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 Preface 

Preface 

The aim of this thesis was the design and synthesis of donor(D)-acceptor(A) substituted 

oligothiophenes for application in solution-processed organic solar cells. The main focus was 

not only to deduce valid structure-property relationships during the characterization of the 

optoelectronic properties of the novel dyes, but also to tailor these through modifications of 

the molecular structure in order to obtain superior performance in solar cells. In order to 

complete the cycle from the development of a dye to the final application in solar cells, the 

fabrication of devices using different deposition methods is presented with an emphasis on 

thorough optimization thereof via solvent vapor annealing (SVA). Further device 

optimizations and studies on photoactive layers presented in Chapter 3 were performed in 

collaboration with Zentrum für Sonnenenergie- und Wasserstoff-Forschung Baden-

Württemberg, Stuttgart (Germany), Karlsruhe Institute of Technology (Germany), Max 

Planck Institute for Solid State Research Stuttgart (Germany), Institut de Ciència de Materials 

de Barcelona (Spain), University of Antwerp (Belgium), Friedrichs-Alexander Universität 

Erlangen-Nürnberg (Germany), and Centre Interdisciplinaire de Nanoscience de Marseille 

(France). 

Chapter 1 gives a general introduction into the field of organic solar cells from the view of an 

organic chemist, including various deposition and optimization methods, which were applied 

in this thesis. Chapter 2 is dealing with a brief overview of oligomeric dyes for solution-

processed bulk-heterojunction solar cells (BHJSC) comprising structural elements, which 

were incorporated into the co-oligomers presented later. Chapter 3 presents dithienopyrrole 

(DTP)-based A-D-A-type oligomers and their exceptional photovoltaic performance in BHJSC 

upon optimization via SVA. Furthermore, ground-breaking insights into fundamental 

processes occurring in the photoactive layer during solvent vapor annealing (SVA), as well as 

optimization of the device architecture of solar cells elaborated in collaboration with the 

aforementioned partners are presented. These results inspired the development of novel 

DTP-comprising A-D-A-type co-oligomers, whose optoelectronic properties and photovoltaic 

performance are discussed in detail. Chapter 4 deals with the synthesis and optoelectronic 

characterization of A-D-A-D-A-type co-oligomers comprising different core-acceptor moieties 

and the further development of the molecule structure by extending donor blocks in the 

oligomer backbone as well as the evaluation of their photovoltaic performance. 
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 Aim of the work 

Aim of the work 

The field of structurally-precise molecular donors for oligomer-based organic solar cells 

(OSC) has undergone an impressive progress due to the synthetic versatility of new materials 

and the advancement in device architectures.[1–4] Thereby, donor(D)-acceptor(A) substituted 

oligothiophenes asserted themselves as the most promising candidates as donor materials 

for highly efficient OSC using [6,6]-phenyl-C61-butyric acid methyl ester (PC61BM) as the 

acceptor. The major advantages of these oligomers compared to the high performance 

polymers include the absence of batch-to-batch variations and thus, a very high degree of 

purity.[5,6] Power conversion efficiencies (PCE) of conjugated oligomer-based solar cells have 

almost reached 10% for single-junction devices.[7–9] This was possible due to the synthesis of 

a large spectrum of high performance oligomeric donor materials using tailored building 

blocks allowing the precise tuning of optoelectronic properties, control over the active layer 

morphology, and processing conditions for solar cell fabrication. 

The aim of this work is the synthesis of novel, structurally-defined, and D/A-substituted 

oligothiophenes for utilization as donor material in solution-processed bulk-heterojunction 

solar cells (BHJSC). Furthermore, the focus of this work will not only be set on the structure-

property relationships of the synthesized oligomers, gained through thorough analytical 

investigations, but also on elucidating valid structure-device property relationships.  

Therefore, different conceptual approaches concerning the molecular architecture should be 

applied. The first approach will be based on a previous project dealing with the synthesis of a 

series of oligothiophenes consisting of an A-D-A system comprising a central dithieno[3:2-

b:2',3'-d]pyrrole (DTP) donor moiety end-capped by electron-withdrawing 

1,1-dicyanovinylene (DCV) units which solely differed in the alkyl-substitution pattern.[10] In 

this respect, the structure of the best-performing oligomer of the series, which was 

synthesized during my master thesis, should be further improved in terms of the alkyl-

substitution pattern, in order to improve the resulting film microstructure in the bulk-

heterojunction and thus, reach higher PCE in solution-processed BHJSC. Furthermore, the 

electronic structure of the A-D-A scaffold should be modified by the replacing the DCV 

acceptor moieties by 1-(1,1-dicyanomethylene)-cyclohex-2-ene (DCC) units, in order to shift 

the absorption towards longer wavelength for an enhanced light harvest. Thereafter, the 

optical and electronic properties should be investigated using UV-vis spectroscopy and cyclic 
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voltammetry, respectively. The implementation into solar cells will be accompanied with 

thorough optimization of all fabrication aspects, especially of the SVA treatment. 

 

 

Figure A.1: Structural scaffold of planned A-D-A-type oligothiophenes as donor materials for BHJSCs. 

 

The second approach will focus on the design and synthesis of A-D-A-D-A-type 

oligothiophenes based on a previously developed oligomer comprising thieno[2,3-c]pyrrole-

4,6-dione (TPD) as core acceptor, endowed with two electron-donating DTP moieties, and 

end-capped with DCV units. A series comprising different core acceptor motifs, as well as an 

elongation of the π-system with hexyl-substituted bithiophene spacers is planned. After 

investigation of the optoelectronic properties and the influence of the different structural 

modifications on the molecular properties, suitable candidates will be tested as donor 

materials in BHJSC. In the course of the solar cell fabrication, all optimization possibilities will 

be exploited. 

 

 

Figure A2: Molecular scaffold of A-D-A-D-A-type oligomers as donor materials for BHJSCs. 
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 Chapter 1 

1.1 Introduction  

Solar cells are by definition devices that convert light directly into electricity based on the 

photovoltaic effect. The majority of currently operating modules are based on single 

crystalline silicon and are able to reach power conversion efficiencies (PCE) of over 22%.[1] 

Under laboratory conditions and in devices with active-areas in the square centimeter 

regime, higher PCEs of up to 25.6% were achieved.[1] In 1970, first GaAs-based solar cells 

were developed by Z. Alferov and co-workers in the USSR, marking the beginning of second 

generation solar cells.[2] Ten years later, the efficiency of GaAs solar cells surpassed that of 

silicon-based devices. Later, multi-junction cells (e.g. InGaP/GaAs/InGaAs) could reach 

record efficiencies of over 38% and are currently powering the rovers Spirit and Opportunity, 

which are exploring Mars’ surfaces.[1] Organic solar cells (OSC) represent the third generation 

of photovoltaic devices comprising organic semiconductors as photoactive material.[3] The 

progress in this field has been remarkable in the last decades, attracting increasing interest 

from academia and industry. Despite their generally lower efficiencies compared to the 

aforementioned inorganic counterparts, OSC captivate with various advantages as the 

production of lightweight and portable modules, semitransparent and colored devices, low 

material consumption, or the capability to be deposited on flexible substrates.[4–6] The 

current record efficiency for OSCs of 13.2% was recently reported by Heliatek Ltd, still being 

significantly lower than commercialized silicon modules.[7] The reason therefore are the 

fundamentally different charge generation and transport mechanisms of inorganic and 

organic devices, which are elaborated in detail in the following section. With further advance 

in technology and being at the brink of commercialization, the complexity of OSC devices 

increased and requires interdisciplinary efforts, beginning with understanding and 

optimizing fundamental physical processes during operation by physicists, and further 

development of the device architecture per se by engineers, whereas it behooves chemists 

to design, synthesize, and characterize new photoactive materials. Thereby, chemists have 

to overcome a multi-parameter problem. Numerous interconnected prerequisites have to be 

taken into account during the design of materials, which also have to meet macroscopic 

requirements as mechanical, thermal, and chemical stability combined with microscopic 

requirements as distinct optoelectronic properties. Although this task seems to be hard to 

accomplish, it simultaneously enables chemists to specifically tune optoelectronic properties 

to meet the aforementioned requirements by chemical modification of the π-conjugated 
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system. By investigating the effect of subtle structural modifications of the organic 

molecules on the optoelectronic, and later photovoltaic properties, important structure-

property relationships can be drawn and applied in further development of materials.  

In this work, the design, synthesis, characterization, and implementation into BHJSCs of 

light-absorbing π-conjugated materials was restricted to oligomeric thiophene-based 

molecules. Despite the fact that polymeric donors often yield better devices efficiencies, the 

oligomeric approach was preferred due to several advantages as monodispersity, 

structurally-defined molecules exhibiting high reproducibility in synthesis and device 

performance caused by the absence of batch-to-batch variations.[8] Additionally, these 

advantages also enable to draw reliable structure-property relationships, which is among the 

major goals of this thesis. Oligothiophenes were chosen as donor material basis, since they 

are the most-used π-conjugated system in organic electronics due to their unique chemical 

and physical properties.[8–16] Their outstanding optoelectronic properties are intriguing and 

the high polarizability of the sulfur atom in thiophene rings lead to stabilized conjugated 

chains and relatively high charge carrier mobilities, which are among the most important 

prerequisites for application in organic solar cells.[8,17] 

 

1.2. Working Principle of Organic Solar Cells 

The working principle of an organic solar cell differs fundamentally from an inorganic solar 

cell which explains the significant gap between the efficiencies. In an inorganic device, the 

absorption of a photon directly results in the generation of free charge carriers, electrons 

and holes, which can be collected at the corresponding electrodes. The working principle of 

an organic device however, consists of a cascade of four successive steps: 1. Exciton 

generation upon photoexcitation; 2. diffusion of the exciton to the donor/acceptor (D/A) 

interface; 3. dissociation of the exciton into free charge carriers, and 4. charge transport to 

the electrodes and charge collection (Figure 1.1).[18,19] In all solar cells, the initial step 

consists of light absorption. In an organic device, this process results in the generation of a 

single exciton (Coulomb-bound electron-hole pair) due to the excitation of an electron from 

the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital 

(LUMO) of the donor material. In order to create free charge carriers and thus a 
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photocurrent, the exciton needs to be separated in its constituent parts, an electron and a 

hole. Therefore, the exciton binding energy, typically between 0.2 and 0.5 eV has to be 

overcome which occurs in an electric field of >106 V cm-1. In organic materials, an electric 

field of this dimension is only present at interfaces between two materials with different 

electron affinities.[20] Hence, the second step consists of the diffusion of the exciton to such 

an interface. In the third step, the exciton is dissociated into a free electron and a hole, if the 

energy, which results from the electron transition from the LUMO of the donor to the LUMO 

of the acceptor is larger than the exciton binding energy. For efficient exciton dissociation an 

offset value of 0.3-0.4 eV between LUMODonor and LUMOAcceptor has been empirically 

determined.[21] The last step is the drift of the charge carriers through percolation pathways 

towards the corresponding electrodes, where the charge collection occurs. 
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Figure 1.1: Working principle of an organic solar cell. 
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1.3 Types of Organic Solar Cells  

1.3.1. Planar Heterojunction Solar Cells 

Although the working principle of organic solar cells is the same, its implementation can be 

realized differently. The most rudimentary device architecture is a planar heterojunction 

(PHJ), also referred to as bilayer device. It consists of two photoactive semiconducting layers, 

the donor and acceptor material, embedded between two electrodes, as depicted in Figure 

1.2. This assembly can be casted onto glass or plastic substrates. The transparent top 

electrode is a conductive metal oxide layer, usually indium tin oxide (ITO), whereas the 

refractive cathode consists of a low work function metal, e.g., gold, silver, or aluminum. 

Naturally, the first organic devices of Tang were based on this architecture.[22] 

 

 

 

 

As described above, the photovoltaic properties of the device are significantly determined by 

the D/A interface. Mostly, the limiting factor of the photocurrent generation is the exciton 

diffusion to the interface. The average lifetime of an exciton in organic materials allows a 

diffusion length (LD) in the range between ~10-20 nm. This value is tremendously lower than 

the typical absorption depth of organic materials. Consequently, independently from the 

thickness of the photoactive layer, only the excitons created within the LD can reach the D/A-

interface and contribute to the photocurrent. Excitons created beyond this range decay 

before reaching the interface, which illustrates the major disadvantage of this architecture.  

 

Figure 1.2: Schematic structure of a PHJ solar cell. 
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1.3.2. Bulk Heterojunction Solar Cells 

In order to overcome the limitation of the PHJ, the bulk heterojunction (BHJ) was 

designed.[23,24] To repeat, PHJ solar cells could not exploit the full potential of the organic 

materials since the excitons, which were generated beyond LD from the D/A interface would 

decay into the ground state before contributing to the photocurrent. Hence, the next logical 

step was to increase the interfacial area between the donor and acceptor material. The BHJ 

layer cannot be distinguished in pure donor or acceptor areas. It consists of a bi-continuous, 

interpenetrating, phase-separated donor-acceptor network with percolation pathways 

allowing an uninterrupted charge transport to the electrodes. In this way, the interfacial area 

between the donor and acceptor material increases enormously, paving the way for a more 

efficient exciton separation. A spatial expansion of the phases in the range of 2 LD is 

considered to be ideal. In this case, every exciton generated in the center of the respective 

domain can reach the hetero-interface which minimizes losses through recombination of the 

excitons.[25] The downside of this architecture is that the device performance depends 

primarily on the blend layer morphology. This nanoscale phase-separated active layer is a 

delicate and metastable equilibrium, which can be influenced by numerous factors such as 

solubility of the utilized materials, D/A ratio, processing solvent, deposition technique, and 

annealing. [26–29] 

As further improvement, additional layers between the electrodes and the active layer, more 

precisely the hole transporting layer (HTL) and electron transporting layer (ETL) can be 

inserted in order to reduce injection barriers and to ensure a better charge transport to the 

corresponding electrodes.[18] An applicative and widely-utilized HTL is poly(3,4-

ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS), a p-doped, transparent 

conductive polymer, which can increase the work function of the anode, e.g., ITO. In order to 

lower the work function of the cathode, lithium fluoride (LiF) or conjugated polyelectrolytes 

(CPE) are well-established materials as ETL, placed between the cathode and the active layer 

(Figure 1.3).[30–33]  
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1.4. Characterization Parameters of Solar Cells 

An ideal solar cell can be considered as a diode with an equivalent circuit diagram consisting 

of a constant current source, a diode, and an external load as shown in Figure 1.4a. The 

diode current (𝐼𝐷) of an ideal solar cell under dark conditions is given by the Shockley’s diode 

law as described in Equation 1.1, 𝐼0 is defined as the saturation current, 𝑇 as the 

temperature, 𝑘𝐵  as the Boltzmann constant, and 𝑉 as the output voltage.[34] Under 

illuminated conditions, the current is described as the difference between the photocurrent  

𝐼𝑃ℎ and the diode current 𝐼𝐷 (Equation 1.2). 

 

𝐼𝐷 = 𝐼0 (𝑒
 

𝑞𝑉

𝑘𝐵𝑇 − 1)  (1.1) 

𝐼 = 𝐼𝑃ℎ−𝐼𝐷 = 𝐼𝑃ℎ − 𝐼0 (𝑒
 

𝑞𝑉

𝑘𝐵𝑇 − 1)  (1.2) 

 

Since various resistances are present in a real photovoltaic device, they also cannot be 

neglected in the further description. The first one is the serial resistance (𝑅𝑆), which is added 

up by the individual resistances of the utilized materials and layers in the device. The second 

one is the parallel resistance (𝑅𝑃), which accounts for leakage currents at layer interfaces, 

e.g. due to pinholes and recombination.[17] The influence of the resistances on the 

photovoltaic performance will be discussed later in this section. Therefore, the ideal circuit 

Figure 1.3: Schematic structure of a BHJ solar cell. 
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diagram has to be supplemented to a circuit diagram as described in Figure 1.4b. The current 

is described as the difference between the photocurrent 𝐼𝑃ℎ, the diode current 𝐼0, and the 

parallel current 𝐼𝑃 (Equation. 1.3).  

 

𝐼 = 𝐼𝑃ℎ−𝐼𝐷 − 𝐼𝑝 = 𝐼𝑃ℎ − 𝐼0 (𝑒
 

𝑞𝑉

𝑘𝐵𝑇 − 1)  − 𝐼𝑝  (1.3) 

 

 

 

 

 

 

 

Current Density – Voltage Curve 

In order to assess the performance of a solar cell, several parameters have to be evaluated 

by standardized procedures to ensure a reliable comparison. Among them are the short-

circuit current density JSC [mA cm-2], the open-circuit voltage VOC [V], the fill factor FF [%], 

and most importantly the power conversion efficiency PCE or η [%]. 

The current density–voltage (J-V) measurement is the most employed method to determine 

the photovoltaic performance and thus the quality of a solar cell. In a J-V measurement a 

voltage sweep is applied to the device under dark and illuminated conditions while 

corresponding current densities are recorded. Relevant performance figures as JSC, VOC, FF, 

and PCE can then be extracted from the J-V curve as described in Figure 1.5. Since the 

performance of a solar cell is proportional to the illumination intensity, J-V measurements 

are performed under standardized illumination conditions. The most common standard is 

AM 1.5G (air mass 1.5 global), which simulates the solar spectrum on the ground when the 

sun is located at a zenith angle of 48.2° with a radiation intensity of 100 mW cm-2 at 25 °C.[35] 

Figure 1.4: a) Circuit diagram of an ideal solar cell and b) of a realistic device including resistances. 
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Short-Circuit Current Density 

The short-circuit current (ISC) is defined as the interception of the J-V curve with the y-axis, 

when the device is short circuited and represents the current that could be obtained from an 

idealized solar cell. Since ISC is dependent from the active area of the solar cell, the short-

circuit current density JSC, which is defined as ISC divided by the active area, is commonly 

used to ensure comparability.  JSC is strongly influenced by light intensity, charge-transport 

properties, absorption properties, active layer thickness, and morphology.[35] 

 

 Open-circuit Voltage 

The open-circuit voltage (VOC) is defined as the interception of the J-V curve with the x-axis, 

i.e. when no current is passing through the device. Hence, it is the maximum voltage an 

idealized solar cell can produce. The VOC is mainly determined by the difference between the 

HOMO energy level of the donor and the LUMO energy level of the acceptor.[35] 

Furthermore, the VOC is affected by temperature, work function of the electrodes, light 

intensity, and the recombination of charge carriers.[36–38] 
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Fill Factor 

The fill factor (FF) can be regarded as a quality factor for the solar cell. It excellently 

describes how much of the potential efficiency of device has been achieved. It depends on 

the ratio of the number of photo-generated charge carriers and the number of charge 

carriers, which actually contribute to the photocurrent. Ideally, this ratio would be equal to 1 

(FF = 100%) where all generated charge carriers reach the electrodes without losses. But as 

described above, losses in the device are inevitable during the operation of a real solar cell, 

e.g., charge recombination, series resistance RS, and parallel resistance RP, which reduce the 

FF value. RS can be estimated from the reciprocal slope of the J-V curve when J = 0, whereas 

RP can be derived from the same slope when V = 0 (Equation 1.4 and 1.5). RS and RP 

significantly influence the shape of the J-V curve.[35] 

 

𝑹𝑺 = (
𝒅𝑽

𝒅𝑱
)

𝑱=𝟎
  (1.4) 

𝑹𝑷 = (
𝒅𝑽

𝒅𝑱
)

𝑽=𝟎
   (1.5) 

 

If 𝑅𝑆 → 0 and 𝑅𝑃 → ∞, the J-V curve would adopt a perfect rectangular shape without any 

present losses. These inevitable losses determine the bending of the J-V curve. Their 

influence on the shape is further disclosed in Figure 1.6. The ratio between the red and blue 

rectangle in Figure 1.5 represents the FF (Equation 1.6). 

 

𝑭𝑭 =
𝑨𝟏

𝑨𝟐
=

𝑱𝒎𝒂𝒙𝑽𝒎𝒂𝒙

𝑱𝑺𝑪𝑽𝑶𝑪
=

𝑷𝒎𝒂𝒙

𝑱𝑺𝑪𝑽𝑶𝑪
  (1.6) 

 

In the graphics shown below, the influence of RS and RP on the J-V curve is displayed more 

precisely. In Figure 1.6a, the theoretical evolution of a J-V curve for increasing RS values is 

depicted. Increasing series resistances mainly affect JSC and FF, shifting both towards 

declining values and unfavorable efficiencies. In Figure 1.6b, the evolution of a J-V curve for 
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decreasing RP values is shown. A decreasing RP leads to lower VOC and FF values, whereas the 

JSC value remains almost unchanged.  

 

 

 

 

 

 

 

Power Conversion Efficiency 

The power conversion efficiency (PCE) is defined as the quotient of the electrical power 

output Pout and power input caused by incident light Pin. When Pout is replaced by Pmax, the 

PCE can be calculated as described in Equation 1.7.[18] 

 

𝑷𝑪𝑬 = 𝜼 =
𝑷𝒐𝒖𝒕

𝑷𝒊𝒏
=

𝑷𝒎𝒂𝒙

𝑷𝒊𝒏
=

𝑱𝑺𝑪𝑽𝑶𝑪𝑭𝑭

𝑷𝒊𝒏
    (1.7) 

 

This equation clearly shows the proportional dependence of 𝜂 from Pin, JSC, VOC, and FF. 

Therefore, all these parameters have to be maximized in the course of the optimization 

process of solar cells in order to reach the highest possible efficiency.   

  

Figure 1.6: a) Influence of the series and b) of parallel resistances on the shape of the J-V-curve. 
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 External Quantum Efficiency 

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

defined as the ratio of the number of collected charges to the number of incident photons at 

a certain wavelength (Equation 1.8).[39] 

 

𝑬𝑸𝑬(𝝀) = 𝑰𝑷𝑪𝑬(𝝀) =
𝒏𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝒄𝒐𝒍𝒍𝒆𝒄𝒕𝒆𝒅 𝒆𝒍𝒆𝒄𝒕𝒓𝒐𝒏𝒔

𝒏𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝒂𝒃𝒔𝒐𝒓𝒃𝒆𝒅 𝒑𝒉𝒐𝒕𝒐𝒏𝒔 (𝝀)
   (1.8) 

 

If the EQE value reaches one at a certain wavelength, this means that every absorbed 

photon results in an electron injected into the circuit. An exemplary EQE curve of a 

hypothetic solar cell is shown in the Figure 1.7, in order to illustrate the above-described 

equation. The curve shows that ca. 60% of the incident photons at 450 nm and over 90% of 

the photons absorbed between 600-700 nm contribute to the overall photocurrent. 

Furthermore, the curve shows that the hypothetic device covers a broad spectral range 

between 450 and 750 nm. 

 

 

Figure 1.7: Typical EQE curve of a hypothetic organic solar cell. 
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1.5. Deposition Techniques 

The following part describes the deposition techniques, which were utilized for preparing 

the layers of the solar cell devices presented later in this thesis. Furthermore, the respective 

setups as well as the coating procedures including the key parameters to control the layer 

thickness and uniformity are disclosed. Finally, the advantages and disadvantages of the 

different techniques are briefly outlined. 

 

1.5.1 Spin-Coating Technique 

Spin-coating is one of the most common methods for the deposition of thin and uniform 

films out of solution onto flat substrates. This technique was utilized for the preparation of 

the devices presented in Chapter 3. The basic setup consists of a chuck which can be rotated 

with a controlled velocity, typically above 600 rpm. The spin-coating process is depicted in 

Figure 1.8. After placing the substrate into the chuck, a small volume of a solution is applied 

on the center of the substrate. Then, the substrate is rotated at high speed (~1000-

3000 rpm). Thereby, the solution is uniformly spread over the substrate by centrifugal forces 

while the biggest portion of the applied solution spins off the substrate edge. During further 

rotation, the centripetal force along with the surface tension of the solution forces the liquid 

into a uniform layer. Simultaneously, the solvent evaporates due to the airflow caused by 

rotation, giving the solid film in the desired thickness. Naturally, higher spin velocities lead to 

thinner layers. The film thickness can also be controlled by the viscosity and concentration of 

the applied solution. The major advantage of this deposition technique is its simplicity 

combined with a low material consumption compared to other coating techniques, e.g., 

doctor-blading. One disadvantage however, is the insufficient control of the drying process 

and the need for sufficient solubility of the materials at room temperature. Drying properties 

of the film can be controlled by choosing more volatile solvents, which consequently lead to 

a re-adjustment of all other parameters such as solution concentration and spin velocity in 

order to obtain a certain film thickness. 
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1.5.2. Doctor-Blading Technique 

Doctor-blading has been the processing method of choice for the solar cells presented in 

Chapter 4. Doctor-blading is a well-established technique for preparing homogenous thin 

films of materials casted from solutions or suspensions. The basic setup for doctor-blading 

consists of a blade, also referred to as applicator, with adjustable height which is pushed 

over the substrate as illustrated in Figure 1.9. Prior to that, the solution is applied onto the 

blade, whereupon it flows into the gap between the applicator edge and substrate forming a 

meniscus, which is then moved over the substrate. The layer is deposited while the 

applicator is pushed over the substrate uniformly distributing the solution onto it. The solid 

thin film is formed upon evaporation of the solvent. It is important to note that doctor-

blading is a non-contact deposition method. The solution meniscus is pulled carefully over 

the substrate rather than pushed over it. One major advantage of this processing technique 

is the numerous parameters, which can be adjusted independently in order to obtain higher 

wet film qualities, e.g., height of the applicator, blade velocity, volume of the applied 

solution, temperature of the heating plate, and the solution concentration. A well-optimized 

interplay of these parameters manipulates the form of the meniscus resulting in the desired 

wet film thickness during deposition. As important as the casting of the wet film, is the 

drying process, which determines the uniformity of the final layer. The drying process can be 

controlled straightforwardly through the temperature of the heating plate. Hence, the major 

advantage of the doctor-blade technique is the possibility to process materials with 

insufficient solubility at elevated temperatures. On the contrary, an increased material 

Figure 1.8: Working principle of film deposition via spin coating technique. 
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consumption during the processing has to be faced compared to other methods, in 

particular to spin-coating.  

 

 

Figure 1.9: Deposition via doctor-blade technique. 

 

 

1.5.3.Thermal Evaporation Technique 

Another common method for the deposition of thin films is thermal evaporation in vacuum. 

This technique, widely spread in the industry, is utilized mainly for the deposition of metals 

or inorganic substances. Thermal evaporation was used in this thesis for the deposition of LiF 

as interlayer and back contact on the solar cell devices. Firstly, the setup shall be explained 

and is depicted in Figure 1.10. The thermal evaporation is performed in a vacuum chamber, 

which comprises a heatable source containing the material and a rotating fixture for the 

substrates. This deposition technique is based on two fundamental processes. The material 

is thermally vaporized in a heating boat (Wolfram, Molybdenum) or a ceramic crucible and 

the gaseous particles move towards the substrate, on which they condense back to solid 

state. Since the evaporated particles are not uniformly distributed on the substrate, the tray 

holder is rotating during the process. As simple as this method seems to be as high are the 

requirements for the equipment, most importantly for the vacuum. The evaporation process 

is usually performed at pressures below 2·10-9 bar. Such low pressures are crucial, firstly to 

vaporize the material itself, and secondly to avoid any gas inclusions into the deposited thin 

film which affects the film properties significantly. The evaporation of organic materials 

constitutes an additional challenge since organic molecules naturally degrade and 

decompose above certain temperatures. In order to obtain an organic thin film through 
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evaporation, the sublimation temperature of the molecule must be located below the 

decomposition temperature, hence the high requirements on the vacuum. In this respect, 

thermal evaporation of organic substances is limited by their molecular weight and size.  

The advantages of this technique are precise control of the deposition rate, high purity of 

the films, the possibility to deposit very thin films (<1 nm) and multiple layers of different 

materials. Sophisticated and therefore expensive equipment, limited usage of organic 

materials, and generally high material consumption are the disadvantages of the thermal 

evaporation technique. 

 

 

1.6. Post-treatment Techniques 

Beside the right choice of suitable interlayers and electrodes with matching energy levels, 

the device performance is to a large extent determined by the active layer properties, which 

directly affect fundamental processes such as photon absorption, charge carrier generation, 

and charge carrier transport. Hence, it is imperative to achieve an ideal morphology in the 

bulk-heterojunction. This implies a well-balanced equilibrium between a nanoscale phase 

separation to provide D/A-interfaces in the reach of the exciton diffusion length and 

sufficient large domain sizes to enable an efficient charge carrier transport through 

Figure 1.10: Schematic setup of thermal evaporation technique.  
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percolation pathways. This delicate balance is rarely obtained immediately after the 

deposition of the blend layer. Therefore, various post-treatment methods were developed in 

order to influence the microstructure formation in the bulk-heterojunction towards a 

favorable morphology. This objective can be reached by the following post-treatment 

techniques, namely thermal annealing, utilization of additives, and solvent vapor annealing, 

which will be presented below. Furthermore, the mechanisms of action will be explained 

and the advantages and disadvantages examined. Despite the common goal, each 

optimization method achieves the ideal morphology by different means. In the course of the 

solar cell fabrication in this thesis, the optimization was focused on solvent vapor annealing. 

Nevertheless, the effects of thermal annealing and the use of additives were also tested, but 

on a more random basis.  

 

1.6.1. Thermal Annealing 

Probably the most studied method to optimize the morphology of the active layer is without 

doubt thermal annealing. This method is usually performed either on a heat plate in air, or in 

a glove-box system under air exclusion. The annealing temperature can vary between 80°-

150°C for durations starting from seconds until a few minutes for the most donor-acceptor 

blends.[22] The fundamental processes, which occur during thermal annealing, are primarily 

described for blends comprising polymeric donors in combination with fullerenes PC61BM or 

PC71BM. [26,39] However, the mechanism of thermal annealing can be transferred to systems 

based on soluble oligomeric donors confirming the results for polymeric blends.[40] The post-

treatment of solar cells with heat sets off a cascade of events, which finally increase the 

device performance due to higher current densities and fill factors. Basically, it enables the 

diffusion of one or both components of the active layer leading to a coarsening of the phase 

separation.[18] The basic steps, which occur during thermal annealing, are illustrated in Figure 

1.11. The additional thermal energy enables the diffusion mostly of fullerenes out of the 

donor-rich domains of the blend layer, leading to enhanced crystallinity and growth of the 

donor domains (2).[41,42] During the cooling process the diffusion and domain growth stop 

freezing the optimized morphology (3).  
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Figure 1.11: Working mechanism of thermal annealing process: 1) As-cast active layer with intimately mixed donor and 
acceptor molecules. 2) Diffusion of fullerenes upon heating. 3) Annealed active layer with donor-rich, acceptor-rich, and 
mixed phases. 

 

The effects of the enhanced phase separation on the device properties are versatile. Firstly, 

the charge transport properties improve due to the expansion of crystalline domains.[43] 

Another boost in the photocurrent occurs due to an enhancement of the percolation 

pathways for the generated charge carriers.[41] The aforementioned increase in crystallinity 

of donor domains can also broaden the absorption of the blend layer towards longer 

wavelength enhancing light-harvesting and thus increasing the photocurrent.[44] As 

straightforward as this optimization method seems, the effects of thermal post-treatments 

can also deteriorate the device performance due to an overgrowth of the domains.[45] In 

other cases, thermal annealing is not effective enough to set off phase separation and other 

optimization methods have to be considered. 

 

1.6.2. Additives  

One widely utilized method to control the nanoscale phase separation of the active layer is 

the implementation of additives into the blend solution. The term “additive” comprises a 

variety of different co-solvents, which are added to the D/A solution in a small percentage. 

The purpose thereof is to influence the microstructure formation in the active layer by 

manipulating the solubility and the drying kinetics. Machui et al. formulated the 

requirements to the solvents, which can potentially be used as additives.[46] The first key 

parameter, which has to be taken into account, is a sufficiently higher boiling point 

compared to the host solvent and also a lower vapor pressure.[46] Volatile additives would 

evaporate during deposition and would fail to influence the active layer morphology since 

the additive content in the solution would rapidly diminish before solidification of the active 

layer occurred.[46] A too low vapor pressure, however, would result in additive molecules, 
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which remain in the active layer and exposing insulating effects. Another crucial requirement 

for the additive is providing sufficient solubility to either the donor or acceptor material. 

Otherwise, precipitation of the solutes can occur during evaporation of the main solvent 

resulting in unfavorable film homogeneity.[46] To repeat, the additive has to be less volatile 

with a higher boiling point than the host solvent and has to exhibit selective solubility for 

one of the materials in order to effectively enhance the device performance. These 

prerequisites define the window for potential additives, which can effectively enhance phase 

separation and domain growth in the bulk-heterojunction. The aforementioned drying 

kinetics of the blend solution comprising an acceptor-selective additive is illustrated in the 

figure below Figure 1.12), which is analogous to that used by Peet et al.[45]  

 

 

Figure 1.12: Effect of additives on the active layer morphology: 1) As-cast active layer with intimately mixed donor and 
acceptor molecules. 2) Formation of donor-rich phases while acceptor is dissolved in the additive. 3) Delayed drying of 
acceptor-rich phases while extended donor-rich domains are formed. 4) Annealed active layer with donor-rich, acceptor-
rich, and mixed phases. 

 

As depicted, acceptor rich phases are formed due to proceeding drying (2). During the 

evaporation of the host solvent, donor-rich phases are formed while the acceptor remains 

dissolved in the additive (3). In that process, the donor molecules can reorganize enhancing 

domain size and crystallinity. Due to the lower vapor pressure and higher boiling point of the 

additive, the acceptor-rich phases dry as last, resulting in a phase separated microstructure 

in the active layer (4). The domain sizes can be modified by changing the additive 

concentration in the initial blend solution. Lower additive content will accelerate the drying 

process while higher additive concentrations would slow down drying kinetics giving the 

separated phases more time for further aggregation.  
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1.6.3. Solvent Vapor Annealing 

Solvent vapor annealing (SVA) is a method which becomes increasingly important in the 

optimization process of organic solar cells.[47] Especially, solution-processed devices show a 

good response towards SVA.[48–53] In the course of the solvent vapor treatment, the organic 

film is exposed to solvent vapor in a closed vessel or apparatus for a certain time usually at 

room temperature. This closed vessel can be a sealed sample holder or an ordinary petri 

dish.[47,50] The effect of solvent vapor onto the bulk-heterojunction is depicted in Figure 1.13. 

 

 

 

During the SVA process, the solvent vapor penetrates the organic film allowing the 

molecules to re-organize and increase the ordering of the packing structure (2). 

Simultaneously, the domain sizes increase with increasing duration of the treatment (3). [48–

53] Besides the time, also the amount of the solvent used in the process has to be thoroughly 

optimized. Usually the volume varies from 100 µL to 2 mL or more, depending on how the 

SVA is performed.[47] Also the choice of the solvent is crucial for the success of the 

optimization. Although the mechanism of this optimization method is still not fully 

understood and no reliable solvent selection rule has been determined, the number of 

suitable solvents can be limited by following a certain guideline.[47,54] An empiric rule is the 

utilization of solvents with high vapor pressure in order to guarantee a complete penetration 

of the organic film by solvent vapor at room temperature. A high vapor pressure also leads 

to a swift ending of the process since it will rapidly dissipate after the substrate is taken out 

of the vapor. Thus, an exact control of the duration of the treatment and consequently of 

the domain growth becomes possible. The low vapor pressure solvents will most probably 

still remain in the film after the treatment causing an over-growth of the donor domains. [55] 

Figure 1.13: Mechanism of SVA optimization: 1) As-cast active layer with intimately mixed donor and acceptor molecules.    
2) Penetration of the active layer by solvent vapor. 3) Re-organization of donor molecules phases and the resulting increase 
in the domain size. 4) Active layer with donor-rich, acceptor-rich, and mixed phases after evaporation of solvent vapor. 
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Another requirement for a suitable solvent is a mediocre or good solubility of the donor 

material. Otherwise the effect of SVA will stay negligible. A few groups, including our 

institute, have successfully applied SVA treatment in order to improve the photovoltaic 

performance of small molecule organic solar cells.[48–53] The improved performance is 

reflected by higher JSC and FF values. These parameters improve due to an advanced phase 

separation leading to an increasing domain size which reduces recombination rates, 

broadens the absorption, and enables percolation pathways for the generated charge 

carriers to the electrodes.  

 

1.6. Summary  

The first chapter of this thesis described the evolution in solar cell architecture and the 

fundamental working principles of organic solar cells. Furthermore, the typical 

characterization parameters were explained. The different deposition methods, which were 

utilized during the solar cell fabrication, presented in the following chapters, were described 

including their assets and drawbacks. Finally, the subsequent post-treatment methods were 

covered with a focus on how the bulk-heterojunction microstructure is altered towards 

more favorable morphologies. 
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2.1. Introduction 

In the following chapter, the state of the art regarding structurally defined oligomers and co-

oligomers and their performance in solution-processed BHJSC is reviewed. The field of 

structurally defined oligomers and co-oligomers employed as donor materials in solution-

processed organic solar cells underwent a tremendous development in the recent years. This 

advance is owed to the aforementioned substantial advantages of oligomers compared to 

their polymeric counterparts, clearly justifying the laborious synthesis. Despite the vast 

possibilities of accessible building blocks synthetic chemistry offers, surprisingly few donor 

and acceptor motifs asserted themselves as promising components of dyes, resulting in a 

countable number of highly efficient BHJSCs. Nevertheless, the focus of the following part 

lays more on design features and building blocks, which were incorporated in the oligomers 

presented later in this thesis, than on merely listing the best-performing molecules, which 

are already sufficiently described in reviews.[1–3]  

 

2.2. Structurally-defined co-oligomers containing thieno[3,4-c]pyrrole-4,6-

dione  

Although thieno[3,4-c]pyrrole-4,6-dione (TPD) established itself as an outstanding building 

unit of copolymers employed in high-efficiency BHJSCs, only few TPD-based oligomers and 

co-oligomers were reported.[4–6] The group of Leclerc was the first, who became interested 

in TPD while searching for new electron-withdrawing comonomers in 2009.[5] From a 

materials standpoint, TPD is regarded as a very promising building block due to its compact, 

symmetric, and planar structure being very beneficial for electron delocalization when it is 

incorporated into conjugated systems.[7] Therefore, it is prone to promote intra- and 

intermolecular interactions leading to favorable film forming properties.[4] Due to the 

relatively strong electron-withdrawing effect, TPD also lowers the HOMO and LUMO energy 

levels of the parent molecule without widening the band gap which is desired in order to 

increase VOC in the later solar cells without a significant sacrifice in JSC.[7,8] Another promising 

feature of TPD is the simple introduction of different alkyl side chains on the pyrrole ring 

enabling a fine-tuning of the solubility and film-forming properties. 
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In 2012, the group of Zhan was the first to present TPD-based oligomers utilized in solution-

processed solar cells. This publication dealt with a series of D-A-D type compounds (2-1, 2-2, 

2-3) consisting of a TPD-core flanked by (alkyl)thiophene units and end-capped with 

triphenylamine (TPA) donor moieties with varying alkyl substitution pattern as depicted in 

Chart 2.1.[6] Solution-processed BHJSCs were fabricated comprising molecules 2-1 - 2-3 as 

donor materials in combination with PC71BM as acceptor in a device architecture of 

ITO/PEDOT:PSS/2-1 - 2-3:PC71BM/Al. The untreated devices obtained PCE values between 

2.7-2.9% with a 1:4 D/A ratio, as listed in Table 2.1. After thermal annealing at 100°C for 10 

min, the efficiency of devices containing co-oligomer 2-2 could be further increased to 3.3% 

resulting from a JSC of 7.7 mA cm-2, a VOC of 0.91 V, and a FF of 47.3%, whereas 2-1 and 2-3 

exhibited a negative response towards the thermal treatment. The optoelectronic properties 

of these molecules as well as their mobilities in OFETs were very similar since the alkyl 

substitution pattern hardly affected the electronic structure of the conjugated backbone. 

Nevertheless, co-oligomer 2-2 seemed to own an alkyl substitution pattern, which led to a 

more favorable active layer morphology causing the highest current density and fill factor 

even for the untreated devices of the series. Upon thermal annealing, an increase in 

crystallinity and hence a coarsening of the blend layer morphology was observed resulting in 

larger domain sizes and thus higher current densities.[6] 

Later in 2014, Park and co-workers reported two TPD-based A-D-A-type co-oligomers, which 

were employed as donor materials along with PC71BM as acceptor in solution-processed 

BHJSCs.[4] They investigated the effect of branched and linear alkyl side chains on the 

photovoltaic performance. The co-oligomers 2-4 and 2-5 consisted of a benzodithiophene 

(BDT) core, substituted either with a branched 2-ethylhexyl (EH) or linear n-octyl alkyl chains, 

flanked by two TPD units, which for their part were substituted on both sides with thienyl 

spacers as depicted in Chart 2.1. The fabricated solar cells based on a ITO/PEDOT:PSS/2-4 or 

2-5:PC71BM/LiF/Al architecture exhibited device performances of 1.3 and 2.4%, respectively. 

Oligomer 2-4 gave the highest efficiency for a D/A ratio of 1:4 with a JSC of 2.7 mA cm-2, a VOC 

of 0.89 V, and a FF of 55.2%, whereas 2-5 showed an almost twofold JSC of 4.7 mA cm-2, a VOC 

of 0.92 V, and a FF of 54.4% with the same D/A ratio. The photovoltaic performance is 

summarized in Table 2.1. The authors assigned the superior performance of the 2-

ethylhexyl-subtituted 2-5 resulting from the higher current density to several reasons. 

Firstly, oligomer 2-5 was found to have a 1.4 times higher absorptivity than its counterpart 2-
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4 which likely contributed to an enhanced charge generation in the later device. Another, yet 

more important reason was the more favorable active-layer morphology found in the 

devices of 2-5 in comparison to 2-4, most probably caused by the higher solubility of 2-5. The 

nanoscale topography of the respective blend layers were investigated by AFM 

measurements. The authors reported that 2-5:PC71BM layers displayed homogenous clusters 

with numerous aggregated domains leading to relatively high root-mean-square (RMS) 

roughness of 1.07 nm, whereas blend layers comprising 2-4 exhibited an inhomogeneous 

morphology with a smaller (RMS) roughness of 0.47 nm. The higher homogeneity of the 2-5-

films paired with a higher roughness strongly indicated a higher degree of order, which the 

authors correlated with a reduced internal resistance in the blend layer and a more efficient 

charge separation. These findings were additionally supported by XRD measurements of the 

blend layers, which showed higher degrees of crystallinity for the 2-5 than for 2-4 films.[4] 

This study also impressively highlights the crucial role of the alkyl substitution pattern for the 

blend layer properties determining the performance of the solar cells. 

A different pair of TPD-based co-oligomers was reported by the group of Jo in 2014.[5] They, 

like the aforementioned groups, investigated the effect of the alkyl substitution pattern on 

the photovoltaic performance of two novel D-A-D-A-D-type oligomers with a dithienosilole 

(DTS) core donor surrounded by two TPD acceptor moieties and end-capped with 

bithiophene blocks. The alkyl substitution differed by two n-hexyl chains attached to the 

nitrogen atom in the TPD unit in co-oligomer 2-6 and to the terminal position of the outer 

thienyl groups in co-oligomer 2-7 as depicted in Chart 2.1. Solution-processed BHJSCs based 

on a ITO/PEDOT:PSS/2-6 or 2-7:PC71BM/Ca/Al architecture with a 1.5:1 D/A ratio were 

fabricated yielding power conversion efficiencies of 6.0% for 2-6 and 3.1% for 2-7. The higher 

efficiency of the solar cells comprising 2-7 as donor primarily arose from an almost twofold 

JSC of 11.8 mA cm-2 compared to 6.4 mA cm-2 for 2-7, whereas the VOC values of 0.94 and 

0.93 V, as well as the FF values of 54 and 52%, respectively, were almost identical as listed in 

Table 2.1. Since the optoelectronic properties of both co-oligomers were, regardless to the 

substitution pattern, nearly indistinguishable, the reason for such a different photovoltaic 

performance was undoubtedly assumed in the different film forming properties. The authors 

could proof a superior stacking behavior and a higher degree of crystallinity, which are 

required for efficient photon absorption and charge carrier transport, in the blend layers of 

oligomer 2-6 compared to 2-7 by XRD measurements. Transmission electron microscopy 
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(TEM) images of 2-6:PC71BM films unveiled a distinct nanoscale phase-separated network, 

enabling loss-free exciton dissociation compared to a blurred phase of 2-7:PC71BM indicating 

a too well-intermixed phase promoting exciton decay and charge carrier recombination.[5] To 

conclude, the authors could successfully correlate the superior photovoltaic performance of 

2-6 to its distinct phase separation and hence more favorable active layer morphology than 

for 2-7.  

This publication in congruence with the aforementioned contributions impressively 

demonstrates on the one hand the remarkable HOMO and LUMO energy-level lowering 

effect of incorporated TPD moieties resulting in desirable VOC values  above 0.9 V and on the 

other hand the tremendous influence of the alkyl-substitution pattern on the film forming 

properties and thus on the photovoltaic performance of oligomers. 

 

 

Chart 2.1: Chemical structures of TPD-based co-oligomers utilized in solution-processed BHJSCs. 
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Table 2.1. Photovoltaic parameters of TPD-based donors in combination with PC71BM as acceptor in solution-processed 
BHJSCs. 

[a] Thermally annealed at 110°C for 10 min. 

 

2.3. Structurally-defined co-oligomers containing 2,1,3-benzothiadiazole  

An interesting approach for the molecular design for 2,1,3-benzothiadiazole-based (BTDA) 

oligomers was reported from the group of Zhang where the authors combined motifs of 

star-shaped oligomers as TPA donor blocks with a linear π-conjugated back bone in a D-A-D 

structure.[9] In order to obtain a suitable coverage of the solar spectrum, BTDA was 

implemented as the central acceptor moiety to enhance intramolecular charge transition 

(ICT)[9]. The outer phenyl groups of the TPA unit were additionally endowed with 

hexylthiophenes in the para-position to promote intermolecular interactions for favorable 

active layer morphology (Chart 2.2). The absorption maximum of 2-8 in solution was located 

at 472 nm and was further extended to an absorption onset at ~570 nm in the solid state 

resulting in an optical band gap of 2.18 eV.[9] The HOMO and LUMO energy levels estimated 

by cyclic voltammetry measurements afforded -5.32 eV and -3.52 eV, respectively. The low 

HOMO level, induced by the BTDA core, seemed desirable for high VOC values in OSC, 

whereas the LUMO level indicated a large driving force for exciton dissociation and charge 

generation when combined with PC71BM as acceptor.[9] Solution-processed BHJSCs were 

fabricated with a conventional device architecture of ITO/PEDOT:PSS/2-8:PC71BM/LiF/Al. 

Devices casted from blend solution with a D/A-ratio of 1:3 reached a PCE of 3.2% with a JSC 

donor JSC [mA cm-2] VOC [V] FF [%] PCE [%] 

2-1[6] 6.9 0.94 44 2.9 

2-2[a][6] 7.7 0.91 47 3.3 

2-3[6] 6.4 0.91 46 2.7 

2-4[4] 2.7 0.89 55 1.3 

2-5[4] 4.7 0.92 54 2.4 

2-6[5] 11.8 0.94 54 6.0 

2-7[5] 6.4 0.93 52 3.1 
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of 6.83 mA cm-2, a VOC of 0.96 V, and a FF of 48% (Table 2.2). Despite the initial reservation 

about the absorption of 2-8, which neglects the lower energy region of the solar spectrum, 

the obtained efficiency was remarkable. Apparently, the BTDA moiety has a crucial influence 

on charge generation due to the favorable LUMO level of 2-8. Additionally, the HOMO level 

lowering effect of BTDA afforded in a desirably high VOC of 0.96 V. The low fill factor 

however, was a clear indication for disturbed percolation channels hindering efficient charge 

carrier transport and thus promoting recombination. This assumption was further supported 

by AFM measurements of the blend layers displaying extremely low roughness (RMS) of just 

0.3 nm. Therefore, a too-well intermixed active layer lacking sufficient phase separation was 

held responsible for the low FF.[9] Nevertheless, a PCE of 3% for untreated devices displayed 

the beneficial effects of incorporating energy-level lowering and intramolecular charge 

transition-enhancing (ICT) building block BTDA in the molecular design. 

The most successful co-oligomer in terms of photovoltaic performance containing 

benzothiadiazole moieties was reported by the group of Bazan. The group is known for 

incorporating thiadiazoles in linear D-A-D-A-D systems comprising dithieno[3,2-b:2’,3’-

d]silole (DTS) as core donor moiety flanked by six-membered aromatic rings fused with 

thiadiazole acceptors, end-capped with hexylbithiophenes as donor blocks.[10–12] They caught 

the attention of the OPV community after reporting the photovoltaic performance of co-

oligomer 2-9 depicted in Chart 2.2 with the aforementioned structure comprising 

pyridylthiadiazoles, which yielded 6.7% PCE in solution-processed BHJSCs with a JSC of 14.4 

mA cm-2, a VOC of 0.78 V, and a FF of 59% (Table 2.2).[10] A major disadvantage of the 

molecule, however, was the basicity of the pyridyl-nitrogens, which were easily protonated 

by acidic HTLs like PEDOT:PSS massively deteriorating device performance.[12] Therefore, 2-9-

based devices had to be fabricated employing molybdenum oxide (MoOx) as HTL. Although 

pyridylthiadiazole is an interesting heterocyclic acceptor unit, the following section will focus 

on benzothiadiazole as building block, as stated in the title. In order to overcome the 

aforementioned problems of 2-9, the pyridyl-nitrogens were replaced by fluoro-substituted 

carbons in 2-9, resulting in a non-basic, benzothiadiazole-derivative containing co-oligomer 

2-10 (Chart 2.2).[12] 2-10 exhibited promising optoelectronic properties such as a broad 

absorption with intensive bands at 590 and 678 nm in solutions and films, respectively. An 

electrochemical gap of 1.78 eV, resulting from HOMO and LUMO levels of -5.12 eV and -3.34 

eV, respectively, were determined via cyclic voltammetry. The photovoltaic performance 
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was investigated in solution-processed devices with a general architecture of 

ITO/PEDOT:PSS/2-10:PC71BM/Ca/Al and a D/A ratio of 1.5:1. The untreated devices yielded a 

mediocre PCE of 1.8% with a JSC of 6.60 mA cm-2, a VOC of 0.78 V, and a FF of 36% (Table 2.2). 

Optimization through thermal annealing at 130°C for 10 min could increase the JSC to 10.8 

mA cm-2, the VOC to 0.82 V, and the FF to 65% resulting in a remarkable efficiency of 5.8%. 

With further optimization using 0.4 v/v% 1,8-diiodooctane (DIO) as additive, the device 

performance was pushed to 7.04% with 12.8 mA cm-2 JSC, 0.81 V VOC, and 68% FF (Table 2.2). 

The EQE spectra of the fabricated devices showed that the most important enhancement in 

the photocurrent occurred in the low-energy region attributed to the exciton generation by 

co-oligomer 2-10.[12] This led to the assumption that the additives most probably led to an 

enhancement of crystallinity of the donor domains in the active layer. An uncommonly high 

FF of 68% for non-polymeric solar cells indicated an optimal phase separation in the active 

layer.[12] 

Thereafter, the group of Heeger improved the efficiency of 2-10-based devices from 7.0% to 

over 8.2% (Table 2.2).[13] This was accomplished by changing the initial ITO-covered 

substrates with 20 or 40 Ω sheet resistance to substrates covered with thicker ITO layers, 

exhibiting a sheet resistance of 5 Ω.[13] By improving the light harvest through exploiting the 

optical spacer effect by introducing an additional ZnO layer and improving charge collection 

via an Ba-cathode layer, the PCE of 2-10-based devices could be even further increased to 

9% (Table 2.2).[14] This improvement impressively shows the crucial role of the device 

architecture for reaching high efficiencies. 

