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Preface  

The objective of this thesis is the design and preparation of oligomeric semiconductors with 

application as electron donating components in organic solar cells (OSCs). The oligomers are 

based on acceptor end-capped oligothiophenes incorporating benzo[2,1-b:3,4-bʹ]dithiophene 

(BDT) as rigid central unit (Chart P. 1). This building block is a 2,2ʹ-bithiophene, which is 

3,3ʹ-connected via an ethylene bridge.  The influence of the bridged moiety on thermal, optical, 

and electrochemical properties is analyzed and compared to the corresponding linear 

oligothiophene. Structure-property relationships are investigated by variations at the ethylene 

bridge of the fused BDT unit, the spacer moiety, and the terminal acceptor groups. Furthermore, 

the oligomers are implemented in vacuum- and solution-processed OSCs.  

 

Chart P. 1: Design of benzodithiophene-containing oligomers for the present thesis. 

Chapter 1 concentrates on the fundamental physical processes and characterization parameters 

of organic photovoltaics, and the architectures of planar heterojunction (PHJ) and bulk 

heterojunction (BHJ) devices are explained. Chapter 2 gives an overview of current research 

results of thiophene-based oligomers with application in organic electronics, specifically for 

organic solar cells. Literature progress for both vacuum- and solution-processing is presented. 

Furthermore, oligofurans, mixed oligo(thienylfurans), and oligothiophenes containing fused 

units are presented. Chapter 3 concentrates on a series of terminally 2,2’-dicyanovinyl (DCV)-

substituted novel benzo[2,1-b:3,4-b']dithiophene- and naphtha[2,1-b:3,4-b']dithiophene-

containing quaterthiophenes for vacuum-processed organic PHJ and BHJ photovoltaics. 

Synthesis and properties of these new molecules are described and compared to the 

corresponding non-fused quaterthiophene. The influence of the DCV acceptor is investigated by 

comparison with non-functionalized and formyl-capped analogues. Chapter 4 describes the 

synthesis and characterization of acceptor functionalized sexithiophene for solution-processed 

BHJ devices. Benzo[2,1-b:3,4-b']dithiophene and 4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-

b']dithiophene are implemented as fused central units. DCV and 1,1-dicyano-2-octyl-vinyl are 

investigated as acceptor end groups and special attention is put on structure-property changes 

caused by the variation of the acceptor unit. Chapter 5 introduces DCV-capped 

quaterthiophenes with fused acceptor moieties. The thermal, optical, and electrochemical 

properties are described and compared to DCV-capped oligomers described in Chapter 3.   
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1. Fundamental Principles of Organic Solar Cells 

1.1. Introduction 

Photovoltaics is the direct conversion of sunlight to electricity. The foundation for solar cells was 

laid in 1839 by the French physicist A. E. Becquerel. He detected a current flow between two 

electrodes, which were in an acid bath when one of the electrodes was illuminated.[1] This effect 

is ever since known as the photovoltaic effect. Inorganic solar cell research started in 1873 when 

the English electrical engineer W. Smith published the photoconductivity of selenium.[2] In 1953, 

the breakthrough in the field of inorganic solar cells was achieved by D. Chapin, G. Pearson, and 

C. Fuller. The researchers used silicon with defined skips in transistors and measured a 

significant increase of the conductivity.[3] Investigations in the field of electrically conductive 

conjugated polymers started in the 1960s.[4] In 1963, D. Weiss did studies with polypyrrole, in 

1966, R. Buvet and M. Jozefowicz investigated polyaniline powder and in 1968, D. J. Berets and 

D. S. Smith analyzed the electrical properties of linear polyacetylene. These previous studies 

often fall into oblivion and mostly the finding of the conductivity of doped polyacetylene in 

1977[5] by A. G. Heeger, A. G. Shirakawa and H. MacDiarmid is mentioned as the basis for organic 

semiconducting materials. The work of these researchers was honored with the Nobel Prize in 

chemistry in 2000. In 1986, the first organic solar cell with an efficiency of close to 1% was 

published by C. W. Tang.[6] 

Commercially available solar cells consist of inorganic semiconductors, like amorphous, mono-

crystalline, or polycrystalline silicon. The efficiencies for these devices achieved in laboratories 

are 10.1%, 25.0%, and 20.4%, respectively. In modules, efficiencies are two to three percentage 

points lower. Thin film GaAs solar cells reached 28.8% in the lab and 24.1% in a module. The 

record inorganic solar cell is a monolithic multijunction device of InGaP/GaAS/InGaAs and on 

one square centimeter efficiencies of up to 37.7% have been measured.[7]  

In 1991, B. O’Regan and M. Grätzel presented dye-sensitized solar cells (DSSCs), which are low-

cost devices based on dye-sensitized colloidal titanium dioxide (TiO2) films.[8] Efficiencies of up 

to 12.3% were achieved for a porphyrine-sensitized device with a cobalt (II/III)–based redox 

electrolyte.[9] Very recently, Grätzel and co-workers achieved a new world record of 15.0%.[10] 

They used previously tested perovskite pigments[11] but investigated a new sequential 

deposition method for the formation of the pigment within the porous metal oxide film. Thin 

film organic solar cells did not yet reach this value. A great breakthrough was attained in 2010 

by exceeding the 10% mark the first time. 10.7%[12] was achieved for a vacuum-processed 

tandem device based on oligomers (“small” molecules) and 10.6%[13] for a solution-processed 
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polymer tandem solar cell. In January 2013, a new record of 12.0% was achieved by Heliatek for 

a triple cell consisting of small molecules.[14] 

The energy consumption increased dramatically in the last decades and even more energy will 

be required in the future since a constant growth of the world population is expected. According 

to assumptions, the actual energy consumption of about 13 terawatt (TW) is more than doubled 

until 2050 and tripled in 2100.[15] Moreover, the CO2 emission is steadily increasing and the 

reserve of fossil fuels will be used up in the near future. In 2011, the German Bundestag decided 

the nuclear phase-out until 2022.[16] This decision and the target agreements of the Kyoto-

protocol[17] turn one´s attention to renewable technologies, like hydropower, wind power, and 

solar energy. The sun is the biggest natural energy source and could be the energy source of the 

future. Within one hour, the sun delivers more energy to earth than is consumed in one year. 

The challenge is to convert sunlight to electricity. Covering 0.16% of the land area on earth with 

solar modules, which show conversion of 10%, would provide 20 TW of power. This is nearly 

twice the consumption rate of fossil energy and corresponds to 20 000 1-gigawatt (GW) nuclear 

fission plants.[15] This simple calculation shows the big potential of solar energy to solve the 

world’s energy problem.  

 

1.2. Working Principle of Organic Solar Cells 

In inorganic solar cells photo absorption leads directly to free electrons and holes. The active 

layer of an organic solar cell comprises a donor and an acceptor material. The mechanism in 

such devices is different and consists of four successive steps:[6, 18-19] 1. Exciton generation, 

2. Exciton diffusion, 3. Dissociation of the bounded excitons, and 4. Free charge carrier transport 

and charge collection at the electrodes (Figure 1.1).  

The initial step is the absorption of light, which generates a single exciton (coulomb-bounded 

electron-hole pair) via the excitation of an electron from the highest occupied molecular orbital 

(HOMO) to the lowest unoccupied molecular orbital (LUMO) of the donor material. Due to the 

low dielectric constant of organic substances, this exciton cannot dissociate into free charge 

carriers. A separation of the Coulomb-bounded electron-hole pair and thereby a photocurrent is 

only possible in strong electric fields of more than 106 V cm-1, which is in organic devices present 

at interfaces between two materials with different electron affinity and/or ionization 

potentials.[20] The second step is the diffusion of the exciton to such an interface and the charge 

separation at the interface into a free electron and hole follows. A dissociation of the bounded 

exciton happens only if the energy, which is gained by the electron transition overcomes the 
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binding energy of the exciton.[21] The third step occurs via the transition of an electron of the 

LUMO of the donor to the LUMO of the acceptor. It has been empirically figured out that the 

offset between the two LUMO levels (ELUMO) must be at least 0.3-0.4 eV.[22] The fourth step is 

the drift of the electron through the material with the larger electron affinity towards the 

cathode and the drift of the hole through the material with the lower ionization potential 

towards the anode. Finally, the electrons/holes are collected at the corresponding electrodes.  

 

 

Figure 1.1: Conversion of photo energy in an organic solar cell. 

 

 

1.3. Planar Heterojunction Solar Cells 

Different solar cell architectures are possible. The simplest construction is a planar 

heterojunction (PHJ) or bilayer device with a layer sequence of electrode 1 (anode)/donor/ 

acceptor/electrode 2 (cathode) (Figure 1.2, left).  

The first organic device cell of C. W. Tang mentioned above was such a bilayer solar cell. Two 

vacuum-deposited donor-layers of copper phthalocyanine (CuPc) and acceptor material 

perylene-3,4,9,10-bis-benzimidazole (PTCBI) have been embedded between an indium tin oxide 

(ITO) electrode and a silver electrode (Figure 1.2, right). The measured efficiency was 

independent from the work function of the electrodes.[6] 

The photovoltaic properties of PHJ solar cells are defined by the interface between the donor (D) 

and the acceptor (A) layer. Efficiency is limited by the exciton diffusion length (LD) of 10-20 nm, 
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which is about ten times lower than the absorption depth. Consequently, only excitons 

generated within LD can reach the donor-acceptor interface and contribute to the photocurrent. 

Excitons generate at a larger distance to the interface recombine before reaching the interlayer. 

As a consequence, the layer thickness is limited and this could result in low photocurrents. 

 

 

Figure 1.2: General construction of a bilayer solar cell and architecture of the first device by C. W. Tang.   

 

1.4. Bulk Heterojunction Solar Cells 

Bulk heterojunction (BHJ) solar cells were designed in order to avoid this limiting factor for the 

photocurrent.[23-24] The simplified architecture of a BHJ device is electrode 1 (anode)/ 

bulk layer/electrode 2 (cathode) (Figure 1.3, left). The active layer is a bicontinuous and 

interpenetrating phase-separated donor-acceptor network. The contact area of donor and 

acceptor is enormously increased and a more efficient separation of the excitons is possible. 

Ideally, every point of the network has a lower distance to a donor-acceptor interface than the 

exciton diffusion length. An essential precondition is the presence of percolated pathways for 

electrons and holes to the corresponding electrodes. Thus, performance of BHJ devices depends 

on the morphology of the blend layer and of the charge carrier mobilities. The morphology is 

influenced by miscibility of donor and acceptor, donor-acceptor ratio, solvent, concentration, 

additives, deposition technique, temperature, and annealing.[25-28]  

In order to reduce injection barriers at the charge collecting electrodes and to ensure a good 

charge transport towards the electrodes, interfacial layers (hole transporting layer (HTL) and 

electron transporting layer (ETL), respectively) between the contacts and the photoactive layer 

have been inserted (Figure 1.3, right).[19] A suitable and commonly used hole transporting 

material is poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS), a 

transparent, p-doped conducting polymer, which raises the work function of the anode 

(e.g. indium-doped tin oxide (ITO)).  Lithium fluoride (LiF) lowers the work function of the 

cathode (e.g. aluminum or gold) and is a favorable material for the electron transporting layer 

between the cathode and the bulk layer.[29-31] 
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Figure 1.3: Simplified architecture (left) and modified construction (right) of a bulk heterojunction 

organic solar cell.  

 

1.5. Inverted Solar Cells 

In general, the standard structure of organic solar cells is susceptible for degradation due to the 

diffusion of oxygen into the active layer through the top contact and the corrosion of ITO by 

acidic and hygroscopic PEDOT:PSS.[32] An inverted architecture with a layer sequence of 

electrode 1 (cathode)/ETL/bulk layer/HTL/electrode 2 (anode) was designed (Figure 1.4) and 

the degradation problem could be circumvented.[33] In such an architecture the charge collection 

is reverse. Electrons are collected at the bottom contact (cathode) and holes are collected at the 

top contact (anode). The ITO/PEDOT:PSS interface is avoided and air-stable metals with higher 

work functions, e.g. silver and gold, can be used as anode materials.[34] Such metals offer higher 

device stability because they self-encapsulate the device.[35-37]  

 

 

Figure 1.4: General construction of an inverted bulk heterojunction organic solar cell.  

 

1.6. Organic Tandem Solar Cells 

Two loss mechanisms occur in single junction organic solar cells. On the one hand, sub band gap 

transmission as only photons with a larger energy than the band gap of the organic donor 

material can be absorbed. On the other hand, thermalization losses are present. There is also the 
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fact that many organic materials absorb light only in a narrow range. Furthermore, the thickness 

of the light absorbing layer is limited by excitonic effects, low charge carrier mobilities, and 

lifetimes.[38] The absorption can be improved with multi-junction architectures, and a tandem 

device is shown in Figure 1.5. Such tandem architectures have the following layer sequence: 

electrode 1 (anode)/donor 1/acceptor 1/intermediate layer/donor 2/acceptor 2/electrode 2 

(cathode). An intermediate layer is deposited between the two subcells. Its task is the alignment 

of the quasi-Fermi levels of the two subcells (EFermi of the acceptor of the bottom cell with EFermi 

of the donor of the top cell), which ensures a lossless recombination of holes and electrons 

coming from the two different cells. Furthermore, this layer can protect the bottom cell during 

the deposition of the top cell.[39]  

 

 

Figure 1.5: General construction of tandem organic solar cell.  

 

The realization of organic tandem solar cells shows several advantages and requirements:           

(i) Combination of complementary absorbing semiconducting materials can allow for large 

spectral coverage. (ii) Thermalization losses are reduced due to the use of materials with 

different band gaps and high energy photons can also be absorbed. (iii) Transmission losses of 

photons are reduced by absorbing low energy photons. (iv) Maximum reachable efficiency is 

increased.[40] (v) Lossless recombination contact between the subcells and current matching of 

the sub cells is necessary. Fabrication of tandem devices has a high degree of complexity, which 

is demonstrated by a literature example (see Chapter 2.2). Hiramoto and co-workers were the 

first who prepared an organic tandem solar cell. Two single cells consisting of metal-free 

phthalocyanine and a perylene tetracarboxylic derivative were connected in series and a thin 

gold intermediate layer ensured the ohmic contact between the two subcells.[41] Since that time, 

many tandem organic solar cells using both vacuum-[42-44] and solution-processing[45-47] with 

increased PCE-values in comparison to single junction devices have been fabricated. 
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1.7. Characterization Parameters of Photovoltaic Devices 

A solar cell is an electrical device for the conversion of sunlight to electricity. The ideal solar cell 

is an ideal diode and the equivalent circuit diagram consists of a constant current source, a 

diode, and an external load (Figure 1.6, left). The diode current (ID) of an ideal solar cell in the 

dark corresponds to Shockley´s ideal diode law, which is given in equation 1.1. I0 is the 

saturation current, T is the temperature, kB is the Boltzmann constant, and V is the output 

voltage.[48]  

      ( 
  

     ) (1.1) 

 

Under illumination, the current is the difference between the photocurrent IPh and the diode 

current ID (equation 1.2).   

                ( 
  

      ) (1.2) 

 

Different resistances are existent in a real solar cell, which have to be taken into account.  On the 

one hand, a series resistance RS is presents which stems from the resistance of the materials. On 

the other hand, a shunt/parallel resistance RP caused by various kinds of current leakages is 

present. In a real solar cell, the equivalent circuit diagram in Figure 1.6 (right) is valid and the 

current is the difference between the photocurrent IPh, the diode current ID, and the 

shunt/parallel current IP (equation 1.3).[49]  

 

                   ( 
  

      )           (1.3) 

 

Figure 1.6: Equivalent circuit diagram of an ideal solar cell (left) and a real solar cell (right). 
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JSC strongly depends on the number of incident photons and the quantity thereof, which can be 

used in the solar cell before saturation effects occur. It also depends on the surface area, device 

thickness, power and spectrum of the incident light, surface of the solar cell as well as on the 

absorption behavior, morphology, and charge transport properties of the active layer.[50]   

 

Open Circuit Voltage (VOC) 

The open circuit voltage is the maximum voltage in a solar cell (J = 0, i.e., interception point of 

the J-V curve with the x-axis). VOC depends on the recombination of charge carriers, temperature, 

light intensity, and work function of the electrode and material microstructure.[51-53] VOC is 

linearly related to the difference between the HOMO of the donor and the LUMO of the 

acceptor[53] and it has been found that VOC of a polymer-PCBM solar cell can be estimated 

according to equation 1.5 (e is the elementary charge).[22] The deviation of -0.3 V is an empirical 

factor, which is related to the working principle of a solar cell.  

 

     (
 

 
) (|     

     |  |     
    |)        (1.5) 

 

Fill Factor (FF) 

The fill factor FF is a value, which describes the quality of a solar cell. It depends on the number 

of photogenerated charge carriers and the number thereof, which reaches the electrodes. In an 

ideal case, all generated carriers are collected at the electrodes and FF = 1. As already mentioned 

above, charge recombination, parallel/shunt resistances (RP), and series resistances (RS) are 

present in a device which reduce the FF. RP (leakage losses) and RS (ohmic losses) influence the 

shape of the J-V curve (equation 1.6 and 1.7). Usually RS is estimated from the reciprocal slope of 

the J-V curve under open-circuit conditions (J = 0) and RP can be determined from the reciprocal 

slope of the J-V curve under short-circuit conditions. If RS = 1/RP = 0 the J-V curve is a perfect 

rectangle and no losses are present (Figure 1.8). The losses become visible in a bending of the 

J-V curve. RP influences VOC but the influence on JSC is negligible. RS has a much larger influence on 

FF since it tilts the whole curve around the maximum power point (Figure 1.7). In this case, VOC 

remains constant but JSC is lowered.[50] FF is the ratio between rectangle A1, which is defined by 

the maximum value of the current (Jmax) and the maximum value of the voltage (Vmax), and the 

perfect rectangle A2. Consequently, FF is defined as the ratio of the maximum power Pmax from 

the solar cell to the product of VOC and JSC (equation 1.8).  
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    (
  

  
)
   

  (1.6) 

    (
  

  
)
   

  (1.7) 

   
  

  
  

        

      
 

    

      
  (1.8) 

 

 

Figure 1.8: Influences of RP and RS on the bend of an J-V curve.[54]  

 

Power Conversion Efficiency (PCE) 

The power conversion efficiency (PCE) is the energy output of the incident light and is defined as 

the quotient of Pmax and the incident illumination intensity (Pin) (equation 1.9). In a solar cell 

sub-band gap transmission and thermalization losses of hot charge carriers are present.[39] In 

1961, W. Shockley and H. S. Queisser calculated the upper theoretical limit of the efficiency of an 

p-n junction device to 30%.[55]  

 

      
    

   
  

          

   
  (1.9) 
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External Quantum Efficiency (EQE) 

The external quantum efficiency (EQE) or incident photon to current efficiency (IPCE) is the 

number of carriers collected by the solar cell under short circuit conditions divided by the 

number of incident photons at a certain wavelength. EQE (λ) can be calculated using 

equation 1.10.[56] EQE (λ) = 1 if all photons of a certain wavelength are absorbed and all charges 

are collected. 

   ( )      ( )  
        

     
  (1.10) 

 

Open Circuit Voltage (VOC) and Short-Circuit Current Density (JSC) of a Tandem Device  

In general, the two subcells of a tandem solar cell can be connected in series or parallel. Most of 

the reported tandem devices follow the series architecture. In such a construction VOC of the 

tandem cell is the sum of the VOCs of the two subcells, if a lossless free connection is present 

(equation 1.11). Due to the conservation of charge, JSC stays constant over the whole tandem 

device. Therefore, Kirchhoff’s law is valid and consequently, JSC (tandem) can only reach the 

value of the smaller JSC of the single cells (equation 1.12). However, it has been shown that 

equation 1.12 is not generally valid since the short circuit current depends on the fill factor of 

the subcells.[39, 57]  

 

   (      )      (         )      (         )    (1.11) 

   (      )          (         )     (         )   (1.12) 

 

 

1.8. Summary 

The first chapter of this thesis described the fundamental working principles and physical 

processes of organic solar cells. The basic characterization parameters of organic devices were 

defined and planar, bulk, inverted, and tandem heterojunction architectures were explained. 
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2. Conjugated Thiophenes with Application in Organic Electronics  

2.1. Introduction 

In 1977, A. G. Heeger, A. G. Shirakawa, and H. MacDiarmid discovered a high conductivity of 

doped polyacetylene.[1] With this finding synthesis and analysis of different -conjugated 

polymers and oligomers started. Particular interest was put on oligo- and polythiophenes as the 

chemistry of thiophenes is well developed and optimized. The conjugated backbone is accessible 

via metal-catalyzed cross-coupling reactions.[2] Thiophenes show a high stability and have 

outstanding chemical and physical properties[3] in particular the electronic, optical, and redox 

properties. Furthermore, their high tendency for self-organization is a good prerequisite for 

charge carrier properties, which are of paramount importance for application in organic 

electronics. Moreover, the high polarizability of the sulfur atom leads to a stabilization of the 

conjugated backbone.[4] There are a myriad of possibilities to modify thiophenes which allow the 

fine-tuning of the electronic properties.[5] A huge number of thiophene-based polymer[6-7] and 

oligomer[4] materials have been developed with respect to application in organic electronics. 

In general, polymers show polydispersity, which results in both chain length distribution and the 

lack of a defined chemical structure. Moreover, defects are present whereby an interruption of 

the conjugated chains can occur. Therefore, reproducibility is limited and batch-to-batch 

variations are a consequence. These disadvantages led to an enhanced research on the field of 

oligomers (“small” molecules). This approach allows the synthesis of molecules with defined 

structures.[8] No batch-to-batch variations and defined structure-property relationships are 

present. In contrast to polymers, small molecules can build up structures with higher ordering, 

in an ideal case even a single crystal, and better transport properties can be achieved.[9] Due to 

their semiconducting properties conjugated oligomers are used in molecular electronics like 

organic field effect transistors (OFETs)[10], organic light diodes (OLEDs)[11], and organic solar 

cells (OSCs)[12]. One disadvantage of the small molecule approach is that the preparation often 

requires time-consuming, tedious, and expensive multi-step synthesis.  

Oligothiophenes as semiconducting materials were introduced in 1989 by F. Garnier and 

D. Fichou[13], who tested α-sexithiophene in OFETs. In 1995, α-quinquethiophene and 

α-octithiophene were tested as p-type semiconductors in OSCs for the first time.[14] These 

oligothiophenes achieved in conjunction with a perylene pigment as electron accepting material 

an open-circuit voltage (VOC) of 0.42 V, a short-circuit photocurrent (ISC) of 2.9 mA cm-1, a fill 

factor (FF) of 50%, and a power conversion efficiency (PCE) of 0.59%. A recently appeared 
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3. Dicyanovinyl-Capped Benzodithiophene- and Naphthadithiophene-

Containing Oligomers for Vacuum-Processed Organic Solar Cells 

3.1. Introduction 

The design and synthesis of new π-conjugated molecules are of considerable interest in order to 

develop efficient organic solar cells (OSCs). In the past few years, great progress has been made 

for “small molecule” organic solar cells ( MO Cs) based on planar heterojunction (PHJ) and bulk 

heterojunction (BHJ) architectures including π-conjugated organic semiconductors as electron 

donors and fullerene derivatives as electron acceptors.[1-3] The driving force for this rapid 

development comes from the design of appropriate donor semiconductors and optimization of 

device fabrication conditions. Terminally dicyanovinyl-substituted oligothiophenes (DCVnT) 

represent very promising organic p-type semiconductors for SMOSCs. In single junction vacuum-

processed SMOSCs, the power conversion efficiencies (PCEs) have been improved from 3.4% to 

6.9% by systematic structural variations of A-D-A type oligothiophenes.[4-7] The results clearly 

revealed the dramatic effect of the length and position of the alkyl chains on device performance. 

Very promising results were seen for a series of alkyl-free DCVnT (n = 1-6)[6], methyl-

substituted DCV4T[8], and methyl-substituted DCV5T[7].  

Based on these results, attention was put on π-conjugated molecules with fused ring systems. 

Such molecules combine excellent charge carrier mobilities in organic field-effect transistors 

(OFETs) and high thermal stability.[9-11] Among them, benzo[2,1-b:3,4-b']dithiophene (BDT) and 

naphtha[2,1-b:3,4-b']dithiophene (NDT) represent two thiophene-based fused systems. BDT and 

NDT are 2,2ʹ-connected bithiophene units, which are modified by benzo and naphtha annelation, 

respectively. Consequently, a direct comparison to 2,2ʹ-bithiophene-based analogues is possible. 

Several polymers containing the BDT or the NDT unit have been synthesized and tested as donor 

materials in OSCs.[12-18] It has been shown that annulation lowers the HOMO energy level of the 

polymer, which improves the air stability and is expected to increase the open circuit voltage 

(VOC) in OSCs. A bulk heterojunction device prepared with a donor benzo[2,1-b:3,4-b']di-

thiophene-containing polymer and the fullerene PC71BM as an acceptor exhibited a PCE of up to 

2.7%.[12] Müllen and co-workers recently reported the synthesis of a BDT-containing polymer 

with a low-lying highest occupied molecular orbital (HOMO) energy level which aggregated after 

spin-coating to give higher field-effect mobilities compared to its linear polythiophene 

counterpart.[19-20] 

To date, only one example of a benzo[2,1-b:3,4-b']dithiophene-containing oligomer with regard 

to application in organic electronics has been reported.[21-22] In comparison to the corresponding 
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A series of terminally dicyanovinyl (DCV)-substituted quaterthiophenes incorporating 

BDT (1-6) and NDT (7 and 8) units as core motifs is designed (Chart 3.1). The central building-

blocks display planar units since the conjugated rings are in one plane.  The rigid systems show a 

bend of 127°[20] and therefore, a non-linear bond geometry, which results in a kink in the 

conjugated backbone of the oligomer, is present. The oligomers have a single thiophene as 

spacer between the fused central unit and DCV acceptor at the periphery. The influence of 

different side chains at the thiophene-spacer and the replacement of the thiophene-spacer by 

furan are investigated (oligomers 1-4). Derivatives with structural variations at the fused central 

unit are also investigated (oligomers 5-8).  

