of Pd2(dba)3 and [HP(t-Bu)3]BF4 

was used as the highly active catalytic system[31] to react bithiophene 12 with 1.2 equivalents 

of boronic ester 13 in DME as solvent. The reaction mixture was stirred for 24 hours at room 

temperature in the presence of 3 equivalents of tripotassium phosphate as base to give 

quaterthiophene 14 in 87 % yield after column chromatography (Scheme 3). 

Next, quaterthiophene 14 was deprotected with 5 equivalents of caesium fluoride in a 

THF/methanol-mixture at 70 °C to quantitatively yield free acetylene 15 after 2 hours, which 

subsequently was reacted with iodo-HBC 8. For the Sonogashira reaction 9 equivalents of 

free quaterthienyl-acetylene 15 were reacted with 1 equivalent of 8 in the prescence of          

30 mol-% Pd(PPh3)4 and 60 mol-% cuprous iodide. The reaction was stirred for 24 hours at  

80 °C to give quaterthienyl-HBC 16 in 34 % yield after column chromatography (Scheme 3). 
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Scheme 3: Synthesis of quaterthienyl-HBC 16. 



10.3  Physical properties 
 

 

361

10.3  Physical properties 

 
10.3.1  UV-Vis spectroscopy 

 
Absorption spectra of the oligothienyl-HBCs 11 and 16 were measured in chloroform      

(c = 5·10-6 mol/l) and are given in Figure 2. The absorption maxima and extinction 

coefficients as well as the optical band gaps, which were determined from the onset of the 

absorption band at the low energy band edge, are summarized in Table 1. 
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Figure 2:  UV-Vis spectra of the oligothienyl-HBCs 11 and 16 in comparison with HBC-PhC12 in chloroform 

(c=5⋅10-6 mol/l). 
 

 

Hexa(4-dodecylphenyl)hexabenzocoronene (HBC-PhC12) was taken as the reference and 

shows a strong absorption between 350 and 400 nm with a maximum at 375 nm. However, a 

tailing up to 450 nm is visible with a shoulder at 417 nm, resulting in a lower optical band 

gap, which is determined to 2.78 eV. 

While for bithienyl-HBC 11 a much more intense absorption band can be found between 

340 and 440 nm with an maximum at 404 nm and a shoulder at 428 nm, quaterthienyl-HBC 

16 exhibits an even stronger absorption with a maximum at 417 nm and vestiges of a shoulder 

at 431 nm- The optical band gaps have been calculated to be 2.73 and 2.55 eV in the case of 

11 and 16, respectively. 



Chapter 10:  Oligothiophene-derivatized hexabenzocoronenes 
 

 

362 

Table 1: Optical properties of the oligothienyl-HBCs 11 and 16 in comparison with HBC-PhC12 in chloroform 

 [a] c = 5⋅10-6 mol/l. – [b] Determined from the onset of the absorption at the lower energy band edge. – [c] 

Shoulder. – [d] For comparison in parentheses values for the parent non-functionalized dihexyl-bithiophene and [e] 
tetrahexyl-quaterthiophene.[32] 

 
 
 
 
The enhanced absorption of the oligothienyl-HBCs 11 and 16 compared to reference 

compound HBC-PhC12, comes from absorption bands of the thiophene subunits which are 

superpositioned to that of the HBC-core. However, the extinction coefficients ε of the 

oligothienyl-HBCs are much larger with respect to the sum of the single ε of one HBC-core 

and the six corresponding oligothiophene units. Furthermore, with increasing chain length of 

the oligothiophene units a bathochromic shift of the absorption maxima is observed which is 

known for the series of the non-functionlized oligo(3-hexylthiophene)s (O3HTs).[32] A direct 

comparison to the parent dihexyl-bithiophene and tetrahexyl-quaterthiophene reveals that the 

observed absorption maxima of thiophene subunits of 11 and 16 are bathochromically shifted 

with respect to those of the pristine O3HTs. In conjunction with the extraordinarily intensified 

absorption bands of 11 and 16, it can be concluded that the donor π-systems are larger than 

the pristine oligothiophene subunits due to a strong π-conjugation between the HBC cores and 

the attached thiophene units. 

Compound λabs
max

  [nm] [a] ε [mol⋅l-1⋅cm-1] [a] ΔEopt. [eV] [b] 

HBC-PhC12 375 (417)[c] 101600 2.78 

11 (2T) 404 (428)[c] 

(302)[d] 
343200 
(9800)[d] 

2.73 
(3.59)[d] 

16 (4T) 417 (431)[c] 

(371)[e] 
381300 
(22800)[e] 

2.55 
(2.82)[e] 
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Solid-state absorption spectra (Figure 3) of thin films of the oligothienyl-HBCs 11 and 16 

were obtained by drop-casting onto glass substrates from the corresponding THF solutions 

(c=1 mg/ml). The absorption maxima and the optical band gaps are given in Table 2.  
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Figure 3:  Solid-state UV-Vis spectra of the oligothienyl-HBCs 11 and 16 in comparison with HBC-PhC12, 

normalized with respect to the maximum hexabenzocoronene absorption. 
 
 
 
 

Absorption spectra in the solid state show the same trends compared to the solution spec-

tra, however, a strong broadening and red-shift of the bands is visible, leading to band gaps 

that are smaller by 0.21-0.30 eV (Figure 3). Although the displacement is small for the 

reference HBC-PhC12, resulting in a bathochromic shift of 7 nm, it is more pronounced in the 

case of the oligothienyl-HBCs 11 and 16, whose maxima are red-shifted by 18 and 57 nm, 

respectively. 

 
 
Table 2:  Optical properties of the oligothienyl-HBCs 11 and 16 in comparison with HBC-PhC12 in the solid-

state 

[a] Determined from the onset of the absorption at the lower energy band edge. – [b] Shoulder. 

Compound λabs
max

 [nm] ΔEopt. [eV] [a] 

HBC-PhC12 382 (435)[b] 2.57 

11 (2T) 422 (449)[b] 2.43 

16 (4T) 474 (450)[b] 2.21 
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10.3.2  Fluorescence spectroscopy 

 
Corrected emission spectra of the oligothienyl-HBCs 11 and 16 as well as the reference 

HBC-PhC12 were measured in chloroform (Figure 3). The absolute emission maxima, the 

quantum yields and the Stokes shifts are given in Table 3. 
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Figure 4:  Emission spectra of the oligothienyl-HBCs 11 and 16 in comparison with HBC-PhC12 in chloroform 

(λex
 = 400 nm). 

