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2  INTRODUCTION 
 

In the early days of inventions like low cost organic solar cells (OSCs) and low energy 

consuming organic electronics such as organic field effect transistors (OFETs) or organic light 

emitting diodes (OLEDs) there seemed to be a way to decrease energy consumption as well 

as to increase the percentage of people with access to affordable, renewable energy. Today 

it has to be stated that organic solar cells will probably not solve the world’s energy problem 

but are finding their way into markets for specialized applications. OSCs are potentially 

inexpensive due to cheap processing technologies and low material costs arising from very 

thin active layers. Furthermore, their processability onto a variety of substrates, e. g. flexible 

plastic, opened application areas, which were not of interest for inorganic solar modules. 

One molecule dominates the world of organic solar cells: oligothiophene. With its versatile 

chemistry and unique optoelectronic properties concerning absorption, redox- and charge 

transport behavior it is found as moiety in most of the materials for photovoltaic 

applications.1 There are several well performing thiophene containing polymers, which allow 

the use of inexpensive processing techniques such as printing from solution. Although there 

are already companies for organic solar cells arising on the market, there is still room for 

improvement. The development and optimization of organic photovoltaics (OPVs) depends 

on understanding the processes and behavior of the materials within a functioning solar cell 

device. In the case of polymers the polydispersity does not allow an unequivocal 

construction of structure-property relationships and causes problems with reproducibility of 

results. On the other hand, good correlations between structure and device performance 

can be achieved using π-conjugated oligomers. And with this, the share of oligomeric 

thiophenes being used for solar cell applications has increased.2 So far, conjugated oligomers 

were not able to beat the efficiency records obtained by polymers in single junction solar 

cells. The lack of dimensionality together with very often low extinction coefficients limited 

the achievements of the oligomers. With the first conjugated thiophene dendrimer coming 

up in 2002 there was the hope to find molecules which comprise the advantageous 

properties of thiophene, as a potent motif in many structures, as well as of polymers and 

oligomers.3 With dendrimers there is the possibility of obtaining three-dimensional 

architectures which allow the absorption of light from each direction independent of the 

order and arrangement within the active layer. Their monodispersity and defined structure 

further allows a direct correlation between performance, properties and structure. The 

possibility to modify the structure by incorporation of different units at any stage, either at 
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the core, periphery or within the arms of the dendrimer, enables an exact and property-

oriented fine tuning with respect to the demand of an organic solar cells system. Although 

much research has been done there is still the need for a deeper understanding of the 

effects of architecture and conjugation pattern on the behavior of conjugated thiophene 

dendrimers in solar cells under illumination. 

The present thesis was inspired by the work of Ma et al. from our group, in which he 

synthesized large dendritic oligothiophenes up to a 90mer. Ma developed a synthesis similar 

to the one presented by Advincula et al.,3 but with major advantages.4 He used a branched 

terthiophene building block, as well, but instead of hexyl chains as protecting groups for the 

free α-positions of the branches he attached trimethylsilyl (TMS) groups. Those can be 

cleaved off by using fluoride salts or can be transformed by ipso-substitution into functional 

groups such as iodine or bromine, which allowed new synthetic strategies. Therefore, it was 

possible to selectively functionalize either the core or the periphery (Scheme 1). 

 

Scheme 1. Selective functionalization in Ma’s versatile synthetic approach. 

Furthermore, Suzuki cross-coupling reactions were used instead of Stille type reactions. 

Using this synthetic approach, it was possible to synthesize a variety of dendrons and 

dendrimers based on branched terthiophenes. These soluble macromolecules exhibited 

promising optoelectronic properties and were therefore used as semiconductors in solution-

processed BHJ solar cells achieving efficiencies of up to 1.7%. The branched building blocks 

used in the convergent-divergent synthesis brought about a longest α-conjugated thiophene 

chain lying in the center of the molecule and being surrounded by several linear 

oligothiophenes of different lengths. Using this approach, the longest α-conjugated chain is 

constantly elongated with growing generational size which results in a red-shifted 

absorption profile.4,5 
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Chart 1. Schematic image of the energy transfer in a dendritic oligothiophene based on branched building 

blocks. 

Investigations via optical spectroscopy revealed that the α-β-connected building blocks take 

part in the absorption behavior as additional units. Furthermore, fluorescence spectra 

showed that the emission is coming from the longest α-conjugated chain and is invariant 

from the excitation wavelength. This is due to an energy transfer from the shorter 

chromophores lying in the periphery of the dendrimer to the longest α-conjugated chain in 

the core, which is lower in energy and therefore these dendrimers might function as an 

energy funnel.6 In organic solar cells this could be a hindering factor in the charge 

dissociation and charge transport steps at the interface between the dendritic donor and an 

acceptor. Not only appropriate energetic prerequisites have to be fulfilled, but also 

geometric conditions have to be taken into account in order to achieve effective charge 

separation. Therefore, it is proposed that charges lying in the center of a three dimensional 

molecule might not be as rapidly transferred as when being located at the periphery of a 

molecule. 

This led to the development of a dendritic molecule, in which this process is hindered. 

Therefore, a dendrimer was suggested which is based on linear building blocks having the 

same α-conjugation length. 
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Chart 2. Schematic picture of the excitation of a dendritic oligothiophene based on linear building blocks of 

equal conjugation length, which are connected via α-β-linkages to each other. 

With increase in generational size, the length of the conjugated chains remains the same. 

The synthesis and building blocks have been designed to construct only α-β-connections 

between the chromophores. As building blocks α-terthiophenes and α-quinquethiophenes 

have been chosen, which were assembled into dendrimers of different generations. Besides 

their optical and electronic behavior in solution, these dendrimers were used as materials in 

solution processed BHJ solar cells. 