Sticking to BTDA as a potent building block, the Bazan group further investigated the 

influence of the π-system elongation on the photovoltaic performance by synthesizing 2-11 

and 2-12.[15] 2-11 based on a D-A-D-A-D-A-D structure consisting of a BTDA core flanked by 

DTS-donor groups followed by pyridinylthiadiazole and peripheral hexylbithiophene 

moieties, as depicted in Chart 2.2. Co-oligomer 2-12 was even more extended based on a 

D-A-D-A-D-A-D-A-D-type architecture using the same set of donor and acceptor building 

blocks (Chart 2.2).[15] Oligomers 2-11 and 2-12 exhibited unique optical properties with 

absorption bands centered at 670-672 nm and enormously high molar extinction coefficients 

of 107,000 and 147,000 M-1cm-1, respectively. The hole mobilities in OFETs of as-cast films of 

2-11 (10-2 cm2 V-1s-1) and 2-12 (6·10-3 V-1s-1) exhibited high thermal stability up to 230°C in 
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with 3·10-3 V-1s-1 and to 250°C with 2.6·10-3 V-1s-1, respectively. This was attributed to the 

high molecular weight and strong intermolecular interactions of the respective oligomers.[15] 

BHJSCs of 2-11 and 2-12 were fabricated based on the following device architecture: 

(ITO)/MoOx/2-11 or 2-12:PC61BM/Al (Table 2.2). Devices incorporating 2-11 in a 1.5:1 ratio 

with PC61BM afforded a PCE of 5.8% with a JSC of 13.6 mA cm-2, a VOC of 0.71 V, and a FF of 

60% after thermal annealing at 100°C for 10 min prior to cathode deposition. Untreated 

devices based on 2-12 in a 1:1 ratio with PC61BM could even achieve an efficiency of 6.5%. A 

high JSC of 15.2 mA cm-2 due to an enhanced light harvesting capability, together with a 

slightly increased FF of 65% were responsible for this remarkable performance (Table 2.2). 

However, it is worth to note that an elongated π-system was naturally accompanied with an 

increasing HOMO level sacrificing VOC, as shown in Table 2.2. An additional feature attributed 

to the extended π-conjugation length of co-oligomer 2-12 was the complete insensitivity 

towards thermal annealing indicating desirable long term stability towards environmental 

influences. Besides proving the applicability of longer oligomers in photovoltaic applications, 

the study also suggests that there is value in increasing the size of such oligomers. Whether 

the advantages and the inherent decrease of VOC outweigh the laborious synthesis , has to 

be considered carefully.[15]  

 

 

Table 2.2: Photovoltaic parameters of BTDA-based donors in solution-processed BHJSCs. PC71BM was used as acceptor 
unless stated otherwise. 

[a] MoOx used as HTL. [b] DIO used as additive. [c] Thermally annealed. [d] Low sheet resistance ITO used. [e] Optical spacer 
(ZnO) used. [f] Ba-cathode layer used. [g] PC61BM used as acceptor.    

donor JSC [mA cm-2] VOC [V] FF [%] PCE [%] 

2-8[9] 6.83 0.96 48 3.2 

2-9[a,b][10] 14.4 0.78 59 6.7 

2-10[b,c][11] 12.8 0.81 68 7.0 

2-10[b,d][12] 14.7 0.77 72 8.2 

2-10[b,e][13] 15.5 0.80 72 8.9 

2-10[b,f][14] 15.5 0.78 75 9.0 

2-11[a,c,f][15] 13.6 0.71 60 5.8 

2-12[a,f][15] 15.2 0.66 65 6.5 
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Chart 2.2: Chemical structures of BTDA-based co-oligomers utilized in solution-processed BHJSC. 

 

 

2.4. Structurally-defined co-oligomers containing dithieno[3,2-b:2’,3’-

d]pyrrole  

Dithieno[3,2-b:2’,3’-d]pyrrole (DTP) is an annulated system consisting of a pyrrole ring fused 

with thiophene on each side, i.e., a bithiophene bridged with a nitrogen atom. Due to the 

electron-rich pyrrole unit in the center, DTP is a conjugated building block with a very strong 

electron-donating ability. Therefore, DTP is frequently incorporated into D/A-oligomers and 

co-polymers to achieve broad absorption by propagating ICT bands and to generate p-type 

semiconducting properties.[16–18] Furthermore, the planar nature of the fused DTP decreases 

the torsion along the conjugated system enabling an extended effective conjugation length, 

which enhances the charge transport properties in the molecule and the probability to form 
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π-π-stacking in the bulk.[19] Additionally, the DTP-nitrogen can be easily substituted with 

versatile alkyl chains without backbone twisting or desymmetrization of the molecule, 

paving the way for an efficient fine-tuning of the film forming properties and thus, the 

morphology in the active layer.[20,21] Despite the intriguing optoelectronic influences of DTP-

units on the conjugated system of oligomers was promoted and investigated, only few DTP-

based co-oligomers were successfully implemented into solution-processed OSC 

applications. [16,17,19,21,22] However, surprisingly few DTP-based co-oligomers applied in 

BHJSCs are reported which reach device efficiencies above 2%. The breakthrough, which our 

institute achieved with solution-processed DTP oligomers, is described later in this thesis. 

However, a later contribution of our institute will be reported in order to show how design 

motifs implementing DTP-units can be realized to achieve good photovoltaic performance.  

In 2012, the group of Gigli reported the synthesis of two DTP-based oligomers for application 

in solution-processed BHJSCs, namely 2-13 consisting of a DTP-core bound to two 

anthracenyl-ethynyl side groups in an A-D-A-type architecture, and molecule 2-14 with an 

anthracene-core linked to two peripheral DTP-moieties by ethynyl spacers in a D-A-D-type 

structure (Chart 2.3).[23] The optical properties of both co-oligomers were investigated in 

chloroform solutions and in pristine thin films. 2-13 exhibited a sparingly visible transition at 

369 nm and lower energy absorption at 478 nm while the red-shifted solid state spectrum 

showed an absorption maximum at 498 nm. Oligomer 2-14, however, exhibited a higher 

energy absorption band at 348 nm with two lower energy transitions at 512 and 538 nm. 

The absorption in thin films was observed to be very similar to that measured in solution, 

but slightly red-shifted with maxima falling to 361, 531, and 566 nm.[23] The electrochemical 

characterization of the oligomer pair afforded HOMO and LUMO energy levels of -5.04 and -

2.83 eV, respectively, for 2-13 resulting in an electrochemical gap of 2.21 eV. The HOMO and 

LUMO levels of 2-14 were determined as -4.99 and -3.10 eV, respectively, leading to a 

slightly lower electrochemical gap of 1.89 eV compared to 2-13. BHJSCs comprising the 

mentioned co-oligomers in a 1:1.5 D/A ratio with PC61BM were fabricated based on the 

conventional architecture of ITO/PEDOT:PSS/2-13 or 2-14:PC61BM/LiF/Al. Oligomer 2-13 

exhibited a device performance of 0.3% with a JSC of 3.07 mA cm-2, a VOC of 0.36 V, and a FF 

of 31%, which raised serious doubts concerning the suitability of the underlying design 

concept (Table 2.3). Surprisingly, 2-14 based devices reached a twofold higher PCE of 1% 

resulting from a JSC of 3.37 mA cm-2, a VOC of 0.78 V, and a FF of 36% (Table 2.3). The superior 
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performance compared to 2-13-based solar cells derived from a higher VOC and FF. The 

authors admitted that the significant discrepancy in the VOC of the devices comprising 2-13 

and 2-14 cannot satisfactorily be explained by the location of the HOMO levels since 2-13 

exhibited a lower HOMO level (-5.04 eV) than 2-14 (-4.99 eV) which should lead to higher VOC 

values for 2-13-based devices. It was suggested that 2-13 displayed a more unfavorable 

intermolecular overlap with the fullerene acceptor molecules due to the presence of 

peripheral anthracene units. Additionally, the photovoltaic data revealed a two orders of 

magnitude lower parallel resistance (RP) for 2-13 devices (2.1·103 Ω cm-2) than for 2-14 

devices (2.7·105 Ω cm-2), whereas the series resistances are almost identical. This behavior 

was ascribed to an inhomogenious morphology of the active layer and the presence of 

pinholes connecting the opposite electrodes with each other.[23] Due to its stronger 

intermolecular interactions with PC61BM, 2-14-based devices were further optimized by 

using PC71BM as acceptor in the aforementioned device structure. The solar cells showed an 

increased JSC of 6.03 mA cm-2, a VOC of 0.70 V, and a FF of 31% yielding an overall 

performance of 1.3% (Table 2.3). These results, ranking among the highest values for 

untreated oligomer-based devices casted from solutions at that time, suggested that strong 

intermolecular interactions of the planar donor molecules leading to an extended 

crystallinity of the donor domains also forced the fullerene molecules to assemble 

percolation channels for charge collection.[23] 

Later in 2012, the group of Roncali reported the synthesis of a novel D-A-D-type co-oligomer 

2-15, consisting of two 3-alkoxy-4-cyanothiophene units in the center end-capped with DTP-

donor blocks (Chart 2.3).[24] Molecule 2-15 was additionally endowed with 2-ethylhexyl 

chains on the DTP-nitrogen atoms as well as on the alkoxy functions of the inner thiophene 

units (Chart 2.3). The optical characterization via UV-vis spectroscopy of 2-15 solutions 

exhibited a high energy transition in the 265-400 nm region followed by a broad absorption 

band extending from 400-650 nm with a maximum at 525 nm and a molar extinction 

coefficient of 33,700 M-1cm-1. The solid state absorption unveiled interesting optical 

properties displaying a large broadening of the absorption bands with a 91 nm red-shift of 

the absorption maximum compared to the solution spectrum. Additionally, the low energy 

transition unveiled a promising fine structure with maxima at 525, 562, and 618 nm 

suggesting strong intermolecular interactions and possibly partial crystallinity.[24] The 

electrochemical characterization via CV afforded a HOMO energy level of -5.78 eV and a 
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LUMO level of -3.70 eV resulting in an electrochemical gap of 2.08 eV. Oligomer 2-15 was 

further utilized as donor in solution-processed BHJSC in 1:1 ratio with PC61BM applying a 

device architecture of ITO/PEDOT:PSS/2-15:PC61BM/Al. The solar cells achieved a JSC of 2.80 

mA cm-2, a VOC of 0.77 V ,and a FF of 25%, resulting in a rather modest efficiency of 0.6% 

(Table 2.3). The devices were further optimized via thermal annealing at 100°C for 20 min 

improving the PCE to 0.9% deriving from an increased JSC of 3.16 mA cm-2,while the VOC and 

FF increased to 0.75 V and 33%, respectively (Table 2.3). AFM measurements of the blend 

layers before and after thermal annealing afforded roughness values (RMS) of 1.0 and 2.9 

nm, respectively, suggesting an enhanced phase separation and domain growth in the active 

layer upon thermal treatment. The low FF value was ascribed to the limited charge transport 

properties of 2-15, which was later confirmed by SCLC measurements of 2-15 layers in hole-

only devices unveiling a hole-mobility of 1.12 · 10-5 cm2 V-1 s-1.[24]  

A more successful pair of molecules in terms of photovoltaic performance was reported by 

our group describing the synthesis of two A-D-A-type co-oligomers for solution-processed 

BHJSCs.[25] Oligothiophenes 2-16 and 2-17 consisted of a DTP-donor core end-capped with 

thieno[2,3-c]pyrrole-4,6-dione acceptors (2-16) and in the case of 2-17 with additional 

thienyl spacers between the DTP core and the terminal acceptor units (Chart 2.3). The 

thienyl spacers in 2-17 were incorporated in order to increase the conjugation length for 

harvesting low-energy photons. The optical characterization of 2-16 and 2-17 in solution 

exhibited structureless absorption profiles with maxima at 505 nm (ε = 42,300 M-1cm-1) and 

519 nm (ε = 54,400 M-1cm-1), which were red-shifted in the solid state to 530 and 532 nm, 

respectively. The slight low-energy shoulder at 570 nm in the thin film absorption spectrum 

of 2-17 was attributed to ordering in the solid state.[25] The electrochemical properties of 

2-16 measured via CV unveiled HOMO and LUMO energy level of -5.60 and -3.47 eV, 

respectively, resulting in an electrochemical gap of 2.13 eV. Consisting of a more extended 

π-system compared to 2-16, co-oligomer 2-17 exhibited, as expected, a higher HOMO level 

of -5.33 eV and a LUMO level of -3.45 eV. The electrochemical gap was calculated to 1.88 eV. 

Solution-processed BHJSCs with an architecture of ITO/PEDOT:PSS/2-16 or 

2-17:PC71BM/LiF/Al, using a D/A of 1:1.5 were fabricated. 2-16-based devices could reach a 

PCE of 0.4% resulting from a JSC of 1.5 mA cm-2, a VOC of 1.12 V, and a FF of 24%. 2-17-based 

solar cells achieved a PCE of 2.2%, despite having a lower VOC of 0.95 V, due to the higher 

HOMO level compared to 2-16. A FF of 40% (24%) and a JSC of 5.8 mA cm-2 (1.5 mA cm-2) led 
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to superior photovoltaic performance (Table 2.3). The higher JSC could be explained firstly by 

a red-shifted absorption enabling the harvest of low energy photons. Secondly, in 

combination with a twofold increase in FF, 2-17-based devices exhibited a more efficient 

charge extraction caused by a more favorable active-layer morphology compared to 2-16 

based solar cells. The solar cells were further optimized by the addition of DIO (4 mg mL-1) 

into the blend solution in order to selectively dissolve PC71BM giving smaller domain sizes 

and thus enhance the interfacial area between the co-oligomers and the acceptor.[25] 

Although the 2-16-cells showed a significant improvement upon the addition of DIO to a PCE 

of 1.2% (JSC = 3.2 mA cm-2, VOC = 1.10, FF = 35%) from 0.4% PCE in the untreated cells, it 

could not outperform solar cells using 2-17 as donor (Table 2.3). Nevertheless, it is 

noteworthy that the improvement of 2-16-devices derived mainly from a twofold increase in 

JSC of 3.2 mA cm-2 and a 10% increase in FF (35%) suggesting the assumption that the initially 

unfavorable morphology of the 2-16-active layer with extended domain sizes, could be 

improved by the selective solubility of DIO towards PC71BM leading to decreasing domain 

sizes. 2-17-comprising devices exhibited an improvement of the device performance to 2.6% 

PCE upon addition of DIO (4 mg mL-1) deriving from an increase in FF from 40% to 47% 

whereas the JSC and FF remained at 5.8 mA cm-2 and 0.95 V (Table 2.3). This outcome 

suggested that the photocurrent generation in 2-17-based solar cells is already optimal in 

the untreated devices, since no improvement could be observed upon thermal treatment. 

The slight increase in FF occurred most probably due to minor changes in the interfaces 

between the various layers of the solar cells.[25] 
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Chart 2.3: Chemical structures of DTP-based co-oligomers applied as donors in solution-processed BHJSCs. 

 

Table 2.3: Photovoltaic performance of DTP-based oligomers in solution-processed BHJSCs. PC71BM was used as acceptor 
material unless stated otherwise. 

[a] used as acceptor. [b] Thermally annealed. [c] DIO used as additive. 

donor JSC [mA cm-2] VOC [V] FF [%] PCE [%] 

2-13[a][23] 3.1 0.36 31 0.3 

2-14[a][23] 3.4 0.78 36 1.0 

2-14[23] 6.0 0.70 31 1.3 

2-15[24] 2.8 0.77 25 0.6 

2-15[b][24] 3.2 0.75 33 0.9 

2-16[25] 1.5 1.12 24 0.4 

2-16[c][25] 3.2 1.10 35 1.2 

2-17[25] 5.8 0.95 40 2.2 

2-17[c][25] 5.8 0.95 47 2.6 
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2.5. Conclusions for the molecular design of solution-processable oligomers  

The previous sections provided, besides the photovoltaic performance of different co-

oligomers, already a rough guideline for the design of solution-processable structurally-

defined molecules. Since the co-oligomers are predestined for the utilization as donor 

materials in solar cells, the first requirement would be broad and intensive light absorption 

for optimal light harvest. The optical properties are directly determined by the energy gap 

between the HOMO and LUMO level. Low energy photons can be absorbed by a small band 

gap resulting from suitable molecular orbital level alignment. In the oligomers presented 

above this was accomplished by combining electron-rich moieties (donors) with electron-

withdrawing motifs (acceptors) and thereby enhancing the intramolecular ICT character. The 

influence of electron-donating units, e.g., DTP or thiophene, on the frontier molecular orbital 

levels is an increase of the HOMO level, whereas acceptor blocks such as TPD or BTDA 

exhibit a lowering of the LUMO level, both leading to a smaller band gap and thus a red-

shifted absorption. However, a good donor is not only characterized by a possibly red-shifted 

absorption, but different concessions have to be made regarding the alignment of the 

HOMO and LUMO levels. Firstly, the LUMO of the donor has to be located ~0.3 eV above the 

LUMO level of the acceptor to guarantee efficient exciton dissociation at the D/A interface 

determining the lower limit for the LUMO of the donor by the acceptor. Secondly, the VOC of 

the later device is directly affected by energy difference between the HOMO level of the 

donor and the LUMO level of the acceptor based on the following relationship: VOC = (1/e) 

(|EHOMO,Donor|-|ELUMO,Acceptor|) – 0.3 V; e = elementary charge).[26] Therefore, the energy level 

positions are predestined to a major degree by the energy levels of the utilized acceptor. In 

the case of PC61BM, the most commonly used acceptor in solution-processed BHJSCs, the 

HOMO and LUMO energy levels are located at -6.0 and -4.0 eV, respectively.[27] This means 

in effect that the LUMO of the donor has to be at -3.7 eV or at less negative values to ensure 

efficient exciton dissociation. Conversely, a band gap small enough to assure sufficiently red-

shifted absorption, e.g., a band gap of 1.5 eV, which is required for an absorption until 850 

nm, can only be achieved by increasing the HOMO level of the donor which inevitably 

sacrifices VOC. This example clearly illustrates the limits regarding the design of 

optoelectronic properties of new co-oligomers, where the best possible compromise has to 

be found between light harvest, exciton dissociation, and VOC. 
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After exciton dissociation, the next important step during the operation of an organic solar 

cell is the transport of the generated charge carriers to the respective electrodes. Therefore, 

sufficiently high hole-mobilities adjusted in to the acceptor mobility must be provided by the 

donor. This can be achieved by incorporating rigid, fused, mutlicyclic systems into the 

backbone for the build-up of densely packed crystalline domains, promoted by cofacial π-π 

stacking leading to a distinct phase separation and hence to a favorably active-layer 

morphology.[6-25] The ordering of co-oligomers in the bulk-heterojunction can, in addition to 

van-der-Waals and π-π-interactions, be enhanced by the implementation of polar motifs into 

the molecular structure which can pave the way for intermolecular interactions.[28,29] A 

planar and rigid system leading to an extended ordering in the bulk will come along with low 

solubility and unfavorable processability. The active layer morphology, which is fundamental 

for exciton dissociation and charge carrier transport, is significantly influenced by the 

solubility of the donor.[6-8] Besides the processability, the solubility also determines the 

capability of the material for forming homogenous films, required for a good morphology. A 

sufficient solubility of the donor is usually accomplished by the introduction of linear or 

branched alkyl chains orthogonal to the conjugated backbone and/or along the π-system. As 

desirable a high solubility is, excessive alkyl substitution can also have insulation effects on 

the system reducing the charge transport.[30] Another effect, which has to be considered, is 

the possible deplanarization of the backbone due to steric effects of bulky alkyl moieties as 

well as the influence on the intermolecular interactions and packing properties.[31] Hence, 

alkyl substitution, as important it is for the formation of van-der-Waals interactions and 

processability of the material, must not counteract intermolecular interactions such as π- π-

interactions required for suitable bulk properties, which are the key parameters for efficient 

charge generation and transport. 

As much as the molecular structure determines the potential photovoltaic of a donor, as 

important is also the influence of the device architecture, fabrication parameters, and 

optimization methods on the final device performance. The active layer morphology, which 

is significantly determining the performance of an organic solar cell, can be influenced by 

numerous parameters, e.g., D/A-ratio, blend-solution concentration, temperature, additives, 

thermal and/or solvent vapor annealing, as explained in previous sections. Furthermore, the 

performance of a solar cell can be boosted by implementation of optical spacer layers or 

selecting more suitable electrodes or HTL. [12,14,26] This list impressively illustrates how 
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sophisticated and challenging the fabrication of high efficient BHJSCs is due to a multi-

parameter problem, which needs to be addressed. 

In this chapter, different building blocks and design motifs based on literature-known 

oligomers and co-oligomers were presented. Their characteristics and their influence on 

device properties were elucidated in order to deduce guidelines for the design of novel 

materials. In the following chapters, the synthesis of novel structurally defined co-oligomers 

was performed taking these particular guidelines into consideration. The incorporation into 

solution-processed BHJSCs was realized applying the fabrication techniques and optimization 

methods described in Chapter 1.  
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3.1. Introduction 

In the previous chapter, a selection of different (co-)oligomers incorporating electron-

withdrawing and -donating moieties with varying D/A-sequences were analyzed and 

presented. Thereby, various molecular architectures, such as A-D-A, D-A-D, or A-D-A-D-A 

exhibit promising optoelectronic properties suitable for the implementation in solar cells. 

Among these, one promising molecule structure for well-performing donor materials was 

the alignment of the D/A-units in an A-D-A-type structure, where the donor-unit is located in 

the oligomer core, end-capped with acceptor moieties. This approach was successfully 

applied by our institute by decorating electron-rich oligothiophene backbones with 

peripheral electron-withdrawing dicyanovinylene (DCV) acceptor groups (Figure 3.1).[1–4] 

 

 

 

 

By implementing the non-alkylated and DCV-substituted sexithiophene 3-1 as donor into 

vacuum-processed organic solar cells in combination with C60 as acceptor, an efficiency of 

5.2% with an JSC of 11.1 mA cm-2, an VOC of 0.97 V, and a FF of 49% was achieved, setting a 

new efficiency record at that time.[1] This outstanding performance was owed to the 

superior charge transport properties of the thiophene backbone and absorption maxima of 

up to 532 nm resulting from strong intermolecular charge transfer (ICT), which is caused by 

the interplay of the donor block with potent DCV-acceptor moieties.[5] Later, structural 

modifications of a quinquethiophene backbone by adding methyl groups afforded oligomers 

3-2 to 3-4 bearing methyl groups on the outer thiophenes (3-2), on thiophene units 2 and 4 

(3-3), and on the central thiophene (3-4), respectively (Figure 3.1).[2] Oligothiophene 3-4 

exhibited the best photovoltaic performance in vacuum-processed solar cells reaching a PCE 

of 6.9%, deriving from a JSC of 11.5 mA cm-2, a VOC of 0.95 V, and an impressive FF of 63% 

Figure 3.1: Chemical structures of DCV-substituted oligothiophenes 3-1 – 3-5. 
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compared to 4.8% PCE of oligomers 3-2 and 3-3. The superior performance was correlated to 

a better packing and active layer morphology of 3-4/C60-blends confirmed by XRD 

measurements of the blend films and single-crystal X-ray structure analysis of 3-4.[2] This 

study impressively demonstrated the importance of favorable active layer morphology for 

high efficiencies, which can be achieved by minor structural modifications on the molecule 

as well as the potential of A-D-A-type oligothiophenes as donor materials in OSC. Later, the 

group of Leo reported studies on the optimization of the device architecture and could 

further improve the PCE of 3-4/C60-based solar cells to 8.3% in single junction and to 9.7% 

PCE in triple junction cells.[4] Another study of this group, based on DCV-substituted 

oligothiophenes worth mentioning, dealt with the comparison of the performance of 

oligomer 3-5 in solution and vacuum-processed solar cells (Figure 3.1).[6] The butyl 

substitution of 3-5 lead to sufficient solubility in comparison to the methyl-substituted 

isomers, enabling to compare solution and vacuum-processed devices.[3] Solution-processed 

devices of 3-5 in combination with PC61BM achieved PCEs of 3.0% while vacuum-processed 

solar cells with C60 as acceptor material reached efficiencies of 3.5%.[6] Although the 

achieved PCEs of both device types were not record-breaking, the direct comparison of 

solution and vacuum-processed however was important, proving that solution-processed 

BHJSCs of DCV-substituted oligothiophenes can compete with their vacuum-processed 

counterparts. 

 

3.2. DCV-substituted oligothiophenes comprising DTP for BHJSC 

As explained in detail in the previous chapter, one possibility to improve the photovoltaic 

performance of donor materials is to red-shift and intensify their absorption enabling better 

light harvesting and thus higher current densities. This can be accomplished by enhancing 

the ICT-character of the donor molecule by introducing, inter alia, strong electron-donating 

moieties combined with suitable acceptor groups into the molecular structure. Based on the 

aforementioned results, and in combination with the extraordinary photovoltaic 

performance of DCV-substituted oligothiophenes shown above, our institute initiated a 

project in collaboration with the Center for Solar Energy and Hydrogen Research Baden-

Württemberg (ZSW) and Karlsruhe Institute of Technology (KIT) in which the design, 

synthesis, and characterization of six DCV-functionalized A-D-A-type oligothiophenes 
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comprising DTP-moieties (3-6 to 3-11) for application in solution-processed BHJSC was 

performed (Figure 3.2).[7] In the course of this project, the influence of the alkyl substitution 

pattern on the photovoltaic performance was thoroughly investigated. Although the 

synthesis and characterization of molecules 3-8 and 3-11 were already described, further 

research leading to important insights on the material properties (film forming properties, 

behavior in the BHJ, response to SVA) was only possible after establishing and performing 

the large-scale synthesis (multi-gram-scale) of oligomer 3-11 during the preparation of this 

thesis.[8] This study is also presented, because the essential points elucidated in the sections 

before concerning molecular design, modification of the molecular structure, controlling the 

blend-layer morphology, and device optimization were brought together resulting in 

remarkable device efficiencies and finalized in various publications.[7,9–12] Furthermore, 

oligothiophene 3-11, exhibiting outstanding device performance, which will be described in 

detail below, constitutes a cornerstone of this thesis concerning the design of novel A-D-A-

type co-oligomers presented later in this chapter.  

 

 

 

 

The molecular design was based on the structure of the DCV-end-capped quinquethiophene 

as illustrated in Figure 3.2a. In order to obtain co-oligomers 3-6 to 3-11, the central 

thiophene unit was exchanged by a diethieno[3,2-b:2’,3’-d]pyrrole (DTP) moiety with 

stronger electron-donating character than the mere thiophene. The planar DTP unit provides 

a high ICT character, when combined with a suitable electron withdrawing unit in the 

backbone, with the benefits mentioned above.[7,13] To guarantee good processability, 

branched alkyl chains were attached to the DTP-nitrogen. The thienyl units were additionally 

Figure 3.2: a) Design concept of DTP-substituted oligomers based on the DCV-substituted quinquethiophene structure.  
b) Chemical structure of soluble oligothiophenes 3-6 to 3-11. 

a) b) 
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endowed with hexyl chains in a regioregular fashion. These hexyl side chains were attached 

at the outer (3-6 to 3-8) or inner (3-9 to 3-11) β-positions affording three isomeric pairs of 

oligomers, which only differ in the orientation of the side chains, as depicted in Figure 3.2b. 

The synthesis of the series was performed according to the synthesis of 3-6 and 3-9 which 

was reported previously.[13] The optical properties of the series were investigated via UV-vis 

spectroscopy and allowed a classification of the oligothiophenes on the basis of the hexyl 

chain orientation. Molecules 3-6 to 3-8 bearing the hexyl side chains at the outer positions 

exhibited higher energy transitions at circa 407 nm in the UV-Vis spectra followed by a 

stronger ICT band at ~593nm with molar extinction coefficients (ε) between 70,100-79,600 

M-1cm-1. The optical energy gaps, determined from the absorption onsets, were located 

between 1.78 and 1.80 eV.[7] Co-oligomers 3-9 to 3-11  with the hexyl chains pointed 

towards the molecule core displayed slightly blue-shifted absorptions compared to their 

isomeric counterparts with absorption bands between 400-407 nm and more intense lower 

energy transitions between 560 and 562 nm resulting in slightly increased optical gaps of 

1.81-1.82 eV.[7] A significant deviation compared to the isomeric molecules 3-6 to 3-8 was 

also found concerning the ε values of 3-9 to 3-11 varying from 55,550 to 58,700 M-1cm-1 and 

being significantly lower.[7] The most important information, which was extracted from UV-

vis spectroscopy, however, was not the slight differences in the absorption behavior of the 

co-oligomers, but the solubility in chloroform, which clearly revealed the actual difference 

between the molecules in the series and displayed the large effect of the alkyl substitution 

on the solubility. Based on the solubility, two trends could be deduced: Firstly, the solubility 

of the isomers with the hexyl chain orientation towards the molecule core (3-9 to 3-11) 

displayed a significantly higher solubility than the corresponding isomers with the hexyl 

chains at the outer positions (3-6 to 3-8). Secondly, the solubility of the oligomers with the 

same hexyl chain orientation increased with size and non-symmetry of the alkyl chain 

attached to the DTP-group resulting in increased solubility going from 2-ethylhexyl-

substituted (small, non-symmetric) DTP to 1-octylnonyl- (big, symmetric) and finally 2-

hexyldecyl-substituted (big, non-symmetric) DTP.[7] The determined solubility values within 

the series were as high as 10, 66, 77, 19, >120, and >120 mg mL-1 for 3-6 to 3-11 in numerical 

order.[7]  

The outcome of the electrochemical investigations via cyclic voltammetry (CV) also 

suggested a classification in oligothiophenes based on the hexyl chain orientation. Co-
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oligomers 3-6 to 3-8 exhibited HOMO energy levels of ca. -5.28 eV and LUMO energy levels 

between -3.64 and -3.68 eV resulting in electrochemical gaps of 1.60-1.64 eV. The isomeric 

counterparts 3-9 to 3-11 displayed HOMO energy levels between -5.30 and -5.31 eV and 

LUMO energy levels between -3.73 and -3.75 eV affording comparably lower electrochemical 

gaps in the range of 1.55-1.57 eV.  

After the suitability of optoelectronic properties of 3-6 to 3-11 was confirmed by the results 

of UV-vis spectroscopy and cyclic voltammetry, solution-processed BHJSC were fabricated 

using a device architecture of ITO/PEDOT:PSS/DTP-Oligomer:PC61BM/LiF/Al. The 

photovoltaic data is summarized in Table 3.1 . The untreated devices comprising 3-6 to 3-8 

afforded good efficiencies between 3.8 and 4.8%, whereas the isomers with the hexyl chains 

at the inner positions exhibited rather modest photovoltaic performance between 1.1-3.0% 

(Table 3.1).[7] The similar HOMO energy levels of all molecules in the series were reflected by 

equally similar VOC values between 0.81–0.84 V. Consequently, the different device 

performances derived mainly from varying JSC and FF-values (Table 3.1). The device 

optimizations via solvent vapor annealing (SVA) with chloroform (CF) had a significant 

influence on the photovoltaic performance and led to interesting results. Except for 3-6-

based devices, all solar cells displayed partly remarkable improvements in the device 

efficiency upon SVA. Here again, a different behavior based on the hexyl chain position of 

oligomers could be observed. Cells comprising isomers 3-9 to 3-11 had a much stronger 

response towards SVA than cells based on 3-6 to 3-8 which was reflected by the increase of 

photovoltaic parameters. Cells of 3-6 showed a decrease in PCE from 4.8 to 4.6% derived 

from lower VOC and FF-values upon SVA (Table 3.1). Solar cells comprising 3-7 exhibited a 

profound increase in PCE from 3.8% to 5.6% due to a boost in JSC and FF of additional 2.2 mA 

cm-2 and 10%, respectively, combined with a slight decrease of 10 mV in VOC after treatment 

with CF vapor. 3-8-Based devices improved from 3.8 to 4.6% PCE due to an increased JSC (8.4 

mA cm-2) and FF (66%) and an almost unchanged VOC of 0.84 V after SVA.[7] The strongest 

influence of SVA on the device performance was observed for the isomers bearing the hexyl 

chains at the inner positions. 3-9-Comprising cells exhibited an almost threefold increase in 

PCE from 1.2% for untreated devices to 4.4% after post-treatment with CF vapor deriving 

from an increase of all parameters (JSC:+2.8 mA cm-2, VOC:+0.32 V, FF:+37%). The device 

performance of 3-10-based solar cells was doubled from 3.0 to 6.1% PCE Caused by an 

increase of 3.4 mA cm-2 in JSC and 19% in FF upon SVA, whereas the VOC decreased by 24 mV 
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(Table 3.1). The most spectacular response towards SVA was exhibited by devices comprising 

3-11 as donor material. After a SVA treatment for 90 s, a 5.5-fold increase in the device 

efficiency from 1.1 to 6.1% PCE was achieved deriving from a JSC of 10.1 mA cm-2, a VOC of 

0.84 V, and an excellent FF of 72% (Table 3.1). Despite the same top efficiency of the devices 

comprising the most soluble oligomers 3-10 and 3-11 of 6.1% PCE, the average device 

performance of devices comprising 3-11 (5.59%) was higher compared to 3-10 (5.13%), 

making 3-11 the best-performing molecule of the series. 

 

Table 3.1: Photovoltaic parameters for cells comprising 3-6 to 3-11 before and after SVA with chloroform. (PC61BM was 
used as acceptor material unless stated otherwise.) 

[a] Solution casted at 50°C.[b] PC71BM used as acceptor material. [c] Optical spacer used.  

  

Donor D:A  SVA [s] JSC [mA cm-2] VOC [V] FF [%] PCE [%] 

3-6[7] 1:2 - 8.8 0.83 66 4.8 

3-6[7] 1:2 30 8.9 0.82 63 4.6 

3-7[7] 1:2 - 8.3 0.82 56 3.8 

3-7[7] 1:2 30 10.5 0.81 66 5.6 

3-8[a][7] 1:2 - 7.1 0.84 64 3.8 

3-8[a][7] 1:2 120 8.4 0.84 66 4.6 

3-9[a][7] 1:2 - 5.4 0.80 28 1.2 

3-9[a][7] 1:2 90 8.2 0.83 65 4.4 

3-10[7] 1:1 - 8.0 0.87 44 3.0 

3-10[7] 1:1 30 11.4 0.84 63 6.1 

3-11[a][7] 1:2 - 4.1 0.82 32 1.1 

3-11[a][7] 1:2 90 10.1 0.84 72 6.1 

3-11[b][11] 1:2 - 4.4 0.82 30 1.1 

3-11[b][11] 1:2 90 12.0 0.83 71 7.1 

3-11[b][c][14] 1:2 30 12.7 0.84 72 7.7 
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As previously stated, a clear difference in the molecular properties, film forming behavior, 

response towards SVA, and hence in the photovoltaic performance of the isomers emerged 

depending on the position of the hexyl chains. In particular, the discrepancy in the response 

towards SVA and the effects thereof on the active layer was further analyzed by the isomeric 

pair 3-8 and 3-11.[7]  

One prominent effect, which could be observed during the SVA treatment, was the color 

change of the active layers from grayish-blue to a vivid turquoise in the first 30 s of the post-

treatment process. In order to gain further insight, blend layers of 3-8:PC61BM and 

3-11:PC61BM were analyzed via UV-vis spectroscopy before and after SVA. [7] The solid-state 

absorption of 3-8:PC61BM films were found to be slightly blue-shifted in comparison to 

pristine 3-8 films. After SVA, the absorption of the blend film gained intensity, but a red-shift 

was not detected. Untreated films of 3-11:PC61BM films exhibited a stronger blue-shift of all 

absorption bands by ~10 nm compared to pristine 3-11 films indicating that the addition of 

fullerene disturbed the intermolecular interactions between the oligomer molecules.[7] Upon 

SVA, the intensity of the blend absorption bands increased throughout the whole spectrum 

along with a red-shift of the absorption bands resembling the absorption of pure 3-11 films. 

Apparently, the distortion of the oligomer packing upon addition of PC61BM leading to the 

described blue-shifts of the blend film absorptions seemed to almost fully recover upon SVA. 

Since the blend films of 3-8 did not exhibit any changes of the absorption spectrum after 

SVA, it was rationalized that the addition of PC61BM was leading to less disturbance of the 

intermolecular interactions than in 3-11-based blends. [7] Obviously, the positioning of the 

hexyl chains on the outer positions caused less steric hindrance in the molecule resulting in a 

more planar backbone structure compared to 3-11. In order to further analyze the effects of 

SVA on the active layer morphology, the surface of the blend films were analyzed via AFM 

(topography and phase mode), as seen in Figure 3.3. Investigation of the blend layer 

topography afforded a roughness of only 0.4 nm for the 3-11:PC61BM blends which increased 

after SVA to 1.1 nm. The films of 3-8:PC61BM blends behaved contrarily towards SVA by 

decreasing the relatively high roughness of 3.1 nm to 1.7 nm. Apparently, by increasing the 

roughness of the smooth film for 3-11:PC61BM blends and reducing the structure of the 

rough film for 3-8:PC61BM blends, SVA seemed to equilibrate the blend layer topography.[7] 

These assumptions were further confirmed by the phase images of the blend films before 

and after SVA. Phase images of untreated 3-11:PC61BM blend films displayed an almost 
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complete absence of phase contrast, which evolved into a distinct phase contrast upon SVA 

indicating a too-well intermixed as-cast blend film, which after SVA, exhibited an enhanced 

phase separation with all its aforementioned benefits for the photovoltaic performance. As 

expected, the phase contrast of 3-8:PC61BM films slightly improved after SVA, but in a much 

smaller extend than for 3-11.  

 

 

Figure 3.3: AFM topography (left) and phase (right) images of samples spin-coated on PEDOT:PSS|ITO with a) 3-8:PC61BM 
before SVA, b) 3-8:PC61BM after SVA, c) 3-11:PC61BM before SVA, and d) 3-11:PC61BM after SVA.

[11]
 Reprinted with the 

permission from Wiley VCH Verlag GmbH & Co. KGaA. 

 

The changes in the active layer morphology were further investigated via grazing incident x-

ray diffraction (GIXRD) measurements of the respective blend films. The as-cast blend films 

of isomers 3-8 and 3-11 showed the presence of crystalline donor regions in the blend. 

Exposition to solvent vapor led to increasing and sharpening of reflection peaks which was 

assigned to a higher degree of crystallinity in the donor-rich phases. This enhancement in 

crystallinity after SVA was found to occur to a much larger extend for 3-11 blends than for 3-

8:PC61BM films. These results impressively showed the importance and tremendous 

influence of the alkyl substitution pattern on the response towards optimization via SVA and 

on the active layer morphology, which is a very delicate equilibrium dramatically affected by 

minor structural changes. Another important insight gained by this study was the great 

potential of SVA as a straightforward optimization method. The reported experiments 

suggested that suitable solvent vapors can initiate a re-organization of the active layer and 

lead to an increased absorption due to larger donor-rich domains and thus, higher order in 

the BHJ.[7] The increase in the device efficiency of 3-11 after exposition to CF vapor 
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impressively demonstrated how these morphological changes can result in an improved 

photovoltaic performance. 

The morphological differences and the different behavior of the isomer pair 3-8 and 3-11 

after SVA were further investigated by our partners, combining grazing incidence wide angle 

X-ray scattering (GIWAX), photoluminescence (PL), negative secondary ion mass 

spectrometry (SIMS), and Kelvin probe force microscopy (KPFM).[11] Furthermore, solution-

processed BHJSCs of 3-11 were optimized using PC71BM as acceptor. GIWAX-measurements 

were used to probe the crystallinity of the donor in the bulk-heterojunction. The 

experiments showed the presence of unoriented crystallites in 3-11:PC61BM blends with 

edge-on and lamellar π-π stacking of the donor molecules. The intensity of the scattering 

ring associated with the π-π packing was significantly increased upon SVA.[11] Furthermore, 

the extended π-π stacking suggested a more extended π-conjugation after SVA which was in 

congruence with the red-shift of the absorption spectrum measured before.[7,11] Films 

consisting of 3-11:PC71BM blends exhibited a decrease of the lamellar spacing from 16.9 to 

16.6 Å indicating a densification of the lamellar packing after SVA.[11] Films of 3-8:PC61BM 

blends exhibited extended π-π stacking already in the as-cast films which did not significantly 

increase upon SVA. These findings supported the stronger response of 3-11-based solar cells 

towards solvent vapors. KPFM-measurements of the blend film topography confirmed, in 

accordance to prior results, a distinct increase of the surface roughness of 3-11:PC61BM 

blend films after SVA, whereas the 3-8:PC61BM films were hardly affected by the solvent 

vapor treatment.[11] This indicated a strong phase separation of 3-11- blend films after SVA 

which was further confirmed by PL measurements, suggesting an enhanced reorganization 

of donor and acceptor molecules in 3-11 blends upon SVA. This behavior was also observed 

for 3-8 blends, but to a much smaller extent.[11] The results of PL, KPFM, and GIWAX-

experiments confirmed the findings observed in the work before, but did not generate 

further insight into the SVA-processes occurring in the BHJ of the isomeric pair. More striking 

information about the morphological changes in the bulk-heterojunction was provided by in-

depth analysis of the blend layers by SIMS measurements revealing the vertical composition 

of the active layer. The SIMS-based analysis of 3-8:PC61BM films exhibited a relatively 

homogenously mixed oligomer/fullerene BHJ, which was hardly affected by SVA.[11] 

Contrarily, films of 3-11:PC61BM displayed a distinct change in the vertical composition upon 

SVA. The as-cast blend films showed, similar to 3-8 blends, a constant ratio of acceptor and 
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donor phases in the BHJ. The annealed films exhibited a PC61BM-rich layer on the top 

followed by an oligomer-rich layer on the bottom of the BHJ adjacent to PEDOT:PSS layer 

(Figure 3.4). An active layer, in which the HTL is enriched with the donor and the ETL with 

the acceptor, facilitates the flow direction of charges inside the solar cell resulting in a more 

efficient charge extraction leading to the high FF, reduced RS, increased RP and JSC in 3-

11:PC61BM based devices after SVA.[11] Solar cells with PC71BM as acceptor revealed the 

same behavior towards SVA as described for PC61BM and afforded an efficiency increase 

from 1.1% PCE for untreated devices to 7.1% after SVA. The improved efficiency mainly 

derived from an increase of JSC from 10 to 12 mA cm-2 due to the more intense absorption of 

PC71BM compared to PC61BM.[11] Such a vertical gradient was identified as another crucial 

factor for the efficiency improvement of the 3-11-based solar cells after SVA. 

 

 

Figure 3.4: Formation of a vertical gradient in the bulk-heterojunction upon post-treatment (SVA) with chloroform. 

 

Further investigations on SVA-induced effects on the active layer morphology were 

performed by cooperation partners Ackermann et al. at the Centre Interdisciplinaire de 

Nanosciences de Marseille (CINAM), France and Pfannmöller at the University of Antwerp, 

Belgium. The Ackermann group further optimized the photovoltaic performance of solution-

processed BHJSC comprising 3-11 as donor by implementing an optical spacer layer between 

the photoactive layer and the cathode. Optical spacers allow improving the spatial 

distribution of light inside the multilayer architecture of the solar cell and thereby optimize 

the absorption in the photoactive layer. Additionally, ZnO-based optical spacers can lead to 

improved efficiencies when simultaneously used as electron extraction layer resulting in the 

following device architecture: ITO/PEDOT:PSS/3-11:PC71BM/ZnO/Al. Due to the different 

device architecture, the D/A-ratio, active layer thickness, ZnO optical spacer thickness 

supported by optical simulations, and most importantly the SVA time were further 

optimized. Optical characterization of 3-11:PC71BM films via ellipsometry in combination 
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with optical simulation were used to calculate the optimal light absorption in the active layer 

as a function of active layer thickness for different optical spacer thicknesses. The 

calculations gave an optimal active layer thickness of 75 nm combined with 25 nm ZnO atop. 

Later on, these values were confirmed by experimentally obtained device parameters giving 

the best performance for this particular configuration with 30 s of SVA. Taking into account 

that the device architecture was altered by the introduction of an optical spacer as well as 

the active layer thickness was reduced, a shortened SVA time appeared plausible. 

Nevertheless, the values spoke for themselves exhibiting a remarkable performance boost 

from 1.36% to 7.74% PCE. Despite the reduced active layer thickness, a JSC of 12.7 mA cm-2 

was achieved certainly including the contribution of the optical spacer layer. The VOC was 

determined to 0.84 V, while the FF reached outstanding 72% (Table 3.1). The corresponding 

J-V-curves as well as the EQE spectra of the devices before and after SVA treatment are 

depicted in Figure 3.5. As seen in Figure 3.5a, the J-V-characteristics underwent a distinct 

change upon SVA deriving from increasing current density, open-circle voltage, and fill 

factor. Figure 3.5b perfectly reflects how the boost in JSC can also be observed very clearly by 

the huge increase of the EQE from ca. 30% to over 60%.  
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Figure3.5: a) J-V-curve and b) EQE spectrum of the best-performing 3-11-based devices before (blue curve) and after SVA 
(red curve).

[14] Reprinted with the permission of The Royal Society of Chemistry. 
 

Besides the intense optimization of 3-11-based solar cells, the actually ground-breaking 

insights were generated through investigations of the processes occurring in the BHJ during 

SVA. To gain deeper insight into the nanoscale morphology of the photoactive layer, optical 

spectroscopy with spectroscopic imaging using a combination of scanning transmission 

electron microscopy (STEM-SI) and low-energy-loss spectroscopy of 3-11:PC71BM blends and 
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device cross-sections were combined allowing visualization of nanoscale morphological 

changes inside the blend as a function of SVA exposure time.[14] These investigations were 

performed by Martin Pfannmöller from University of Antwerp, Belgium. Thereby, it was 

possible to visualize spatial differences and distinguish donor- and acceptor-rich domains in 

the bulk-heterojunction, yielding so-called plasmon-peak maps. Plasmon-peak maps for an 

untreated blend layer shown in Figure 3.6a exhibited a homogenous yellow phase 

corresponding to a strongly intermixed phases of 3-11 and PC71BM, while green and red 

were assigned to 3-11- and PC71BM-enriched phases, respectively. This outcome strongly 

supported previous findings that as-cast blend layers of 3-11 and fullerenes lack distinctive 

phase separation explaining the low JSC and FF, which were dominated by bi-molecular 

charge carrier recombination. The plasmon-peak map for blend layers after 10 s of SVA 

revealed first observable modifications occurring inside the BHJ (Figure 3.6b). In the 

projection through the layer, spherical donor-rich domains (10-40 nm) embedded into a 

homogenously distributed acceptor-enriched phase were detected. However, the donor-rich 

domains apparently lacked connectivity in opposite to well-connected fullerene-rich 

domains, which was well in accordance with a low FF of 54% afforded for the corresponding 

device. This outcome was assigned to a high recombination rate due to poor charge 

extraction. After an exposure of 30 s to chloroform vapor, the blend layer exhibited a 

nanostructure of well-defined and enlarged 3-11 and PC71BM-rich phases, where the donor-

rich domains are embedded into acceptor-rich phases (Figure 3.6c). The SVA-induced phase 

separation caused by domain growth combined with favorable connectivity of donor-rich 

phases facilitated the transport of excitons as well as holes and thus, improve the FF to 72%. 

With a blend layer thickness of only 75 nm, it seemed feasible that charge carrier transport 

through the blend layer can be governed by transport along single domains. This assumption 

was further supported by STEM-SI analyses on device cross-sections depicted in Figure 3.6e, 

clearly showing a vertical phase separation inside the bulk-heterojunction, as detected by 

KPFM-measurements described above.[11] Hence, after 30 s SVA, the blend layer resembled 

rather a nanostructured bi-layer than a homogenously phase-separated bulk-heterojunction. 

More striking was the fact that acceptor-rich phases accumulated at the ZnO interface, 

whereas 3-11-enriched domains were located at the PEDOT:PSS layer being well in 

accordance with previous results.[11] Since this kind of alignment optimized charge extraction 

at the interfaces and therefore inhibited recombination, it was possible to reach fill factors 
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above 70%. The effect of extensive SVA-treatment (300 s) on the blend layer morphology is 

illustrated in Figure 3.6d and f displaying lateral and cross-sectional views of the 

corresponding bulk-heterojunction, respectively. Obviously, the phase separation in the 

blend layer upon SVA continued until a completely phase-separated morphology was 

obtained. The presence of micrometer-sized phases of each material spanning the whole 

layer thickness explained the complete deterioration of all photovoltaic parameters in 

extensively annealed devices.  

 

 

Figure 3.6: Plasmon-peak maps for the 3-11:PC71BM blend: a) as-casted. b) after 10 s SVA. c) after 30 s SVA. d) after 300 s 
SVA. Cross-section of the corresponding devices e) after 30 s SVA and f) after 300 s SVA.

[14]
 Reprinted with the permission of 

The Royal Society of Chemistry. 

 

In conclusion, it can be stated that solar cells comprising 3-11 as donor were optimized 

utilizing different acceptors, optical spacer layers, but most importantly by solvent vapor 

annealing. In the course of the laborious optimization, a deep understanding of the 

processes in the photoactive layer occurring during the SVA treatment was gained through 

investigation methods, which were partly unprecedented in studies about oligomer-based 

BHJSCs. Structure-device relationships elucidated above were used to design novel 

structurally-defined co-oligomers for application as donor in highly efficient solar cells as 

presented in the following parts. 
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3.3. Development of a novel DTP-substituted oligomer through structural 

modification  

3.3.1. Motivation 

As described in the chapter before, soluble A-D-A-type oligothiophenes comprising DTP as a 

central electron-donating unit emerged as a very promising design concept. Device 

efficiencies of 3-11-based BHJSCs reached up to 7.74% PCE due to the good response 

towards solvent vapor annealing as a straightforward post-treatment method. This distinct 

improvement of the photovoltaic parameters after SVA was, among other effects, owed to 

the unique alkyl substitution pattern of the molecule. The reason why 3-11 was the most 

successful molecule in a series of six oligomers in terms of photovoltaic performance was 

disclosed in detail by various cooperation partners.[7,9–11] Additionally, the morphological 

processes occurring during SVA were thoroughly analyzed and understood to a large degree. 

Therefore, the development of a new solution-processable structurally defined oligomer was 

based on the structure of 3-11. The main intention thereby was to further improve the 

photovoltaic performance through structural modifications. The excellent performance of 3-

11 in organic solar cells, however, provided only few starting points for a structural 

modification. A FF of over 70% for 3-11-based BHJSC indicated very efficient charge 

extraction and reduced recombination losses. Furthermore, the position of the LUMO 

energy level apparently provided a very good driving force for exciton dissociation, due to a 

favorable offset to the LUMO level of the acceptor. Hence, the LUMO level, mainly 

determined by the DCV-acceptor moieties, was kept constant. Therefore, there was no need 

to exchange the acceptor moiety. Obviously, the HOMO energy level was also on point 

delivering a VOC of over 0.8 V in the 3-11-based BHJSCs.[7,11] Lowering of the HOMO level 

would increase the VOC, but is concomitant with a blue-shift of the absorption and the 

resulting sacrifice of current-density. On the contrary, a stronger electron-donating moiety in 

the oligomer backbone would shift the absorption towards longer wavelength and enhance 

light harvest, but at the expense of VOC. Therefore, the electronic structure of 3-11 was kept 

in the novel derivative. The photovoltaic parameter left for improvement was JSC, which can 

be also enhanced by altering the alkyl substitution pattern in order to improve the packing 

properties in the active layer, as showed in the section before. The comparison of the device 

performance of solar cells comprising 3-6 to 3-11 mainly focused in the positioning of the 
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hexyl side chains, but the influence of the branched alkyl chain attached to the DTP-unit was 

still apparent. Besides providing sufficient solubility, branched alkyl chains also affect the 

packing properties of organic semiconductors. Interestingly, the most-commonly used 

branched alkyl chains in organic semiconductors comprise a branching point at the C2-

position, most probably owed to their availability, e.g., 2-ethylhexyl chains. With a branching 

point at the C2-position, however, the distance between the branching site and the 

conjugated backbone is only one methylene group resulting in a steric repulsion between 

the π-system and the side chain.[15]  

In order to avoid steric hindrance, the group of Pei et al. designed branched alkyl side chains, 

in which the branching point was moved away from the conjugated backbone.[16] Although 

this study was performed on polymers, the influence of the branching point on the film 

forming properties can be projected to a certain extent to oligomeric systems. Polymer P1 

comprising alkyl side chains with the branching point at C4 displayed hole-mobilities of 3.62 

cm2 V-1 s-1, which were almost one order of magnitude higher than for the polymer 

comprising the alkyl chain with branching point at the C3 position (0.4 cm2 V-1 s-1, Figure 

3.7).[16] The further the branching position was moved from the conjugated backbone, the 

more the film forming properties of the respective polymers resembled to systems 

substituted with linear alkyl chains. The increased mobilities were found to result from 

decreasing π-π stacking distances with branching points moving away from the backbone.[16] 

 

 

 

 

Figure 3.7: Chemical structures of polymers P1 and P2 carrying alkyl side chains with a branching point at C4-position. 
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Originally, this concept was applied to organic solar cells by the group of McCulloch. 