 
 
 

Reference compound HBC-PhC12 shows a broad emission in the region between 460 and 

600 nm, including two maxima at 536 and at 517 nm, respectively. This broad emission is 

combined with a low fluorescence quantum yield of Φ = 8 % and a very large Stokes shift of  

8000 cm-1. While the major portion of the luminescence originates from aggregated HBC-

molecules, a second small emission band observed at the high energy band edge with a 

maximum at 454 nm indicates the corresponding non-aggregated discotic molecules.[34] 

The oligothienyl-HBCs 11 and 16 exhibit broad and intense fluorescence bands. In the 

case of 11, two maxima of the emission can be found at 515 and 519 nm, respectively, while 

vestiges of two shoulders arise at 488 and 544 nm, respectively. For 16, the bathochromically 

shifted luminescence reveals two maxima at 543 and 514 nm, respectively, as well as a 

shoulder at 584 nm. 

The unusual emission bands of the oligothienyl-HBCs suggest that the fluorescence 

originates from two different subunits within the molecule. The maxima around 515 nm, as it 
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is found for the maximum emission of the reference HBC-PhC12, can be assigned to the 

fluorescence of the hexabenzocoronene core. The second group of emission maxima can be 

allocated to the luminescence of the oligothiophene subunits. Compared to the parent O3HTs 

they are bathochromically shifted with increasing length of the oligothiophene chain.[32] Like 

for the absorption maxima, the emission maxima of the oligothiophene moieties are 

extraordinarily red-shifted with respect to the corresponding O3HTs, assuming a strong 

conjugation between the HBC cores and the oligothiophene units. 

 

 
Table 3: Emission properties of the oligothienyl-HBCs 11and 16 in comparison with HBC-PhC12  

[a] Excitation wavelength λex = 400 nm. – [b] Quantum yields determined with respect to 9,10-
diphenylantracene.[33] – [c] Stokes shifts measured as λem

max-λabs
max. – 

[d]
 Shoulder. – 

[e] For comparison in 
parentheses values for the parent non-functionalized dihexyl-bithiophene and [f] tetrahexyl-quaterthiophene.[32] 

 

 

HBC-PhC12 exhibits a huge Stoke shift of 8000 cm-1 as a consequence of a large 

electronic and structural deviation between the ground and the excited state and is an 

indication for the formation of aggregates.[34] In contrast to the reference, 11 and 16 exhibit 

smaller Stoke shifts of approximately 5400 cm-1 which is in the range of the non-derivatized 

O3HTs. Furthermore, they show considerably higher fluorescence quantum yields of Φ =     

20 % and Φ = 43 %, respectively, as one would except from the quantum yields of the non-

functionalized O3HTs or HBC-PhC12 at a first glance. Because of the conjugation between 

the HBC cores and the adjacent oligothiophene moieties, the quantum yields of the resulting 

larger π-system are increased to some extend. Nevertheless, the increased quantum yields are 

also an indication of an impeded aggregation of the discotics 11 and 16 due to the attachment 

of the oligothiophene units to the HBC cores. This effect seems to be more pronounced in the 

case of quaterthienyl-HBC 16 than for 11 due to the greater size of the adjacent 

quaterthiophenes. The assumption of a hindered aggregation of the HBC cores is in 

accordance with the smaller Stoke shifts of 11 and 16 in comparison with that of aggregated 

HBC-PhC12. 

Compound λem
max [nm] [a] Φ [%] [b] Stokes shift [cm-1 (eV)] [c] 

HBC-PhC12 536 (517)[d] 8 8010 (0.99) 

11  515 (519)[d] 

(367)[e] 
20 

(2)[e] 
5335 (0.61) 
(5865 (0.73))[e] 

16 543 (514)[d] 

(494)[f] 
43 

(13)[f] 
5565 (0.69) 
(5723 (0.71))[f] 
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10.3.3  Cyclic voltammetry 

 
Oxidation of the oligothienyl-HBCs 11 and 16 were performed by cyclic voltammetry in 

dichloromethane using tetrabutylammonium hexafluorophosphate as the supporting salt 

(Figure 5). The standard redox potentials are listed in Table 4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5:  Cyclic voltammograms of the oligothienyl-HBCs 11 and 16 in dichloromethane/nBu4NPF6 (0.1 M) 

vs. Fc/Fc+ at 100 mV/s. 
 
 

 

In the case of the reference HBC-PhC12 no electrochemical activity was observable in 

either dichloromethane or benzonitrile over the whole potential window which is most 

probably a consequence of the formation of aggregates of the discotic molecules. For the 

oligothienyl-HBCs 11 and 16 no reduction waves are found, whereas in the in the positive 

potential regime of the cyclic voltammograms three oxidation waves, respectively, can be 

observed, which can be assigned to the oxidation of the oligothiophene units. 

 

 
Table 4: Electrochemical properties of the oligothienyl-HBCs 11 and 16 

[a] In dichloromethane/nBu4NPF6 (0.1 M) vs. Fc/Fc+ at 100 mV/s. – [b] Irreversible redox process, E° determined 
at I° = 0.855 x Ip.[35] – 

[c] For comparison in parentheses values for the parent non-functionalized dihexyl-
bithiophene and [d] tetrahexyl-quaterthiophene.[32] 

 

Compound E°ox1 [V][a] E°ox2 [V][a] E°ox3 [V][a] 

11 0.47 
(0.83)[c] 

0.72 
(1.24)[c] 0.97 

16 0.25 [b] 

(0.43)[d] 
0.41 

(0.85)[d] 0.77 
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Bithienyl-HBC 11 reveals its first quasireversible oxidation potential at 0.47 V, while the 

second and third oxidations arise at 0.72 V and 0.97 V, respectively. The corresponding 

oligothiophene oxidation waves are shifted to more negative potentials in the case of 

quaterthienyl-HBC 16 (E°ox1 = 0.25 V, E°ox2 = 0.41 V and E°ox3 = 0.77 V). A comparison of 

the height of the separated oxidation waves to those of the parent oligomers reveals that the 

observed oxidation are one electron processes. From the corresponding cyclic 

voltammograms, it can be concluded that two oligothiophene units, which are located at 

opposite sites of the disk-like core, are in communication with each other via the HBC center. 