Another idea was to synthesize dendritic structures consisting of linear building blocks, as 

well, but bearing the shortest α-conjugated chain inside the molecule and the longest α-

conjugated chains at the periphery. Such mixed dendrimers would be the complete opposite 

of the dendrimers synthesized by Ma et al.. Their optoelectronic properties and 

performance in BHJ solar cells were also examined and will be presented, as well. 
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2.1 FROM INORGANIC TO ORGANIC SOLAR CELLS 

A. E. Becquerel’s and A. C. Becquerel’s finding of an improved current generation in an 

electrochemical cell under illumination and hence the photoelectric effect in 1839 was the 

first milestone in photovoltaic history.7 In 1883, not nowadays so frequently used silicon but 

selenium was the active material for the first solar cell built by Fritts after the discovery of 

the photovoltaic effect in selenium by Smith in 1873 and in a selenium crystal by Adams and 

Day in 1876.8,9 This first selenium/gold solar cell achieved an efficiency of 1%.10 A result 

which not only surprised but which was also doubted by many scientists due to a missing 

scientific explanation until then. This deficit changed with Einstein’s theoretical work on the 

explanation of the photoelectric effect from 1905 for which he received the Nobel Prize in 

1921. It took more than forty years after Einstein’s publication to take out the first patent on 

a “Light-Sensitive Electric Device” by Ohl in 1946.11 The first silicon p-n-junction solar cell and 

the real start of solar cells as we know them today was introduced by Chapin, Fuller, and 

Pearson from Bell Telephone Laboratories in 1954 and exhibited a power conversion 

efficiency of approximately 6%.12 This assigned the start of modern inorganic photovoltaics 

and their rapid enhancement in technologies and efficiencies. Three different major 

categories of solar cells exist. The first generation solar cells are based on crystalline, either 

mono- or polycrystalline, silicon. Thin-film technologies using cadmium telluride (CdTe), 

copper indium gallium selenide (CIGS), and amorphous silicon (a-Si) emerged as second 

generation solar cells. Material cost reduction due to reduction of the amount of absorbing 

material as well as efficiencies exceeding 40% in laboratory scale experiments were 

promising features of thin-film solar cells. Besides these arguments expensive silicon wafers  

and rather moderate efficiencies around 20% were good reasons to replace crystalline 

silicon in solar cells.13 However, first generation solar panels still constitute a market share of 

over 80%. Furthermore, materials like cadmium and tellurium are limited, as well, and 

second generation solar cells are still far away from being cost effective. All technologies like 

new methods in solar cell fabrication or using organic compounds as semiconductors are 

referred to as third generation solar cells. Especially organic solar cells (OSCs) using 

conjugated oligomers and polymers have gained huge attention during the last three 

decades as they are supposed to have enormously decreased production costs due to less 

material needed for the active layer as well as decreased assembly costs of modules. Also 
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from an aesthetic point of view organic photovoltaics (OPVs) show many advantages: they 

can be much thinner due to large extinction coefficients of the materials and can be 

transparent. They are available in different colors and it is possible to have them printed on 

flexible substrates e.g. plastic.14 Although they are still not competitive to efficiencies of 

inorganic solar cells, the cost aspect lifts them into the group of the most promising 

technologies for future green energy generation. 

2.2 HISTORIC AND SCIENTIFIC DEVELOPMENT OF ORGANIC SOLAR CELLS AND 

THEIR WORKING PRINCIPLES 

The history of organic semiconductors and molecular electronics was initiated by the 

discovery of highly conductive oxidized iodine-doped polyacetylene by Shirakawa, 

MacDiarmid and Heeger et al. in 1977 who were awarded the Nobel Prize for chemistry in 

2000.15 But long before that, in 1958, the first organic solar cell was reported by Kearns and 

Calvin. They used a magnesium phthalocyanine (MgPc) 2 disk coated with air-oxidized 

N,N,N’,N’-tetramethyl-p-phenylenediamine (TMPD) 1, which was pressed in contact with a 

conducting glass electrode (Chart 3).16 

N

N N

N

Mg

MgPc

N

N

TMPD

1 2  

Chart 3. Molecular structure of solar cell materials used by Kearns and Calvin. 

This setup of the cell was simple and far away from the one commonly used nowadays but it 

was an important start. In 1975 Tang and Albrecht presented a chlorophyll-a 3 based solar 

cell using two different metals as electrodes (Chart 4). This cell exhibited a power conversion 

efficiency (PCE) of 0.001%.17  
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Chart 4. Molecular structure of chlorophyll-a used in Tang’s and Albrechts’s cell. 

The most important and pioneering work in the field of OSCs as known today was reported 

by Tang in 1986 in which he presented a bilayer solar cell comprising one layer of perylene-

3,4,9,10-tetracarboxyl-bis-benzimidazole (PTCBI) 4 with a second layer of copper phthalo- 

cyanine (CuPc) 5 sandwiched between indium tin oxide (ITO) and a silver electrode (Chart 

5).18  

NN

N

N

O

O

PTCBI

N

N N

N

Cu

CuPc

4 5  

Chart 5. Molecular structure of PTCBI and CuPc used in Tang’s first organic solar cell. 

This vacuum-processed setup achieved a PCE of 0.95% which was until then one of the 

highest reported efficiencies. In contrast to inorganic solar cells, in which light radiation 

directly creates free charge carriers, which are then transported to the electrodes by an 

intrinsic electric field, organic solar cells are known as excitonic solar cells.19 Illumination 

with light promotes an electron to the lowest unoccupied molecular orbital (LUMO) of the 

absorbing material. This electron is still strongly bound to its corresponding hole due to the 

low dielectric constant of these materials. The formation of this excited state, which is 

referred to as exciton, with its bound electron-hole pair, is one of the major differences to 

inorganic photovoltaics. Their strong binding energy, which cannot be thermally dissociated, 

was the reason for the low efficiencies of OPVs in their beginnings due to their single-layer 

set-up.20 A closer look at the working principles and the exciton formation in the OPVs was 

the key to their improvement. Thus, this understanding led to photovoltaics consisting of 
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two absorber materials, an electron donor, and an electron acceptor, whose energy offset 

creates a driving force to overcome the exciton binding energy. The working principle 

consists of four fundamental steps that are responsible for energy generation (Figure 1). 

 

Figure 1. Simplified picture of a solar cell and its four principle steps of energy generation. 