Although this study was also conducted on polymers, important structure-device property 

relations concerning the alkyl branching position and the resulting film forming properties 

were deduced for donors. The substitution with alkyl side chains comprising branching 

positions, which were successively moved away from the conjugated backbone, were 

attached to diketopyrrolopyrrole (DPP) moieties of the polymer P2 (Figure 3.7).[17] For both, 

solar cell and transistor devices, the gradual moving of the branching position away from the 

backbone was beneficial for charge transport properties. The highest hole mobilities in 

OFETs as well as the highest current densities in BHJSCs were achieved for polymer P2 

endowed with alkyl chains comprising the branching point at C4.[17] 

Both studies suggested that modulating the branching position can lead to changes in the 

charge carrier mobility and device efficiency due to denser packing in the solid state. 

Inspired by these studies, the design strategy to structurally optimize oligomer 3-11 was the 

movement of branching point of the alkyl side chain attached to the DTP-nitrogen to the C4-

position (Figure 3.8a). By this subtle structural modification, the optoelectronic properties 

should remain mostly unchanged, but the packing properties and the charge carrier mobility 

in the BHJ might be enhanced. Additionally, the established device fabrication protocol for 

3-6 to 3-11 should be applicable due to the similar molecular structure. The structure of 

molecule 3-12 can be therefore illustrated as 3-11-analogue comprising a DTP moiety 

substituted with 4-hexyldecyl chains as depicted in Figure 3.8b.  

 

 

 

Figure 3.8: a) DTP units substituted with alkyl chains comprising branching points at C2 and C4-positions, respectively. 
b) Chemical structures of structurally defined oligomers 3-11 and 3-12. 
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3.3.2. Synthesis of co-oligomer 3-12 

As stated above, the synthesis of oligomer 3-12 was planned according to the previously 

reported synthesis of molecules 3-6 and 3-9.[13] However prior to that, the N-4-hexyldecyl-

DTP unit had to be synthesized from 4-hexyldecylamine 3-22 and 3,3’-Dibromo-2,2’-

bithiophene 3-13 via a double Buchwald-Hartwig amination. The synthesis of bithiophene 3-

13 was performed analogously to the corresponding literature procedure.[18] Amine 3-22 or 

any precursors were not available and had to be synthesized. The synthesis of primary 

amines comprising longer alkyl chains branched at C4, i.e,. 4-decyltetradecan-1-amine, were 

described in a patent, which was used as a guideline for the synthesis of 4-hexyldecan-1-

amine 3-22.[17] The synthesis of precursor 3-16 was performed accordingly to the patent, 

whereas the subsequent synthetic steps were not always applicable for the synthesis of 

amine 3-22 and were changed or optimized. The synthesis of amine 3-22 turned out to be 

much more laborious than expected and could be accomplished not until the third attempt. 

The synthetic pathway which successfully afforded the desired amine 3-22 is depicted below 

in Scheme 3.1. 

 

 

 
Scheme 3.1: Synthetic pathway for 4-hexyldecan-1-amine 3-22 starting from 1,4-butandiole 3-14. 
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As the first step, 1,4-butandiole 3-14 , which was commercially available, was deprotonated 

with one equivalent sodium hydride and refluxed over night after the addition of benzyl 

bromide. After fractionated distillation in vacuum, alcohol 3-15 was obtained as colorless oil 

in 93% yield.[19] The next step was the Jones-oxidation of the free hydroxy group of 3-15 to a 

carboxylic acid and followed by an esterification. Therefore, chromium-VI-oxide was 

dissolved in concentrated sulfuric acid, diluted with water, and was then carefully added to a 

solution of 3-15 in acetone. The esterification was carried out in ethanol with catalytic 

amounts of concentrated sulfuric acid. The reaction refluxed for 36 hours and was then 

extracted to give the desired ester 3-16 in 83% yield after fractionated distillation under 

reduced pressure.[19] The Grignard reagent, necessary for the next step, was synthesized 

according to the standard protocol, in which magnesium turnings were refluxed for 4h with 

1-bromohexane in diethyl ether before it was cooled to 0°C and 3-16 was added carefully. 

Tertiary alcohol 3-17 could be isolated as a colorless liquid in 57% yield.[19] The formal 

elimination of water from 3-17 was performed using triethylsilane and an excess of 

trifluoroacetic acid in dry methylenechloride (DCM). Olefin 3-18 was obtained as a colorless 

liquid in 52% yield. In the mentioned patent, this intermediate was not isolated and was 

used in the next reaction step without further purification. Without this additional 

purification step, the following hydrogenation led to an inseparable mixture of different 

compounds containing only traces of the desired product. The following hydrogenation step 

was modified due to drawbacks faced in previous attempts. The insertion of hydrogen into 

the reaction flask was varied compared to the patent. There, the authors inserted the 

hydrogen gas in a closed vessel with one atmospheric pressure before the solution was 

stirred for several hours. In this case, hydrogen was inserted as a continuous flow through 

the reaction mixture, which stirred over night at rt. Having synthesized the desired alcohol 3-

19 in 95% yield, the following step was the substitution of the hydroxy group with a halide. 

Therefore, an iodination under Appel conditions with PPh3 as ligand and imidazole as base 

was conducted according to the patent. 1-Iodo-4-hexyldecan 3-20 was obtained in 97% 

yield. The following substitution reaction to azide 3-21 was performed by a batch-wise 

addition of NaN3 to a DMF solution of iodide 3-20 and subsequent stirring of the suspension 

at 85°C for 4 h. In the course of the reaction, the initially pale yellow solution turned dark 

blue and then stepwise lightened up to a pale yellow solution whilst stirring after 3.5 h. After 

extraction of the raw product, the organic phase was dried and the solvent was removed to 
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give the pure azide 3-21 in 89% yield. The following reduction of the azide function was not 

carried out via catalytic hydrogenation with Pd/C as it was described in the patent, but with 

LiAlH4, which was added to a solution of azide 3-21 in absolute diethyl ether. After drying 

over anhydrous magnesium sulphate and removing of the solvent, 4-Hexyldecylamine 3-22 

was obtained in 86% yield. The overall yield from diole 3-14 to amine 3-22 including 8 steps 

was calculated as 16%. 

 

After the successful synthesis of 4-hexyldecylamine, DTP 3-23 was synthesized following the 

reaction sequence depicted in Scheme 3.2. Prior to that, 3,3’-dibromo-2,2’-bithiophene 3-13 

was formed according to a slightly modified procedure than reported in the literature.[20] 

There, a successive addition of oxygen for improving the yield is described, followed by a 

work-up in an aqueous NH4Cl solution and subsequent extraction of the raw product with 

diethyl ether.[20] These steps were skipped and silica gel was directly added to the reaction 

mixture before removing the solvent under reduced pressure. The resulting solid consisting 

of the crude product and silica gel was directly purified via column chromatography to 

obtain bithiophene 3-13 in 90% yield. The formation of DTP via a tandem Buchwald-Hartwig 

amination of 3,3’-dibromo-2,2’-bithiophene 3-13 was conducted in order to obtain the 

target molecule N-4-hexyldecyl-DTP 3-23 according to Koeckelberghs et al., using 

Pd2dba3 · CHCl3 and 2,2'-bis(diphenylphosphino)-1,1'-binaphthyl ligand as catalyst system.[21] 

After purification via flash chromatography using a 2:1-mixture of PE and DCM, DTP 3-23 was 

obtained with an excellent yield of 94%. The synthesis of distannylated DTP 3-24, which is 

one building block in the final synthesis of target oligomer 3-12, was performed using 2.2 

equivalents n-BuLi and subsequent quenching of lithiated 3-23 with trimethylstannylchloride 

as reported in literature.[13] A high conversion to the desired distannyl 3-24 and avoiding the 

formation of mono-stannylated DTP-species was very crucial for the subsequent Stille 

coupling. A complete conversion was reached through a high concentration of the reaction 

mixture and relatively long reaction times for lithiations using n-BuLi. In order to prevent 

decomposition of the reactive distannyl, the aqueous work up had to be performed swiftly 

and further purification was not done. The conversion ratio of di- to mono-stannylated DTP 

was determined by integration of the corresponding signals in the 1H-NMR spectrum. Since 

there was no mono-stannylated species present, distannyl 3-24 was stored at -20°C under 

argon before usage in the subsequent cross-coupling under Stille conditions. 
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The second building block, a DCV-capped bromobithiophene 3-25, was synthesized as 

reported in literature and shown in Scheme 3.3.[22] Therefore, 2-bromo-3-hexylthiophene 

3-26, which was provided from the institute, was borylated at the 2-position. Boronic esther 

3-27 was obtained as a colorless oil in 87% yield. Bromobithiophene 3-29 was formed by a 

Suzuki-type cross-coupling of precursor 3-27 and 2-Iodo-3-hexyl-4-bromothiophene 3-28, 

which was provided by Dr. Mishra from the institute. Bithiophene 3-29 was obtained as 

yellow liquid in 82% yield.[22] The carbaldehyde functionality was introduced to the 5’-

position by lithiating the free α-position of 3-29 with LDA and successive quenching with 

DMF. The desired bithiophene 3-30 was obtained in 74% yield. The carbaldehyde group was 

then transformed into a DCV-functionality by a Knoevenagel condensation using 

malononitrile and ammonium acetate as base. Finally, the DCV-substituted coupling partner 

3-25 was obtained as an orange solid in 93% yield after purification by column 

chromatography.  

 

 

Scheme 3.2: Synthesis of distannylated N-4-hexyldecyl DTP 3-24. 

Scheme 3.3: Synthesis of DCV-substituted building block 3-25. 
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Co-oligomer 3-1 was synthesized via Stille cross-coupling reaction building block 3-25 and 

distannyl 3-24 according to Scheme 3.4. The Stille-coupling was conducted according to the 

standard procedure with Pd(PPh3)4 as catalyst in DMF. After extensive purification via 

column chromatography, the final oligomer 3-12 was obtained as a dark purple solid in 83% 

yield. 

 

Scheme 3.4: Stille cross coupling reaction of distannyl DTP 3-24 with DCV-functionalized building block 3-25. 

 

The separation of the side-products 3-31 and 3-32 was performed via flash chromatography. 

This was possible, because co-oligomer 3-12 already displayed a different solubility and 

different chromatographic behavior whilst column chromatography deriving from the 
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structural modification compared to isomeric oligomer 3-11. The structure and purity of 3-12 

was proven via 1H-NMR, 13C-NMR, and high resolution mass spectrometry. In Figure 3.9a, the 

1H-NMR spectrum of oligomer 3-12 is depicted: signals at 7.76, 7.50, 7.22, and 7.09 

correspond to the aromatic protons. Due to the structure of 3-12 all aromatic signals are 

singlets. The next signal in high-field direction is the triplet at 4.21 ppm, which was assigned 

to protons of the CH2-group adjacent to the DTP-nitrogen. Further aliphatic protons of the 

alkyl side chains were detected at 2.85, 1.95-1.84, 1.77-1.65, 1.49-1.16, 0.91, and 0.83 ppm 

(for more detailed assignment see Figure 3.9a and the experimental section). High resolution 

mass spectrometry of target oligomer 3-12 resulted in one signal with m/z = 1219.57431, 

which corresponds to [M+] (Figure 3.9b). The deviation from the calculated m/z-value was 

determined to 0.55 ppm proving the high purity of oligothiophene 3-12. 
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Figure 3.9: a) 
1
H-NMR and b) HR-MS spectrum of target co-oligomer 3-12. 
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3.3.3. Optical Properties of structurally-defined co-oligomer 3-12 

The optical properties of 3-12 were investigated via UV-vis spectroscopy in DCM and were 

compared to the optical data of isomeric 3-11. The optical data is summarized in Table 3.2. 

The absorption spectrum of 3-12 in DCM-solution exhibited two absorption bands with 

maxima at 399 nm and 563 nm, along with a good spectral coverage between 350-650 nm as 

depicted in Figure 3.10a. The higher energy absorption band with a maximum at 399 nm was 

assigned to π-π* transitions of the conjugated oligothiophene backbone. The low energy 

transition band with a maximum at 563 nm displayed a high degree of ICT character. The 

absorption onset was determined at 683 nm resulting in an optical energy gap of 1.8 eV in 

solution. The absorption spectrum of the isomeric co-oligomer 3-11 was almost identical 

including small shifts of the maxima. Consequently, the optical band gap was identical (1.8 

eV). The molar extinction coefficient (ε) of the absorption maximum of 3-12 was calculated 

to 61,200 M-1cm-1, whereas 3-11 featured a slightly lower ε of 58,400 M-1cm-1. The reason 

for this might be a slightly higher planarity of 3-12 in comparison to 3-11, due to a stronger 

torsion of the conjugated backbone resulting from steric repulsion of the 2-hexyldecyl chain 

attached to the DTP moiety. 
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Figure 3.10: a) Absorption spectroscopy 3-12 (violet curve) and 3-11 (green curve) in DCM solutions. b) Absorption 
spectroscopy of 3-12 (violet curve) and 3-11 (green curve) in thin films on glass substrates. 

 

The thin films for solid-state absorption spectra of the isomeric co-oligomers were prepared 

by spin-coating of corresponding solutions on glass substrates and are depicted in Figure 
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3.10b and the data is compiled in Table 3.2. The thin film absorption of both isomeric 

oligomers was red-shifted by approximately 100 nm compared to the solution spectra which 

resulted on the one hand from a planarization of the oligomers upon solidification and on 

the other hand from increased intermolecular interactions such as π-π stacking in the solid 

state. 

3-12 displayed a broad absorption band with a maximum at 702 nm and a distinct shoulder 

at 658 nm and a higher energy transition band peaking at 435 nm. Hence, the absorption 

onset was shifted towards higher wavelengths leading to a decreased optical energy gap of 

1.6 eV in the neat film. The absorption maximum of 3-11 was located at 700 nm with a 

shoulder at 643 nm and an additional transition band at 440 nm. The optical band gap was 

also determined to 1.6 eV and decreased by 0.2 eV compared to optical gap in solution. 

Table 3.2: Optical data of co-oligomers 3-12 and 3-11 in DCM (c = 10
-6

 M) and in thin films on glass. 

λmax in solution is underlined. [a] Shoulder. 

 

3.3.4. Electrochemical Properties of co-oligomer 3-12 

The cyclovoltammograms of oligomers 3-12 and 3-11 were measured at room temperature 

in DCM using (n-Bu)4NPF6 as supporting electrolyte and are illustrated in Figure 3.11. Redox 

potentials, electrochemically determined energy gaps as well as HOMO and LUMO energies 

are summarized in Table 3.3. Both isomers exhibited one irreversible reduction wave 

corresponding to the simultaneous one-electron reduction of two decoupled DCV-units and 

two reversible oxidation waves corresponding to one-electron oxidations of the central 

oligothiophene block indicating the formation of stable radical cations and di-cations, 

respectively. Co-oligomer 3-12 featured oxidation potentials E°ox1 and E°ox2 at 0.25 V and 

0.63 V, respectively. The DCV groups were reduced at a potential E°red1 of -1.45 V. In 3-11, 

both oxidation potentials were shifted by 20 mV towards higher potentials in comparison to 

3-12 with E°ox1 and E°ox2 located at 0.27 and 0.63 V, respectively. The reduction potential 
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E°red1 for 3-11 was located at -1.47 V, shifted by 50 mV towards lower potentials compared 

to 3-12. HOMO and LUMO energy levels calculated from the oxidation and reduction onsets 

of 3-12 were determined to -5.38 eV and -3.70 eV, respectively. The HOMO energy level of 

3-11 was calculated to -5.30 eV and the LUMO energy level to -3.73 eV. The electrochemical 

gap was determined to 1.58 eV for 3-12 and 1.57 for 3-11 confirming the similarity of the 

electrochemical properties. 
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Figure 3.11: Cyclic voltammograms of 3-12 (violet curve) and 3-11 (green curve) measured in DCM using (n-Bu)4NPF6 
(0.1 M) as supporting electrolyte at 100 mV s

-1
; c = 10

-3
 M. 

 

Table 3.3: Electrochemical data of 3-12 (violet curve) and 3-11 (green curve)in DCM with (n-Bu)4NPF6 (0.1M) as supporting 
electrolyte measured vs. Fc/Fc

+
 at 100 mV s

-1
. 

[a] EHOMO and ELUMO calculated from the onset of E°ox1 and E°red1, respectively; related to the Fc/Fc
+
-couple with absolute 

energy of -5.1 eV. [b] Band gap calculated by ΔECV = EHOMO - ELUMO. 

 

  

 E°ox1 [V] E°ox2 [V] E°red1 [V] EHOMO [V][a] ELUMO [V][a] ΔECV [eV][b] 

3-12 0.25 0.61 -1.42 -5.28 -3.70 1.58 

3-11 0.27 0.63 -1.47 -5.30 -3.73 1.57 
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3.3.5. Photovoltaic performance of co-oligomer 3-12 

In consideration of the requirements towards optoelectronic properties for the application 

in solution-processed BHJSC, the above-listed results for 3-12 clearly proved its suitability as 

donor material. This was however not unexpected, since the electronic structure of the 

oligomer remained unchanged compared to 3-11 which asserted itself as a very suitable 

donor material for OSC. The structural modification of 3-12, more precisely the shifting of 

the branching point of the alkyl chain attached to the DTP moiety from C2 to C4-position, 

however, would certainly affect one crucial parameter for the solar cell fabrication: the 

solubility.  

The solubility of 3-12 in chloroform, the latter processing solvent, was determined using 

absorption spectroscopy. In comparison to 3-11, co-oligomer 3-12 featured a lower solubility 

of ~85 mg mL-1 in CH3Cl at 25 °C. The solubility of 3-11 was above 120 mg mL-1 under the 

same conditions. The lower solubility of 3-12 was assigned to reduced steric repulsion 

caused by the branched alkyl chain attached to the DTP unit and the resulting increase in the 

backbone planarity. Nevertheless, the solubility exhibited by co-oligomer 3-12 was more 

than sufficient for the fabrication of solution-processed BHJSC, since blend solutions for 

BHJSCs usually have a donor content of 5-15 mg mL-1.  

Having an extended experience in the fabrication of solution-processed BHJSCs containing 3-

11 as donor, the fabrication protocol for 3-12-based cells was performed similar to that. In 

order to save time, D/A-ratios of 1:1 and 2:1 were not used after preliminary test. A 1:2 D/A-

ratio was also the most promising composition for the active layer in the case of 3-12 and 

PC61BM. Therefore, a blend solution with a concentration of 15 mg ml-1 in chloroform was 

prepared and stirred for several hours at 60°C prior to deposition. The objective of the first 

series of solar cells was to get a feeling for the material and explore its behavior towards 

SVA. Additionally, the relationship between spin-velocity and active layer thickness was 

investigated. The active layers were spin-coated with velocities ranging from 700 to 

1200 rpm and for each spin velocity one substrate was treated with SVA for 30 s, whereas 

one substrate remained untreated. The complete PV data is summarized in Table 3.4. The 

effect of the SVA treatment was tremendous causing an up to 12.5-fold increase in PCE 

compared to corresponding untreated devices. This improvement however couldn’t be 

observed for all spin velocities. Devices with active layers deposited with 700 rpm exhibited 
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an efficiency of 0.61% PCE for untreated devices which was further improved to 3.40% after 

30 s of SVA. Devices comprising active layers spin-coated with 800 and 100 rpm didn’t show 

such strong response towards SVA (Table 3.4). Solar cells with active layers deposited with 

1200 rpm gave a PCE of 0.37% deriving from a low JSC of 2.56 mA cm-2, a VOC of 0.77 V, and a 

very poor FF of 19%. After treating the active layer with chloroform vapor for 30 s, a JSC of 

9.40 mA cm-2 was obtained along with a good FF of 63%, whereas the VOC remained almost 

unchanged at 0.78 V. The resulting device efficiency was as high as 4.67% manifesting an 

over 12.5-fold increase in PCE compared to the untreated solar cell. The J-V curves of the 

devices with an active layer spin-coated with 1200 rpm with and without a SVA treatment 

are illustrated in Figure 3.12. 
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Figure 3.12: J-V curves of the best performing solar cells comprising 3-12 as donor material spin-coated with 1200 rpm, with 
(red curve) and without SVA treatment (blue curve). 

 

Table 3.4: Photovoltaic parameters for BHJSC using co-oligomer 3-12 as donor in combination with PC61BM as acceptor, 
spin-coated from chloroform solutions (c = 15 mg mL

-1
; 60°C) with different velocities. Device architecture: 

ITO/PEDOT:PSS/3-12:PC61BM/LiF/Al. SVA performed with 100 µL CHCl3. For each entry, at least three solar cells were 
fabricated, whereby the best-performing one is tabulated. LTactive layer corresponds to the active layer thickness. 

D:A 
vspin 

[rpm] 

LTactive layer 

[nm] 
SVA 
[s] 

JSC 

 [mA cm-2] 
VOC  

[V] 
FF  
[%] 

PCE 
 [%] 

1:2 700 140 - 2.97 0.71 29 0.61 

1:2 700 140 30 8.18 0.78 54 3.40 
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In the next run, the active layer thickness was gradually reduced in order to further 

investigate the optimal layer thickness for this material, which gives the highest current 

density. Additionally, the SVA time was stepwise increased. Unfortunately, the cell 

performances were mediocre at best as listed in Table 3.5. The open-circuit voltage was at a 

constant value of approximately 0.8 V and the FF moved between 55 and 65% which was 

acceptable for the second run. The main problem was the missing current density ranging 

from 7.33 mA cm-2 for the best performing device to 5.19 mA cm-2 for the worst performing 

solar cell. At least, a linear dependency between current density and layer thickness could be 

observed, where the generated current density decreased concomitantly with the layer 

thickness, as depicted in Figure 3.13. It was also striking to note that in every velocity series 

(1200 rpm, 1500 rpm, 2000 rpm), the current density decreased with increasing SVA time 

indicating that the optimal active layer thickness and SVA times were ca. 100 nm (1200 rpm) 

and between 30-45 s, respectively.  

1:2 800 130 - 2.05 0.75 22 0.33 

1:2 800 130 30 4.95 0.77 18 0.68 

1:2 1000 120 - 2.69 0.79 26 0.55 

1:2 1000 120 30 5.83 0.74 16 0.69 

1:2 1200 100 - 2.56 0.77 19 0.37 

1:2 1200 100 30 9.40 0.78 63 4.67 
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Figure 3.13: J-V curves of the best performing solar cells comprising 3-12 as donor material spin-coated with 1200 rpm (blue 
curves) and 2000 rpm (green curves) with increasing SVA time of 30s (dark curves) and 60s (light curves). 

 

Table 3.5: Photovoltaic parameters for BHJSC using co-oligomer 3-12 as donor in combination with PC61BM as acceptor 
spin-coated from chloroform solution (c = 15 mg mL

-1
; 60°C) with different spin velocities and SVA times (100 µL CHCl3). 

Device architecture: ITO/PEDOT:PSS/3-12:PC61BM/LiF/Al. For each entry, at least three solar cells were fabricated, whereby 
the best-performing one is tabulated. LTactive layer corresponds to active layer thickness. 

 

In the next experimental series different SVA times were screened, starting from 0 s to 90 s 

for active layers spin-coated with a velocity of 1250 rpm leading to a layer thickness of 100 

D:A 
vspin 

[rpm] 

LTactive layer 

[nm] 
SVA 
[s] 

JSC  
[mA cm-2] 

VOC 

[V] 
FF 
[%] 

PCE  
[%] 

1:2 1200 90 30 7.33 0.79 63 3.64 

1:2 1200 90 45 7.50 0.79 55 3.24 

1:2 1200 90 60 6.58 0.78 60 3.37 

1:2 1500 80 30 7.63 0.79 53 3.17 

1:2 1500 80 45 6.52 0.78 62 3.16 

1:2 1500 80 60 5.42 0.80 61 2.66 

1:2 2000 65 30 5.81 0.78 64 2.93 

1:2 2000 65 45 5.65 0.78 65 2.83 

1:2 2000 65 60 5.19 0.77 62 2.43 
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nm. The photovoltaic parameters are listed in Table 3.6. The highest efficiency of 4.9% was 

obtained after 45 s of SVA with a very good FF of 69%. However, the current density of 

9.15 mA cm-2 was lower than expected. In contrary to the experiments above, in this case, a 

SVA time of 45 s gave the best results instead of 30 s. The corresponding J-V curves are 

depicted in Figure 3.14. 
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Figure 3.14: J-V curves of the best performing solar cells comprising 3-12 as donor spin-coated with 1250 rpm, using SVA 
times of 45 s (pink curve), 60 s(green curve), 90 s (dark blue curve), and without SVA (light blue curve). 

 

Table 3.6: Photovoltaic parameters of 3-12-based BHJSCs in combination with PC61BM as acceptor, spin-coated from 
chloroform solutions (c = 15 mg mL

-1
; 60°C, 90 nm active layer thickness) and treated with different SVA duration (100 µL 

CHCl3). Device architecture: ITO/PEDOT:PSS/3-12:PC61BM/LiF/Al. For each entry, at least three solar cells were fabricated, 
whereby the best-performing one is tabulated.  

D:A vspin [rpm] SVA [s] JSC [mA cm-2] VOC [V] FF [%] PCE [%] 

1:2 1250 - 3.86 0.80 33 1.01 

1:2 1250 20 9.48 0.78 51 3.76 

1:2 1250 30 8.71 0.79 50 3.41 

1:2 1250 45 9.15 0.78 69 4.91 

1:2 1250 60 5.48 0.78 64 3.62 

1:2 1250 90 6.34 0.80 67 3.38 
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JSC could possibly be increased by the concentration of the blend solution, which was now 

increased from 15 to 20 mg ml-1, since we made good experiences with such a concentration 

increase during the optimization of different donor materials. Because of the higher 

concentration of the blend solution, the spin velocity was adjusted in order to obtain layer 

thicknesses in the range of ca. 100 nm. The SVA duration of 45s was kept constant. 

Additionally, the amount of the acceptor was increased stepwise to 2.5:1 and a 3:1 acceptor-

donor ratio. The cells with a D/A-ratio of 2.5:1 gave the best results regarding efficiency, fill 

factor, and current density. The best-performing device with a D/A ratio of 1/2.5 and a spin 

velocity of 1500 rpm achieved a JSC of 9.05 mA cm-2, a VOC of 0.79 V, and a very high FF of 

71% resulting in an overall efficiency of 5.06% (Table 3.7). The D/A ratio of 3:1 did not give 

any reasonable results regarding current density, fill factor, and efficiency. The best-

performing solar cell for this D/A-ratio reached 1.24% which was not comparable to the 

efficiency above (Table 3.7). The corresponding J-V curves for the best-performing solar cell 

with D/A-ratios of 1:2.5 and 1:3 are depicted in Figure 3.15.  
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Figure 3.15: J-V curves of the best performing solar cells comprising 3-12 as donor with D/A ratios of 1:2.5 (green curve) and 
1:3 (blue curve), spin-coated with 1250-1500 rpm and treated with CHCl3 vapor for 45 s. 
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Table 3.7: Photovoltaic parameters of 3-12-based BHJSC with PC61BM as acceptor material in D/A-ratios of 1/2.5 and 1/3, 
spin-coated from chloroform solutions (c = 20 mg mL

-1
; 60°C) and optimized with SVA for 45s (100 µL CHCl3). Device 

architecture: ITO/PEDOT:PSS/3-12:PC61BM/LiF/Al. For each entry, at least three solar cells were fabricated, whereby the 
best-performing one is tabulated. 

 

The photovoltaic performance of 3-12 as donor in BHJSCs was satisfactory, but stayed 

behind the expectations regarding the anticipated higher current densities in comparison to 

3-11-based devices, which showed JSC-values up to 12.7 mA cm-2. However, the response 

towards SVA with CHCl3 was comparatively very strong giving over 12.5-fold efficiency 

improvement compared to untreated devices. Compared to 3-11, the shorter SVA times of 

the best 3-12-based cells already indicated different film forming properties. With respect to 

3-11, the molecular structure of 3-12 should exhibit enhanced packing properties in the solid 

state due to reduced steric repulsion caused by the 4-hexyldecyl chain in the center of the 

molecule. This was supported by shorter SVA times (45 s) needed to form the optimal active 

layer morphology in the BHJ, compared to 3-11 (90 s). 

 

 

3.3.6. External device optimization and photoactive layer characterization of 3-12-based 

devices 

Further device optimizations of 3-12-based BHJSCs were carried out by Sadok Ben Dkhil from 

the Ackermann group at the Centre Interdisciplinaire de Nanosciences de Marseille (CINAM), 

France. Thereby, PC71BM was used as acceptor and the devices were optimized with regard 

to the D/A-ratio, SVA time using chloroform, and the implementation of optical spacer layer 

consisting of ZnO-nanoparticles. The applied device architecture is illustrated below (Figure 

D:A 
vspin 

[rpm] 

LTactive layer 

[nm] 
SVA 
[s] 

JSC 

[mA cm-2] 
VOC 

[V] 
FF 
[%] 

PCE 
[%] 

1:2.5 1250 100 45s 9.12 0.78 63 4.45 

1:2.5 1350 115 45s 8.13 0.77 64 4.44 

1:2.5 1500 125 45s 9.05 0.79 71 5.06 

1:3 1250 100 45s 2.17 0.78 16 0.26 

1:3 1350 115 45s 5.52 0.78 17 0.74 

1:3 1500 125 45s 7.32 0.77 22 1.24 
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3.16). Furthermore, the photoactive layers were characterized using UV-vis spectroscopy 

and morphological changes were investigated via EQE and IQE. The gathered photovoltaic 

data is listed in Table 3.8. 

 

 

Figure 3.16: Schematic architecture of 3-12-based BHJSCs comprisning a ZnO-optical spacer layer. 

 

Firstly, solar cells casted from blend solutions with a D/A-ratio of 1:1 comprising a 30 nm 

thick ZnO optical-spacer layer were optimized with regard to SVA times. Untreated devices 

achieved a PCE of 3.36% deriving from a relatively high JSC of 8.18 mA cm-2, a VOC of 0.84 V, 

and a FF of 49%. The SVA treatment was performed for 10, 30, and 60 s affording similar 

PCEs of 4.30, 4.52, and 4.09%, respectively (Table 3.8). The best-performing device with the 

aforementioned efficiency of 4.52% exhibited a JSC of 8.30 mA cm-2, a VOC of 0.84, and a FF of 

65% indicating efficient exciton dissociation and charge collection. However, in comparison 

to the untreated cell, the improvement in the device efficiency mainly derived from the 

increase in FF from 49 to 65%, whereas the other parameters did not significantly change. 

UV-vis measurements of the blend films revealed the effect of the SVA treatment. The 

untreated active layer films showed a rather equally intense absorption assigned to the 

PC71BM at around 400 nm and the absorption of 3-12 between 600 and 700 nm. After SVA 

for 30 s, the absorption of the acceptor did not show significant changes, whereas the 

absorption of the donor material displayed a noticeable increase in intensity (Figure 3.17a). 

The position of the absorption maximum and the shoulder at ~720 nm remained unchanged. 

The increased intensity of the absorption bands assigned to 3-12 suggested an enhanced 

phase separation accompanied with enhanced donor crystallinity upon SVA paving the way 

for efficient exciton dissociation and charge collection. The EQE spectra of the corresponding 

devices, however, did not exhibit a distinct change of the spectral shape apart from an 

increase of the EQE of approximately 10% (Figure 3.17b).  
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Figure 3.17: a) Thin-film absorption spectrum of 3-12:PC71BM (D/A 1:1) blend before (blue curve) and after SVA (red curve). 
b) EQE spectra of the corresponding BHJSCs before (blue curve) and after SVA (red curve). 

 

Devices casted from blend solutions with a D/A-ratio of 1:2 were optimized according to the 

aforementioned protocol. Untreated devices afforded a rather low JSC of 3.44 mA cm-2, 

combined with a VOC of 0.78 V and a FF of just 29 % resulting in a device efficiency of 0.77% 

which is despite the additional optical spacer layer comparable to the efficiencies obtained 

in our laboratories under the same processing conditions. Surprisingly, this low performance 

could be increased to 5.66 % PCE in merely 10 s of SVA (Table 3.8). After 30 s of SVA, an 

outstanding device performance of 8.16% was achieved with a high JSC of 13.62 mA cm-2, a 

VOC of 0.79 V, and an outstanding FF of over 75% indicating that the processes during 

operation of the device were near to the absolute optimum. The corresponding J-V-curve is 

illustrated in Figure 3.18a. Longer SVA times of 60 s led to decreased photovoltaic 

performance of 6.06% PCE. Besides the excellent FF and very high JSC, one striking effect, 

which could be observed, was the lowered VOC with a growing amount of PC71BM content in 

comparison to cells based on a D/A-ratio of 1:1. This is explained by the decreasing 

interfacial area triggered by the phase separation upon SVA. The distinct enhancement in 

the device performance from 0.77 to 8.16% PCE after 30 s of SVA suggests fundamental 

changes in the active layer morphology, which were then further investigated. The thin film 

absorption of the untreated active layer displayed prominent absorption bands in the high 

energy region around 400 nm, which could be clearly assigned to the PC71BM acceptor. The 

absorption at wavelengths above 500 nm exhibited rather structureless bands with 

significantly lower intensity, probably deriving from lower donor content in the blend. After 
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30 s of SVA, the morphology and hence the thin film absorption exhibited a tremendous 

change. The absorption intensity of the presumed acceptor material increased slightly, 

whereas the absorption of 3-12 showed a distinct increase catching up with the absorption 

assigned to PC71BM as well as a red-shift of the absorption onset to 800 nm (Figure 3.18b). 

Apparently, the SVA treatment led to higher order of crystallinity of the donor, reflected by a 

noticeable increase of the absorption intensity in the region above 500 nm. Concomitantly, 

the EQE of the untreated device showed a rather structureless and broad spectral shape 

between 300 – 800 nm with a maximum of 20% @460 nm, as it can be seen in Figure 3.18c. 

Upon SVA for 30 s, the entire EQE exhibited an enhanced intensity, reaching 65% @660 nm 

external quantum efficiency.  
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Figure 3.18: a) J-V-curve, b) Thin film absorption, c) EQE spectrum, and of BHJSCs based on 3-12:PC71BM in a 1:2 ratio 
without (blue curve) and with 30 s of SVA (red curve). 

 

a) 
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The effects of SVA on solar cells casted from blend solutions with a 1:3 D/A-ratio were also 

investigated. Untreated devices exhibited a performance of 0.62% PCE with a JSC of 

2.30 mA cm-2, a VOC of 0.78, and a FF of 35%. After solvent vapor annealing for 10, 30, 40, 

and 60 s efficiencies of 1.80, 5.60, 6.79, and 4.53%, respectively were measured 

demonstrating the high potential of this straightforward optimization method. For the best-

performing device a JSC of 11.31, a VOC of 0.82, and a very high FF of 74% were obtained 

(Table 3.8). UV-vis spectroscopy of blend films of untreated devices exhibited a structured 

absorption, which was assigned to the acceptor and rather low donor-absorption intensity 

(Figure 3.19a). Upon SVA, the acceptor region slightly increased along with a remarkable 

enhancement in absorption in the regime between 550-750 nm indicating a distinct phase 

separation and growth of donor-rich phases. Nevertheless, the absorption intensity between 

300-500 nm displayed a higher intensity due to the high acceptor amount. The EQE 

spectrum of the untreated device clearly supported this finding displaying a curve with a 

maximum of 20% @380 nm which continuously decreased towards longer wavelengths 

(Figure 3.19b). The EQE of the annealed device showed a maximum of ~65% @400 nm. Even 

after SVA, the acceptor absorption still dominates the shape of the EQE curve due to the 

excess of acceptor in the blend. 
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Figure 3.19: a) Thin-film absorption spectrum of 3-12:PC71BM (1:3 ratio) blend before (blue curve) and after SVA (red 
curve). b) EQE spectra of the corresponding BHJSCs before (blue curve) and after SVA (red curve). 
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Table 3.8: Photovoltaic parameters of 3-12-based BHJSCs with PC71BM as acceptor, spin-coated from blend solutions (c = 24 
mg mL

-1
, 50°C) with different D/A ratios with 2000 rpm, and treated with CHCl3 vapor (3 mL) for different times. PEDOT:PSS 

was casted with 4000 rpm (~30 nm) and was annealed at 140°C for 20 min. ZnO layers were spin-coated from isopropanol 
solutions (5 mg mL

-1
) with 1500 rpm and successive annealing at 75-80°C for 3 min. Aluminum layer (120 nm) was deposited 

in glove-box system. Device architecture: ITO/PEDOT:PSS/3-12:PC71BM/ZnO/Al. 

 

In order to gain deeper insight into the SVA-induced processes in the BHJ, STEM-SI analyses 

were performed by Martin Pfannmöller from the University of Antwerp, Belgium, yielding 

so-called plasmon-peak maps of 3-12:PC71BM blends and device cross-sections, as previously 

shown for 3-11-based devices. Firstly, plasmon peak maps of pure 3-12 and PC71BM layers 

were measured, respectively indicating that pure 3-12 phases have plasmon energies that 

corresponded to dark green, whereas pure PC71BM phases corresponded to dark red in the 

color map. Blend layers were fabricated according to the parameters, which afforded the 

best-performing solar cell with 8.16% PCE (Figure 3.20).  

D:A SVA [s] JSC [mA cm-2] VOC [V] FF [%] PCE [%] 

1:1 0 8.2 0.84 49 3.4 

1:1 10 9.8 0.83 53 4.3 

1:1 30 8.3 0.84 65 4.5 

1:1 60 7.9 0.84 62 4.1 

1:2 0 3.4 0.78 29 0.8 

1:2 10 12.6 0.80 57 5.7 

1:2 30 13.6 0.79 75 8.2 

1:2 60 10.5 0.81 71 6.1 

1:3 0 2.3 0.78 35 0.6 

1:3 10 5.8 0.77 41 1.8 

1:3 30 9.5 0.81 73 5.6 

1:3 40 11.3 0.82 74 6.8 

1:3 60 7.9 0.81 71 4.5 
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The plasmon-peak map for the untreated blend is depicted in Figure 3.20a. The image 

corresponds to strongly mixed phases of 3-12- and PC71BM-enriched phases lacking any 

phase separation on a scale higher than few nanometers. The plasmon-peak map of the 

untreated blend is also well in accordance with the corresponding thin-film absorption 

depicted in Figure 3.18, which shows the solid-state absorption of the blend layer before and 

after SVA. The absorption of the untreated blend was dominated by absorption bands 

assigned to PC71BM, whereas the absorption of 3-12 in the lower energy region seemed to 

be suppressed. Both, the plasmon-peak maps as well as the according thin-film absorption 

spectrum, indicate stronger accumulation of a PC71BM-rich phase throughout the entire 

blend compared to discontiguous donor-rich phases. These findings perfectly reflect the 

poor photovoltaic performance of the corresponding device with low JSC and FF caused by 

insufficient light harvesting and high bi-molecular recombination rates.  

The plasmon-peak map for the blend layer treated for 10 s shows a slowly evolving phase 

separation indicated by the brighter appearance. Apparently, donor–rich domains start to 

grow and form a network. Nevertheless, extended domains for neither of both materials 

were observable. The photovoltaic parameters determined for the corresponding device 

were in strong contrast to relatively slight changes in morphology compared to the 

untreated blend, as seen in according plasmon-peak maps. After only 10 s of SVA, the JSC 

increased from 3.44 to 12.59 mA cm-2, which is near to the highest-achieved value for 3-12-

based solar cells. The fill factor underwent also a noticeable boost from 29 to 57%, while the 

VOC remained almost unchanged with 0.80 V resulting in an overall efficiency of 5.66% (Table 

3.9). The outstanding improvement of the current density clearly indicates, contrary to the 

lateral plasmon-peak map in Figure 3.20b, distinct changes in the active layer morphology 

which most probably occurred in vertical direction. The FF of 57%, however, was far from 

optimal, denoting considerable recombination rates.  

After an exposure time of 30 s, as seen in Figure 3.20c, the SVA treatment transformed the 

blend into a nanostructured layer of well-defined, enlarged donor- and acceptor-rich phases, 

where 3-12-enriched domains are embedded in highly-connected PC71BM-enriched domains. 

Since corresponding devices of this blend afforded the record performance of 8.16% PCE, 

STEM-SI analysis was also performed on corresponding device cross-section, in order to 

understand the excellent photovoltaic performance. The plasmon-peak maps of the 
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untreated device and the record device with their corresponding dark-field images of the 

cross-sections are depicted in Figure 3.20e and f, respectively. The plasmon-peak map of the 

blend layer in the untreated device appeared as expected showing intimately mixed phases 

of donor and acceptor without any sign of phase separation. In the case of the record cell, 

however, a clear picture of the impact of SVA on the vertical phase separation inside the 

solar cell was observed. After 30 s SVA, the blend layer exhibited a nanostructured and 

homogenously phase-separated bulk-heterojunction, located between donor- and acceptor-

rich phases, respectively. As observed for the 3-11-based device, an acceptor-rich phase 

could be located at the ZnO interface, whereas 3-12-enriched domains accumulated at the 

PEDOT:PSS layer. Sandwiched between continuous acceptor-and donor-rich phases, 

alternating domains of donor and acceptor show the formation of an actual bulk-

heterojunction. This composition of the photoactive layer guarantees efficient charge carrier 

generation in the center of the blend combined with optimized charge extraction at the 

interfaces towards the respective electrodes, enabling very high JSC of 13.62 mA cm-2 and FF 

of 75%.  

 

 

Figure 3.20: Plasmon-peak maps for the 3-12:PC71BM blend: a) as-casted. b) after 10 s SVA. c) after 30 s SVA. d) after 60 s 
SVA. Dark-field image and plasmon-peak map of the corresponding device cross-sections e) as-casted and f) after 30 s SVA. 
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After 60 s of SVA, the plasmon-peak map of the blend revealed a coarsening of the blend 

layer morphology caused by further growth and merging of donor-rich domains. Increasing 

domain sized of both components resulted in decreased interfacial area between donor and 

acceptor material in the BHJ. This process was reflected by the subsequent deterioration of 

the photovoltaic parameters of corresponding solar cells. Hence, JSC and FF decreased to 

10.52 mA cm-2 and 71%, respectively. Surprisingly, Voc slightly increased to 0.81 V resulting in 

an efficiency of 6.06%. Since longer exposure times to chloroform vapor would further 

enhance the phase separation and concomitant domain growth, a very progressive decrease 

of the photovoltaic performance was expected. Taking the similar properties of the isomers 

3-11 and 3-12 into account, it can be expected that the plasmon-peak of the 3-12 blend after 

minutes of SVA would strongly resemble the image presented for 3-11-containing blends 

after 300 s SVA. 

The difference in the morphologies of the best-performing devices of 3-11 and 3-12, seen in 

the respective images in Figure 3.21 as well as the corresponding photovoltaic data, clearly 

point out that 3-12-comprising blends form the more favorable morphology compared to 

the blend of 3-11 and PC71BM which rather resembles a phase-separated bi-layer after 30 s 

SVA. The above-mentioned slower response of the 3-11-blend towards SVA compared to the 

corresponding 3-12 blend can be explained by the different active layer thicknesses of 100 

and 75 nm, respectively. Naturally, a thinner layer can be penetrated by solvent vapors more 

quickly resulting in a further progressed phase separation, as shown in Figure 3.6a. Hence, 3-

12-based BHJSCs outperformed 3-11-comprising devices despite the lower VOC of 0.79 V vs. 

0.84 V for 3-11. Longer exposition times to chloroform vapor resulted in enhanced phase 

separation and concomitant domain growth of the donor and acceptor phases, as illustrated 

in Figure 3.20d. 

 

 

Figure 3.21: Plasmon-peak map of the device cross-sections after 30 s SVA for a) 3-11-based and b) 3-12-based BHJSC.
[14]
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In summary, the design of co-oligomer 3-12 and the subsequent laborious synthesis of the 

co-oligomer comprising the DTP-moiety with an alkyl chain branched at the C4-position were 

worth the effort. Although the optoelectronic properties of the target compound were 

almost identical to the isomeric co-oligomer 3-11, the improved photovoltaic performance 

of 3-12 reaching up to 8.2% set itself apart (Table 3.9). The different performance of the 

isomeric pair was caused by their different film forming properties in the BHJ upon SVA. 

Herein, it was impressively demonstrated, how a subtle structural modification, merely 

consisting of moving the branching point position of the central alkyl chain away from the 

oligomer backbone, can affect the device properties and consequently the final photovoltaic 

performance.  

 

Table 3.9: Photovoltaic data of the best-performing devices comprising co-oligomers 3-11 and 3-12, respectively including 
corresponding fabrication parameters. LTAL corresponds to active layer thickness; LTOS corresponds to optical spacer 
thickness. 

 

 

 

 

  

Donor Acceptor D:A 
LTAL 

[nm] 
LTOS 

[nm] 
SVA 
[s] 

JSC 

[mA cm-2] 
VOC 

[V] 
FF 
[%] 

PCE 
[%] 

3-11 PC61BM 1:2 98 - 90 10.1 0.84 72 6.1 

3-12 PC61BM 1:2 125 - 45 9.2 0.79 74 5.1 

3-11 PC71BM 1:2 75 20 30 12.7 0.84 72 7.7 

3-12 PC71BM 1:2 100 30 30 13.6 0.79 75 8.2 
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3.4. Dicyanomethylen-cyclohexene-substituted A-D-A-type oligothiophenes 

comprising DTP-building blocks 

 

3.4.1. Motivation  

In the previous part, the structural modification of the 3-11-scaffold affording novel co-

oligomer 3-12, was presented. The modification consisted of altering the branching position 

of the central alkyl chain attached to the DTP-unit from the C2-position in 2-hexyldecyl in 3-

11 to the C4-position in 4-hexyldecyl in 3-12. This subtle modification of the alkyl chain 

pattern had, as expected, only negligible effects on the optoelectronic properties, as 

described in the previous section. The initial objective was to influence the film forming 

properties, more precisely a denser packing of 3-12 molecules in the BHJ leading to higher JSC 

and FF values. The photovoltaic performance of solar cells comprising 3-12 as donor 

achieved a remarkable PCE of over 8% after device optimizations comprising SVA with 

chloroform and the implementation of ZnO-nanoparticles as optical space layer. The 

optimized devices exhibited desirable current densities of over 13 mA cm-2 and high FF over 

75%.  

Another design approach for creating novel donor materials based on the 3-11/3-12-scaffold 

was the incorporation of 1-(1,1-dicyanomethylene)-cyclohex-2-ene (DCC) as the terminal 

acceptor units, as depicted in Figure 3.22. The intention of this structural modification was to 

shift the absorption towards longer wavelength through the introduction of two additional 

exo-cyclic ring-locked double bonds in the DCC-acceptor in order to enhance the light 

harvest in solar cells. This red-shift would be caused by an increased HOMO energy level due 

to the extended π-conjugation length of the backbone. As a consequence thereof, a certain 

loss of VOC would be inevitable, yet should be overcompensated by an increased JSC. Since a 

fundamental change in the acceptor moiety is spared, the LUMO energy level should not 

substantially change. If a registerable change in the LUMO level would occur, it would be 

shifted towards higher energies, increasing the LUMO-LUMO offset between the donor and 

acceptor material and thus the driving force for exciton dissociation at the D/A-interface. 
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Figure 3.22: Structural modification of co-oligomers 3-11 and 3-12 through replacing DCV-acceptors by DCC-units leading to 
novel structurally defined oligothiophenes 3-33 and 3-34, respectively. 

 

The replacement of DCV-moieties by DCC-units as terminal acceptors in A-D-A-type 

oligothiophenes was already performed in our institute and is published.[23,24] R. Fitzner et al. 

reported the development of DCC-substituted oligothiophenes and investigated the 

photovoltaic performance in vacuum-processed planar-heterojunction solar cells (PHJSC) in 

comparison to DCV-substituted analogues with the equivalent number of double-bonds 

(Figure 3.23a).[23] The direct comparison of the optical properties of DCC- and DCV-capped 

oligomers resulted in a close correspondence of the absorptions for derivatives with the 

equal number of double bonds. However, a significant red-shift was observed in comparison 

to DCV-substituted analogues consisting of the same number of thiophenes. Electrochemical 

investigations showed that despite having the same energy gap, the molecular frontier 

orbitals of the DCC-derivatives were raised when compared to DCV-capped oligothiophenes 

with an equal number of double bonds. The incorporation of the novel terthiophenes 3-35 

and 3-36 as donor materials in vacuum-processed PHJSC afforded good photovoltaic results 

with efficiencies of up to 3.4% clearly outperforming comparable DCV-substituted derivative 

3-37 (Table 3.10 ).[23] 
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Figure 3.23: a) Chemical structures of DCV-capped quarterthiophene 3-37 and DCC-substituted terthiophenes 3-35/3-36.   
b) Chemical structures of DCV-capped S,N-heteropentacene 3-38 and the correspondning DCC-substituted 3-39. 

 

H. Kast et al. later reported the development of a series of S,N-heteropentacenes 

substituted with DCV and DCC terminal acceptor units for application as donor materials in 

solution-processed BHJSC (Figure 3.23b).[24] The absorption in solution as well as in thin films 

of 3-39 was shifted towards longer wavelengths and broadened in comparison to the DCV-

substituted derivative 3-38 which was attributed to an extended π-system due to the 

additional double bonds introduced by the DCC moieties. Electrochemical investigations 

afforded a smaller energy gap for 3-39 caused by a significantly raised HOMO energy level 

compared to the DCV-substituted homologue 3-38. The photovoltaic performance of the 

described co-oligomers was investigated in solution-processed BHJSCs with PC61BM as 

acceptor and gave a PCE of 1.6% for 3-38 in untreated devices, whereas 3-39 achieved an 

efficiency of 4.6% under the same conditions (Table 3.10). As anticipated, the VOC decreased 

significantly from 1.10 V for 3-38 to 0.88 V for 3-39, due to the decreased energy gap 

between the HOMO level of 3-39 and the LUMO level of PC61BM. However, the higher 

HOMO level of 3-39 did not only have negative effects on the photovoltaic performance. 

Caused by the smaller energy gap compared to 3-38, the absorption of 3-39 reached to the 

NIR region enabling a better light harvesting, which led to a JSC of 10.8 mA cm-2 for 3-39-

based devices in comparison to 3.4 mA cm-2 for devices using 3-38 as donor (Table 3.10).[24] 

The loss in VOC was clearly overcompensated by the increased JSC leading to enhanced 

efficiency of solar cells based on 3-39. 3-38-based devices were optimized using 1-

chloronaphtalene (CN) as additive and achieved a PCE of 3.1%, still far away from the 

performance of the untreated solar cells comprising 3-39 as donor. A further increase of the 
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photovoltaic performance through optimization via the usage of additives was not possible 

for 3-39-based solar cells.[24] 

Table 3.10: Photovoltaic parameters of solar cells comprising DCV-substituted oligomers 3-37 and 3-38 as well as DCC-
capped oligomers 3-35, 3-36, and 3-39 as donor. C60 was utilized as acceptor for the vacuum-processed PHJSC, whereby 
PC61BM was used in solution-processed BHJSCs. 

[a] CN used as additive. 