In consequence, three electronic subunits can be assumed which are located along the three 

molecule axis within oligothienyl-HBCs. In the schematic representation given in Figure 6, it 

can be seen that the radical cation, which is formed upon the first oxidation is delocalized 

along one axis of the discotic molecule. After the next oxidations, the additional radical 

cations reside along one of the remaining axes, respectively.   
 

Oxidation

+.
Oxidation
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- e- - e -

+.
Oxidation

+.

- e-
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Figure 6:  Schematic representation of the three subsequent oxidation processes. The formed radical cations are 
delocalized along one of the three molecule axes, respectively. 

 

 

 It is clearly demonstrated that the oxidation potentials are negatively shifted with 

increasing length of the conjugated oligothiophene systems as it is observed for the non-

functionalized O3HTs. However, the potentials of bithienyl-HBC 11 and quaterthienyl-HBC 

16 are significantly lower than those of the corresponding O3HTs and hence, the first 

oxidation potentials of 11 and 16 are comparable to those of a quaterthiophene and an 

octithiophene of the non-functionalized series, respectively.[32] Therefore, as already 

concluded from the optical properties, a communication between the HBC cores and the 

adjacent oligothiophene subunits is evident, resulting in overall larger conjugated donor π-

systems. 

MO-energies: In order to calculate the absolute energies of the MO levels of the oligo-

thienyl-HBCs 11 and 16 with respect to the vacuum level, the redox data are standardized to 

the ferrocene/ferricenium couple which has a calculated absolute energy of -4.8 eV.[36] The 

corresponding energetic levels of the MOs are listed in Table 5 and are compared to the 

LUMO and HOMO levels of the reference HBC-PhC12 taken from literature.[24] 
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Table 5: MO energies vs. the vacuum level of the oligothienyl-HBCs 11 and 16 in comparison with HBC-PhC12 

Compound LUMO 
[eV] 

HOMO 
[eV] [a] 

HOMO -1 
 [eV] [a] 

HOMO -2 
 [eV] [a] 

Band gap 
[eV] [b] 

HBC-PhC12
 [24] -2.64 -5.25   2.61 

11  -2.54 [c] -5.27 -5.52 -5.77 2.73 [c] 

16 -2.50 [c] -5.05 -5.21 -5.57 2.55 [c] 

[a] Related to the Fc/Fc+-couple with a calculated absolute energy of -4.8 eV.[36] –[b] Determined by Band gap = 
E1

LUMO – E1
HOMO. – [c] LUMO levels are calculated via the optical band gaps. 

  

Figure 7 also reveals that the oligothienyl-HBCs 11 and 16 are suitable for photovoltaic 

applications. The HOMOs of the oligothienyl-HBCs are somewhat lower in energy with 

respect to the work function of PEDOT-covered ITO electrodes and therefore, holes can be 

easily injected into the photoactive layer of the corresponding solar cells. In addition, the 

LUMOs of these donor systems lie higher in energy with respect to the LUMO of PCBM, 

meeting the requirement for the manufacturing of fullerene bulk heterojunction photovoltaic 

devices. The high absorbance of these materials in solution gives rise to a strong absorption of 

the corresponding photoactive layer. However, due to their relatively high optical band gaps 

the overall absorption of the resulting active layers have to be strongly red-shifted, which can 

be fulfilled by the incorporation of red-absorbing acceptor dyes such as perylenes or terylenes 

as it has been reported earlier.[24] Besides their high absorptivity, the oligothienyl-HBCs are 

also promising candidates for photovoltaic applications due to their high hole mobilities and 

their self-assembling properties, providing p-type conductive channels for efficient charge 

carrier transport. 
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Figure 7:  MO Scheme of the oligothienyl-HBCs 11 and 16 in comparison with HBC-PhC12. PCBM and 
work-functions of ITO as well as aluminium, which are commonly used for the fabrication of organic 
solar cells, are also given. 
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10.3.4  Bulk properties 

 
A key to the optimisation of this type of material is an understanding of the mesoscopic 

ordering in the bulk. This can be investigated by differential scanning calorimetry (DSC), by 

which the positions of phase transitions of the materials are measured, while X-ray scattering 

methods provide an insight into the macroscopic arrangements of the molecules within these 

phases. 

DSC measurements of bithienyl-HBC 11 showed no phase transition between -100 °C and 

250 °C during heating and cooling, indicating that this HBC-derivative exhibits a broad liquid 

crystalline phase. 

Two-dimensional wide-angle X-ray scattering (2D-WAXS) is a powerful tool to gather 

detailed information regarding intermolecular packing. The necessary macroscopic orientation 

of the columnar structures along the axes of filaments can be accomplished by extrusion of 

the samples into thin fibres. The fibres are obtained from a circular die, which can be heated 

until the material softens sufficiently to pass through the opening. The columns are 

satisfactorily cohesive that they, not the molecular planes, align with the direction of shear. 

By measuring the extruded fibres in a temperature dependent setup with the beam 

perpendicular to the fibre, information about the lattice structure can be obtained.  

In this respect, a fibre of bithienyl-HBC 11 was extruded at 160 °C to give a fibre with a 

diameter of about 0.7 mm, then 2-D X-ray diffractograms were collected in transmission 

mode with the beam perpendicular to the fiber. One diffractogram was taken at room 

temperature (Figure 8) and a second one at 150 °C. 

 

 
 

Figure 8:  The 2D X-ray pattern of bithienyl-HBC 11 shows a helical column stacking. The sample was oriented 
by extrusion from a mini-extruder to give a fibre.  
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The 2-D X-ray diffractogram reveals the presence of a two-dimensional hexagonal lattice, 

consisting of self-assembled columns of HBC molecules (Figure 9), which in turn are ordered 

in a hexagonal arrangement. The equatorial reflexes reflect the distances a and b within the 

projection of the lattice and have been determined to 3.78 nm, respectively. The meridianal 

reflex at 0.34 nm corresponds to the π-π distance d between the HBC molecules in the 

columns. Because no more reflexes are observable at room temperature, an ordered, 

hexagonal columnar liquid crystalline phase is assumed. The same result was obtained when 

the diffractogram was taken at 150 °C. 