In the first step, an electron is promoted upon absorption of light from the highest occupied 

molecular orbital (HOMO) to its lowest unoccupied molecular orbital (LUMO). If this exciton 

was generated in close proximity to the interface where the donor (D) layer meets the 

acceptor (A) phase it may diffuse to this interface (step two) where the exciton dissociation 

can occur (step three). The electron, which was transferred from the LUMO of the donor to 

the LUMO of the acceptor, hops then through the acceptor phase to the collecting electrode, 

whereas the holes are “transferred” to the corresponding counter electrode (step four).21 

This “hole transfer” is not really a direct transport mechanism of the holes, but arises from 

the electron, which is transferred from one molecule to the other leaving a hole in the donor 

of the electron. Each step bears its problems and has its requirements concerning molecule 

or material properties. In the first step, it is necessary to have a donor molecule, which 

absorbs light over a wide span of wavelengths for a good matching with the solar spectrum, 

which has its maximum flux between 500 and 800 nm (Figure 2). 
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Figure 2. Solar photon flux spectrum.22 

The broader the absorption band the more light can be absorbed for energy generation. A 

broadening or red-shift of the absorption leading to a decreased band gap of the molecule 

can be achieved by extension of the π-conjugated system or by synthesis of molecules with 

alternating electron rich and electron poor units. This concept of the alternating acceptor-

donor moieties reveals another advantage of organic compounds as they can be tailored and 

tuned to meet a desired requirement by changing the building blocks. A further important 

property is the molar extinction coefficient, which should be as high as possible to absorb 

more photons. This feature is not as easily tuned. One possibility to increase the extinction 

co-efficient is to make dendrimers, in which the number of chromophores present in the 

molecule increases exponentially with generational size. Still, it is not completely understood 

which factors influence the molar extinction coefficient.  

The second step shown in Figure 1 is on one hand influenced by the lifetime of the exciton, 

which in turn depends on the molecules used as donor and acceptor, and on the other hand 

by the morphology of the active layer. The lifetime and the diffusion coefficient of the 

exciton are contributing to a value known as exciton diffusion length L which reflects the 

distance an exciton is able to diffuse before it decays and is usually between 5 and 30 nm.23 

As organic dyes are only able to undergo efficient charge separation at the donor-acceptor 

interface (heterojunction) it is necessary that the exciton is generated within this exciton 

diffusion length. Furthermore, the thickness of the solar cell must not be too large to 

prevent recombination of the already separated charges before being collected at the 

electrodes. But the thickness of the active layer should not be too thin, as well, as this limits 

the amount of absorbed light.24 This already shows that efficient organic solar cells comprise 
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multi-parameter problems, which need optimized materials as well as a balanced device 

design. There are basically two types of heterojunction solar cells: bilayer heterojunctions 

(PHJ, planar heterojunction) and bulk heterojunctions (BHJ) (Figure 3). 

 

Figure 3. Simplified schemes of a bilayer (left) and a bulk (right) heterojunction solar cell. 

The first organic solar cells were bilayer devices, in which the two layers were evaporated on 

top of each other.18 As can be seen in Figure 3 the interface between the donor and acceptor 

is relatively small. Furthermore, the thickness of these devices is strongly limited by the 

exciton diffusion length. An improvement was the invention of the bulk heterojunction solar 

cell by two different groups from the US and UK in 1995.25,26 Donor and acceptor are mixed 

and then deposited in one step onto the bottom electrode thus forming an interpenetrating 

network of donor and acceptor phases (in the optimal case). This may be achieved by 

vacuum sublimation or from solution deposition, which is already one major improvement, 

because this allowed the use of conjugated polymers and other molecules, which are not 

sublimable. Another advantage of the BHJ over the PHJ solar cells is the larger interface 

within the intermixing layer permitting thicker active layers, which are capable of absorbing 

more light. Not only problems were solved with this invention, but new parameters, which 

have to be controlled and understood,27 were created. The right solvent system and 

additionally an optimal ratio of donor and acceptor are to be found. Until now, the 

morphology of the blend and the right phase separation pose the most important and 

unfortunately still uncontrollable parameters in these BHJ solar cells. There are many 

different approaches to obtain an optimal interpenetrating network.28,29 These are based on: 

1. Special solvent systems and additives;30-32 2. Optimization of the packing and interacting 

properties of the active materials by certain structural motifs;33 3. Post-treatment methods 

like thermal or solvent annealing.34-38 Examples of solar cell results for both device 

structures, bilayer and BHJ, will be given in the following sections (2.3.1 and 2.3.2).  
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After the excitons reach the D-A interface, one requirement for efficient charge separation is 

necessary. The excited electron lying in the LUMO of the donor needs a driving force to be 

transferred into the LUMO of the acceptor due to the already mentioned binding energy 

between the created holes and electrons. This can only be achieved if the LUMO of the 

acceptor is lower in energy than the LUMO of the donor (Figure 1). But again, a demanding 

fine tuning of the LUMO level of the acceptor is necessary as the open circuit voltage (VOC) is 

among other parameters depending on this energy difference between LUMO(acceptor) and 

HOMO(donor).39,40  

The morphology comes again into play when charges are completely freed because holes 

and electrons need to be transported to the corresponding electrodes. Islands of one 

compound within the blend without any contact to the electrode are traps for the charges, 

which are lost and cannot be extracted from the device. The choice of the right electrode is 

another variable factor which has to be compatible with the whole system. Nowadays 

indium tin oxide (ITO) has become one of the most popular materials for transparent 

electrodes, in the same way aluminum or silver have become entrenched as counter 

electrode. All in all, organic solar cells do not only have many parameters, which have to be 

wisely chosen, but all these parameters are also strongly intertwined like cog wheels that 

have to fit each other perfectly. 

In order to characterize and facilitate comparison of the solar cell parameters, measurable 

values and standard methods had to be established. The main characteristics of a solar cell 

can be found in the current-voltage curve (J-V curve), which can be measured using a light 

source under standard conditions (Figure 4).  
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Figure 4. Graphic representation of an idealized J-V curve of a solar cell.  
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The J-V curve is measured by applying a voltage and recording the resulting current. This is 

done in the dark and under illumination. The curve under illumination provides three 

important values for the determination of the PCE: the short-circuit current density (JSC), the 

open-circuit voltage (VOC) and the fill factor (FF).21,23 The VOC is determined at the inter-

section of the curve with the x-axis meaning that there is no current produced by the cell 

due to complete recombination of the generated charges. Under ideal conditions this is the 

maximum achievable voltage. This parameter is dependent on many aspects. Charge recom-

bination,41 which is influenced by the morphology, cannot be avoided and is one of the 

detrimental factors to the maximum voltage. As already mentioned, the energy difference 

between donor ionization potential and acceptor electron affinity exerts the main effect on 

the VOC.39,40 This means that a red-shift in absorption of the donor is not the overall solution 

to obtain an optimal efficiency, but the energy levels have to be delicately balanced between 

the necessities of a maximum VOC and a maximum JSC.21 

The JSC is the point where the curve intercepts the y-axis, representing the maximum 

possible current density without any applied bias under ideal conditions. As it is a density it is 

dependent on the area of the solar cell. Furthermore, it is also dependent on the absorption 

range of the material. Additionally, it is directly proportional to the light intensity, incident 

photons, and generated electrons. Due to these dependencies it is also affected by non-

optimal morphologies and low electron mobilities.23  

The FF is the relation between the two areas displayed as two grey rectangles in Figure 4 

(eq. 1). 