Furthermore, the influence of the terminal DCV acceptor on optical and electrochemical 

properties is examined by the preparation of non-functionalized quaterthiophene 9 and 

dialdehyde 10. Moreover, the influence of the molecular rigidity on the optoelectronic 

properties and energy levels of the frontier orbitals is studied and the data are compared to the 

reference quaterthiophene derivative (DCV4T)[6] reported earlier (Chart 3.1). Finally, the 

structural features are correlated with the photophysical properties of the molecules and with 

their performance in solar cells in order to gain further insight into molecular structure-device 

performance relationships.  
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Stille cross coupling reactions were then carried out using 31, 35, 37, and 38 with distannylated 

benzo[2,1-b:3,4-b']dithiophene 29 to give the target oligomers in 81% to 90% yield 

(Scheme 3.9). Synthesis of 29 was described in section 3.2.1. All derivatives were purified by 

Soxhlet-extraction and gradient vacuum sublimations.  

All of the benzodithiophenes are easily sublimed between 255 °C and 300 °C under high vacuum 

(p = 10-7 mbar). Evaporation loss tests showed that weight changes of 0%-10%, where 

unsubstituted BDT 1 displayed the best sublimability and furan-containing BDT 4 the worst 

sublimability. Derivative 4 has the smallest molecular weight (M = 474.5 g/mol) since oxygen is 

a lighter atom than sulfur, and no alkyl side chains are attached at the conjugated backbone. 

BDT 1 has a molecular weight of 506.6 g mol-1 and the attachment of alkyl side chains increased 

the molecular weight to 618.9 g mol-1 for BDT 2 and 562.8 g mol-1 for BDT 3, respectively. All 

molecules were characterized by proton NMR spectroscopy (500 MHz) at 100 °C in DMSO-d6 

solutions. The parts of the spectra between 7.3 ppm and 8.8 ppm are depicted in Figure 3.1 and 

the values of the corresponding signals are summarized in Table 3.1. BDTs 1-4 are 

axisymmetric organic molecules. Thus, in 1H NMR spectroscopy, one singlet for the DCV protons 

(HA) and two singlets for the benzodithiophene central unit, representing the proton of the 

ethylene bridge (HB) and the -thiophene proton (HC), were expected for each oligomer. The 

different substitution patterns of the spacer units should lead to two doublets for 1 and 3 (HD 

and HE) and one singlet for molecule 2 (HD).  

The differences between oligomers 1-3 and the furan-containing oligomer 4 are very 

pronounced. The NMR spectroscopic chemical shift of the HA-protons (DCV protons) of 

derivatives 1-3 are localized between 8.51 ppm and 8.59 ppm.  In comparison, the DCV proton of 

furan-containing oligomer 4 exhibited an upfield shift to 8.14 ppm. Comparison of BDTs 1 and 4 

showed that also the signals of the furan-spacer (HD and HE) were shifted up field (4: 7.59 ppm 

and 7.43 ppm; 1:  7.99 ppm and 7.75 ppm). The reason for these shifts is the diminished 

aromaticity of the furan ring, which generates a lower ring current and therefore a reduced 

deshielding effect.[34]  

The signals of the protons of the fused central unit (HB and HC) showed similar chemical shifts 

for BDTs 1 and 4 since furan and thiophene have the same donor strength.[35] In comparison to 

oligomers 1 and 4, the HC-signals of the middle building block of BDTs 2 and 3 are shifted up 

field due to an increased donor strength of the thiophene spacer caused by electron donating 

alkyl side chains which resulted in a slightly increased shielding of HC.    
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Table 3.1: Chemical shifts of oligomers 1-4 measured in DMSO-d6 (500 MHz, 100 °C). 

Oligomer HA [ppm] HB [ppm] HC [ppm] HD [ppm] HE [ppm] 

1 8.59 (s) 7.95 (s) 8.13 (s) 7.99 (d) 7.75 (d) 

2  8.51 (s) 7.95 (s) 8.00 (s) 7.90 (s) - 

3 8.57 (s) 8.00 (s) 8.01 (s) - - 

4 8.17 (s) 7.98 (s) 8.14 (s) 7.59 (d) 7.43 (d) 

 

3.2.3. Thermal Properties of Benzodithiophenes 1-4 

Thermal stability of optoelectronic materials is of paramount importance for the construction of 

organic solar cells when prepared by vacuum-deposition techniques at higher temperatures. 

Therefore, melting points and decomposition temperatures of the BDT-based target molecules 

1-4 were measured by differential scanning calorimetry (DSC) and thermo gravimetric analysis 

(TGA) under an inert atmosphere at a heating rate of 10 °C min-1 (Figure 3.2 and Table 3.2). 

In DSC curves of oligomers 1-4 (Figure 3.2a), endothermic peaks indicate melting (Tm) and 

exothermic peaks show the decomposition (Td) of the solids. The melting temperature (Tm) of 

oligomer 1 was measured to 350 °C, which is 30 °C higher than that of DCV4T. This implies that 

there are stronger intermolecular interactions in the former due to the planarization of the 

benzodithiophene unit. In contrast, 2 showed a 39 °C lower melting point compared to 1 due to 

the presence of alkyl side chains. The furan-containing oligomer 4 displayed the highest melting 

point of 386 °C suggesting that higher intermolecular interactions are present in derivative 4 

compared to BDT 1. The oxygen atom, which is smaller than sulfur, could cause a denser packing 

resulting in smaller carbon-carbon distances.[36] Furthermore, mixed oligo(thienylfuran)s are 

known to have smaller herringbone angles compared to oligothiophenes.[36-37]  

The melting point of tetramethylated oligomer 3 was not detected before decomposition due to 

strong intermolecular interactions in the solid state. The same behavior was seen for 

DCV4T-Me.[8] Moreover, 3 showed a 37 °C higher decomposition temperature than DCV4T-Me, 

further proving the stronger intermolecular interactions of the fused benzodithiophene unit in 

comparison to bithiophene. In general, an exothermic peak indicating the decomposition 

temperature above 380 °C and no obvious phase transitions below the decomposition 

temperatures, were observed for all oligomers. The excellent thermal stability of these 

molecules is confirmed by TGA measurements, which showed decomposition temperatures with 

5% weight loss above 380 °C (Figure 3.2b). The values correlate with those measured by DSC. 
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The molar extinction coefficient of non-alkylated BDT 1 is 74,500 L mol-1 cm-1 and more than 

20,000 L mol-1 cm-1 higher than of butyl-substituted BDT 2 (54,100 L mol-1 cm-1). This difference 

was also observed for butyl-substituted quinquethiophene (54,100 L mol-1 cm-1)[4] and non-

alkylated quinquethiophene (73,300 L mol-1 cm-1)[6]. Most likely the alkyl chains give rise to 

twisting of the planar backbone and reduced the conjugation length of the oligomer. The molar 

extinction coefficient of oligomers 3 and 4 could not be determined due to their poor solubility.  

 

Table 3.3: Optical data in solution and in thin films of oligomers 1-4, 9, and 10 in comparison to DCV4T. 

 Solution[a] Film 

Oligomer 
λabs,max 

[nm] 

εmax 

[L mol-1 cm-1] 

λem,max 

[nm] 

Stokes shift  

[cm-1][b] 

Eg,opt 

[eV][c] 

λabs,max 

[nm] 

λem,max 

[nm] 

Eg,opt 

[eV][d] 

1 489 74,500 565 1,856 2.23 518 707 1.95 

2 485 54,100 588 3,612 2.20 529 715 1.94 

3 487 - 587 3,381 2.17 522 694 1.96 

4 509 - 555 1,628 2.26 505 675 2.03 

9 373 35,700 407 940 3.02 - - - 

10 416 51,700 492 1,550 2.66 - - - 

DCV4T[6, 8] 518 66,800 612 2,965 2.09 518 728 1.82 

[a] Measured in dichloromethane at room temperature. [b] Difference between the 0-0 vibronic transitions of the 
absorption and emission spectra. [c] Estimated using the onset of the UV-Vis spectra in DCM. [d] Estimated using the 
onset of the UV-Vis spectra of films prepared by vacuum sublimation.  

 

Thin film absorption and emission spectra are significantly broadened and bathochromically 

shifted compared to the solution spectra (Figure 3.4b). This suggests higher planarity of the 

molecules in films which induces a higher degree of ordering and an increase of the 

intermolecular interactions. The absorption maxima of benzodithiophenes 1-4 are localized 

between 505 nm and 529 nm, and the emission maxima between 675 nm and 715 nm. The 

optical band gap is ~1.95 eV for oligomers 1-3 and 2.03 eV for derivative 4.  

The strength of the DCV acceptor end groups could be observed by comparing the optical 

properties of BDTs 9, 10, and 1 (Table 3.3 and Figure 3.5). The absorption profile of 

unsubstituted BDT 9 in dichloromethane solution showed a structured absorption profile with a 

maximum at 373 nm and the optical band gap is 3.02 eV. Strong vibronic splitting is also visible 

in the emission spectrum, indicating that BDT 9 is very rigid in the excited state. The emission 

maximum of BDT 9 is located at 407 nm and three other distinct vibronic transitions appear at 
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3.2.6. Preparation and Characterization of Vacuum-Processed Solar Cells  

The DCV end-capped oligomers 1-4 were implemented as electron donating components in 

planar heterojunction and bulk heterojunction solar cells with fullerene C60 as electron acceptor. 

The cells were prepared by vacuum sublimation following the m-i-p concept reported in 

literature.[42-43] Current density-voltage (J-V) curves have been measured with a mask of 

2.76 mm2 since it is difficult to determine the exact active area of each solar cell precisely. From 

these results the PCEs were calculated.  

 

3.2.6.1. Planar Heterojunction Solar Cells of Oligomers 1-4 

Planar heterojunction solar cells consist of a well-defined planar interface between the donor 

and the acceptor material. Consequently, the efficiency is not limited by charge carrier transport, 

but rather by the exciton diffusion length. The stack of the investigated PHJ solar cells 

(Figure 3.8) consisted of 15 nm C60 evaporated on an ITO-coated glass substrate, followed by 

deposition of a 6 nm/10 nm donor layer of the respective oligomers 1-4, then 5 nm of undoped 

9,9-bis[4-(N,N-bis-biphenyl-4-yl-amino)phenyl]-9H-fluorene (BPAPF) as hole transport layer 

(HTL), followed by 50 nm of BPAPF p-doped with 10 wt% NDP-9, then a thin layer of NDP-9 

(1 nm) and finally the gold top contact was deposited. The undoped BPAPF layer was introduced 

to avoid a direct contact between the active layer and the p-doped BPAPF layer, which otherwise 

could lead to quenching of excitons by the dopants.[44] The thickness of the doped BPAPF layer 

was chosen to have the active layer approximately in the interference maximum. Another 1 nm 

thick layer of NDP-9 was introduced between the HTL and the Au top contact to facilitate charge 

extraction.  

 

 

 

Figure 3.8: General device architecture of investigated PHJ solar cells. 
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J-V characteristics of the PHJ-devices are shown in Figure 3.9 and the corresponding solar cell 

parameters are summarized in Table 3.5. The variation of the active layer thickness did not 

strongly influence the power conversion efficiency since an increase in JSC and a decrease in FF 

was observed. The thicker layer is able to absorb more photons which increases JSC and indicates 

that the whole volume of the active layer contributes to the photocurrent and that the extinction 

diffusion length is larger than 6 nm in all materials. Lower FF values indicate that charge carrier 

transport decreases which is further confirmed by an increase of the saturation values of 0.1-0.2 

for all cells. In general, the saturation values for all derivatives are in the range of 1.2 to 1.4. A 

saturation value close to unity, i.e., weak voltage bias dependence of the current in reverse 

direction, is an indication for an efficient charge separation and extraction. Larger values 

indicate that recombination losses and field-dependent dissociation of charge-carriers are 

present.[5, 45]  

Oligomers 1 and 3 showed an increased VOC in 10 nm cells and vice versa BDTs 2 and 4 a lower 

VOC in 10 nm PHJ solar cells. This could be explained by a poorer packing of 1 and 3 in the 6 nm 

devices and similarly of 2 and 4 in the 10 nm cells which may leads to some close contact 

between the C60 and BPAPF hole transporter and thus reducing the Voc. Oligomers 1-4 exhibited 

significant lower JSC values compared to DCV4T. The FF of BDTs 1-3 are about 10-30% lower 

than that of DCV4T, only BDT 4 showed high values. However, higher VOC values were exhibited 

for BDTs 1-3 in comparison to DCV4T. This correlates very well with the reduced HOMO energy 

levels of oligomers 1-3 (0.04-0.15 eV) compared to DCV4T since in PHJ cells VOC scales linearly 

with the energy difference between the LUMO of the acceptor (C60) and the HOMO of the 

donor.[46] BDT 4 showed a 0.04 eV higher HOMO than DCV4T and thus VOC is diminished.  

In a 6 nm PHJ device, a very high VOC of up to 1.21 V was obtained for oligomer 2 which is one of 

the highest values ever reported for PHJ devices.[47-48] A high VOC of 1.11 V was also seen in a 

10 nm PHJ. On the other hand, the J-V-characteristics of the 2-based device generated an S-kink 

due to an energetic barrier at the interface to the HTL[46] resulting in a low FF of 37% (34%) and 

efficiencies of only 1.5% (1.3%) for 6 nm (10 nm) PHJ solar cells. Even though, the HOMO energy 

level of oligomer 1 is the lowest among all oligomers, in 6 nm device a slightly lower VOC (1.09 V) 

in comparison to BDT 2 was measured. As mentioned previously, this could be explained by a 

poor packing of oligomer 1 in the 6 nm thin layer which leads to some close contact between the 

C60 and BPAPF hole transporter. The higher VOC of 1.16 V for the 10 nm solar cell indicates better 

packing. Nevertheless, oligomer 1 showed the highest efficiencies of 2.3% and 2.4% for 6 nm 

and 10 nm, respectively among the BDT-based derivatives in PHJ devices. Good current densities 

(4.7 mA cm-2 and 5.2 mA cm-2) and high FF (44% and 39%) were achieved.  
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devices was measured for a 6 nm device of 4. This might be due to the better packing of 

oligofurans in comparison to oligothiophenes.[38] Since the JSC was only 3.4 mA cm-2, the 

efficiencies cannot exceed 1.9%. In the 10 nm device, the FF dropped to 48% and the VOC 

decreased, resulting in an even lower PCE of 1.3%. In PHJ devices, reference compound DCV4T 

displayed the highest performances among all oligomers. The 6 nm cell generated a power 

conversion efficiency of 3.0% with a VOC of 1.0 V and a JSC of 6.2 mA cm-² and a FF of 48%. These 

measurements showed that fusion of the central bithiophene unit led to a decreased JSC and FF as 

well as an increased saturation value. These results are indicative of a worse morphology. The 

problem of BDT-containing oligomers is the low lying HOMO energy level. Consequently, a low 

HOMO offset between the donor material and the hole transporting layer is present which 

prevents a sufficient transport of the holes towards the anode and thus reduces the efficiency.  

 

3.2.6.2. Bulk Heterojunction Solar Cells of Oligomers 1-4 

Bulk heterojunction solar cells with a photoactive layer thickness of 20 nm and 30 nm were 

prepared using BDTs 1-4 as donor and C60 as acceptor. The blend layer was prepared by 

co-evaporation of donor and acceptor in a ratio of 1:1 by volume at a substrate temperature of 

70 °C, which was found to be optimal for quaterthiophene-based materials.[8] It has been shown 

that the heating of the substrate should result in a morphology that provides better charge 

transport in the active layer.[44, 49] All other layers were vacuum-deposited using the following 

layer sequence: ITO-coated glass substrate, C60 (15 nm), photoactive blend layer (20-30 nm), 

9,9-bis[4-(N,N-bis-biphenyl-4-ylamino)phenyl]-9H-fluorene (BPAPF) (5 nm), BPAPF p-doped 

with 10 wt% NDP-9 (50 nm) as hole transport layer (HTL), NDP-9 (1nm), and finally the gold 

top electrode (Figure 3.10). As in the PHJ solar cells, the undoped BPAPF layer reduced the 

quenching of the excitons since no direct contact between the active layer and the doped BPAPF 

layer is present. The thickness of the p-doped BPAPF layer was chosen to have the active layer 

approximately in the interference maximum. NDP-9 (10 wt%) was again used as a p-dopant and 

a 1 nm thick layer of NDP-9 was introduced between the HTL and the Au top contact to facilitate 

charge extraction.  

The data for the BHJ solar cells are summarized in Table 3.6 and J-V characteristics of the solar 

cells are shown in Figure 3.11. The change of the layer thickness from 20 nm to 30 nm led to a 

lowering of FF and an increase in the saturation values indicates diminished charge carrier 

transport in the 30 nm blend layers compared to the 20 nm layer. With increasing layer 

thickness BDTs 2-4 showed a rise in JSC between 0.1 mA cm-2 and 0.7 mA cm-2 indicating that the 

whole volume of the active layer contributes to the photocurrent.  
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Figure 3.10: General device architecture of investigated BHJ solar cells. 

 

Table 3.6: Photovoltaic parameters of 20 nm and 30 nm thick bulk heterojunction solar cells containing 

DCV end-capped benzodithiophenes 1-4 and DCV4T.  

Oligomer 
layer 

thickness 

JSC  

[mA cm-2][a] 

VOC  

[V] 

FF 

[%] 
Saturation[b] 

Intensity  

[mW cm-2] 

η 

[%] 

1 20 nm 6.0 1.00 60 1.12 100 3.6 

 30 nm 5.8 1.00 58 1.13 102 3.4 

2  20 nm 4.0 1.01 52 1.18 99 2.1 

 30 nm 4.2 1.03 48 1.26 99 2.1 

3 20 nm 5.6 0.99 57 1.12 100 3.2  

 30 nm 6.3 0.98 52 1.11 100 3.2  

4 20 nm 4.6 1.00 61 1.14 103 2.8 

 30 nm 4.7 0.97 57 1.16 103 2.6 

DCV4T 20 nm 7.4 0.96 46 1.24 102 3.2 

 30 nm 6.9 0.95 41 1.29 97 2.7 

[a] Measured with mask (2.76 mm2) and corrected to 100 mW cm-2. [b] Defined as J(-1V)/JSC. 

 

All four oligomers gave high VOCs close to 1.0 V since in BHJ solar cell architecture the VOC is 

dominated by the LUMO of the acceptor (C60) and the HOMO of the HTL (BPAPF).[46] Good JSC 

values of 4.0-6.3 mA cm-² were also measured. Comparison of the values in the BHJ cells showed 

that they follow the same trend as the PHJ solar cells. BHJ devices showed FFs between 48% and 

61%, which are significantly higher compared to the devices prepared with the reference 

compound DCV4T (46% and 41%). This result suggests that the molecular planarization in 

oligomers 1-4 results in an improved charge carrier transport in the donor-acceptor blend 

layers. Consequently, BHJ cells prepared with BDTs 1-4 showed efficiencies between 2.1% and 
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Figure 3.12: Benzodithiophene-containing oligomers 1-4 with different spacer units. 

 

Chapter 3.2 analyzed also the influence of different spacers on structure-properties 

relationships. Besides thiophene, furan, 3-butyl-substituted thiophene, and 3,4-dimethyl-

substituted thiophene were used as spacer units (Figure 3.12). 3-Butyl-substituted thiophene 

and 3,4-dimethyl-substituted thiophene have a higher donor strength than furan and thiophene 

due to the positive inductive effect (+I-effect) of the alkyl substituents. Nevertheless, the 

absorption in solution was slightly blue-shifted. BDTs 1 and 4 showed structured absorption 

profiles with two distinct vibronic transitions. In contrast, the absorption spectra of butyl- and 

methyl-substituted oligomers 2 and 3 displayed structureless bands. These two observations 

indicated a higher twist between the alkylated thiophene spacers and the BDT core, which was 

further confirmed by a nearly doubled Stokes shift for BDTs 2 and 3. In thin film, the absorption 

spectra of BDTs 2 and 3 were clearly red-shifted in comparison to oligomers 1 and 4. Furan is 

more rigid and less aromatic than thiophene. This was reflected in a lower Stokes shift and 

lower oxidation and reduction potentials, respectively, of furan-containing oligomer 4 in 

comparison to BDT 1.   

The implementation of the oligomers as electron donating materials in planar and bulk 

heterojunction organic solar cells clearly revealed that a thiophene spacer without alkyl side 

chains led to the best performances. The higher JSC and FF values of non-alkylated BDT 1 were 

indicative for the most favorable morphology in the single and in the bulk layers, respectively. 

The good performance of up to 3.6% for BDT 1 in bulk heterojunction solar cells confirmed that 

the implementation of the rigid benzo[2,1-b:3,4-b']dithiophene-unit in an α-conjugated 

oligothiophene backbone represented an interesting direction towards novel donor components 

with respect to application in organic solar cells. 
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3.3. Benzodithiophene- and Naphthadithiophene-Based 

Quaterthiophenes 

In section 3.2, the influence of different substitution patterns at the thiophene spacer and the 

replacement of this spacer by furan have been shown. In the following part, the influence of 

structural changes at the central fused unit on optoelectronic properties and on solar cell 

performance is discussed. BDTs 5 and 6 have additional methyl and methoxy substituents at the 

ethylene bridge of the fused core moiety, respectively. Oligomers 7 and 8 include a naphtha[2,1-

b:3,4-b']dithiophene (NDT) central unit, which is further functionalized with two methyl groups 

in oligomer 8.   

 

3.3.1. Synthesis of Oligomers 5-8 

Oligomers 5-8 were synthesized by Pd0-catalyzed Stille-type cross-coupling reactions between 

DCV-terminated bromothiophene 31[30] and distannylated central units 55-58 in yields between 

83% and 96%. The challenge in the buildup of the oligomers was the synthesis of the fused 

central units.  

 

Synthesis of 4,5-Dimethylbenzo[2,1-b:3,4-b']dithiophene 42 

Several 4,5-dialkylbenzo[2,1-b:3,4-b']dithiophenes have been reported and it has been shown 

that 3,3ʹ-diiodo-2,2ʹ-bithiophene reacts with internal aliphatic alkynes in a [4+2]-like reaction to 

give annulated benzodithiophenes.[14, 50-51] Thus, one approach was to synthesize the central unit 

4,5-dimethylbenzo[2,1-b:3,4-b']dithiophene 42 using an annulative coupling reaction between a 

3,3ʹ-diiodo-2,2ʹ-bithiophene (41 or 43) and 2-butyne. The reaction was carried out in DMF at 

130 °C and required the presence of Pd(OAc)2 and triethyl amine (Scheme 3.10). Therefore, 

bithiophenes functionalized with iodine in the 3- and 3ʹ-position were prepared. Two different 

routes towards these diiodobithiophenes were possible and the first one started from 

commercially available 3-bromothiophene 39 (Scheme 3.10, Route 1). A bromine-iodine 

exchange reaction was carried out according to a procedure described by Sonoda et al.[52] The 

selective bromine-lithium exchange method using n-butyl lithium prevented the formation of 

undesired thienyllithium derivatives which could further lead to side products such as 

2,3-diiodothiophene or 2,3,5-triiodothiophene. Therefore, 39 was dissolved in n-hexane and 

treated at -78 °C with n-butyl lithium. Directly after the complete addition, THF and n-hexane 

were successively added and the reaction temperature was increased to 0 °C for 5 minutes. The 
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with 1,2-diiodoethane) employed for the synthesis of 40. Pure diiodobithiophene 43 was 

isolated by column chromatography and recrystallization from ethanol in 72% yield.  

The successful synthesis of diiodobithiophenes 41 and 43 allowed the annulative coupling 

between these two derivatives and 2-butyne under palladium catalysis in the presence of 

triethylamine (Scheme 3.10). Initially the reaction was carried out in DMF under reflux in a 

round bottom flask equipped with a reflux condenser. The main product from this reaction was 

intermediate 3-(but-2-en-2-yl)-3'-iodo-2,2'-bithiophene, which formed in only ~10% yield. 

Since 2-butyne has a low boiling point (T = 27 °C), use of a Schlenk flask, more 2-butyne, and 

bulkier amines (tributyl amine) were all employed.[50] Nevertheless, these conditions could not 

force the formation of the desired product 42.  

Consequently, the reaction was attempted in a microwave oven since high pressures of up to 

10 bars were possible. The TMS-protected diiodobithiophene 43 was used under these 

conditions in order to prevent undesired side reactions (Scheme 3.10). Several approaches 

were investigated with different solvents and reaction times, variation of the amount of 

2-butyne as well as of the concentration of reagent 43 (Table 3.7). Over the course of these 

reactions, deprotection took place and mixtures of 42, 42a, and 42b were formed. At first 

glance, entry ii (Table 3.7) seemed to be the best one since no starting material remained and 

the crude product was obtained in a total yield of 55% of protected 4,5-dimethylbenzo-

dithiophene 42a and deprotected 4,5-dimethylbenzodithiophenes 42b and 42. But the highest 

yield (<30%) was achieved if the reaction time was decreased (entry iii), even though some 

starting material was unreacted. Presumably the unprotected species react further to give 

insoluble oligomeric and polymeric side products.  

 

Table 3.7: Overview of reaction conditions between 3,3ʹ-diiodo-2,2ʹ-dithiophene 43 and 2-butyne 
(catalyst: Pd(OAc)2 (10 mol%); NBu3 (3 eq.)). All approaches have been done in a microwave.  

entry solvent 2-butyne c [mol L-1] t [min] 42a[a] 42b[a] 42[a] 43[a] rest[a, b] 

i DMF 3 eq 0.07 45 28% 13% 0% <1% 59% 

ii DMF 5 eq 0.07 90 3% 23% 29% 0% 35% 

iii DMF 5 eq 0.05 45 45% 2% 1% 21% 31% 

iv toluene 5 eq 0.07 45 0% 0% 0% 100% 0% 

v DMF 7 eq 0.10 90 0% 9% 21% <1% 70% 

vi DMF 7 eq 0.10 45 8% 8% 5% <1% 79% 

[a] Predicted using GC-analysis. [b] Undesired oligomeric and polymeric side products. 
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3.3.2. Thermal Properties of Oligomers 5-8 

For BDTs 5 and 6, as well as for NDT 7, melting points and decomposition temperatures have 

been investigated by differential scanning calorimetry (DSC). The oligomers were further 

characterized by thermo gravimetric analysis (TGA) under an inert atmosphere at a heating rate 

of 10 °C min-1. DSC and TGA curves are depicted in Figure 3.13 and corresponding values are 

summarized in Table 3.8. Results of BDT 1 are shown again for comparison reasons. 

 

Table 3.8: Thermal properties of oligomers 5-7 and BDT 1. 