 

 

 

 

 

 

 
 
 
 
 
 

Figure 8:  Side view (left), top view (middle) and 3D-visualization (right) of the ordered, hexagonal columnar 
liquid crystalline phase of bithienyl-HBC 11. The distances between the HBC moecules within a 
plane are reflected by a and b while d corresponds to the distance of two discotics within one column. 

b
a
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10.4  Experimental section 

 
10.4.1  General procedures 

 
1H NMR spectra were recorded in CDCl3 on a Bruker AMX 400 at 400 MHz and in d8-

toluene on a Bruker AMX 500 at 500 MHz. 13C NMR spectra were recorded in CDCl3 on a 

Bruker AMX 400 at 100 MHz and in d8-toluene on a Bruker AMX 500 at 125 MHz. Chemi-

cal shifts are denoted in δ unit (ppm), and were referenced to internal tetramethylsilane (0.0 

ppm). The splitting patterns are designated as follows: s (singlet), d (doublet), t (triplet), and 

m (multiplet) and the assignments are HBC (hexabenzocoronene), Ph (phenyl), Th 

(thiophene) for 1H NMR. Mass spectra were recorded with a Varian Saturn 2000 GC-MS and 

with a MALDI-TOF MS Bruker Reflex 2 (dithranol used as the matrix). Elemental analyses 

were performed on an Elementar Vario EL. Melting points were determined with a Büchi B-

545 melting point apparatus and are not corrected. Gas chromatography was carried out using 

a Varian CP-3800 gas chromatograph. HPCL analyses were performed on a Shimadsu SCL-

10A equipped with a SPD-M10A photodiode array detector and a SC-10A solvent delivery 

system using a LiChrosphor column (Silica 60, 5 µm, Merck). Thin-layer chromatography 

was carried out on Silica Gel 60 F254 aluminium plates (Merck). Developed plates were dried 

and examined under a UV lamp. Preparative column chromatography was carried out on glass 

columns of different sizes packed with silica gel Merck 60 (40-63 µm). UV-Vis spectra were 

taken on a Perkin-Elmer Lambda 19 in 1 cm cuvettes. Thin uniform films for solid-state 

spectra have been obtained by drop-casting from the corresponding THF-solutions (1 mg/ml) 

onto glass substrates. Fluorescence spectra were measured with a Perkin-Elmer LS 55 in 1 cm 

cuvettes. Fluorescence quantum yields were determined with respect to 9,10-

diphenylanthracene (Φ = 0.9 in hexane[33]). Cyclic voltammetry experiments were performed 

with a computer-controlled EG&G PAR 273 potentiostat in a three-electrode single-

compartment cell (5 ml). The platinum working electrode consisted of a platinum wire sealed 

in a soft glass tube with a surface of A = 0.785 mm2, which was polished down to 0.5 µm 

with Buehler polishing paste prior to use in order to obtain reproducible surfaces. The counter 

electrode consisted of a platinum wire and the reference electrode was an Ag/AgCl secondary 

electrode. All potential were internally referenced to the ferrocene/ferricenium couple.[36] For 

the measurements concentrations of 10-3 mol/l of the electroactive species were used in 

freshly distilled and deairated dichloromethane (Lichrosolv, Merck) and 0.1 M 
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tetrabutylammonium hexafluorophosphate (nBu4NPF6, Fluka) which was twice recrystallized 

from ethanol and dried under vacuum prior to use. 2D WAXD measurements of oriented 

filaments were conducted using a rotating anode (Rigaku 18 kW) X-ray beam (Cu Kα, 

pinhole collimation, double graphite monochromator) and CCD camera. The patterns were 

recorded with vertical orientation of the filament axis and with the beam perpendicular to the 

filament. Solvents and reagents were purified and dried by usual methods prior to use and 

typically used under inert gas atmosphere. The following starting materials were purchased 

and used without further purification: [HP(t-Bu)3]BF4,[31] Pd2(dba)3
[37] and Pd(PPh3)4

[38] were 

prepared according to literature procedures. Hexa(4-iodophenyl)-hexabenzocoronene 8 and 

hexa(4-dodecylphenyl)hexabenzocoronene HBC-PhC12 have been gratefully provided by the 

group of Prof. K. Müllen, MPI Mainz. 
 

 

 

10.4.2  Synthesis 

 
Hexa(4,3’-dihexyl-5-(4-phenylethynyl)-2,2’-bithienyl)hexabenzocoronene (11): 

9 (78 mg, 0.18 mmol) was dissolved in 2 ml THF 

and caesium fluoride (82 mg, 0.54 mmol) 

dissolved in 0.5 ml methanol was added. The 

resulting solution was stirred for 1 hour at room 

temperature. After the reaction was completed the 

mixture was poured into water and the organic 

layer was taken off while the water phase was 

extracted with dichloromethane. The combined 

organic phases were washed with water three 

times, were dried with magnesium sulphate and the 

solvent was removed by rotary evaporation. The 

residual yellow oil 10 was dissolved in 5 ml piperidine prior to the addition of 8 (35 mg,   

0.02 mmol), CuI (2.3 mg, 12 µmol) and Pd(PPh3)4 (6.2 mg, 6 µmol). After the resulting 

yellow suspension was carefully degassed, it was stirred at 80 °C for 24 hours. After the 

reaction was completed the mixture was poured into water and was acidified with 

concentrated hydrochloric acid (pH = 1). The organic layer was taken off while the water 

phase was extracted with dichloromethane. The combined organic phases were dried with 
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magnesium sulphate and the solvent was removed by rotary evaporation. The crude product 

was purified by column chromatography (SiO2 / petrol ether : dichloromethane [5:3]) to give 

bithienyl-HBC 11 (50 mg, 80 %) as a brownish solid. 