                    1

2

FF=
A

A
        (1) 

These rectangles arise from the values for the VOC and JSC giving area A2, and from the 

maximum power point, at which the voltage (Vmp) and current density (Jmp) achieve their 

maximal product providing the limits for area A1. In an ideal solar cell, the FF would have a 

value of 1. But the course of the J-V curve is influenced by the amount of electrons reaching 

the electrodes (so they do not undergo recombination) and the resistance R in the solar cell. 

There are two main resistances occurring in a solar cell: a serial resistance RS representing all 

resistances between the layers and contacts (eq. 2), and a parallel resistance RP including all 

recombination losses happening at the different interfaces (eq. 3). 
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A value of 0 for RS and an infinite value for RP would display an ideal solar cell without any 

contact problems or recombination losses and the FF would be 1.   

But as already mentioned this is never the case and the FF can be calculated using the values 

at the maximum power point (eq. 4). 

           = =mp mp mp

OC SC OC SC

FF
P V J

V J V J
    (4) 

Having these values in hand it is possible to determine the PCE η at a defined light power Pin 

(eq. 5). 

            = =mp OC SC

in in

FF
η

P V J

P P
    (5) 

Apart from the efficiency another important parameter is the incident photon to current 

efficiency (IPCE) or external quantum efficiency (EQE). It is defined by the relation between 

the amount of collected charges and amount of incident photons at a certain wavelength λ 

(eq. 6). 

    = amount of collected charges
EQE(λ)

amount of incident photons
   (6) 

This efficiency is dependent on the charge transport in the solar cell (without any applied 

bias) as well as on the absorption properties of the material. Therefore, the EQE spectra can 

be similar to the absorption spectra of the active material. 

To compare different solar cells with one another it is necessary to apply the same 

measuring conditions for an accurate determination of the device parameters. The most 

commonly used solar spectrum is Air Mass 1.5 Global (AM1.5G), which has a radiation 

intensity of 100 mW cm-2 at an angle of 42.8° at 25 °C and corresponds to the sunrays hitting 

the earth when the sun is at the zenith.42 These conditions are also applied at the national 

institutes in the different countries (e.g. NREL) for certifying efficiencies and making 

comparisons more fair.43 
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2.3 TYPES OF ORGANIC SOLAR CELLS 

As already mentioned before, there are two main types of organic heterojunction solar cells: 

bilayer or planar heterojunction and bulk heterojunction solar cells. Most of them use ITO- 

coated glass as transparent electrode. As counter electrode silver, gold, or aluminum are 

very common. In solution-processed devices, the ITO electrode is very often covered with a 

layer of poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS). This 

additional hole transport layer is thought to smooth the ITO surface and enhance the cell 

stability.44 Both concepts of organic solar cells are based on an active layer consisting of a 

donor and an acceptor, either in two distinct layers on top of one another or mixed in a 

random network with each other (Figure 3). Examples of both types with the focus on 

solution-processed BHJ solar cells will be shown in the following chapters. 

2.3.1 Bilayer Heterojunction Solar Cells 

The bilayer heterojunction devices are usually fabricated by sequential layer by layer 

vacuum-deposition using one layer of an acceptor on top of a donor layer sandwiched 

between two electrodes, which is commonly ITO on glass on one side and gold or aluminum 

on the other. 

The first organic solar cell reported by Tang in 1986 was a bilayer device using the 

sublimable molecules PTCBI and CuPC (s. Chapter 2.2). Of course, the PCE was roughly 1% 

and therefore not very high compared to today’s status quo. But it was the beginning of a 

rapid change in the field of OPVs. Three years later Forrest et al. investigated a similar setup 

with the acceptor being changed from PTCBI to PTCDA 6 (Chart 6) which increased the 

efficiency to 1.8%.45,46 

The first OPV using C60 7 as acceptor was a vacuum-deposited bilayer device using poly[2-

methoxy-5-(2’-ethylhexyloxy)-1,4-phenylene-vinylene] (MEH-PPV) 8 as polymeric donor 

sandwiched between an ITO coated glass and a gold electrode reported by Sariciftci et al. in 

1993 (Chart 6).47 The efficiency was with a value of 0.04% rather low, but the group realized 

the huge potential of the fullerene acceptor, which is still the most frequently used acceptor 

in vacuum-processed bilayer solar cells. The LUMO of C60 is triply degenerated and can be 

reversibly reduced with up to six electrons. Apart from the ability to stabilize negative 
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charges, it is also known to undergo ultrafast photoinduced charge transfer when being in a 

blend with a donor. It is favorable for organic solar cells, as well, due to its much slower back 

transfer. Additionally, C60 revealed a very high electron mobility rendering it even more 

interesting for OPVs.48 Already in the early days of OPVs around 1993, the group of Sariciftci 

and Heeger stated that it will be necessary to enlarge the interface between donor and 

acceptor as well as to find new fullerene and polymer derivatives, which are soluble, in order 

to facilitate device fabrication with less thermal and energetic effort.47 These demands were 

accomplished two years later in 1995 with the introduction of bulk heterojunction solar cells. 

However, research on bilayer solar cells did not cease with the invention of BHJ solar cells. In 

2000, Peumans et al. introduced an exciton blocking layer (EBL), the nowadays frequently 

used bathocuproine (BCP) 9 (Chart 6), between PTCBI 4 as acceptor and the metal electrode. 