 

Both examples clearly showed the trade-off between VOC and JSC due to the structural 

modification by replacing DCV-acceptor units with DCC-moieties. The obligatory sacrifice of 

VOC, however, could be more than compensated by the additionally gained current-density 

increasing the overall photovoltaic performance in comparison to the corresponding DCV-

capped A-D-A-type oligomers. The application of this design strategy onto the 3-11- and 

3-12-scaffold and the optoelectronic properties of the DCC-derivatives 3-30 and 3-3, 

including the investigation of the photovoltaic performance, will be presented in the 

following sections. 

 

 

3.4.2. Synthesis of structurally-defined co-oligomers 3-33 and 3-34 

The synthetic route towards structurally defined co-oligomers 3-33 and 3-34 were planned 

very similar to the synthesis of 3-11 and 3-12, where the central DTP-unit was coupled to the 

Donor 
device 
type 

JSC [mA cm-2] VOC [V] FF [%] PCE [%] 

3-35[23] PHJ 5.3 1.00 56 3.0 

3-36[23] PHJ 5.0 1.05 65 3.4 

3-37[23] PHJ 2.9 0.97 42 1.2 

3-38[24] BHJ 3.4 1.10 42 1.6 

3-38[a][24] BHJ 6.4 1.13 43 3.1 

3-39[24] BHJ 10.8 0.88 51 4.9 

3-39[a][24] BHJ 8.8 0.86 52 3.9 
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novel bithiophene-DCC building block. This approach has proven itself to be very efficient, 

especially when more isomers with the same molecular architecture have to be synthesized. 

After the successful synthesis of the bithiophene-DCC-unit, the central donor moiety can 

easily be varied as desired. The synthetic route towards the isomeric DCC-capped 

oligothiophenes is shown in Figure 3.24.  

 

 

Figure 3.24: Synthetic pathway to structurally defined co-oligomers 3-33 and 3-34 through Stille-type cross-coupling 
reactions. 

 

As the first step, the commercially available starting material 1,3-cyclohexandione 3-40 was 

transformed to 3-methoxy-cyclohex-2-enone 3-41. In this respect, starting material 3-40 was 

refluxed with 5mol% of Iron-III-tosylate in methanol. The pure product 3-41 was isolated in 

95% yield (Scheme 3.5). 
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Scheme 3.5: Formation of 3-methoxy-cyclohex-2-enone 3-41. 

 

The following synthetic step comprised a nucleophilic attack of a lithiated bithiophene 

species on the 3-position of 3-methoxycyclohex-2-enon 3-41. Therefore, previously 

synthesized building block 3-29 was lithiated using LDA before adding to ketone 3-41. After 

purification by column chromatography, molecule 3-42 was obtained as a yellow liquid in 

63 % yield, as shown in Scheme 3.6. 

 

 

Scheme 3.6: Formation of the bithiophene-cyclohexenone building block 3-42. 
 

The last step towards the desired building block 3-43 was the Knoevenagel condensation of 

ketone 3-42 with malononitrile and ammonium acetate as base. After purification via 

column chromatography, the desired product 3-35 was isolated as a red solid in 97% yield 

(Scheme 3.7).  

 

 

Scheme 3.7: Synthesis of bithiophnene-DCC 3-43 building block through Knoevenagel condensation. 

 

The last step before the final coupling of DCC-building block 3-43 and the respective DTP-

stannyl was the stannylation of the DTP isomers 3-44 and 3-23 utilizing n-BuLi and TMSnCl. 

The stannylation was conducted according to the standard protocol described for the 

stannylation of N-(4-hexyldecyl)-DTP 3-23 in the previous paragraph and gave a perfect 1H-
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NMR spectrum of 3-24 showing 100% conversion. The stannylation of the α-positions of N-

(4-hexyldecyl)-DTP 3-44 was repeated on gram-scale and also gave 100% conversion to the 

desired distannyl 3-45 according to the 1H-NMR spectrum. The dark-green liquids were dried 

in vacuo before using in the following coupling reactions. Both reactions are depicted below 

in Scheme 3.8. 

 

 

Scheme 3.8: Distannylations of DTPs 3-23 and 3-45 through lithiation with n-BuLi and subsequent quenching with TMSnCl. 

 

The final coupling reaction of stannyl 3-24 and bithiophene-DCC unit 3-39 was performed 

under Stille conditions. (Scheme 3.9). After the reaction was terminated, the raw products 

were precipitated and subjected to column chromatography. Afterwards, both crude 

products were further purified via size exclusion chromatography, affording the desired co-

oligomers 3-33 and 3-34 in very high purity in 83% and 93% yield, respectively. The structure 

and purity of the target molecules were proved by 1H-NMR spectroscopy and high resolution 

mass spectrometry (Figure 3.25 and Figure 3.26).  
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Scheme 3.9: Formation of the structurally defined co-oligomers 3-33 and 3-34 via Stille cross-coupling reactions of the 
corresponding distannyl DTPs 3-45 and 3-24 with the bithiophene-DCC unit 3-43. 

 

The 1H-NMR spectrum of oligomer 3-33 is depicted in Figure 3.25a: signals at 7.31, 7.11, 

7.10, and 7.04 correspond to the aromatic protons. Due to the symmetric structure of 3-33 

all aromatic signals are singlets. The next signal in high-field direction is the duplet at 4.08 

ppm, which was assigned to protons of the CH2-group adjacent to the DTP-nitrogen. Further 

aliphatic protons of the alkyl side chains were detected at 2.80, 2.06-1.95, 1.69, 1.52-1.08, 

0.92-0.88, and 0.85-0.82 ppm (for more detailed assignment see Figure 3.25a and the 

experimental section). High resolution mass spectrometry of target oligomer 3-33 resulted in 

one signal with m/z = 1351.66710, which corresponds to [M+] (The deviation from the 

calculated m/z-value was determined to 1.32 ppm proving the high purity of oligothiophene 

3-33, as seen in Figure 3.25b). The 1H-NMR spectrum of isomeric oligothiophene 3-34 is 

depicted in Figure 3.26a. Due to the structural similarity to oligomer 3-33 both 1H-NMR 

spectra look almost identical. The only difference is the splitting of CH2-protons attached to 

the DTP-nitrogen. In oligomer 3-33 the signal is a duplet, whereas in 3-34 it is a triplet caused 

by the adjacent CH2-group (for more detailed assignment see Figure 3.26a and the 

experimental section). High resolution mass spectrometry of target oligomer 3-34 resulted in 

one signal with m/z = 1351.66745, which corresponds to [M+] (Figure 3.26b).The deviation 

from the calculated m/z-value was determined to 1.06 ppm 



 

96  
 

 Chapter 3 

 

 

 

Figure 3.25: a) 
1
H-NMR and b) HR-MS spectrum of structurally-defined co-oligomer 3-33. 
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Figure 3.26: a) 
1
H-NMR and b) HR-MS spectrum of structurally-defined co-oligomer 3-34. 
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3.4.3. Optical properties of structurally defined co-oligomers 3-33 and 3-34  

The optical properties of the isomeric dyes 3-33 and 3-34 were investigated via UV-vis 

spectroscopy in DCM solutions with concentrations varying from 10-5 M to 10-6 M. Solid-

state absorption was measured from thin films spin-coated from chloroform solutions of 3-

33 and 3-34 with a concentration of 4 mg mL-1 at 3000 rpm on glass substrates at room 

temperature. The absorption spectra of 3-33 and 3-34 are compared to their DCV-

substituted counterparts presented in Figure 3.27a and b, respectively. The corresponding 

data is compiled in Table 3.11.  

At a first glance, the absorption spectra of oligomers 3-33 and 3-34 appeared to be very 

similar to the corresponding DCV-derivatives 3-11 and 3-12 showing a π-π* transition band 

at 415 nm and a low energy absorption band with CT character at 541 nm. At a closer look 

however, it became evident that the π- π* transition band of the DCC-substituted oligomers 

at 415 nm are shifted towards longer wavelength by 15 nm. The CT-band at 541 nm for 3-33 

and 542 nm for 3-34, however, are blue-shifted by approximately 20 nm compared to 3-11 

and 3-12. Another difference between 3-33/3-34 and the DCV-substituted counterparts 3-

11/3-12 are the molar extinction coefficients ε. Ε of 3-33 was determined to 58,900 M-1 cm-1 

and is therefore 500 M-1 cm-1 higher than for 3-11 (58,400 M- 1 cm-1). This outcome is even 

more prominent for the other pair. E of 3-34 was calculated to 69,200 M-1 cm-1 being 8000 

M-1 cm-1 higher than for 3-12 (61,200 M-1 cm-1). This behavior was attributed to the 

extended conjugation length of the backbone of 3-33 and 3-34 compared to their DCV-

capped counterparts which expressed itself also in the comparison of the respective 

absorbances determined by the integrals of the solution spectra: The integral of the 

absorption of DCC-oligomer 3-33 was 5% higher compared to 3-11, whereas the integral of 

3-34 was 19% higher compared to DCV-substituted counterpart 3-12. The optical energy 

gaps of all oligomers, estimated from the absorption onsets, were determined to 1.8 eV. The 

hypsochromic shift of the ICT bands of 3-33 and 3-34 by 20 nm compared to their DCV-

substituted homologues was somehow surprising. The blue-shift of the ICT-band was 

attributed to a weakened intermolecular charge transfer between the electron-donating 

oligothiophene backbone and the electron-withdrawing dicyanomethylene moieties 

attached to the cyclohexene rings. This weakening of the intermolecular charge transfer 

might be caused by the torsion of the bonds connecting the DCC moieties with the π-
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conjugated backbone. This rotation is suppressed in DCV-capped 3-11 and 3-12 since 

attractive intramolecular interactions between the sulfur atom of the terminal thiophene 

units and the DCV-cyano groups hinder the rotation of the acceptor group leading to a more 

planarized molecule and a stronger intramolecular charge transfer.[23] Due to the spatial 

separation of the DCC-cyano groups from the sulfur-atoms of the terminal thiophene units, 

this planarizing effect is missing in 3-33 and 3-34 explaining the hypsochromic shift of the 

ICT-band. This hypothesis was further supported after a careful examination of the thin film 

absorptions of all four oligomers. As expected, all solid-state absorption spectra exhibited a 

bathochromic shift compared to the corresponding solution spectra caused by enhanced 

intermolecular interactions in the solid state. The thin film absorption of 3-33 and 3-34 

exhibited a stronger blue-shift of the CT band compared to 3-11 and 3-12 as in solution. 

Furthermore, the low energy transition band of the DCC-capped oligomers appeared to be 

less structured without any distinct shoulders as in the case for 3-11 and 3-12 which was 

interpreted as an indication for reduced intermolecular interactions in the solid state. The 

weakened intermolecular interactions were assigned to a less planar structure of 3-33 and 3-

34 in comparison to their DCV-substituted homologues caused by the rotation of the DCC 

unit presumed above.  
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Figure 3.27: a) Absorption spectra 3-11 (green curve) and 3-33 (blue curve) in DCM solutions and thin films on glass 
substrates (dashed green curve for 3-11 and dashed blue curve for 3-33). b) Absorption spectra of 3-12 (violet curve) and 3-
34 (pink curve) in DCM solutions and thin films on glass substrates (dashed violet curve for 3-12 and dashed pink curve for 
3-34). 

 

a) b) 
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Table 3.11: Optical data of DCC-oligomers 3-33 and 3-34 in comparison to DCV-substituted counterparts 3-11 and 3-12 in 
DCM (c = 10

-6 
M) and in thin films on glass. 

λmax in solution is underlined. [a] Shoulder. 

 

 

3.4.4- Electrochemical Properties of co-oligomers 3-33 and 3-34 

The electrochemical properties of co-oligomers 3-33 and 3-34 were investigated via cyclic 

voltammetry in DCM solutions at room temperature. The cyclic voltammograms were 

compared to the DCV-analogues 3-11 and 3-12 and are depicted in Figure 3.28. The 

corresponding data is summarized in Table 3.12. The most striking difference between the 

DCC-end capped oligomers 3-33/3-34 and their DCV-counterparts was the reversibility of the 

reduction wave, which was irreversible for 3-11/3-12. Oligomer 3-33 displayed the first 

reversible one-electron oxidation wave at 0.16 V vs. Fc/Fc+ and a second reversible one-

electron oxidation wave at 0.43 V indicating the formation of stable radical cations and 

dications, respectively. The described oxidations of 3-33 occurred at lower potentials than 

for 3-11 (Eox1 = 0.27 V and Eox2 = 0.63 V) due to the extension of the π-conjugated system 

concomitant with the increased delocalization of the charges in the radical cations caused by 

the two additional double-bonds in 3-33. At a potential of -1.54 V 3-33 exhibited a reversible 

two-electron reduction wave assigned to the simultaneous one-electron reduction of two 

decoupled DCC-acceptor moieties indicating the formation of stable radical anions. The shift 

of the reduction of 3-33 towards more negative potentials compared to the DCV-capped 

oligomer 3-11 (Ered1 = -1.47 V) indicated a lower acceptor strength of the DCC-unit compared 

to the DCV-moiety. The reversibility was a strong hint towards a stabilizing effect of the DCC-

unit on the radical anionic species. The frontier orbital energy levels of 3-33, which were 

 solution  film 

dye 
λabs [nm] 

(ε [M-1cm-1]) 
λabs,onset 

[nm] 
𝛥Eopt 

[eV]  
λmax  
[nm] 

λabs,onset  
[nm] 

𝛥Eopt 

[eV] 

3-33 
(DCC) 

541 (58,900) 
 415 (45,200) 

691 1.8 
 

631 
   649[a] 

774 1.6 

3-34 
(DCC) 

542 (69,200) 
415 (52,900) 

691 1.8 
 

631 
   657[a] 

774 1.6 

3-11 
(DCV) 

560 (58,400) 
400 (39,500) 

689 1.8 
 

700 
   643[a] 

786 1.6 

3-12 
(DCV) 

563 (61,200) 
399 (40,700) 

683 1.8 
 

702 
   658[a] 786 1.6 
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calculated from the oxidation and reduction wave onsets, were determined to -5.21 eV for 

the HOMO and to -3.63 eV for the LUMO resulting in an electrochemical gap of 1.58 eV. 

Oligomer 3-11 displayed a HOMO level of -5.30 eV and a LUMO level of -3.73 eV leading to 

an energy gap of 1.57 eV. Although a decrease of the electrochemical gap of 3-33 compared 

to 3-11 was expected upon the introduction of the DCC-groups, both frontier orbitals 

increased by the same extend leading to an unchanged electrochemical gap.  

The isomeric pair 3-12 (DCV) and 3-34 (DCC) exhibited analogous electrochemical properties. 

The first reversible one-electron oxidation of 3-34 occurred at a potential of 0.11 V and the 

second oxidation at 0.43 V (Eox1 = 0.25 V and Eox2 = 0.61 V for 3-12) and are assigned to the 

formation of stable radical cations and dications, respectively. The reversible two-electron 

reduction wave was observed at a potential of -1.59 V and was assigned to the simultaneous 

one-electron reduction of the two decoupled DCC-acceptors compared to the irreversible 

two-electron reduction of 3-12 at -1.42 V. As described for 3-33, the reversibility of the 

reduction wave of 3-34 was caused by the stabilizing effect of the DCC-unit on the radical 

anionic species. The frontier orbital energy levels for 3-34 were calculated to -5.16 eV 

(HOMO) and to -3.58 eV (LUMO) compared to -5.28 eV for the HOMO energy level and -3.70 

eV for the LUMO energy level in the case of 3-12. In accordance with the results of the 

optical measurements, both DCC-substituted co-oligomers exhibited an electrochemical gap 

of 1.58 eV. The comparison of the molecular frontier orbitals of the co-oligomers 3-11 to 

3-34 are illustrated in Figure 3.29.  

 

Table 3.12: Electrochemical data of 3-11 to 3-34 in DCM with (n-Bu)4NPF6 (0.1M) as supporting electrolyte measured vs. 
Fc/Fc

+
 at 100 mV s

-1
. 

[a] EHOMO and ELUMO calculated from the onset of Eox1 and Ered1, respectively; related to the Fc/Fc
+
-couple with a absolute 

energy of -5.1 eV. [b] Band gap calculated ΔECV = EHOMO - ELUMO. 

 

 E°ox1 [V] E°ox2 [V] E°red1 [V] EHOMO [V][a] ELUMO [V][a] 𝛥ECV [eV][b] 

3-33(DCC) 0.16 0.48 -1.54 -5.21 -3.63 1.58 

3-34(DCC) 0.11 0.43 -1.59 -5.16 -3.58 1.58 

3-11(DCV) 0.27 0.63 -1.47 -5.30 -3.73 1.57 

3-12(DCV) 0.25 0.61 -1.42 -5.28 -3.70 1.58 
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Figure 3.28: Cyclic voltammograms of co-oligomers 3-11 3-12, 3-33, and 3-34 measured in DCM using (n-Bu)4NPF6 (0.1 M) 
as supporting electrolyte at 100 mV s

-1
; c = 10

-3
 M, potentials vs. ferrocene/ferricenium (Fc/Fc

+
). 
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Figure 3.29: Comparison of the corresponding HOMO and LUMO energy levels of co-oligomers 3-11, 3-12, 3-33, and 3-34 
determined from the onset of the first oxidation and reduction waves, respectively. 
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The introduction of the DCC-units as electron-withdrawing moieties had unexpected effects 

on the optoelectronic properties of 3-33 and 3-34 compared to their DCV-capped 

counterparts 3-11 and 3-12. However, if one has to assign whether the additional double-

bonds of the DCC-units contribute to the donor or the acceptor part in the molecule, the 

truth apparently lies somewhere in between. In strong contrast to these results, a clear 

contribution of the DCC double bonds to the HOMO was elucidated from electrochemical 

investigations and DFT calculations in the case of oligothiophene 3-35. [23] 

The ambivalent nature of the additional double bonds introduced by the DCC-units was also 

observed in the electrochemical properties, which were investigated by cyclic voltammetry. 

Co-oligomers 3-33 and 3-34 displayed oxidation potentials, which were shifted towards 

lower potentials and thus led to higher HOMO energy levels caused by the extension of the 

π-system compared to 3-11 and 3-12. Interestingly, the reduction potentials of the DCC-

substituted oligomers were also shifted in the same direction concomitantly increasing the 

LUMO energy levels. Both effects resulted in electrochemical energy gaps of 3-33 and 3-34, 

which were identical with the values for 3-11 and 3-12 (Figure 3.29 and Table 3.12). 

Contrarily to the examples presented from literature, the replacement of DCV-groups by 

DCC-units did not lead to decreased electrochemical gaps and red-shifted absorptions.[23,24] 

 

 

3.4.5 Photovoltaic performance of co-oligomers 3-33 and 3-34 

Although the replacement of the DCV acceptor moieties in 3-11 and 3-12 through DCC-units 

did not show the anticipated effects on the absorption as well as the alignment of HOMO 

and LUMO levels of 3-33 and 3-34, their optoelectronic properties were still considered as 

very suitable for the application as donor materials in BHJSC. The solubility of 3-33 and 3-34 

in chloroform determined via absorption spectroscopy were both above 120 mg mL-1 and 

thus more than sufficient for solution processing. 
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Photovoltaic performance of co-oligomer 3-33 

In order to find the optimal fabrication parameters for each substance exploiting the full 

photovoltaic potential, the “evolutionary” approach has proved itself as the most efficient 

method. This means that parameters such as D/A-ratio, layer thickness, and any post-

treatment are optimized successively, or to put it more simply, the best-performing D/A-

ratio should be determined before the layer thickness is optimized. Consequently, the last 

step would be the optimization of the SVA-process, more precisely, the SVA solvent and the 

annealing time. Therefore, the first step was to determine the best-performing D/A-ratio in a 

large spin velocity range of the spin-coater. The first series of 3-33-based solar cells were 

casted from chloroform solutions with D/A-ratios of 1:2, 1:1, and 2:1, using PC61BM as 

acceptor and a blend solution concentration of 15 mg mL-1 (Table 3.13). Each blend was spin-

coated with velocities between 800 and 1200 rpm, resulting in active layer thicknesses of 70-

120 nm. Although the performance throughout all D/A-ratios was rather mediocre, an 

important trend could already be deduced. The most striking commonality of all ratios was 

the fact that the devices casted with the slowest velocity (800 rpm) gave the highest 

efficiency within each ratio. For devices fabricated from the 1:2.-D/A-ratio, the power 

conversion efficiencies declined from 0.83% to 0.71% with increasing spin-velocities. As 

mentioned, the PCE for devices casted with 800 rpm was as high as 0.83% with a JSC of 3.29 

mA cm-2, a VOC of 0.74 V, and a FF of 34%. The solar cells spin-coated with 800 rpm from a 

blend solution comprising a 1:1-D/A-ratio gave a PCE of 0.67%, deriving from a JSC of 2.55 mA 

cm-2, a VOC of 0.75 V, and a FF of 35%. The best performing device deposited from a blend 

solution with a D/A-ratio of 2:1 exhibited a JSC of 2.30 mA cm-2, a VOC of 0.80 V, and a FF of 

29%, resulting in an overall efficiency of 0.54%. The corresponding J-V-curves are depicted in 

Figure 3.30 and clearly demonstrate an important trend: the afforded VOC-values decrease 

concomitantly with increasing JSC-values. Furthermore, it can be observed that with 

increasing open-circuit voltages, the curve measured under illumination gets flatter towards 

the intersection with the x-axis. This behavior was clearly assigned to the corresponding 

serial resistance RS. With increasing RS, the JSC decreases concomitantly with the described 

increase in VOC. The RS values for the corresponding devices of D/A-ratios 1:2, 1:1, and 2:1 

were determined to 3.1, 4.4, and 20.4 Ω cm-2, respectively, clearly supporting the 

aforementioned assumption. 
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Figure 3.30: J-V curves of the best performing solar cells comprising 3-33 as donor with D/A-ratios of 1:2 (blue curve), 1:1 
(red curve), and 2:1 (green curve) spin-coated with 800 rpm. 

 

Table 3.13: Photovoltaic parameters for BHJSCs using co-oligomer 3-33 as donor in combination with PC61BM as acceptor, 
spin-coated from chloroform solutions (overall concentration: c = 15 mg mL

-1
; 50°C) with different velocities. Device 

architecture: ITO/PEDOT:PSS/3-33:PC61BM/LiF/Al. For each entry, at least three solar cells were fabricated, whereby the 
best-performing one is tabulated. 

 

D:A vspin [rpm] JSC [mA cm-2] VOC [V] FF [%] PCE [%] 

1:2 800  3.29 0.74 34 0.83 

1:2 1000 2.87 0.72 35 0.73 

1:2 1200 2.86 0.71 35 0.71 

1:1 800  2.55 0.75 35 0.67 

1:1 1000 2.06 0.71 33 0.49 

1:1 1200 2.25 0.71 34 0.54 

2:1 800  2.30 0.80 29 0.54 

2:1 1000 2.04 0.80 32 0.52 

2:1 1200 1.86 0.79 32 0.48 
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Since the devices comprising the thickest active layer exhibited the highest short-circuit 

current density and power conversion efficiency for all D/A-ratios, the active layer thickness 

had to be further increased in order to exploit the full potential of 3-33. Therefore, the spin 

velocity had to be further decreased, which however led to inhomogeneous active layer 

films and consequently to deteriorating photovoltaic parameters. Therefore, the blend 

solution concentration with a D/A-ratio of 1:2 was increased from 15 to 25 mg mL-1 and the 

film thickness optimization was repeated with spin velocities ranging between 750 and 3750 

rpm. The results are tabulated below and already exhibited a clear trend between the JSC-

values and the corresponding spin velocities (Table 3.14). With increasing spin-velocity, the 

current density and concomitantly the PCE increased until a maximum was reached at 3250 

rpm. The photovoltaic parameters declined again for devices comprising active layers 

deposited with higher spin velocities. A significant change or a distinct trend of the VOC or FF 

values couldn’t be observed throughout the experiment. The aforementioned dependency 

of active layer thickness and JSC could be followed with the J-V-curves of the devices spin-

coated with 750, 1250, 1750, 2500, and 3250 rpm, as illustrated in Figure 3.31. Devices 

comprising active layers spin-coated with 750 rpm afforded a moderate JSC of 1.59 mA cm-2, 

a VOC of 0.71 V, and a FF of 28% resulting in a PCE of 0.32%. Devices spin-coated with 1250 

rpm exhibited a PCE of 0.55% derived from an increased JSC of 2.61 mA cm-2, a VOC of 0.72 V, 

and a FF of 30%. A further increase of the spin velocity to 1750 rpm, however, could only 

improve the efficiency to 0.65%. The efficiency of devices casted with 2500 rpm was 

improved to 0.82% PCE. Clearly, the increase in spin-velocity had to be successively bigger in 

order to obtain decent improvements of the photovoltaic parameters, since the change of 

the active layer thickness decreases with higher spin velocities. The improvement of the 

device performance from devices casted with 2500 rpm to devices casted with 3250 rpm 

was rather marginal, affording a PCE of 0.85% with a JSC of 3.50 mA cm-2, a VOC of 0.73 V and 

a FF of 33%. As mentioned above, the device performance for solar cells comprising thinner 

active layers decreased.  
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Figure 3.31: J-V curves of solar cells comprising 3-33 as donor spin-coated with various velocities between 750 and 
3250 rpm. 
 

Table 3.14: Photovoltaic parameters for BHJSC using co-oligomer 3-33 as donor in combination with PC61BM as acceptor, 
spin-coated from chloroform solutions (c = 25 mg mL

-1
; 50°C) with different velocities. Device architecture: 

ITO/PEDOT:PSS/3-33:PC61BM/LiF/Al. For each entry, at least three solar cells were fabricated, whereby the best-performing 
one is tabulated. 

D:A vspin [rpm] JSC [mA cm-2] VOC [V] FF [%] PCE [%] 

1:2 750 1.59 0.71 28 0.32 

1:2 1000 2.15 0.72 29 0.44 

1:2 1250 2.61 0.71 30 0.55 

1:2 1500 2.95 0.72 30 0.64 

1:2 1750 2.98 0.72 31 0.65 

1:2 2000 3.37 0.73 32 0.78 

1:2 2250 3.43 0.72 32 0.80 

1:2 2500 3.44 0.72 33 0.82 

1:2 2750 3.41 0.71 32 0.79 

1:2 3000 3.48 0.71 31 0.77 

1:2 3250 3.50 0.73 33 0.85 

1:2 3500 3.16 0.74 31 0.73 

1:2 3750 3.13 0.72 30 0.67 
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At a first glance it seems odd, that the devices casted with 3250 rpm from a higher 

concentrated solution and those casted with just 800 rpm from a less concentrated solution 

exhibited similar device performance. Although the processing conditions significantly 

differed, the obtained active layer thicknesses were ~115 nm and ~105 nm, respectively. 

Surprisingly, the active layers spin-coated with 3250 rpm were even slightly thicker since the 

high blend solution concentration of 25 mg mL obviously dried faster while deposition 

leading to generally thicker active layers than initially presumed. Consequently, the further 

optimization of the 3-33-based BHJSCs was continued with the processing parameters giving 

the highest JSC. 

After determining the right D/A-ratio and active layer thickness, the next step consisted of 

the treatment of the active layers with chloroform vapor. Therefore, active layers were 

casted from blend solutions based on a 1:2 D/A-ratio (c = 25 mg mL-1) with 3250 rpm before 

they were exposed to chloroform vapor for 15-120 s. The corresponding photovoltaic 

parameters are summarized in Table 3.15. Surprisingly, the SVA-process led to adverse 

changes in the device performance. The longer the SVA-process was conducted, the more 

the device efficiency deteriorated instead of improving. The PCE of 0.85% for the untreated 

cell decreased to 0.60% after 60 s of SVA. This low efficiency, however, did not derive from a 

significant decrease in JSC or FF, but in VOC. The JSC of 3.23 mA cm-2 did not differ much from 

the 3.50 mA cm-2 obtained for the untreated device as well as the fill factors of 32 and 33%, 

respectively. The VOC however dropped from 0.73 V to 0.59 V for the annealed device. This 

downward trend was further continued until a PCE of only 0.27% was obtained for devices 

annealed for 120 s. Here too, the Jsc of 2.98 mA cm-2 and a FF of 30% were not far from the 

values obtained for the untreated device. The VOC, however, decreased to merely 0.27 V. The 

J-V-curves of the described devices are depicted in Figure 3.32 and allowed to deduce the 

reason for this drop in VOC. Apparently, the parallel resistance RP decreased concomitantly 

with the SVA duration. Therefore, the JSC values of the described device did not alter much, 

whereas the VOC decreased to less than a third of the value for the untreated device. The RP 

determined from the corresponding dark-curves were as much as 10050, 1750, and 

185 Ω cm-2 with increasing SVA time. As mentioned, the decreasing RP values were perfectly 

reflected by the shape of the J-V-curves. Obviously, the SVA-process with chloroform 

promotes a very strong phase separation in the active layer causing a growth of eventually 

present defects in the morphology, which in turn, increases the recombination of charge 
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carriers. Additionally, an unprecedented process was observed during the SVA-process. In 

the case of 3-11 and 3-12, the active layer changed its color from brown to green during the 

SVA-process, caused by the initiated phase separation upon SVA.[11] 3-33-Based active layers 

however, changed their color from brown to green within seconds and then back to brown 

again. Since this process occurred very fast, further investigations of this strange behavior 

could not be pursued. To conclude, the SVA-process with chloroform seemed to be too fast 

to control the phase separation in the active layer. However, shorter SVA times would 

strongly decrease the reproducibility of the whole process. 
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Figure 3.32: J-V curves of solar cells comprising 3-33 as donor and PC61BM as acceptor treated with chloroform vapor for 0 s 
(green curve), 60 s (blue curve), and 120 s (red curve). 
 

Table 3.15: Photovoltaic parameters of 3-33-based BHJSCs in combination with PC61BM as acceptor, spin-coated from 
chloroform solutions (c = 25 mg mL

-1
; 50°C) and treated with different SVA duration (100 µL CHCl3). Device architecture: 

ITO/PEDOT:PSS/3-33:PC61BM/LiF/Al. For each entry, at least three solar cells were fabricated, whereby the best-performing 
one is tabulated. 

D:A vspin [rpm] SVA [s] JSC [mA cm-2] VOC [V] FF [%] PCE [%] 

1:2 3250 0 3.50 0.73 33 0.85 

1:2 3250 15 3.08 0.71 34 0.75 

1:2 3250 30 3.09 0.71 34 0.74 

1:2 3250 45 3.17 0.71 33 0.74 

1:2 3250 60 3.23 0.59 32 0.60 
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As the next optimization step, 3-33-based devices were treated with THF as SVA solvent 

analogous to the SVA-process performed with chloroform. Contrary to SVA with CHCl3, the 

devices exhibited a positive response towards SVA with THF. The photovoltaic parameters 

are listed in Table 3.16. During the SVA-process with THF, the color change of the active 

layer from brown to green was also observed, but the color remained green independently 

from the duration of the treatment. After a treatment of only 15 s, the device performance 

could be increased to from 0.85% to 1.91% PCE deriving from an increase in JSC to 4.57 mA 

cm-2, in VOC to 0.75V, and in FF to 56%. With longer exposition (60 s) to THF vapor, however, 

the obtained device performances decreased to 1.61% PCE (JSC = 3.92 mA cm-2, VOC = 0.74 V, 

FF= 55%) and further to a PCE of 1.32% (JSC = 3.55 mA cm-2, VOC = 0.74 V, FF = 50%) after 120 

s of SVA, still outperforming the untreated devices. The corresponding J-V curves are 

presented in Figure 3.33 and clearly display the decrease in current density with increasing 

SVA-time. Obviously, a strong and fast phase separation sets in upon SVA with THF. 

However, in comparison to treated devices of 3-11 and 3-12, the morphological changes 

occurred very quickly, affording the optimal morphology with enhanced device parameters 

after only 15 s. Longer exposition to THF vapor presumably led to further phase separation 

in the active layer and thus larger domain sizes of the donor. This resulted in reduced JSC 

values caused by decreased interfacial area in the active layer. This decrease in the 

interfacial area between donor and acceptor domains promotes exciton decay and reduced 

charge carrier extraction explaining the consecutive decrease in current density. 

1:2 3250 75 3.00 0.55 32 0.53 

1:2 3250 90 1.76 0.64 32 0.36 

1:2 3250 105 2.91 0.23 30 0.20 

1:2 3250 120 2.98 0.27 30 0.24 
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Figure 3.33: J-V curves of solar cells comprising 3-33 as donor and PC61BM as acceptor treated with THF vapor for 0 s (green 
curve), 15 s (red curve), 60 s (blue curve), and 120 s (black curve). 

 

Table 3.16: Photovoltaic parameters of 3-33-based BHJSC in combination with PC61BM as acceptor material, spin-coated 
from chloroform solutions (c = 25 mg mL

-1
; 50°C) and treated with different SVA duration (100 µL THF). Device architecture: 

ITO/PEDOT:PSS/3-33:PC61BM/LiF/Al. For each entry, at least three solar cells were fabricated, whereas the best-performing 
one is tabulated. 

 

The obtained VOC-values of 3-33-based devices were as expected, lower than for solar cells 

comprising 3-11 as donor. The intended overcompensation of lower open-circuit voltages by 

D:A vspin [rpm] SVA [s] JSC [mA cm-2] VOC [V] FF [%] PCE [%] 

1:2 3250 0 3.50 0.73 33 0.85 

1:2 3250 15 4.57 0.75 56 1.91 

1:2 3250 30 4.11 0.75 55 1.70 

1:2 3250 45 4.14 0.73 52 1.58 

1:2 3250 60 3.92 0.74 55 1.61 

1:2 3250 75 3.76 0.74 55 1.52 

1:2 3250 90 3.60 0.73 54 1.43 

1:2 3250 105 3.81 0.74 51 1.44 

1:2 3250 120 3.55 0.74 50 1.32 
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increased short-circuit current densities of 3-33-based solar cells could not be accomplished. 

The blue-shifted absorption of 3-33 already prefigured that the desired red-shift in 

absorption through implementation of the DCC-acceptor and the desired enhanced light 

harvest in the low-energy region of 3-33-based solar cells could not be achieved. 

Consequently, the obtained current densities and fill factors were modest at best. 

 

In order to investigate the processes occurring upon SVA treatment of 3-33-based solar cells, 

the absorption of glass substrates coated with the blend layers on top of a PEDOT:PSS layer 

according to the fabrication parameters for the best-performing devices were measured 

(Figure 3.34a). Prior to SVA treatment, three distinct absorption bands were observed which 

could be assigned to PC61BM (~350 nm) and to co-oligomer 3-33 (~440 and ~580 nm). Upon 

exposure to THF vapor, the spectral shape underwent a tremendous change in the spectral 

region attributed to 3-33, whereas almost no change was recorded in the regime ascribed to 

PC61BM. The absorption band located at ~ 440 nm displayed a slight red-shift as well as a 

slight increase in intensity, while the absorption band in the lower energy region exhibited a 

more prominent increase in intensity with a concomitant red-shift of the local absorption 

maximum and the formation of a distinct absorption shoulder at 700 nm. This noticeable 

change of the spectral shape was attributed to a progressive phase separation in the blend 

layer upon SVA leading to growth of donor-rich phases and enhanced ordering thereof. 

These results were well in accordance with the increase in JSC and FF of SVA-treated devices 

comprising oligomer 3-33 as donor. The EQE spectrum of the best-performing 3-33-based 

solar cell exhibited a similar spectral shape compared to the corresponding absorption of the 

corresponding blend film (Figure 3.34b). The current-generation mostly occurred at 

wavelengths mainly attributed to PC61BM reaching an EQE of ~30%. The spectral shape 

beyond 400 nm exhibited a lower EQE of approximately 22%, which is in the absorption 

regime of co-oligomer 3-33 suggesting problems in the charge generation of donor-rich 

domains. Although the efficiency of solar cells comprising 3-33 was improved upon SVA with 

THF, the performance remained behind expectations. Therefore, it was abstained from 

further optimization of 3-33-based devices and continued with the fabrication and 

subsequent optimization of BHJSC comprising 3-34 as donor. 
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Figure 3.34: a) UV-vis absorption spectra of 3-33:PC61BM blend layers casted on PEDOT:PSS before (black curve) and after 
SVA (blue curve). b) EQE spectrum of the best-performing 3-33-based BHJSC. 

 

 

Photovoltaic performance of co-oligomer 3-34 

The investigation of the photovoltaic performance of 3-34-based BHJSCs was performed as 

described for 3-33-based solar cells. Firstly, the best-performing D/A-ratio had to be 

determined by fabricating devices from 1:2, 1:1, and 2:1 D/A-ratios using PC61BM as 

acceptor and with spin velocities between 750 and 1250 rpm. After preliminary experiments 

with solution concentrations of 15 mg mL-1, the solution concentration was increased to 25 

mg mL-1, as in the case for 3-33-devices. The active layers were casted from chloroform 

solutions of 3-34 and PC61BM at 50°C. The photovoltaic data of this series is listed in Table 

3.17. The obtained photovoltaic parameters already suggested a distinct trend, showing that 

the active layers deposited with 1000 rpm displayed the highest short-circuit current 

densities for all D/A-ratios. For the 1:2 D/A-ratio, an efficiency of 0.72% was obtained, 

deriving from a JSC of 3.04 mA cm-2, a VOC of 0.73 V, and a FF of 33%. Devices casted with 

1000 rpm from solutions with a 1:1 D/A-ratio exhibited a PCE of 0.63% with a JSC of 

2.61 mA cm-2, a VOC of 0.74 V, and a FF of 32%. For devices deposited from a 2:1 D/A-ratio, 

the best-performing solar cell with 0.44% PCE was casted with 1250 rpm exhibiting a slightly 

lower JSC of 1.82 mA cm-2 compared to the device spin-coated with 1000 rpm, but a higher FF 

of 31% resulting in the superior performance. The VOC remained constant at a value of 

0.78 V. The corresponding J-V-curves of the best-performing device of each D/A-ratio are 

shown in Figure 3.35. 
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Figure 3.35: J-V curves of the best performing solar cells of 1:2 (blue curve), 1:1 (red curve), and 2:1 D/A-ratio (green curve) 
comprising 3-34 as donor and PC61BM as acceptor. 

 

Table 3.17: Photovoltaic parameters for BHJSCs using co-oligomer 3-34 as donor in combination with PC61BM as acceptor, 
spin-coated from chloroform solutions (c = 25 mg mL

-1
; 50°C) with different velocities. Device architecture: 

ITO/PEDOT:PSS/3-34:PC61BM/LiF/Al. For each entry, at least three solar cells were fabricated, whereas the best-performing 
one is tabulated. 

 

After determining the most promising D/A-ratio, the optimal active layer thickness was 

screened using spin velocities between 600 and 1100 rpm. The photovoltaic data is 

D:A vspin [rpm] JSC [mA cm-2] VOC [V] FF [%] PCE [%] 

1:2 750 3.02 0.72 32 0.70 

1:2 1000 3.04 0.73 33 0.72 

1:2 1250 2.82 0.68 32 0.62 

1:1 750 2.58 0.75 31 0.59 

1:1 1000 2.61 0.74 32 0.63 

1:1 1250 2.55 0.74 33 0.62 

2:1 750 1.82 0.78 29 0.41 

2:1 1000 1.85 0.78 29 0.43 

2:1 1250 1.82 0.78 31 0.44 
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tabulated in Table 3.18 and showed that the device performance only depends to a minor 

degree from the actual active layer thickness. The photovoltaic parameters resembled each 

other despite the big differences in the active layer thickness. The device comprising the 

thickest active layer afforded a PCE of 0.59% with a JSC of 2.68 mA cm-2, a VOC of 0.73 V, and a 

FF of 30%. With thinner layers, the JSC slowly increased and reached a maximum at 1000 rpm 

displaying a PCE of 0.72% deriving from a JSC of 3.04 mA cm-2, a VOC of 0.73 V, and a FF of 

32%. With further increasing spin velocity, the photovoltaic parameters deteriorated 

affording a PCE of 0.55% due to a lower JSC of 2.90 mA cm-2, a VOC of 0.60 V, and a FF 31%. 

Consequently, the optimization via SVA was continued with devices comprising active layers 

casted at 1000 rpm. The corresponding J-V-curves of the described devices are shown below 

in Figure 3.36. 
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Figure 3.36: J-V-curves of 3-34-based BHJSCs spin-coated with velocities of 600 rpm (blue curve), 1000 rpm (green curve), 
and 1100 rpm (red curve). 

 

Table 3.18: Photovoltaic parameters for BHJSC using co-oligomer 3-34 as donor in combination with PC61BM as acceptor, 
spin-coated from chloroform solutions (c = 25 mg mL

-1
; 50°C) with different velocities. Device architecture: 

ITO/PEDOT:PSS/3-34:PC61BM/LiF/Al. For each entry, at least three solar cells were fabricated, whereby the best-performing 
one is tabulated. 

D:A vspin [rpm] JSC [mA cm-2] VOC [V] FF [%] PCE [%] 

1:2 600 2.68 0.73 30 0.59 

1:2 700 2.75 0.73 30 0.60 

1:2 800 2.90 0.75 31 0.68 
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After determining the optimal D/A-ratio and active layer thickness, the next step consisted 

of the treatment of the active layers with chloroform vapor. In this respect, active layers 

were casted from blend solutions based on a 1:2 D/A-ratio with 1000 rpm before being 

exposed to chloroform vapor for annealing times between 15 and 120 s. The photovoltaic 

parameters are listed in Table 3.19. As in the case for 3-33-comprising solar cells, the 

response of 3-34-based devices towards SVA with chloroform was very poor. Although the 

odd effect of the color change from brown to green and back to brown again observed 

during SVA of 3-33-based devices with chloroform did not occur with 3-34, the device 

performance decreased nonetheless to values down to 0.33% PCE. The best-performing 

solar cell among the treated devices exhibited a PCE of only 0.38% with a JSC of 2.07 mA cm-2, 

a VOC of 0.64 V, and a FF of 29% after exposition to chloroform vapor for 90 s. The worst-

performing solar cell was obtained after 105 s of SVA exhibiting a PCE of 0.33% compared to 

0.72% PCE achieved by the untreated device. The J-V curves of the described devices are 

shown in Figure 3.37.The deterioration upon SVA affected all photovoltaic parameters 

suggesting a rapid formation of an unfavorable active layer morphology. The color change of 

the active layer indicated a strong phase separation as observed for the devices of the DCV-

analogue 3-12. However, in the case of 3-34, this phase separation occurred very fast as the 

color changed within seconds, whereas the color change in 3-11-based devises couldn’t be 

observed before 20 s under the same conditions. This behavior could be assigned to the 

higher solubility of 3-34 compared to 3-12. The phase separation occurred so fast that it was 

not possible to reliably control it. The initiated domain growth in the active layer upon SVA 

caused an unfavorable morphology due to the growth of domain sizes beyond the exciton 

diffusion length leading to a dramatic decrease in the interfacial area between donor and 

acceptor. Therefore, more excitons recombine before reaching the interface and thus 

reduce the amount of the collected charge carriers, resulting in low current densities. 

 

1:2 900 2.91 0.75 32 0.69 

1:2 1000 3.04 0.73 32 0.72 

1:2 1100 2.90 0.60 31 0.55 
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Figure 3.37: J-V curves of solar cells comprising 3-34 as donor and PC61BM as acceptor treated with chloroform vapor for 15 
s (red curve), 105 s (blue curve), and without any treatment (green curve). 

 

Table 3.19: Photovoltaic parameters of 3-34-based BHJSCs in combination with PC61BM as acceptor, spin-coated from 
chloroform solutions (c = 25 mg mL

-1
; 50°C) and treated with different SVA duration (100 µL CHCl3). Device architecture: 

ITO/PEDOT:PSS/3-34:PC61BM/LiF/Al. For each entry, at least three solar cells were fabricated, whereas the best-performing 
one is tabulated. 

 

  

D:A vspin [rpm] SVA [s] JSC [mA cm-2] VOC [V] FF [%] PCE [%] 

1:2 1000 0 3.04 0.73 32 0.72 

1:2 1000 15 1.85 0.69 29 0.37 

1:2 1000 30 1.85 0.69 29 0.37 

1:2 1000 45 1.71 0.68 29 0.33 

1:2 1000 60 1.80 0.67 29 0.35 

1:2 1000 75 1.77 0.66 29 0.34 

1:2 1000 90 2.07 0.64 29 0.38 

1:2 1000 105 1.73 0.67 28 0.33 

1:2 1000 120 1.77 0.67 29 0.35 
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In order to further optimize solution-processed BHJSCs comprising 3-34 as donor, active 

layers casted with 1000 rpm from blend solutions with a 1:2 D/A-ratio were exposed to THF 

vapor from 15 to 120 s. During the SVA-process, a color change of the active layer from 

brown to green was observed after 15 s of SVA which was generally slower than for SVA with 

chloroform. The photovoltaic data of the devices of this series is listed in Table 3.20 and 

revealed a positive response towards the SVA treatment with THF. Additionally, a clear trend 

between the efficiency and annealing time was observed, exhibiting the highest device 

performance for the shortest treatment time. From there, the photovoltaic performance 

successively decreased with longer exposition to THF vapor. Devices treated for 15 s 

achieved a PCE of 1.62% demonstrating a more than twofold increase in comparison to 

untreated solar cells, mainly deriving from a boost in JSC from 3.02 to 4.41 mA cm-2 and in FF 

from 32 to 51%. With longer annealing times, the device performance decreased to 1.44% 

after 45 s of SVA mainly due to a decrease in JSC to 3.81 mA cm-2 and in VOC to 0.69 V. 

Surprisingly, the FF increased to 55%, whereas the other parameters deteriorated. This 

downward trend was further continued to a PCE of 1.20% after 90 s and even to 1.02% PCE 

after 120 s of SVA. The corresponding J-V curves are shown in Figure 3.38. The reason for the 

decreasing JSC values was found due to the increasing serial resistances RS of the 

aforementioned devices which were determined to be as high as 4.73, 4.87, 5.36, and 

5.93 Ω cm-2, respectively. The successive increase in RS was assigned to decreasing quality of 

the active layer morphology, presumably initiated by domain growth upon SVA. Apparently, 

the phase separation upon SVA occurred slower for THF than for CHCl3. Despite the slower 

phase separation, the best-performing morphology was obtained for the shortest annealing 

time of 15 s. Shorter treatments of the devices lacked reproducibility and could not 

outperform the devices treated for 15 s.  
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Figure 3.38: -V curves of solar cells comprising 3-34 as donor and PC61BM as acceptor treated with THF vapor for various 
durations. 
 

Table 3.20: Photovoltaic parameters of 3-33-based BHJSCs in combination with PC61BM as acceptor material, spin-coated 
from chloroform solutions (c = 25 mg mL

-1
; 50°C) and treated with different SVA duration (100 µL THF). Device architecture: 

ITO/PEDOT:PSS/3-33:PC61BM/LiF/Al. For each entry, at least three solar cells were fabricated, whereas the best-performing 
one is tabulated. 

 

In order to investigate the processes occurring upon SVA treatment of 3-34-based solar cells, 

the absorption of glass substrates coated with the blend layers on top of a PEDOT:PSS layer 

according to the fabrication parameters for the best-performing devices, were measured 

D:A vspin [rpm] SVA [s] JSC [mA cm-2] VOC [V] FF [%] PCE [%] 

1:2 1000 0 3.04 0.73 32 0.72 

1:2 1000 15 4.41 0.72 51 1.62 

1:2 1000 30 4.03 0.69 52 1.45 

1:2 1000 45 3.81 0.69 55 1.44 

1:2 1000 60 3.51 0.67 54 1.27 

1:2 1000 75 3.20 0.68 53 1.15 

1:2 1000 90 3.13 0.69 56 1.20 

1:2 1000 105 2.95 0.72 51 1.09 

1:2 1000 120 2.75 0.70 53 1.02 
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similarly as for 3-33-based blends (Figure 3.39a). The untreated blend films exhibited three 

distinct absorption bands, of which the one located at ~340 nm, displaying the highest 

absorbance, was ascribed to PC61BM and the other two at ~440 and ~580 nm were assigned 

to co-oligomer 3-34. Upon exposure to THF vapor, the spectral shape of the donor 

absorption underwent a distinct change. The higher energy transition band exhibited a slight 

red-shift combined with a slightly increased absorbance, whereas the lower energy 

transition band showed a significant increase in intensity, a red-shift of the local absorption 

maximum, and an appearing of an additional absorption shoulder at 700 nm. These changes 

of the thin film absorption could be attributed to a progressive phase separation in the blend 

layer upon SVA and the concomitant growth of donor-rich domains as well as an enhanced 

ordering thereof. This outcome was as well in congruence with the recorded increase in JSC 

and FF of 3-34-based devices upon SVA resulting in a more than two-fold improvement of 

the photovoltaic performance compared to untreated devices. The EQE-spectrum of the 

best-performing 3-34-based solar cell exhibited a similar spectral shape beyond 400 nm as 

the absorption spectrum of the corresponding blend layer (Figure 3.39b). The EQE-spectrum 

below 400 nm however indicated an even contribution of PC61BM to the photocurrent, since 

both local maxima attributed to the donor and acceptor material, respectively, had the same 

height at ~25 % EQE. When compared to the corresponding absorption spectrum of the same 

blend it seemed odd that despite the stronger absorption of the acceptor the contribution to 

the photocurrent was similar to the donor. This might indicate an inefficient charge transfer 

from the PC61BM to the respective electrode.  
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Figure 3.39 a) UV-vis absorption spectra of 3-34:PC61BM blend layers casted on PEDOT:PSS before (black curve) and after 
SVA (pink curve). b) EQE spectrum of best-performing 3-34-based BHJSC. 
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In order to evaluate the photovoltaic performance of the DCC-capped co-oligomers 3-33 and 

3-34, one has to state that the performance fell short of expectations. The structural 

modification of replacing the DCV-acceptor units of 3-12 and 3-11 by DCC-moieties was 

intended to obtain a comparably red-shifted absorption due to the extension of the 

conjugated π-system. After a straightforward synthesis, the optical characterization led to 

unexpected results. Instead of displaying the anticipated red-shift of the ICT-transition band, 

it was shifted towards shorter wavelengths, preventing light harvest in the low-energy 

region. The results of electrochemical investigations were also unusual. The anticipated 

decrease in the energy gap between the HOMO and LUMO energy level for 3-33 and 3-34 

was not detectable. The HOMO energy level rose to the same extend as the LUMO level, 

resulting in the same energy gaps as determined for their DCV-substituted counterparts 3-11 

and 3-12. The ambivalent behavior of the DCC-units, pronounced by blurring the line 

between the acceptor and donor moiety was held responsible for the weak ICT-absorption 

bands of 3-33 and 3-34 and the concomitant rise of the LUMO and HOMO level compared to 

the DCV-capped homologues. Apart from lacking the desired light harvest capabilities, the 

molecular structure of the DCC-substituted oligomers and their film forming properties were 

also not satisfactory. Since the spatial distance between the DCC-cyano groups and the 

terminal thiophenes of the oligomer backbone was increased, the attractive intramolecular 

interactions between the cyano functions and the sulfur atoms of the terminal thiophene-

units could not be formed as in the case of the DCV-capped co-oligomers 3-11 and 3-12. 

Hence, the planarizing effect of these intramolecular interactions was missing which most 

probably affected the film forming properties in a negative manner. In consideration of the 

above described conjunctures, the photovoltaic performance of 3-33 and 3-34 were not able 

to outperform 3-11 or 3-12. The reason for the mediocre photovoltaic performance of 3-33- 

and 3-34-based BHJSC were, besides the expected lower VOC in comparison to 3-11 and 3-12, 

the poor JSC and FF values. The source of the decreased VOC values was clearly the higher 

HOMO energy level of the DCC-substituted oligomers. The poor JSC values were obviously 

caused by the unfavorable absorption properties, as described above. Despite an increased 

LUMODonor-LUMOAcceptor-offset caused by an increased LUMO level in comparison to 3-11 and 

3-12 which should increase the driving force for exciton dissociation at the D/A-interface, 

the obtained short-circuit current densities did not exceed 4.6 mA cm-2. Due to the assumed 

inferior film-forming properties of 3-33 and 3-34 in the BHJ, fill factors beyond 55% could not 
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be reached. The response towards optimization through SVA was mixed. Whereas the device 

performance of 3-33- and 3-34-based solar cells exhibited a noticeable deterioration of all 

parameters upon SVA with chloroform, the efficiency was increased upon SVA with THF to 

1.91 and 1.62%, respectively. Another common feature of both isomers was the intense and 

quick response of the corresponding devices towards solvent vapor. In both cases, the best-

performing solar cells were obtained for the shortest annealing time of 15 s. The quick and 

impetuous response towards SVA made it impossible to further fine-tune the SVA-process 

and hence to achieve higher efficiencies. In conclusion, the replacement of the DCV-units by 

DCC-moieties in 3-33 and 3-34 has unfortunately to be regarded as not expedient in terms of 

further improving the photovoltaic performance in solution-processed BHJSC of 3-11 and 3-

12, respectively. 