M.p.: decomp. > 360 °C; 
1H NMR (500 MHz, 360 K, d8-toluene): δ = 8.59 (s, 12H, HBC), 7.87 (d, J=7.3 Hz, 12H, Ph-

2H,6H), 7.79 (d, J=7.3 Hz, 12H, Ph-3H,5H), 7.09 (s, 6H, Th-3H), 6.94 (d, J=5.2 Hz, 6H, Th-

5’H), 6.83 (d, J=5.2 Hz, 6H, Th-4’H), 3.08 (t, J=7.5 Hz, 12H, Th-’-CH2), 2.89 (t, J=7.5 Hz, 

12H, Th--CH2), 1.98 (quin, J=7.5 Hz, 12H, Th-β’-CH2), 1.76 (quin, J=7.5 Hz, 12H, Th-β-

CH2), 1.66 (quin, J=7.0 Hz, 12H, Th-γ’-CH2), 1.57-1.42 (m, 36H, -CH2-), 1.42-1.35 (m, 24H, 

-CH2-), 1.07 (t, J=6.9 Hz, 18H, Th’-CH3), 1.00 (t, J=6.9 Hz, 18H, Th-CH3); 
13C NMR (125 MHz, 360 K, d8-toluene): 149.07, 140.89, 140.39, 132.79, 131.52, 130.15, 

129.08, 128.17, 127.99, 127.79, 127.55, 124.00, 119.89, 119.33, 106.24, 97.34, 85.09, 32.23, 

32.15, 30.94, 30.66, 30.46, 29.89, 29.63, 29.60, 23.12, 22.96, 14.38, 14.12; 

MS (MALDI-TOF): m/z [M+H+] = 3115; 

Elemental analysis: calcd (%) for C210H210S12: C 80.88, H 6.79, S 12.34; found C 80.66, H 

6.59, S 12.12.  

 

Triisopropyl(4,3’,3’’,3’’’-tetrahexyl-2,2’;5’,2’’;5’’,2’’’-quaterthien-5-ylethynyl)silane 

(14): 

A solution of 12 (320 mg, 0.5 mmol) and 13 (276 mg,         

0.6 mmol) in 3 ml DME was carefully degassed prior to the 

addition of 0.9 ml (1.8 mmol) of a 2 molar tripotassium 

phosphate solution. The resulting emulsion was degassed and the catalyst (Pd2dba3              

[2.6 mg, 2.5 µmol], [HP(t-Bu)3]BF4 [1.5 mg, 5.0 µmol]) was added. Next, the mixture was 

degassed and was stirred at room temperature for 24 hours. Then it was poured into water and 

was extracted with dichloromethane. The organic phase was dried with magnesium sulphate 

and the solvent was taken off. The crude product was purified by column chromatography 

(SiO2 / petrol ether : dichloromethane [10:1]) to give 14 (370 mg, 87 %) as an orange, viscous 

oil. 

1H NMR (400 MHz, CDCl3): δ = 7.15 (d, J=5.3 Hz, 1H, 5’’’-H), 6.94 (s, 1H, 3-H), 6.93 (s, 

1H, 4’-H),  6.92 (d, J=5.3 Hz, 1H, 4’’’-H), 6.87 (s, 1H, 4’’-H), 2.80-2.73 (m, 6H, ’-’’’-

CH2), 2.70 (t, J=7.7 Hz, 2H, -CH2), 1.68-1.60 (m, 8H, β-β’’’-CH2), 1.45-1.25 (m, 24H, -

CH2-), 1.15-1.13 (m, 21H, Si-CH-(CH3)2, Si-CH-(CH3)2), 0.93-0.86 (m, 12H, -CH3); 
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13C NMR (100 MHz, CDCl3): δ = 140.08, 140.25, 139.89, 139.66, 135.62, 134.17, 134.06, 

130.27, 130.24, 130.11, 128.54, 126.45, 123.62, 118.35, 98.98, 98.65, 31.69, 30.66, 30.51, 

30.45, 30.31, 29.86, 29.43, 29.30, 29.23, 29.09, 22.63, 18.70, 14.12, 14.09, 11.34; 

MS (MALDI-TOF): m/z [M+H+] = 847; 

Elemental analysis: calcd (%) for C51H78S4Si: C 72.28, H 9.28, S 15.13; found C 72.34, H 

9.39, S 15.20. 

 

5-Ethynyl-4,3’,3’’,3’’’-tetrahexyl-2,2’;5’,2’’;5’’,2’’’-quaterthiophene (15): 

14 (169 mg, 0.2 mmol) was dissolved in 3 ml THF and caesium 

fluoride (151 mg, 1 mmol) dissolved in 0.5 ml methanol was 

added. The resulting solution was stirred for 2 hours at 70 °C. 

After the reaction was completed the mixture was poured into water and the organic layer was 

taken off while the water phase was extracted with petrol ether. The combined organic phases 

were washed with water three times and were dried with magnesium sulphate. The solvent 

was removed in vacuum to give 15 (138 mg, quantitative) as an orange, viscous oil which was 

used without further purification. 
1H NMR (400 MHz, CDCl3): δ = 7.16 (d, J=5.3 Hz, 1H, 5’’’-H), 6.95 (s, 1H, 3-H), 6.94 (s, 

1H, 4’-H),  6.93 (d, J=5.3 Hz, 1H, 4’’’-H), 6.89 (s, 1H, 4’’-H), 3.52 (s, 1H, C≡CH), 2.81-2.72 

(m, 6H, ’-’’’-CH2), 2.70 (t, J=7.7 Hz, 2H, -CH2), 1.72-1.60 (m, 8H, β-β’’’-CH2), 1.45-

1.25 (m, 24H, -CH2-), 0.97-0.85 (m, 12H, -CH3); 
13C NMR (400 MHz, CDCl3): δ = 149.47, 140.48, 139.97, 139.69, 136.32, 134.27, 134.24, 

130.46, 130.15, 130.09, 129.99, 128.77, 128.57, 126.32, 123.63, 116.59, 99.98, 84.24, 31.66, 

31.65, 31.60, 30.63, 30.48, 30.10, 29.54, 29.45, 29.41, 29.28, 29.21, 28.93, 22.61, 22.59, 

14.07; 