This layer prevented to some extend recombination, which occurs in bilayer solar cells not 

only because of the smaller interface between donor and acceptor, but also due to defect 

states at the metal-organic interface.46 This additional layer enhanced the PCE of the 

CuPC/PTCBI based device to 2.4%.49  

 

Chart 6. Molecular structures of acceptors PTCDA 6 and C60 7, donor material MEH-PPV 8, and exciton blocking 

layer material BCP 9 used in the milestones of bilayer devices.  

One year later in 2001, again Peumans et al. used C60 7 as acceptor instead of PTCBI 4 

together with CuPc 5 as donor in a vacuum-processed ITO/PEDOT:PSS/CuPC/C60/BCP/Al 

bilayer device (AM1.5G at 150 mW cm-2) to obtain a very good efficiency of 3.6%.50 In 2004, 

Xue et al. were able to break the 4% threshold.51 They prepared a bilayer cell similar to the 

device reported by Peumans et al., but instead of an Al metal-electrode Ag was used as top 
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electrode. This device exhibited a very low series resistance, which was ascribed to the 

nature and treatment of the ITO (different supplier and treatment with UV-ozone leading to 

increased ITO work function)52 and the adjacent donor layer (improved surface and 

therefore contact resistance between PEDOT:PSS and CuPc due to treatment of the PEDOT 

layer with Argon or O2 plasma)50 resulting in a record PCE of 4.2% under standard 

conditions.51 It took some more years to reach the 5% mark, but in 2011, Hirade et al. 

reported a device reaching efficiencies of up to 5.24%. Besides the commonly used EBL 

between the acceptor and the cathode they also introduced an EBL between the anode and 

the donor. They stated that the PEDOT:PSS layer is not only a good buffer layer, which 

controls the morphology and increases VOCs, but is also known to quench excitons which is 

undesirable. Therefore, they used tris[4-(5-phenylthien-2-yl)phenyl]amine (TPTPA) 10 as EBL 

between the PEDOT:PSS buffer layer and the donor tetraphenyldibenzoperiflanthene (DBP) 

11 (Chart 7). With this additional EBL and C60 as acceptor they could achieve one of the 

highest performances for planar heterojunction solar cells until then.53  

 

Chart 7. Molecular structures of the exciton blocking layer TPTPA 10 and the donor materials DBP 11 and 

1-NPSQ 12. 

In 2011, the record efficiency of PHJs was increased to 5.7% by Wei et al. by using arylamine- 

based squaraine derivative 1-NPSQ 12 (Chart 7) in combination with C60. In the device with 

the setup ITO/MnO3/12/C60/BCP/Al, which was thermally annealed, this group ascribed the 

high efficiency to the optical absorption (higher absorption coefficient and red-shifted 

absorption) and stacking properties (closer stacking reducing the series resistance) of the 

arylamine substituted donor in comparison to the original squaraine dye.54 Being close to 6% 

bilayer solar cells proved to be on a proper way, but until now the limited interface seems to 

hinder the achievement of excellent PCEs which can be found nowadays for BHJ solar cells. 
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2.3.2 Bulk Heterojunction Solar Cells 

The general and common set-up of bilayer and BHJ solar cells does not differ much. But in 

contrast to the bilayer heterojunction solar cells and their disadvantages BHJ solar cells have 

advantages concerning processing and performance. As already mentioned, the interface 

area between donor and acceptor is enlarged which is thought to enhance the electron-hole 

dissociation performance. Another advantage is the variety in processing techniques. The 

materials for the active layer in bilayer solar cells usually have to be sublimable for vacuum- 

deposition. BHJ solar cells can be processed either from solution or by vacuum co-

evaporation techniques. This of course bears restrictions, as well, since the donor and 

acceptor materials have to have sufficient solubilities in a certain solvent systems for 

solution-deposition. However, as much as set-up and processing have huge advantages over 

the bilayer cells, these advantages come along with new difficulties regarding control of 

morphology and self assembly aspects within the donor-acceptor blend. 

On the acceptor side there are two molecules which are most frequently used: for vacuum- 

processed devices it is C60 7 whereas its soluble derivative [6,6]-phenyl-C61-butyric acid 

methyl ester (PC61BM) 13 is used for solution-processed cells.55,56 The first bulk 

heterojunction solar cells were reported by Heeger et al. and Holmes et al. at the same time 

in 1995.25,26 Both achieved similar results with a blend of MEH-PPV 8 and C60 in solution-

processed devices, but the rather low solubility of C60 was a limiting factor. The group 

around Heeger made an important improvement by using PC61BM 13 (Chart 8), which 

exhibits a much higher solubility than C60 and achieved a PCE of 1.5% which was very good in 

these early times.25 With this and the introduction of the BHJ as active layer this group 

reported one of the milestones of the development of organic solar cells. Besides PC61BM 

the C70-analogue PC71BM 14 (Chart 8) introduced by Janssen et al. in 2003 came into focus 

because of its red-shifted absorption profile and is now frequently used to improved device 

efficiencies.57 Nevertheless, the much cheaper PC61BM is still the most commonly used 

acceptor. 
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Chart 8. Molecular structures of benchmark materials PC61BM 13, PC71BM 14, and P3HT 15. 

What PC61BM is on the acceptor side is poly(3-hexylthiophene) (P3HT) 15 (Chart 8) on the 

donor side. It is the most prominent and best investigated donor material. It was reported 

first by Schilinsky et al. in 2002 and showed in combination with PC61BM 13 a PCE of 2.8%.58 

The real breakthrough came when Padinger et al. reported thermal annealing as a post-

treatment method, which enhances crystallinity of the polymer benefitting the charge 

generation and transport. This led to increased efficiencies of P3HT/PC61BM BHJ devices 

giving 4%.34 With this, P3HT held the record efficiency of around 5% for quite a long time,59 

and is still with a PCE exceeding 7% among the well performing polymers.60-62 Apart from 