Oligomer Tm
[a] [°C] Td

[a] [°C] Td
[b] [°C] 

1 350 431 430 

5 458 463 440 

6 404 420 400 

7 473 480 472 

[a] Melting temperature (Tm) and decomposition temperature (Td) 
determined from DSC. [b] Decomposition temperature 
corresponding to 5% weight loss in N2 determined by TGA. 

 

Measurements of 5-7 have been carried out after purification by sublimation. As NDT 8 

decomposed during the purification process no values are available. The methyl and methoxy 

substituents at the ethylene bridge of the benzodithiophene resulted in an increase of the 

melting temperature compared to 1 (Tm = 350 °C). BDTs 5 and 6 exhibited melting points of 458 

°C and 404 °C, respectively, indicating that methyl substituents lead to stronger intermolecular 

interactions or closer packing than methoxy groups. For both oligomers, a strong exothermic 

peak directly after the melting at 463 °C and 420 °C, respectively, was detected. As expected, 

NDT 7 showed the highest melting temperature of 473 °C among all oligomers due to the 

increased number of fused rings, which allows the formation of more intermolecular 

interactions.  Decomposition very close to the melting point (480 °C) was also observed. The 

excellent thermal stability of oligomers 5-7 is also confirmed by TGA measurements, which 

showed decomposition temperatures with 5% weight loss above 400 °C. 
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3.3.4. Preparation and Characterization of Vacuum-Processed Solar Cells  

DCV end-capped oligomers 5-7 were tested as electron donating materials in PHJ and BHJ solar 

cells with fullerene C60 as electron acceptor. The cells were prepared by vacuum sublimation 

following the m-i-p concept reported in literature.[34,35]  

 

3.3.4.1. Planar Heterojunction Solar Cells of Oligomers 5-7 

The same architecture as described in section 3.2.6.1 was employed for PHJ cells containing 5-7 

(Figure 3.8). Figure 3.15 shows the J-V characteristics of the investigated PHJ solar cells of 

oligomers 5-7 in comparison to BDT 1 and the data are summarized in Table 3.10.  

The results of the PHJ devices containing 6 nm and 10 nm thick layers of BDT 5 are very 

dissimilar since the 10 nm device was damaged and did not deliver any evaluable results.  The 

solar cell containing 6 nm thick layer of BDT 5 achieved an efficiency of 1.5% (JSC = 3.8 mA cm-2, 

FF = 39%, and VOC = 1.00 V). In comparison to BDT 1, JSC, FF, and VOC are reduced. The lower VOC 

value correlates with the higher donor strength of the core moiety of BDT 5, which raises the 

HOMO energy level in comparison to 1.   

For the PHJ solar cells containing BDT 6 and NDT 7, JSC increased linearly with the layer 

thickness indicating that the extinction diffusion length is larger than 6 nm. On the other hand, 

FF decreased as layer thickness increased due to diminished charge carrier transport in the 

10 nm cells. In conclusion, PCE values for 6 nm and 10 nm PHJ solar cells for these oligomers are 

very similar and between 1.7% and 2.7%. Results of BDT 6 are very promising. In comparison to 

BDT 1, higher JSC and VOC values have been measured. For the 6 nm device JSC of 5.2 mA cm-2, VOC 

of 1.15 V and FF of 45% were achieved resulting in an overall efficiency of 2.7%. The 

J-V-characteristics of the 10 nm device showed an S-kink which indicates an energetic barrier at 

the interface[46] between the donor material and the HTL resulting in a lower FF of 39%. 

Comparison of NDT 7 and BDT 1 showed the influence of the perpendicular extension of the 

conjugation and the enlargement of the fusion. This structural change led to a higher FF of 48%. 

VOC was reduced due to the higher donor strength of the NDT central unit. The J-V characteristics 

of NDT 7, especially in the 6 nm device, showed a poor rectifying behavior in the dark, which is a 

hint for a poor film quality. A VOC value, which is slightly lower but very close to the VOC 

measured for BDT 1 was expected for NDT 7. However, significantly lower VOCs were exhibited 

for NDT 7 (6 nm: 0.90 V and 10 nm: 0.80 V). This could be explained by a poor packing of NDT 7 

in the thin layers which could lead to some close contact between the C60 and BPAPF hole 

transporter and thus reduces the VOC. 
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3.3.4.2. Bulk Heterojunction Solar Cells of Oligomers 6 and 7 

BHJ solar cells with a photoactive layer thickness of 20 nm and 30 nm were prepared using 

BDT 6 and NDT 7 as the donor materials and C60 as the acceptor. Oligomer 5 was not tested 

since low efficiencies were measured in PHJ devices. The blend layer was prepared by 

co-evaporation of donor and acceptor in a ratio of 1:1 by volume at a substrate temperature of 

70 °C. The same layer sequence as for BDTs 1-4 (Section 3.2.6.2.) was used which is 

schematically shown in Figure 3.10. Figure 3.16 shows the J-V characteristics of the 

investigated BHJ solar cells of oligomers 6 and 7 in comparison to BDT 1 and the parameters of 

these devices are summarized in Table 3.11. 

 

Table 3.11: Photovoltaic parameters of 20 nm and 30 nm thick bulk heterojunction solar cells containing 

DCV end-capped oligomers 6 and 7 in comparison to BDT 1. 

Oligomer 
layer 

thickness 

JSC  

[mA cm-2][a] 

VOC  

[V] 

FF  

[%] 
Saturation[b] 

Intensity  

[mW cm-2] 

η 

[%] 

1 20 nm 6.0 1.00 60 1.12 100 3.6 

 30 nm 5.8 1.00 58 1.13 102 3.4 

6 20 nm 5.4 0.98 50 1.14 99 2.6 

 30 nm 6.0 0.98 57 1.16 100 3.4 

7 20 nm 4.6 0.45 53 1.52 90 1.1 

 30 nm 4.8 0.43 52 1.52 90 1.1 

[a] Measured with mask and corrected to 100 mW cm-2. [b] Defined as J(-1V)/JSC . 

 

BDT 6 showed good results and higher efficiencies in comparison to the PHJ solar cells. By 

increasing the layer thickness from 20 nm to 30 nm, JSC and FF increased from 5.4 mA cm-2 to 

6.0 mA cm-2, and 50% to 57%, respectively. This resulted in an efficiency of 3.4% for the 30 nm 

BHJ device. However, NDT 7 gave diminished values in BHJ cells compared to those obtained in 

PHJ solar cells. While a JSC of 4.7 mA cm-2 and a FF of 52% were achieved, the VOC dropped to 

0.45  V giving an efficiency of 1.1 %. In BHJ solar cells, the VOC strongly depends on the HOMO of 

the HTL. If the HOMO of the donor is lower than the HOMO of the HTL an injection barrier for 

holes at the HTL/donor interface is present and VOC decreases by recombination processes at the 

HTL/donor interface.[63] The J-V characteristics of NDT 7 showed a poor rectifying behavior in 

the dark. Moreover, a high saturation factor of 1.52 was determined indicating a poor film 

quality and an increase in field-dependent recombination of photo-generated charge carriers. 

The structural change at the central unit did not result in any improved performances in BHJ 
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3.3.5. Summary of the Structure-Property-Relationships of Oligomers 5-8  

The second part of Chapter 3 was based on the promising results of BDT 1 presented in the first 

part of Chapter 3. New oligomers 5-8 with structural changes at the ethylene bridge of the 

central benzodithiophene unit were designed and are schematically shown in Figure 3.17. The 

influence of these alternations on optoelectronic properties and solar cell performance was 

discussed. Modifications at the central moiety had a stronger effect on the properties than 

variations at the spacer units. Methoxy substitution slightly reduced the thermal stability but 

increased the melting point. BDT 5 and NDT 7 displayed both higher melting points and a higher 

thermal stability in comparison to BDT 1. However, BDT 8 was no longer sublimable and 

decomposed completely during this process. Substitutions at the ethylene bridge and fusion of a 

second benzene ring/elongation of -backbone (7 and 8) reduced solubility. Moreover, the 

Stokes shifts were increased which was attributed to a higher twist between the thiophene 

spacer and the more bulky middle building blocks. The central units of oligomers 5-8 have a 

higher donor strength in comparison to non-substituted benzo[2,1-b:3,4-b']dithiophene. This 

resulted in a red-shifted absorption in solution and thin films, as well as smaller optical band 

gaps.   

 

 

Figure 3.17: Oligomers 5-8 with different central units. 

 

Methyl substitution (BDT 5) and larger fused systems (NDT 7) did not improve the solar cell 

performances since JSC and FF decreased. However, planar heterojunction devices of BDT 6 gave 

very promising results since the efficiency increased in comparison to BDT 1. Higher numbers 

for VOC and JSC, as well as lower saturation values, were achieved. Consequently, methoxy 
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substitution resulted in an increased charge generation, charge separation, and charge 

extraction. Bulk heterojunction solar cells containing BDT 6 as electron donating material also 

exhibited good performances, but did not reach the values of BDT 1-containing devices since the 

FF was lower. A higher saturation value indicated a poor film quality and less favorable 

morphology for BDT 6-blended films in comparison to oligomer 1.  

 

3.4. Conclusion 

A series of terminally dicyanovinyl (DCV)-substituted novel benzo[2,1-b:3,4-b']dithiophene 

(BDT)- and naphtha[2,1-b:3,4-b']dithiophene (NDT)-containing oligomers for application in 

vacuum-processed organic solar cells was synthesized and characterized. The molecules were 

built up via a convergent approach using Stille cross-coupling conditions. Addition of DCV 

groups at the periphery resulted in bathochromically shifted absorption spectra and reduced 

band gaps. Benzodithiophenes 1-6 as well as NDT 7 exhibited a high thermal stability and 

gradient vacuum sublimation gave pure solids high yields. NDT 8 decomposed during 

sublimation process and was not suitable for use in vacuum-processed devices. In comparison to 

reference compound DCV4T oligomers containing the fused central BDT unit resulted in blue-

shifted absorption and emission maxima and an increase of the band gaps (optical and 

electrochemical). NDTs 7 and 8 showed red-shifted absorption and similar band gap in 

comparison to DCV4T. Solar cells were fabricated by vacuum-processing using C60 as the 

electron accepting material. PHJ solar cells containing oligomers 1-7 displayed high VOCs and 

excellent efficiencies of up to 2.7% under full sun illumination. The highest efficiency of 2.7% 

was achieved for 4,5-dimethoxybenzo[2,1-b:3,4-b’]dithiophene-containing oligomer 6. 

Oligomers 1-4, 6, and 7, which showed promising results in PHJ have been additionally 

incorporated in BHJ devices. The highest PCE of 3.6% was obtained for oligomer 1, which was 

higher than the efficiency measured for devices containing DCV4T. This improvement is mainly 

ascribed to the large increase in the VOC and FF values.  
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3.5. Experimental Part 

3.5.1. Physical Measurements and Instrumentation 

NMR spectra were recorded on a Bruker AMX 500 (1H NMR: 500 MHz, 13C NMR: 125 MHz) at 

100 °C or an Avance 400 spectrometer (1H NMR: 400 MHz, 13C NMR: 100 MHz) at 25 °C unless 

otherwise noted. Chemical shift values () are expressed in parts per million using residual 

solvent protons (1H NMR, H = 7.26 for CDCl3; 1H NMR, H = 5.32 for CD2Cl2; 1H NMR, H = 2.50 for 

DMSO-d6; 1H NMR, H = 5.92 for TCE-d2; 13C NMR, C = 77.16 for CDCl3) as internal standard. The 

splitting patterns are designated as follows: s (singlet), d (doublet), t (triplet), and m (multiplet). 

The assignments are Th-H (thiophene protons), Fu-H (furan protons), Ph-H (phenyl protons), 

CHO (aldehyde protons) and DCV-H (dicyanovinylene protons). Coupling constants (J) relate to 

proton-proton coupling unless otherwise noted. Melting points were determined using a Mettler 

Toledo DSC 823e and were not corrected. Elemental analyses were performed on an Elementar 

Vario EL. Thin layer chromatography was carried out on aluminum plates, pre-coated with silica 

gel, Merck Si60 F254. Preparative column chromatography was performed on glass columns 

packed with silica gel, Merck Silica 60, particle size 40 − 43 µm. Electron impact (EI) mass 

spectra were recorded on a Varian 3800, chemical ionisation (CI) mass spectra on a Finnigan 

MAT SSQ-7000, MALDI-TOF mass spectra on a Bruker Daltonics Reflex III and High-Resolution 

MALDI-TOF mass spectra on a Bruker solariX.  

Optical measurements in solution were carried out in 1 cm cuvettes with Merck Uvasol grade 

solvents. Absorption spectra were recorded on a Perkin Elmer Lambda 19 spectrometer and 

corrected fluorescence spectra were recorded on a Perkin Elmer LS 55 fluorescence spectro-

meter. Cyclic voltammetry experiments were performed with a computer-controlled Autolab 

PGSTAT30 potentiostat in a three-electrode single-compartment cell with a platinum working 

electrode, a platinum wire counter electrode, and an Ag/AgCl reference electrode. All potentials 

were internally referenced to the ferrocene/ferrocenium couple. 

Thin Film and Device Fabrication: Thin films and heterojunction solar cell devices were prepared 

by thermal vapor deposition in ultra-high vacuum at a base pressure of 10-7 mbar onto the 

substrate at room temperature. Thin films for absorption and emission measurements were 

prepared on quartz substrates, solar cells on tin-doped indium oxide (ITO) coated glass (Thin 

Film  evices, U A, sheet resistance of 30 Ω sq.-1). Layer thicknesses were determined during 

evaporation by using quartz crystal monitors calibrated for the respective material. The thin 

films prepared for absorption and emission measurements are approximately 30 nm thick. Thin 

film absorption spectra were recorded on a Shimadzu UV-2101/3101 UV–Vis spectrometer. The 

thin film emission spectra were recorded with an Edinburgh Instruments FSP920 fluorescence 
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spectrometer. Bulk heterojunction solar cells were prepared layer by layer without breaking the 

vacuum. The layer structure of the bulk heterojunction solar cells is as follows: ITO; 15 nm C60; 

20 nm blend layer of respective benzodithiophenes and C60 (ratio 1:1 by volume) prepared by 

co-evaporation deposited on heated substrate (70 °C); 5 nm BPAPF; 50 nm BPAPF doped with 

NDP-9 (purchased from Novaled AG Germany, 10 wt%); 1 nm NDP-9; 50 nm gold. 

Photovoltaic Characterization: J–V measurements were carried out in a glove box with nitrogen 

atmosphere. J–V characteristics were measured using a source-measure unit (Keithley SMU 

2400) and an AM 1.5G sun simulator (KHS Technical Lighting SC1200). The intensity was 

monitored with a silicon photodiode (Hamamatsu S1337) which was calibrated at Fraunhofer 

ISE. The mismatch between the spectrum of the sun simulator and the AM 1.5G spectrum was 

not taken into account. For well-defined active solar cell areas, aperture masks (2.76mm²) were 

used.  

Materials. THF (Merck) was dried under reflux over sodium/benzophenone (Merck). DMF 

(Merck) was dried under reflux over phosphorous pentoxide (Merck). DCM, DCE, CHCl3, 

n-hexane and diethyl ether were purchased from Prolabo and distilled prior to use. All synthetic 

steps were carried out under an argon atmosphere. n-Butyl lithium (1.6 M and 2.5 M in n-hexane) 

and Pd2(dba)3·CHCl3 were purchased from Acros. Acetic anhydride, acetonitrile, β-alanine, 

N-bromosuccinimide, chlorobenzene, diisopropylamine, methyl iodine, piperidine, tetra-n-

butylammonium fluoride, titanium tetrachloride, triethylamine and zinc were purchased from 

Merck. Acetyl chloride, 1,2-dibromo-benzene, 4,5-dimethyl-1,2-dibromo-benzene, dimethyltin 

dichloride, malononitrile, o-dichlorobenzene, trimethyltin chloride, 2-bromothiophene 26 and 

3-bromothiophene 39 were purchased from Aldrich. HP(tBu)3BF4, cesium carbonate, 

1,2-diiodoethane, thiophene-3-carbaldehyde 18, 5-bromothiophene-2-carbaldehyde 30, 

5-bromo-2-furaldehyde 36 and N,O-dimethylhydroxylamine hydrochloride 45 were purchased 

from Afla (Aesar). Tetrakis(triphenylphosphine)palladium (Pd(PPh3)4) was synthesized 

according to a literature-known process.[64] 

3,3'-Dibromo-bis(trimethylsilyl)-2,2ʹ-bithiophene 22[26], 2-[(5-bromothien-2-yl)methylene]-

malononitrile 31[30], 3-butylthiophene 32[31-32], 2-[(5-bromo-3,4-dimethylthien-2-yl)-

methylene]malononitrile 38[8] and benzo[2,1-b:3,4-b']dithiophene-4,5-dione 48[55] were 

synthesized as described in literature.  
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3.5.2. Synthesis 

2-(Thien-3-yl)-1,3-dioxolane (19). 

Thiophene-3-carbaldehyde 18 (15.14 g, 135.0 mmol), ethylene glycol (12.57 g, 202.5 mmol), and 

p-TSA (51.4 mg, 0.27 mmol) were heated at 160 °C in 50 mL toluene at a Dean Stark Apparatus. 

After 4 hours the mixture was cooled to room temperature and the solvent was removed by 

distillation. The residue was resolved in 200 mL diethyl ether and washed with 3x100 mL 

saturated NaHCO3 solution and once with water. The organic phase was dried over Na2SO4, 

filtered off, and the solvent was removed by rotary evaporation. The crude product was purified 

by vacuum distillation and pure 19 (19.9 g, 128 mmol, 95%) was obtained as a pale-yellow oil. 

Bp.: 103 °C (10 torr). 

1H NMR (400 MHz, CDCl3):  = δ 7.42 (ddd, 4J = 3.0 Hz, 1.2 Hz, 0.5 Hz, 1H, Th-H), 7.32 (dd, 

3J = 5.0 Hz, 4J = 3.0 Hz, 1H, Th-H), 7.16 (dd, 3J = 5.0 Hz, 4J = 1.2 Hz, 1H, Th-H), 5.91 (s, 1H, -CH-), 

4.15-3.98 (m, 4H, -O-CH2-CH2-O-).  

MS (EI): m/z = 155 [M-H]+. 

Analytical data were in agreement with literature.[23, 25]  

 

2,2'-Bithiophene-3,3'-dicarboxaldehyde (20). 

n-BuLi (44.7 mL, 71.4 mmol, 1.6 M in n-hexane) was added at -78 °C drop wise to a stirred 

solution of diisopropylamine (9.89 mL, 70.0 mmol) in 70 mL dry THF. After stirring for 

30 minutes 2-(thien-3-yl)-1,3-dioxolane 19 (10.9 g, 70.0 mmol) in 20 ml dry THF was added 

slowly. The mixture was stirred at low temperature for further half an hour. Anhydrous CuCl2 

(10.9 g, 81.3 mmol) was added in one portion and the reaction stirred overnight at room 

temperature. After quenching with 1 N HCl and extraction with diethyl ether the organic phase 

was washed with saturated NaHCO3 solution, brine, and water. The organic solution was dried 

over Na2SO4, filtered off, and solvent was evaporated under reduced pressure to yield a dark 

green solid. Pure product 20 (5.45 g, 24.5 mmol, 70%) was obtained by recrystallization from 

toluene.  

Mp.: 155.5-157.3 °C; (lit.: 156-158°C)[24]. 

1H NMR (400 MHz, CDCl3):  = 9.86 (s, 2H, CHO), 7.64 (d, 3J = 5.4 Hz, 2H, Th-H), 7.49 (dd, 

3J = 5.4 Hz, 4J = 0.8 Hz, 2H, Th-H). 
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Analytical data were in accordance to literature.[24, 55]   

 

Benzo[2,1-b:3,4-bʹ]dithiophene (21). 

Approach 1 

300 mL dry THF were cooled to -10 °C and TiCl4 (4.44 mL, 40.5 mmol) was added drop wise. 

Zinc powder (5.30 g, 81.0 mmol) was added in a nitrogen atmosphere and a solution of 

2,2ʹ-bithiophene-3,3ʹ-carboxaldehyde 20 (1.50 g, 6.75 mmol) in 250 mL dry THF was added 

under reflux during 5 h and reflux was continued for further 12 h. The mixture was cooled to 

0 °C and saturated NaHSO3 solution was successively added. THF was removed via rotary 

evaporation, the mixture was extracted with diethyl ether, the extract was dried over Na2SO4, 

and filtered off. After evaporation of the solvent, the residue was purified by column 

chromatography on silica gel with n-hexane. Product 21 (1.11 g, 5.83 mmol, 86%) was obtained 

by recrystallization from ethanol as a white crystalline solid.  

Approach 2 

200 mL dry THF were cooled to -10 °C and TiCl4 (2.94 mL, 26.8 mol) was added drop wise. Zinc 

powder (3.51 g, 53.7 mol) was added in a nitrogen atmosphere and a solution of 

5,5'-bis(trimethylsilyl)-2,2'-bithiophene-3,3'-dicarbaldehyde 23 (1.64 g, 4.47 mmol) in 200 mL 

dry THF was added under reflux during 5 h and reflux was continued for further 15 h. The 

mixture was cooled to 0 °C and saturated NaHSO3 solution was successively added. THF was 

removed via rotary evaporation and the residue was resolved in 100 mL diethyl ether. The 

organic solution was washed with 3x50 mL saturated Na2CO3 solution and with 2x50 mL 

distilled water, dried over Na2SO4, and filtered off. After evaporation of the solvent the residue 

was resolved in 200 mL THF and TBAF (5.65 g, 17.90 mmol) was added as a solid and the 

mixture stirred for 15 minutes at room temperature. Extraction with 3x100 mL n-hexane 

followed and the organic solution was washed with 2x100 mL distilled water and once with 

brine. After drying over Na2SO4 and filtration, solvent was removed by rotary evaporation. Crude 

product was purified by column chromatography on silica gel with n-hexane and product 21 

(671 mg, 3.53 mmol, 79%) was obtained as a white crystalline solid.  

Mp.: 47.9-48.7 °C; (lit.: 44-45°C)[24]. 

1H NMR (400 MHz, CDCl3):  = 7.79 (s, 2H, Ph-H), 7.45 (d, 3J = 5.4 Hz, 2H, Th-H), 7.42 (d, 3J = 

5.4 Hz, 2H, Th-H).  

13C NMR (100 MHz, CDCl3):  = 137.34, 133.78, 124.98, 124.34, 120.54.  



BENZODITHIOPHENES FOR VACUUM-PROCESSED ORGANIC SOLAR CELLS CHAPTER 3 

 

 87 | P a g e  

 

MS (EI): m/z = 190 [M]+.  

Elemental analysis: calc. (%) for C10H6S2: C, 63.12; H, 3.18; S, 33.70; found: C, 63.35; H, 3.29, 

S, 33.71. 

Analytical data were in agreement with literature.[24] 

 

5,5'-Bis(trimethylsilyl)-2,2'-bithiophene-3,3'-dicarbaldehyde (23). 

3,3'-Dibromo-bis(trimethylsilyl)-2,2ʹ-bithiophene 22 (3.1 g, 6.6 mmol) was dissolved in 60 mL 

dry THF and cooled to -78 °C. n-BuLi (5.82 mL, 14.6 mmol, 2.5 M in n-hexane) was added within 

10 minutes. The reaction was stirred for 35 minutes at -78 °C and N-formylpiperidin (2.21 mL, 

19.9 mmol) was added. The reaction mixture was allowed to stir for 30 min at -78 °C and was 

quenched with 25 mL of 2 M HCl. The reaction stirred overnight at room temperature. Solvent 

was removed by rotary evaporation and the residue was extracted with 3x50 mL DCM. The 

organic solution was washed with 3x50 mL of water and once with brine, dried over Na2SO4, 

filtered off, and the solvent was removed under reduced pressure. The crude product was 

purified by column chromatography (flash silica; DCM) to obtain pure product 23 (2.19 g, 

5.98 mmol; 90%) as a slightly yellow solid. 

Mp.: 92.7-94.4 °C. 

1H NMR (400 MHz, CDCl3):  = 9.87 (s, 2H, CHO), 7.73 (s, 2H, Th-H), 0.38 (s, 18H, Si-CH3). 

13C NMR (100 MHz, CDCl3):  = 184.98, 146.54, 145.06, 141.14, 133.91, -0.21. 

MS (EI): m/z = 366 [M]+ 

Elemental analysis: calc. (%) for C16H22O2S2Si2: C, 52.41; H, 6.05; S, 17.49; found: C, 52.39; 

H, 5.98, S, 17.39.  

 

2,7-Dibromo-benzo[2,1-b:3,4-bʹ]dithiophene (24). 

In the absence of light and under argon, NBS (1.27 g, 7.15 mmol) was added at -20 °C portion 

wise to a solution of benzo[2,1-b:3,4-bʹ]dithiophene 21 (680 mg, 3.57 mmol) in 30 mL dry DMF 

and stirred for 15 h. During this time the reaction warmed to room temperature. The solution 

was poured on ice, the precipitate was collected by filtration, and washed with water. The solid 

was dissolved in 50 mL diethyl ether and washed with 3x50 mL water. The organic solution was 
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dried over Na2SO4, filtered off, and pure product 24 (995 mg, 2.86 mmol, 80%) was isolated by 

recrystallization from ethanol.  

Mp.: 146.6-148.1 °C; (lit.: 147-148 °C)[65]. 

1H NMR (400 MHz, CDCl3):  = 7.60 (s, 2H, Ph-H), 7.39 (s, 2H, Th-H).  

13C NMR (100 MHz, CDCl3):  = 137.15, 133.77, 127.61, 120.09, 113.51.  

MS (EI): m/z = 348 [M]+.  

Elemental analysis: calc. (%) for C10H4Br2S2: C, 34.51; H, 1.16; S, 18.42; found: C, 34.51; H, 1.16; 

S, 18.50. 

 

2,7-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzo[2,1-b:3,4-b']dithiophene (25). 

2,7-Dibromobenzo[2,1-b:3,4-bʹ]dithiophene 24 (100 mg, 0.29 mmol) was dissolved in 15 mL dry 

THF. The solution was degased three times and cooled to -78 °C. During 7 minutes n-BuLi 

(2.5 mL, 0.63 mmol, 2.5 M in n-hexane) was added and stirred for 1.5 h at -78 °C. 2-Isopropoxy-

4,4,5,5-tetramethyl-1,3,2-dioxaborolane (0.18 mL, 0.86 mmol) was added in one portion. The 

mixture stirred for 1 h at -78 °C and at room temperature overnight. The reaction was quenched 

with water and extracted with DCM. The organic solution was washed with 3x50 mL water, 

dried over Na2SO4, filtered off, and the solvent was removed. After drying in high vacuum, 

product 25 (109 mg, 0.25 mmol, 86%) was obtained as a white solid and was used without 

further purification. 