MS (MALDI-TOF): m/z [M+H+] = 691. 
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Hexa(4,3’,3’’,3’’’-tetrahexyl-5-(4-phenylethynyl)-2,2’;5’,2’’;5’’,2’’’-quaterthienyl) 

hexabenzocoronene (16): 

8 (10 mg, 5.8 µmol), 15 (36 mg, 0.05 

mmol), CuI (0.7 mg, 3.5 µmol) and 

Pd(PPh3)4 (2.0 mg, 1.7 µmol) were 

dissolved in 5 ml piperidine. After 

the resulting orange suspension was 

carefully degassed it was stirred at 

80 °C for 24 hours. After the 

reaction was completed the mixture 

was poured into water and was 

acidified with concentrated 

hydrochloric acid (pH = 1). The 

organic layer was taken off while the 

water phase was extracted with 

dichloromethane. The combined 

organic phases were dried with magnesium sulphate and the solvent was removed by rotary 

evaporation. The crude product was purified by column chromatography (SiO2 / petrol ether : 

dichloromethane [5:3]) to give quaterthienyl-HBC 16 (10 mg, 34 %) as a dark brown solid. 

M.p.: decomp. > 360 °C 
1H NMR (500 MHz, 365 K, d8-toluene): δ = 9.21 (s, 12H, HBC), 8.13 (d, J=7.3 Hz, 12H, Ph-

2H,6H), 7.96 (d, J=7.3 Hz, 12H, Ph-3H,5H), 7.0 (s, 12H, 3-H), 7.00 (s, 12H, 4’-H), 6.99 (s, 

12H, 4’’-H), 6.92 (d, J=5.3 Hz, 1H, 5’’’-H), 6.80 (d, J=5.3 Hz, 1H, 4’’’-H), 2.99 (t, J=7.5 Hz, 

12H, Th--CH2), 2.90-2.70 (m, 36H, Th-’-’’’-CH2), 1.97-1.85 (m, 12H, Th-β-CH2), 1.76 

(quin, J=7.5 Hz, 24H, Th-β-CH2), 1.70-1.60 (m, 24H, -CH2-), 1.60-1.20 (m, 60H, -CH2-), 

1.42-1.35 (m, 132H, -CH2-), 1.03 (t, J=6.9 Hz, 18H, Th-CH3), 1.00-0.90 (m, 54H, Th-CH3); 

13C NMR (125 MHz, 365 K, d8-toluene): 148.57, 142.31, 141.62, 137.39, 136.80, 136.54, 

136.12, 136.09, 133.62, 132.43, 129.66, 127.50, 127.32, 123.38, 120.47, 110, 72, 105.03, 

93.39, 31.73, 31.68, 31.63, 31.58, 31.54, 30.42, 30.30, 30.29, 30.26, 30.13, 30.11, 29.53, 

29.48, 29.16, 29.12, 29.08, 29.02, 22.57, 22.43, 22.39, 22.36, 13.52, 13.49; 

MS (MALDI-TOF): m/z [M+H+] = 5107. 
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Summary 

 
During the last years, the field of organic solar cells was focused by academic and industrial 

research promoted by the development of a flexible, efficient and not least a low-cost 

alternative to the established silicon technology. One of the most promising candidates is 

based on a bulk-heterojunction concept where a mixture of semiconducting polymers and a 

fullerene derivative form the photoactive layer which is sandwiched between two electrodes. 

Even if in the end of 2001 efficiencies of 2.5 % were achieved based on poly(p-phenylene 

vinylene) derivatives, it was evident that a further increase of the power conversion efficiency 

was only feasible by utilizing new materials with higher charge carrier mobilities and an 

enlarged absorption which covers the terrestrial solar spectrum to a greater extent. 

A main objective of this thesis has been the synthesis and characterisation of new dye-

derivatized head-to-tail coupled oligo(3-hexylthiophene)s which combine the outstanding 

hole charge carrier mobilities of the oligothiophene units and the possibility to absorb light in 

the low energy part of the terrestrial sun spectrum due to the covalently attached dyes. 

Furthermore, in order to manufacture cost effective organic solar cells it is desirable to 

substitute the expensive fullerene derivatives in bulk-heterojunction solar cells which in turn 

makes these novel donor-acceptor materials even more promising candidates due to their 

inherent property of photoinduced electron transfer. 

The synthesis of these novel donor-acceptor perylenyl-oligothiophenes 1-6 is based on a 

successive built-up of the oligothiophene chain at a perylene unit via a thoroughly optimized 

sequence consisting of an iterative regioselective iodination and Suzuki cross-coupling 

sequence with bithiophene boronic esters. Hence, it was possible to obtain differently long 

perylenyl-oligothiophenes in excellent yields, exhibiting an oligothiophene chain length up to 

an octamer. Valuable structure-property relationships have been established by optical and 

electrochemical measurements for this series which provide important information for the 

fabrication of photovoltaic devices. 

Based on this first series, structurally related perylenyl-oligothiophenes 7-9 have been 

synthesized. The development of a new catalytic Ullmann-reaction allowed the homo-

coupling of two identical α-iodinated perylenyl-oligothiophenes in good yields. This method 

offered an easy access to hybrid systems, consisting of considerably longer donor subunits, 

which facilitate photoinduced electron transfer with respect to the corresponding linear 

perylenyl-oligothiophenes. 
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In another approach, dendrimeric perylenyl-oligothiophenes 10-12 have been obtained by 

attaching linear perylenyl-oligothiophenes to a triphenylamine core via Suzuki cross-coupling 

reactions. 

Optical and electrochemical characterizations revealed the existence of an extended donor 

π-system for this class of compounds which is delocalized via the triphenylamine core and the 

three covalently attached oligothiophenes. 

 

  

 

All the synthesized perylenyl-oligothiophenes 1-12 exhibited photoinduced charge 

transfer properties and distinguished themselves by high absorptivities between 300 and     

550 nm, confirming their potential application in bulk-heterojunction photovoltaic devices. 