P3HT, other polymers were intensively studied in BHJ solar cells such as many low band gap 

donor-acceptor type polymers.63-65 With these donor-acceptor polymers and advanced 

processing techniques, it was possible to realize many good BHJ solar cells using a variety of 

polymers with PCEs ranging from 4 - 6% in the past 5 years.66,67 But roughly 4 years ago PCEs 

have been pushed above 7%.68 One of the first groups to cross the 7% barrier was the one 

around Liang in 2010, when they published the low band gap polymer PTB7 16 consisting of 

benzodithiophene and thieno[3,4-b]thiophene units (Chart 9). This donor in combination 

with PC71BM as acceptor gave a 7.4% BHJ solar cell.69 Besides the right choice of the donor 

polymer, the processing technique by spin-casting from o-chlorobenzene solution mixed 

with 1,8-diiodooctane (DIO) as solvent additive, which proved to be beneficial for the 

morphology of the interpenetrating network, facilitated this high PCE.30 Another example for 

crossing the 7% border was reported by Chu et al. in 2011. They used copolymer PDTSTPD 

17 consisting of thieno[3,4-c]pyrrole-4,6-dione and dithieno[3,2-b:2’,3’-d]silole units (Chart 

9) with PC71BM in BHJ solar cells. Again DIO as solvent additive enhanced the cell 

performance to 7.3%.70 Another group to overcome the 7% line was the one around You in 

2011, who synthesized two different donor-acceptor polymers, which both gave excellent 

PCEs. One was polymer PBnDT-FTAZ 18 consisting of fluorinated 2-alkyl-
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benzo[d][1,2,3]triazole and benzodithiophene moieties (Chart 9) exhibiting an efficiency of 

7.1%, the other was 5,6-difluoro-4,7-dithien-2-yl-2,1,3-benzothiadiazole and benzo-

dithiophene-containing polymer PBnDT-DTffBT 19 giving a PCE of 7.2%.71,72 Remarkably for 

both BHJ solar cells, the polymers were blended with PC61BM instead of the frequently used 

C70-analogue. Another important structural aspect was the introduction of fluorines at the 

polymer backbone of the acceptor moiety resulting in a weak-donor-strong-acceptor 

polymer, thus taking the already known advantage of a further decrease of HOMO and 

LUMO.72-75 
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Chart 9. Molecular structures of some remarkable low band gap polymers achieving PCEs >7% in BHJ solar cells 

and of interlayer polymer PFN 20. 

In 2011 He et al. used an already known and then commercially available low band gap 

polymer, namely PTB7 16, in combination with PC71BM and optimized the morphology of the 

active layer again by using DIO as solvent additive and incorporated fluorene-based polymer 

PFN 20 as cathode interlayer (Chart 9), which simultaneously enhanced the VOC, JSC, and FF 

giving an excellent PCE of 8.37%.76 Nevertheless, they were not the first to cross the 8% 

border. Besides national institutes, companies such as Solarmer Energy Inc. or Konarka 
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Technologies (now Belectric) were as well doing research on polymer solar cells. Several 

records have been achieved by the researchers of those companies, e.g., 8.13% by Solarmer 

in 2010, 8.3% by Konarka in 2011, and the milestone of 10.1% by Mitsubishi Chemical in 

2011 (no details are reported, especially for the Mitsubishi OPV).13,68,77,78 

BHJ OPVs cannot only be made from polymers as donor materials but oligomers can be used, 

as well. Oligomers are monodisperse molecules with a defined molecular weight instead of a 

weight distribution as in polymers. They either can be solution-processed or co-evaporated 

together with the acceptor. The large advantage is this monodispersity leading to a better 

reproducibility and direct linkage of molecular structure and properties. Many different 

systems have been established, achieving remarkable results in single devices.79,80 Already in 

2005, Xue et al. presented a device with a mixed PHJ/BHJ structure and a setup of 

ITO/CuPC/CuPC:C60/C60/bathocuproine/Ag exhibiting an efficiency of 5.0% under standard 

conditions, which was at that time an excellent result.81 In 2010, Wynands et al. fabricated a 

thermally evaporated BHJ device with a complex device structure using C60 and α,ω-bis-

(dicyanovinylene)sexithiophene derivative DCV6T-Bu 21 having butyl groups on the back-

bone (Chart 10) to achieve a PCE of 4.9.82 In 2011, our group published a series of dicyano-

vinylene (DCV) end-capped oligothiophenes DCVnT without any further substituents on the 

backbone, which proved to be very promising candidates for OPVs. Quinquethiophene 

analogue DCV5T 22 showed a very good PCE of 5.2% in a vacuum-processed BHJ device, 

which was until then one of the highest reported values for oligomers.83 A completely 

different dye was used by Steinmann et al. to succeed in having the record efficiency for an 

oligomer BHJ solar cell so far. They used merocyanine (MC, Chart 10) 23 in a vacuum-

processed BHJ device with a setup of ITO/MoO3/23:C60/BPhen/Ag to obtain a very good PCE 

of 6.1% under standard conditions.84 

 

Chart 10. Molecular structures of oligomers being among the best vacuum-processed BHJ solar cell materials. 
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In 2012, this record for vacuum-processed oligomer BHJ solar cells was beaten by two 

groups. Chiu et al. reported donor-acceptor-acceptor oligomer DTDCTP 24, in which an 

electron-donating ditolylaminothienyl moiety is connected to an electron-withdrawing di-

cyanovinylene moiety through another electron-accepting pyrimidine block (Chart 11). 

Donor oligomer 24 achieved in combination with C70 as acceptor a PCE 6.4% in a solar cell 

with a mixed PHJ/BHJ structure.85
 Our group presented another series of DCV5T molecules, 

this time with methyl groups at the backbone. Oligomer 25 contained two methyl groups at 

the middle thiophene unit and exhibited an excellent efficiency of 6.9% using C60 as acceptor 

in p-i-n-type BHJ solar cells (Chart 11). This achievement was attributed to the methyl groups 

leading to an enhanced morphology of the blend.86 

 

Chart 11. Molecular structures of record efficiency donor molecules by Chui et al. and Fitzner et al.. 