 

3.5. Summary  

The purpose of this chapter was to demonstrate how subtle structural modifications can 

affect the optoelectronic properties and thus the photovoltaic performance of structurally-

defined A-D-A-type co-oligomers comprising a central DTP-moiety. In the course of this 

chapter, the interesting advances in the optimization of 3-11-based solution-processed 

BHJSCs as well as the unprecedented insights into the morphological processes during 

optimization of solar cells were presented. These results built the foundation for the 

development of novel co-oligomers 3-12 to 3-34 and the consecutive optimization of the 

corresponding BHJSCs. Structurally defined oligothiophenes 3-12 to 3-34 were synthesized 

following an approach, in which the distannylated central DTP-unit was coupled to the 

respective brominated bithiophene-acceptor blocks via Stille cross-coupling reactions in 

yields above 80%. All intermediates were obtained in good to excellent yields. It was possible 

to show how the replacement of DCV-acceptor units by DCC-moieties can have significant, 

and in this case negative, effects on the device performance, as demonstrated for 3-33 and 

3-34. Even the impact of the structural alteration on the supposedly predictable 

optoelectronic properties was unexpected. Despite great efforts, the photovoltaic 

performances of 3-33 and 3-34-based BHJSC (1.91% and 1.62%, respectively) could not reach 

efficiencies above 6%, set by 3-11-based devices. In the case of 3-12, however, it was 

rigorously proven how rational molecular design can expediently lead to enhanced 
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photovoltaic performance. The subtle alteration of the branching point position of the alkyl 

chain attached to the DTP-unit in 3-12 exhibited the anticipated superior film forming 

properties in the BHJ and the resulting increase in current densities and fill factors in solar 

cells, finally leading to an excellent efficiency of 8.2%. In conclusion, it can be stated that 

even slight modifications of the molecular structure can have a big impact on the device 

properties of an oligomer and must be assessed individually. 

 

3.6. Experimental Section 

3.6.1. General procedures 

1H-NMR spectra were recorded in deuterated solvents as specified in the synthetic 

procedures on a Bruker AMX 400 at 400 MHz or Bruker AMX 500 at 500 MHz. 13CNMR 

spectra were recorded on a Bruker AMX 400 at 100 MHz or Bruker AMX 500 at 125 MHz. 

Chemical shifts are denoted by a δ unit (ppm) and are referenced to corresponding residual 

solvent peaks of the utilized deuterated solvent. The splitting patterns are designated as 

follows: s (singlet), d (doublet), t (triplet), and m (multiplet). Mass spectra were recorded 

with a Varian Saturn 2000 GC-MS and with a MALDI-TOF MS Bruker Reflex III (trans-2-[3-(4-

tert-butylphenyl)-2-methyl-2-pro-penylidene]malononitrile (DCTB) as matrix). High 

resolution MALDI MS was measured on a Fourier Transform Ion Cyclotron Resonance (FT-

ICR) mass spectrometer solariX from Bruker Daltonics equipped with a 7.0 T superconducting 

magnet and interfaced to an Apollo II Dual ESI/MALDI source. CI-MS measurements were 

recorded on a Finnigan MAT, SSQ-7000. Melting points of the intermediates were 

determined with a Büchi B-545 melting point apparatus and are not corrected. Melting 

points of target compounds were measured via differential scanning calorimetric 

measurements (DSC) on a Mettler Toledo DSC823 e under argon atmosphere at a heating 

rate of 10 °C min. Gas chromatography was carried out using a Varian CP-3800 gas 

chromatograph. HPLC analyses were performed on a Merck Hitachi L7000 equipped with a 

L7455 photodiode array detector, a L7200 autosampler, and a L7100 solvent delivery system 

using a LiChrospher column (Nucleosil 100-5 NO2). Semi-preparative HPLC was performed on 

a Merck Hitachi 7000/Shimadzu CBM-20A equipped with a L7420/SPD-20A UV-vis detector 

and a L7150/LC-8A solvent delivery system using LiChrospher columns (Nucleosil 
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100-5 NO2). Thin-layer chromatography was carried out on Silica Gel 60 F254 aluminum 

plates (Merck). Solvents and reagents were purified and dried by usual methods prior to use 

and used under inert gas atmosphere. THF, DCM, diethyl ether, DMF, and toluene were 

purified and dried in an encapsulated solvent purification system, MBRAUN MB SPS-800. 

Preparative column chromatography was carried out using various glass columns packed 

either with silica gel (Macherey-Nagel MN Silica gel 60, particle size 0.063 – 0.2 mm) or flash 

silica gel (Macherey-Nagel MN Silica gel 60M, particle size 0.040 - 0.063 mm). Bio-Beads S-X1 

(BIO-RAD) was used for size-exclusion chromatography, in which DCM as eluent on a glass 

column of 2 m length and 30 mm in diameter was used. 

The following starting materials were purchased and used without further purification: 

diisopropylamine (Merck), sodium t-butoxide (Merck), zinc(II) chloride (Merck), copper(II) 

chloride (Merck), malononitrile (Aldrich), n-butyl lithium (ACROS), trimethyltin chloride 

(Aldrich), (±)-BINAP (Aldrich), tris(dibenzylideneacetone)-dipalladium(0) (Aldrich), benzyl 

bromide (Merck), 1,4-butane diole (Fluka), sodium hydride (Merck), chromium(VI) oxide, 

triethyl silane (Merck), triphenylphosphine (Merck), imidazole (Aldrich), sodium azide 

(Aldrich), lithiumaluminum hydride (Merck), cyclohexane-1,3-dione (Aldrich), iron(III) 

tosylate (Merck), 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxoborolane (Merck), 

phosphoroxy chloride (Merck), ammonium acetate (Merck), sodium phosphate (Merck), 

iodine (Merck), Pd/C (10%) (Merck), trifluoroacetic acid (Aldrich). 

Tetrakis(triphenylphosphine)palladium(0) was synthesized according to literature.[25] 

Optical and cyclic voltammetry measurements UV-vis spectra in DCM solution and thin film 

were taken on a Perkin-Elmer Lambda 19 spectrometer. Cyclic voltammetry experiments 

were performed with a computer-controlled Autolab PGSTAT30 potentiostat in a three-

electrode single compartment cell (5 mL). The platinum working electrode consisted of a 

platinum wire sealed in a soft glass tube with a surface of A = 0.785 mm2, which was 

polished down to 0.25 μm with Buehler polishing paste prior to use to guarantee 

reproducible surfaces. The counter electrode consisted of a platinum wire and the reference 

electrode was an Ag/AgCl reference electrode. All potentials were internally referenced to 

the ferrocene/ferricenium couple. For the measurements, concentrations of 10-3 M of the 

electroactive species were used in freshly distilled and deaerated DCM (Lichrosolv, Merck) 
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purified with an MB-SPS-800 and 0.1 M tetrabutylammonium hexafluorophosphate (n-

Bu)4NPF6 (Fluka; recrystallized twice from ethanol). 

 

Device fabrication 

In-house fabrication: PEDOT:PSS (Clevios P, VP.AI 4083 solution from Heraeus) was spin-

coated onto pre-cleaned, patterned ITO-coated glass from Naranjo Substrates (15 Ω cm-2), 

upon which 30-40 nm thick layers were obtained. Afterwards, the photoactive layer was 

spin-coated from a mixed solution loaded with donor and PC61BM or PC71BM (Solenne BV). 

Thin layers of LiF (~0.7 nm) and Al (~150 nm) were then deposited by vacuum evaporation at 

pressures <2 × 10-6 torr (Nano 36, Kurt J. Lesker Co.). The photoactive areas of the cells were 

0.09 and 0.16 cm² and no size dependence was observed. Solvent vapor annealing was 

carried out by dropping 100 µL of the corresponding SVA-solvent around the as-cast BHJ 

layer and sealing it with a Petri dish lid in that way that the film remained  for certain time in 

solvent atmosphere.  

External fabrication, Zentrum für Sonnenenergie- und Wasserstoff-Forschung (ZSW), 

Stuttgart: ITO-coated glass from VisionTec (14 Ω cm-2) was structured and plasma etched 

(Diener electronic, Pico) with Argon for 120 s at 30 W and a base pressure of 0.38 mbar. 

Then PEDOT:PSS (Clevios P VP.AI 4083 solution from Heraeus) which was diluted with 

deionized water in a 1:1-ratio was doctor-bladed and ~10 nm thick layers were obtained. 

Afterwards, the substrates were spin-coated (Laurell CZ-650 series) from chloroform 

solutions loaded with structurally defined co-oligomers and PC61BM or PC71BM (Solenne BV) 

leading to the photoactive layers. Thin layers of LiF (~0.7 nm) and Al (~100 nm) were then 

deposited by vacuum evaporation at 2 × 10-6 mbar (Univex 450, Leybold). The photoactive 

areas of the cells were between 0.07 and 0.25 cm² and no size dependence was observed. 

External fabrication; Centre Interdisciplinaire de Nanosciences de Marseille (CINAM): The 

solution-processable n-type semiconductor inks were prepared by transferring the as 

synthesized ZnO nanoparticles from methanol to isopropanol mixed with ethanolamine (0.2 

wt%) (EA). A thin layer of poly(3,4- PEDOT:PSS) (CLEVIOSTM AI 4083) was spin-coated on 

pre-cleaned ITO pre-coated glass substrate at the speed of 4000 rpm for 60 s followed by 

heating on a hot-plate at 140°C for 15 min. The substrates were then transferred to a 
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nitrogen filled glove box. The active blend layer, with a nominal thickness of 20 nm, was 

prepared by spin-coating blend solutions (CF, different D/A-mass ratios, whereas the 

concentration of the donor was kept constant at 5 mg mL−1) at 1800 rpm for 2 min. After a 

short drying step of 5 min. at 80 °C, SVA was used to modify the blend morphology. After 

this process, the ZnO nanoparticles in isopropanol and 0.2% (v/v) ethanol amine were spin-

coated on the top of active layers at 1500 rpm for 1 min and dried on a hot plate at 80°C for 

5 min. For processing the cathode, Al metal electrodes (100 nm) were thermally evaporated 

at 1×10−7 mbar through a shadow mask and the device area was 0.24 cm2.  

 

Current-voltage characterization 

Characterization of in-house fabricated devices: J-V characteristics were measured with a 

Oriel Instruments solar simulator (class AAA, AM 1.5G, 100 mWcm-²) and a Keithley 2400 

source meter. EQE was measured under monochromatic light from a 300 W Xenon lamp in 

combination with a 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. 

Characterization of externally fabricated devices; ZSW: J-V analysis was carried out with a 

WACOM 2-lamp solar simulator (class AAA, AM 1.5G, 100 mWcm-²) and a Keithley 2400 

current source measure unit. EQE measurements were performed using equipment from 

Optosolar. As light source a 100 W xenon lamp was used and the filtered monochromatic 

light was monitored with a Si-cell. A bias light with 0.1-0.2 sun was used. 

Characterization of externally fabricated devices, CINAM: The J–V characteristics of the 

devices were measured using a Keithley 238 Source Measure Unit inside the glove box using 

Lumtec substrates. Solar cell performance was measured by using a Newport class AAA 1.5 

Global solar simulator (Oriel Sol3ATMmodel n_ 94043A) with an irradiation intensity of 

100 mW cm-2. The light intensity was determined with a Si-reference cell (Newport 

Company, Oriel n_ 94043A) calibrated by National Renewable Energy Laboratory (NREL). 

Shadow masks were used to well-define the illuminated area to 0.24×1.0 cm2. EQE 

measurements were performed in air using a homemade setup consisting of a Keithley 238 
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Source Measure Unit and Newport monochromator. Light intensity was measured with a 

calibrated Si-diode from Newport Company. 

 

Thin layer thickness 

Film thicknesses were measured using a Dektak profilometer. 

 

Atomic force microscopy 

Topography and phase shift images of the photoactive layers were recorded with the help of 

a Bruker Nanoscope V AFM at ambient conditions in tapping mode. 

 

X-ray diffraction 

Diffraction patterns were measured in the Institute of Inorganic Chemistry II using a Bruker 

D8 diffractometer with a fixed incoming angle of 0.2° and a Cu Kα source. 

 

Kelvin probe force microscopy / Atomic force microscopy 

Measurements were performed under inert conditions on a Bruker Dimension ICON atomic 

force micro- scope equipped with a Nanoscope V controller. Imaging was carried out in 

tapping mode with platinum–iridium coated silicon cantilevers (SCM-PIT from Bruker). 

Measurements were performed on active layers spin coated on ITO glass with an 

intermediate PEDOT:PSS layer.  

 

Scanning transmission electron microscopy (STEM-SI)  

STEM-SI analyses were performed using HyperSpy (http://hyperspy.org), which is an open-

source library for treatment of multi-dimensional data sets. STEM measurements were 

performed with a Titan 60-300 microscope (FEI) at 120 kV equipped with an Enfinium 
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spectrometer (Gatan). Data sets of blends in lateral dimensions were recorded on samples of 

photoactive layers prepared on PEDOT:PSS. Floated on top of deionized water dissolved the 

PEDOT:PSS so that pieces of the oligomer:fullerene blends were captured by a standard grid 

covered with a holey carbon film (QUANTIFOIL®). Cross-sections were prepared from 

complete devices using a Helios Nanolab 650 (FEI). For STEM-SI imaging a scanning step size 

of 3 nm was chosen. 

 

3.6.2. Synthesis 

 

3,3’-Dibromo-2,2’-bithiophene (3-13)[18] 

DIPA (4.53 mL, 32.2 mmol, 1.05 eq.) was dissolved under argon in 50 mL dry THF which was 

cooled to 0°C before n-butyllithium (20.1 mL, 1.6 M, 32.2 mmol, 1.05 eq.) was added 

dropwise. The solution stirred for 1 h at 0°C. 3-bromothiophene (5.00 g, 30.7 mmol, 1.0 eq.) 

was added swiftly to the solution and the reaction mixture stirred for 4 h at 0°C. Zinc-II-

chloride (4.60 g, 33.7 mmol, 1.1 eq.) was added in one batch under an argon stream and the 

mixture stirred for 45 min. Finally, the reaction mixture was cooled to -60°C and copper-II-

chloride (4.95 g, 36.8 mmol, 1.2 eq.) was added in one batch and the suspension was stirred 

for 18 h while warming up to rt. Silica was added and the solvent was removed under 

reduced pressure. The crude product was filtered through a short column of flash silica, 

eluted with PE. The resulting brown oil was further purified via flash chromatography (SiO2, 

PE) to afford 3,3’-dibromo-2,2’-bithiophene 3-13 as a white solid (4.46 g, 13.8 mmol, 89.7% 

yield).  

 

Mp: 98-100 °C 

1H-NMR (400 MHz, CDCl3): δ [ppm] = 7.41 (d, 2H, H5,5’), 7.08 (d,2H, H4,4’). 

13C-NMR (100 MHz, CDCl3): δ [ppm] = 80.23, 78.30, 76.94, 62.05.  

The analytical data are in accordance with the literature data. 
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4-(Benzyloxy)butan-1-ol (3-15)[19] 

1,4-Butandiole 3-14 (44.8 mL, 0.50 mol, 2 eq.) was dissolved in 200 mL dry THF and was 

cooled to 0°C. Sodium hydride (10.1 g, 0.25 mol, 60%, 1 eq.) was added to the solution in 

batches over 30 min. Then, the ice bath was removed and the reaction was stirred for 14 h 

until the formation of hydrogen stopped. After cooling to 0°C again, benzyl bromide (30.0 

mL, 0.25 mol, 1 eq.) dissolved in 20 mL dry THF was added dropwise to the reaction mixture. 

The solution refluxed over night before it was quenched with cold water (150 mL). The 

organic phase was extracted with diethyl ether (3 x 200 mL) and the combined organic layers 

were dried over anhydrous NaSO4 before the solvent was removed under reduced pressure. 

The final product 3-15 was distilled at a pressure of 1.6·10-1 mbar at 129°C and was received 

as a colorless liquid (42.0 g, 0.23 mol, 93.3% yield).  

 

1H-NMR (400 MHz, CD2Cl2): δ [ppm] = 7.40 – 7.24 (m, 5H, H6-10), 4.50 (s, 2H, H5), 3.57 (t, J = 

6.2 Hz, 2H, H1), 3.49 (t, J = 6.1 Hz, 2H, H4), 1.74 – 1.58 (m, 4H, H2,3). 

13C-NMR (100 MHz, CDCl3): δ [ppm] = 138.16, 128.41, 127.71, 127.63, 73.03, 70.32, 62.70, 

30.14, 26.64.  

The analytical data are in accordance with the literature data. 

 

Ethyl 4-(benzyloxy)butanoate (3-16)[19] 

Chromium(VI)oxide (26.7 g, 267 mmol, 4.4 eq.) was added to 23 mL of concentrated sulfuric 

acid and the suspension was diluted to 100 mL with deionized water. The suspension was 

added dropwise to a solution of 4-(benzyloxy)butan-1-ol 3-15 (11.0 g, 61.0 mmol, 1 eq.) in 

200 mL acetone at 0°C. After stirring for 2 h at rt, the resulting mixture was vacuum filtered 

through a silica column and eluted with acetone. The solvent was evaporated and the 

residue was extracted with ethyl acetate (3 x 200 mL). The combined organic layers were 
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washed with brine (3 x 150 mL) and dried over anhydrous MgSO4. After the solvent was 

removed, the crude oil was dissolved in 100 mL ethanol and 2 mL of concentrated sulfuric 

acid were added before refluxing for 72 h. The reaction mixture was extracted with ethyl 

acetate (3 x 150 mL) and the organic layers were combined. The organic phase was washed 

subsequently with a NaHCO3-solution (200 mL), deionized water (200 mL), and brine (200 

mL) before it was dried over anhydrous MgSO4. The solvent was removed with the rotary 

evaporator before the product 3-16 was distilled at 120°C and 1.8·10-1 mbar (11.3 g, 50.7 

mmol, 83.0% yield). 

 

1H-NMR (400 MHz, CDCl3): δ [ppm] = 7.34 – 7.20 (m, 5H, H5-9), 4.47 (s, 2H, H4), 4.10 (q, J = 

7.1 Hz, 2H, H10), 3.48 (t, J = 6.2 Hz, 2H, H3), 2.41 (t, J = 7.4 Hz, 2H, H1), 1.97 – 1.89 (m, 2H, 

H2), 1.22 (t, J = 7.1 Hz, 3H, H11). 

13C NMR (100 MHz, CDCl3): δ [ppm] = 173.16, 138.20, 128.05, 127.29, 127.24, 72.50, 68.85, 

59.95, 30.78, 24.82, 13.92. 

The analytical data are in accordance with the literature data. 

 

7-[3-(Benzyloxy)propyl]tridecan-7-ol (3-17) 

Hexylmagnesiumbromide (48.5 g, 256 mmol, 2.5 eq.) was synthesized by carefully adding 1-

bromohexane (36.7 mL, 256.1 mmol, 2.5 eq.) to magnesium flakes (6.23 g, 256 mmol, 2.5 

eq.) submerged in 65 mL dry diethyl ether and refluxing for 4 h under argon. The reaction 

mixture was cooled to 0°C before butanoate 3-16 (22.8 g, 102 mmol, 1.0 eq.) was added 

dropwise. After stirring for 10 min at rt, the reaction mixture was refluxed for 18 h. Then, the 

mixture was cooled to 0°C and water (50 mL) and diethyl ether (50 mL) were added 

carefully. The solution was then neutralized with 2M hydrochloric acid. The layers were 

separated and the aqueous phase was extracted with diethyl ether (3 x 100 mL). The 

combined organic layers were washed with brine (3 x 100 mL) before drying over anhydrous 

MgSO4. The solvent was removed under reduced pressure and the resulting crude product 

was purified via flash chromatography (SiO2, DCM:EA 97:3). The desired alcohol 3-17  could 

be isolated as a colorless liquid (20.3 g, 58.1 mmol, 56.7% yield). 
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1H-NMR (400 MHz, CDCl3): δ [ppm] = 7.42 – 7.14 (m, 5H, H5-9), 4.49 (s, 2H, H4), 3.47 (t, J = 

6.3 Hz, 2H, H3), 1.71 – 1.61 (m, 2H, H2), 1.43 – 1.21 (m, 22H, H1-ε’), 0.90 (t, J = 6.7 Hz, 6H, 

Hζ,ζ’). 

13C-NMR (100 MHz, CDCl3): δ [ppm] = 138.23, 128.13, 127.39, 127.31, 73.70, 72.65, 70.79, 

39.02, 35.80, 31.76, 29.88, 23.71, 23.37, 22.55, 13.95. 

MS (CI): m/z [M+-H] = 346, [M+-Ph-CH2-O] = 242. 

 

{[(4-Hexyldec-3-en-1-yl)oxy]methyl}benzene (3-18) 

Tertiary alcohol 3-17 (20.3 g, 58.1 mmol, 1.0 eq.) was dissolved in 100 mL dry DCM, to which 

triethylsilane (11.1 mL, 69.7 mmol, 1.2 eq.) and trifluoroacetic acid (22.4 mL, 291 mmol, 5.0 

eq.) were added. After stirring for 16h at rt, the reaction was quenched by adding Na2CO3 

until no gas was formed anymore. The suspension was loaded onto a short silica gel column, 

eluted with DCM. Then, the solvent was removed under reduced pressure and the crude oil 

was purified via flash chromatography (SiO2, 5:2 PE:DCM) affording the desired product 3-18 

as a colorless oil (10.0 g, 30.3 mmol, 52.1% yield). 

 

1H-NMR (400 MHz, CD2Cl2): δ [ppm] = 7.37 – 7.25 (m, 5H, H5-9), 4.52 (s, 2H, H4), 3.49 (t, J = 

6.2 Hz, 2H, H3), 1.72 – 1.64 (m, 2H, H2), 1.56 – 1.29 (m, 21H, H1-ε’), 0.93 (t, J = 6.8 Hz, 6H, 

Hζ,ζ’). 

13C-NMR (100 MHz, CDCl3): δ [ppm] = 141.85, 138.33, 128.23, 127.50, 127.31, 75.73, 72.75, 

70.89, 39.11, 35.81, 31.85, 29.90, 23.72, 23.35, 22.57, 13.93. 

MS (CI): m/z [M++2H] = 332, [M+-Ph-CH2-O] = 223. 
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4-Hexyldecan-1-ol (3-19) 

Molecule 3-18 (1.38 g, 4.17 mmol) was dissolved in 50 mL ethyl acetate, to which 10% Pd/C 

(125 mg) was added carefully. The suspension was slowly purged with hydrogen for 18 h at 

rt. Afterwards, the suspension was filtered through a flash silica column, eluted with ethyl 

acetate. The solvent was evaporated under reduced pressure and the resulting crude liquid 

was purified via flash chromatography (SiO2, DCM) to afford the desired alcohol 3-19  as a 

colorless liquid (0.96 g, 3.97 mmol, 95.1% yield). 

 

1H-NMR (400 MHz, CDCl3): δ [ppm] = 3.16 (t, J = 7.1 Hz, 2H, H1), 1.84 – 1.75 (m, 2H, H2), 1.35 

– 1.22 (m, 23H, H3,4,α-ε’), 0.89 (t, J = 6.9 Hz, 6H, Hζ,ζ’). 

13C NMR (100 MHz, CDCl3): δ [ppm] = 63.31, 37.38, 33.71, 32.07, 29.96, 29.94, 29.71, 26.76, 

26.74, 22.82, 14.16. 

MS (CI): m/z [M+-H] = 241, [M+-OH] = 225. 

 

4-Hexyldecyl-1-iodide (3-20) 

4-Hexyldecanol 3-19 (962 mg, 3.97 mmol, 1.0 eq.), imidazole (351 mg, 5.16 mmol, 1.3 eq.), 

and triphenylphosphine (1.35 g, 5.16 mmol, 1.3 eq.) were dissolved in 250 mL DCM at rt. The 

solution was cooled to 0°C and iodine (1.31 g, 5.16 mmol, 1.3 eq.) was slowly added. The ice 

bath was removed and the reaction mixture stirred at rt for 18 h. The reaction was 

terminated by the addition of a saturated thiosulphate solution and the phases were 

separated. The aqueous phase was extracted with DCM (3 x 150 mL) before the combined 

organic layers were subsequently washed with deionized water (3 x 100 mL) and brine (3 x 

100 mL). After removing the solvent under reduced pressure, the crude product was purified 

via flash chromatography (SiO2, PE). 1-Iodo-4-hexyldecan 3-20 was obtained as a colorless 

liquid (1.35 g, 3.83 mmol, 96.5% yield). 
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1H-NMR (400 MHz, CDCl3): δ [ppm] = 3.58 (t, J = 6.8 Hz, 2H, H1), 1.56 – 1.45 (m, 2H, H2), 1.29 

– 1.21 (m, 23H, H3,4,α-ε’), 0.86 (t, J = 6.9 Hz, 6H, Hζ,ζ’). 

13C-NMR (100 MHz, CDCl3): δ [ppm] = 37.32, 36.85, 36.25, 34.68, 33.83, 33.72, 32.12, 32.07, 

31.06, 30.00, 29.90, 26.80, 26.75, 22.85, 19.96, 14.70, 14.26, 7.58. 

MS (EI): m/z [M+] = 352. 

 

4-Hexyldecyl-1-azide (3-21) 

1-Iodo-4-hexyldecane 3-20 (7.57 g, 21.5 mmol, 1.0 eq.) was dissolved in dry DMF in an argon 

atmosphere and sodium azide (6.70 g, 103 mmol, 4.8 eq.) was added in batches. The 

suspension stirred at 85°C for 4 h. DMF was removed by vacuum distillation and the raw 

product was extracted with PE (3 x 200 mL). The combined organic layers were washed with 

brine (3 x 100 mL) and dried over anhydrous Na2SO4. The solvent was removed under 

reduced pressure to give the pure 4-hexyldecylazide 3-21 as a colorless liquid (5.10 g, 19.1 

mmol, 88.7% yield).  

 

1H-NMR (400 MHz, CDCl3): δ [ppm] = 3.23 (t, J = 7.0 Hz, 2H, H1), 1.63 – 1.52 (m, 2H, H2), 1.36 

– 1.19 (m, 23H, H3,4,α-ε’), 0.89 (t, J = 6.9 Hz, 6H, Hζ,ζ’). 

13C NMR (100 MHz, CDCl3) δ [ppm] = 52.02, 37.24, 33.65, 32.07, 30.71, 29.91, 26.72, 26.20, 

22.84, 14.19. 

MS (CI): m/z [M+-N2] = 239. 

 

4-Hexyldecyl-1-amine (3-22) 

Lithium aluminium hydride (1.09 g, 28.7 mmol, 1.5 eq.) was added to a solution of 4-

hexyldecyl-1-azide 3-21 (5.12 g, 19.1 mmol, 1.0 eq.) in 350 mL dry diethyl ether. After 

refluxing for 1 h, moist diethyl ether (50 mL) was added followed by the addition of a 15% 

aqueous sodium hydroxide solution (50 mL). The layers were separated before the organic 

phase was washed with brine (1 x 50 mL) and deionized water (3 x 150 mL). After drying over 
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anhydrous magnesium sulphate and evaporation of the solvent, 4-hexyldecylamine 3-22 was 

obtained as a colorless liquid (3.98 g, 16.5 mmol, 86.1% yield). 

 

1H-NMR (400 MHz, CDCl3): δ [ppm] = 2.61 – 2.57 (t, J = 7.0 Hz, 2H, H2), 1.34 (m, 2H, H3), 1.23 

– 1.14 (m, 23H, H4,5,α-ε’), 1.06 (s, 2H, H1), 0.82 (t, J = 6.9 Hz, 6H, Hζ,ζ’). 

13C-NMR (100 MHz, CDCl3): δ [ppm] = 42.70, 37.37, 37.25, 36.18, 33.76, 33.70, 32.03, 30.88, 

30.76, 29.92, 29.89, 26.72, 22.79, 19.89, 14.62, 14.19. 

HR-MS (ESI): m/z [M++H] = 242.28428 (calc. for C16H36N: 242.28478); δm/m = 2.06 ppm 

 

N-(4-Hexyldecyl)dithieno[3,2-b:2’,3’-d]pyrrole (3-23) 

3,3’-Dibromo-2,2’-bithiophene 3-13 (2.60 g, 8.02 mmol ,1.0 eq.), sodium-tert-butoxide (1.85 

g, 19.25 mmol, 2.4 eq.), BINAP (0.52 g, 0.80 mmol, 0.1 eq.), and Pd2dba3·CHCl3 (208 mg, 

0.24 mmol, 0.03 eq.) were mixed in 20 mL dry toluene and the suspension was purged with 

argon for 15 min. 4-Hexyldecylamine (2.00 g, 8.26 mmol, 1.03 eq.) was added and the 

mixture stirred at 110°C for 18 h. After cooling, water was added and the organic layer was 

separated. The aqueous phase was extracted with diethyl ether (3 x 150 mL). The combined 

organic layers were dried over anhydrous Na2SO4 and the solvent was removed under 

reduced pressure. Finally the crude product was purified by column chromatography (SiO2, 

5:3 PE:DCM) to afford product 3-23 as a colorless oil (3.04 g, 7.53 mmol, 93.8% yield). 

 

1H-NMR (400 MHz, CD2Cl2): δ [ppm] = 7.17 (d, J = 5.3 Hz, 2H, H2,6), 7.05 (d, J = 5.3 Hz, 2H, 

H3,5), 4.20 (t, J = 7.2 Hz, 2H, Hα), 1.90 (qui, J = 7.3 Hz, 2H, Hβ), 1.38 – 1.25 (m, 23H, Hγ-ι’), 

0.97 (t, J = 7.0 Hz, 6H, Hκ,κ’). 



 

 135 
 

 A-D-A-type Oligothiophenes for solution-processed Bulk Heterojunction Solar Cells 

13C-NMR (100 MHz, CDCl3): δ [ppm] = 144.99, 122.77, 114.73, 111.02, 47.89, 37.08, 33.55, 

32.02, 30.78, 29.85, 27.39, 26.65, 22.84, 14.27. 

MS (CI): m/z [M++H] = 404. 

 

2,5’-Bis(trimethylstannyl)-N-(4-hexyldecyl)dithieno[3,2-b:2’,3’-d]pyrrole (3-24) 

DTP 3-23 (1.08 g, 2.66 mmol, 1.0 eq.) was dissolved in 15 mL dry THF in an argon 

atmosphere and the solution was cooled to -78°C. N-Butyl lithium (1.6 M, 3.99 mL, 6.39 

mmol, 2.4 eq.) was added dropwise and the solution stirred 1h at -78°C, then was warmed 

up to 0°C and stirred again for 1 h. The reaction mixture was cooled to -78°C and 

trimethylstannyl chloride (1.33 g, 6.66 mmol, 2.5 eq.) dissolved in 5 mL dry THF was swiftly 

added. The mixture stirred for 2.5 h at -78°C before the reaction was terminated by adding 

petroleum spirit (30 mL) and washing with deionized water (3 x 50 mL). The solvent was 

evaporated under reduced pressure and afforded product 3-24 as a dark green liquid (1.94 g, 

2.65 mmol, 100% yield). The product was used without further purification. 

 

1H-NMR (400 MHz, THF-d2): δ [ppm] = 7.11 (s, 2H, H3,5), 4.23 (t, J = 7.1 Hz, 2H, Hα), 1.91 – 

1.81 (m, 2H, Hβ), 1.34 – 1.19 (m, 23H, Hγ-ι’), 0.88 (t, J = 6.9 Hz, 6H, Hκ,κ’), 0.38 (s, 18H, H2,6). 

13C-NMR (100 MHz, CD2Cl2): δ [ppm] = 147.92, 141.23, 135.45, 120.02, 118.0, 49.25, 36.22, 

34.44, 30.82, 29.65, 29.41, 30.03, 29.11, 29.01, 26.93, 26.33, 22.23, 14.00, 8.12. 

 

2-(3-Hexyl-thien-2-yl)-4,4,5,5-tetramethyl-[1,3,2]-dioxoborolane (3-27)[22] 

N-Butyl lithium (1.6 M, 12.8 mL, 20.5 mmol, 1.05 eq.) was added dropwise to a solution of 

2-bromo-3-hexylthiophene 3-26 (4.84 g, 19.6 mmol, 1.0 eq.) in 20 mL dry THF at -78°C. After 

stirring for 1 h at -78°C, the reaction was quenched by adding 2-isopropoxy-4,4,5,5-
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tetramethyl-1,3,2-dioxaborolane. The reaction mixture stirred at -78°C for further 2 h, 

before the cooling bath was removed and the yellow suspension warmed up to rt while 

stirring. Then, the reaction mixture was poured into 150 mL of a saturated NH4Cl-solution. 

The organic layer was separated and the aqueous phase was extracted with diethyl ether (3 

x 150 mL). The combined organic layers were washed twice with deionized water and dried 

over anhydrous Na2SO4. The solvent was removed under reduced pressure and afforded 

boronic ester 3-27 as a pale yellow liquid (5.92 g, 17.1 mmol, 87.4% yield). The product was 

used in the following reaction without further purification 

 

1H-NMR (400 MHz, CDCl3): δ [ppm] = 7.23 (d, J = 4.7 Hz, 1H, H5), 6.76 (d, J = 4.7 Hz, 1H, H4), 

2.67 – 2.61 (m, 2H, Hα), 1.33-1.23 (m, 2H, CH2, Hβ), 1.10 – 1.03 (m, 18H, Hγ-ε,η-η’’’), 0.64 (t, 

J = 6.6 Hz, 3H, Hζ). 

13C-NMR (100 MHz, CDCl3): δ [ppm] = 154.80, 131.39, 130.39, 83.60, 31.88, 31.77, 30.20, 

29.06, 24.88, 22.73, 14.25. 

The analytical data are in accordance with the literature data. 

 

5’-Bromo-3,4’-dihexyl-2,2’-bithiophene (3-29)[22] 

A solution of 2-bromo-3-hexyl-5-iodothiophene 3-28 (1.00 g, 2.68 mmol, 1.0 eq.), which was 

synthesized by A. Mishra from the institute, in 50 mL technical-grade DME was purged with 

argon for 20 min, before Pd2dba3 (123 mg, 134 µmol, 0.05 eq.) and tri-tert-

butylphosphonium tetrafluoroborat (77.8 mg, 268 µmol, 0.1 eq.) were added. After 

degassing, the mixture was stirred for 10 min at rt. Then, 2-(3-hexyl-thien-2-yl)-4,4,5,5-

tetramethyl-[1,3,2]-dioxoborolane 3-27 (0.79 g, 2.68 mmol, 1.0 eq.) and a 2M aqueous 

K3PO4-solution (8.04 mL, 16.1 mmol, 6.0 eq.) were added. The reaction mixture was 

degassed again and refluxed for 18 h. The mixture was poured into deionized water and the 

organic layer was separated, while the aqueous phase was extracted with diethyl ether (3 x 
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150 mL). The combined organic layers were dried over anhydrous Na2SO4 and the solvent 

was evaporated under reduced pressure. The resulting crude product was purified by flash 

chromatography (SiO2, PE) to obtain the desired bithiophene 3-29 as a pale yellow liquid 

(904 mg, 2.19 mmol, 81.6% yield).  

 

1H-NMR (400 MHz, CDCl3): δ [ppm] = 7.16 (d, J = 5.2 Hz, 1H, H5), 6.91 (d, J = 5.2 Hz, 1H, H4), 

6.79 (s, 1H, H3’), 2.73 – 2.67 (m, 2H,Hα’), 2.58 – 2.53 (m, 2H,Hα), 1.60 (m, 4H, Hβ,β’), 1.37 – 

1.29 (m, 12H, Hγ-ε,γ’-ε’), 0.91 – 0.86 (m, 6H, Hζ,ζ’) 

13C-NMR (100 MHz, CDCl3): δ [ppm] = 142.5, 140.1, 135.9, 130.2, 130.1, 127.0, 124.1, 108.7, 

31.8, 30.8, 29.8, 29.7, 29.3, 29.2, 29.1, 22.8, 14.3. 

The analytical data are in accordance with the literature data. 

 

5’-Bromo-3,4’-dihexyl-[2,2’-bithien-5-yl]-5-carbaldehyde (3-30)[22] 

LDA was prepared by adding n-BuLi (2.71 mL, 4.34 mmol, 1.6M, 1.0 eq.) in a solution of DIPA 

(0.61 mL, 4.34 mmol, 1.0 eq.) in 20 mL of anhydrous THF at -78 °C. The mixture was stirred 

30 min at -78 °C and 30 min at 0 °C. Bithiophene 3-29 (1.80 g, 4.34 mmol, 1.0 eq.) was 

dissolved in anhydrous THF and cooled to -78 °C. LDA was added dropwise to the 

aforementioned solution and the mixture stirred for 1 h at -78°C. The reaction mixture was 

quenched with 1 mL anhydrous DMF and stirred over night, warming up to rt. After adding 

water, the mixture was extracted with diethyl ether (3 x 100 mL). The organic layers were 

combined and dried over anhydrous Na2SO4. After the evaporation of the solvent, the crude 

product was purified via flash chromatography (SiO2, 3:2 PE/DCM). The aldehyde 3-30 was 

obtained as a yellow liquid (1.42 g, 3.22 mmol, 74.2% yield). 



 

138  
 

 Chapter 3 

 

1H-NMR (400 MHz, CDCl3): δ [ppm] = 9.82 (s, 1H, CHO), 7.57 (s, 1H, H4), 6.96 (s, 1H, H3’), 

2.78 – 2.70 (m, 2H, Hα’), 2.61 – 2.52 (m, 2H, Hα), 1.70 – 1.57 (m, 4H, Hβ,β’), 1.41 – 1.29 (m, 

12H, Hγ-ε,γ’-ε’), 0.89 (t, J = 6.7 Hz, 6H, Hζ,ζ’). 

13C-NMR (100 MHz, CDCl3): δ [ppm] = 182.6, 143.0, 140.5, 140.4, 138.8, 134.3, 128.3, 111.2, 

31.6, 30.3, 29.6, 29.5, 29.2, 29.1, 28.9, 22.6, 14.1, 14.1. 

The analytical data are in accordance with the literature data. 

 

2-((5’-Bromo-3,4’-dihexyl-[2,2’-bithien-5-yl])methane-1-yl-1-ylidine)malononitrile(3-25)[22] 

Aldehyd 3-30 (1.27 g, 2.88 mmol, 1.0 eq.), ammonium acetate (11.1 g, 0.14 mol, 50 eq.), and 

malononitrile (9.50 g, 0.14 mol, 50 eq.) were dissolved in 50 mL technical grade DCE and 

refluxed for 18 h. The reaction was terminated by the addition of 100 mL of deionized water. 

The layers were separated and the aqueous phase was extracted with DCM (3 x 150 mL). The 

organic layers were combined and dried over anhydrous Na2SO4. The solvent was removed 

under reduced pressure and the crude product was purified via flash chromatography (1:1 

DCM/PE). After recrystallization from ethanol, the desired product 3-25 could be obtained as 

an orange solid (1.31 g, 2.67 mmol, 92.7% yield). 
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1H-NMR (400 MHz, CDCl3): δ [ppm] = 7.70 (s, 1H, DCV-H), 7.51 (s, 1H, H4), 7.05 (s, 1H, H3’), 

2.75 (m, 2H, Hα’), 2.58 (m, 2H, Hα), 1.66-1.60 (m, 4H, Hβ,β’), 1.38-1.27 (m, 12H, Hγ-ε,γ’-ε’), 

0.91-0.88 (m, 6H, Hζ,ζ’). 

13C-NMR (100 MHz, CDCl3): δ [ppm] = 150.1, 143.4, 143.1, 141.6, 140.8, 133.4, 132.2, 129.1, 

31.5, 31.4, 30.1, 29.7, 29.5, 29.1, 28.9, 22.6, 22.5, 14.1, 14.0.  

The analytical data are in accordance with the literature data. 

 

2,2'-{(N-(4-Hexyldecyl)dithieno[3,2-b:2’,3’-d]pyrrole-2,6-diyl)bis[(3,4'-dihexyl-2,2'-bithien-

5,5'-diyl)bis(methane-1-yl-1-ylidine)]}dimalononitrile (3-12) 

Distannyl 3-24 (300 mg, 0.41 mmol, 1.0 eq.), bithiophene 3-25 (483 mg, 0.99 mmol, 2.4 eq.), 

and tetrakis(triphenylphosphine)palladium(0) (19.0 mg, 26.5 µmol, 0.04 eq.) were mixed in 

20 mL dry DMF and the mixture was purged with argon for 20 min. The reaction mixture was 

stirred at 85°C for 18h. The reaction was cooled to rt before the product was precipitated 

with methanol. The suspension was filtered and the residue was washed with large amounts 

of methanol. The solid was dissolved in DCM and the solution was washed with deionized 

water (3 x 150 mL). After drying over anhydrous Na2SO4, the solvent was evaporated under 

reduced pressure and the crude product was purified via flash chromatography (SiO2, 2:1 

DCM:PE). The desired oligomer 3-12 could be isolated as dark purple solid (419 mg, 0.34 

mmol, 83.4% yield). 

 

Mp: 174-178°C 

1H-NMR (400 MHz, CDCl3): δ [ppm] = 7.67 (s, 2H, DCV-H), 7.50 (s, 2H, H4’’), 7.22 (s, 2H, H4’), 

7.09 (s, 2H, H3), 4.21 (t, J = 6.9 Hz, 2H, Hα), 2.85 (m, 8H, Hλ,λ’), 1.95 – 1.84 (m, 2H, Hβ), 1.77 
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– 1.65 (m, 8H, Hµ,µ’), 1.49 – 1.16 (m, 47H,Hγ-ο’), 0.91 (m, 12H; Hπ,π’), 0.83 (t, J = 6.8 Hz, 6H, 

Hκ,κ’). 

13C-NMR (100 MHz, CDCl3): δ [ppm] = 149.93, 144.94, 144.19, 142.13, 140.60, 140.42 136.04, 

133.21, 132.02, 131.71, 131.64, 115.88, 114.63, 113.73, 109.95, 75.54, 53.57, 48.05, 37.13, 

33.57, 32.02, 31.80, 31.71, 30.85, 30.71, 30.08, 29.86, 29.68, 29.49, 29.44, 29.29, 27.40, 

26.68, 22.79, 22.73, 14.22. 

HR-MS (MALDI-TOF): m/z [M+] = 1219.57431 (calc. for C72H93N5S6: 1219.57498);       

δm/m = 0.55 ppm 

 

3-Methoxycyclohex-2-en-1-one (3-41)[26] 

 

1,3-Cyclohexandione 3-40 (5.0 g, 44.6 mmol, 1.0 eq.) was dissolved in 300 mL absolute 

methanol, which was dried over magnesium flakes prior to the use in the reaction. Iron-III-

tosylate (1.51 g, 2.23 mmol, 0.05 eq.) was added to the aforementioned solution and the 

mixture refluxed for 4 h under an argon atmosphere. As a reaction control via TLC unveiled a 

complete absence of the starting material, the reaction was terminated and cooled down to 

room temperature. After the addition of 50 mL of a saturated NaHCO3 solution, the reaction 

mixture was extracted with DCM (3 x 150 mL) and the organic phases were combined before 

drying over anhydrous Na2SO4. The suspension was filtered and the solvent was removed 

under reduced pressure. The crude product was purified via column chromatography (SiO2, 

1:1 DCM/EA) and 3-methoxycyclohex-2-en-1-one 3-41 could be isolated as an orange liquid 

(5.37 g, 42.6 mmol, 95.5% yield). 

1H-NMR (400 MHz, CDCl3): δ [ppm] = 5.33 (s, 1H, H1), 3.65 (s, 3H, H5), 2.37 (t, J = 6.3 Hz, 2H, 

H2), 2.30 (t, J= 6.3 Hz, 2H, H4), 1.98 – 1.90 (m, 2H, H3). 

13C-NMR (100 MHz, CDCl3): δ [ppm] = 200.79, 179.77, 102.24, 55.86, 36.64, 28.94, 21.24. 

The analytical data are in accordance with the literature data. 
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3-(5’-Bromo-3,4’-dihexyl[2,2’-bithien]-5-yl)cyclohex-2-en-1-one (3-42) 

LDA was prepared shortly before conducting the reaction by adding an eq.uimolar amount 

of n-butyl lithium to freshly distilled DIPA in dry THF under an argon atmosphere at -78°C 

and subseq.uent stirring at 0°C for 45 min. LDA (0.84 g, 7.85 mmol, 2.0 eq.) was dissolved in 

20 mL dry THF and was cooled to -78°C under an argon atmosphere. Bithiophene 3-29 (1.91 

g, 3.93 mmol, 1.0 eq.) was dissolved in 2 mL of dry THF and was added dropwise to the 

aforementioned solution. After stirring for 1.5 h at -78°C, 2-methoxycyclohex-2-enone 3-41 

(2.48 g, 19.6 mmol, 5.0 eq.) was dissolved in 2 mL dry THF and was added swiftly to the 

reaction mixture. The cooling bath was removed and the reaction solution stirred for 18 h. 

After quenching with brine, the organic layer was separated and the aqueous phase was 

extracted with DCM (3 x 150 mL). The combined organic layers were dried over anhydrous 

Na2SO4 and the solvent was removed under reduced pressure. The crude product was 

subjected to column chromatography (SiO2, PE) in order to separate unreacted starting 

material. The remaining crude product was obtained by changing the eluent to pure ethyl 

acetate. The crude product still contained considerable amounts of 3-41, which was used in 

excess. 3-Methoxycyclohex-2-en-1-one 3-41 could be regained by heating the crude product 

to 60°C at reduced pressure (app. 5 x 10-2 mbar) and trapping it in a cold trap (-78°C). The 

desired product 3-42 was obtained as a green-yellow liquid (1.26 g, 2.49 mmol, 63.3% yield). 

 

1H-NMR (400 MHz, CDCl3): δ [ppm] = 7.18 (s, 1H, H1), 6.85 (s, 1H, H5), 6.36 (s, 1H, H6), 2.74 

(t, J = 5.6 Hz, 2H, H2), 2.71 – 2.66 (m, 2H, Hα’), 2.58 – 2.53 (m, 2H, Hα), 2.48 – 2.43 (m, 2H, 

H4), 2.17 – 2.09 (m, 2H, H3), 1.65 – 1.55 (m, 4H, Hβ,β’), 1.38 – 1.28 (m, 12H, Hγ-ε,γ’-ε’), 0.92 

– 0.86 (m, 6H, Hζ,ζ’). 
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13C-NMR (100 MHz, CDCl3): δ [ppm] = 200.60, 156.24, 152.68, 144.33, 141.06, 140.35, 

137.20, 135.59, 134.56, 132.31, 118.18, 112.94, 31.61, 31.44, 30.19, 29.62, 29.66, 29.49, 

29.23, 29.55, 29.89, 28.02, 22.51, 21.30, 14.33, 14.30. 

HR-MS (MALDI-TOF): m/z [M+] = 506.13221 (calc. for C26H35BrOS2: 506.13127);     

δm/m: 1.86 ppm 

 

[3-(5’-Bromo-3,4’-dihexyl[2,2’-bithien]-5-yl)cyclohex-2-en-1-yliden]dimalononitrile (3-43) 

Ketone 3-42 (914 mg, 1.80 mmol, 1.0 eq.), ammonium acetate (2.76 g, 36.0 mmol, 20 eq.), 

and malononitrile (2.38 g, 36.0 mmol, 20 eq.) were dissolved in 250 mL technical grade DCE 

and refluxed for 18 h. A reaction control via TLC unveiled the presence of considerable 

amounts of starting material and therefore, another 20 eq.uivalents of ammonium acetate 

and malononitrile were added to the reaction mixture, which refluxed for an additional 48 h. 

Since no starting material could be detected with a second reaction control, the reaction was 

terminated by the addition of 250 mL of deionized water. The layers were separated and the 

aqueous phase was extracted with DCM (3 x 150 mL). The organic layers were combined and 

dried over anhydrous Na2SO4. The solvent was removed under reduced pressure and the 

crude product was purified via flash chromatography (SiO2, 3:5 DCM/PE). The desired 

product 3-43 could be obtained as a red solid (972 mg, 1.75 mmol, 97.2% yield).  

 

1H-NMR (400 MHz, CDCl3): δ [ppm] = 7.28 (s, 1H, H5), 7.08 (s, 1H, H6), 6.92 (s, 1H, H1), 2.82 – 

2.75 (m, 4H, Hα,α’), 2.74 – 2.68 (m, 2H, H2), 2.60 – 2.53 (m, 2H, H4), 2.04 – 1.94 (m, 2H, H5), 

1.63 – 1.58 (m, 4H, Hβ,β’), 1.43 – 1.28 (m, 12H, Hγ-ε,γ’-ε’), 0.89 (t, J = 6.6 Hz, 6H, Hζ,ζ’). 
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13C-NMR (100 MHz, CDCl3): δ [ppm] = 169.23, 150.30, 143.19, 141.35, 139.70, 136.26, 

134.70, 131.94, 128.00, 118.44, 113.89, 113.13, 110.87, 31.82, 31.81, 30.64, 29.85, 29.73, 

29.69, 29.41, 29.35, 29.15, 28.10, 22.83, 21.51, 14.33, 14.31. 

HR-MS (MALDI-TOF): m/z [M+] = 554.14128 (calc. for C29H35BrN2S2: 554.14250);     

δm/m = 2.20 ppm 

 

N-(2-Hexyldecyl)dithieno[3,2-b:2’,3’-d]pyrrole (3-44) [7] 

3,3’-Dibromo-2,2’-bithiophene 3-13 (1.80 g, 5.55 mmol, 1.0 eq.), BINAP (357 mg, 0.56 mmol, 

0.1 eq.), sodium-tert-butoxide (1.28 g, 13.3 mmol, 2.4 eq.), and Pd2dba3·CHCl3 (131 mg, 0.14 

mmol, 0.03 eq.) were mixed in 20 mL dry toluene. After purging with argon for 15 min, 2-

hexyldecylamine (1.40 g, 5.80 mmol, 1.04 eq.) was added and the mixture stirred at 110°C 

for 18 h. After cooling to rt, water (50 mL) was added and the layers were separated. The 

aqueous phase was extracted with diethyl ether (3 x 150 mL). The combined organic layers 

were dried over anhydrous Na2SO4 and the solvent was removed under reduced pressure. 

Finally the crude product was purified by column chromatography (SiO2, PE) to afford DTP 

3-44 as a pale yellow oil (2.20 g, 5.44 mmol, 97.9% yield). 

 

1H-NMR (400 MHz, CDCl3): δ [ppm] = 7.12 (d, 2H, J = 5.3 Hz, H2,6), 6.97 (d, 2H, J = 5.3 Hz, 

H3,5), 4.06 (d, 2H, J = 7.3 Hz, Hα), 1.23 – 1.35 (m, 25H,Hβ-η’), 0.88 (t, 3H, J = 6.9 Hz, Hθ’), 

0.86 (t, 3H, J = 7.0 Hz, Hκ). 

13C-NMR (100 MHz, CD2Cl2): δ [ppm] = 145.42, 122.81, 114.65, 111.22, 51.85, 39.20, 32.00, 

31.92, 31.72, 31.71, 30.01, 29.70, 29.64, 29.40, 26.56, 26.54, 22.81, 22.75, 14.27, 14.24. 