1H NMR (400 MHz, CDCl3):  = 7.97 (s, 2H, Th-H), 7.77 (s, 2H, Ph-H), 1.39 (s, 24 H, -CH3). 

MS (EI): m/z = 442 [M]+.  

 

2-[5-(1,3-Dioxolan-2-yl)thien-2-yl]-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (28). 

2-(2-Thienyl)-1,3-dioxolane 27 (10.0 g, 64.0 mmol) was dissolved in 100 mL dry THF. The 

solution was cooled to -78 °C and during 30 minutes n-BuLi (26.9 mL, 67.2 mmol, 2.5 M in 

n-hexane) was added. The mixture stirred for further 30 minutes at -78 °C and 1 h at room 

temperature. After cooling to -78 °C again, 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaboro-

lane (14.4 mL, 70.4 mmol) was added in one portion. The mixture stirred for 1 h at -78 °C and at 

room temperature overnight. The reaction was quenched with saturated NH4Cl solution and 
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extracted with diethyl ether. The organic solution was washed with 2x100 mL brine, dried over 

Na2SO4, filtered off, and the solvent was removed. The resulting oil was recrystallized from 

n hexane resulting in 28 as a brownish crystalline solid (17.0 g, 60.3 mmol, 94%). 

MS (EI): m/z = 281 [M-H]+. 

1H NMR (400 MHz, CDCl3): δ = 7.51 (d, 3J = 3.5 Hz, 1H, Th-H), 7.20 (d, 3J = 3.5 Hz, 1H, Th-H), 

6.17 (s, 1H, -CH-), 4.12-4.06 (m, 2H, -CH2-), 4.05-3.99 (m, 2H, -CH2-), 1.33 (s, 12H, CH3). 

13C NMR (100 MHz, CDCl3): δ = 149.29, 136.98, 127.27, 100.19, 84.27, 65.30, 24.84. 

Analytical data were in agreement with literature.[28] 

 

2,7-Bis(trimethylstannyl)benzo[2,1-b:3,4-bʹ]dithiophene (29).  

Benzo[2,1-b:3,4-bʹ]dithiophene 21 (353 mg, 1.86 mmol) was dissolved in 6.3 mL dry THF. The 

solution was degased three times and cooled to -78 °C. During 7 minutes n-BuLi (2.56 mL, 

4.08 mmol, 1.6 M in n-hexane) was added whereupon a grey suspension was formed. The 

suspension stirred for 1 h at -78 °C and 2.5 h at room temperature. After cooling to -78 °C again, 

trimethylstannyl chloride (814 mg, 4.08 mmol) in 2.0 mL THF was added in one portion. The 

mixture stirred for 1 h at -78 °C and at room temperature overnight whereupon a light yellow 

solution was formed. 35 mL of n-hexane were added. The white suspension was washed with 

3x50 mL water, dried over Na2SO4, and the solvent was removed. After drying in high vacuum, 

product 29 (938 mg, 1.75 mmol, purity: 96% (1H NMR)) was obtained as a white solid. The 

product was used without further purification. 

1H NMR (400 MHz, CDCl3):  = 7.73 (s, 1H, Th-H), 7.50 (s, 1H, Ph-H), 0.45 (s, 9H, Sn-CH3).  

13C NMR (100 MHz, CD2Cl2):  = 138.24, 138.11, 138.02, 132.93, 120.01, -8.10.  

MS (EI): m/z = 514 [M-H]+, 502 [M-CH3]+. 

Analytical data were in agreement with literature.[66] 

 

2-Bromo-3-butylthiophene (33). 

Under exclusion of light, 3-butylthiophene 32 (1.00 g, 7.13 mmol) was dissolved in 5 ml glacial 

acetic acid. N-Bromosuccinimide (1.27 g, 7.13 mmol) was added as a solid. The suspension was 

stirred under light protection and heated gently until the white solid was dissolved (5 minutes). 
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The resulting yellowish solution was stirred until it was cooled down to room temperature 

(10 minutes). The reaction mixture was poured into 20 mL water, the organic layer was 

separated, and the aqueous layer was extracted with DCM. The combined organic layers were 

washed with 20 mL 1 N NaOH, 2x15 mL water, 15 mL brine, and dried over Na2SO4. Na2SO4 was 

filtered off over a very short silica column to remove residual succinimide. After removing the 

solvent, fractionated distillation afforded product 33 (1.37 g, 6.13 mmol, 86%) as a colorless 

liquid. 

1H NMR (400 MHz, CDCl3):  = 7.18 (d, 3J = 5.6 Hz, 1H, α-Th-H), 6.79 (d, 3J = 5.6 Hz, 1H, β-Th-H), 

2.59-2.55 (m, 2H, -CH2-), 1.60-1.53 (m, 2H, -CH2-), 1.41-1.31 (m, 2H, -CH2-), 0.94 (t, 3J= 7.3 Hz, 3H, 

-CH3).  

MS (EI): m/z = 218 [M-H]+, 177 [M-C3H7]+, 97 [M-C3H7Br]+. 

Analytical data were in accordance to literature.[67] 

 

5-Bromo-4-butylthiophene-2-carbaldehyde (34). 

Diisopropylamine (1.84 mL, 13.0 mmol) was dissolved in 13.6 mL dry THF and cooled to -78 °C. 

n-BuLi (6.9 mL, 11 mmol, 1.6 M in n-hexane) was added dropwise and the solution stirred for 2 h 

at room temperature. The mixture was cooled to -78 °C again and a solution of 2-bromo-3-

butylthiophene 33 (2.26 g, 10.0 mmol) in 18 mL THF was added within 15 minutes. After 

30 minutes at -78 °C the solution was quenched with N-formylpiperidine (5.6 mL, 50 mmol). The 

solution stirred for further 30 minutes at -78 °C, 20 mL of a 2 M HCl was added, and the mixture 

stirred overnight at room temperature. THF was removed and product was extracted with ethyl 

acetate. The organic phase was washed with 3x30 mL water and once with brine, dried over 

Na2SO4, filtered off, and the solvent was removed under low pressure. Product 34 (765 mg, 

3.10 mmol, 31%) was isolated by flash-chromatography (flash-silica, n-hexane/DCM 1:1) as 

yellow oil.  

1H NMR (400 MHz, CDCl3):  = 9.75 (s, 1H, CHO), 7.45 (s, 1H, Th-H), 2.61 (m, 2H, -CH2-), 

1.62-1.58 (m, 2H, -CH2-), 1.41-1.37 (m, 2H, -CH2-), 0.95 (t, 3J = 7.3 Hz, 3H, -CH3).  

13C NMR (100 MHz, CDCl3):  = 182.07, 144.06, 142.99, 136.96, 122.31, 31.73, 29.30, 22.36, 

13.98.  

MS (EI): m/z = 248 [M]+, 205 [M-C3H7]+.  
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Elemental analysis: calc. (%) for C9H11BrOS: C, 43.74; H, 4.49; S, 12.97; found: C, 43.71; H, 4.54; 

S, 12.99. 

 

2-[(5-Bromo-4-butylthien-2-yl)methylene]malononitrile (35).  

5-Bromo-4-butylthiophene-2-carbaldehyde 34 (250 mg, 1.01 mmol), malononitrile (134 mg, 

2.02 mmol), and -alanine (4.5 mg, 57 µmol) were dissolved in 10 mL ethanol and heated to 

reflux for 15 h. The mixture was cooled to room temperature and 20 mL diethyl ether was 

added. The reaction was washed with 6x20 mL water and dried over Na2SO4. Removal of the sol-

vent yielded 335 mg of a brown solid, which was purified by column chromatography (silica; 

n-hexane/DCM 1:1) and pure product 35 (302 mg, 1.03 mmol, 90%) was obtained as an orange 

solid.  

1H NMR (400 MHz, CDCl3):  = 7.68 (s, 1H, DCV-H), 7.42 (s, 1H, Th-H), 2.65-2.57 (m, 2H, -CH2-), 

1.63-1.52 (m, 2H, -CH2-), 1.41-1.32 (m, 2H, -CH2-), 0.94 (t, 3J = 7.3 Hz, 3H, -CH3).  

13C NMR (100 MHz, CDCl3):  = 150.15, 144.83, 138.96, 134.96, 124.33, 113.90, 31.66, 29.01, 

22.34, 13.93.  

MS (EI): m/z = 296 [M]+, 253 [M-C3H7]+.  

Elemental analysis: calc. (%) for C12H11BrN2S: C, 48.82; H, 3.76; N, 9.49; S, 10.86; found: 

C, 49.06; H, 3.77; N, 9.51; S, 10.67. 

 

2-[(5-Bromofuran-2-yl)methylene]malononitrile (37).  

5-Bromo-2-furaldehyde 36 (1.00 g, 5.71 mmol) and malononitrile (0.76 g, 11.4 mmol) were 

suspended in 40 mL dry dichloroethane and degased. Piperidine (30.0 µL, 0.57 mmol) was 

added, the solution was degased again, and heated to reflux for 20 h. The reaction mixture was 

cooled to room temperature and the solvent was removed by rotary evaporation. The residue 

was recrystallized from ethanol and pure product 37 (828 mg, 3.71 mmol, 65%) was obtained as 

a brown crystalline solid.  

Mp.: 155.1-159.1 °C.  

1H NMR (400 MHz, CDCl3):  = 7.41 (s, 1H, DCV-H), 7.35 (d, 3J = 3.8 Hz, 1H, Fu-H4), 

6.67 (d, 3J = 3.8 Hz, 1H, Fu-H).  
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13C NMR (100 MHz, CDCl3):  = 149.88, 141.67, 132.64, 124.84, 113.64, 112.45, 116.81, 77.98.  

MS (EI): m/z = 224 [M]+.  

Elemental analysis: calc. (%) for C8H3BrN2O: C, 43.08; H, 1.36; N, 12.56; found: C, 43.35; H, 1.43; 

N, 12.63. 

 

3-Iodothiophene (40). 

3-Bromothiophene 39 (3.00 g, 18.4 mmol) was dissolved in 28 mL dry n-hexane and cooled 

to -78 °C. n-BuLi (12.3 mL, 19.7 mmol, 1.6 M in n-hexane) was added in one portion. Then 2.7 mL 

THF and 9.3 mL n-hexane were successively added and the reaction temperature was increased 

to 0 °C for 5 minutes. The reaction was cooled to -78 °C again, stirred for 5 minutes, and 

diiodoethane (6.23 g, 22.1 mmol) was added as a solid. The reaction stirred for 90 minutes at 

room temperature and was quenched with 30 mL saturated Na2S2O3 solution. 50 mL of ethyl 

acetate were added and the organic solution was washed with 50 mL saturated Na2S2O3 solution 

and 2x50 mL brine, dried over Na2SO4, and filtered off. The crude product was purified via 

distillation and filtration over silica gel. A slightly brownish oil of iodothiophene 40 (3.01 g, 

14.4 mmol, 78%; purity: 94% (1H NMR)) was isolated.  

1H NMR (400 MHz, CDCl3):  = 7.41 (dd, 4J = 3.0 Hz, 1.0 Hz, 1H, Th-H), 7.21 (dd, 3J = 5.0 Hz, 

4J = 3.0 Hz, 1H, Th-H), 7.11 (dd, 3J = 5.0 Hz, 4J = 1.0 Hz, 1H, Th-H). 

MS (EI): m/z = 210 [M]+. 

Analytical data were in agreement with literature.[52]  

 

3,3'-Diiodo-2,2ʹ-bithiophene (41). 

Diisopropylamine (0.68 mL, 4.81 mmol) was dissolved in 45 mL dry THF and cooled to 0 °C. 

n-BuLi (3.0 mL, 4.81 mmol, 1.6 M in n-hexane) was added and the mixture strirred for 1 h at 0 °C. 

3-Iodothiophene 40 (1.02 g, 4.37 mmol) was added and the reaction was allowed to stir at 0 °C 

for further 2.5 h. After cooling to -78 °C, ZnCl2 (0.66 g, 4.81 mmol) was added. After 15 minutes 

CuCl2 (0.68 g, 5.07 mmol) was added in one portion and stirring was continued for further 

60 minutes at -78 °C and for 90 minutes at room temperature. Quenching with 50 mL saturated 

NH4Cl solution and extraction with diethyl ether followed. The combined organic layers were 

dried over Na2SO4, filtered off, and concentrated via rotary evaporation. Purification by flash-
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silica gel chromatography (n-hexane) led to pure product 41 (456 mg, 1.11 mmol, 52%) as a 

pale yellow solid. 

Mp.: 148.5-149.4 °C; (lit.: 149.5 – 151.0)[68]. 

1H NMR (400 MHz, CDCl3):  = 7.41 (d, 3J = 5.3 Hz, 2H, Th-H), 7.17 (d, 3J = 5.3 Hz, 2H, Th-H). 

13C NMR (100 MHz, CDCl3):  = 135.60, 134.94, 129.38, 85.16.  

MS (EI): m/z = 418 [M]+, 291 [M-I]+, 164 [M-I2]+. 

Analytical data were in agreement with literature.[69] 

 

4,5-Dimethylbenzo[2,1-b:3,4-bʹ]dithiophene (42).  

90 mL dry THF were cooled to -10 °C and TiCl4 (1.4 mL, 10 mmol) was added drop wise. Zinc 

powder (1.6 g, 20 mmol) was added in a nitrogen atmosphere and the mixture stirred for 2 h at 

0 °C. A solution of [1,1'-(5,5'-bis(trimethylsilyl)-2,2'-bithien-3,3'-diyl)diethanone 47 (500 mg, 

1.27 mmol) in 60 mL dry THF was added very slowly under reflux. After complete addition, 

reflux was continued for further 12 h. The mixture was cooled to 0 °C and 100 mL of 5 wt% 

NaHCO3 solution was successively added. THF was removed under reduced pressure and the 

mixture was extracted with DCM. The organic solution was dried over Na2SO4, filtered off, and 

evaporation of the solvent led to a yellow solid. It was resolved in 20 mL THF and TBAF (1.6 g, 

10 mmol) was added as a solid. After stirring for 15 min at room temperature the reaction was 

quenched with 25 mL water and THF was removed. The product was extracted with 3x30 mL 

DCM, dried over Na2SO4, and filtered off. The crude product was purified by column 

chromatography (flash silica; n-hexane) and white crystals of 42 (170 mg, 0.78 mmol; 62%) 

were obtained as pure product.  

Mp.: 114.6-115.6 °C. 

1H NMR (400 MHz, CDCl3):  = 7.49 (d, 3J = 5.5 Hz, 2H, Th-H), 7.39 (d, 3J = 5.4 Hz, 2H, Th-H), 

2.64 (s, 6H, -CH3). 

13C NMR (100 MHz, CDCl3):  = 137.95, 130.98, 126.99, 123.67, 123.58, 16.46.  

MS (EI): m/z = 220 [M+2H]+, 205 [M-CH3]+. 

Elemental analysis: calc. (%) for C12H10S2: C, 66.01; H, 4.62; S, 29.37; found: C, 65.95; H, 4.74; 

S, 29.19.  
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3,3'-Diiodo-bis(trimethylsilyl)-2,2ʹ-bithiophene (43). 

 (3,3'-Dibromo-bis(trimethylsilyl)-2,2ʹ-bithiophene 22 (1.00 g, 2.12 mmol) was dissolved in 

22 mL dry n-hexane and cooled to -78 °C. n-BuLi (2.9 mL, 4.7 mmol, 1.6 M in n-hexane) was 

added and stirred for 2 h at -78 °C. Diiodoethane (1.3 g, 4.7 mmol) in 2.0 mL dry THF was added 

and stirred for 60 minutes at -78 °C and at room temperature overnight. The reaction was 

quenched with 30 mL saturated Na2S2O3 solution. 50 mL ethyl acetate were added and the 

organic solution was washed with 50 mL saturated Na2S2O3 solution and 2x50 mL brine, dried 

over Na2SO4, and filtered off. The crude product was purified by flash chromatography 

(n-hexane/DCM 1:1) and recrystallization from ethanol gave pure 43 as slightly yellow needles 

(863 mg, 1.53 mmol, 72%).  

Mp.: 125.9-127.3 °C. 

1H NMR (400 MHz, CDCl3):  = 7.29 (s, 2H, Th-H), 0.37 (s with Si-satellites, 2JSi-H = 6.8 Hz, 18H, 

Si-CH3). 

13C NMR (100 MHz, CDCl3):  = 145.18, 141.98, 140.00, 85.82, -0.16. 

MS (EI): m/z = 564[M]+, 549 [M-(CH3)3]+. 

Elemental analysis: calc. (%) for C14H20I2S2Si2: C, 29.90; H, 3.58; S, 11.40; found: C, 29.97; 

H, 3.66; S, 11.19.  

Analytical data were in agreement with literature.[70] 

 

N-Methoxy-N-methylacetamide (46).  

N,O-Dimethylhydroxylamine hydrochloride 45 (12.0 g, 0.12 mol) was suspended under nitrogen 

in 120 mL dichloromethane and cooled to 0 °C. Triethylamine (35.8 mL, 0.26 mol) and acetyl 

chloride 44 (9.22 mL, 0.13 mol) were successively added within 45 min, and the temperature 

reached 20 °C despite ice cooling. Stirring was continued for 1 h at 0 °C and without cooling for 

additional 2 h. 120 mL water were added and the organic phase was washed with 2x50 mL of 

1 N HCl, and with 50 mL of brine, dried over Na2SO4, and filtered off. Solvent was removed by 

rotary evaporation and distillation under reduced pressure gave a colorless oil of 46 (5.6 g, 

50 mmol, 44%).  

Bp.: 50 °C (18 mbar); (lit.: 42 °C; 20 mbar)[54]. 

1H NMR (400 MHz, CDCl3):  = 3.60 (s, 3H, -O-CH3), 3.17 (s, 3H, -N-CH3), 2.12 (s, 3H, -CH3).  



BENZODITHIOPHENES FOR VACUUM-PROCESSED ORGANIC SOLAR CELLS CHAPTER 3 

 

 95 | P a g e  

 

13C NMR (100 MHz, CDCl3):  = 171.74, 60.93, 31.75, 19.62.  

MS (EI): m/z = 103 [M]+. 

Elemental analysis: calc. (%) for C4H9NO2: C, 46.59; H, 8.80; N, 13.58; found: C, 46.67; H, 8.76, 

N, 13.58. 

Analytical data were in accordance to literature.[54, 71] 

 

1,1'-[5,5'-Bis(trimethylsilyl)-2,2'-bithien-3,3'-diyl]diethanone (47).  

3,3'-Dibromo-bis(trimethylsilyl)-2,2ʹ-bithiophene 22 (2.0 g, 4.2 mmol) was dissolved in 44 mL 

dry THF and cooled to -78 °C. n-BuLi (5.8 mL, 9.32 mmol, 1.6 M in n-hexane) was added within 

15 minutes. The reaction was stirred for 45 minutes at -78 °C and N-methoxy-N-

methylacetamide 46 (961 mg, 9.32 mmol) was added. The reaction was allowed to stir for 2 h at 

-78 °C and was allowed to come to room temperature overnight. The mixture was quenched 

with 50 mL saturated NaHCO3 solution. The product was extracted with DCM, the organic 

solution was dried over Na2SO4, filtered off, and the solvent was removed by rotary evaporation. 

The crude product was purified by column chromatography (flash silica; DCM) to obtain pure 47 

(1.10 g, 2.79 mmol; 66%) as a slightly yellow solid.  

Mp.: 84.0-85.2 °C. 

1H NMR (400 MHz, CDCl3):  = 7.57 (s, 2H, Th-H), 3.28 (s, 6H, -CH3), 0.35 (s, 18H, Si-CH3). 

13C NMR (100 MHz, CDCl3):  = 193.84, 144.04, 142.55, 141.52, 135.75, 29.32, 0.12.  

MS (EI): m/z = 394 [M]+, 352 [M-(CH3)3]+. 

Elemental analysis: calc. (%) for C18H26O2S2Si2: C, 54.77; H, 6.64; S, 16.25; found: C, 54.92; 

H, 6.71, S, 16.10.  

 

Benzo[2,1-b:3,4-bʹ]dithien-4,5-diyl-diacetate (49).  

15 mL dry DCM were added to a tube containing benzo[2,1-b:3,4-b']dithiophene-4,5-dione 48 

(269 mg, 1.22 mmol) and Zn dust (0.84 g, 12.8 mmol). Acetic anhydride (1.21 mL, 12.8 mmol) 

and triethylamine (2.5 mL, 18 mmol) were added. The mixture was stirred at 25 °C overnight 

and then filtered through Celite. The filtrate was washed with 50 mL brine, 50 mL 2 M HCl, and 

with 2x50 mL saturated NaHCO3 solution. The organic layer was dried over Na2SO4, filtered off, 
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treated with activated charcoal, and filtered again two times through Celite. Removal of the 

solvent under reduced pressure and further drying in high vacuum led to a slightly red 

crystalline solid. Pure product 49 (210 mg, 0.69 mmol; 57%) was obtained by recrystallization 

from ethanol.  

Mp.: 205.1-206.5°C. 

1H NMR (400 MHz, CDCl3):  = 7.44 (d, 3J = 5.5 Hz, 2H, Th-H), 7.29 (d, 3J = 5.5 Hz, 2H, Th-H), 

2.44 (s, 6H, -CH3). 

13C NMR (100 MHz, CDCl3):  = 168.39, 126.10, 121.37, 77.48, 76.84, 20.69. 

MS (EI): m/z = 306 [M]+.  

Elemental analysis: calc. (%) for C14H10O4S2: C, 54.89; H, 3.29; S, 20.93; found: C, 54.76; H, 3.40; 

S, 21.11.  

Analytical data were in accordance to literature.[72] 

 

4,5-Dimethoxybenzo[2,1-b:3,4-bʹ]dithiophene (50).  

Benzo[2,1-b:3,4-bʹ]dithien-4,5-diyl diacetate 49 (400 mg, 1.31 mmol), cesium carbonate (2.13 g, 

6.53 mmol), and methyl iodide (0.4 mL, 6.5 mmol) were dissolved in 20 mL acetonitrile. The 

reaction mixture was stirred at 75 °C. After three days GC/MS analysis showed still the presence 

of intermediate. Therefore, methyl iodide (0.4 mL, 6.5 mmol) and cesium carbonate (2.13 g, 

6.53 mmol) were added again and the mixture was heated to 75 °C for further 24 h. GC/MS 

analysis showed full conversion; the reaction was cooled to room temperature and acetonitrile 

was removed by rotary evaporation. The residue was partitioned between water and 

dichloromethane. The organic phase was washed with 2x100mL 1 M HCl and with 100 mL 

water, dried over Na2SO4, and filtered off. Evaporation of the solvent led to a brown oil. The 

crude product was purified by column chromatography (flash-silica; n-hexane/DCM 1:1) and 

pure product 50 (282 mg, 1.13 mmol, 86%) was obtained as a white solid.  

Mp.: 41.0-41.6 °C. 

1H NMR (400 MHz, CDCl3):  = 7.52 (d, 3J = 5.4 Hz, 2H, Th-H), 7.37 (d, 3J = 5.3 Hz, 2H, Th-H), 

4.06 (s, 6H, -O-CH3). 

13C NMR (100 MHz, CDCl3):  = 144.18, 133.87, 129.52, 124.54, 121.91, 61.78.  
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MS (EI): m/z = 250 [M]+.  

Elemental analysis: calc. (%) for C12H10O2S2: C, 57.57; H, 4.03; S, 25.62; found: C, 57.75; H, 4.13; 

S, 25.83. 

 

[3,3'-Bis(trimethylstannyl)-2,2'-bithien-5,5'-diyl]bis(trimethylsilane) (51).  

3,3'-Dibromo-5,5'-bis(trimethylsilyl)-2,2'-bithiophene 22 (1.03 g, 2.20 mmol) was dissolved in 

7.5 mL dry THF and degased five times. The solution was cooled to -78 °C and during eight 

minutes n-BuLi (3.01 mL, 4.82 mmol, 1.6 M in n-hexane) was added. The solution stirred for 

30 minutes at -78 °C and was quenched with trimethylstannyl chloride (961 mg, 4.82 mmol) 

dissolved in 2.0 mL THF. The mixture stirred for 2 h at -78 °C and overnight at room 

temperature. 15 mL of n-hexane were added and the organic solution was washed with 4x50 mL 

water, dried over Na2SO4, and the solvent was removed in vacuum. The crude product was dried 

in high vacuum. Recrystallization from ethanol led to pure 50 (280 mg, 0.48 mmol, 88%) as a 

slightly yellow crystalline solid. 

Mp.: 103.9-104.6 °C. 

1H NMR (400 MHz, CDCl3):  = 7.16 (s with C-satellites, 1JC-H = 14.6 Hz, 2H, Th-H), 0.34 (s with 

Si-satellites, 2JSi-H = 6.7 Hz, 18H, Si-CH3), 0.11 (s with Sn-satellites, 2JSn119-H = 56.7 Hz, 

2JSn117-H = 54.0 Hz, 18H, Sn-CH3). 

13C NMR (100 MHz, CDCl3):  = 148.96, 142.32, 141.22, 140.35, 0.25 (s with Si-satellites, 

J1Si-C = 50.1 Hz), -8.04 (s with Sn-satellites, J1
Sn119-C = 362.1 Hz, J1

Sn117-C = 346.1 Hz). 

MS (EI): m/z = 622 [M-CH3]+.  

Elemental analysis: calc. (%) for C20H38S2Si2Sn2: C, 37.76; H, 6.02; S, 10.08; found: C, 37.90; 

H, 6.30; S, 10.17.  

 

(4,4-Dimethyl-4H-stannolo[3,2-b:4,5-b']dithien-2,6-diyl)bis(trimethylsilane) (52). 