The fabrication and characterization of the corresponding photovoltaic devices based on 

blends of selected perylenyl-oligothiophenes with fullerenes revealed very promising and not 

yet optimized power conversion efficiencies up to 0.5 % under a simulated terrestrial sun 

spectrum. 
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In order to evaluate the scope and limitations of this class of compounds, the effect of 

alternative linkages between the oligothiophene donor and the perylene acceptor on optical 

and electrochemical properties were investigated. In this respect, regioisomers 13 and 14, 

ethynylene containing perylenyl-oligothiophenes 15-17 and hybrid systems 18 and 19 with 

electronically decoupled donor and acceptor subunits were synthesized and studied. 

 

 

 

 

 

 

 

 

Dye-sensitized solar cells have been developed as another efficient, low-cost alternative to 

the silicone technology during the last years. Based on dye-sensitized nanocrystalline titanium 

dioxide power conversion efficiencies of over 11 % have been reached. In order to obtain 

suitable perylenyl-oligothiophenes for the application in this type of photovoltaic devices, the 

linear hybrid molecules (1, 3, and 5) have been modified with terminal hole conducting 

triphenylamines bearing free carboxylic acids, which facilitate the adsorption onto titanium 

dioxide. In this respect, perylenyl-oligothiophene-triphenylamines 20-25 have been obtained 

by effective palladium-catalyzed cross-coupling reactions in excellent yields. 
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Another goal of this thesis has been the synthesis of novel derivatives of poly(3-

hexylthiophene)s 26 and 27 which can be employed in heterojunction solar cells, consisting of 

polymer-fullerene blends as the photoactive layers. The incorporation of ethynylene moieties 

into the polymer backbone significantly lowers the energetic levels of both the HOMO and 

the LUMO by approximately 0.3 eV, resulting in an optimized overlap with the corresponding 

frontier orbitals of the fullerene acceptor. The solar cells based on these new polythiophenes 

showed power conversion efficiencies up to 1.2 % and remarkably high open-circuit voltages 
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of more than 1.0 V. A comparison with the state-of-the-art poly(3-hexylthiophene) solar cell, 

revealing open-circuit voltages of only 0.55 V, clearly confirmed the postulated concept of 

band gap engineering, by which the overall efficiencies of heterojunction photovoltaic devices 

can be optimized. 

 

 

 
 

Furthermore, a new class of compounds based on oligothiophene-derivatized azobenzenes 

28-33 has been synthesized as light switchable molecules which by the application of light at 

appropriate wavelengths can be interconverted from the trans to the cis-form and vice versa. 

These materials, which are characterized by an intense absorption between 250 and 500 nm, 

are promising candidates for the construction of self-assembled light-switchable monolayers. 
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In the final chapter of this thesis new hexabenzocoronene derivatives 34 and 35 are 

disclosed which combine the p-type semiconducting properties of oligo(3-hexylthiophene)s 

and the capability of hexabenzocoronenes to form self-assembled columnar phases. These 

novel materials have been thoroughly 

investigated by optical and electrochemical 

measurements which revealed strong absorptions 

and emissions as well as low lying oxidation 

potentials due to an enhanced conjugation 

between the HBC core and the attached 

oligothiophene units. Furthermore, it could be 

concluded from the optical spectra that the 

attachment of an oligothiophene unit to the 

hexabenzocoronene core has a considerable 

influence on the aggregation properties of the 

resulting discotic liquid crystalline molecules 

and on the electronic properties.  
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Zusammenfassung 

 
Im Verlauf der letzten Jahre ist das Gebiet der „Organischen Solarzellen“ immer stärker in 

den Mittelpunkt der aktuellen Forschung gerückt, mit dem Ziel flexible, effiziente und 

kostengünstige Alternativen zur etablierten Siliziumtechnologie zu entwickeln. Einer der viel 

versprechenden Ansätze basiert auf dem Konzept des „interpenetrierenden Netzwerks“, bei 

dem die photoaktive Schicht aus einer Mischung eines halbleitenden Polymers und eines 

Fulleren-Derivates besteht, welche zwischen zwei Elektroden angeordnet ist. Auch wenn 

bereits Ende 2001 auf der Basis von Poly(p-phenylenvinylen)-Derivaten Effizienzen von    

2.5 % erzielt werden konnten, war eine weitere Effizienzsteigerung nur durch die 

Verwendung neuer Materialien mit höheren Ladungsträgermobilitäten und einer erweiterten 

Absorption, die besser mit dem spektralen Bereich des terrestrischen Sonnenspektrums 

übereinstimmt, möglich. 

Aus diesem Grund war es ein primäres Ziel der vorliegenden Arbeit neue Farbstoff-

derivatisierte Kopf-Schwanz verknüpfte Oligo(3-hexylthiophene) zu synthetisieren und 

charakterisieren. Dabei sollten die Oligothiopheneinheiten dieser neu kreierten Systeme durch 

ihre hohe Lochladungsträger-Beweglichkeiten bestechen, während die Farbstoffe den 

Spektralbereich der Absorption langwellig verschieben. In Bezug auf kosteneffiziente 

Organische Solarzellen ist es darüber hinaus wünschenswert, die kostenintensiven Fulleren-

Derivate in Solarzellen zu ersetzten, was die Verwendung dieser neuartigen Donor-Akzeptor 

Moleküle, die sich durch die Fähigkeiten des photoinduzierten Elektronentransfers 

auszeichnen, besonders interessant erscheinen lässt. 

Die Synthese der neuartigen linearen Perylenyl-Oligothiophene 1-6 basierte auf einem 

sukzessiven Aufbau der Oligothiophen-Kette an einem Perylenderivat über eine perfekt 

optimierte Sequenz  bestehend  aus  alternierenden regioselektiven Iodierungen  und  Suzuki-

Kreuzkupplungen  mit  Bithiophenboronestern. Dadurch wurde es möglich, verschieden lange 

Perylenyl-Oligothiophene bis hin zum Oktamer in hervorragenden Ausbeuten aufzubauen. 