The analytical data are in accordance with the literature data. 
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2,5’-Bis(trimethylstannyl)-N-(2-hexyldecyl)dithieno[3,2-b:2’,3’-d]pyrrole (3-45)[7] 

DTP 3-44 (1.15 g, 2.85 mmol, 1.0 eq.) was dissolved in 15 mL dry THF in an argon 

atmosphere and the solution was cooled to -78°C. N-Butyl lithium (4.45 mL, 7.12 mmol, 1.6 

M, 2.5 eq.) was added dropwise and the solution stirred 1h at -78°C, before warming up to 

0°C and stirring again for 1 h. The reaction mixture was cooled to -78°C and trimethylstannyl 

chloride (1.42 g, 7.12 mmol, 2.5 eq.) dissolved in 5 mL dry THF was added swiftly. The 

mixture stirred for 2.5 h at -78°C before the reaction was terminated by adding PE (30 mL) 

and washing with deionized water (3 x 50 mL). The solvent was evaporated under reduced 

pressure and afforded distannyl 3-45 as a dark green liquid (2.07 g, 2.83 mmol, 100% yield). 

The product was used without further purification. 

 

1H-NMR (400 MHz, CD2Cl2): δ [ppm] = 6.97 (s, 2H, H3,5), 4.04 (d, 2H, J = 7.2 Hz, Hα), 1.30 – 

1.24 (m, 25H, Hβ-η’), 0.87 (m, 6H, Hθ’,κ), 0.40 (s, 18H, H2,6).  

13C-NMR (100 MHz, CDCl3): δ [ppm] = 148.23, 141.74, 135.42, 120.13, 118.01, 51.53, 38.94, 

31.92, 31.83, 31.64, 31.43, 30.03, 29.62, 29.43, 26.31, 26.22, 22.71, 14.13, 8.10. 

The analytical data are in accordance with the literature data. 

 

2,2’-{[N-(2-hexyldecyl)dithieno[3,2-b:2’,3’-d]pyrrole-2,6-diyl]bis[(3,4’-dihexyl[2,2’-bithien]-

5’,5-diyl)cyclohex-1-en-1-yl-3-yliden]}dimalonoinitrile (3-33) 

Distannyl 3-45 (100 mg, 134 µmol, 1.0 eq.), DCC-bithiophene 3-43 (179 mg, 323 µmol, 2.4 

eq.), Pd(PPh3)4 were dissolved in 10 mL dry DMF. The mixture was purged with argon for 15 

min, sealed, and stirred at 80°C for 18 h. Then, the mixture was cooled to rt and was treated 

with methanol which caused a precipitation of the crude product. The black solid was 

filtered and washed with large amounts of methanol. The filtrate was extracted with DCM (3 

x 100 mL), washed with brine, and the volume was reduced to approximately 5 mL. The 
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remaining crude product was precipitated again with methanol and was filtered. The solid 

fractions were combined and purified via flash chromatography (SiO2, 1:3 PE/DCM) affording 

the desired product as a dark purple solid. MS measurements unveiled small amounts of the 

dimeric by-product, which was not detectable via 1H-NMR. The dimeric impurity could be 

successfully separated by SEC chromatography and DCM as eluent. The final oligomer 3-33 

could be obtained as a dark purple solid (161 mg, 119 µmol, 89% yield).  

 

Mp: 168-170°C 

1H-NMR (400 MHz, CDCl3): δ [ppm] = 7.31 (s, 2H, H4’’), 7.11 (s, 2H, H4’), 7.10 (s, 2H, H3), 7.04 

(s, 2H, H5), 4.08 (d, J = 6.6 Hz, 2H, Hα), 2.80 (d, J = 6.5 Hz, 16H, H6,8,λ,λ’), 2.06 – 1.95 (m, 5H, 

H7,β), 1.69 (dt, J = 23.8, 7.8 Hz, 8H, Hµ,µ’), 1.52 – 1.08 (m, 48H, Hγ-ι,γ’-η’,ν-ο,ν’-ο’), 0.92 – 

0.88 (m, 12H, Hπ,π’), 0.85 – 0.82 (m, 6H, Hκ,θ’). 

13C-NMR (100 MHz, CDCl3): δ [ppm] = 161.04, 150.22, 145.03, 141.04, 140.17, 139.18, 

137.02, 134.03, 133.87, 132.15, 130.15, 118.17, 115.50, 113.89, 113.15, 109.82, 89.97, 

52.01, 39.24, 32.02, 31.91, 31.85, 31.75, 30.78, 30.48, 30.07, 29.79, 29.73, 29.66, 29.51, 

29.43, 29.38, 29.28, 28.02, 26.63, 26.61, 22.80, 22.75, 21.46, 14.23. 

HR-MS (MALDI-TOF): m/z [M+] = 1351.66710 (calc. for C82H105N5S6: 1351.66888);     

δm/m = 1.32 ppm 

 

2,2’-{[N-(4-hexyldecyl)dithieno[3,2-b:2’,3’-d]pyrrole-2,6-diyl]bis[(3,4’-dihexyl[2,2’-

bithiophene]-5’,5-diyl)cyclohex-1-en-1-yl-3-yliden]}dimalononitrile (3-34) 

Distannyl 3-24 (200 mg, 274 µmol, 1.0 eq.), DCC-bithiophene 3-43 (366 mg, 658 µmol, 2.4 

eq.), and Pd(PPh3)4 (12.7 mg, 11.0 µmol, 0.05 eq.) were dissolved in 10 mL dry DMF. The 
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mixture was purged with argon for 15 min, sealed, and stirred at 80°C for 18 h. The dark 

brown suspension was cooled to rt and treated with methanol which led to a further 

precipitation of the raw product. The solid was filtrated and washed with large amounts of 

methanol. The filtrate was extracted with DCM (3 x 100 mL) and the volume was reduced to 

approximately 10 mL. The remaining crude product was precipitated with the addition of 

methanol. The solid was filtrated, combined with the solid fraction of the first filtration, and 

was subjected to flash chromatography (SiO2, 1:3 PE/DCM). In order to remove the dimeric 

by-product, the crude product was further purified via SEC chromatography (DCM). The final 

oligothiophene 3-34 (346 mg, 256 µmol) was obtained as a dark purple solid in 93.2% yield.  

 

Mp: 154-155°C 

1H-NMR (400 MHz, CDCl3): δ [ppm] = 7.32 (s, 2H, H4’’), 7.11 (s, 2H, H4’), 7.09 (s, 2H, H3), 7.07 

(s, 2H, H5), 4.26 – 4.15 (m, 2H, Hα), 2.85 – 2.75 (m, 16H, H6,8,λ,λ’), 2.04 – 1.97 (m, 4H,H7), 

1.93 – 1.86 (m, 2H, Hβ), 1.71 (m, 8H, Hµ,µ’), 1.48 – 1.17 (m, 47H, Hγ-ι,ε’-ι’,ν-ο,ν’-ο’), 0.91 (t, J 

= 6.9 Hz, 12H, Hπ,π’), 0.84 (t, J = 6.9 Hz, 6H, Hκ,κ’). 

13C-NMR (100 MHz, CDCl3): δ [ppm] = 160.03, 150.21, 144.92, 141.08, 140.29, 139.29, 

136.80, 134.44, 133.42, 132.15, 130.07, 118.23, 115.65, 113.88, 113.14, 109.66, 90.13, 

48.07, 33.63, 32.03, 31.84, 41.76, 29.88, 29.49, 29.38, 29.27, 26.72, 22.80, 11.75, 21.46, 

14.23. 

HR-MS (MALDI-TOF): m/z [M+] = 1351.66745 (calc. for C82H105N5S6: 1351.66888);    

δm/m = 1.06 ppm 
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4.1. DCV-substituted pentameric A-D-A-D-A-type co-oligomers as donor in 

solution-processed BHJSCs 

 

4.1.1. Motivation 

In this chapter, the synthesis, optoelectronic characterization, as well as implementation of 

novel oligothiophenes into solution-processed BHJSCs are presented. Thereby, a different 

design approach was applied, in which changing acceptor moieties as such as thieno[3,4-

c]pyrrole-4,6-dione (TPD) and 2,1,3-benzothiadiazole (BTDA) were implemented into the 

core of A-D-A-type oligomers yielding an A-D-A-D-A-type architecture. The merits of this 

design were already elucidated in Chapter 2. Shortly explained, the intention of introducing 

a core acceptor was to lower the HOMO energy level of the donor resulting in high VOC-

values in BHJSCs. Yet, a desirable absorption in the low-energy region for enhanced light 

harvest of the corresponding solar cells would be required. This would be accomplished by a 

concomitant decrease of the LUMO-energy level caused by numerous strong electron-

withdrawing groups in the oligomer backbone, namely in the molecule core as well as in the 

terminal positions of the oligomer. This was realized by endowing a central acceptor moiety, 

TPD or BTDA, with DTP-units on each side, which are end-capped with previously shown 

DCV-groups affording structurally defined co-oligomers 4-1 and 4-2 (Figure 4.1) with an A-D-

A-D-A-type architecture. 

As indicated in Figure 4.1, the design of co-oligomer 4-1 was based on a DCV-end capped 

quinquethiophene, described in detail in the previous chapter, in which the central 

thiophene unit was fused with a pyrroledione ring (TPD) and the outer thiophenes were 

bridged with nitrogens (DTP) affording target compound 4-1. In the case of co-oligomer 4-2, 

the central thienyl unit was replaced by a BTDA core, whereas the outer thiophenes were 

also bridged with nitrogens resulting in DTP-blocks. In order to guarantee sufficient solubility 

for the processing, the target molecules were endowed with 2-hexyldecyl chains on the DTP 

groups. In the case of oligomer 4-1 an additional octyl-chain was attached to the central 

TPD-moiety. 
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Figure 4.1: Design approach and molecular structure of pentameric co-oligomers 4-1 and 4-2 (A=acceptor, D=donor.) 
 

 

4.1.2 Synthesis, characterization and photovoltaic performance of co-oligomer 4-1 

Synthesis, characterization, and implementation of co-oligomer 4-1 into BHJSCs were 

already described in my master thesis. The results are briefly outlined below.[1] The synthesis 

of 4-1 was performed in a “divergent” fashion, where the molecule core 4-5 was formed by 

Stille-coupling of the respective building blocks TPD 4-3 and DTP 4-4, before the terminal 

DCV-moieties were implemented by subsequent Vilsmeyer-Haack formylation and 

Knoevenagel condensation of the free α-positions of the central D-A-D block 4-5 (Scheme 

4.1) 

 

Scheme 4.1 Synthesis of A-D-A-D-A-type co-oligomer 4-5.
[1]
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The optical measurements via UV-vis spectroscopy in solution and thin film are displayed in 

Figure 4.2a, while the corresponding data is tabulated in Table 4.1. Co-oligomer 4-1 

exhibited optical properties with an absorption maximum at 600 nm and a high molar 

extinction coefficient of over 120,000 M-1cm-1 which seemed very promising for application 

as donor in BHJSCs. Interestingly, the solution spectrum exhibited a vibronic structure with 

shoulders at 562, 493, and 405 nm indicating a planar structure of the oligomer backbone. 

The optical gap in solution was determined to 1.93 eV. The solid-state absorption unveiled a 

good coverage of the solar spectrum from 350 to 750 nm with the absorption maximum 

located at 590 nm comprising a prominent shoulder at 640 nm. The optical gap in the solid 

state was determined to 1.65 eV being significantly lower than for the solution due to 

increased intermolecular interactions in the solid. The results of the electrochemical 

investigation via cyclic voltammetry are depicted in Figure 4.2b and the corresponding data 

is listed in Table 4.1. The measurements unveiled an irreversible reduction wave 

corresponding to the simultaneous one-electron reduction of two decoupled DCV-units and 

two reversible oxidation waves assigned to two one-electron oxidations of the central 

oligothiophene block indicating the formation of stable radical cations and dications, 

respectively. An additional reduction wave, which could be assigned to the reduction of the 

TPD unit couldn’t be detected in the electrochemical window of the electrolyte. Due to the 

low solubility of 4-1 in other solvents than DCM, further measurements did not generate 

usable data. 4-1 featured oxidation potentials of Eox1 and Eox2 at 0.65 V and 0.95 V, 

respectively. The DCV-groups were reduced at a potential Ered of -1.37 V. The HOMO and 

LUMO energy levels calculated from the corresponding onset of the first oxidation and 

reduction wave, were determined to -5.65 eV and -3.86 eV, respectively. The resulting 

electrochemical gap was calculated to 1.79 eV. The relatively low-lying LUMO energy level of 

-3.86 eV foreshadowed eventual difficulties in terms of charge extraction in the latter 

devices due to the small offset of 0.14 eV between the LUMO levels of oligomer 4-1 and 

PC61BM (LUMO = -4.0 eV) since an offset of ~0.3 eV is regarded as minimum. 



 

 153 
 

 A-D-A-D-A-type Oligothiophenes for solution-processed Bulk Heterojunction Solar Cells 

400 500 600 700 800

b)

 

N
o

rm
. 
a
b

s
o

rb
a
n

c
e
 [

a
.u

.]

Wavelength [nm]

a)

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

 

I 
[µ

A
]

E [V] vs. Fc/Fc
+

1 µA

 

Figure 4.2: a) UV-vis spectrum of 4-1 in solution (solid line) (CHCl3, c = 10
-6 

M) and film atop a glass substrate (dashed line). 
b) Cyclic voltammogram of 4-1 in DCM using (n-Bu)4NPF6 (0.1 M) as supporting electrolyte at 100 mV s

-1
; c = 10

-3
 M.

[1]
 

 

Table 4.1: Optical and electrochemical data of co-oligomer 4-1 in DCM (c = 10
-6

 M) and in thin films on glass, λmax in is 
underlined.

[1]
 Electrochemical data of 4-1 in DCM with (n-Bu)4NPF6 (0.1M) as supporting electrolyte measured vs. Fc/Fc

+
 at 

100 mV s
-1

.
 [1]

 

[a] EHOMO and ELUMO calculated from the onset of E°ox1 and E°red1, respectively; related to the Fc/Fc
+
-couple with a calculated 

absolute energy of -5.1 eV. [b] Band gap calculated ΔECV = EHOMO - ELUMO.  

 

The photovoltaic performance of co-oligomer 4-1, utilized as donor in combination with 

PC61BM as acceptor, could be described as modest at best at that time. Under optimized 

conditions, the best-performing solar cell showed a PCE of 0.56% deriving from a JSC of 1.30 

mA cm-2, a VOC of 1.04 V, and a FF of 41%.[1] The corresponding J-V curve is illustrated in 

Figure 4.3. The initial motivation of designing an oligomer with low-lying HOMO level leading 

to desirably-high VOC-values was apparently met exhibiting a VOC over 1 V. Meanwhile, the 

position of the LUMO level moved too low resulting in a tiny LUMODonor-LUMOAcceptor offset 

preventing efficient exciton dissociation at the D/A-interface and hence yielding 

unsatisfactory current densities.[1]  

 

solution film  

λabs [nm] 
(ε [M-1cm-1]) 

𝛥Eopt 

[eV] 
λmax 
[nm] 

𝛥Eopt 

[eV] 
Eox1 
[V] 

Eox2 
[V] 

Ered 
[V] 

EHOMO 
[V][a] 

ELUMO 
[V][a] 

𝛥ECV 
[eV][b] 

600 (120,000) 
562 (107,000) 
493 (52,100) 
405 (18,500) 

1.93 
590 
640 
427 

1.65 0.65 0.95 -1.37 -5.65 -3.86 1.79 
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Figure 4.3: J-V-curve of the best-performing cell comprising 4-1 as donor. Active layer deposited with 1500 rpm from a 1:2 
D/A-blend-solution. Cell architecture: ITO/PEDOT:PSS/4-1:PC61BM/LiF/Al.

[1]
 

 

4.1.3 Synthesis of structurally-defined co-oligomer 4-2 

Despite the poor photovoltaic performance of 4-1, presumably caused by the 

implementation of a central acceptor moiety, the synthesis of co-oligomer 4-2 was tackled in 

the course of this thesis. The synthetic pathway towards the target molecule was inspired by 

the successful synthesis of molecule 4-1. Therefore, DTP 4-7, which was synthesized before, 

was lithiated at one α-position prior to quenching with trimethyltin chloride under dry 

conditions at -78°C (Scheme 4.2). DTP 4-4 was swiftly extracted and dried over anhydrous 

sodium sulphate. The conversion rate of 90% was determined via 1H-NMR spectroscopy, 

whereas the remaining 10% were unreacted starting material 4-7. Further purification was, 

due to the instability of monostannyl 4-4, not performed and since the remaining DTP 4-7 

would not interfere with the subsequent coupling, 4-4 was used immediately in the 

following reaction. 

 

 

Scheme 4.21: Formation of monostannyl-DTP 4-4. 
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The formation of the D-A-D block 4-9 was performed via the Stille-type cross coupling of 

mono-stannyl DTP 4-4 and dibrominated BTDA 4-8, which was provided by Dr. Stefan Haid 

from the institute. The Stille reaction was accomplished according to the standard procedure 

and afforded product 4-9 in a very good yield of 87% after filtration of the raw product and 

subsequent flash chromatography (Scheme 4.3).  

 

Scheme 4.3: Stille-cross coupling of precursors 4-4 and 4-8 affording D-A-D block 4-9. 

 

The free α-positions of molecule 4-9 were transformed to aldehydes via Vilsmeyer-Haack 

formylations. Therefore, a DCE solution of 4-9 was added to a mixture of POCl3 and DMF 

before refluxing for 18 h (Scheme 4.4). After hydrolysis in an aqueous sodium bicarbonate 

solution, the raw product was extracted and subjected to flash chromatography. Dialdehyde 

4-10 was obtained as a dark solid in an excellent yield of 91%.  

 

Scheme 4.4: Formation of dialdehyde 4-10 via Vilsmeyer-Haack formylation. 

 

After numerous unsuccessful attempts of synthesizing target molecule 4-2 via Knoevenagel 

condensation with malononitrile and β-alanine in a 1:1-mixture of DCE and ethanol, the 

reaction parameters were changed. Due to the insufficient solubility of dialdehyde 4-10 in 

the aforementioned solvent mixture, the reaction was incomplete, even for reaction times in 

the range of weeks. A higher reaction temperature, which would increase the portion of 

dissolved precursor 4-10, was however limited by the low boiling point of ethanol, which 

was essential to dissolve the catalytic base β-alanine. Finally, the reaction parameters were 

modified by using ammonium acetate as base and malononitrile in a large excess in only DCE 

(Scheme 4.5). Thereby, higher reaction temperatures were accessible and the formation of 

product 4-2 was already detectable after hours. After four days, reaction control via thin 
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layer chromatography (TLC) indicated a full conversion to target oligomer 4-2, since no 

starting material was detected. Purification via column chromatography afforded co-

oligomer 4-2 as black solid in an excellent yield of 91%. The structure and purity of the traget 

co-oligomer 4-2 were proven via 1H-NMR, 13C-NMR spectroscopy, and high resolution mass 

spectrometry. 

 

 

Scheme 4.5: Formation of target co-oligomer 4-2 via Knoevenagel condensation of dialdehyde 4-10 with malononitrile. 

 

1H-NMR spectrum of oligomer 4-2 is depicted in Figure 4.4a: signals at 8.34, 8.00, 7.76, and 

7.72 correspond to the aromatic protons. Due to the structure of oligomer 4-2 all aromatic 

signals are singlets. The next signal in high-field direction is the duplet at 4.24 ppm, which 

was assigned to protons of the CH2-group adjacent to the DTP-nitrogen. Further aliphatic 

protons of the alkyl side chains were detected at 2.19-2.11, 1.45-1.29, and 0.92 ppm (for 

more detailed assignment see Figure 4.4a and the experimental section). High resolution 

mass spectrometry of target oligomer 4-2 resulted in one signal with m/z = 1090.46177, 

which corresponds to [M+] Figure 4.4b). The deviation from the calculated m/z-value was 

determined to 2.04 ppm proving the high purity of oligothiophene 4-2. 
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Figure 4.4: a) 
1
H-NMR and b) HRMS spectrum of target co-oligomer 4-2. 

 

  

800 1000 1200 1400

 

 

 I
n

te
n

s
it

y
 [

a
.u

.]

m/z

1090.46177

a) 

b) 



 

158  
 

 Chapter 4 

4.1.4. Optical properties of co-oligomer 4-2 

The optical properties of co-oligomer 4-2 were investigated via UV-vis spectroscopy in CHCl3-

solutions with concentrations varying from 10-5 to 10-6 M. Solid-state absorption was 

measured from thin films spin-coated from chloroform solutions with a concentration of 

4 mg mL-1 at 3000 rpm on glass substrates at room temperature. The absorption spectra of 

4-2 are compared to the TPD-incorporating pentamer 4-1, as presented in Figure 4.5. The 

corresponding data are compiled in Table 4.2.  

The UV-vis spectrum of oligomer 4-2 in solution showed a structured spectrum with 

absorption bands at 485 nm, 597 nm, and 625 nm, whereas the absorption maximum was 

located at 597 nm. The absorption band at 485 nm was assigned to π-π* transitions of the 

DTP moieties. These were very similar to absorption band of 4-1 at 493 nm, which was also 

assigned to the π-π* excitation of DTP-units, which both compounds have in common. The 

absorption bands of donor-acceptor charge transfer excitation are located at 597 nm for 4-2 

and at 600 nm for 4-1. One significant difference between both oligomers is the core 

acceptor, whereby BDTA is the stronger acceptor group compared to TPD. Therefore, the 

location of the ICT excitation of the core acceptor was red-shifted by approximately 60 nm 

from 562 nm in 4-1 to 624 nm in 4-2. Due to the stronger core-acceptor, the absorption 

onset of 4-2 was also red-shifted by 50 nm. Another striking difference of the solution 

spectra was the molar extinction coefficients of both co-oligomers, which were calculated as 

120,000 M-1 cm-1 for 4-1 and 78 900 M-1 cm-1 for 4-2. The reason for the lower extinction 

coefficient of 4-2 can be assigned to missing planarizing intramolecular interactions between 

the oxygen atoms of the TPD moiety and the sulphur atoms of adjacent thiophenes in 

oligomer 4-1.  

The measured film absorption of the oligomers were red-shifted by approximately 100 nm 

and exhibited a broader absorption compared to the according solution spectra due to 

increased intermolecular interaction in the solid state. The film absorption of 4-2 covered a 

region between 400 and almost 800 nm with the absorption maximum located at 722 nm 

and shoulders at 660 nm and 505 nm. The optical gap calculated from the absorption onset 

was 1.58 eV. The maximum solubility of co-oligomer 4-2 in CHCl3 was determined via optical 

spectroscopy and afforded unsettling results. The maximum solubility of 4-2 which was 



 

 159 
 

 A-D-A-D-A-type Oligothiophenes for solution-processed Bulk Heterojunction Solar Cells 

supposed to be solution-processable was found to be below 1 mg mL-1, making deposition of 

films very challenging.  
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Figure 4.5: UV-Vis spectrum of 4-2 (blue curve) and 4-1 (red curve) in a) solution (CHCl3, c = 10
-6 

M) and b) in thin films atop 
glass substrates.  
 

Table 4.2: Optical data of co-oligomers 4-2 and 4-1 in CHCl3 (c = 10
-6

 M) and in thin films on glass. 

λmax is underlined. [a] Shoulder. 

 

4.1.5. Electrochemical properties of co-oligomer 4-2 

The electrochemical properties of 4-2 were investigated via cyclic voltammetry (CV). Due to 

low solubility in common organic solvents at temperatures up to 80°C CV measurements 

were performed on drop-casted films of the oligomer. The oligomer films were drop-casted 

from hot chloroform solutions on the working electrode and the measurement was 

performed in acetonitrile in order to avoid dissolution of the cast film. Despite the fact that 

statements about the possible reversibility of reduction or oxidation waves are limited, the 

HOMO and LUMO energy levels were determined. For better comparison between co-

 solution  film 

 
λabs [nm] 

(ε [M-1cm-1]) 
λabs,onset 

[nm] 
𝛥Eopt 

[eV] 
 

λmax 
[nm] 

λabs,onset 
[nm] 

𝛥Eopt 

[eV] 

4-2 
625 (77,600) 
597 (78,900) 
485 (28,000) 

685 1.81  
722 
660[a] 
505[a] 

785 1.58 

4-1 

600 (120,000) 
562 (107,000) 
493 (52,100) 
405 (18,500) 

642 1.93  
640[a] 
590 
427[a] 

751 1.65 
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oligomers 4-2 and 4-1, films of the latter were also measured and are presented in Figure 

4.6. The electrochemical data is summarized in Table 4.3. The frontier orbital energy levels 

of 4-1 were calculated to -5.83 eV for the HOMO and -3.19 eV for the LUMO estimated from 

the onset of oxidation and reduction wave, respectively resulting in an electrochemical gap 

of 2.64 eV. The HOMO- and LUMO-energy levels of 4-2 were estimated as -5.69 eV and -3.20 

eV, respectively. The electrochemical gap of 4-2 was calculated as 2.13 eV. Although, the 

absolute values of the electrochemical gaps are higher than the optical gaps for the 

corresponding thin films, the trend between the gap of co-oligomers 4-1 and 4-2 was 

identical.  

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

I 
[µ

A
]

E [V] vs. Fc/Fc+

1 µA

 

Figure 4.6: Cyclic voltammograms of 4-2 (blue curve) and 4-1 (red curve) films measured in acetonitrile using (n-Bu)4NPF6 
(0.1 M) as supporting electrolyte at 100 mV s

-1
. 

 

Table 4.3: Electrochemical data of 4-2 and 4-1 films, which were drop-casted from corresponding CHCl3 solutions, in ACN 
with (n-Bu)4NPF6 (0.1M) as supporting electrolyte measured vs. Fc/Fc

+
 at 100 mV s

-1
. 

[a] EHOMO and ELUMO calculated from the onset of E°ox1 and E°red1, respectively; related to the Fc/Fc
+
-couple with an absolute 

energy of -5.1 eV. [b] Band gap calculated ΔECV = EHOMO - ELUMO. 

 

  

 Eox1 [V] Eox2 [V] Ered1 [V] EHOMO [V][a] ELUMO [V][a] 𝛥ECV [eV][b] 

4-2 0.57 - -1.65 -5.69 -3.20 2.49 

4-1 0.84 1.02 -1.98 -5.83 -3.19 2.64 
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4.1.6. Photovoltaic performance of co-oligomers 4-1 and 4-2 

 

Photovoltaic performance of 4-1-based BHJSCs 

As the unexpected low solubility of co-oligomer 4-2 made the deposition via spin-coating of 

uniform active layers in the temperature range of chloroform impossible, the deposition 

technique was switched to doctor-blading for both oligomers. The advantages and 

disadvantages of each deposition method were discussed in the first chapter of this thesis. 

Although spin-coating was the deposition-method of choice for the highly soluble co-

oligomers presented in Chapter 3 affording outstanding results, it was correspondingly 

unsuitable for the processing of the co-oligomers presented in this chapter. Deposition via 

doctor-blading, however, enables high-temperature processing, ideal for materials with 

mediocre solubility. As described in Chapter 1, the doctor-blading technique allows for a 

heating of the substrates on the hot-plate and an exact control of the temperature during 

deposition. After deploying the blend-solution onto the applicator, the solution takes the 

adjusted temperature within seconds and therefore facilitates consistency in high-

temperature processing, which can impossibly be reached by spin-coating. Elevated 

substrate temperatures cannot be maintained during the transfer of the substrates from an 

external hot-plate to the spin-coater. By the time one needs to apply the blend-solution, the 

substrate temperature decreases further, preventing reproducible processing parameters, 

let alone reliable results. Since this deposition technique was not used before during the 

preparation of this thesis, the intricacies of the influence of processing parameters, such as 

volume of the applied solution, blade-velocity, and processing temperature, on the latter 

device properties had to be understood. Therefore, the solar cell fabrication via doctor-

blading was started using co-oligomer 4-1 as donor, allowing for the comparison to known 

photovoltaic performance in spin-coated devices. In this manner, a reliable evaluation of the 

photovoltaic performance of doctor-bladed devices became feasible. Additionally, the data 

thus obtained is also comparable to the photovoltaic performance of 4-2-based devices, 

inevitably fabricated via doctor-blading. After determining the optimal active layer thickness, 

thorough optimization of the so far best-performing solar cell was conducted using SVA 

treatment. 
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The fabrication was started using PC61BM as acceptor including the previously obtained 

results from the fabrication via spin-coating, e.g., the D/A-ratio of 1:2. Firstly, 80 µL of the 

blend-solution with a concentration of 15 mg mL-1 in TCE at 80°C was deposited with a 

velocity of 15 mm s-1 leading to an active layer thickness of ~100 nm. Due to solution spillage 

on the substrates during deposition and a very random drying behavior, the resulting active 

layers were inhomogeneous. The best performing cell of the series exhibited a PCE of 0.41%, 

which was even lower than the performance of the spin-coated devices (Figure 4.7). A 

significant decrease in VOC from 1.04 V to 0.85 V in the doctor-bladed device was detected 

indicating the presence of defects in the photoactive layer. JSC and FF decreased slightly from 

1.30 to 1.22 mA cm-2 and from 41 to 40%, respectively. In order to improve the drying 

behavior and hence the morphology of the active layer, the concentration of the blend-

solution was doubled while the applied volume was halved. Thereby, the layer thickness of 

~100 nm was kept constant. While processing, it was clearly noticeable that the drying was 

significantly improved. The obtained active layer did neither show any particles, nor other 

signs of inhomogeneity. The solar cells fabricated with these parameters displayed improved 

properties in general and outperformed even the well-optimized spin-coated devices with a 

JSC of 1.78 mA cm-2, a VOC of 1.05 V, and a FF of 43% resulting in an efficiency of 0.80% (Table 

4.4). 
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Figure 4.7: J-V curves of the best-performing cells comprising 4-1 as donor. Active layer deposited with 15 mm s
-1

 from 1:2 
D/A-blend-solutions with concentrations of 15 mg mL

-1
 (black curve) and 30 mg mL

-1
 (red curve). 
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Table 4.4: Photovoltaic parameters for BHJSCs using co-oligomer 4-1 as donor in combination with PC61BM as acceptor, 
doctor-bladed from TCE solutions (c = 15 mg mL

-1
 or 30 mg mL

-1
) at 80°C. PEDOT:PSS was deposited with 60 µL/1 mm 

s
-1

/60°C, affording a layer thickness of 35-40 nm. Device architecture: ITO/PEDOT:PSS/4-1:PC61BM/LiF/Al. For each entry, at 
least three solar cells were fabricated, whereby the best-performing one is tabulated. 

 

After optimizing the volume of the applied blend-solution as well as the drying properties, 

different active layer thicknesses were screened by varying the blade-velocity from 15 to 

30 mm s-1. In order to increase the rather low JSC, the active layer thickness was further 

increased. Unfortunately, a gradual increase of the current density with thicker active layers 

could not be observed, since drying issues got more prominent with increasing layer 

thicknesses. Due to decreasing film homogeneity, the morphology became worse which was 

reflected by a deterioration of all photovoltaic parameters, as seen in Figure 4.8. The device 

comprising the thickest photoactive layer exhibited a JSC of 0.67 mA cm-2, a VOC of 0.96 V, and 

a FF of 36% resulting in an efficiency of 0.23%. The photovoltaic data is summarized in Table 

4.5. 
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Figure 4.8: J-V curves of devices comprising 4-1 deposited with different blade-velocities between 15-30 mm s
-1

. 
 

D:A 
Vol.  
[µL] 

vapplicator 

[mm s-1] 

JSC  
[mA cm-2] 

VOC  

[V] 
FF  
[%] 

PCE  
[%] 

1:2 80 15 1.22 0.85 40 0.41 

1:2 40 15 1.78 1.05 43 0.80 
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Table 4.5: Photovoltaic parameters for BHJSC using co-oligomer 4-1 as donor in combination with PC61BM as acceptor, 
doctor-bladed from TCE solution (c = 30 mg mL

-1
) with velocities between 15 and 30 mm s

-1
 at 80°C. PEDOT:PSS was 

deposited with 60 µL/1 mm s
-1

/60°C, affording a layer thickness of 35-40 nm. Device architecture: ITO/PEDOT:PSS/4-
1:PC61BM/LiF/Al. For each entry, at least three solar cells were fabricated, whereas the best-performing one is tabulated. 
LTactive layer corresponds to the active layer thickness. 

 

After determining the right active layer thickness, the next step consisted of optimization of 

the solar cells by treatment of the active layers with chloroform vapor. Therefore, active 

layers were casted from 40 µL of blend-solutions based on a 1:2 D/A-ratio (c = 30 mg mL-1) 

with 15 mm s-1 before they were exposed to chloroform vapor for 15-120 s. The 

corresponding photovoltaic parameters are summarized in Table 4.6. 

The devices, which were treated with chloroform vapor, exhibited a clear trend depending 

on the duration of the SVA treatment. Already after 15 s of SVA, a noticeable improvement 

of the device performance could be observed deriving from an increase in JSC from 1.78 to 

2.33 mA cm-2 and in FF from 43 to 46%. However, the VOC of 1.04 V was slightly lowered in 

comparison to the untreated device resulting in an increased PCE of 1.11% after 15 s of SVA. 

After an exposure of 30s to chloroform vapor, the highest efficiency of 1.52% for the series 

was obtained, with a JSC of 2.99 mA cm-2, a VOC of 0.99 V, and a FF of 51%. Increasing SVA 

duration led to decreasing current densities until a minimum of 1.71 mA cm-2 was reached 

after 120 s of SVA. The VOC-values ranged around 1 V throughout the series, whereas the 

lowest value of 0.98 V was obtained again for the device, which was annealed for 120 s. The 

FF however, did not follow a certain trend with values between 43% and 51%, for the worst 

and best device, respectively (Figure 4.9). Obviously, SVA with chloroform had a positive 

impact on the device performance, most probably due to triggering phase separation in the 

photoactive layer. This assumption was supported by the photovoltaic parameters of the 

device treated for 30 s. The increase in JSC and FF indicated the aforementioned 

enhancement in phase separation of the D/A-blend resulting in an improved charge 

D:A 
Vol.  
[µL] 

vapplicator 

[mm s-1] 

LTactive layer 

[nm] 
JSC  

[mA cm-2] 
VOC  

[V] 
FF  
[%] 

PCE  
[%] 

1:2 40 15 100 1.78 1.05 43 0.80 

1:2 40 20 140 1.61 1.00 42 0.68 

1:2 40 25 165 1.51 0.95 37 0.53 

1:2 40 30 195 0.67 0.96 36 0.23 
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extraction supposedly due to larger acceptor and donor domains. The lowered VOC was 

explained by supposedly increased recombination rate, caused by increased domain sizes 

and concomitantly decreasing interfacial area for exciton dissociation. In the course of the 

SVA treatment, a color change of the  active layer throughout the process could not 

observed indicating that the morphological changes in the active layer were not in an extend 

as observed for co-oligomers in Chapter 3. This finding was also well in accordance with the 

fact that the improvement upon SVA was modest.  
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Figure 4.9: J-V-curves of 4-1-based BHJSCs deposited with 15 mm s
-1

 before and after SVA with chloroform. 

 

Table 4.6: Photovoltaic parameters for BHJSC using co-oligomer 4-1 as donor in combination with PC61BM as acceptor, 
doctor-bladed from TCE solution (c = 30 mg mL

-1
) with 15 mm s

-1
 at 80°C. PEDOT:PSS was deposited with 60 µL/1 mm s

-

1
/60°C, affording a layer thickness of 35-40 nm. Device architecture: ITO/PEDOT:PSS/4-1:PC61BM/LiF/Al. SVA performed 

with 2 mL CHCl3. For each entry, at least three solar cells were fabricated, whereas the best-performing one is tabulated. 

D:A 
Vol.  
[µL] 

vapplicator 

[mm s-1] 

SVA  
[s] 

JSC 

[mA cm-2] 
VOC 

[V] 
FF  
[%] 

PCE  
[%] 

1:2 40 15 - 1.78 1.05 43 0.80 

1:2 40 15 15 2.33 1.04 46 1.11 

1:2 40 15 30 2.99 0.99 51 1.52 

1:2 40 15 45 2.45 1.02 47 1.18 

1:2 40 15 60 2.36 1.03 50 1.23 
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The optimization of solution-processed BHJSCs comprising co-oligomer 4-1 as donor was 

continued by SVA treatment using THF vapor. Since the results of the prior SVA treatment 

with chloroform vapor indicated that the presumable best active layer morphology was 

attained in a relatively short time (30 s), it was tried to slow down the morphological 

transformation upon SVA with less polar solvent, in order to obtain an even better device 

performance. However, the SVA treatment with THF led to complete deterioration of the 

device parameters with increasing exposition time (Table 4.7). The decrease of the device 

performance was already observed after 15 s of SVA leading to reduced PCE of 0.69%. With 

an exposition time of 60 s, the device performance decreased to 0.35% and further to 0.23% 

for 90 s SVA until no photovoltaic activity was observed for devices treated for 105 s or 

longer. Obviously, THF presumably led to uncontrollably rapid phase separation. The results 

for devices with exposure times over 105 s even indicated a complete separation of donor 

and acceptor domains over the complete active layer resulting in shorted devices with no 

photovoltaic activity.  

Table 4.7: Photovoltaic parameters for BHJSCs using co-oligomer 4-1 as donor in combination with PC61BM as acceptor, 
doctor-bladed from TCE solution (c = 30 mg mL

-1
) with 15 mm s

-1
 at 80°C. PEDOT:PSS was deposited with 60 µL/1 mm s

-

1
/60°C, affording a layer thickness of 35-40 nm. Device architecture: ITO/PEDOT:PSS/4-1:PC61BM/LiF/Al. SVA performed 

with 2 mL THF. For each entry, at least three solar cells were fabricated, whereas the best-performing one is tabulated. 

1:2 40 15 75 2.21 0.99 50 1.10 

1:2 40 15 90 2.19 1.02 46 1.02 

1:2 40 15 105 1.98 1.00 45 0.88 

1:2 40 15 120 1-71 0.98 43 0.72 

D:A 
Vol. 
[µL] 

vapplicator 

[mm s-1] 

SVA  
[s] 

JSC  
[mA cm-2] 

VOC  

[V] 
FF  
[%] 

PCE  
[%] 

1:2 40 15 - 1.78 1.05 43 0.80 

1:2 40 15 15 1.65 1.01 41 0.69 

1:2 40 15 30 1.72 0.92 40 0.63 

1:2 40 15 45 1.72 1.01 41 0.72 

1:2 40 15 60 1.05 0.95 35 0.35 

1:2 40 15 75 0.93 0.97 36 0.32 
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The optimization of 4-1-based BHJSC was halted at this point. Despite affording desirably 

high VOC values of over 1 V, the device lacked high fill factors, and foremost, high current 

densities. The missing current density can be elucidated with the unfavorable LUMO energy 

level of -3.86 eV determined via cyclic voltammetry which led to an undersized offset to the 

LUMO level of PC61BM (-4.0 eV) preventing efficient exciton dissociation and thus, efficient 

charge generation at the D/A-interface. Nevertheless, a considerable improvement of the 

device performance from 0.56% to 1.52% was achieved by changing the deposition method 

and applying SVA.  

 

Photovoltaic Performance of 4-2-based BHJSCs 

Since co-oligomer 4-2 was not used as a donor before, the optimization of all processing 

parameters had to be started from the very beginning. Nevertheless, the useful experience 

gained during the optimization of 4-1-based solar cells via doctor-blading were applied here. 

Hence, the concentration of the blend-solution was set to 30 mg/mL from the very 

beginning.  

As usual, the best donor-acceptor ratio for 4-2-based devices had to be determined. Three 

blend-solutions based on a 1:2, 1:1, and 2:1 ratio of co-oligomer 4-2 and PC61BM as acceptor 

in TCE were prepared for deposition at 80°C. The blade-velocity was increased stepwise from 

15 to 25 mm s-1 for each blend-solution. As expected, the thinnest layers (15 mm s-1 = ~100 

nm) gave the best results (Table 4.8). With increasing donor content in the blend, the JSC 

decreased from 0.65 mA cm-2 for the 1:2 D/A-ratio to 0.32 mA cm-2 for the 2:1 ratio. The VOC 

decreases concomitantly from 0.97 V to 0.86 V, respectively. A downward trend with 

increasing donor content was also observed for the FF with values decreasing from 44% to 

36%. Hence, the PCE behaved accordingly starting with 0.27% for the 1:2 D/A-ratio to 0.10% 

1:2 40 15 90 0.66 0.97 36 0.23 

1:2 40 15 105 0.56 0.25 30 0.04 

1:2 40 15 120 - - - - 
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power conversion efficiency for the 2:1 D/A-ratio. The corresponding J-V-curves are 

presented in Figure 4.10. 
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Figure 4.10: J-V-curves of 4-2-based BHJSCs deposited with 15 mm s
-1

 from solutions with D/A-ratios of 1:2 (blue curve), 1:1 
(red curve), and 2:1 (green curve). 

 

Table 4.8: Photovoltaic parameters for BHJSC using co-oligomer 4-2 as donor in combination with PC61BM as acceptor, 
doctor-bladed from TCE solutions (c = 30 mg mL

-1
) with 15-25 mm s

-1
 at 80°C. PEDOT:PSS was deposited with 60 µL/1 mm s

-

1
/60°C, affording a layer thickness of 35-40 nm. Device architecture: ITO/PEDOT:PSS/4-2:PC61BM/LiF/Al. For each entry, at 

least three solar cells were fabricated, whereas the best-performing one is tabulated. LTactive layer corresponds to the active 
layer thickness. 

D:A 
Vol. 
[µL] 

vapplicator 

[mm s-1] 

LTactive layer 

[nm] 
JSC  

[mA cm-2] 
VOC  

[V] 
FF  
[%] 

PCE  
[%] 

1:2 40 15 100 0.65 0.97 44 0.27 

1:2 40 20 145 0.49 0.97 42 0.20 

1:2 40 25 170 0.38 0.97 41 0.15 

1:1 40 15 100 0.50 0.94 43 0.20 

1:1 40 20 145 0.48 0.93 39 0.17 

1:1 40 25 170 0.49 0.93 37 0.17 

2:1 40 15 100 0.32 0.86 36 0.10 

2:1 40 20 145 0.32 0.88 37 0.10 

2:1 40 25 170 0.10 0.91 33 0.05 
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During the device fabrication it could be observed that the active layer films exhibited a poor 

quality containing considerable amounts of particles due to a random drying behavior. 

During the fabrication of 4-1-based cells, this issue was overcome by increasing the blend-

solution concentration to 30 mg mL-1 and concomitant reduction of the applied solution 

volume to 40 µL. This volume is already at the lower limit for casting homogenous thin films. 

Hence, the drying of the blend-solution was optimized by increasing the processing 

temperature from 80°C to 100°C, while other processing parameters remained unchanged. 

As intended, this modification led to faster drying and more homogenous films with 

noticeably positive impact on the photovoltaic performance of 4-2-based devices. The JSC 

was tripled from 0.65 to 1.96 mA cm-2 while the VOC decreased insignificantly by 0.03 V. The 

FF increased by 1% to 45% resulting in an enhanced efficiency of 0.82%. The J-V-curves are 

illustrated in Figure 4.11 and the corresponding data are listed in Table 4.9, proving a 

noticeable impact of slight processing modifications on the active layer morphology and 

hence on the device performance. 
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Figure 4.11: J-V curves of 4-2-based BHJSCs deposited at processing temperatures of 80°C (red curve) and 100°C (blue 
curve) with an applicator velocity of 15 mm s

-1
. 
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Table 4.9: Photovoltaic parameters for BHJSC using co-oligomer 4-2 as donor in combination with PC61BM as acceptor, 
doctor-bladed from TCE solutions (c = 30 mg mL

-1
) with 15 mm s

-1
 at 80/100°C. PEDOT:PSS was deposited with 60 µL/1 mm 

s
-1

/60°C, affording a layer thickness of 35-40 nm. Device architecture: ITO/PEDOT:PSS/4-2:PC61BM/LiF/Al. For each entry, at 
least three solar cells were fabricated, whereas the best-performing one is tabulated. 

 

After determining the most promising blend ratio and processing temperature, the next step 

was a further screening of active layer thicknesses. Therefore, active layers were deposited 

under the optimized conditions with blade-velocities of 11, 13, and 17 mm s-1 resulting in 60, 

80, and 120 nm thick films, respectively. Despite great efforts, neither of the devices were 

able to outperform the solar cells fabricated with a blade-velocity of 15 mm s-1. Starting from 

the solar cell comprising the thinnest photoactive layer, the obtained JSC increased with 

thicker active layers until the maximum was reached for active layers deposited with 

15 mm s-1. For thicker layers, JSC-values decreased along with the corresponding fill factors. 

The VOC-values were found to behave accordingly, except that the maximal VOC was also 

found for the device with an active layer thickness of ~120 nm. The obtained photovoltaic 

parameters are listed below in Table 4.10. 

Table 4.10: Photovoltaic parameters for BHJSC using co-oligomer 4-2 as donor in combination with PC61BM as acceptor, 
doctor-bladed from TCE solutions (c = 30 mg mL

-1
) with 11-17 mm s

-1
 at 100°C. PEDOT:PSS was deposited with 60 µL/1 mm 

s
-1

/60°C, affording a layer thickness of 35-40 nm. Device architecture: ITO/PEDOT:PSS/4-2:PC61BM/LiF/Al. For each entry, at 
least three solar cells were fabricated, whereas the best-performing one is tabulated. LTactive layer corresponds to the active 
layer thickness. 

 

The next step in the optimization protocol was the investigation of the response of 4-2-

based devices towards SVA with chloroform. Therefore, the active layers were casted with 

D:A 
Temp  
[°C] 

vapplicator 

[mm s-1] 

JSC  
[mA cm-2] 

VOC  

[V] 
FF  
[%] 

PCE  
[%] 

1:2 80 15 0.65 0.97 44 0.27 

1:2 100 15 1.96 0.94 45 0.82 

D:A 
Temp 
[°C] 

vapplicator 

[mm s-1] 

LTactive layer 

[nm] 
JSC  

[mA cm-2] 
VOC  

[V] 
FF  
[%] 

PCE 
[%] 

1:2 100 11 60 1.34 0.75 35 0.27 

1:2 100 13 80 1.82 0.88 45 0.72 

1:2 100 15 100 1.96 0.94 45 0.82 

1:2 100 17 120 1.19 0.94 44 0.49 
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the already optimized parameters prior to the exposition to solvent vapor. As observed in 

previous cases, the SVA treatment either led to an improvement or deterioration of the 

photovoltaic parameters displaying a clear trend. In the case of devices comprising 4-2 as 

donor, however, the results were mixed and contradictory to previous outcomes. Despite 

numerous fabrication attempts, the photovoltaic performance of the treated devices 

appeared to be random without revealing deducible trends, whereas untreated reference 

devices exhibited a good reproducibility. Therefore, the best-performing device parameters 

for each treatment time of different fabrication series are presented in Table 4.11. A local 

maximum of the current density was located at 30 s SVA (1.99 mA/cm2) which was finally 

surpassed by a current density of 2.17 mA/cm2 after 120 s SVA. The VOC fluctuated between 

0.90 and 0.97 V without following a noticeable trend. The same applied for the FF, which 

varied between 43 and 53%. The only deducible trend was that the lowest FF and VOC were 

reached for cells with the lowest current density which indicated morphological reasons 

behind the poor performance. The fact that 30 and 120 s SVA seemed to have the best effect 

on the efficiency, whereas annealing times of 45-90 s resulted in complete deterioration of 

all parameters, led to the assumption that chloroform vapor causing an uncontrollable 

domain growth in the active layer which was sometimes beneficial for the device 

performance and sometimes not. Anyhow, the SVA treatment with chloroform did not lead 

to significant improvement of the device performance of solar cells comprising co-oligomer 

4-2 (Figure 4.12). 
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Figure 4.12: J-V curves of 4-2-based BHJSCs deposited with 15 mm s
-1

 before SVA (blue curve) and after 30s (red curve) and 
120 s (green curve) of SVA with chloroform. 
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Table 4.11: Photovoltaic parameters for BHJSC using co-oligomer 4-2 as donor in combination with PC61BM as acceptor, 
doctor-bladed from TCE solution (c = 30 mg mL

-1
) with 15 mm s

-1
 at 100°C. PEDOT:PSS was deposited with 60 µL/1 mm s

-

1
/60°C, affording a layer thickness of 35-40 nm. Device architecture: ITO/PEDOT:PSS/4-2:PC61BM/LiF/Al. SVA performed 

with 2 mL CHCl3. For each entry, at least three solar cells were fabricated, whereas the best-performing one is tabulated. 

 

Following the optimization protocol, the next step was the use of THF as solvent in the SVA 

process. The deposition parameters were kept constant with a blade-velocity of 15 mm s-1 at 

100°C processing temperature, whereas the SVA duration was increased stepwise from 15 to 

120 s. Fortunately, THF proved itself to be the better choice as SVA solvent for 4-2-based 

solar cells by affording reproducible results and therefore allowed to deduce trends in the 

device performance as function of the exposure time.  

Already after an exposure of 15 s to THF vapor, 4-2-based devices exhibited a noticeable 

improvement in JSC from 1.78 mA cm-2 obtained for untreated solar cells to 2.13 mA cm-2 

upon SVA. The FF was also increased from 43% to 51% after the treatment which was still far 

from perfect, but nevertheless constituted a clear improvement. The VOC, however, 

remained unchanged with a value of 0.94 V after exposure to THF vapor resulting in an 

enhanced overall efficiency of 1.01%. With longer exposure to THF vapor, the device 

parameters were further improved leading to a PCE of 1.59%, along with a JSC of 3.20 mA cm-

2, a VOC of 0.96 V, and a FF of 52%. This almost twofold increase in the device performance in 

comparison to untreated solar cells derived from an increase in the JSC and FF of 1.24 mA 

D:A 
Vol. 
[µL] 

vapplicator 

[mm s-1] 

SVA 
[s] 

JSC 
[mA cm-2] 

VOC 

[V] 
FF 
[%] 

PCE 
[%] 

1:2 40 15 - 1.96 0.94 45 0.82 

1:2 40 15 15 1.70 0.90 51 0.78 

1:2 40 15 30 1.99 0.91 53 0.96 

1:2 40 15 45 1.42 0.94 50 0.67 

1:2 40 15 60 1.51 0.92 50 0.69 

1:2 40 15 75 1.05 0.92 48 0.46 

1:2 40 15 90 0.67 0.91 43 0.26 

1:2 40 15 105 1.73 0.92 50 0.80 

1:2 40 15 120 2.17 0.97 47 1.00 
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cm-2 and 7%, respectively. Longer exposition times, however, led to a continuous decrease of 

the device performance until after 120 s, the efficiency was almost identical with those of 

untreated solar cells, as seen in Table 4.12. This downward trend was mainly JSC-driven, 

whereas VOC and FF remained relatively constant with values fluctuating around 0.94 V and 

50%, respectively. Obviously, the phase separation and concomitant domain growth 

increased to such an extent that increasing recombination effects suppressed charge 

generation after SVA treatment for longer than 30 s. This trend was clearly reflected by the 

J-V-curves of solar cells, which were exposed to THF vapor for 30, 60, and 120 s (Figure 4.13). 
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Figure 4.13: J-V curves of 4-2-based BHJSCs deposited with 15 mm s
-1

 after 30 s (blue curve), 60 s (green curve), and 120 s 
(red curve) SVA with THF. 

 

Table 4.12: Photovoltaic parameters for BHJSC using co-oligomer 4-2 as donor in combination with PC61BM as acceptor, 
doctor-bladed from TCE solution (c = 30 mg mL

-1
) with 15 mm s

-1
 at 100°C. PEDOT:PSS was deposited with 60 µL/1 mm s

-

1
/60°C, affording a layer thickness of 35-40 nm. Device architecture: ITO/PEDOT:PSS/4-2:PC61BM/LiF/Al. SVA performed 

with 2 mL THF. For each entry, at least three solar cells were fabricated, whereas the best-performing one is tabulated. 