As already mentioned it is also possible to fabricate solution-processed oligomer BHJ 

devices. The so far achieved PCEs have exceeded the results of the vacuum-processed single 

devices made from oligomers. In 2009, the 5% border was crossed by Matsuo et al. with a so 

called three-layered p-i-n device consisting of soluble porphyrin precursor 26 and the 

uncommon acceptor bis(dimethylphenylsilylmethyl)[60]fullerene. Besides this unusual 

acceptor the processing technique of the active layer was special. Firstly, the soluble donor 

precursor was spin-coated, then heated to give insoluble benzoporphyrin 27. On top of this 

layer a mixture of donor and acceptor was spin-coated and heated again to give a defined 

columnar network in the blend. This was followed by spin-coating of a pristine layer of the 

acceptor. This PHJ/BHJ cell provided an excellent PCE of 5.2%, which was ascribed to the 

defined morphology of the interpenetrating network of the photoactive layer.87 Two years 

later, an ionic dye was reported to give a PCE of 5.2%, as well. This was obtained by Wei et 

al. using squaraine derivative 28 (Chart 12) together with PC71BM spin-coated on an 

ITO/MoO3 substrate followed by evaporation of bathocuproine and Al. After this, the device 

was treated by solvent annealing in DCM vapor for 30 minutes which is supposed to give the 

molecules additional time to organize within the film. This was indicated by the increasing 
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roughness of the surface upon solvent annealing visualized by AFM causing this high PCE.88 

Also in 2011, another example of a solution-processed oligomer device was given by Liu et 

al.. Linear oligothiophene 29 was not only used as donor for vacuum-processed but also for 

solution-processed devices. This septithiophene bared octyl side chains to provide sufficient 

solubility together with alkyl cyanoacrylate acceptor groups as end-caps. In the blend with 

PC61BM sandwiched between ITO/PEDOT:PSS and Ca/Al as electrodes a PCE of 5.1% was 

achieved.89 2011 was a good year for highly efficient devices and the record was achieved by 

Zhou et al., who fabricated a solution-processed BHJ device with another oligothiophene 

derivative. This time it was sexithiophene 30 having a dithienosilole core end-capped with 

alkyl cyanoacetate acceptor groups. Again, the solubility was enhanced by introduction of 

octyl chains on the conjugated backbone. In an ITO/PEDOT:PSS/30:PC61BM/LiF/Al setup the 

highest PCE for a solution-processed oligomer BHJ solar cell of 5.8% was measured so far. It 

was ascribed to the acceptor-donor-acceptor structure of the donor molecule known to 

provide good absorption properties and to the uniform film in the blend having ideal domain 

sizes.90 

N

NH N

HNN

NH N

HN

26 27

O

O

NN

OH

OH HO

HO

2+

28

Si

SS

SS

Oct Oct

SS

SS

Oct Oct Oct Oct
NCCN

O

O

O

O

Oct Oct

30

S

S

S

Oct
CN

O

O

Oct S

S

S

S

NC
O

O

Oct

Oct

Oct Oct

Oct

Oct

29

 

Chart 12. Molecular structures of the best performing donors in solution-processed small molecule BHJ solar 

cells. 

In 2012, Sun et al. reported a solution-processed BHJ solar cell using DTS(PTTh2)2 31 as donor 

(Chart 13) and PC71BM 15 as acceptor. With the cell architecture ITO/MoOx/31:PC71BM/Al 
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an excellent PCE of 6.7% was achieved under standard conditions. This former record 

efficiency was ascribed to the enhanced morphology of the active layer caused by the 

addition of the frequently used solvent additive DIO.91 In addition, instead of the commonly 

used acidic PEDOT:PSS, which is thought to protonate the pyridyl nitrogens of the pyridyl 

thiadiazoles (PT) and therefore decreases performances of solar cells using basic donors, 

they used a metal oxide as anode interlayer.92 These findings led to the design of a similar 

oligomeric donor by van der Poll et al.. Instead of the PT units they chose fluorobenzo 

thiadiazoles (FBT) moieties to give “non-basic” p-DTS(FBTTh2)2 32 (Chart 13). In a solar cells 

with an ITO/PEDOT:PSS/32:PC71BM/Ca/Al architecture they could achieve a solution-

processed BHJ solar cell with a PCE of 7% and a very high FF of 0.68. Again, DIO was used as 

solvent additive during film forming followed by thermal annealing.      

 

Chart 13. Molecular structures of oligomeric donor compounds by Sun et al. and van der Poll et al.. 

In the same year a different donor oligomer was presented, which was able to break the 7% 

mark, as well. Zhou et al. synthesized oligothiophene 33 with a benzodithiophene core and 

ethylrhodanine end-caps (Chart 14). This donor exhibited with PC71BM a PCE of 6.92% in 

solution-processed cells. The addition of a small amount polydimethylsiloxane to the active 

layer improved the efficiency to 7.38% (7.10% certified). They stated that the additive led to 

an improved morphology of the blend leading to this increase in performance.93 A similar 

oligomer was presented by the same group in 2013. Instead of the ethylhexoxy chains at the 

benzodithiophene core they attached ethylhexylthiophenes to give donor 34 (Chart 14), 

which gave a PCE of 8.12% (7.61% certified) using PC71BM in a solution-processed oligomer 

BHJ solar cell. The change of the alkoxy to the thiophene sidechains of the core led to a red-

shift in absorption spectra leading to higher JSCs than for 33. Again, the addition of 

polydimethylsiloxane to the active layer consisting of 34 and PC71BM raised the efficiency 

from 7.51% to the already mentioned 8.12%.94 



26                                           ORGANIC SOLAR CELLS 

 

Chart 14. Molecular structures of oligothiophene derivatives 33 and 34 with ethylrhodanine end-caps. 

Oligothiophene donor 34 was further optimized by Liu et al. in 2013. The ethylrhodanines 

were substituted by octylrhodanines to give derivative 35 (Chart 15). In solution-processed 

ITO/PEDOT:PSS/35:PC71BM/Ca/Al cells, a certified PCE of 8.01% was achieved upon addition 

of polydimethylsiloxane. This further increase was ascribed to the octylchains of the end-

caps, which offered an enhanced solubility for processing.95 

 

Chart 15. Molecular structure of octylrhodanine end-capped oligothiophene 35. 