Auf der Grundlage dieser Serie konnten Struktur-Eigenschaftsbeziehungen, die sich aus den 

Messungen der optischen und elektrochemischen Eigenschaften der jeweiligen Vertreter 

ergaben, abgeleitet werden, welche für eine spätere Anwendung in organischen Solarzellen 

unabdingbar sind. Basierend auf dieser ersten Reihe wurden strukturell verwandte dimere 

Perylenyl-Oligothiophene 7-9 synthetisiert. Durch eine neu entwickelte katalytische Ullmann-

Reaktion konnten zwei identische, α-ständig iodierte Perylenyl-Oligothiophene in guten 
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Ausbeuten verknüpft werden, wodurch eine Verdopplung der Oligothiophenkettenlänge 

relativ einfach zugänglich war. Durch diese größeren Donor-π-Systeme konnte der 

photoinduzierte Elektronentransfer im Vergleich mit den entsprechenden linearen Perylenyl-

Oligothiophenen begünstigt werden. 

 Des Weiteren waren auch dendrimerartige Perylenyl-Oligothiophene 10-12 leicht 

zugänglich, die ausgehend von einem Triphenylamin mittels Suzuki-Kreuzkupplungen 

aufgebaut wurden. Durch optische und elektrochemische Charakterisierungen konnte gezeigt 

werden, dass sich diese Verbindungsklasse durch ein besonders ausgedehntes Donor-π-

System auszeichnet, welches über das Triphenylamin und die kovalent verbundenen drei 

Oligothiophene-„Arme“ delokalisiert ist. 

  
Alle in dieser Arbeit synthetisierten Perylenyl-Oligothiophene 1-12 zeigten 

photoinduzierten Ladungstransfer und zeichneten sich durch eine hohe Absorption im Bereich 

zwischen 300 und 550 nm aus, so dass sie die Grundvoraussetzung für einen Einsatz in 

Organischen Solarzellen erfüllen. Bei der Charakterisierung entsprechender photovoltaischer 

Zellen auf der Basis von Mischungen ausgewählter Perylenyl-Oligothiophene mit Fulleren 

konnten viel versprechende und noch nicht optimierte Effizienzen von bis zu 0.5 % gemessen 

werden.  
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Um die vorhandenen Möglichkeiten und Grenzen dieser neuen Verbindungsklasse genau 

zu untersuchen, wurde im weiteren Verlauf dieser Arbeit die Auswirkung verschiedener 

Verknüpfungsarten zwischen den Oligothiophenen und dem Perylengrundkörper auf die 

optischen und elektrochemischen Eigenschaften untersucht. Dazu wurden die Regioisomeren 

13 und 14, die ethinyl-verknüpften Perylenyl-Oligothiophene 15-17 und Hybridsysteme 18 

und 19 bestehend aus elektronisch entkoppelten Donor- und Akzeptor-Untereinheiten 

synthetisiert und charakterisiert. 

 

 

 

 

 

 

 

 

Neben der „Organischen Solarzelle“ hat sich die Farbstoffsolarzelle in den letzten Jahre 

als eine weitere kostengünstige und effiziente Alternative zur Siliziumtechnologie entwickelt. 

Auf der Basis von nanokristallinem Titandioxid, welches durch Farbstoffe sensibilisiert ist, 

konnten bereits Effizienzen von über 11 % erzielt. Durch eine Modifikation der linearen 

Perylenyl-Oligothiophene (1, 3 und 5) mit lochleitenden Triphenylaminen, welche endständig 

freie Carboxylgruppen enthalten, konnte diese neu erschaffene Verbindungsklasse 20-25 auf 

Titandioxid aufgezogen werden und damit eine mögliche Anwendung in der 

Farbstoffsolarzelle finden. 

 

 

 

 
 

Ein weiteres Ziel dieser Arbeit war die Synthese neuartiger Poly(3-hexylthiophen)-

Derivate 26 und 27, welche als Mischung mit Fullerenen die photoaktive Schicht in 

Solarzellen bilden sollten. Durch den Einbau von elektronenziehenden Dreifachbindungen in 

das Polymerrückgrat konnten sowohl die energetische Lage des HOMOs als auch des 

LUMOs der neu entwickelten Polymere signifikant um jeweils 0.3 eV abgesenkt werden, so 

dass eine bessere Überlappung mit den entsprechenden Grenzorbitalen des Fulleren-

OH O

N

OH

O
S

H13C6

O

O

N

n

 

OH O

N

OH

O

S

H13C6

O

O

N

n

 

n=2, 4, 6 n=0, 2, 4(20-22) (23-25)



Zusammenfassung 
 

 

385

Akzeptors resultierte. Die polymeren Solarzellen, die mit diesen neuen Polythiophenen gebaut 

worden sind, erreichten Effizienzen von bis zu 1.2 % und bemerkenswert hohe 

Klemmspannungen von über einem Volt. Damit konnte gezeigt werden, dass die gegenseitige 

Anpassung der Bandlücken des Donor und des Akzeptors richtungweisend ist, da die 

Klemmspannung der Referenzzelle auf der Basis von Poly(3-hexylthiophen) mit nur 0.55 V 

halb so hoch ist.  

 

 

 
 

Im Weiteren wurden verschiedene Oligothiophenderivate auf der Basis von Azobenzolen 

28-33 synthetisiert, die sich lichtinduziert von der trans in die cis-Form und umgekehrt 

überführen lassen. Diese leicht zugänglichen Verbindungen zeichnen sich durch eine hohe 

Absorption zwischen 250 und 500 nm aus. Darüber hinaus sind sie viel versprechende 

Verbindungen für die Darstellung von selbst organisierenden, schaltbaren Monoschichten. 
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Im letzten Kapitel dieser Arbeit wurden die neuen Hexabenzocoronen-Derivate 34 und 35  

behandelt, welche die p-Halbleitereigenschaften der Oligo(3-hexylthiophen)e mit der Selbst-

organisations-Fähigkeit der diskotischen flüssig-

kristallinen Hexabenzocoronene vereinen. Diese 

neue Verbindungsklasse wurde eingehend durch 

optische und elektrochemische Messungen 

charakterisiert und es konnte gezeigt werden, 

dass sie eine sehr hohe Absorption und 

Emission, sowie niedrig liegende Oxidations-

potentiale aufweisen. Außerdem ließ sich aus 

den optischen Messungen ableiten, dass die 

Anknüpfung der Oligothiophene entscheidenden 

Einfluss auf die Aggregationseigenschaften der 

resultierenden Moleküle ausübt. 
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