3,3'-Dibromo-5,5'-bis(trimethylsilyl)-2,2'-bithiophene 22 (2.00 g, 4.23 mmol) was dissolved in 

42 mL dry THF and degased five times. The solution was cooled to -78 °C and during 30 minutes 

n-BuLi (5.82 mL, 9.32 mmol, 1.6 M in n-hexane) was added dropwise. The solution stirred for 

75 minutes at -78 °C and for 90 minutes at room temperature. After cooling to -78 °C, the 

reaction was quenched with dimethylstannyl dichloride (2.05 g, 9.32 mmol) dissolved in 10 mL 
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THF. The mixture stirred for 90 minutes at -78 °C and overnight at room temperature. 120 mL 

n-hexane were added and the organic solution was washed with 4x50 mL water, dried over 

Na2SO4, and the solvent was removed in vacuum. Product 52 (1.55 g, 3.39 mmol, 80%; purity: 

89% (1H NMR)) was dried in high vacuum and used in the next step without further purification. 

1H NMR (400 MHz, THF):  = 7.39 (s, 2H, Th-H), 0.52 (s, 6H, Sn-CH3), 0.34 (s, 18H, Si-CH3). 

MS (EI): m/z = 457 [M]+, 444 [M-CH3]+ 427 [M-(CH3)2]+ 412 [M-(CH3)3]+ 

 

Naphtha[2,1-b:3,4-b']dithiophene (53).  

Approach 1 

3,3'-Di(trimethylstannyl)-5,5'-bis(trimethylsilyl)-2,2'-bithiophene 51 (752 mg, 1.14 mmol) was 

dissolved in 11.5 mL DMF and the solution was degased. 1,2-Dibromobenzene (140 µL, 

1.14 mmol), Pd2(dba)3·CHCl3 (60 mg, 58 µmol), and HP(tBu)3BF4 (67.0 mg, 231 µmol) were 

added and the mixture was degased again. The tube was heated to 120 °C for 2 d. The reaction 

was cooled to room temperature, quenched with water, and product was extracted with DCM. 

The organic solution was washed with 2x50 mL saturated NaHCO3 solution, 2x50 mL brine, and 

once with water, dried over Na2SO4, and filtered off. Evaporation of the solvent under reduced 

pressure led to a slightly yellow oil. The oil was resolved in 10 mL THF and TBAF (0.8 g, 

2.5 mmol) was added. After stirring for 15 minutes at room temperature, the reaction was 

quenched with 10 mL saturated NaHCO3 solution. The product was extracted with 3x30 mL 

DCM. The organic solution was washed with 2x30 mL saturated NaHCO3 solution and water, 

dried over Na2SO4, and filtered off. Evaporation of the solvent under reduced pressure led again 

to a slightly yellow oil. The crude product was purified by column chromatography (flash silica; 

n-hexane/ethyl acetate 50:1) and a white crystalline solid 53 (145 mg, 0.60 mmol; 53%) was 

obtained as pure product.  

Approach 2 

(4,4-Dimethyl-4H-stannolo[3,2-b:4,5-b']dithien-2,6-diyl)bis(trimethylsilane) 52 (1.25 g, 

2.44 mmol) was dissolved in 44 mL THF and the solution was degased. 1,2-Dibromobenzene  

(0.3 mL, 2.4 mmol), Pd2(dba)3·CHCl3 (126 mg, 122 µmol), and HP(tBu)3BF4 (141 mg, 487 µmol) 

were added and the mixture was degased again. The tube was heated to 120 °C for 2 d. The 

reaction was cooled to room temperature, quenched with water, THF was removed under 

reduced pressure, and residue was resolved in DCM. The organic solution was washed with 

2x50 mL saturated NaHCO3 solution, 2x50 mL brine, and once with water, dried over Na2SO4, 
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and filtered off. Evaporation of the solvent under reduced pressure led to a brown oil. The oil 

was dissolved in 10 mL THF and TBAF (1.26 g, 4.00 mmol) was added. After stirring for 15 

minutes at room temperature, the reaction was quenched with 10 mL saturated NaHCO3 

solution. Product was extracted with 3x30 mL DCM. The organic solution was washed with 2x30 

mL saturated NaHCO3 solution and once with water, dried over Na2SO4, and filtered off. 

Evaporation of the solvent under reduced pressure led to brown oil. The crude product was 

purified by column chromatography (flash silica; n-hexane/ethyl acetate 50:1) and a white solid 

of 53 (198 mg, 0.82 mmol; 34%) was obtained as pure product.  

Mp.: 166.5-167.6 °C; (lit.: 162-163 °C)[59]. 

1H NMR (400 MHz, CDCl3): 8.42-8.36 (m, 2H, Ph-H), 8.01 (d, 3J = 5.3 Hz, 2H, Th-H), 

7.67-7.60 (m, 2H, Ph-H), 7.52 (d, 3J = 5.3 Hz, 2H, Th-H).  

13C NMR (100 MHz, CDCl3):  = 134.49, 132.19, 127.77, 125.94, 124.50, 123.93, 122.96. 

MS (EI): m/z = 240 [M]+. 

Elemental analysis: calc. (%) for C14H8S2: C, 69.96; H, 3.36; S, 26.68; found: C, 70.00; H, 3.49; 

S, 26.40.  

Analytical data were in agreement to literature.[59] 

 

5,6-Dimethylnaphtha[2,1-b:3,4-b']dithiophene (54). 

3,3'-Di(trimethylstannyl)-5,5'-bis(tri-methylsilyl)-2,2'-bithiophene 51 (1.16 g, 1.75 mmol) was 

dissolved in 18 mL dry DMF and the solution was degased. 1,2-Dibromo-4,5-dimethylbenzene 

(485 mg, 1.78 mmol), Pd2(dba)3·CHCl3 (105 mg, 101 µmol), and HP(tBu)3BF4 (125 mg, 431 µmol) 

were added and the mixture was degased again. The reaction tube was heated to 120 °C for 1 d. 

Pd2(dba)3·CHCl3 (54 mg, 53 µmol) and HP(tBu)3BF4 (61 mg, 210 µmol) were added and the 

reaction was allowed to stir for a further day at 120 °C. The reaction was cooled to room 

temperature, quenched with water, and product was extracted with DCM. The organic solution 

was washed with 2x100 mL saturated NaHCO3 solution, 2x100 mL brine, and with water, dried 

over Na2SO4, and filtered off. Evaporation of the solvent under reduced pressure led to a slightly 

yellow oil, which was resolved in 28 mL THF and TBAF (2.2 g, 7.0 mmol) was added. After 

stirring for 15 minutes at room temperature the reaction was quenched with 50 mL of water 

and product was extracted with 3x30 mL DCM. The organic solution was washed with 3x50 mL 

saturated NaHCO3 solution, and water, dried over Na2SO4, and filtered off. Evaporation of the 
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solvent under reduced pressure led to a brown oil. The crude product was purified by column 

chromatography (flash silica; n-hexane/ethyl acetate 9:1) and recrystallization from ethanol led 

to a white crystalline solid of 54 (198 mg, 0.74 mmol; 42%).  

Mp.: 154.6 °C (DSC). 

1H NMR (400 MHz, CDCl3):  = 8.11 (s, 2H, Ph-H), 7.95 (d, 3J = 5.3 Hz, 2H, Th-H), 

7.48 (d, 3J = 5.3 Hz, 2H, Th-H), 2.52 (s, 6H, -CH3). 

13C NMR (100 MHz, CDCl3):  = 135.24, 134.20, 131.42, 126.34, 124.62, 123.58, 122.87.  

MS (EI): m/z = 268 [M]+. 

Elemental analysis: calc. (%) for C16H12S2: C, 71.60; H, 4.51; S, 23.89; found: C, 71.70; H, 4.48; 

S, 23. 91.  

 

4,5-Dimethylbenzo[2,1-b:3,4-bʹ]dithien-2,7-diyl-bis(trimethylstannane) (55).  

4,5-Dimethylbenzo[2,1-b:3,4-bʹ]dithiophene 42 (120 mg, 0.55 mmol) was dissolved in 2.3 mL 

dry THF and degased three times. The solution was cooled to -78 °C and during 10 minutes 

n-BuLi (0.76 mL, 1.21 mmol, 1.6 M in n-hexane) was added whereupon a white suspension was 

formed. The suspension stirred for 1 h at -78 °C and 2.5 h at room temperature. After cooling 

to -78 °C trimethylstannyl chloride (241 mg, 1.21 mmol) in 1.5 mL THF was added in one 

portion. The mixture stirred for 1 h at -78 °C and at room temperature overnight. 35 mL 

n-hexane were added. The white suspension was washed with 3x50 mL water, dried over 

Na2SO4, filtered off, and the solvent was removed in vacuum. A white solid of 55 was obtained, 

which was dried in high vacuum. The product (280mg, 0.48 mmol, 88%) was used in the next 

step without further purification.  

1H NMR (400 MHz, CDCl3):  = 7.53 (s with 13C-satellites, 1JC-H = 28.5 Hz, 2H, Th-H), 2.65 (s, 6H, 

CH3), 0.45 (s with Sn-satellites, 2JSn119-H = 57.6 Hz, 2JSn117-H = 55.2 Hz, 18H, Sn-CH3). 

13C NMR (100 MHz, CDCl3):  = 138.50, 137.10, 135.31, 131.53, 126.09, 16.51, -8.07. 

 

4,5-Dimethoxybenzo[2,1-b:3,4-bʹ]dithien-2,7-diyl-bis(trimethylstannane) (56).  

4,5-Dimethoxybenzo[2,1-b:3,4-bʹ]dithiophene 50 (345 mg, 1.28 mmol) was dissolved in 4.7 mL 

dry THF and degased three times. The slightly yellow solution was cooled to -78 °C and during 
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20 minutes n-BuLi (2.0 mL, 3.2 mmol, 1.6 M in n-hexane) was added whereupon a grey 

suspension was formed. The suspension stirred for 1.5 h at -78 °C and 1.5 h at room 

temperature. After cooling to -78 °C again, trimethylstannyl chloride (632 mg, 3.20 mmol) in 

1.0 mL THF was added in one portion. The mixture stirred for 1 h at -78 °C and at room 

temperature overnight. A light yellow solution was formed and 35 mL n-hexane were added. The 

white suspension was washed with 3x50 mL water, dried over Na2SO4, filtered off, and the 

solvent was removed in vacuum. The crude product was dried in high vacuum to obtain 780 mg 

(1.24 mmol, 92%) of a white solid of 56, which was used in the next step without further 

purification.  

1H NMR (400 MHz, CDCl3):  = 7.56 (s with 13C-satellites, 1JC-H = 28.2 Hz, 2H, Th-H), 4.06 (s, 

6H, -O-CH3), 0.45 (s with Sn-satellites, 2JSn119-H = 57.8 Hz, 2JSn117-H = 55.2 Hz, 18H, Sn-CH3). 

13C NMR (100 MHz, CDCl3):  = 143.48, 138.74, 134.66, 129.47, 61.74 (s), -8.06 (s).  

 

2,9-Bis(trimethylstannyl)naphtha[2,1-b:3,4-b']dithiophene (57).  

Naphtha[2,1-b:3,4-b']dithiophene 53 (191 mg, 0.79 mmol) was dissolved in 4.5 mL dry THF. The 

solution was degased three times and was cooled to -78 °C. n-BuLi (1.10 mL, 1.75 mmol, 1.6 M in 

n-hexane) was added slowly whereupon a grey suspension was formed. The suspension stirred 

for 1.5 h at -78 °C and 2.5 h at room temperature. After cooling to -78 °C again, trimethylstannyl 

chloride (396 mg, 1.99 mmol) in 1.1 mL THF was added in one portion. The mixture stirred for 

1.5 h at -78 °C and at room temperature overnight. A light yellow solution was formed and 

35 mL n-hexane was added. The white suspension was washed with 3x50 mL water, dried over 

Na2SO4, filtered off, and the solvent was removed by rotary evaporation. After drying in high 

vacuum, product 57 (457 mg, 0.74 mmol, 94%, purity: 93% (1H NMR)) was obtained as a 

brownish oil. The product was used without further purification. 

1H NMR (400 MHz, CDCl3):  = 8.51-8.47 (m, 2H, Ph-H), 7.12 (s with C-satellites, 1JC-H = 27.35 Hz 

2H, Th-H), 7.67-7.63 (m, 2H, Ph-H), 0.56 (s with Sn-satellites 2JSn119-H = 57.62 Hz, 2JSn117-H = 

55.22 Hz, 18H, Sn-CH3). 

 

2,9-Bis(trimethylstannyl)-5,6-dimethylnaphtha[2,1-b:3,4-b']dithiophene (58).  

5,6-Dimethylnaphtha[2,1-b:3,4-b']dithiophene 54 (145 mg, 0.54 mmol) was dissolved in 2.3 mL 

dry THF. The solution was degased three times and cooled to -78 °C. n-BuLi (0.75 mL, 
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1.20 mmol) was added slowly whereupon a grey suspension was formed. The suspension stirred 

for 1.5 h at -78 °C and for 2.5 h at room temperature. After cooling to -78 °C again, 

trimethylstannyl chloride (248 mg, 1.24 mmol) in 1.0 mL THF was added in one portion. The 

mixture stirred for 1.5 h at -78 °C and at room temperature overnight. A light yellow solution 

was formed and 35 mL n-hexane was added. The white suspension was washed with 3x50 mL 

water, dried over Na2SO4, filtered off and the solvent was removed under reduced pressure. 

After drying in high vacuum, product 58 (purity: 85% (1H-NMR); 250 mg, 0.50 mmol, 93%) was 

obtained as a brownish oil. The product was used without further purification. 

1H NMR (400 MHz, CDCl3):  = 8.17 (s, 2H, Ph-H), 8.12 (s with C-satellites, 1JC-H = 27.55 Hz, 2H, 

Th-H), 2.52 (s, 6H, -CH3), 0.49 (s with Sn-satellites 2JSn119-H = 57.62 Hz, J2Sn117-H = 55.17 Hz, 18H, 

Sn-CH3). 

MS (CI): m/z = 579 [M-CH3]+. 

 

2,2'-{[5,5'-(Benzo[2,1-b:3,4-bʹ]dithien-2,7-diyl)bis(thien-5,2-diyl)]bis(methan-1-yl-1-yl-

idene)}dimalononitrile (1).  

A mixture of 2,7-bis(trimethylstannyl)benzo[2,1-b:3,4-bʹ]dithiophene 29 (380 mg, 0.69 mmol), 

2-(2,2-dicyanovinyl)-5-bromothiophene 31 (381 mg, 1.60 mmol), and Pd(PPh3)4 (72 mg, 

62 µmol) in 18 mL dry DMF was heated to 80 °C for 12 h. After cooling, the resulting precipitate 

was filtered off and washed several times with methanol and n-hexane. After drying, oligomer 1 

(283 mg, 0.60 mmol, 81%) was obtained as a deep red solid. The product was further purified by 

gradient vacuum sublimation. 

Mp.: 350 °C (DSC). 

1H NMR (500 MHz, DMSO-d6):  = 8.59 (s, 2H, DCV-H), 8.13 (s, 2H, Th-H), 7.98 (d, 3J = 4.1 Hz, 2H, 

Th-H), 7.95 (s, 2H, Ph-H), 7.75 (d, 3J = 4.1 Hz, 2H, Th-H).  

13C NMR (100 MHz, CDCl3):  = 151.51, 146.10, 140.76, 138.34, 134.38, 133.32, 132.02, 126.56, 

124.84, 121.89, 113.72, 113.10, 75.51.  

MS (CI): m/z = 506 [M]+.  

Elemental analysis: calc. (%) for C26H10N4S4: C, 61.64; H, 1.99; N, 11.06; S, 25.31; found: 

C, 61.77; H, 2.18; N, 11.15; S, 25.36. 
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2,2'-{[5,5'-(Benzo[2,1-b:3,4-bʹ]dithien-2,7-diyl)bis(4-butylthien-5,2-diyl)]bis(methan-1-

yl-1-yl-idene)}dimalononitrile (2).  

A mixture of 2,7-bis(trimethylstannyl)benzo[2,1-b:3,4-bʹ]dithiophene 29 (214 mg, 0.39 mmol), 

2-[(5-bromo-4-butylthien-2-yl]methylene)malononitrile 35 (252 mg, 0.85 mmol), and Pd(PPh3)4 

(44 mg, 38 µmol) in 10 mL dry DMF were heated to 80 °C for 15 h. After cooling, the resulting 

precipitate was filtered off and washed several times with water, methanol, acetone, and 

n-hexane. After drying, oligomer 2 (188 mg, 0.34 mmol, 87%) was obtained as a deep purple 

solid. The product was further purified by column chromatography (flash silica, DCM).  

Mp.: 311 °C (DSC). 

1H NMR (500 MHz, DMSO-d6):  = 8.51 (s, 2H, DCV-H), 8.00 (s, 2H, Th-H), 7.95 (s, 2H, Th-H), 

7.90 (s, 2H, Ph-H), 2.98-2.94 (m, 4H, -CH2-), 1.76-1.64 (m, 4H, -CH2-), 1.47-1.40 (m, 4H, -CH2-), 

0.94 (t, 3J = 7.3 Hz, 6H, -CH3).  

13C NMR: Solubility not sufficient.  

MS (MALDI-TOF): m/z = 618.0 (calc. for C34H26N4S4: 618.10).  

Elemental analysis: calc. (%) for C34H26N4S4: C, 65.99; H, 4.23; N, 9.05; S, 20.73; found: C, 65.72; 

H, 4.26; N, 8.97; S, 20.76. 

 

2,2'-{[5,5'-(Benzo[2,1-b:3,4-bʹ]dithien-2,7-diyl)bis(3,4-dimethylthien-5,2-diyl)]bis-(me-

than-1-yl-1-ylidene)}dimalononitrile (3).  

A mixture of 2,7-bis(trimethylstannyl)benzo[2,1-b:3,4-bʹ]dithiophene 29 (390 mg, 0.73 mmol), 

2-(5-bromo-3,4-dimethylthien-2-yl)methylene)malononitrile 38 (457 mg, 1.71 mmol), and 

Pd(PPh3)4 (68 mg, 59 µmol) in 18 mL dry DMF was heated to 80 °C for 15 h. After cooling, the 

resulting precipitate was filtered off and washed several times with methanol and n-hexane. 

After drying, oligomer 3 (283 mg, 0.60 mmol, 81%) was obtained as a deep red solid. The 

product was further purified by Soxhlet-extraction with chlorobenzene.  

Mp.: not determined before decomposition (DSC). 

1H NMR (500 MHz, TCE-d2):  = 7.96 (s, 2H, DCV-H), 7.90 (s, 2H, Th-H), 7.68 (s, 2H, Ph-H), 

2.45 (s, 2H, -CH3), 2.35 (s, 2H, -CH3).  

13C NMR: Solubility not sufficient.  
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MS (MALDI-TOF): m/z = 562.0 (calc. for C30H18N4S4: 562.04).  

Elemental analysis: calc. (%) for C30H18N4S4: C, 64.03; H, 3.22; N, 9.96; S, 22.79; found: C, 64.13; 

H, 3.25; N, 10.14; S, 22.54. 

 

2,2'-{[5,5'-(Benzo[2,1-b:3,4-bʹ]dithien-2,7-diyl)bis(furan-5,2-diyl)]bis(methan-1-yl-1-yli-

dene)}dimalononitrile (4).  

A mixture of 2,7-bis(trimethylstannyl)benzo[2,1-b:3,4-bʹ]dithiophene 29 (355 mg, 0.67 mmol), 

2-[(5-bromofuran-2-yl)methylene]malononitrile 37 (350 mg, 1.57 mmol), and Pd(PPh3)4 

(42 mg, 36 µmol) in 17 mL DMF was heated to 80 °C for 15 h. After cooling, the resulting 

precipitate was filtered off and washed several times with water, methanol, acetone and n-

hexane. After drying, oligomer 4 (286 mg, 0.60 mmol, 90%) was obtained as deep purple solid. 

The product was further purified by Soxhlet-extraction with chlorobenzene.  

Mp.: 386 °C (DSC). 

1H NMR (500 MHz, DMSO-d6):  = 8.18 (s, 2H, DCV-H), 8.15 (s, 2H, Th-H), 7.99 (s, 2H, Ph-H), 7.60 

(d, 3J = 3.9 Hz, 2H, Fu-H), 7.43 (d, 3J = 3.9 Hz, 2H, Fu-H).  

13C NMR: Solubility not sufficient.  

MS (CI): m/z = 475 [M]+. 

Elemental analysis: calc. (%) for C26H10N4O2S4: C, 65.81; H, 2.12; N, 11.81; S, 13.51; found: 

C, 65.72; H, 2.20; N, 11.69; S, 13.33. 

 

2,2'-{[5,5'-(4,5-Dimethylbenzo[2,1-b:3,4-bʹ]dithien-2,7-diyl)bis(thien-5,2-diyl)]- 

bis(methan-1-yl-1-yl-idene)}dimalononitrile (5).  

A mixture of 4,5-dimethylbenzo[2,1-b:3,4-bʹ]dithien-2,7-diyl-bis(trimethylstannane) 55 

(275 mg, 0.51 mmol), 2-(2,2-dicyanovinyl)-5-bromothiophene 31 (278 mg, 1.16 mmol), and 

Pd(PPh3)4 (53 mg, 46µmol) in 15 mL DMF was heated to 90 °C for 24 h. After cooling, the 

resulting precipitate was filtered off and washed several times with methanol, acetone, and 

n-hexane. After drying, oligomer 5 (252 mg, 0.47 mmol, 93%) was obtained as a black solid. The 

product was further purified by gradient vacuum sublimation.  

Mp.: 458 °C (DSC). 



BENZODITHIOPHENES FOR VACUUM-PROCESSED ORGANIC SOLAR CELLS CHAPTER 3 

 

 105 | P a g e  

 

MS (MALDI-TOF): m/z = 534.1 (calc. for C28H14N4S4: 534.01).  

1H NMR and 13C NMR: Solubility not sufficient.  

Elemental analysis: calc. (%) for C28H14N4S4: C, 62.90; H, 2.64; N, 10.48; S, 23.99; found: 

C, 63.13; H, 2.78; N, 10.39; S, 24.17.  

 

2,2'-{[5,5'-(4,5-Dimethoxybenzo[2,1-b:3,4-bʹ]dithien-2,7-diyl)bis(thien-5,2-diyl)]-bis 

(methan-1-yl-1-yl-idene)}dimalononitrile (6).  

A mixture of 4,5-dimethoxybenzo[2,1-b:3,4-bʹ]dithien-2,7-diyl)bis(trimethylstannane)  56 

(750 mg, 0.1.18 mmol), 2-(2,2-dicyanovinyl)-5-bromothiophene 31 (651 mg, 2.72 mmol), and 

Pd(PPh3)4 (124 mg, 107 mol) in 37 mL DMF was heated to 90 °C for 15 h. After cooling, the 

resulting precipitate was filtered off and washed several times with methanol, acetone, and 

n-hexane. After drying, oligomer 6 (558 mg, 0.98 mmol, 83%) was obtained as a dark purple 

solid. The product was further purified by gradient vacuum sublimation.  

Mp.: 404 °C (DSC). 

1H NMR (500 MHz, DMSO-d6):  = 8.67 (s, 2H, DCV-H), 8.10 (s, 2H, Th-H), 8.03 (d, 3J = 3.9 Hz, 2H, 

Th-H), 7.89 (d, 3J = 4.2 Hz, 2H, Th-H), 4.13 (s, 6H, -O-CH3).  

13C NMR: Solubility not sufficient.  

MS (MALDI-TOF): m/z = 566.3 (calc. for C28H14N4O2S4: 566.0).  

Elemental analysis: calc. (%) for C28H14N4O2S4: C, 59.34; H, 2.49; N, 9.89; S, 23.63; found: 

C, 59.36; H, 2.54; N, 9.77; S, 23.49.  

 

2,2'-{[5,5'-(Naphtha[2,1-b:3,4-b']dithien-2,9-diyl)bis(thien-5,2-diyl)]bis(methan-1-yl-1-yl-

idene)}dimalononitrile (7).  

A mixture of 2,9-bis(trimethylstannyl)naphtha[2,1-b:3,4-b']dithiophene 57 (420 mg, 

0.68 mmol), 2-(2,2-dicyanovinyl)-5-bromothiophene 31 (376 mg, 1.57 mmol), and Pd(PPh3)4 

(40 mg, 34 µmol) in 30 mL DMF was heated to 90 °C for 24 h. After cooling, the resulting 

precipitate was filtered off and washed several times with methanol, acetone, n-hexane and 

DCM. After drying, oligomer 7 (363 mg, 0.65 mmol, 96%) was obtained as a black solid. The 

product was further purified by gradient vacuum sublimation.  



CHAPTER 3 BENZODITHIOPHENES FOR VACUUM-PROCESSED ORGANIC SOLAR CELLS 

 

P a g e | 106  

 

Mp.: 473 °C (DSC). 

MS (MALDI-TOF): m/z = 556.2 (calc. for C30H12N4S4: 555.99).  

1H NMR and 13C NMR: Solubility not sufficient.  

Elemental analysis: calc. (%) for C30H12N4S4: C, 64.72; H, 2.17; N, 10.06; S, 23.04; found: 

C, 64.84; H, 2.28; N, 9.96; S, 22.93.  

 

2,2'-{[5,5'-(5,6-Dimethylnaphtha[2,1-b:3,4-b']dithien-2,9-diyl)bis(thien-5,2-diyl)]- bis 

(methan-1-yl-1-yl-idene)}dimalononitrile (8). 

A mixture of 2,9-bis(trimethylstannyl)-5,6-dimethylnaphtha[2,1-b:3,4-b']dithiophene 58 

(350 mg, 0.50 mmol), 2-(2,2-dicyanovinyl)-5-bromothiophene 31 (300 mg, 1.25 mmol), and 

Pd(PPh3)4 (58 mg, 50 µmol) in 40 mL dry DMF was heated to 120 °C for 24 h. After cooling, the 

resulting precipitate was filtered off and washed several times with methanol, acetone, 

n-hexane, and DCM. After drying, oligomer 8 (243 mg, 0.42 mmol, 83%) was obtained as a black 

solid.  

Mp.: 426 °C (measured before sublimation). 

1H NMR and 13C NMR: Solubility not sufficient.  

MS (MALDI-TOF): m/z = 584.0 (calc. for C32H16N4S4: 584.03).  

 

2,7-Di(thien-2-yl)benzo[2,1-b:3,4-b']dithiophene (9). 