D:A 
Vol.  
[µL] 

vapplicator  

[mm s-1] 

SVA  
[s] 

JSC  
[mA cm-2] 

VOC  

[V] 
FF  
[%] 

PCE  
[%] 

1:2 40 15 - 1.96 0.94 45 0.82 

1:2 40 15 15 2.13 0.94 51 1.01 

1:2 40 15 30 3.20 0.96 52 1.59 

1:2 40 15 45 2.35 0.98 50 1.15 
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The EQE-spectra of the best-performing devices incorporating co-oligomer 4-1 (red) and 4-2 

(blue) as donor are depicted in Figure 4.14. At a first glance, the spectral shape of the 4-1-

based solar cell resembled to the previously described UV-vis absorption of pristine 4-1-films 

with maximum of ~17% EQE at 550 nm and a shoulder at ca. 640 nm. The local maximum of 

16% EQE at ~400 nm was obviously assigned to the acceptor PC61BM exhibiting a rather 

balanced contribution to the generated photocurrent together with the donor. The 

significant decrease in intensity of the absorption shoulder at 640 nm indicated a lack of 

extended crystalline domains of the donor, despite SVA treatment. The-EQE spectrum of the 

4-2-based device displayed a somewhat different shape in comparison to the UV-vis 

absorption spectrum of pristine 4-2 films. The spectrum exhibited a comparably low EQE of 

~12% between 400 and 550 nm indicating a subordinate contribution of PC61BM to the 

generated photocurrent, because this region is attributed to the acceptor. Between 550 and 

800 nm, however, a distinct increase in EQE was observed clearly deriving from the donor 4-

2. The maximum at 750 nm was attributed to enhanced packing of the donor molecules and 

larger domain sizes in the BHJ explaining the comparably high contribution of the donor to 

the generated photocurrent.  

1:2 40 15 60 2.37 0.93 50 1.09 

1:2 40 15 75 2.20 0.93 52 1.05 

1:2 40 15 90 2.13 0.94 52 1.04 

1:2 40 15 105 1.85 0.93 51 0.88 

1:2 40 15 120 1.80 0.94 51 0.85 
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Figure 4.141: EQE spectra of the best-performing devices comprising co-oligomer 4-1 (red curve) and 4-2 (blue curve), 
respectively. 
 

Despite the fact that both co-oligomers exhibited very different optoelectronic properties 

and contradicting response towards SVA solvents, the short annealing times affording the 

best-performing device as well as the photovoltaic performance in general were found to be 

exceptionally similar. Although the performance-enhancing effect of the SVA treatment was 

clearly noticeable, the overall improvement for both co-oligomers was rather small when 

compared to 3-11-based cells. It could therefore be concluded that alterations in the BHJ 

occurring upon SVA were correspondingly small. This assumption was supported by the 

results of the investigations on thin film absorption of the respective active layers before and 

after SVA. As seen in Figure 4.15, the effect of the SVA treatment on the absorption 

properties of the respective device is marginal. Significant efficiency boosts after SVA were 

mostly assigned to enhanced phase separation in the BHJ with concomitant increase in the 

domain sizes of either blend component. In such a case, a certain change in the 

corresponding blend layer absorption profile would be detectable. Hence, the increase in the 

domain size of the respective donor caused by SVA must be rather small which was also 

reflected by the mediocre increase in the photovoltaic performance of devices comprising 

co-oligomer 4-1 and 4-2, respectively. GISAX measurements of the donor-PC61BM blend 

layers before and after SVA, which were performed by Samuel Blessing from the Institute of 

Inorganic Chemistry II, were well in accordance to the above mentioned results, which were 

obtained by thin film absorption. Neither of the blends comprising oligomers 4-1 or 4-2 show 
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significant changes in the signals after the post-treatment (Figure 4.16). This indicated that 

neither the oligomer domain sizes, nor the packing properties changed upon SVA. 
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Figure 4.15: Absorption spectra of the best-performing devices comprising co-oligomer a) 4-1 (black curve before SVA, red 
curve after 30 s CF) and 4-2 (black curve before SVA, blue curve after 30 s THF).

[2]
 Reprinted with the permission of The 

Royal Society of Chemistry. 
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Figure 4.16: GISAX measurements before (black curves) and after SVA of 4-1/PC61BM blend films (red curve) and 4-
2:PC61BM (blue curve) blend film atop of ~35 nm PEDOT:PSS on ITO-covered glass substrates.

[2]
 Reprinted with the 

permission of The Royal Society of Chemistry. 

 

In retrospect, it can be stated that the anticipated increase in VOC, caused by low-lying 

HOMO levels, were accomplished by implementing an electron-withdrawing moiety into the 

center of the oligomer backbone. Unfortunately, this was apparently achieved at the 

expense of JSC leading to mediocre photovoltaic performance of 4-1 and 4-2-based solar cells 

despite great efforts invested into the optimization. 
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4.2. DCV-substituted nonameric A-D-A-D-A-type co-oligomers as donors in 

solution-processed BHJSC 

 

4.2.1. Motivation 

Although the previous chapter indicated that the A-D-A-D-A–type architecture of oligomers 

were of limited suitability for the application as donors in BHJSCs, I nonetheless adhered to 

the ambitious goal to fabricate efficient solar cells based on oligomers comprising the above-

mentioned architecture. Therefore, the reasons for the failure of co-oligomers 4-1 and 4-2 in 

terms of photovoltaic performance had to be thoroughly analyzed. Both co-oligomers were 

initially designed to afford high VOC-values in latter devices due to their low-lying HOMO 

energy levels which was well accomplished with values up to 1.05 V. Nonetheless, this was 

achieved by the expense of current density. Certainly, donors are subject to the well-known 

trade-off between JSC and VOC, which was taken into account to a certain degree. In the case 

of 4-1 and 4-2, however, this was apparently pushed too far. In addition to this, low-lying 

LUMO energy levels with small offsets to the LUMO level of the acceptor leads to exiguous 

driving force for exciton diffusion and effected the obtained low current densities. For the 

design of novel co-oligomers this implied, that the avoidance of a further decrease of the 

LUMO energy level was imperative, whereas the HOMO energy level had to be slightly 

increased in order to enhance light harvesting in the lower energy region of the solar 

spectrum. These considerations led to the decision to introduce additional electron-rich 

moieties into the oligomer backbone. Furthermore, the solubility and hence the 

processability of the novel donors had to be increased with respect to the low solubility of 

co-oligomers 4-1 and 4-2. This could be accomplished by the introduction of additional alkyl 

chains to the conjugated backbone. Last but not least, a feasible synthesis would be 

preferable for obvious reasons, with possibly few reactions steps leading to the novel 

compounds.  

Taking the above stated considerations into account, the former structures of co-oligomers 

4-1 and 4-2 were modified by introducing two bithiophene units bearing hexyl chains in a 

regioregular fashion between each DTP-donor and DCV-acceptor unit still preserving the A-

D-A-D-A-type architecture of the oligomer (Figure 4.17). This extension of the respective π-
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system with additional donor moieties would meet the aforementioned requirements 

yielding structurally defined co-oligomers 4-11 and 4-12 comprising a TPD- and BTDA-core, 

respectively. 

 

 

Figure 4.17: Molecular structures of novel co-oligomers 4-11 and 4-12 derived from the respective molecules 4-1 and 4-2 
after introduction of additional bithiophene units. 

 

 

4.2.2. Synthesis of structurally-defined co-oligomers 4-11 and 4-12 

Despite the presumably complicated structures of co-oligomers 4-11 and 4-12, the 

molecules was separated into two fragments, namely the central D-A-D-block consisting of a 

TPD or BTDA core-acceptor decorated with electron-donating DTP-units on each side and 

into a DCV-end capped bithiophene block. The D-A-D-blocks were already prepared in the 

course of the synthesis of co-oligomers 4-1 and 4-2, respectively. The DCV-bithiophene unit 

was also presented in Chapter 3 available as corresponding bromide 3-25. If the 

corresponding D-A-D block would be functionalized with stannyl groups on the free α-

positions of the DTP-moieties, a Stille-type cross-coupling reaction with the brominated 
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bithiophene-DCV block would directly lead to the corresponding co-oligomer, as depicted in 

Figure 4.18. 

 

 

Figure 4.18: Projected synthesis of co-oligomers 4-11 and 4-12 through Stille-coupling of the respective distannyl DAD-block 
and DCV-bithiophene 3-25. 

 

Synthesis of structurally defined co-oligomer 4-11 

In order to follow the synthetic pathway outlined above, D-A-D block 4-5 had to be 

resynthesized. In this respect, already available monostannylated DTP 4-4 was coupled with 

di-bromo-TPD 4-3 under Stille conditions, which was synthesized as previously reported.[1] 

The reaction was afforded molecule 4-5 in 94% yield (Scheme 4.6). 

 

 

Scheme 4.6: Synthesis of DAD-block 4-5 via Stille-coupling of precursors 4-3 and 4-4. 
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To obtain the distannylated DAD-block for the final coupling reaction, molecule 4-5 had to 

be stannylated at the free α-positions of the DTP-moieties. This was first tried with LDA as 

lithiating agent and subsequent quenching of the lithiated species with 

trimethylstannylchloride (TMSnCl). After a swift work-up, the corresponding 1H-NMR 

spectrum unveiled that the reaction has failed and only starting material 4-5 was recovered. 

Apparently, lithiation with LDA did not work and therefore n-BuLi was utilized as lithiating 

agent in another attempt, but gave the same result. Obviously, the hydrogen-lithium 

exchange did not take place at all since the starting material was always recovered. In order 

to activate the α-positions and to enable a proper lithiation, the corresponding α-positions 

were brominated for a more efficient bromine-lithium exchange. Therefore, precursor 4-5 

was brominated via NBS under light exclusion in a chloroform solution. The reaction was 

performed at low temperature and inert atmosphere to prevent possible polymerization 

reactions. After 1 h of stirring, the reaction mixture was poured onto a silica column and was 

immediately eluted with DCM. After subsequent purification via column chromatography, 

product 4-13 was obtained in an excellent yield of 92% (Scheme 4.7). 

 

Scheme 4.7: Formation of precursor 4-11 via bromination with NBS. 

 

The following stannylation of 4-13 using n-BuLi and TMSnCl was, despite several attempts 

under modified conditions, unsuccessful, making the envisaged synthesis of the target 

oligomer 4-11 via Stille cross-coupling reaction, as shown in Figure 4.19, obsolete. A 

Pd-catalyzed stannylation of 4-13 was also unsuccessful and led to a complete 

decomposition of the building block. 

Since the convergent synthesis of 4-11 seemed impossible, the synthetic strategy was 

switched to a divergent approach, in which precursor 4-13 was subsequently functionalized 

at the terminal positions. Consequently, molecule 4-13 was coupled under Stille-conditions 
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with monostannylated bithiophene 4-14, which was provided by Martin Weidelener from 

the institute. The reaction was performed according to the standard protocol and afforded 

molecule 4-15 in an acceptable yield of 70% after purification via column chromatography 

(Scheme 4.8). The next step consisted of formylation of the free α-position of the outer 

thiophene units via a Vilsemeyer-Haack reaction. In this respect, oligothiophene 4-15 was 

added to a solution of DMF and phosphoroxychloride in DCE and the mixture was refluxed 

for 18 h. After work-up and subsequent extraction, the crude product was purified via flash 

chromatography affording the desired product 4-15 in an excellent yield of 98% (Scheme 

4.8). The final step consisted of transforming the aldehyde functionalities to DCV-groups 

giving the target oligomer 4-11. This was accomplished by a Knoevenagel condensation of 

precursor 4-16 and malononitrile, catalyzed by ammonium acetate. After purification, the 

final oligomer 4-11 was obtained in an excellent yield of 92% (Scheme 4.8). The structure 

and purity of co-oligomer 4-11 was confirmed by 1H-NMR spectroscopy at 100°C and high-

resolution mass spectrometry (Figure 4.19). 

1H-NMR spectrum of oligomer 4-11 is depicted in Figure 4.19a: signals at 8.20, 7.71, 7.61, 

7.28, and 7.14 correspond to the aromatic protons. The next signal in high-field direction is 

the duplet at 4.19 ppm, which was assigned to protons of the CH2-group adjacent to the 

DTP-nitrogen. Protons of the CH2-group adjacent to the TPD-nitrogen were detected at 3.78-

3.73 ppm. Further aliphatic protons of the alkyl side chains were detected at 2.97-2.77, 2.15, 

1.83-1.72, 1.42, and 0.98-0.90 ppm (for more detailed assignment see Figure 4.19a and the 

experimental section). High resolution mass spectrometry of target oligomer 4-11 resulted in 

one signal with m/z = 1884.89539, which corresponds to [M+] (Figure 4.19b). The deviation 

from the calculated m/z-value was determined to 1.37 ppm proving the high purity of 

oligothiophene 4-11. 
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Scheme 4.8: Synthesis of target oligomer 4-11 from precursors 4-13 and 4-14. 
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Figure 4.19: 
1
H-NMR and HRMS spectrum of target co-oligomer 4-11. 

  

a) 

b) 
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Synthesis of co-oligomer 4-11 

The synthesis of D-A-D-block 4-9, consisting of a BTDA-core decorated with two DTP-

moieties was already presented above (Figure 4.18). The stannylation of the precursor, 

however, had to be performed via Pd-catalysis since BTDA groups are very sensitive towards 

lithiating agents and lead to decomposition. Hence, precursor 4-9 had to be brominated in 

the corresponding α-position of the DTP-units prior to the aforementioned stannylation. The 

bromination of 4-9 was performed in cold THF solution by addition of NBS under light 

exclusion. After purification via flash chromatography, the desired product 4-17 was 

obtained in 84% yield (Scheme 4.9).  

After thorough drying of 4-17 under reduced pressure, it was added to solution of 

bis(tributyltin) in dry toluene. The Pd-catalyst was added and the reaction mixture was 

stirred at 115°C overnight. Reaction control via TLC showed that a considerable amount of 

4-17 and monostannylated species were still present in the mixture and more bis(tributyltin) 

was added to the reaction mixture. Later, 1H-NMR spectroscopy showed a conversion rate of 

90% to the desired distannyl 4-18, which was used in the following reaction without further 

purification (Scheme 4.9). 

Having successfully synthesized precursor 4-18, the next step consisted of the final Stille 

cross-coupling with previously synthesized DCV-bithiophene 3-25, as initially planned for 

both target oligomers. The cross-coupling reaction was conducted by dissolving the starting 

materials in DMF and subsequent heating to 80°C. After a reaction time of 18 h, the crude 

product was precipitated by the addition of methanol. The resulting suspension was filtered 

and the residue was washed with more methanol, before it was purified several times via 

flash chromatography. Target oligomer 4-12 was obtained as a dark blue solid in 60 % yield 

(Scheme 4.9). The structure and purity were confirmed by 1H-NMR spectroscopy at 100°C 

and high-resolution mass spectrometry, as shown in the respective spectra in Figure 4.20.  

1H-NMR spectrum of oligomer 4-12 is depicted in Figure 4.20a: signals at 8.30, 7.90, 7.71, 

7.61, 7.28, and 7.16 correspond to the aromatic protons. The next signal in high-field 

direction is the duplet at 4.21 ppm, which was assigned to protons of the CH2-group adjacent 

to the DTP-nitrogen. Further aliphatic protons of the alkyl side chains were detected at 2.92, 

2.18, 1.78, 1.49-1.29, and 0.94 ppm (for more detailed assignment see Figure 4.20a and the 
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experimental section). High resolution mass spectrometry of target oligomer 4-12 resulted in 

one signal with m/z = 1755.79231, which corresponds to [M+] (Figure 4.20b). The deviation 

from the calculated m/z-value was determined to 0.87 ppm proving the high purity of 

oligothiophene 4-12. 

 

 

Scheme 4.9: Synthesis of target oligomer 4-12 starting with DAD-block 4-9. 
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Figure 4.20: 
1
H-NMR and HRMS spectrum of target co-oligomer 4-12. 
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4.2.3. Optical properties of structurally-defined co-oligomers 4-11 and 4-12 

The optical properties of co-oligomers 4-11 and 4-12 were investigated via UV-vis 

spectroscopy in CHCl3 solutions with concentrations varying from 10-5 M to 10-6 M. Solid-

state absorption was measured from thin films spin-coated from chloroform solutions with a 

concentration of 4 mg mL-1 at 3000 rpm on glass substrates at room temperature. The 

absorption spectra of 4-12 are compared to the TPD-incorporating nonamer 4-11, as 

presented in Figure 4.21a and Figure 4.21b, respectively. The corresponding data are 

compiled in Table 4.13. 

The absorption spectrum of co-oligomer 4-11 had a structureless spectral shape with a 

distinct absorption band between 500-650 nm and the absorption maximum at 580 nm, 

which was assigned to intramolecular charge transition (ICT) band between the electron-

donating and electron-withdrawing moieties of the conjugated backbone. The π-π*-

transition band, somehow, seemed to be suppressed since no pronounced absorption band 

was detectable in the area around 400 nm, which was evidently observable in the solution 

spectrum of 4-12. Furthermore, the absorption spectrum of 4-12 featured a red-shifted 

absorption maximum at 632 nm indicating a more pronounced ICT due to the stronger 

electron-withdrawing effect of BTDA in comparison to TPD. The molar extinction coefficient 

of co-oligomer 4-11 was determined to 83,000 M-1cm-1 being significantly higher than for the 

BTDA-comprising counterpart (70,300 M-1cm-1). The significant difference in the molar 

extinction coefficient was a strong hint for the comparably higher planarity of 4-11 due to 

planarizing attractive interaction between the oxygen atom of the TPD-core and the sulphur 

atoms of adjacent DTP-moieties. Due to red-shifted absorption of co-oligomer 4-12, the 

optical gap in solution estimated from the absorption onset of 743 nm was 1.67 eV, whereas 

the corresponding energy gap of 4-11 was 1.71 eV estimated from an onset value of 725 nm. 

The measured film absorption of co-oligomers 4-11 and 4-12 were red-shifted by 

approximately 100 nm and exhibited a broader absorption compared to the solution spectra 

due to increased intermolecular interaction in the solid state. The film absorption of 4-11 

covered a region between 400 and almost 800 nm with the absorption maximum located at 

657 nm and a pronounced shoulder at 704 nm. The optical gap calculated from the 

absorption onset was 1.54 eV. The solid-state absorption spectrum of 4-12 exhibited a more 
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structured and red-shifted absorption profile with the absorption maximum at 769 nm and 

distinct shoulders at 722 and 440 nm. The optical gap was determined to 1.41 eV.  

In comparison to their shorter counterparts 4-1 and 4-2, both nonamers exhibited 

structureless spectral shapes and decreased extinction coefficients in solution (Figure 4.5). 

This was most probably caused by the increased flexibility and hence decreased planarity of 

the molecular structure due to the additional hexyl-bithiophene units. The observed red-

shifts of the respective solution spectra derived from an elongation of the conjugated π-

system since the acceptor moieties remained the same as in co-oligomers 4-1 and 4-2, 

respectively.  
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Figure 4.21:UV-Vis spectrum of 4-11(pink curve) and 4-12 (green curve) in a) solution (CHCl3, c = 10
-6

 M) and b) in thin films 
atop glass substrates. 

 

Table 4.13: Optical data of co-oligomers 4-11 and 4-12 in CHCl3 (c = 10
-6

 M) and in thin films on glass. 

λmax is underlined. [a] Shoulder. 

The maximum solubility of 4-11 and 4-12 determined via absorption spectroscopy were 12 

and 7 mg mL-1, respectively. Since a device fabrication via doctor-blading was envisaged, 

these relatively low values do not constitute a problem in terms of processing, yet a stronger 

increase in solubility was anticipated by the introduction of four additional hexyl chains. 

 solution  film 

 
λabs [nm] 

(ε [M-1cm-1]) 
λabs,onset 

[nm] 
𝛥Eopt 

[eV] 
 

λmax 
[nm] 

λabs,onset 
[nm] 

𝛥Eopt 

[eV] 

4-11 580 (83,300) 725 1.71  
657 
704[a] 

805 1.54 

4-12 
632 (70,300) 
406 (42,000) 

743 1.67  
769 
722[a] 
440[a] 

879 1.41 
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4.2.4. Electrochemical properties of structurally-defined co-oligomers 4-11 and 4-12 

The electrochemical properties of co-oligomers 4-11 and 4-12 were investigated via cyclic 

voltammetry (CV). The oligomer films were drop-casted from hot chloroform solutions on 

the working electrode and the measurement was performed in acetonitrile in order to avoid 

a dissolving of the aforementioned film (Figure 4.22). The obtained electrochemical data is 

summarized in Table 4.14. The frontier orbital energy levels of 4-11 were determined 

to -5.73 eV for the HOMO and -3.20 eV for the LUMO, calculated from the onset of oxidation 

and reduction wave, respectively. In comparison to the shorter oligomer 4-1, the intended 

rise of the HOMO level was apparently accomplished by the introduction of additional 

donor-moieties into the oligomer backbone, whereas the LUMO level remained unchanged. 

The resulting electrochemical gap of 2.53 eV showed the corresponding decrease in the 

band gap compared to oligomer 4-1. The HOMO and LUMO energy levels of co-oligomer 4-

12 were determined to -5.28 eV and -3.08 eV, respectively. Compared to its pentameric 

counterpart 4-2, oligomer 4-12 exhibited a much higher increase of the HOMO-level as 

found for the pair 4-1 and 4-11. However, the high LUMO level of -3.03 eV was exceptional 

since the LUMO levels of the other oligomers in the series remained constantly around the 

value of -3.20 eV. The electrochemical gap of 4-12 was calculated to 2.25 eV being the 

smallest value for all co-oligomers in the series. Although the absolute values of the 

electrochemical gaps are higher than the optical gaps for the corresponding thin films, the 

trend between the energy gaps of co-oligomers 4-1, 4-2, 4-11, and 4-12 was consistent, 

including the stepwise increase of the respective HOMO levels (Figure 4.23).  

 

Table 4.14: Electrochemical data of 4-11 and 4-12 films, which were drop-casted from corresponding CHCl3 solutions, in 
ACN with (n-Bu)4NPF6 (0.1M) as supporting electrolyte measured vs. Fc/Fc+ at 100 mV s-1. 

[a] EHOMO and ELUMO calculated from the onset of E°ox1 and E°red1, respectively; related to the Fc/Fc
+
-couple with a calculated 

absolute energy of -5.1 eV. [b] Band gap calculated ΔECV = EHOMO - ELUMO. 

 Eox1 [V] Eox2 [V] Ered1 [V] EHOMO [V][a] ELUMO [V][a] 𝛥ECV [eV][b] 

4-11 0.84 1.02 -2.09 -5.73 -3.20 2.53 

4-12 0.62 0.94 -2.22 -5.28 -3.03 2.25 
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Figure 4.22: Cyclic voltammograms of 4-11 (pink curve) and 4-12 (green curve) films measured in acetonitrile using (n-
Bu)4NPF6 (0.1 M) as supporting electrolyte at 100 mV s

-1
, potentials vs. ferrocene/ferricenium (Fc/Fc

+
). 
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Figure 4.23: Comparison of the corresponding HOMO and LUMO energy levels of co-oligomers 4-1, 4-2, 4-11, and 4-12 
determined from the onset of the first oxidation and reduction waves, respectively. 
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4.2.5. Photovoltaic performance of co-oligomers 4-11 and 4-12 

The photovoltaic performance of structurally-defined co-oligomers 4-11 and 4-12 was 

investigated in devices fabricated via doctor-blading. The great advantages of this processing 

technique were already describes above.  

 

Photovoltaic performance of co-oligomer 4-11 

The fabrication was started using PC61BM as acceptor blended with 4-11 in TCE solutions 

with a concentration of 30 mg mL-1. Preliminary experiments have shown that homogeneous 

films could be obtained at a far more convenient processing temperature of 80°C, compared 

to 100°C required for the fabrication of 4-2-based devices. As a first step, different D/A-

ratios were tested with varying blade-velocities (10-30 mm s-1) in order to find the most 

promising layer thickness and D/A-ratio for further optimization. The obtained data is 

summarized in Table 4.15. The JSC increased from 10 mm s-1, corresponding to an active layer 

thickness of ~80 nm, to 15 mm s-1 (ca. 100 nm) for all D/A-ratios. For the ratios 1:2 and 2:1, 

the current density decreased with higher blade-velocities to increase again at 30 mm s-1 (ca. 

210 nm). Here, the ratio 1:1 was an exception. The JSC increases slightly until a blade-velocity 

of 20 mm s-1 (ca. 140 nm) to decrease rapidly with increasing layer thicknesses. The highest 

value of 4.60 mA cm2 for JSC was observed for a 1:2 D/A-ratio, doctor-bladed with 15 mm s-1. 

VOC stayed rather constant at a value between 0.70 – 0.74 V for almost all solar cells with 

very few exceptions. However, this result was anticipated and clearly showed the effect of 

the increased HOMO energy level in comparison to shorter counterpart 4-1. The behavior of 

the fill factor was expected to give better hints on the quality of the active layer morphology. 

The FF of all three D/A-ratios displayed a similar trend showing a clear maximum for devices 

processed with 15 mm s-1 with increasing values towards 30 mm s-1. The obtained PCEs 

summarize the findings above very clearly: a power conversion efficiency of 1.75% was 

determined for devices comprising active layers deposited with 15 mm s-1 of the blend-

solution comprising a 1:2 D/A-ratio. With increasing donor content in the blend, the 

efficiency decreased to 1.36 and 1.28%, respectively. The corresponding J-V-curves are 

illustrated in Figure 4.24. 
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Figure 4.24: J-V-curves of 4-11-based BHJSCs deposited with 15 mm s
-1

 from solutions with D/A-ratios of 1:2 (red curve), 1:1 
(green curve), and 2:1 (blue curve). 

 

Table 4.15: Photovoltaic parameters for BHJSC using co-oligomer 4-11 as donor in combination with PC61BM as acceptor, 
doctor-bladed from TCE solutions (c = 30 mg mL

-1
) with 10-30 mm s

-1
 at 80°C. PEDOT:PSS was deposited with 60 µL/1 mm s

-

1
/60°C, affording a layer thickness of 35-40 nm. Device architecture: ITO/PEDOT:PSS/4-11:PC61BM/LiF/Al. For each entry, at 

least three solar cells were fabricated, whereas the best-performing one is tabulated. LTactive layer corresponds to the active 
layer thickness. 

D:A 
Vol.  
[µL] 

vapplicator 

[mm s-1] 

LTactive layer 

[nm] 
JSC  

[mA cm-2] 
VOC  

[V] 
FF  
[%] 

PCE  
[%] 

1:2 40 10 80 2.38 0.66 38 0.59 

1:2 40 15 100 4.60 0.73 52 1.75 

1:2 40 20 140 3.10 0.45 32 0.45 

1:2 40 25 170 2.96 0.74 37 0.79 

1:2 40 30 210 4.26 0.74 48 1.52 

1:1 40 10 80 2.03 0.69 41 0.58 

1:1 40 15 100 3.49 0.74 53 1.36 

1:1 40 20 140 3.93 0.73 22 0.62 

1:1 40 25 170 2.48 0.71 13 0.24 

1:1 40 30 210 1.00 0.14 27 0.04 

2:1 40 10 80 3.03 0.72 41 0.90 
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Since the highest JSC and PCE-values were found for devices casted from a 1:2 D/A-ratio-

comprising blend-solution with a velocity of 15 mm s-1, these fabrication parameters were 

regarded as the most suitable for further optimization. In this case again an active layer 

thickness of ~100 nm seemed to be the most favorable one. The obtained data also allow 

the assumption that a layer thickness of ~210 nm, reached with a blade-velocity of 30 mm s-

1, was a good alternative, possibly to even reach higher current densities, but the drying 

dynamics at such high blade-speeds were unfortunately very random. Therefore, the 

reproducibility of the cells processed with 15 mm s-1 was much higher making it more 

suitable for further optimization. 

Since the optimal blade-velocity and D/A-ratio were determined, the next step was the 

investigation of the response of the active layer to solvent vapors. Chloroform was tested as 

the first solvent. The SVA duration was increased in 15 s steps until a treatment time of 120 s 

was reached. During the treatment with CF vapor, no changes in the color of the active layer 

could be observed. However, the treatment with CF vapor had a significant effect on the 

photovoltaic parameters. An efficiency improvement from 1.75% for the untreated device to 

2.70% could be observed already after 15 s of SVA. The best-performing cell was obtained 

after 30 s of SVA, displaying a noticeable JSC-value of 10.1 mA cm-2 and a FF of 60% resulting 

in an efficiency of 4.42%, which equals a 2.5-fold improvement compared to untreated 

device. Although a constant trend was not observable, it can be generally stated that the 

device performance decreased concomitantly with increasing SVA time. After an exposure 

for 75 s to chloroform vapor, the JSC dropped to 9.20 mA cm-2, whereas the FF increased to 

65%, which in combination with a VOC of 0.72 V led to an efficiency of 4.28%. After 120 s of 

SVA, the JSC decreased further to 7.59 mA cm-2 and the FF to 59%. The VOC was hardly 

affected and reached 0.71 V resulting in an efficiency of 3.17% (Figure 4.25). The 

tremendous increase in efficiency upon SVA mainly derived from the boost in JSC, whereas 

2:1 40 15 100 4.38 0.73 40 1.28 

2:1 40 20 140 2.16 0.72 16 0.25 

2:1 40 25 170 0.10 0.66 24 0.02 

2:1 40 30 210 4.35 0.75 29 0.94 
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the VOC was hardly affected. This was clearly reflected by the serial resistances (RS) 

determined from the respective J-V-curves. The RS for the untreated device was the highest 

with 6.18 Ω cm-2, which decreased concomitantly with increasing JSC-values. The RS-values 

developed as follows: 4.98 Ω cm-2 for 120 s SVA, 4.00 Ω cm-2 for 75 s of SVA, and the lowest 

value of 3.79 Ω cm-2 for 30 s of SVA, being well in accordance with the corresponding JSC-

values. The reason for this finding was apparently a dramatic change in the active layer 

morphology. Presumably, the SVA treatment triggered the formation of a more favorable 

distribution of donor and acceptor-rich phases leading to smaller recombination rates. 

However, it is too early to deduce a prominent domain growth of either active layer 

component based on these results. In conclusion, it can be stated that the SVA treatment 

with chloroform led to an astonishing increase of the photovoltaic performance of 4-11-

based devices. The photovoltaic data is summarized in Table 4.16.  
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Figure 4.25: J-V-curves of 4-11-based BHJSCs deposited with 15 mm s
-1

 before (orange curve) and after SVA with CF for 30 s 
(red curve), 75 s (blue curve), and 120 s (green curve).

[2]
 Reprinted with the permission of The Royal Society of Chemistry. 
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Table 4.16: Photovoltaic parameters for BHJSCs using co-oligomer 4-11 as donor in combination with PC61BM as acceptor, 
doctor-bladed from TCE solution (c = 30 mg mL

-1
) with 15 mm s

-1
 at 80°C. PEDOT:PSS was deposited with 60 µL/1 mm s

-

1
/60°C, affording a layer thickness of 35-40 nm. Device architecture: ITO/PEDOT:PSS/4-11:PC61BM/LiF/Al. SVA performed 

with 2 mL CF. For each entry, at least three solar cells were fabricated, whereas the best-performing one is tabulated. 

 

Although the SVA treatmend of 4-11-based devices with chloroform was very succesful, the 

same experiment was conducted with THF as SVA solvent. The outcome was very suprising. 

For almost all annealing times, the device performance was signifiactnly lower compared to 

devices, which were treated with chloroform, except for an annealing time of 45 s. For that 

particular exposure time, the an astonishing efficiency of 5.03% was achieved. The driving 

force behind this improvement was a 2.5-fold increase in JSC from 4.6 to 11.5 mA cm-2. The 

FF also displayed a significant enhancement by 11% from 52 to 63% upon SVA treatment 

(Figure 4.26). In every case, the THF-treated devices exhibited a lower device performance in 

comparison to the chloroform-treated counterparts, whereas the effciceny of devices 

annealed for 45 s with THF always outperformed every cholorform-treated device (Table 

4.17). Apparently, these annealing parameters resulted in an optimal distribution and size of 

donor and acceptor-rich domains, which is indeed a very delicate equilibrium.  

D:A 
Vol.  
[µL] 

vapplicator 

[mm s-1] 

SVA  
[s] 

JSC  
[mA cm-2] 

VOC  

[V] 
FF  
[%] 

PCE  
[%] 

1:2 40 15 - 4.60 0.73 52 1.75 

1:2 40 15 15 7.46 0.72 50 2.70 

1:2 40 15 30 10.11 0.72 60 4.42 

1:2 40 15 45 9.17 0.70 66 4.28 

1:2 40 15 60 6.93 0.73 60 3.04 

1:2 40 15 75 9.20 0.72 65 4.28 

1:2 40 15 90 6.81 0.73 58 2.89 

1:2 40 15 105 7.36 0.72 64 3.38 

1:2 40 15 120 7.59 0.71 59 3.17 
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Figure 4.26: J-V-curves of 4-11-based BHJSCs deposited with 15 mm s
-1

 before (orange curve) and after SVA with THF for 30 
s (green curve), 45 s (red curve), and 75 s (blue curve).

[2]
 

 

Table 4.17: Photovoltaic parameters for BHJSCs using co-oligomer 4-11 as donor in combination with PC61BM as acceptor, 
doctor-bladed from TCE solution (c = 30 mg mL

-1
) with 15 mm s

-1
 at 80°C. PEDOT:PSS was deposited with 60 µL/1 mm s

-

1
/60°C, affording a layer thickness of 35-40 nm. Device architecture: ITO/PEDOT:PSS/4-11:PC61BM/LiF/Al. SVA performed 

with 2 mL THF. For each entry, at least three solar cells were fabricated, whereas the best-performing one is tabulated.
[2]

 

 

As pointed out above, the tremendous increase in JSC and PCE of 4-11-based solar cells upon 

SVA treatment had to derive from significant morphological changes in the active layer. 

Measurements of the solid-state absorption of corresponding blend layers before and after 

D:A Vol. [µL] vappl. [mm s-1] SVA [s] JSC [mA cm-2] VOC [V] FF [%] PCE [%] 

1:2 40 15 - 4.60 0.73 52 1.75 

1:2 40 15 15 8.03 0.72 44 2.54 

1:2 40 15 30 5.78 0.72 38 1.60 

1:2 40 15 45 11.50 0.70 63 5.03 

1:2 40 15 60 10.35 0.70 54 3.93 

1:2 40 15 75 8.95 0.71 60 3.81 

1:2 40 15 90 8.37 0.72 51 3.11 

1:2 40 15 105 7.20 0.72 41 2.12 

1:2 40 15 120 6.46 0.72 42 1.97 
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the SVA procedure confirmed the presence of detectable changes in the active layer 

morphology (Figure 4.27a). Untreated blend layers, identical in composition and thickness as 

in the respective solar cells, exhibited a strong absorption band at ~380 nm, which was 

ascribed to the solid state absorption of PC61BM, whereas the absorption bands between 

550 and 850 nm were characteristic for co-oligomer 4-11. Upon exposure to THF vapor for 

45 s, a distinct increase in this region was observed, while the spectral shape below 550 nm 

remained almost unchanged. This behaviour was attributed to increased intermolecular 

interactions between 4-11 molecules deriving from a denser packing of donor molecules 

upon SVA, as previously observed for similar blend compositions.[3]  

These assumptions were further supported by GISAX (grazing incident small angle x-ray 

scattering) measurements of 4-11:PC61BM blend layers atop ~35 nm PEDOT:PSS on ITO-

covered glass substrates before and after SVA (illustrated in Figure 4.27b). X-ray diffraction 

analyses of the untreated blend layers exhibited a very sharp signal at 4.15 °/2θ which was 

assigned to the presence of donor crystallites in the blend. The distance between the co-

oligomer backbones of adjacent molecules was determined to 22 Å (d100). The presence of 

the aforementioned crystallites indicated a certain degree of phase separation in the bulk-

heterojunction with detectable donor-rich phases. The relatively low performance of 1.75% 

PCE deriving from low JSC of 4.69 mA cm-2 and FF of 52% were attributed to high 

recombination rates in donor-rich domains. Hence, the presence of donor crystallites alone 

doesn’t make a highly efficient solar cell. In addition to the mere presence of extended 

donor crystallites, the distribution as well as the connection of donor-rich phases play a 

crucial role for efficient devices. The signals obtained by the GISAX measurements of the 

annealed blend layer exhibited the anticipated change in morphology showing signals at 

4.00 and 7.6 °/2θ. The additional signal at 7.6°/2θ was a strong indication for extended long-

range order of the donor phases. The distance between the oligomer backbones of adjacent 

4-11 molecules (d100) was determined to 22 Å, whereas the d200 distance was as high as 11 

Å. This means that in addition to the already present crystalline domains, as seen for the 

untreated blend layers, long-range ordering of the donor-rich phases emerged upon SVA. 

Furthermore, a slight splitting of the recorded reflex at ~4.0° and the tailing of the signal at 

7.6° indicate a distribution of crystalline domains with variable spacing and packing 

properties with longer distances. In terms of photovoltaic performance, this outcome was 

well in accordance with impressive improvement of JSC and FF, clearly indicating the 
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reduction of recombination rates. Through the GISAX analysis of the blend layers before and 

after SVA, it was shown that not only the presence of extended donor-crystallites is of great 

importance, but also the long-range ordering thereof enabling an efficient transport of 

generated charge carriers to the respective electrodes.[2]  
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Figure 4.27: a) UV-vis and b) GISAX measurements of 4-11/PC61BM blend films atop ~35 nm of PEDOT:PSS on ITO-covered 
glass substrates before (black curve) and after SVA with THF for 45 s (pink curve).

[2]
 Reprinted with the permission of The 

Royal Society of Chemistry. 

 

Photovoltaic performance of co-oligomer 4-12 

The fabrication of solution-processed BHJSC comprising co-oligomer 4-12 as donor and 

PC61BM as acceptor was conducted analoguously to the procedures described above 

including the processing solvent (TCE) as well as the blend-sloution conentration of 

30 mg mL-1. As the first experiment, different D/A ratios and blade-velocities were screened. 

Three solutions with D/A-ratios of 1:2, 1:1, and 2:1 were doctor-bladed with velocities of 10, 

15, 20, 25, and 30 mm s-1. The processing was performed at a temperature of 80°C which 

afforded homogenous blend films. In the case of 4-12, an acquainted behavior of the 1:2- 

and 2:1-ratios concerning the photovoltaic parameters at different blade-velocities was 

faced. The JSC and FF displayed their maxima at 15 mm s-1 (~100 nm layer thickness) and 

decreased concomitantly with thicker layers. Devices, which were casted from the blend-

solution comprising a 1:1 D/A-ratio, however, exhibited a different trend: The current 

density, as well as the FF, increased with blade-velocities from 10 mm s-1 (75-80 nm) to 25 

mm s-1 (~ 180 nm) before they decrease again at 30 mm s-1 (~210 nm). This outcome 
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indicated that both parameters, JSC and FF, were higher for thicker layers, which for the 

latter parameter was very remarkable. The VOC-value of the 1:1-ratio was also less volatile 

compared to the VOC of the other ratios. The 1:2 D/A-ratio, which usually gives the most 

promising cells displayed the worst performance. The best-performing device, which was 

casted from a 1:1 D/A-ratio and doctor-bladed with 25 mm s-1, showed a JSC of 6.30 mA/cm2, 

a VOC of 0.58V and a FF of 62% resulting in a good efficiency of 2.25%. The photovoltaic data 

is tabulated in Table 4.18; the J-V-curves of the best-performing device for each D/A-ratio 

are shown in Figure 4.28.  
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Figure 4.28: J-V-curves of 4-12-based BHJSCs deposited from solutions with D/A-ratios and blade-velocities of 1:2 and 15 
mm s

-1
 (red curve), 1:1 and 25 mm s

-1
 (blue curve), and 2:1 and 15 mm s

-1
. 

 

Table 4.18: Photovoltaic parameters for BHJSCs using co-oligomer 4-12 as donor in combination with PC61BM as acceptor, 
doctor-bladed from TCE solutions (c = 30 mg mL

-1
) with 10-30 mm s

-1
 at 80°C. PEDOT:PSS was deposited with 60 µL/1 mm s

-

1
/60°C, affording a layer thickness of 35-40 nm. Device architecture: ITO/PEDOT:PSS/4-12:PC61BM/LiF/Al. For each entry, at 

least three solar cells were fabricated, whereas the best-performing one is tabulated. LTactive layer corresponds to the active 
layer thickness. 

D:A 
Vol.  
[µL] 

vapplicator  

[mm s-1] 

LTactive layer 
[nm] 

JSC  
[mA cm-2] 

VOC  

[V] 
FF  
[%] 

PCE  
[%] 

1:2 40 10 78 1.28 0.38 27 0.13 

1:2 40 15 100 2.45 0.51 34 0.42 

1:2 40 20 136 2.21 0.54 27 0.32 

1:2 40 25 180 0.35 0.44 14 0.02 

1:2 40 30 210 1.99 0.54 25 0.27 
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Based on the photovoltaic data already acquired, important structure-device property 

relations could already be deduced. The generated photocurrent was the highest for all co-

oligomers in this series, which was well in accordance with the most red-shifted thin film 

absorption of 4-12. The obtained FF-values reaching to 62% for the 1:1 D/A-ratio, were also 

relatively high for untreated devices. The VOC of 4-12-based devices, however, explicitly 

illustrated the dilemma between current-density and voltage of devices. The high current-

densities were inevitably accompanied with lower VOC-values between 0.50 and 0.60 V, 

constituting a minimum among co-oligomers 4-1, 4-2, 4-11, and 4-12. The low VOC caused by 

the high HOMO energy level of 4-12 was compensated by high current densities and fill 

factors after optimization via SVA, improving the modest device efficiency of solar cells 

incorporating 4-12 as donor.  

Thus, active layers, which were casted as described above were exposed to chloroform 

vapors starting from 15 to 120 s. Since the untreated cells containing 4-12 exhibited the 

highest performance of the untreated cells among the molecules in the series, a further 

increase in efficiency was anticipated. Unfortunately, SVA did not show any significant 

improvement. In some cases, the efficiency, along with all other photovoltaic parameters, 

detoriorated. The only positive effect was detected after 60 s of SVA resulting in an absolute 

1:1 40 10 78 1.12 0.47 29 0.15 

1:1 40 15 100 2.66 0.54 40 0.57 

1:1 40 20 136 3.92 0.60 46 1.08 

1:1 40 25 180 6.30 0.58 62 2.25 

1:1 40 30 210 3.54 0.58 49 1.01 

2:1 40 10 78 2.03 0.55 28 0.31 

2:1 40 15 100 5.13 0.60 53 1.65 

2:1 40 20 136 3.65 0.55 42 0.86 

2:1 40 25 180 1.11 0.22 25 0.06 

2:1 40 30 210 2.50 0.36 28 0.25 
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efficiency improvement of 0.09%, which was still in the error range (Table 4.19). Therefore, it 

can be clearly stated that SVA with chloroform did not show any improvement. Upon longer 

exposure, the efficiency rapidly decreased until no photovoltaic performance was detectable 

after 120 s of SVA. A plausible explanation was that the D/A-domain sizes of the as-cast BHJs 

cells were already more or less optimal. After a certain time during the SVA process, the 

domains grew further presumably causing high recombination rates, which would explain 

the drop in efficiency until the cells were shorted after 120 s of SVA. The corresponding J-V-

curves are displayed in Figure 4.29.  
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Figure 4.292: J-V-curves of 4-12-based BHJSCs deposited with 25 mm s
-1

 before (red curve) and after SVA with CF for 15 s 
(blue curve), 60 s (purple curve), and 75 s (green curve). 

 

Table 4.19: Photovoltaic parameters for BHJSCs using co-oligomer 4-12 as donor in combination with PC61BM as acceptor, 
doctor-bladed from TCE solution (c = 30 mg mL

-1
) with 25 mm s

-1
 at 80°C. PEDOT:PSS was deposited with 60 µL/1 mm s

-

1
/60°C, affording a layer thickness of 35-40 nm. Device architecture: ITO/PEDOT:PSS/4-12:PC61BM/LiF/Al. SVA performed 

with 2 mL CF. For each entry, at least three solar cells were fabricated, whereas the best-performing one is tabulated. 

D:A 
Vol.  
[µL] 

vapplicator 

[mm s-1] 

SVA  
[s] 

JSC  
[mA cm-2] 

VOC  

[V] 
FF  
[%] 

PCE  
[%] 

1:1 40 25 - 6.30 0.58 62 2.25 

1:1 40 25 15 4.50 0.57 59 1.52 

1:1 40 25 30 2.32 0.56 41 0.53 

1:1 40 25 45 6.00 0.60 61 2.23 

1:1 40 25 60 6.34 0.60 62 2.34 
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Nevertheless, the SVA process was also tried with THF as solvent. Here, the drop in efficiency 

during the SVA was even more definite. All parameters showed the same trend, which was 

an almost linear decrease of all parameters with increasing SVA time (Figure 4.30). This trend 

indicated that the morphology of the active layer seemed to be rather optimal after casting 

and any further domain growth initiated by solvent vapors affected the device properties in 

a negative manner. However, the JSC exhibited a significant increase for short SVA times. But 

since it was accompanied with strongly decreasing FF- and VOC-values, the overall efficiency 

was lower than for SVA with chloroform. The photovoltaic data of the SVA experiments using 

THF as solvent is listed in Table 4.20. 
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Figure 4.30: J-V-curves of 4-12-based BHJSCs deposited with 25 mm s
-1

 before (blue curve) and after SVA with THF for 15 s 
(red curve), 75 s (green curve), and 105 s (black curve). 

 

Table 4.20: Photovoltaic parameters for BHJSC using co-oligomer 4-12 as donor in combination with PC61BM as acceptor, 
doctor-bladed from TCE solution (c = 30 mg mL

-1
) with 25 mm s

-1
 at 80°C. PEDOT:PSS was deposited with 60 µL/1 mm s

-

1:1 40 25 75 3.51 0.56 52 1.02 

1:1 40 25 90 3.26 0.53 52 0.89 

1:1 40 25 105 2.82 0.38 35 0.38 

1:1 40 25 120 1.24 0.03 17 0.01 
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1
/60°C, affording a layer thickness of 35-40 nm. Device architecture: ITO/PEDOT:PSS/4-12:PC61BM/LiF/Al. SVA performed 

with 2 mL THF. For each entry, at least three solar cells were fabricated, whereas the best-performing one is tabulated. 

 

Finally, it can be stated that neither of both SVA solvents had a significantly positive effect 

on the device performance. In both cases, the best-performing post-treated solar cells with 

effciencies of 2.34 and 2.32% could not distinctly outperform the best-performing untreated 

device with 2.25%. Although the exposure to THF vapor led to higher short-circuit current 

densities up to 8.65 mA cm-2, the increased JSC was accompanied with a 12% and 40 mV 

decrease in FF and in VOC, respectively. This indicated that the as-cast active layers 

comprising 4-12 already exhibited a resonable morphology, which is supported by the high 

FF of 62% found in untreated devices. The exposure to solvent vapor triggered further phase 

separation, which in some cases led to increased current-density, but the further growth of 

donor- and acceptor-rich phases resulted in a deterioration of other device parameters. The 

significant differences in the photovoltaic performacnes of solar cells comprising 4-11 and 

4-12 were clearly reflected in the corresponding EQE-spectra shown in Figure 4.31. The 

spectral shape of the EQE of co-oligomer 4-11 covered a broad spectral range from 400-800 

nm with a maximum of 52% at 639 nm proving the substantial contribution of the donor to 

the measured photocurrent. The quantum efficiency of 40% in the region around 400 nm 

was also important and was clearly attributed to the acceptor component in the blend. In 

the case of 4-11-based devices, the contribution of the acceptor seemed to exceeded the 

D:A Vol. [µL] vappl. [mm s-1] SVA [s] JSC [mA cm-2] VOC [V] FF [%] PCE [%] 

1:1 40 25 - 6.30 0.58 62 2.25 

1:1 40 25 15 8.65 0.54 50 2.32 

1:1 40 25 30 8.52 0.52 49 2.21 

1:1 40 25 45 7.03 0.53 48 1.78 

1:1 40 25 60 7.22 0.53 46 1.73 

1:1 40 25 75 4.82 0.53 40 1.02 

1:1 40 25 90 6.55 0.52 39 1.33 

1:1 40 25 105 1.56 0.48 49 0.37 

1:1 40 25 120 1.05 0.40 35 0.15 
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contribution of the donor to the photocurrent, since the EQE was higher in the spectral 

region attributed to the acceptor molecule. The maximum of 22% at 376 nm was clearly in 

accordance with the absorption of PC61BM. The spectral range ascribed to the absorption of 

the donor 4-12, however, exhibited a EQE of merely 15%. Despite the broadly covered 

spectral range reaching from 350 to 850 nm, the generated photocurrent remained 

realtively low explaining the generally low external quantum efficiency of the 4-12-based 

device. 
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Figure 4.31: EQE spectrum of the best-performing devices comprising 4-11 (red curve) and 4-12 (blue curve) as donor, 
respectively. 

 

 

4.3. Summary  

In this chapter, the synthesis and characterization of strcuturally-defined A-D-A-D-A-type co-

oligomers 4-1 and 4-2, designed as donors for solution-processed BHJSCs were presented. 

Both molecules are endcapped with DCV-acceptor groups, which were linked to DTP-donor 

units. The electron-withdrawing core consisted of TPD in oligomer 4-1 and of BTDA in 4-2. 

The optoelectronic characterization of both olgiomers exhibited broad and strong 

absorptions in solution and in thin films. The solutiblity of co-oligomer 4-2, determined via 

optical spectroscopy, however, was very low excluding processing via spin-coating. 

Therefore, devices were fabricated via doctor-blading allowing high temperature processing 
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conditions. Solar cells comprising 4-1 and 4-2 showed mediocre efficiencies deriving from 

rather low current-densities and fill factors. The obtained VOC-values of around 1 V were in 

strong contrast to the low JSC-values and could be clearly ascribed to the low-lying LUMO 

energy levels of 4-1 and 4-2 caused by the respective core-acceptor. The solar cells were 

further optimized via SVA with chloroform and THF and led to an almost twofold 

improvement of the PCE in both cases (Table 4.21). The efficiency boost mainly derived from 

increased current densities and fill factors. Based on the strucutre-device property 

relationships deduced above, the molecular structure of 4-1 and 4-2 were modified yielding 

A-D-A-D-A-type co-oligomers 4-11 and 4-12. The modification consisted of the insertion of 

two regioregularly alkylated bithiophene units between the respecitve DCV and DTP-units. 

The intention of this modification was to increase the HOMO energy level in comparison to 

4-1 and 4-2 and therefore decrease the band gap enabling light harvesting in the lower 

energy region. Through this measures, the low JSC-values obtained by the solar cells of 4-1 

and 4-2 should be compensated. The anticipated rise of the respective HOMO energy levels 

of co-oligomers 4-11 and 4-12 were actually observed including a red-shifted absorption, 

which reached as far as 900 nm in thin films of 4-12. Solution-processed BHJSCs comprising 

4-11 and 4-12, respectively, finally exhibited the initally envisaged rise in JSC achieving 6.30 

mA cm-2 in untreated devices of 4-12. The gain in current-density was inevitably 

accompanied with the loss of VOC caused by the increased HOMO energy level of the 

corresponding co-oligomer. The increase in JSC, however, overcompensated the loss in 

voltage, as seen in the constant increase in the overall device performances (Table 4.21). 