A mixture of 2,7-bis(trimethylstannyl)benzo[2,1-b:3,4-bʹ]dithiophene 29 (140 mg, 0.25 mmol), 

2-bromothiophene 26 (56 µL, 0.58 mmol), and Pd(PPh3)4 (15 mg, 13 µmol) in 6 mL DMF was 

heated to 80 °C for 15 h. After cooling, the mixture was extracted with DCM, washed with water, 

dried over Na2SO4, and filtered. After evaporation of the solvent the residue was purified by 

column chromatography on silica gel with n-hexane. Product 9 (77.8 mg, 0.22 mmol, 87%) was 

obtained as a yellow solid. 

Mp.: 165 °C (DSC). 

1H NMR (400 MHz, CDCl3):  = 7.66 (s, 2H), 7.47 (s, 2H), 7.32-7.30 (m, 4H), 7.09-7.07 (m, 2H).  



BENZODITHIOPHENES FOR VACUUM-PROCESSED ORGANIC SOLAR CELLS CHAPTER 3 

 

 107 | P a g e  

 

13C NMR (100 MHz, CDCl3):  = 138.15, 137.36, 135.87, 132.34, 128.18, 125.60, 125.11, 120.83, 

120.81. 

MS (EI): m/z = 354 [M]+. 

Elemental analysis: calc. (%) for C18H10S4: C, 60.98; H, 2.84; S, 36.18; found: C, 61.03; H, 2.60; 

S, 35.90.  

 

5,5'-(Benzo[2,1-b:3,4-b']dithien-2,7-diyl)bis(thiophene-2-carbaldehyde) (10). 

A mixture of 2,7-bis(trimethylstannyl)benzo[2,1-b:3,4-bʹ]dithiophene 29 (140 mg, 0.25 mmol), 

5-bromo-2-formylthiophene 30 (69 µL, 0.58 mmol) and Pd(PPh3)4 (13 mg, 12 µmol) in 7 mL 

DMF was heated to 80 °C for 15 h. After cooling, the resulting precipitate was filtered off and 

washed several times with water, methanol, acetone and n-hexane. After drying, the product was 

isolated by flash-chromatography (flash-silica, n-hexane/ethyl acetate 1:1) and Soxhlet 

extraction with chlorobenzene. Pure product 10 (92.4 mg, 0.23 mmol, 90%) was obtained as a 

deeply yellow solid.  

Mp.: 295 °C (DSC). 

1H NMR (500 MHz, TCE-d2):  = 9.93 (s, 2H, CHO), 7.79 (s, 2H, Th-H), 7.75 (d, 3J = 3.9 Hz, 2H, 

Th-H), 7.69 (s, 2H, Ph-H), 7.43 (d, 3J = 3.9 Hz, 2H, Th-H). 

13C NMR (100 MHz, CDCl3):  = 185.20, 149.36, 146.43, 141.77, 139.68, 138.29, 136.57, 126.75, 

124.87. 

MS (CI): m/z = 411. 

Elemental analysis: calc. (%) for C20H10O2S4: C, 58.51; H, 2.46; S, 31.24; found: C, 58.83; H, 2.29; 

S, 31.41.  
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4. Dicyanovinyl-Capped Benzodithiophene-Containing Oligomers for 

Solution-Processed Organic Solar Cells  

4.1. Introduction 

In the last years, a lot of effort was put on the research of new oligomers for solution-processed 

organic solar cells.[1-2] Considerable progress was achieved in this field and very recently, a 

record efficiency of 9.02% was set.[3] The advantage of solution-processing is the deposition of 

the active layer from solution and donor and acceptor components do not have to be sublimable. 

Sublimability is often limited by the molecular weight and a high thermal stability of the 

molecules is an indispensable requirement. Consequently, larger structures and thermally label 

functional groups can be incorporate in solution-processed organic solar cells. An essential 

prerequisite for materials for application in solution-processed solar cells is a high solubility, 

which can be achieved by the addition of solubilizing side chains.    

Incorporation of the fused benzo[2,1-b:3,4-bʹ]dithiophene (BDT) unit in a dicyanovinyl (DCV) 

end-capped oligothiophene chain led to promising results in vacuum-processed organic solar 

cells. BDT 1 showed efficiencies of up to 3.6% which is an improvement of 12.5% in comparison 

to non-fused and linear DCV4T. The results clearly reveal that the oligomer structure concept, 

i.e., integration of fused-ring systems in an α-conjugated oligothiophene backbone, represents an 

interesting direction towards novel photoactive materials. This chapter presents the design, 

synthesis and characterization of new oligomeric structures for use as p-type semiconductors in 

solution-processed BHJ photovoltaics. The molecules include the BDT central unit. Structural 

variations to ensure a suitable solubility are necessary. The conjugated backbone is enlarged to 

six thiophene rings and thus the benzodithiophene building block is framed by two bithiophene 

units. Solubilizing alkyl side chains are attached at these bithiophene spacers. Finally, three 

bithiophene units with different substitution pattern are designed and the corresponding 

oligomers 11, 12, and 13 are shown in Chart 4.1. Derivative 11 is terminated with DCV end-

capped 3,3ʹ-dihexyl-2,2ʹ-bithiophene. Oligomer 12 has also four solubilizing hexyl side chains 

but is functionalized with a different terminal acceptor, 1,1-dicyano-2-octyl-vinyl (OctDCV). This 

new acceptor is a derivative of the well-established DCV unit since the vinylic proton of the 

dicyanovinyl group is replaced by an octyl chain. Derivative 13 does no longer have alkyl side 

chains at the bithiophene backbone, which should provide a further inside into the influence of 

β-alkyl side chains and OctDCV is attached as acceptor end group.  

Furthermore, oligomers 14 and 15 are designed (Chart 4.2). These derivatives include 

4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b']dithiophene as fused central building block, which 
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suggests a higher planarity of the molecules in films, which induces reorganization and an 

increase of intermolecular interactions. The thin film absorption spectra of oligomers 12 and 13 

displayed rather structureless bands with maxima at 543 nm and 525 nm, respectively. The 

absorption of BDT 11 is bathochromically shifted due to the stronger acceptor group. 

Furthermore, oligomer 11 showed a structured absorption profile with two distinct vibronic 

transitions appearing at 573 nm and 616 nm. The reason for these observations is the presence 

of a vinylic proton at the DCV acceptor, which allows for formation of nonclassical C-H … N 

hydrogen bonding, resulting in stronger intermolecular interactions.[12]  

The strength of the intermolecular interactions in the solid state which depends on the presence 

of a vinylic proton at the acceptor also become visible by calculating the difference between both 

absorption maxima (solution and thin film). Δλabs,max is 116 nm for 11, 59 nm for 12, and 22 nm 

for 13. This indicates that the vinylic DCV protons support the reorganization in the bulk since 

the bathochromic shift of derivative 11 is doubled in comparison to 12. Because oligomer 13 is 

less twisted, a higher degree of ordering is already present in solution and the difference 

between solution and thin film absorption maximum is not as pronounced as for BDT 12.  

 

4.4.2. Optical Properties of Derivatives 14 and 15 

In comparison to derivatives 11 and 13, the absorption maxima of benzo[1,2-b:4,5-

bʹ]dithiophene containing oligomers 14 and 15 are bathochromically shifted by ~12 nm in 

absorption and ~50-90 nm in emission (Figure 4.3). Moreover, slightly reduced optical band 

gaps occur. On the one hand, these shifts are due to the higher donor strength of the 4,8-bis[(2-

ethylhexyl)oxy]benzo[1,2-b:4,5-b']dithiophene core. On the other hand, the linear structure of 

the central unit leads to a longer conjugation length.[8] Comparison of 14 and 15 among each 

other displayed the same trends in comparison to 11 and 13: In solution, OctDCV-substituted 

oligomer 15 showed a slightly red-shifted absorption maximum (15: 516 nm, 14: 512 nm), but 

the absorption onset is blue-shifted in comparison to DCV-capped oligomer 14 (Figure 4.3a). 

This is reflected in a slightly larger optical band gap of 2.08 eV for 15 in comparison to 2.03 eV 

for 14. The Stokes shifts are 4,908 cm-1 for 15 and 5,246 cm-1 for 14. These values indicate that 

oligomer 14 is less rigid than 15 caused by a higher torsion between the fused core and the 

hexyl-substituted bithiophene spacers due to steric hindrance. These results correlate with a 

higher extinction coefficient for 15 (77,800 L mol-1 cm-1) than for 14 (58,100 L mol-1 cm-1) which 

displayed a more efficient conjugation in the backbone structure of oligomer 15. The properties, 

which have been measured in solutions, manifested again the influence of the weaker electron-

withdrawing character of OctDCV in comparison to DCV end groups. 
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4.6. Photovoltaic Properties of Oligomers 11-15 

Oligomers 11-15 were implemented as electron donating materials in solution-processed bulk 

heterojunction solar cells and the bulk layers were fabricated by spin-coating of a 

donor:acceptor blend from solution. Purities of all oligomers were confirmed by HPLC prior to 

testing. Blend-layer thickness was varied using different spin-coating speeds. Two general 

properties have been found. 1. Annealing did not lead to an improvement and efficiency dropped 

to zero. 2. Solvent additives did not help for the performance. Due to the deep HOMO energy 

levels, high VOC values of at least 1.0 V were calculated for all derivatives using empirical 

equation 4.1.[16]  

 

    
 

 
|     (     )       (        )|          (4.1) 

 

4.6.1. Solar Cell Results of Derivative 11 

For BDT 11 a solubility of only 1 mg mL-1 in chloroform at room temperature was determined. 

This low value is a disadvantage with regard to the application in solution-processed organic 

solar cells since blend layers with high donor contents are not possible. Furthermore, the choice 

of the solvent was limited since the solubility in other solvents like toluene, chlorobenzene, and 

dichlorobenzene is even worse. Devices were prepared with tetrachloroethane (TCE) and 

chloroform (CHCl3) as solvents and were fabricated by spin-coating the 11:acceptor blend 

from hot solutions (60 °C for CHCl3 and 100 °C for TCE) on heated indium tin oxid|hole 

transporting layer (ITO|HTL)-coated glass substrates (60 °C for CHCl3 and 120 °C for TCE). 

Subsequently, 1 nm lithium fluoride (LiF) was deposited, followed by 100 nm aluminum (Al) 

via thermal evaporation. Vanadium(V) oxide (V2O5) and poly(3,4-ethylenedioxythiophene) 

poly(styrenesulfonate) (PEDOT:PSS) were used as hole transporting materials. General 

device structures with layer sequences of ITO/PEDOT:PSS/11:acceptor/LiF/Al or 

ITO/V2O5/11:acceptor/LiF/Al were investigated and are schematically shown in Figure 4.6.  

Commonly used acceptors are fullerenes and the most popular soluble derivative is PC61BM with 

a LUMO level of -4.0 eV.[20] A difference of 0.3-0.4 eV[16] between the LUMO of the donor and the 

LUMO of the acceptor was found to be favorable for a good charge separation in organic 

photovoltaics. The LUMO level of 11 was calculated to -3.8 eV and therefore, PC71BM with a 

LUMO energy of -4.1 eV should be more sufficient than PC61BM and enable an efficient electron 

transfer at the donor-acceptor interface in the photoactive blend layer. Another advantage of 
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PC71BM is an improved light absorption in the visible region.[21] This could lead to an improved 

light-harvesting, especially in combination with large band gap donors like oligomer 11. 

Therefore, PC71BM instead of PC61BM was use as acceptor material for the initial trials. The data 

are summarized in Table 4.4. 

 

a)          b)  

Figure 4.6: Device architectures of investigated solution-processed bulk heterojunction solar cells.                           

(a) ITO/PEDOT:PSS/donor:acceptor/LiF/Al. (b) ITO/V2O5/donor:acceptor/LiF/Al. 

 

Solar cells prepared from TCE solutions did not show good results: donor-acceptor ratios of 

1:1 w/w and 1:2 w/w resulted in PCEs of 0.01% and 0.05%, respectively. The main problems 

were the very low currents of ≤ 0.36 mA cm-2 and FFs between 15% and 22%. The low fill factor 

is a hint for a limited charge transport in the active layer. Charge collection could be also 

reduced by charge recombination, which is reflected in the high saturation of 

>3.2 (sat. = J(-1 V)/JSC).[22] Nevertheless, the expected high VOC values of >1.0 V were achieved. 

Due to these bad results, the solvent was changed to CHCl3. The low solubility limited the 

composition of the blend layer and only a donor percentage of >33% (donor-acceptor ration of 

1:2) could be investigated. Solar cells with a donor-acceptor ratio of 1:2 w/w displayed with 

PC71BM efficiencies of up to 1.11% as both FF (37% vs. 22%) and JSC (2.86 mA cm-2 vs. 

0.36 mA cm-2) increased. The higher JSC reflected an increased charge generation and the higher 

FF showed an improved charge transport, which was also confirmed by a good saturation value 

of ~1.15.  

Further improvements were expected with a more suitable hole transporting material and V2O5 

was used. This metal oxide is a semiconductor with a very deep lying conductive band and a high 

work function[23] which is more favorable in conjunction with wide band gap oligomers like 

BDT 11. Nevertheless, the change of the hole transporting material did not result in the desired 

effect. FF dropped to 28% which led to a low efficiency of 0.87%.  
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4. ITO/ZnO/oligomer:PC61BM/MoO3/Ag (device D) and the devices are schematically shown in 

Figure 4.9. 

Device A, B, and C consist of a standard layer sequence meaning ITO as anode, PEDOT:PSS as 

hole transporting layer, ZnO as electron transporting layer, and aluminum as cathode. Device D 

displays an inverted structure with ITO as cathode, ZnO as electron transporting layer, MoO3 as 

hole transporting layer, and silver as anode. In all devices, PC61BM was used as electron acceptor 

and the results are summarized in Table 4.9. 

 

A)            B)                

C)           D)  

Figure 4.9: Investigated solar cell architectures for oligomers 14 and 15.  

 

Solar cells with the standard architectures (Figure 4.9 A, B, and C) displayed low JSC and FF 

values resulting in PCEs of < 0.41%. JSC is less than 2.0 mA cm-2 and FF less than 43%. Due to 

higher JSC and FFs, the results of derivative 15 are slightly better in comparison to oligomer 14. 

Devices without ZnO showed even diminished efficiencies.  

Device C corresponds to the layer sequence and manufacturing conditions of 11-13-based solar 

cells. Oligomers 14 and 15 showed worse results than oligomers 11-13 since FF and JSC are 

diminished. PCE of these devices was not improved by using derivative 15 as additive in 

14:PC61BM blends. 

The advantage of inverted device architectures is an improved stability since an air-stable metal 

top electrode with a high work function self-encapsulates the device and an ITO/PEDOT:PSS 

interface is avoided. Derivatives 14 and 15 were implemented as electron donating materials in 
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4.7. Conclusion 

The synthesis and characterization of donor-acceptor oligomers for application in solution-

processed bulk heterojunction organic solar cells was shown in this chapter. The 

oligothiophene-based materials consisted of fused central units, benzo[2,1-b:3,4-b']dithiophene 

and 4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b']dithiophene, respectively and dicyanovinyl 

(DCV) and 1,1-dicyano-2-octyl-vinyl (OctDCV) were attached as acceptor end groups. The 

replacement of the vinylic proton of the DCV acceptor via an octyl side chain resulted in weaker 

intermolecular interactions and a decrease of the acceptor strength, which was reflected in a 

hypsochromically shifted absorption and larger band gaps. The semiconductors were 

implemented in solution-processed BHJSC with PC61BM as acceptor. DCV-capped oligomers 

showed higher efficiencies than OctDCV-functionalized derivatives which confirmed the 

important role of the vinylic DCV proton for the ordering in solid state. The main problem of 

11-15-containing solar cells was the low current density. The best results were achieved with 

benzo[2,1-b;3,4-b']dithiophene-containing derivative 11. The oligomer displayed efficiencies of 

up to 1.3%, which could be further increased to 2.0% by using BDT 13 as an additive since both 

fill factor and short-current density increased.  
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4.8. Experimental Part 

4.8.1. Physical Measurements and Instrumentation 

NMR spectra were recorded on a Bruker AMX 500 (1H NMR: 500 MHz, 13C NMR: 125 MHz) at 

100 °C or an Avance 400 spectrometer (1H NMR: 400 MHz, 13C NMR: 100 MHz) at 25 °C unless 

otherwise noted. Chemical shift values () are expressed in parts per million using residual 

solvent protons (1H NMR, H = 7.26 for CDCl3; 13C NMR, C = 77.16 for CDCl3) as internal 

standard. The splitting patterns are designated as follows: s (singlet), d (doublet), t (triplet), and 

m (multiplet). The assignments are Th-H (thiophene protons), Ph-H (phenyl protons), CHO 

(aldehyde protons) and DCV-H (dicyanovinylene protons). Coupling constants (J) relate to 

proton-proton coupling unless otherwise noted. Melting points were determined using a Mettler 

Toledo DSC 823e and were not corrected. Elemental analyses were performed on an Elementar 

Vario EL. Thin layer chromatography was carried out on aluminum plates, pre-coated with silica 

gel, Merck Si60 F254. Preparative column chromatography was performed on glass columns 

packed with silica gel, Merck Silica 60, particle size 40-43 µm. Electron impact (EI) mass spectra 

were recorded on a Varian 3800, chemical ionisation (CI) mass spectra on a Finnigan MAT SSQ-

7000, MALDI-TOF mass spectra on a Bruker Daltonics Reflex III and High-Resolution MALDI-TOF 

mass spectra on a Bruker solariX.  

Optical measurements in solution were carried out in 1 cm cuvettes with Merck Uvasol grade 

solvents. Absorption spectra were recorded on a Perkin Elmer Lambda 19 spectrometer and 

corrected fluorescence spectra were recorded on a Perkin Elmer LS 55 fluorescence spectro-

meter. The maximum solubility was measured using UV-Vis absorption spectroscopy. After 

determination of the molar extinction coefficient, saturated solutions were made, stirred for 

60 min at 60 °C then allowed to cool to room temperature. The saturated solution was then 

filtered and diluted for absorption spectroscopy, and the corresponding concentration could be 

determined. Thin film for absorption measurements were prepared by spin-coating a solution 

(3 mg mL-1 in chloroform, 1000 rpm, 60 seconds) on glass substrates. A non-coated glass 

substrate was used as reference. Cyclic voltammetry experiments were performed with a 

computer-controlled Autolab PGSTAT30 potentiostat in a three-electrode single-compartment 

cell with a platinum working electrode, a platinum wire counter electrode, and an Ag/AgCl 

reference electrode. All potentials were internally referenced to the ferrocene/ferrocenium 

couple. 

High performance liquid chromatography (HPLC) was performed on a Hitachi instrument 

equipped with a UV-Vis detector L-7420, columns (Nucleosil 100-5 NO2 with a pore size of 

100 Å) from Machery-Nagel using dichloromethane/n-hexane solvent mixtures as eluent.  
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Device Fabrication: 1. Standard photovoltaic devices with LiF as electron transporting layer: The 

solar cells were made by spin-coating either PEDOT:PSS (Clevios P, VP Al4083) or an 

isopropanol solution of vanadium(V) oxitriisopropoxide (Alfa Aesar) onto pre-cleaned, 

patterned indium tin oxide (ITO) substrates (15 Ω per square) (Kintec). The vanadium(V) 

oxitriisopropoxide coated substrates were stored at ambient air for 1 h for hydrolysis to V2O5.[28] 

The photoactive layer (~100 nm) was deposited by spin-coating from chloroform, 

chlorobenzene, o-dichlorobenzene, 1,1,2,2-tetrachloroethane or toluene solutions with a total 

concentration of 12.5 mg mL-1 (CHCl3, 60 °C), 15.0 mg mL-1 (CHCl3, r.t.),  25 mg mL-1 (CB or 

toluene, r.t.), 35.0 mg mL-1 (o-DCB, r.t.) or 15.0 mg mL-1 (TCE, 100 °C) The blend layer thickness 

was varied using different spin-coating speeds. PC61BM and PC71BM (99% pure) were purchased 

from Solenne BV, Netherlands. LiF (1 nm) and the counter electrode of aluminum (100 nm) were 

deposited by vacuum evaporation at 2×10-6 Torr. The active areas of the cells were 0.2 cm2. Film 

thicknesses were measured using a Dektak profilometer. J-V characteristics were measured 

under ~100 mW cm-2 white light from a tungsten-halogen lamp filtered by a Schott GG385 UV 

filter and a Hoya LB120 daylight filter, using a Keithley 2400 source meter. Spectral response 

was measured under monochromatic light from a 300 W Xenon lamp in combination with 

monochromator (Oriel, Cornerstone 260), modulated with a mechanical chopper. The response 

was recorded as the voltage over a 220 Ω resistance, using a lock-in amplifier (Merlin 70104). A 

calibrated Si cell was used as reference. The devices were kept behind a quartz window in a 

nitrogen filled container. 2. Standard photovoltaic devices with ZnO as electron transporting 

layer: The solar cells were made by spin-coating of PEDOT:PSS (Clevios P, VP Al4083) onto pre-

cleaned, patterned ITO glass substrates. The PEDOT:PSS films were baked at 140 °C for 5 min in 

air. The photoactive layer (~100 nm) was deposited by spin-coating from chloroform solutions 

with a total concentration of 12.5 mg mL-1. The blend layer thickness was varied using different 

spin-coating speeds. The active areas of the cells were 0.1 cm2. A thin layer of ZnO 

nanoparticles[29] was deposited on the active layer by spin-coating (3000 rpm) to form 25 nm of 

a ZnO layer. The films were transferred to a metal evaporation chamber, and aluminum 

(100 nm) was deposited at approximately 1×10−6 torr. The current density–voltage 

measurements of the devices were carried out using a 1 kW Oriel solar simulator with an 

AM 1.5G filter as the light source in conjunction with a Keithley 2400 source. Device fabrication 

and characterizations were performed in an ambient environment without any encapsulation. 3. 

Inverted photovoltaic devices were made by spin-coating of ZnO nanoparticles[29] (3000 rpm) 

onto pre-cleaned, patterned ITO substrates. The photoactive layer (~100 nm) was deposited by 

spin-coating from chloroform solutions with a total concentration of 12.5 mg mL-1. The blend 

layer thickness was varied using different spin-coating speeds. The active areas of the cells were 

0.1 cm2. The films were transferred to a metal evaporation chamber, and MoO3 (10 nm) and 
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silver (100 nm) were deposited at approximately 1×10−6 torr. The current density–voltage 

measurements of the devices were carried out using a 1 kW Oriel solar simulator with an 

AM 1.5G filter as the light source in conjunction with a Keithley 2400 source. Device fabrication 

and characterizations were performed in an ambient environment without any encapsulation.  

Materials. THF (Merck) was dried under reflux over sodium/benzophenone (Merck). DMF 

(Merck) was dried under reflux over phosphorous pentoxide (Merck). Dichloromethane (DCM), 

dichloroethane (DCE), chloroform (CHCl3), and n-hexane were purchased from Prolabo and 

distilled prior to use. All synthetic steps were carried out under an argon atmosphere. n-Butyl 

lithium (1.6 M in n-hexane) was purchased from Acros. Ammonium acetate, N-bromosuccin-

imide, diisopropylamine, piperidine, and triethylamine were purchased from Merck. 

Malononitrile was purchased from Aldrich. N,O-Dimethylhydroxylamine hydrochloride 62 and 

nonanoyl chloride 63 were purchased from Afla (Aesar). Pd(PPh3)4[30] and 5'-bromo-3,4'-

dihexyl-2,2'-bithiophene 59 were synthesized as described in literature.[10]  

 

4.8.2. Synthesis 

(5'-Bromo-3,4'-dihexyl-2,2'-bithien-5-yl)-5-carbaldehyde (60).  

Dry diisopropylamine (0.71 mL, 5.0 mmol) was dissolved in 21 mL dry THF and cooled to -78 °C. 

n-BuLi (3.2 mL, 5.0 mmol, 1.6 M in n-hexane) was added and the mixture stirred for 30 minutes 

at -78 °C and for 40 minutes at 0 °C. 5'-Bromo-3,4'-dihexyl-2,2'-bithiophene 59 (2.07 g, 5 mmol) 

was dissolved in 21 mL dry THF and cooled to -78 °C. The prepared LDA solution was slowly 

added and the mixture stirred for 50 minutes at -78 °C. DMF (1.15 mL, 0.02 mmol) was added in 

one portion and the mixture stirred for 40 min at -78 °C and for 4 h at room temperature. 30 mL 

of water were added and product was extracted with DCM, dried over Na2SO4, filtered off, and 

solvent was removed under reduces pressure. The crude product was purified by column 

chromatography (flash silica, n-hexane/DCM 1:1) and pure carbaldehyde 60 (2.03 g, 4.60 mmol, 

92%) was obtained as a bright yellow oil.  

1H NMR (400 MHz, CDCl3):  = 9.82 (s, 1H, CHO), 7.57 (s, 1H, Th-H), 6.96 (s, 1H, Th-H), 2.74 (t, 

3J = 7.7 Hz, 2H, -CH2-), 2.57 (m, 3J = 7.6 Hz, 2H, -CH2-), 1.68-1.56 (m, 4H, -CH2-) 1.42-1.25 (m, 12H, 

-CH2-), 0.91-0.88 (m, 6H, -CH3).  

13C NMR (100 MHz, CDCl3):  = 182.74, 143.12, 140.68, 140.55, 138.99, 134.46, 128.44, 111.37, 

31.72, 30.43, 29.74, 29.61, 29.39, 29.23, 29.01, 22.73, 14.23, 14.20.  

MS (EI): m/z = 442 [M]+, 362 [M-Br]+, 292 [M-C5H11Br]+. 
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Elemental analysis: calc. (%) for C21H29BrOS2: C, 57.13; H, 6.62; S, 14.53; found: C 57.25; 

H, 6.67; S: 14.45. 

Analytical data were in agreement with literature.[9] 

 

2-[(5'-Bromo-3,4'-dihexyl-2,2'-bithien-5-yl)methylene]malononitrile (61). 

(5'-Bromo-3,4'-dihexyl-2,2'-bithien-5-yl)-5-carbaldehyde 60 (1.80 g, 4.08 mmol) and 

malononitrile (0.81 g, 12.3 mmol) were dissolved in 20 mL ethanol and 60 mL dichloroethane 

and piperidine (25.0 µL, 0.25 mmol) was added. The solution was heated at 60 °C for 15 h. The 

reaction mixture was cooled to room temperature and the solvent was removed. The residue 

was crystallized from ethanol. Purification by column chromatography (flash silica, DCM) and 

recrystallization from ethanol led to pure malononitrile 61 (1.60 g, 3.27 mmol, 80%) as an 

orange solid.  

Mp.: 66 °C (DSC). 

1H NMR (400 MHz, CDCl3):  = 7.70 (s, 1H, DCV-H), 7.51 (s, 1H, Th-H), 7.05 (s, 1H, Th-H), 2.75 (t, 

3J = 7.7 Hz, 2H, -CH2-), 2.58 (t, 3J = 7.6 Hz, 2H, -CH2-), 1.67-1.57 (m, 4H, -CH2-) 1.40-1.25 (m, 12H), 

0.95-0.84 (m, 6H, -CH3).  

13C NMR (100 MHz, CDCl3):  = 150.24, 143.57, 143.36, 141.74, 140.99, 133.58, 132.39, 129.30, 

114.39, 113.48, 113.00, 76.58, 31.70, 31.66, 30.22, 29.77, 29.60, 29.21, 29.04, 22.72, 22.70, 

14.22, 14.19.  

MS (EI): m/z = 491 [M]+, 410 [M-Br]+, 340 [M-C5H11Br]+, 269 [M-(C5H11)2Br]+. 

Elemental analysis: calc. (%) for C24H29BrN2S2: C, 58.88; H, 5.97; N, 5.72; S, 13.10; found: 

C, 58.70; H, 6.02; N, 5.62; S, 13.35. 

 

N-Methoxy-N-methylnonanamide (64). 

N,O-dimethylhydroxylamine hydrochloride 63 (12.1 g, 124 mmol) was suspended under 

nitrogen in 120 mL DCM and cooled in ice. Triethylamine (36.1 mL, 260 mmol) was added 

slowly, then nonanoyl chloride 62 was added slowly within 90 min, and the temperature 

reached 12 °C despite ice cooling. Stirring at 0 °C was continued for 1 h and subsequently 

stirring without cooling was continued for 2 h. After the addition of 120 mL of water, the organic 

phase was washed two times with 1 N HCl solution and once with saturated NaCl solution, dried 
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over Na2SO4, and solvent was removed under reduced pressure. Distillation gave amide 64 as 

colorless oil (22.0 g, 0.11 mol, 88%).  

Bp.: 78 °C (1.5·10-2 mbar). 

1H NMR (400 MHz, CDCl3):  = 3.58 (s, 3H, -O-CH3), 3.07 (s, 3H, -N-CH3), 2.31 (t, 3J = 7.6 Hz, 

2H, -CH2-), 1.56-1.49 (m, 2H, -CH2-), 1.21-1.17 (m, 10H, -(CH2)5-), 0.78 (t, 3J = 6.9 Hz, 3H, -CH3).  

13C NMR (100 MHz, CDCl3):  = 174.70, 61.06, 31.99, 31.76, 29.36, 29.31, 29.09, 24.56, 22.56, 

13.98.  

MS (EI): m/z = 202 [M+H]+.  

Elemental analysis: calc. (%) for C11H23NO2: C, 65.63; H, 11.52; N, 6.96; found: C, 65.70; 

H, 11.39; N, 7.01. 

 

1-(5'-Bromo-3,4'-dihexyl-2,2'-bithien-5-yl)nonan-1-one (65).  

Diisopropylamine (0.38 mL, 2.69 mmol) was dissolved in 10 mL of dry THF and cooled to -78 °C. 

n-BuLi (1.6 mL, 2.6 mmol, 1.6 M in n-hexane) was added and the mixture stirred for 30 minutes 

at -78 °C and for 40 minutes at 0 °C. 5'-Bromo-3,4'-dihexyl-2,2'-bithiophene 59 (1.0 g, 2.4 mmol) 

was dissolved in 10 mL dry THF and cooled to -78 °C. The prepared LDA solution was added 

slowly and the mixture stirred for 50 minutes at -78 °C. N-Methoxy-N-methylnonanamide 64 

(1.46 mL, 7.26 mmol) was added in one portion and the mixture stirred for 40 min at -78 °C and 

4 h at room temperature. 30 mL of saturated NH4Cl solution was added and the product was 

extracted with DCM. The organic layer was washed with 3x50 mL saturated NH4Cl solution and 

once with brine, dried over Na2SO4, and filtered off. After removal of the solvent, the crude 

product was purified by column chromatography (flash silica, n-hexane/DCM 1:1) and pure 65 

(1.08 g, 1.95 mmol, 81%) was obtained as a slightly yellow oil.  

1H NMR (400 MHz, CDCl3):  = 7.49 (s, 1H, Th-H), 6.91 (s, 1H, Th-H), 2.83 (t, 3J = 7.4 Hz, 

2H, -CH2-), 2.71 (t, 3J = 7.8 Hz, 2H, -CH2-), 2.56 (t, 3J = 7.6 Hz, 2H, -CH2-), 1.77-1.69 (m, 2H, -CH2-), 

1.67-1.57 (m, 4H, -CH2-), 1.39-1.27 (m, 18H, -CH2-), 0.91-0.86 (m, 9H, -CH3).  

13C NMR (100 MHz, CDCl3):  = 193.41, 142.93, 141.14, 140.53, 138.56, 134.80, 134.45, 128.00, 

110.58, 39.16, 31.85, 31.60, 30.45, 29.61, 29.49, 29.40, 29.36, 29.34, 29.16, 29.14, 28.88, 24.92, 

22.67, 22.60, 14.12, 14.10, 14.08.  

MS (EI): m/z = 555 [M]+, 457 [M-C7H15]+. 
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HR-MS (MALDI-TOF): m/z [M+] = 552.20930 (calc. for C29H45BrOS2: 552.20897);              

Deviation: 0.6 ppm. 

 

2-[1-(5'-Bromo-3,4'-dihexyl-2,2'-bithien-5-yl)nonylidene]malononitrile (66).  

1-(5'-Bromo-3,4'-dihexyl-2,2'-bithien-5-yl)nonan-1-one 65 (720 mg, 1.30 mmol) and 

malononitrile (515 mg, 7.80 mmol) were dissolved in 24 mL dichloroethane. Ammonium acetate 

(400 mg, 5.20 mmol) was added and the solution stirred at 100 °C for four days. Every 24 h and 

in total three times malononitrile (258 mg, 3.90 mmol) and ammonium acetate (200 mg, 

2.60 mmol) were added. After four days, GC-MS analysis showed a full conversion. The reaction 

was quenched with water and product was extracted with dichloromethane. The organic layer 

was washed with 3x50 mL of water and once with 50 mL saturated brine, dried over Na2SO4, and 

filtered off. Solvents were removed and the residue was purified by column chromatography 

(n-hexane/DCM 2:1, flash silica gel) and semi-preparative HPLC (n-hexane/DCM 4:1). 

Malononitrile 66 was obtained as orange oil (650 mg, 1.08 mmol, 83%).  

1H NMR (400 MHz, CDCl3):  = 7.82 (s, 1H, Th-H), 6.97 (s, 1H, Th-H), 2.89 (t, 3J = 7.9 Hz, 

2H, -CH2-), 2.75 (t, 3J = 7.7 Hz, 2H, -CH2-), 2.57 (t, 3J = 7.6 Hz, 2H, -CH2-), 1.72-1.57 (m, 6H, -CH2-), 

1.47-1.39 (m, 2H, -CH2-), 1.39-1.27 (m, 20H, -CH2-), 0.91-0.86 (m, 9H, -CH3).  

13C NMR (100 MHz, CDCl3):  = 166.77, 143.36, 141.68, 140.38, 136.62, 134.44, 133.63, 128.74, 

114.71, 113.95, 112.04, 37.65, 31.90, 31.72, 31.67, 30.58, 30.40, 29.78, 29.65, 29.63, 29.45, 

29.23, 29.19, 29.04, 22.77, 22.73, 14.23, 14.19.  

MS (EI): m/z = 603 [M]+.  

HR-MS (MALDI-TOF): m/z [M+] = 600.22041 (calc. for C32H45N2S2: 600.22020);                

Deviation: 0.3ppm. 

 

1-(2,2'-Bithien-5-yl)nonan-1-one (68). 

Bithiophene 67 (2.00 g, 12.0 mmol) was dissolved in 30 mL dry THF and cooled to -78 °C.  

n-BuLi (7.52 mL, 12.0 mmol, 1.6 M in n-hexane) was added within 30 minutes and the mixture 

stirred for 30 minutes at -78 °C and for 45 minutes at room temperature. The solution was 

cooled to -78 °C again and N-methoxy-N-methylnonanamide 64 (2.90 g, 14.4 mmol) was added 

in one portion. The mixture stirred for 1 h at -78 °C and for 15 h at room temperature. 30 mL of 

saturated NH4Cl solution were added and product was extracted with DCM. The organic layer 
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was washed with 3x50 mL saturated NH4Cl solution and 50 mL brine, dried over Na2SO4, and 

filtered off. The crude product as a yellow oil was purified by column chromatography (flash 

silica, n-hexane/DCM 1:1) and pure ketone 68 (2.91 g, 9.49 mmol, 79%) was obtained as a 

slightly yellow solid. 

Mp.: 77 °C (DSC); (lit.: 75 °C[31]). 

1H NMR (400 MHz, CDCl3):  = 7.59 (d, 3J = 4.0 Hz, 1H, Th-H), 7.32-7.30 (m, 2H, Th-H), 7.17 (d, 

3J = 3.9 Hz, 1H, Th-H), 7.05 (dd, 3J = 5.0 Hz, 3.8 Hz, 1H, Th-H), 2.86 (t, 3J = 7.4 Hz, 2H, -CH2-), 

1.76-1.72 (m, 2H, -CH2-), 1.39-1.27 (m, 10H, -CH2-), 0.88 (d, 3J = 9.3 Hz, 3H, -CH3).  

13C NMR (100 MHz, CDCl3):  = 193.47, 145.43, 142.52, 136.57, 132.66, 128.36, 126.51, 125.67, 

124.24, 39.22, 31.97, 29.54, 29.51, 29.29, 25.08, 22.80, 14.25.  

MS (EI): m/z = 306 [M]+, 208 [M-C7H15]+. 

HR-MS (MALDI-TOF): m/z [M+Na+] = 329.10042 (calc. for C17H22OS2Na: 329.10043);    

Deviation: 0.03 ppm. 

 

1-(5'-Bromo-2,2'-bithien-5-yl)nonan-1-one (69).  

1-(2,2'-Bithien-5-yl)nonan-1-one 68 (2.08 g, 6.79 mmol) was dissolved in 25 mL of dry DMF and 

the solution was cooled to 0 °C. A solution of NBS (1.20 g, 6.79 mmol) in 8 mL of dry DMF was 

added within 5 minutes. The reaction stirred for 1 h at 0 °C and at room temperature over night 

(total reaction time 18 h). 30 mL of water were added and product was extracted with DCM. The 

organic layer was washed with 3x50 mL water, dried over Na2SO4, and filtered off.  The product 

69 was purified by recrystallization from n-hexane and was obtained as light yellow crystals 

(2.01 g, 5.22 mmol, 77%).  

Mp.: 102 °C (DSC).  

1H NMR (400 MHz, CDCl3):  = 7.58 (d, 3J = 4.0 Hz, 1H, Th-H), 7.09 (d, 3J = 4.0 Hz, 1H, Th-H), 

7.05 (d, 3J = 3.9 Hz, 1H, Th-H), 7.01 (d, 3J = 3.9 Hz, 1H, Th-H), 2.85 (t, 3J = 7.44 Hz, 2H, -CH2-), 1.75-

1.70 (m, 2H, -CH2-), 1.37-1.27 (m, 10H, -CH2-), 0.88 (t, 3J = 6.9 Hz, 3H, -CH3).  

13C NMR (100 MHz, CDCl3):  = 193.47, 145.43, 142.52, 136.57, 132.66, 128.36, 126.51, 125.67, 

124.24, 39.22, 31.97, 29.54, 29.51, 29.29, 25.08, 22.80, 14.25.  

MS (EI): m/z = 386 [M]+, 289 [M-C7H15]+.  
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HR-MS (MALDI-TOF): m/z [M2+Na+] = 793.02939 (calc. for (C17H21BrOS2)2Na: 793.03073); 

Deviation: 1.67 ppm. 

 

2-[1-(5'-Bromo-2,2'-bithien-5-yl)nonylidene]malononitrile (70).  

1-(5'-Bromo-2,2'-bithien-5-yl)nonan-1-one 69 (1.0 mg, 2.6 mmol) and malononitrile (1.03 mg, 

15.6 mmol) were dissolved in 50 mL dichloroethane. Ammonium acetate (800 mg, 10.4 mmol) 

was added and the solution stirred at 100 °C. In total, the mixture stirred for seven days. Every 

24 h malononitrile (515 mg, 7.80 mmol) and ammonium acetate (400 mg, 5.19 mmol) were 

added. After seven days, GC-MS analysis showed a full conversion. The reaction was quenched 

with water and product was extracted with dichloromethane. The organic layer was washed 

with 3x100 mL water and once with 100 mL saturated brine, dried over Na2SO4, and filtered off. 

Solvents were removed and the residue was purified by column chromatography 

(n-hexane/DCM 1:1, flash silica gel) and semi-preparative HPLC (n-hexane/DCM 7:3). 

Product 70 was obtained as an orange solid (1.01 g, 2.31 mmol, 89%).  

Mp.: Melting was not detected before decomposition at 330 °C (DSC).  

1H NMR (400 MHz, CDCl3):  = 7.93 (d, 3J = 4.2 Hz, 1H, DCV-H), 7.20 (d, 3J = 4.2 Hz, 1H, Th-H), 

7.12 (d, 3J = 3.9 Hz, 1H, Th-H), 7.05 (d, 3J = 4.0 Hz, 1H, Th-H), 2.92 (t, 3J = 7.7 Hz, 2H, -CH2-), 

1.73-1.65 (m, 2H,-CH2-), 1.49-1.41 (m, 2H, -CH2-), 1.43-1.27 (m, 8H, -CH2-), 0.88 (t, 3J = 6.9 Hz, 

3H, -CH3).  

13C NMR (100 MHz, CDCl3):  = 166.72, 145.33, 136.77, 135.82, 135.01, 131.51, 126.66, 125.39, 

114.92, 114.57, 113.79, 77.55, 37.78, 31.88, 30.55, 29.66, 29.24, 29.19, 22.75, 14.23.  

MS (EI): m/z = 434 [M]+, 337 [M-C7H15]+. 

HR-MS (MALDI-TOF): m/z [M+] = 434.03018 (calc. for C20H21BrN2S2: 434.03036);            

Deviation: 0.41 ppm. 

 

2,2'-{[5',5'''-(Benzo[2,1-b:3,4-b']dithien-2,7-diyl)bis(3,4'-dihexyl-2,2'-bithien-5',5-diyl)] 

bis(methane-1-yl-1-ylidine]}dimalononitrile (11).  

A mixture of 2,7-bis(trimethylstannyl)benzo[2,1-b:3,4-b']dithiophene 71 (200 mg, 0.39 mmol), 

2-[(5'-bromo-3,4'-dihexyl-2,2'-bithien-5-yl)methylene]malononitrile 61 (475 mg, 0.97 mmol), 

and Pd(PPh3)4 (30 mg, 26 µmol) in 13 mL DMF were heated at 80 °C for 15 h. After cooling, the 
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solvent was removed and the product was purified by column chromatography (flash silica, 

n-hexane/DCM 1:1-1:4). Oligomer 11 (369 mg, 0.37 mmol, 94%) was obtained as a deep purple 

solid.  

Mp.: 244 °C (DSC). 

1H NMR (400 MHz, CDCl3):  = 7.77 (s, 2H; DCV-H), 7.71 (s, 2H, Ph-H), 7.54 (s, 2H, Th-H), 7.51 (s, 

2H, Th-H), 7.27 (s, 2H, Th-H), 2.92-2.84 (m, 8H, -CH2-), 1.74-1.69 (m, 8H, -CH2-), 1.49-1.42 (m, 

8H, -CH2-), 1.37-1.33 (m, 16H, -CH2-), 0.93-0.88 (m, 12H, -CH3).  

13C NMR (125 MHz, CDCl3, 330K):  = 149.84, 143.59, 142.12, 141.41, 137.99, 134.18, 134.14, 

133.53, 133.19, 132.65, 131.64, 124.18, 121.23, 114.39, 113.53, 31.79, 31.76, 30.71, 30.27, 29.66, 

29.51, 29.37, 29.29, 22.73, 14.13. 

MS (MALDI-TOF): m/z [M+] = 1006.2 (calc. for C58H62N4S6: 1006.33).  

Elemental analysis: calc. (%) for C58H62N4S6: C, 69.14; H, 6.20; N, 5.56; S, 19.10; found: C, 69.35; 

H, 6.04; N, 5.49; S, 19.22. 

 

2,2'-{[5',5'''-(Benzo[2,1-b:3,4-b']dithien-2,7-diyl)bis(3,4'-dihexyl-2,2'-bithien-5',5-diyl)] 

bis(nonan-1-yl-1-ylidene)}dimalononitrile (12).  

A mixture of 2,7-bis(trimethylstannyl)benzo[2,1-b:3,4-b']dithiophene 71 (181 mg, 0.35 mmol), 

2-[(5'-bromo-3,4'-dihexyl-2,2'-bithien-5-yl)methylene]malononitrile 66 (467 mg, 0.78 mmol), 

and Pd(PPh3)4 (25 mg, 22 µmol) in 11 mL DMF was heated to 90 °C for 13 h. After cooling, the 

solvent was removed and the product was purified by column chromatography (flash silica, 

n-hexane/DCM 1:1). Oligomer 12 (349 mg, 0.28 mmol, 81%) was obtained as a deep purple 

solid.  

Mp.: 110 °C (DSC).  

1H NMR (400 MHz, CDCl3):  = 7.87 (s, 2H, Th-H), 7.76 (s, 2H, Ph-H), 7.49 (s, 2H, Th-H), 7.19 (s, 

2H, Th-H), 2.93-2.93 (m, 12H, -CH2-), 1.78-1.67 (m, 12H, -CH2-), 1.49-1.42 (m, 12H, -CH2-), 

1.37-1.26 (m, 32H, -CH2-), 0.93-0.87 (m, 18H, -CH3).  

13C NMR (100 MHz, CDCl3):  = 166.61, 141.76, 141.72, 140.80, 137.77, 136.86, 134.34, 134.10, 

133.27, 133.21, 133.08, 130.99, 123.76, 121.09, 114.83, 114.06, 77.48, 37.64, 31.92, 31.78, 31.74, 

30.70, 30.64, 30.36, 29.69, 29.66, 29.61, 29.38, 29.31, 29.26, 29.22, 22.77, 14.24.  

MS (MALDI-TOF): m/z [M+] = 1230.58 (calc. for C74H94N4S6: 1230.58).  
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Elemental analysis: calc. (%) for C74H94N4S6: C, 72.14; H, 7.69; N, 4.55; S, 15.62; found: C, 72.12; 

H, 7.84; N, 4.49; S, 15.40. 

 

2,2'-{[5',5'''-(Benzo[2,1-b:3,4-b']dithien-2,7-diyl)bis(2,2'-bithien-5',5-diyl)]-bis(nonan-1-

yl-1-ylidene)}dimalononitrile (13). 

A mixture of 2,7-bis(trimethylstannyl)benzo[2,1-b:3,4-b']dithiophene 71 (105 mg, 0.20 mmol), 

2-[(5'-bromo-3,4'-dihexyl-2,2'-bithien-5-yl)methylene]malononitrile 70 (200 mg, 0.46 mmol), 

and Pd(PPh3)4 (15 mg, 13 µmol) in 7 mL DMF was heated to 90 °C for 24 h. After cooling, the 

solvent was removed and the product was purified by column chromatography (flash silica, 

n-hexane/DCM 1:3- 1:4). Oligomer 13 (145 mg, 0.16 mmol, 81%) was obtained as a deep purple 

solid.  

Mp.: 202 °C (DSC).  

1H NMR (400 MHz, CDCl3):  = 7.89 (d, 3J = 4.2 Hz, 2H, Th-H), 7.64 (s, 2H, Ph-H), 7.40 (s, 2H, 

Th-H), 7.24 (d, 3J = 3.9 Hz, 2H, Th-H), 7.20 (d, 3J = 4.2 Hz, 2H, Th-H), 7.16 (d, 3J = 3.9 Hz, 2H, Th-H), 

2.86 (t, 3J = 7.9 Hz, 4H, -CH2-), 1.71-1.63 (m, 4H, -CH2-), 1.47-1.43 (m, 4H, -CH2-), 1.32-1.28 (m, 

12H), 0.89 (t, 3J = 6.9 Hz, 6H, -CH3).  

13C NMR (100 MHz, CDCl3):  = 166.29, 145.96, 139.20, 138.31, 135.67, 135.19, 135.05, 134.92, 

132.51, 127.36, 126.08, 125.23, 121.71, 121.24, 114.77, 113.90, 77.48, 37.62, 31.91, 30.62, 29.72, 

29.25, 29.23, 22.78, 14.26.  

MS (MALDI-TOF): m/z [M+] = 894.4 (calc. for C50H46N4S6: 894.20).  

HR-MS (MALDI-TOF): m/z [M+] = 894.20421 (calc. for C50H46N4S6: 894.20412);                

Deviation: 0.1 ppm. 

 

2,2'-[(5',5'''-{4,8-Bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b']dithien-2,6-diyl}bis(3,4'-

dihexyl-2,2'-bithien-5',5-diyl))bis(methane-1-yl-1-ylidine)]dimalononitrile (14). 

A mixture of {4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b']dithien-2,6-diyl}bis(trimethyl-

stannane) 72 (201 mg, 0.26 mmol), 2-[(5'-bromo-3,4'-dihexyl-2,2'-bithien-5-yl) 

methylene]malononitrile 61 (319 mg, 0.65 mmol), and Pd(PPh3)4 (36 mg, 31 µmol) in 10 mL 

DMF was heated to 80 °C for 15 h. After cooling, the reaction was quenched with water. Product 

was extracted with chloroform and the organic fraction was washed three times with water and 
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once with brine, dried over MgSO4, and filtered off. Solvent was removed by rotary evaporation 

and purification by column chromatography (flash silica, petrol ether/CHCl3 1:2) led to pure 

oligomer 14 as a deep purple solid (165 mg, 0.13mmol, 50%).  

Mp.: 271 °C (DSC). 

1H NMR (400 MHz, CDCl3):  = 7.71 (s, 2H, DCV-H), 7.54 (s, 2H, Th-H), 7.53 (s, 2H, Th-H), 

7.26 (s, 2H, Th-H), 4.22 (d, 3J = 5.4 Hz, 4H, -O-CH2-), 2.92-2.84 (m, 8H, -CH2-), 1.86-1.83 (m, 2H, -

CH-), 1.78-1.59 (m, 12H, -CH2-), 1.45-1.32 (m, 36H, -CH2-), 1.04 (t, 3J = 7.4 Hz, 6H, -CH3), 0.96- 

0.89 (m, 18H, -CH3). 

13C NMR (100 MHz, CDCl3):  = δ 150.09, 144.36, 143.72, 142.15, 141.95, 141.11, 135.06, 134.44, 

133.12, 132.41, 132.24, 131.74, 130.03, 119.26, 114.51, 113.61, 111.89, 76.34, 76.28, 40.80, 

31.81, 31.71, 30.83, 30.62, 30.19, 29.73, 29.49, 29.45, 29.37, 29.28, 24.01, 23.27, 22.80, 22.73, 

14.33, 14.22, 11.48. 

MS (MALDI-TOF): m/z [M+] = 1263.186 (calc. for C74H94N4O2S6: 1262.57).  

Elemental analysis: calc. (%) for C74H94N4O2S6: C, 70.32; H, 7.50; N, 4.43; S, 15.22; found: 

C, 70.30; H, 7.40; N, 4.27; S, 15.00. 

 

2,2'-[(5',5'''-{4,8-Bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b']dithien-2,6-diyl}bis(2,2'-

bithien-5',5-diyl))bis(nonan-1-yl-1-ylidene)]dimalononitrile (15). 

A mixture of {4,8-bis[(2-ethylhexyl)oxy)benzo[1,2-b:4,5-b']dithien-2,6-diyl}bis(trimethyl-

stannane) 72 (201 mg, 0.26 mmol), 2-[(5'-bromo-3,4'-dihexyl-2,2'-bithien-5-yl)methylene]-

malononitrile 70 (282 mg, 0.46 mmol), and Pd(PPh3)4 (35 mg, 30 µmol) in 9 mL DMF was heated 

to 80 °C for 15 h. After cooling, the reaction was quenched with water. Product was extracted 

with dichloromethane and the organic fraction was washed three times with water and once 

with brine, dried over MgSO4, and filtered off. Solvent was removed by rotary evaporation and 

purification by column chromatography (flash silica, petrol ether/DCM 2:3) led to oligomer 15 

as a deep purple solid (240 mg, 0.21 mmol, 80%).  

Mp.: 147 °C (DSC).  

1H NMR (400 MHz, CDCl3):  = 7.97 (d, 3J = 4.3 Hz, 2H, Th-H), 7.52 (s, 2H, Th-H), 7.33 (d, 

3J = 3.9 Hz, 2H, Th-H), 7.30 (d, 3J = 4.2 Hz, 2H, Th-H), 7.28 (d, 3J = 3.9 Hz, 2H, Th-H), 4.19 (d, 

3J = 5.4 Hz, 4H, -O-CH2-), 2.94-2.90 (m, 4H, -CH2-), 1.85 (dt, 3J = 12.2 Hz, 6.1 Hz, 2H, -CH-), 
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1.72-1.58 (m, 8H, -CH2-), 1.51-1.43 (m, 8H, -CH2-), 1.34-1.25 (m, 12H, -CH2-), 1.06 (t, 3J = 7.4 Hz, 

6H, -CH3), 0.99 (t, 3J = 7.0 Hz, 6H, -CH3), 0.89 (t, 3J = 6.9 Hz, 6H, -CH3). 

13C NMR (100 MHz, CDCl3):  = δ 166.43, 145.98, 144.71, 139.76, 136.16, 135.99, 134.99, 132.84, 

127.46, 126.59, 125.46, 117.51, 114.64, 113.82, 77.80, 77.78, 76.60, 41.12, 37.84, 31.93, 30.84, 

30.57, 29.73, 29.53, 29.28, 29.20, 24.26, 23.34, 22.75, 14.27, 14.12, 11.53. 