Optimization of the solar cells via SVA afforded surprising results. 4-12-based cells showed 

negligible response towards solvent vapor, whereas 4-11-based devices exhibited a 

remarkable increase in JSC and FF leading to a good device efficiency of 5.0%. 
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Table 4.21: Photovoltaic parameters of the best-performing devices before and after SVA treatment, comprising co-
oligomers 4-1, 4-2, 4-11, and 4-12, respectively. All devices were casted from corresponding TCE solutions (c = 30 g mL

-1
) at 

80°C, unless stated otherwise.
[2]

 

[a] Processed at 100°C 

 

The photovoltaic parameters of the co-oligomers presented in this capter before (black bars) 

and after SVA treatment (red bars) are illustrated in Figure 4.32, allowing further deductions 

of structur-device property relationships. The obtained JSC of the untreated devices exhibited 

an increase from co-oligomer 4-1 to 4-12 well in accordance with the respective band gaps, 

which decreased stepwise from 4-1 to 4-12. The VOC-values of untreated devices decreased 

concomitantly with the band gaps correlating with ΔE=EHOMO(Do)-ELUMO(Acc)-offset. This 

decrease was, however, compensated with the aforementioned rise of the corresponding 

JSC-values in combination with rising fill factors leading to an increase of the overall efficiency 

throughout the series. Figure 4.32 also displays the impressive effect of device optimization 

via SVA. Devices comprising the shorter homologues 4-1 and 4-2 as donors exhibited a 

decent increase in JSC and FF upon SVA. The effect on the respective VOC-values were mixed 

leading to slight reduction for 4-2 and to a slight increase in the case of 4-12-based devices 

resulting in a decent improvement of the overall efficiency for both oligomers. Upon 

exposure to THF vapor, JSC of 4-11-based devices increased from 4.60 to 11.50 mA cm-2 

exhibiting the strongest response of a co-oligomer in the series towards SVA. In combination 

with a 11% increase in FF and a neglible decrease of VOC, SVA led to an efficiecy 

Donor D:A 
vapplicator 

[mm s-1] 

SVA  
[s] 

JSC  
[mA cm-2] 

VOC  

[V] 
FF 
[%] 

PCE 
[%] 

4-1 1:2 15 0 1.78 1.05 43 0.8 

4-1 1:2 15 CF, 30 2.99 0.99 51 1.5 

4-2[a] 1:2 15 0 1.96 0.94 45 0.8 

4-2[a] 1:2 15 THF, 30 3.20 0.96 52 1.6 

4-11 1:2 15 0 4.60 0.73 52 1.8 

4-11 1:2 15 THF, 45 11.50 0.70 63 5.0 

4-12 1:1 25 0 6.30 0.58 62 2.3 

4-12 1:1 25 CF, 60 6.34 0.60 62 2.3 
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improvement from 1.75 to 5.03% PCE of 4-11-based solar cells. In strong contrast to this 

behavior, devices comprising 4-12 as donor hardly showed any improvement of the 

photovoltaic parameters upon SVA, despite exhibiting the most-promising device 

performance among the untreated devices. 
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Figure 4.32: Photovoltaic parameters of the best-perfoming devices before and after SVA comprising co-oligomer 4-1 – 
4-12, repectively.

[2]
 Reprinted with the permission of The Royal Society of Chemistry. 

 

This project impressively showed the potential of low soluble oligomers, which can be 

processed via doctor-blading. Finally, it can be stated that this processing technique is a very 

good alternative to spin-coating. Another important fact in this project was the big potential 

of SVA as a rather simple, but very effective optimization technique. Another important 

outcome was, contrary to the first assumptions, that co-oligomers with an A-D-A-D-A-type 

architecture work finely as donors in BHJSCs, as oligomer 4-11 proved. The SVA process, 

however, stays very unpredictable. For the pentamers 4-1 and 4-2 SVA seemed to work 

rather superficial since no change in the absorption profile of the active layer after annealing 
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could be detected. The most prominent response to SVA came from 4-11. Here, a dramatic 

change in the morphology was detected via UV-vis absorption spectrum and XRD-analysis of 

the corresponding blend layer. 

 

4.4. Experimental Section 

4.4.1. General procedures 

1H-NMR spectra were recorded in deuterated solvents as specified in the synthetic 

procedures on a Bruker AMX 400 at 400 MHz or Bruker AMX 500 at 500 MHz. 13C-NMR 

spectra were recorded on a Bruker AMX 400 at 100 MHz or Bruker AMX 500 at 125 MHz. 

Chemical shifts are denoted by a δ unit (ppm) and are referenced to corresponding residual 

solvent peaks of the utilized deuterated solvent. The splitting patterns are designated as 

follows: s (singlet), d (doublet), t (triplet), and m (multiplet). Mass spectra were recorded 

with a Varian Saturn 2000 GC-MS and with a MALDI-TOF MS Bruker Reflex III (trans-2-[3-(4-

tert-butylphenyl)-2-methyl-2-pro-penylidene]malononitrile (DCTB) as matrix). HR-MALDI 

mass spectra were measured on a Fourier Transform Ion Cyclotron Resonance (FT-ICR) mass 

spectrometer solariX from Bruker Daltonics equipped with a 7.0 T superconducting magnet 

and interfaced to an Apollo II Dual ESI/MALDI source. Melting points of the intermediates 

were determined with a Büchi B-545 melting point apparatus and are not corrected. Melting 

points of target compounds were measured via differential scanning calorimetric 

measurements (DSC) on a Mettler Toledo DSC823 e under argon atmosphere at a heating 

rate of 10 °C min. Gas chromatography was carried out using a Varian CP-3800 gas 

chromatograph. HPLC analyses were performed on a Merck Hitachi L7000 equipped with a 

L7455 photodiode array detector, a L7200 autosampler, and a L7100 solvent delivery system 

using a LiChrospher column (Nucleosil 100-5 NO2). Semi-preparative HPLC was performed on 

a Merck Hitachi 7000/Shimadzu CBM-20A equipped with a L7420/SPD-20A UV-vis detector 

and a L7150/LC-8A solvent delivery system using LiChrospher columns (Nucleosil 

100-5 NO2). Thin-layer chromatography was carried out on Silica Gel 60 F254 aluminum 

plates (Merck). Solvents and reagents were purified and dried by usual methods prior to use 

and used under inert gas atmosphere. THF, DCM, diethyl ether, DMF, and toluene were 

purified and dried in an encapsulated solvent purification system, MBRAUN MB SPS-800. 
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Preparative column chromatography was carried out using various glass columns packed 

either with silica gel (Macherey-Nagel MN Silica gel 60, particle size 0.063 – 0.2 mm) or flash 

silica gel (Macherey-Nagel MN Silica gel 60M, particle size 0.04 0 0.063 mm).  

The following starting materials were purchased and used without further purification: 

malononitrile (Aldrich), n-butyl lithium (ACROS), trimethyltin chloride (Aldrich), β-alanine 

(Fluka), phosphoroxychloride (Merck), ammonium acetate (Merck), NBS (Merck), 

bis(tributyltin) (Aldrich). Tetrakis(triphenylphosphine)palladium(0) was synthesized 

according to literature.[4]  

Optical measurements in chloroform solution and thin film were taken on a Perkin-Elmer 

Lambda 19 spectrometer. Cyclic voltammetry experiments were performed with a 

computer-controlled Autolab PGSTAT30 potentiostat in a three-electrode single 

compartment cell (5 mL). The platinum working electrode consisted of a platinum wire 

sealed in a soft glass tube with a surface of A = 0.785 mm2, which was polished down to 0.25 

μm with Buehler polishing paste prior to use to guarantee reproducible surfaces. The 

counter electrode consisted of a platinum wire and the reference electrode was an Ag/AgCl 

reference electrode. All potentials were internally referenced to the ferrocene/ferricenium 

couple. For the measurements, concentrations of 10-3 M of the electroactive species were 

used in freshly distilled and deaerated acetonitrile (Lichrosolv, Merck) and 0.1 M (n-Bu)4NPF6 

(Fluka; recrystallized twice from ethanol). 

 

Device fabrication 

PEDOT:PSS (Clevios P, VP.AI 4083 solution from Heraeus) was bladed onto pre-cleaned, 

patterned ITO-coated glass from Naranjo Substrates (15 Ω cm-2) at 50°C upon 30-40 nm 

thick layers were obtained. Afterwards, the photoactive layer was doctor-bladed from a 

mixed solution loaded with donor and PC61BM (Solenne BV). Thin layers of LiF (~0.7 nm) and 

Al (~150 nm) were then deposited by vacuum evaporation at pressures <2 × 10-6 torr (Nano 

36, Kurt J. Lesker Co.). The photoactive areas of the cells were 0.09 and 0.16 cm². Solvent 

vapor annealing was carried out according to literature procedure.[5] 
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Current-voltage characterization 

J-V characteristics were measured with an Oriel Instruments solar simulator (class AAA, AM 

1.5G, 100 mW cm-²) and a Keithley 2400 source meter. EQE was measured under 

monochromatic light from a 300 W Xenon lamp in combination with a 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. 

 

Thin layer thickness 

Film thicknesses were measured using a Dektak profilometer. 

 

X-Ray diffraction 

Diffraction patterns were measured in the Institute of Inorganic Chemistry II using a Bruker 

D8 diffractometer with a fixed incoming angle of 0.2° and a Cu Kα source. 

 

4.4.2. Synthesis 

 

2-Trimethylstannyl-N-(2-hexyldecyl)dithieno[3,2-b:2’,3’-d]pyrrole (4-4) 

DTP 4-7 (420 mg, 1.04 mmol, 1.0 eq) was dissolved in 7 mL dry THF in an argon atmosphere 

and the solution was cooled to -78°C. N-butyl lithium (0.65 mL, 1.04 mmol, 1.6M, 1.0 eq) was 

added dropwise and the reaction mixture stirred for 2 h at approximately -70°C. 

Trimethylstannylchloride (0.21 g, 1.04 mmol, 1.0 eq) was dissolved in 1 mL dry THF and was 

added in one portion, before the solution stirred for 2.5 h at -70°C. The reaction was 

terminated by adding 50 mL petroleum spirit followed by the washing of the organic phase 

with deionized water (3 x 50 mL). After drying over MgSO4, the solvent was evaporated and 

gave the desired stannyl 4-4 (483 mg, 0.85 mmol) with 90% conversion. The remaining 10% 
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consisted of unreacted starting material which had no negative effects on the following 

coupling reactions. Therefore, the mixture was not purified furthermore. 

 

1H-NMR (400 MHz, CD2Cl2): δ [ppm] = 7.12 (d, 1H, J = 5.29 Hz, H2), 6.98 (s, 1H, H5), 6.96 (d, 

1H, J = 1.83 Hz, H3), 4.05 (d, 2H, J = 7.31 Hz, Hα), 1.29 – 1.22 (m, 25H, Hβ-η’), 0.88 (m, 6H, 

Hθ’,κ), 0.40 (s, 9H, H6). 

13C-NMR (100 MHz, CDCl3): δ [ppm] = 148.16, 145.43, 122.82, 122.54, 111.30, 111.23, 51.75, 

39.21, 39.12, 32.03, 32.00, 31.95, 31.74, 31.63, 30.07, 30.01, 29.73, 29.70, 29.64, 29.44, 

29.40, 26.56, 26.55, 26.50, 26.46, 22.81, 22.79, 22.75, 14.27, 8.00. 

 

2,2’-(2,1,3-Benzothiadiazole-4,7-diyl)bis[N-(2-hexyldecyl)dithieno[3,2-b:2',3'-d]pyrrole] 

(4-9) 

2-Trimethylstannyl-N-(2-hexyldecyl)dithieno[3,2-b:2’,3’-d]pyrrole 4-4 (494 mg, 871 µmol, 2.4 

eq), 4,7-dibromobnezo[c]-1,2,5-thiadiazole 4-8 (107 mg, 363 µmol, 1.0 eq), and Pd(PPh3)4 

(17.0 mg, 15.0 µmol, 0.04 eq) were mixed in 14 mL absolute DMF. The reaction mixture was 

purged with argon for 20 min and was stirred at 80°C for 18 h. The reaction was terminated 

by adding 100 mL of moist DCM. The resulting suspension was filtered and the residue was 

discarded. The filtrate was washed with deionized water (2 x 150 mL) and brine (1 x 150 mL). 

After drying over anhydrous MgSO4, the solvent was removed under reduced pressure. The 

crude product was purified via flash chromatography (SiO2, 5:2 n-Hex/DCM). The desired 

product 4-9 could be obtained as a viscous purple liquid (296 mg, 315 µmol,87% yield).  
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1H-NMR (400 MHz, CDCl3): δ [ppm] = 8.29 (s, 2H, H1), 7.82 (s, 2H, H2), 7.18 (d, J = 5.3 Hz, 2H, 

H5), 6.98 (d, J = 5.3 Hz, 2H, H3), 4.11 (d, J = 7.2 Hz, 4H, Hα), 2.11 – 2.01 (m, 2H, Hβ), 1.38 – 

1.16 (m, 48H, Hγ-η’), 0.86 (m, 12H, Hθ’,κ). 

13C-NMR (100 MHz, CDCl3): δ [ppm] = 152.81, 146.32, 146.22, 137.00, 126.46, 124.68, 

124.19, 115.37, 115.04, 112.52, 111.23, 51.69, 39.19, 32.03, 32.00, 31.74, 30.06, 29.73, 

29.45, 26.57, 22.81, 22.80, 14.28, 14.27. 

HR-MS (MALDI-TOF): m/z [M+] = 938.45110 (calc. for C54H74N4S5: 938.45170);              

δm/m = 0.64 ppm. 

 

2,2’-(2,1,3-Benzothiadiazole-4,7-diyl)bis[N-(2-hexyldecyl)dithieno[3,2-b:2',3'-d]pyrrole-8-

carbaldehyde] (4-10) 

Absolute DMF (803 µL, 10.4 mmol, 50 eq) and POCl3 (952 µL, 10.4 mmol, 50 eq) were 

dissolved in 50 mL dry DCE at 0°C in an argon atmosphere. The mixture stirred for 1 h at 0°C 

until the colorless solution turned yellow. Precursor 4-9 (196 mg, 0.21 mmol, 1.0 eq) was 

dissolved in 30 mL dry DCE and was added to the aforementioned solution. The reaction 

mixture was refluxed for 18 h before it was cooled to rt and poured into a saturated NaHCO3 

solution (400 mL). While stirring for 1 h, small portions of Na2CO3 were added to the solution 

in order to maintain a pH-value between 9 and 10 for an effective hydrolysis. After 

extraction with DCM (4 x 150 mL), the organic layers were combined and washed with 

deionized water (3 x 200 mL). The solvent was evaporated under reduced pressure and the 

crude product was purified via flash chromatography (SiO2, DCM) to obtain the pure 

dialdehyde 4-10 as a dark solid (188 mg, 189 µmol, 91% yield). 
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Mp: 356-358°C  

1H-NMR (400 MHz, CDCl3): δ [ppm] = 9.85 (s, 2H, H5), 8.24 (s, 2H, H1), 7.79 (s, 2H, H2), 7.54 

(s, 2H, H3), 4.13 (d, J = 7.3 Hz, 4H, Hα), 2.10 – 1.99 (m, 2H, Hβ), 1.35 – 1.20 (m, 48H, Hγ-η’), 

0.86 – 0.82 (m, 12H, Hθ’,κ). 

13C-NMR (100 MHz, CDCl3): δ [ppm] = 182.89, 158.43, 158.10, 154.54, 152.34, 150.03, 

145.21, 141.72, 130.25, 126.44, 125.23, 115.31, 54.71, 51.69, 39.07, 38.98, 31.88, 31.72, 

31.59, 29.90, 29.56, 29.30, 26.43, 22.65, 14.12. 

HR-MS (MALDI-TOF): m/z [M+] = 994.44032 (calc. for C56H74N4O2S5: 994.44153);          

δm/m = 1.21 ppm. 

 

2,2’-(2,1,3-Benzothiadiazole-4,7-diyl)bis[N-(2-hexyldecyl)dithieno[3,2-b:2',3'-d]pyrrole-8-

bis(methane-1-yl-1-ylidine)]dimalononitrile] (4-2) 

Dialdehyd 4-10 (110 mg, 111µmol, 1.0 eq), malononitrile (365 mg, 5.52 mmol, 50 eq), and 

ammonium acetate (426 mg, 5.52 mmol, 50 eq) were dissolved in 250 mL technical grade 

DCE before refluxing for 4 d. The reaction mixture was cooled to rt and the crude product 

was filtered. The filtrate was washed with large amounts of methanol and deionized water in 

order to remove remaining malononitrile and ammonium acetate. The filtrate was also 

washed with methanol (3 x 150 mL) and water (3 x 150 mL) before the solvent was removed 

under reduced pressure. The resulting raw material was purified via column chromatography 

(SiO2, DCM) and combined with the residue from the aforementioned filtration. Co-oligomer 

4-2 could be isolated as a black solid (110 mg, 101 µmol, 91% yield).  
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Mp: 320-324°C. 

1H-NMR (500 MHz, TCE, 375 K): δ [ppm] = 8.34 (s, 2H, H1), 8.00 (s, 2H, H5), 7.76 (s, 2H, H2), 

7.72 (s, 2H, H3), 4.24 (d, J = 7.2 Hz, 4H, Hα), 2.19 – 2.11 (m, 2H, Hβ), 1.45 – 1.29 (m, 48H, Hγ-

η’), 0.92 (t, J = 6.9 Hz, 12H, Hθ’,κ). 

13C-NMR (125 MHz, TCE, 375 K): δ [ppm] = No detectable signals at 100°C. 

HR-MS (MALDI-TOF): m/z [M+] = 1090.46177 (calc. for C62H74N8S5: 1090.46400);      

δm/m = 2.04 ppm.  

 

2,8-Bis[N-(2-hexyldecyl)-dithieno[3,2-b:2’,3’-d]pyrrole-2-yl)]-5-octylthieno[3,4-c]pyrrole-

4,6-dione (4-5) 

Dibromo-TPD 4-3 (105 mg, 248 µmol, 1.0 eq), monostannyl-DTP (351 mg, 630 µmol, 2.5 eq), 

tetrakis(triphenylphosphine)palladium(0) (11.5 mg, 9.93 µmol, 0.04 eq) were mixed in 14 mL 

dry DMF. The solution was purged with argon for 20 min before it was stirred at 80°C for 18 

h. The reaction was allowed to cool to rt before 50 mL of methanol were added. The 

resulting suspension was filtered and the purple residue was discarded. The filtrate was 

washed with brine (2 x 150 mL) and deionized water (2 x 150 mL) before it was solved in 100 

mL of DCM. After drying over anhydrous magnesium sulphate, the solvent was evaporated 

under reduced pressure and the crude product was purified via flash chromatography (SiO2, 

5:2 n-Hex/DCM). The desired building block 4-5 was obtained as a red solid (246 mg, 230 

µmol, 93% yield). 
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Mp: 173-176°C. 

1H-NMR (400 MHz, CD2Cl2): δ [ppm] = 8.21 (s, 2H, H2), 7.22 (d, J = 5.30 Hz, 2H, H4), 6.96 (d, J 

= 5.31 Hz, 2H, H3), 4.08 (d, 4H, J= 7.29 Hz, Hα), 3.68 (t, J = 7.36 Hz, 2H, Hλ), 1.32-1.22 (m, 

62H, Hβ-η’), 0.90-0.86 (m, 15H, Hθ’,κ,σ). 

13C-NMR (100 MHz, CDCl3): δ [ppm] = 162.86, 147.21, 145.69, 137.47, 129.49, 127.28, 

125.56, 117.44, 114.92, 113.74, 111.21, 57.50, 53.37, 39.14, 38.63, 32.05, 31.99, 31.92, 

31.73, 31.72, 30.05, 29.71, 29.65, 29.45, 29.40, 28.84, 27.24, 26.55, 22.83, 22.80, 22.77, 

14.28, 14.26. 

HR-MS (MALDI-TOF): m/z [M+] = 1067.55441 (calc. for C62H89N3O2S5: 1067.55583);     

δm/m = 1.33 ppm 

 

1,3-Bis[6-bromo-N-(2-hexyldecyl)dithieno[3,2-b:2’,3’-d]pyrrol-2-yl)]-N-octyl-thieno[3,4-

c]pyrrole-4,6-dione (4-13) 

Precursor 4-5 (245 mg, 229 µmol, 1.0 eq) was dissolved in 50 mL chloroform in an argon 

atmosphere and the solution was cooled to -65°C. NBS (84.2 mg, 473 µmol, 2.1 eq) was 

added at once and the suspension stirred for 1 h at -60°C under light exclusion. The reaction 

mixture was poured onto a flash column eluted with a 5:2 mixture of PE and DCM. A major 

fraction of the product could be separated before the eluent was changed to pure DCM and 

another fraction was collected. As the column was flushed with pure ethyl acetate, another 

band was collected. The last two fractions, containing significant amounts of product, were 

purified again via flash chromatography (SiO2, 5:3 PE/DCM). Dibrominated oligomer 4-13 

could be isolated as a dark red solid (259 mg, 211 µmol, 92% yield). 
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Mp: 213-217°C 

1H-NMR (500 MHz, TCE, 375 K): δ [ppm] = 8.09 (s, 2H, H2), 6.94 (s, 2H, H3), 3.98 (d, J = 7.3 

Hz, 4H, Hα), 3.67 (t, J = 7.4 Hz, 2H, Hλ), 1.99 – 1.90 (m, 2H, Hβ), 1.75 – 1.67 (m, 2H, Hµ), 1.32 

– 1.21 (m, 58H,Hγ-η’), 0.88 – 0.84 (m, 15H, Hθ’,κ,σ).  

13C-NMR (125 MHz, TCE, 375 K): δ [ppm] = 162.82, 144.70, 144.65, 137.28, 129.82, 127.62, 

117.30, 114.98, 114.58, 113.58, 113.34, 112.40, 51.89, 39.14, 38.71, 32.06, 31.99, 31.91, 

31.73, 30.05, 29.71, 29.65, 29.46, 29.40, 28.82, 27.25, 26.54, 22.83, 22.80, 22.77, 14.27, 

14.25, 14.23. 

HR-MS (MALDI-TOF): m/z [M+] = 1225.37258 (calc. for C62H87Br2N3O2S5: 1225.37481);     

δm/m = 1.82 ppm 

 

2,8Bis[6-(3,4'-dihexyl[2,2'-bithien]-5-yl)-N-(2-hexyldecyl)dithieno[3,2-b:2’,3’-d]pyrrole-2-

yl]-5-octylthieno[3,4-c]pyrrole-4,6-dione (4-15) 

Precursor 4-13 (140 mg, 114 µmol, 1.0 eq), 5’-trimethylstannyl-3,4’-dihexyl-2,2’-bithiophene 

4-14 (136 mg, 274 µmol, 2.4 eq), and Pd(PPh3)4 (6.70 mg, 5.71 µmol, 0.05 eq) were mixed in 

15 mL dry toluene. The reaction mixture was purged with argon for 20 min before the 

reaction stirred for 18 h at 85°C. The reaction was terminated by the addition of deionized 

water (50 mL) followed by extraction with DCM (3 x 100 mL). The combined organic layers 

were dried over anhydrous NaSO4 and the solvent was evaporated under reduced pressure. 

The crude product was purified via flash chromatography (SiO2, 5:2 PE:DCM) to afford the 

desired product 4-15 as a purple solid (138 mg, 79.3 µmol, 70% yield). 
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Mp: 205-209°C 

1H-NMR (400 MHz, CDCl3): δ [ppm] = 8.07 (s, 2H, H2), 7.17 (d, J = 5.2 Hz, 2H, H5’’), 6.95 (d, J 

= 5.0 Hz, 2H, H4’’), 6.94 (s, 2H, H3), 6.88 (s, 2H, H4’), 3.96 (d, J = 7.1 Hz, 4H, Hα), 3.68 (t, J = 

7.3 Hz, 2H, Hλ), 2.83 – 2.74 (m, 8H, Hλ’,λ’’), 1.97 (m, 2H, Hβ), 1.73 – 1.66 (m, 8H, Hµ’,µ’’), 

1.48 – 1.22 (m, 88H, Hγ-o’’), 0.94 – 0.90 (m, 12H, Hπ’,π’’), 0.89 – 0.83 (m, 15H, Hθ’,κ,σ). 

13C-NMR (100 MHz, CDCl3): δ [ppm] = 162.75, 146.74, 145.42, 139.94, 139.74, 137.23, 

135.98, 134.40, 131.69, 130.63, 130.46, 130.25, 128.95, 127.22, 123.72, 117.51, 114.87, 

113.41, 109.09, 51.65, 39.15, 38.63, 32.07, 32.01, 31.93, 31.91, 31.85, 31.76, 30.78, 30.10, 

29.85, 29.75, 29.68, 29.57, 29.50, 29.44, 29.41, 28.88, 27.29, 26.59, 22.85, 22.83, 22.81, 

22.80, 14.27S. 

HR-MS (MALDI-TOF): m/z [M+] = 1732.88192 (calc. for C102H145N3O2S9: 1732.88567);     

δm/m = 2.16 ppm 

 

2,2’-[5-Octylthieno[3,4-c]pyrrole-4,6-dione-3,8-diyl]bis(N-2-hexyldecyl)dithieno[3,2-b:2’,3’-

d]pyrrole)bis(3,4'-dihexyl-[2,2'-bithien-5-yl]-5-carbaldehyde) (4-16) 

DMF (0.29 mL, 3.78 mmol, 50 eq) and Phosphoroxychlorid (0.35 mL, 3.78 mmol, 50 eq) were 

dissolved in 5 mL absolute DCE at 0°C under argon and stirred for 1 h until the colorless 

solution became yellow. Precursor 4-15 (131 mg, 75.6 µmol, 1.0 eq) was dissolved in 30 mL 

absolute DCE and was added to the aforementioned solution, before the reaction mixture 

refluxed for 18 h. The reaction was terminated by pouring the solution into a saturated 

NaHCO3 solution (250 mL) and subsequent stirring for 1 h. The pH-value of the solution was 

observed thoroughly to guarantee a pH-value between 9 and 10 by the addition of small 

portions of Na2CO3. The crude product was extracted with DCM (3 x 100 mL) and the 
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combined organic layers were washed with deionized water (2 x 250 mL). After drying over 

anhydrous NaSO4 and removing the solvent under reduced pressure, the crude product was 

purified by flash chromatography (SiO22, DCM) to obtain the pure product 4-16 as a black 

solid (132 mg, 73.8 µmol, 98% yield). 

 

Mp: 229-236°C 

1H-NMR (400 MHz, TCE, 333 K): δ [ppm] =  9.79 (s, 2H, H5), 8.09 (s, 2H, H2), 7.56 (s, 2H, H4’’), 

7.10 (s, 2H, H4’), 6.91 (s, 2H, H3), 4.03 (d, J = 7.1 Hz, 4H, Hα), 3.69 (t, J = 7.2 Hz, 2H, Hλ), 2.89 

– 2.65 (m, 8H, Hλ’,λ’’), 1.99 (m, 2H, Hµ), 1.69 (m, 8H, Hµ’µ’’), 1.45 – 1.21 (m, 84H, Hβ-o’’), 

0.94 – 0.90 (m, 12H, Hθ’,κ), 0.89 – 0.83 (m, 15H, Hσ,π’,π’’). 

13C-NMR (100 MHz, TCE, 333 K): δ [ppm] = 182.19, 162.77, 147.27, 141.18, 140.87, 140.72, 

138.56, 137.41, 135.48, 134.30, 133.33, 132.16, 130.77, 128.20, 121.45, 120.62, 118.14, 

115.85, 113.65, 110.24, 52.36, 39.43, 38.89, 32.33, 32.04, 31.98, 31.90, 31.84, 31.75, 30.61, 

30.35, 30.08, 29.79, 29.70, 29.63, 29.39, 29.33, 29.26, 28.80, 27.30, 26.81, 22.73, 22.69, 

14.13. 

HR-MS (MALDI-TOF): m/z [M+] = 1788.87154 (calc. for C104H145N3O4S9: 1788.87550);       

δm/m = 2.21 ppm 

 

2,2’-[5-Octylthieno[3,4-c]pyrrole-4,6-dione-3,8-diyl]bis{[N-(2-hexyldecyl)dithieno[3,2-

b:2’,3’-d]pyrrole-6,2-diyl](3,4'-dihexyl-[2,2'-bithien-5-yl]-5-bis(methane-1-yl-1-

ylidine)}dimalononitrile (4-11) 

Dialdehyde 4-16 (120 mg, 67.0 µmol, 1.0 eq), malononitrile (222 mg, 3.35 mmol, 50 eq), and 

ammonium acetate (258 mg, 3.35 mmol, 50 eq) were dissolved in 250 mL technical grade 

DCE and refluxed for 4 d. After cooling to rt, the volume of the reaction mixture was reduced 
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to 20 mL and methanol was added to precipitate the raw product. The solid was filtered and 

the filtrate was extracted with CF (3 x 150 mL). The combined organic layers were washed 

with deionized water (3 x 150 mL) and brine (2 x 150 mL). The solvent was removed and the 

resulting solid was combined with the solid fraction of the filtration before the crude 

product was purified via flash chromatography (SiO2, CF) affording the target oligomer 4-11 

(116 mg, 61.4 µmol) as a black solid in 92% yield. 

 

Mp: 260-264°C. 

1H-NMR (500 MHz, TCE, 375 K): δ [ppm] = 8.20 (s, 2H, H5), 7.71 (s, 2H, H2), 7.61 (s, 2H, H4’’), 

7.28 (s, 2H, H3), 7.14 (s, 2H, H4’), 4.19 (d, J = 5.9 Hz, 4H, Hα), 3.78 – 3.73 (m, 2H, Hλ), 2.97 – 

2.77 (m, 8H, Hλ’,λ’’), 2.15 (m, 2H, Hβ), 1.83 – 1.72 (m, 10H, Hµ,µ’,µ’’’), 1.42 (m, 82H; γ-o’’), 

0.98 – 0.90 (m, 27H, Hθ’,κ,σ,π’,π’’). 

13C-NMR (125 MHz, TCE, 375 K): δ [ppm] = 186.27, 185.71, 182.84, 176.46, 156.91, 149.58, 

141.30, 140.93, 132.32, 131.57, 128.18, 123.69, 117.28, 115.75, 114.44, 113.52, 113.03, 

112.66, 110.27, 107.55, 99.09, 91.80, 90.00, 76.31, 52.27, 39.27, 38.78, 32.58, 32.17, 31.88, 

31.73, 31.56, 30.49, 30.01, 29.93, 29.47, 29.26 , 29.08, 28.64, 27.14, 26.65, 22.59, 14.30, 

13.99. 

HR-MS (MALDI-TOF): m/z [M+] = 1884.89539 (calc. for C110H145N7O2S9: 1884.89797);      

δm/m = 1.37 ppm 
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2,2’-(2,1,3-Benzothiadiazole-4,7-diyl)bis[N-(2-hexyldecyl)-6-bromodithieno[3,2-b:2',3'-

d]pyrrole] (4-17)  

Building block 4-9 (91.5 mg, 97.4 µmol, 1.0 eq) was dissolved in 10 mL absolute THF and 

cooled to –85°C under argon. NBS (35.8, 201 µmol, 2,1 eq) was added and the mixture 

stirred for 1 h at -85°C under light exclusion. Then, the mixture was poured onto a short flash 

column, eluted with a 5:3 mixture of petroleum spirit and DCM. A major fraction of the 

product could be separated before the eluent was changed to pure DCM and another 

fraction was collected. As the column was flushed with pure ethyl acetate, another band was 

collected. TLC of the last two fractions revealed significant amounts of product and both 

fractions were combined to be purified again via flash chromatography (SiO2, 5:3 PE/DCM). 

Finally, building block 4-17  could be isolated as a viscous purple liquid (90.1 mg, 82.1 µmol, 

84% yield). 

 

Mp: 97-101°C. 

1H-NMR (400 MHz, TCE, 375 K): δ [ppm] = 8.35 (s, 2H, H1), 7.77 (s, 2H, H2), 7.22 (s, 2H, H3), 

4.09 (d, J = 7.4 Hz, 4H, Hα), 2.12 – 2.00 (m, 2H, Hβ), 1.38 – 1.20 (m, 48H, Hγ-η’), 0.89 – 0.81 

(m, 12H, Hθ’,κ). 

13C-NMR (100 MHz, TCE, 375 K): δ [ppm] = 153.15, 146.33, 146.14, 142.18, 126.33, 124.58, 

124.17, 115.37, 115.04, 112.52, 111.23, 51.71, 39.22, 32.03, 32.02, 31.72, 30.27, 29.79, 

29.70, 26.83, 22.92, 22.89, 14.42, 14.37. 

HR-MS (MALDI-TOF): m/z [M+] = 1096.26826 (calc. for C62H74N8S5: 1096.27068);            

δm/m = 2.22 ppm.  
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2,2’-(2,1,3-Benzothiadiazole-4,7-diyl)bis[N-(2-hexyldecyl)-6-(tributylstannyl)dithieno[3,2-

b:2',3'-d]pyrrole] (4-18) 

Precursor 4-17 (90.1 mg, 82.1 µmol, 1.0 eq) and bis(tributyltin) (136 µL, 370 µmol, 4.5 eq) 

were dissolved in dry toluene before the solution was purged with argon for 20 min. 

Pd(PPh3)4 (4.74 mg, 4.11 µmol, 0.05 eq) was added and the mixture was purged again for 10 

min with argon before it was stirred at 115°C for 18 h. Since a reaction control via TLC (Alox, 

DCM) unveiled significant amounts of monostannylated species, another 0.05 equivalents of 

the catalyst were added to the reaction mixture before it stirred another 18 h at 115°C. The 

reaction suspension was then poured into ice water followed by extraction with DCM (3 x 

150 mL). The organic layers were combined and washed with brine (2 x 100 mL) before the 

solvent was evaporated under reduced pressure. 1H-NMR measurement showed 90% 

conversion to desired distannyl 4-18 (112 mg, 73.9 µmol) which was used without further 

purification.  

 

1H-NMR (400 MHz, THF-d2): δ [ppm] = 8.31 (s, 2H, H1), 7.82 (s, 2H, H2), 7.04 (s, 2H, H3), 4.12 

(d, J = 7.2 Hz, Hα), 2.11 – 2.08 (m, 2H, Hβ), 1.41 – 1.22 (m, 84H, Hγ-ν’’), 1.04 – 0.64 (m, 30H, 

Hθ’,κ,ζ,ζ’,ζ’’). 

 

2,2’-(2,1,3-Benzothiadiazole-4,7-diyl)bis[N-(2-hexyldecyl)dithieno[3,2-b:2',3'-d]pyrrole-6,2-

diyl](3,4’-dihexyl[2,2’-bithiophene]-5’,5-diyl)methan-1-yl-1-yliden)dimalononitrile (4-12) 

Distannyl 4-18 (112 mg, 73.8 µmol, 1.0 eq) was dissolved in 3 mL dry THF and was added to a 

solution of bithiophene 3-25 (90.3 mg, 185 µmol, 2.5 eq) and Pd(PPh3)4 (4.26 mg, 3.69 µmol, 

0.05 eq) in dry DMF. The mixture was purged with argon for 20 min and stirred at 80°C for 
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18 h. The reaction was quenched with the addition of moist methanol. The resulting 

suspension was filtered and the residue was washed with methanol before it was purified 

several times via flash chromatography (SiO2, CHCl3). The target oligomer 4-12 was obtained 

as a dark blue solid (77.8 mg, 44.3 µmol, 60% yield).  

 

Mp: 282-289°C 

1H-NMR (400 MHz, TCE, 375 K): δ [ppm] = 8.30 (s, 2H, H1), 7.90 (s, 2H, H5), 7.71 (s, 2H, H2), 

7.61 (s, 2H, H4’’), 7.28 (s, 2H, H3), 7.16 (s, 2H, H4’), 4.21 (s, 4H, Hα), 2.92 (s, 8H, Hλ,λ’), 2.18 

(s, 2H, Hβ), 1.78 (s, 8H, Hµ,µ’), 1.49 – 1.29 (m, 72H, Hγ-ο’), 0.94 (m, 24H, Hθ’,κ,π,π’). 

13C-NMR (125 MHz, TCE, 375 K): δ [ppm] = No detectable signals at 100°C. 

HR-MS (MALDI-TOF): m/z [M+] = 1755.79231 (calc. for C102H130N8S9: 1755.79384);       

δm/m = 0.87 ppm 

 

 

4.5. References 

 

[1] I. Ata, Master Thesis, Ulm University, 2012. 

[2] I. Ata, D. Popovic, M. Lindén, A. Mishra, P. Bäuerle, Org.Chem. Front. 2017, 
DOI:10.1039/C7QO00043J. 

[3] C. D. Wessendorf, G. L. Schulz, A. Mishra, P. Kar, I. Ata, M. Weidelener, M. 
Urdanpilleta, J. Hanisch, E. Mena-Osteritz, M. Lindén, E. Ahlswede, P. Bäuerle, Adv. 
Energy Mater. 2014, 4, 1400266–1400276. 

[4] L. Malatesia, M. Angoletta, J. Chem. Soc. 1957, 1186–1188. 



 

 223 
 

 A-D-A-D-A-type Oligothiophenes for solution-processed Bulk Heterojunction Solar Cells 

[5] K. Sun, Z. Xiao, E. Hanssen, M. F. G. Klein, H. H. Dam, M. Pfaff, D. Gerthsen, W. W. H. 
Wong, D. J. Jones, J. Mater. Chem. A 2014, 2, 9048–9054. 

 



 

224  
 

 Summary 

Summary 

 

The aim of this thesis was the synthesis and optoelectronic characterization of acceptor(A)-

donor(D)-type oligothiophenes and their subsequent application as electron-rich donor 

materials in solution-processed bulk heterojunction solar cells (BHJSC). Thereby, the focus 

was the further development of the oligomers by structural modifications, such as altering 

the alkyl-substitution pattern, introduction of different acceptor-moieties, and elongation of 

the π-conjugated backbone, in order to manipulate the molecular properties for enhanced 

photovoltaic performance. The implementation of the synthesized dyes in solar cells was 

accompanied by thorough optimization of the fabrication technique as well as the post-

treatment method, namely solvent vapor annealing (SVA).  

In Chapter 3, A-D-A-type oligothiophene 3-11, comprising a strong electron-donating 

dithienopyrrole (DTP) core unit, end capped with electron-withdrawing dicyanovinylene 

(DCV) terminal acceptors and connected through two alkyl thiophene moieties. Although co-

oligomer 3-11 was previously reported in my master thesis, the large-scale multi-gram 

synthesis was facilitated during the preparation of this thesis enabling further research on 

3-11-based BHJSCs which led to ground-breaking insights into the impact of SVA on the 

device performance. The modification of the central alkyl side chain from 2-hexyldecyl in 

3-11 to 4-hexyldecyl was elaborated affording isomeric co-oligomer 3-12 (Figure 1).  

 

 

Figure 1: Molecular structures of co-oligomers 3-11 and 3-12. 
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The motivation behind this subtle structural modification was rather the optimization of the 

film-forming properties in the photoactive layer of corresponding solar cells than alter the 

optoelectronic properties, which were found to be very suitable in 3-11-based devices, 

achieving efficiencies of up to 7.7%. After a laborious synthesis, co-oligomer 3-12 was 

characterized in terms of optoelectronic properties and exhibited, as anticipated, almost 

identical behavior. The photovoltaic performance of 3-12-based solar cells, however, 

exhibited significant differences to 3-11 comprising devices setting themselves apart with 

efficiencies over 8.2% derived from improved short-circuit current density and fill factor due 

to superior film-forming properties in corresponding devices. 

In order to afford higher current densities in respective devices, the structures if co-

oligomers 3-11 and 3-12 were varied by including dicyanomethylene-cyclohexene-acceptor 

moieties (DCC) at the termini, yielding co-oligomers 3-33 and 3-34, respectively (Figure 2).  

 

 

Figure 2: Structural modification of co-oligomers 3-11 and 3-12 through replacing DCV-acceptors with DCC-units, leading to 
novel structurally defined oligothiophenes 3-33 and 3-34, respectively. 
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The additional ring-locked double bonds, which were introduced into the π-system of the 

novel co-oligomers through the DCC moieties, should shift the absorption towards longer 

wavelengths, enhancing light harvesting. Surprisingly, the anticipated red-shift in absorption 

could not be observed and the co-oligomers exhibited even a blue-shifted absorption by ~20 

nm in solution and thin films. This behavior was clearly reflected by the inferior photovoltaic 

performance of isomers 3-33 and 3-34 compared to their DCV-substituted counterparts 3-11 

and 3-12, respectively. Despite great efforts invested into the optimization of 3-33 and 3-34-

based devices, the highest-reached PCEs were 1.91 and 1.62%, respectively, clearly staying 

behind the device performance of co-oligomers 3-11 and 3-12 (7.74% and 8.16%). In strong 

contrast to co-oligomer 3-12, the structural modifications yielding isomeric pair 3-33 and 

3-34 did not lead to the desired device properties as expected, proving the difficulties in 

drawing structure-device property relationships. 

In another project, co-oligomers based on an A-D-A-D-A-architecture were studied and 

implemented into solution-processed BHJSCs. Structurally-defined oligomers 4-1 and 4-2 

comprised different core acceptor units, thienopyrroledione (TPD) and benzothiadiazole 

(BTDA), respectively, flanked by two DTP-donor moieties and end capped with electron-

withdrawing DCV groups (Figure 3). 

 

 

Figure 3: Molecular structure of co-oligomers 4-1 and 4-2. 

 

Both co-oligomers exhibited strong and broad absorption from 400 nm to 700 nm in 

combination with desirably low HOMO-energy levels, which in turn led to VOC-values over 1 

V in later prepared solar cells. In the course of device fabrication, doctor-blading was 

discovered as a viable alternative to spin-coating as deposition method for high-temperature 

processing in order to counteract the low solubility of donor 4-2. Despite favorable VOC-

values, devices of both co-oligomers 4-1 and 4-2 lacked current-density, which was ascribed 
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to the low LUMO-energy levels and hence a too low LUMODonor-LUMOAcceptor-offset resulting 

in an exiguous driving force for efficient exciton dissociation. Despite all efforts invested into 

the optimization of 4-1 and 4-2-based solar cells, the device performance could not exceed 

2%.  

These results implied two requirements for further modification of co-oligomers 4-1 and 4-2: 

the avoidance of a further decrease of the LUMO-energy level, whereas the HOMO level had 

to be slightly increased in order to enhance light harvesting in the lower energy region. 

Therefore, the former structures of 4-1 and 4-2 were modified by introducing two additional 

alkyl bithiophene-units between the DTP- and DCV-unit. Thus, the A-D-A-D-A-type 

architecture of the oligomer was preserved and yielded structurally-defined co-oligomers 

4-11 and 4-12 (Figure 4). 

 

 

Figure 4: Chemical structures of extended co-oligomers 4-11 and 4-12. 

 

The anticipated rise of the respective HOMO-energy levels of co-oligomers 4-11 and 4-12 

were actually observed including a red-shifted absorption, which reached 900 nm in thin 

films of 4-12. Solution-processed BHJSCs comprising 4-11 and 4-12 exhibited the initially-

envisaged rise in JSC, achieving 6.30 mA cm-2 in untreated devices of 4-12. Optimization of 

the solar cells via SVA afforded surprising results. 4-12-Based BHJSCs showed negligible 
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response towards solvent vapor, whereas 4-11-based devices exhibited a remarkable 

increase in JSC and FF, leading to a good device efficiency of 5.0%. 

Finally it can be stated that the initial goals of this thesis, precisely the development of novel 

high-performance co-oligomers for utilization as donor material in BHJSCs, was achieved. In 

the course of this thesis, reliable structure-device property relationships were drawn and 

resulted in modifications of the molecule structure yielding inter alia co-oligomers 3-12 and 

4-11, which outperformed their respective parent oligomers 3-11 and 4-1 after thorough 

optimization of the device fabrication including the post-treatment through SVA. In 

retrospect, the remarkable performance of 3-12-based BHJSCs exhibiting efficiencies of up 

to 8.2% marked the highlight of this thesis. 
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Zusammenfassung 

 

Die vorliegende Arbeit beschreibt die Synthese und optoelektronische Charakterisierung von 

Akzeptor(A)-Donor(D)-funktionalisierten Oligothiophenen, sowie deren Anwendung als 

Donormaterialien in lösungsprozessierten Bulk-Heteroübergangszellen (BJHSC). Das 

Hauptaugenmerk lag dabei auf der Weiterentwicklung der oligomeren Farbstoffe durch 

Strukturänderungen, um molekulare Eigenschaften zugunsten besserer photovoltaischer 

Leistung zu optimieren. Die Implementierung der synthetisierten Moleküle in Solarzellen 

erfolgte durch sorgfältige Optimierung des Herstellungs- und Nachbehandlungsprozesses, 

wie z.B. der Lösungsmitteldampfbehandlung.  

In Kapitel 3 wird das A-D-A-basierte Oligothiophen 3-11, bestehend aus einem Elektronen-

reichen Dithienopyrrole (DTP) Kern, das jeweils über zwei Alkylbithiophen-Gruppen mit 

terminalen Dicyanovinyl-Akzeptorgruppen (DCV) verbunden ist, vorgestellt. Obwohl diese 

Verbindung bereits in meiner Masterarbeit entwickelt wurde, wurde die weitergehende 

Forschung erst durch die Entwicklung der Synthese im großen Maßstab, ermöglicht. Durch 

die fortgeführte Forschung in Zusammenarbeit mit Partnern wurden erstaunliche 

Erkenntnisse bezüglich Struktur-Eigenschaftsbeziehungen, als auch des Einflusses der 

Lösungsmitteldampfbehandlung basierten Optimierung auf die Solarzellenleistung, erlangt. 

Die Modifizierung des zentralen Alkylrestes von 2-Hexyldecyl in Verbindung 3-11 zu 

4-Hexyldecyl ergab Oligomer 3-12 (Abbildung 1). 

 

 

Abbildung 1: Molekülstrukturen der Co-oligomere 3-11 und 3-12. 
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Die zugrundeliegende Idee dabei war die Optimierung der Filmeigenschaften in der 

photoaktiven Schicht der Solarzellen, wobei die optoelektronischen Eigenschaften von 3-11 

unverändert bleiben sollten, da sich diese mit Wirkungsgraden über 7.7% als sehr geeignet 

erwiesen haben. Die Charakterisierung ergab erwartungsgemäß kaum messbare 

Unterschiede in den optoelektronischen Eigenschaften. Die photovoltaische Leistung 3-12-

basierter Zellen hingegen hob sich mit einer Effizienz von 8.2% von 3-11-basierten Zellen ab. 

Der höhere Wirkungsgrad der Solarzellen wurde durch eine verbesserte Stromdichte und 

höhere Füllfaktoren verursacht, die ihren Ursprung in den Festphaseneingenschaften in 

Mischschichten von Verbindung 3-12 haben.  

Um eine höhere Stromausbeute in Solarzellen durch eine rotverschobene Absorption der 

Moleküle zu erzielen, wurden die Strukturen der Verbindungen 3-11 und 3-12 durch den 

Austausch der terminalen Akzeptor-Gruppen mit Dicyanomethylene-cyclohexen–Einheiten 

(DCC) modifiziert und ergaben die Co-Oligomere 3-33 und 3-34 (Abbildung 2).  

 

Abbildung 2: Strukturelle Modifikation der Co-oligomeren 3-11 und 3-12 durch Ersetzung der DCV- mit DCC-
Akzeptorgruppen, die zu neuen strukturell definierten Oligothiophenen 3-33 und 3-34 führen. 
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Überraschenderweise zeigte sich die erhoffte Rotverschiebung der Absorption nicht. Die 

Verbindungen 3-33 und 3-34 zeigten sogar eine Blauverschiebung der Absorption in Lösung 

und in dünnen Filmen. Diese Tatsache wurde von unbefriedigenden Leistungen in Solarzellen 

widergespiegelt. Trotz intensiver Bemühungen erreichten 3-33 und 3-34 jeweils nur 

Wirkungsgrade von 1.9% und 1.6%, die deutlich hinter den DCV-substituierten Pendants 

zurück blieben. Im Gegensatz zu Oligomer 3-11, konnten strukturellen Änderungen, die zu 

Verbindungen 3-30 und 3-31 führten, nicht zu den gewünschten Effizienzsteigerungen 

führen. Dieses Beispiel zeigt, wie schwer es ist, von der Molekülstruktur auf die Performance 

in Solarzellen zu schließen. 

In einem weiteren Projekt wurden Co-Oligomere, die auf einer A-D-A-D-A-Architektur 

basieren, untersucht und in lösungsprozessierte Solarzellen als Donor-Materialien 

implementiert. Die Verbindungen 4-1 und 4-2 beinhalteten unterschiedliche Kern-

Akzeptoren, jeweils Thienopyrrolodion (TPD) oder Benzothiadiazol (BTDA), die mit 

elektronenreichen DTP-Substituenten und terminalen DCV-Akzeptoren ausgestattet wurden 

(Abbildung 3). Beide Co-Oligomere zeigten eine rotverschobene Absorption, die, kombiniert 

mit tiefliegenden HOMO Niveaus, Leerlaufspannungen von bis zu 1 V in Solarzellen ergaben. 

Im Rahmen der Solarzellenherstellung wurde auf eine alternative Herstellungsmethode, dem 

Rakeln, zurückgegriffen, die im Vergleich zum Schleudern bessere und reproduzierbare 

Werte bei höheren Prozessierungstemperaturen lieferte, die aufgrund der geringen 

Löslichkeit von Verbindung 4-2 nötig waren. 

  

 

Abbildung 3: Molekülstruktur der Verbindungen 4-1 und 4-2. 

 

Trotz der vergleichsweise hohen Leerlaufspannungen, fehlten den Solarzellen beider 

Verbindungen höhere Kurzschlussstromdichten, die auf tiefliegenden LUMO Energieniveaus 
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zurückgeführt werden konnten. Diese führten zu geringeren Abständen zwischen den LUMO 

Energieniveaus des Donors und des Akzeptors, die die Triebkraft zur Exzitonspaltung und 

damit zur Ladungsgenerierung darstellen. Trotz intensiver Optimierungsarbeit der jeweiligen 

Solarzellen blieben deren Wirkungsgrade, die nur die 2%-Marke erreichten, weit hinter den 

Erwartungen zurück. Um den oben beschriebenen Effekten entgegenzuwirken, wurde die 

Weiterentwicklung der oligomeren Farbstoffe 4-1 und 4-2 mit zwei Prämissen verbunden: 

Ein weiteres Absinken des LUMO Energieniveaus musste unter allen Umständen verhindert 

werden, während das HOMO Energieniveau angehoben werden sollte, um die Lichtausbeute 

zu erhöhen, indem die Absorption in den längerwelligen Bereich des solaren Spektrums 

verschoben wird. Aufgrund dessen wurden die Strukturen von 4-1 und 4-2 um jeweils zwei 

Alkylbithiophen-Einheiten erweitert, was zu den Verbindungen 4-11 und 4-12 führte 

(Abbildung 4). 

 

 

Abbildung 4: Molekülstruktur der erweiterten Co-oligomere 4-11 und 4-12. 

 

Der antizipierte Anstieg der jeweiligen HOMO-Energieniveaus der Verbindungen 4-11 und 

4-12 konnte tatsächlich beobachtet werden, ebenso wie eine Rotverschiebung der 

Absorption, die in Filmen von 4-12 bis zu 900 nm reichte. Lösungsprozessierte Bulk-

heteroübergangs-Solarzellen der Oligomere 4-11 und 4-12 zeigten ebenfalls die ursprünglich 

beabsichtigte Steigerung der jeweiligen Kurzschluss-Stromdichten, die in unbehandelten 
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Solarzellen von 4-12 Werte bis zu 6.30 mA cm-2 erreichten. Die Optimierung der Solarzellen 

zeigte, dass 4-12-basierte Zellen kaum auf die Lösungsmitteldampfbehandlung ansprachen, 

während 4-11-basierte Zellen nach einer 45-sekundigen Behandlung mit Chloroformdampf 

einen erstaunlichen Anstieg der Kurzschlussstromdichte und des Füllfaktors vorwiesen, die 

zu einer guten Effizienz von 5.0% führte. 

In Anbetracht der vorstehenden Ausführungen kann festgestellt werden, dass die zu Beginn 

gesetzten Ziele, wie die Weiterentwicklung von Hochleistungs-Oligomeren für 

lösungsprozessierte Hetero-Übergangs-Solarzellen, erreicht wurden. Im Rahmen dieser 

Arbeit konnten wichtige Struktur-Eigenschaftsbeziehungen gezogen werden und ergaben 

unter anderem die Co-Oligomere 3-12 und 4-11, die ihre Vorgängermoleküle 3-11 und 4-1 

nach sorgfältiger Optimierung der Solarzellenherstellung an Leistung übertrafen. 

Rückblickend kann gesagt werden, dass die bemerkenswerte Leistung von 8.2% 3-12-

basierter Solarzellen den Höhepunkt dieser Arbeit darstellten.  
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