MS (MALDI-TOF): m/z [M+] = 1150.026 (calc. for C66H78N4O2S6: 1150.44) 

Elemental analysis: calc. (%) for C66H78N4O2S6: C, 68.83; H, 6.83; N, 4.86; S, 16.70; found: 

C, 69.09; H, 6.54; N, 4.79; S, 16.88. 
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5.6. Conclusion 

Synthesis and characterization of two new thiophene-based donor-acceptor molecules (16 and 

17) have been shown in this chapter. Both molecules are functionalized with DCV acceptors at 

the periphery and two different fused central units, dithieno[3,2-a:2',3'-c]phenazine and 

benzo[2,1-b;3,4-b’]dithiophene-4,5-bis(ethyleneoxolane), were incorporated in the thiophene 

backbone. Derivative 16 was not the intended target molecule since deprotection to the final 

derivative 16a, which contains benzo[2,1-b:3,4-b']dithiophene-4,5-dione as fused central unit, 

failed. Oligomers 16 and 17 exhibited a high thermal stability, which make them suitable for 

application in vacuum-processed organic solar cells. For testing in vacuum-processed organic 

solar cells at least 100 mg of each derivative would have been necessary but the oligomers were 

not synthesized in such an amount within the process of this work. A broad absorption between 

400 nm and 600 nm was measured in solutions and optical band gaps of 2.06 eV for 16 and 

2.15 eV for 17 were calculated for the A-D-A-D-A oligomers.  
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5.7. Experimental Part 

5.7.1. Physical Measurements and Instrumentation 

NMR spectra were recorded on a Bruker AMX 500 (1H NMR: 500 MHz, 13C NMR: 125 MHz) at 

100 °C or an Avance 400 spectrometer (1H NMR: 400 MHz, 13C NMR: 100 MHz) at 25 °C unless 

otherwise noted. Chemical shift values () are expressed in parts per million using residual 

solvent protons (1H NMR, H = 7.26 for CDCl3; 1H NMR, H = 2.50 for DMSO-d6; 1H NMR, H = 5.92 

for TCE; 1H NMR, H = 1.72 for THF; 13C NMR, C = 77.16 for CDCl3) as internal standard. The 

splitting patterns are designated as follows: s (singlet), d (doublet), and m (multiplet). The 

assignments are Th-H (thiophene protons), Ph-H (phenyl protons) and DCV-H (dicyanovinylene 

protons). Coupling constants (J) relate to proton-proton coupling unless otherwise noted. 

Melting points were determined using a Mettler Toledo DSC 823e and were not corrected. 

Elemental analyses were performed on an Elementar Vario EL. Thin layer chromatography was 

carried out on aluminum plates, pre-coated with silica gel, Merck Si60 F254. Preparative column 

chromatography was performed on glass columns packed with silica gel, Merck Silica 60, particle 

size 40 − 43 µm. Electron impact (EI) mass spectra were recorded on a Varian 3800, chemical 

ionization (CI) mass spectra on a Finnigan MAT SSQ-7000, MALDI-TOF mass spectra on a Bruker 

Daltonics Reflex III and High- Resolution MALDI-TOF mass spectra on a Bruker solariX.  

Optical measurements in solution were carried out in 1 cm cuvettes with Merck Uvasol grade 

solvents. Absorption spectra were recorded on a Perkin Elmer Lambda 19 spectrometer and 

corrected fluorescence spectra were recorded on a Perkin Elmer LS 55 fluorescence spectro-

meter. Cyclic voltammetry experiments were performed with a computer-controlled Autolab 

PGSTAT30 potentiostat in a three-electrode single-compartment cell with a platinum working 

electrode, a platinum wire counter electrode, and an Ag/AgCl reference electrode. All potentials 

were internally referenced to the ferrocene/ferrocenium couple. 

Materials. THF (Merck) was dried under reflux over sodium/benzophenone (Merck). DMF 

(Merck) was dried under reflux over phosphorous pentoxide (Merck). DCM, CHCl3, n-hexane and 

diethyl ether were purchased from Prolabo and distilled prior to use. All synthetic steps were 

carried out under an argon atmosphere. n-Butyl lithium (1.6 M in n-hexane) was purchased from 

Acros. Acetic acid, elemental bromine, N-bromosuccinimide, chlorobenzene, ethylene glycol, o-

phenylenediamine, pyridine, triethylamine and trimethylsilyl chloride were purchased from 

Merck. Isopropylmagnesium chloride, tributyltin chloride and trimethyltin chloride were 

purchased from Aldrich. Pd(PPh3)4
[13] and 5-(2-hydroxyethyl)-4-methyl-3-(phenylmethyl)-

thiazolium chloride[14] were synthesized according to literature-known processes.  
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5.7.2. Synthesis 

Benzo[2,1-b:3,4-b’]dithiophene-4,5-dione (74). 

Under exclusion of water and oxygen, 2,2'-bithiophene-3,3'-dicarboxaldehyde 73 (2.19 g, 

9.85 mmol), tributylamine (0.96 mL, 6.93 mmol), and 5-(2-hydroxyethyl)-4-methyl-3-(phenyl-

methyl)thiazolium chloride (531 mg, 1.97 mmol) were suspended in 40 mL dry tert-butanol and 

heated to 80 °C for 4 h. The resulting yellow solution was cooled to 35 °C and air was blown 

through. Under oxygen the yellow solution turned dark. After removal of the solvent by rotary 

evaporation, dichloromethane was added and the solution was washed with 2x100 mL saturated 

NaHCO3 solution and with 100 mL 0.1 M HCl solution. The organic solution was dried over 

Na2SO4, filtered off, and the solvent was removed by rotary evaporation. Purification by column 

chromatography (flash-silica gel, dichloromethane) led to pure dione 74 as a black crystalline 

solid (1.97 g, 8.96 mmol, 91%).  

1H NMR (400 MHz, CDCl3):  = 7.51 (d, 3J = 5.2 Hz, 2H, Th-H), 7.21 (d, 3J = 5.2 Hz, 2H, Th-H). 

13C NMR (100 MHz, CDCl3):  = 174.79, 144.03, 135.44, 128.04, 125.71. 

Analytical data were in agreement with literature.[6] 

 

2,7-Dibromo-benzo[2,1-b:3,4-b’]dithiophene-4,5-dione (75). 

Benzo[2,1-b:3,4-b']dithiophene-4,5-dione 74 (500 mg, 2.27 mmol) was dissolved in 24 mL CHCl3 

and 25 mL acetic acid and cooled to 0 °C whereby a deep red suspension was formed. A solution 

of bromine (745 mg, 4.65 mmol) dissolved in 2.5 mL CHCl3 was added within 15 minutes. The 

mixture was heated to reflux for 5 h. After cooling to room temperature, the reaction was 

quenched with 20 mL Na2S2O3 solution and extracted with dichloromethane. The organic layer 

was separated and washed several times with saturated NaHCO3 solution and once with brine, 

dried over Na2SO4, and filtered off. The solution was concentrated by rotary evaporation and 

purification by column chromatography (flash-silica, DCM) resulted in pure 75 as a black 

crystalline solid (747 mg, 1.98 mmol, 87%).  

Mp.: 210 °C (DSC). 

1H NMR (400 MHz, CDCl3):  = 7.46 (s, 2H, Th-H). 

13C NMR (100 MHz, CDCl3):  = 172.72, 143.74, 135.57, 130.18, 114.76. 
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Elemental analysis: calc. (%) for C10H2O2Br2S2: C, 31.77; H, 0.52; S, 16.96; found: C, 32.01; 

H, 0.72; S, 16.96. 

Analytical data were in accordance with literature.[6, 15] 

 

Benzo[2,1-b;3,4-b’]dithiophene-4,5-bis(ethyleneoxolane) (77). 

Benzo[2,1-b:3,4-b']dithiophene-4,5-dione 74 (580 mg, 2.63 mmol) was suspended in 60 mL dry 

ethylene glycol. Chlorotrimethylsilane (0.7 mL, 5.5 mL) was added and the mixture stirred at 

room temperature. Three more portions of chlorotrimethylsilane (0.6 mL, 4.8 mL) have been 

added every 48 h. After the addition of the third portion, the solution was stirred at room 

temperature for further 5 days. The mixture was poured on 80 mL 1 M NaOH solution and 

extracted with 3x60 mL DCM. The combined organic layers were washed with 2x50 mL water, 

dried over Na2SO4, and filtered off. Solvent was removed by rotary evaporation. The resulting 

solid was crystallized from ethyl acetate and pure 77 (447 mg, 1.45 mmol, 55%) was obtained as 

white crystals. 

Mp.: 250 °C (DSC); (lit.: 199-200°C[8]). 

1H NMR (400 MHz, CDCl3):  = 7.26-7.18 (m, 4H, Th-H), 4.21-4.15 (m, 4H, -O-CH2-CH2-O-), 

3.75-3.69 (m, 4H, -O-CH2-CH2-O-). 

13C NMR (100 MHz, CDCl3):  = 135.69, 133.53, 125.45, 124.02, 93.89, 61.78.  

MS (EI): m/z = 308 [M]+ (calc. for C14H12O4S2: 308.37). 

Elemental analysis: calc. (%) for C14H12O4S2: C, 54.53; H, 3.92; S, 20.80; found: C, 54.67; H, 3.88; 

S, 20.68. 

Analytical data were in agreement with literature.[8] 

 

2,7-Bis(trimethylsilyl)-benzo[2,1-b:3,4-b’]dithiophene-4,5-bis(ethyleneoxolane) (78). 

Benzo[2,1-b;3,4-b’]dithiophene-4,5-bis(ethyleneoxolane) 77 (47 mg, 0.15 mmol) was dissolved 

in 3 mL CHCl3 and cooled to 0 °C. Subsequently, pyridine (60.0 µL, 0.74 mmol) and a solution of 

bromine (27 µL, 0.53 mmol) in 3 mL chloroform were added slowly. The reaction was warmed 

to 45 °C for 10 h and stirred at room temperature over night. The mixture was quenched with 

10 mL saturated Na2S2O3 solution and the organic phase was separated, washed with 3x10 mL 



OLIGOTHIOPHENES WITH ELECTRON-ACCEPTING AND FUSED CENTRAL UNITS CHAPTER 5  

 

 173 | P a g e  

 

saturated NaHCO3 solution, dried over Na2SO4, and filtered off. The solvent was removed by 

rotary evaporation and pure 78 (68.0 mg, 14.6 mmol, 97%) was obtained by crystallization from 

ethyl acetate and column chromatography (flash-silica, n-hexane/DCM 1:1) as a yellow 

crystalline solid.  

1H NMR (400 MHz, CDCl3):  = 7.14 (s, 2H, Th-H), 4.16-4.11 (m, 4H, -O-CH2-CH2-O-), 

3.72-3.66 (m, 4H, -O-CH2-CH2-O-). 

13C NMR (100 MHz, CDCl3):  = 136.14, 133.71, 128.34, 111.69, 93.02, 61.77. 

MS (EI): m/z = 466 [M]+ (calc. for C14H10Br2O4S2: 466.16). 

Analytical data were in agreement with literature.[5] 

 

2,7-Bis(trimethylstannyl)-benzo[2,1-b;3,4-b’]dithiophene-4,5- bis(ethyleneoxolane) (79). 

Benzo[2,1-b;3,4-b’]dithiophene-4,5-bis(ethyleneoxolane) 78 (150 mg, 0.49 mmol) was dissolved 

in 3.4 mL dry THF. The solution was degased three times and cooled to -78 °C. During 5 minutes 

n-BuLi (0.67 mL, 1.07 mmol, 1.6 M in n-hexane) was added whereupon a yellow colored 

suspension was formed. The suspension stirred for 1 h at -78 °C and for additional 1.5 h at room 

temperature. After cooling to -78 °C again, trimethylstannyl chloride (214 mg, 1.07 mmol) in 

0.5 mL THF was added in one portion. The mixture stirred for 1 h at -78 °C and finally at room 

temperature overnight. After addition of 20 mL n-hexane, the white suspension was washed 

with 3x50 mL water, dried over Na2SO4, and the solvent was removed. After drying under high 

vacuum, product 79 (273 mg, 0.43 mmol, 88%) was obtained as a white solid and was used 

without further purification. 

1H NMR (400 MHz, CDCl3):  = 7.23 (s, 2H, Th-H), 4.20- 4.15 (m, 4H, -O-CH2-CH2-O-), 3.76 -3.70 

(m, 4H, -O-CH2-CH2-O-), 0.38 (s with Sn-satellites, 2JSn119-H = 57.8 Hz, 2JSn117-H = 55.3 Hz, 18H, 

Sn-CH3). 

13C NMR (100 MHz, CDCl3):  = 136.14, 133.71, 128.34, 111.69, 93.02, 61.77. 
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Dithieno[3,2-a:2',3'-c]phenazine (81). 

Benzo[2,1-b:3,4-b´]dithiophene-4,5-dione 74 (220 g, 1.00 mmol) and 1,2-phenylenediamine 

were suspended in 100 mL ethanol and heated under reflux for 2 hours. The yellow precipitate 

was filtered off and washed with ethanol. Pure product 81 (280 mg, 0.96 mmol, 96%) was 

obtained as a deep yellow solid.  

Mp.: 233 °C (DSC). 

1H NMR (400 MHz, CDCl3):  = 8.46 (d, 3J = 5.3 Hz, 1H, Th-H), 8.36-8.32 (m, 1H, Ph-H), 7.90-7.85 

(m, 1H, Ph-H), 7.58 (d, 3J = 5.2 Hz, 1H, Th-H). 

13C NMR (100 MHz, CDCl3):  = 141.88, 140.17, 136.17, 135.09, 129.82, 129.58, 125.23, 124.71, 

77.48, 77.16, 76.84. 

MS (CI): m/z = 293 (calc. for C16H8N2S2: 292.38). 

Elemental analysis: calc. (%) for C16H8N2S2: C, 65.55; H, 2.91; N, 9.52; S, 21.93 found: C, 65.93; 

H, 2.78, N, 9.55; S, 22.16. 

 

2,5-Dibromodithieno[3,2-a:2',3'-c]phenazine (82). 

2,7-Dibromobenzo[2,1-b:3,4-bʹ]dithiophene-4,5-dione 75 (428 g, 1.13 mmol) and 1,2-phenyl-

enediamine (135 mg, 1.24 mmol) were suspended in 70 mL ethanol and heated under reflux for 

4 hours. The yellow precipitate was filtered off and washed with ethanol. Pure product 82 (459 

mg, 1.02 mmol, 90%) was obtained as a deep yellow solid.  

Mp.: 352 °C (DSC). 

1H NMR (400 MHz, TCE-d2):  = 8.43 (s, 2H, Th-H), 8.30-8.27 (m, 2H, Ph-H), 7.86-7.83 (m, 2H, 

Ph-H). 

13C NMR: Solubility was not sufficient. 

MS (CI): m/z = 451 (calc. for C16H6 Br2N2S2: 450.17). 
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2,5-Bis(tributylstannyl)dithieno[3,2-a:2',3'-c]phenazine (83). 

2,5-Dibromodithieno[3,2-a:2',3'-c]phenazine 82 (150 mg, 0.33 mmol) and 70 mL dry THF were 

cooled to 0 °C. Isopropylmagnesium chloride (3.4 mL, 6.0 mmol, 1.76 M in THF) was added and 

the solution was allowed to warm to room temperature. The suspension stirred at room 

temperature for 30 minutes and slightly heated under reflux for 30 minutes. After cooling to 

room temperature again, the reaction was quenched with tributyltin chloride (1.3 mL, 4.8 mmol) 

and stirred a room temperature for further 3 h. 20 mL water were added and stirred for 

30 minutes. The suspension was filtered off and THF was removed by rotary evaporation. The 

residue was extracted with 3x25 mL DCM and the combined organic solutions were washed 

with 2x30 mL water, dried over Na2SO4, and filtered off. The crude product 83 was purified by 

column chromatography (alox, n-hexane + 1% NEt3).  

1H NMR (400 MHz, THF-d8): δ = 8.54 (s with 13C-satellites, 1JC-H = = 22.6 Hz, 2H, Th-H), 8.32 (dd, 

3J = 6.5 Hz, 4J = 3.4 Hz, 2H, Ph-H), 7.88 (dd, 3J = 6.5 Hz, 4J = 3.4 Hz, 2H, Ph-H), 1.77-1.66 (m, 12H, 

CH2), 1.49-1.36 (m, 12H, CH2), 1.36-1.28 (m, 12H, CH2), 0.94 (t,3J = 7.3 Hz,18, CH3). 

MS (MALDI-TOF): m/z = 872.5 (calc. for C40H60N2S2Sn2: 872.22).  

 

2,2'-[Benzo[2,1-b;3,4-b’]dithien-2,7-diyl-4,5-bis(ethyleneoxolane)bis(thien-5,2-diyl)bis 

(methan-1-yl-1-ylidene)]dimalononitrile (16). 

A mixture of 2,7-bis(trimethylstannyl)-benzo[2,1-b;3,4-b’]dithiophene-4,5-bis(ethyleneoxolane) 

79 (205 mg, 0.32 mmol), 2-(2,2-dicyanovinyl)-5-bromothiophene 80 (174 mg, 0.73 mmol), and 

Pd(PPh3)4 (18 mg, 15 µmol) in 9 mL dry DMF was heated to 80 °C for 12 h. After cooling, the 

resulting precipitate was filtered off and washed several times with water, methanol, and 

n-hexane. After drying, the solid was purified by Soxhlet extraction with chlorobenzene and pure 

product 16 (188 mg, 0.30 mmol, 94%) was isolated as a deep red solid.  

Mp.: 365 °C (DSC). 

1H NMR (400 MHz, DMSO-d6):  = 8.54 (s, 1H, DCV-H), 7.94 (d, 3J = 4.3 Hz, 1H, Th-H), 7.71 (d, 

3J = 4.1 Hz, 1H, Th-H), 7.69 (s, 1H, Th-H), 4.17-4.12 (m, 2H, -O-CH2-CH2-O-), 3.69-3.65 (m, 

2H, -O-CH2-CH2-O-). 

13C NMR: Solubility was not sufficient. 

MS (MALDI-TOF): m/z = 624.3 (calc. for C30H16N4O4S4: 624.01).  
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Elemental analysis: calc. (%) for C30H16N4O4S4: C, 57.68; H, 2.58; N, 8.97; S, 20.53; found: 

C, 57.58; H, 2.52; N, 8.80; S, 20.19. 

 

2,2'-{[5,5'-(Dithieno[3,2-a:2',3'-c]phenazine-2,5-diyl)bis(thien-5,2-diyl)]bis(methan-1-yl-

1-ylidene)}dimalononitrile (17). 

A mixture of 2,5-bis(tributylstannyl)dithieno[3,2-a:2',3'-c]phenazine 83 (150 mg, 0.17 mmol), 

2-(2,2-dicyanovinyl)-5-bromothiophene 80 (95 mg, 0.40 mmol), and Pd(PPh3)4 (20 mg, 

17 µmol) in 14 mL dry DMF was heated to 90 °C for 17 h. After cooling, the resulting precipitate 

was filtered off and washed several times with water, methanol and n-hexane. After drying, the 

solid was purified by Soxhlet extraction with chlorobenzene and pure product 17 (59 mg, 

97 µmol, 57%) was isolated.  

Mp.: 382 °C (DSC). 

1H NMR (500 MHz, DMSO-d6): δ = 8.74 (s, 2H, DCV-H), 8.66 (s, 2H, Th-H), 8.39-8.37 (m, 2H, 

Ph-H), 8.03-8.02 (m, 2H, Ph-H), 8.01 (d, 3J = 4.1 Hz, 1H, Th-H), 7.94 (d, 3J = 4.3 Hz, 1H, Th-H). 

13C NMR: Solubility was not sufficient. 

MS (MALDI-TOF): m/z = 608.2 (calc. for C32H12N6S4: 608.0).  

HR-MS (MALDI-TOF): m/z [M+] = 609.00790 (calc. for C32H12N6S4: 609.00817);  

Deviation: 0.4 ppm. 
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All derivatives were synthesized via a convergent approach in high yields using Pd0-catalyzed 

Stille cross-coupling conditions. Purification by Soxhlet-extraction and gradient vacuum 

sublimation led to highly pure molecules. Addition of acceptor end groups resulted in a 

bathochromically shifted absorption spectrum and a reduced band gap in comparison to non-

functionalized BDT 9. BDTs 1-6 as well as NDT 7 exhibited a high thermal stability, but NDT 8 

decomposed during the sublimation process and was not suitable for use in vacuum-processed 

devices. Compared to the reference compound DCV4T, oligomers containing the fused central 

BDT unit resulted in blue-shifted absorption and emission maxima and an increase in the optical 

and electrochemical band gap. However, NDTs 7 and 8 showed red-shifted absorption and 

similar band gaps in comparison to DCV4T. Solar cells were fabricated by vacuum-processing 

using C60 as the electron acceptor (n-type semiconductor). PHJ solar cells containing oligomers 

1-7 displayed high VOCs. BDT 1 achieved efficiencies of up to 2.4% under full sun illumination. 

Modifications at the thiophene spacers did not lead to improvement of efficiency since JSC and FF 

were diminished. However, structural changes at the fused core unit resulted in an increased 

performance and an efficiency of 2.7% was achieved for 4,5-dimethoxybenzo[2,1-b:3,4-

b’]dithiophene-containing derivative 6. Oligomers 1-4, 6, and 7 showing promising results in 

PHJ cells were additionally incorporated in BHJ devices. The highest PCE of 3.6% was obtained 

for oligomer 1, which is higher than the efficiency measured for devices containing DCV4T. This 

improvement was mainly ascribed to the large increase in the VOC and FF values.  

Since these results clearly revealed that the oligomer structural concept, i.e., integration of 

fused-ring systems in conjugated α-oligothiophenes, represents an interesting direction towards 

novel photoactive molecules, corresponding highly soluble derivatives for solution-processing 

have been designed (Chart S.2).  

Benzo[2,1-b;3,4-b']dithiophene and 4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b']dithiophene 

have been investigated as fused central units. The oligomeric backbone was enlarged to six 

thiophene rings and solubilizing side chains were attached. A red-shifted absorption in solution 

and thin films, a higher HOMO energy level, and a reduced band gap were the consequence. 

Besides the well-established DCV group, 1,1-dicyano-2-octyl-vinyl (OctDCV) was developed and 

used as new acceptor end group. The replacement of the vinylic proton of the DCV unit with an 

octyl side chain resulted in a decreased acceptor strength and weaker intermolecular 

interactions which were reflected in hypsochromically shifted absorptions and larger band gaps. 

The oligomers were synthesized using a convergent approach by Pd0-catalyzed Stille-type cross-

coupling. The benzodithiophenes were isolated by flash-chromatography and the purity was 

proven by analytical high performance liquid chromatography (HPLC). The oligomers were 

implemented as donor components into solution-processed BHJSCs with PC61BM as the electron 
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Alle Verbindungen wurden in hohen Ausbeuten auf einem konvergenten Syntheseweg mittels 

Palladium-katalysierter Stille Kreuzkupplung hergestellt. Aufreinigung durch Soxhlet-Extraktion 

und Sublimation führte zu hochreinen Verbindungen. Die Funktionalisierung mit 

Akzeptorgruppen resultierte im Vergleich zu dem unfunktionalisierten BDT 9 in einer 

bathochromen Verschiebung der Absorption und in einer verringerten Bandlücke. BDTs 1-6 und 

NDT 7 wiesen eine hohe thermische Stabilität auf, NDT 8 hingegen zersetzte sich während der 

Aufreinigung durch Sublimation und eignete sich nicht für die Verwendung in 

vakuumprozessierten Solarzellen. Die verbrückte zentrale Benzodithiophen-Einheit führte im 

Vergleich zu DCV4T zu einer Blauverschiebung der Absorption- und Emissionsmaxima sowie 

einer Vergrößerung der optische und elektrochemische Bandlücke. NDTs 7 und 8 zeigten 

hingegen eine leichte Rotverschiebung der Absorption und ähnliche Bandlücken wie DCV4T. Es 

wurden Solarzellen mittels Vakuumprozessierung hergestellt und C60 wurde als 

Elektronakzeptor (n-Halbleiter) verwendet. Die Oligomere 1-7 zeigten in PHJ Solarzellen hohe 

VOCs. BDT 1 erzielte unter Belichtung eine Effizienz von 2.4%. Modifizierungen an den Thiophen-

Spacern führten zu keiner Effizienzsteigerung, da sowohl die JSC als auch der FF verringert 

wurden. Strukturelle Veränderungen an dem verbrücken Kernbaustein führten jedoch zu einer 

Leistungssteigerung und für Derivat 6 mit 4,5-Dimethoxybenzo[2,1-b:3,4-b’]dithiophen als 

zentrales Element wurde eine Effizienz von 2.7% erzielt. Die Oligomere 1-4, 6 und 7, die 

vielversprechende Ergebnissen in PHJ-Solarzellen zeigten, wurden zusätzlich in BHJ Solarzellen 

eingebaut. Die höchste PCE von 3.6% wurde für Oligomer 1 erzielt, was höher ist als die Effizienz 

für Zellen mit DCV4T. Diese Verbesserung wurde hauptsächlich dem starken Anstieg der VOC- 

und FF-Werte zugeschrieben.  

Da diese Ergebnisse eindeutig bestätigten, dass das entwickelte Strukturkonzept, das heißt, das 

Integrieren von verbrückten Ringsystemen in α-konjugierte Oligothiophene, einen interessanten 

Ansatz in Richtung neuer photoaktiver Moleküle darstellt., wurden entsprechende hochlösliche 

Derivate für lösungsprozessierte Solarzellen entwickelt (Abbildung 2).  

Benzo[2,1-b;3,4-b']dithiophen und 4,8-Bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b']dithiophen 

wurden als verbrückte Mittelbausteine untersucht. Das oligomere Rückgrat wurde auf sechs 

Thiophene erweitert und löslichkeitsvermittelnde Seitenketten wurden angefügt. Dies hatte eine 

Rotverschiebung der Absorption in Lösung und in dünnen Filmen, ein höheres HOMO 

Energieniveau und eine geringere Bandlücke zur Folge. Neben der bewährten DCV-Gruppe 

wurde 1,1-Dicyano-2-octylvinylen (OctDCV) entwickelt und als neuer Akzeptor verwendet. Die 

Substitution des vinylischen Protons der DCV Einheit durch eine Octyl-Seitenkette führte zu 

einer verminderten Akzeptorstärke und geringeren intermolekularen Wechselwirkungen, 

wodurch eine hypsochrome Verschiebung der Absorption und größeren Bandlücken 
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