Further investigations of donor p-DTS(FBTTh2)2 32 (Chart 13) in solution-processed BHJ solar 

cells were reported in 2013, as well. Kyaw et al. described the use of this donor in 

combination with PC71BM in inverted solar cells with the structure 

ITO/ZnO/PEIE/32:PC71BM/MoO3/Ag, which gave a PCE of 7.88%.96 The ethoxylated 

polyethyleneimine (PEIE) was spin-coated on top of the ZnO layer to lower the work function 

and therefore enhance the performance. The inverted solar cell architecture was chosen in 

order to circumvent degradation of the cell. The comparison of the performances of the 

inverted cell and a conventional cell using PEDOT:PSS showed that storage in air for several 
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days did not affect the inverted cells as much as the conventional ones.96 A few months 

later, the same group reported an improved PCE of 8.01% with the same donor:acceptor 

system in a conventional architecture solar cell using ITO/PEDOT:PSS/32:PC71BM/Ca/Al.97 

They showed that the thickness of the Ca-layer strongly influenced the solar cell 

performance by influencing the recombination mechanisms. This excellent result was 

achieved with a 20 nm layer of Ca, thicker and thinner layers gave worse results. Another 

few months later they were nearly able to reach the 9% mark. A similar solar setup with 

donor 32 and acceptor PC71BM was used but instead of the air sensitive Ca-layer a ZnO 

nano-particle layer was used as optical spacer. This layer improved the charge collection, the 

hole-blocking at the cathode, and reduced charge recombination which resulted in a PCE of 

8.94%.98 Simultaneously, they published the record efficiency for oligomer solution-

processed BHJ solar cells. By replacing the ZnO interlayer by Barium, they could achieve very 

high FFs of around 75% and a record PCE of 9.02%.99   

Since the molecules synthesized in this thesis have only been used for single solar cells, the 

concept of the tandem solar cells is not included in this summary. However, it must be 

stated that vacuum-processed tandem solar cells have already reached a PCE of 12%. This 

was recently achieved by the Heliatek GmbH using two different absorber materials of which 

one was synthesized by the Bäuerle group.100 

(Unless otherwise stated all examples given in this section were measured under AM1.5G 

conditions using a light intensity of 100 mW cm-2) 
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3.1 THE WORLD OF DENDRIMERS – FROM 1D TO 3D ARCHITECTURES 

Synthetic molecules have been known for more than a century, e.g., Bakelite, the first 

synthetic polymer, which was synthesized by Baekeland in 1909.101 Whereas one-

dimensional molecules are monodisperse, very often of rather small molecular size, and 

sometimes with lacking possibilities for multiple functionalization, polymers can have many 

functionalized sites, but they are polydisperse. A combination of both desirable properties, 

many functionalization possibilities while still being monodisperse, are provided by branched 

macromolecules called dendrimers. Furthermore, their structure is highly controllable during 

synthesis resulting in an exact number of functionalities. The word dendrimer has its origin 

in the Greek word “dendron” which means “tree”. This word reflects the structure of those 

molecules with their many branches evoking the crown of a tree. They consist of a core, 

which has more than one reactive moiety, several repetitive branched units around this core 

(first generation = G1, second generation = G2, and so on), and a periphery, which can bare 

multiple functional sites depending on the generational size of the dendrimer (Figure 5).102 

 

Figure 5. Schematic picture of a dendrimer. 

Long before the first synthesis of such a macromolecule by Vögtle et al. in 1978,103 it was the 

polymer scientist Flory, who postulated a concept for branched three-dimensional 

macromolecules already in the 1940s.104-106 The before mentioned synthesis by Vögtle et al. 
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presented a “cascade molecule”, a small oligoamine, used as cavities for host-guest 

chemistry.103 The actual kick-off for dendrimers and their chemistry was given by the 

contributions of the groups around Tomalia on high molecular weight polyamidoamine 

(PAMAM) dendrimers (Chart 16) and around Newkome on arborols (Chart 17) in 1985.107-109 

 

Chart 16. Molecular structure of a PAMAM dendrimer. 

 

Chart 17. Molecular structure of an arborol-type dendrimer. 

Both groups used a divergent synthesis to prepare these dendrimers. Such a divergent 

synthesis path, which was developed in the Dow laboratories between the late 70s and early 
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80s,110 starts with a multiply functionalized core to which the dendrons are attached. This 

first generation dendrimer has then to be further functionalized in the periphery, usually 

achieved by deprotection of the attached protection groups followed by a new set of 

monomers, which can be linked to the dendrimer. This synthesis progresses from the inside 

to the outside of the molecule and is therefore called divergent (Figure 6). Another approach 

towards these unique architectures was introduced by Fréchet and Hawker and is called 

convergent synthesis, which was used to obtain huge polyethers (Chart 18).111,112 Here, the 

synthesis starts with the build-up of peripheral dendrons, also called wedges. The 

synthesized dendrons are then coupled to the core within one final step (Figure 6). Again, a 

series of protection-deprotection steps is necessary to achieve the final product. 

 

Chart 18. Molecular structure of a polyether dendrimer by Hawker and Fréchet (R = fixed amount of repeating 

monomer units). 

Both synthetic approaches have their advantages and disadvantages. The exponential 

growth of a dendrimer during the divergent synthesis can be as much of an advantage as a 

disadvantage. For each step, the amount of reaction sites grows, as well, and therefore 

incomplete reactions and flaws in the build-up are more likely. An incomplete reaction leads 
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to other dendrimers with molecular weights not much lower than the weight of the desired 

product. This might make purification difficult or impossible.113   

 

Figure 6. Different synthetic approaches towards dendrimers. 

Nevertheless, a divergent approach usually allows the synthesis of higher generations. In a 

convergent synthesis, purification might be easier due to larger differences in molecular 

weight between the product and byproducts, and due to fewer possibilities for byproduct 

formation. But a convergent synthesis of bigger generations can be sometimes more difficult 

due steric hindrance at the small core unit.113 

The nature and architecture of dendrimers are as versatile as their applications. They are of 

huge interest in the fields of catalysis, bio- and medicinal chemistry, especially as sensors 

and for drug delivery, and optoelectronics.114-122 In the case of optoelectronic applications, 

e.g., in organic solar cells or organic light emitting diodes, it is necessary to have a 

conjugated system which undergoes effective energy and charge transfer. The next chapter 

deals with this special class of dendrimers.   

3.2 π-CONJUGATED DENDRITIC SYSTEMS 

Basically, there have been two main classes of molecules used for organic optoelectronic 

applications such as OPVs or OLEDs: oligomers and polymers. The oligomers usually included 

monodisperse defined structures with a molecular weight being low enough for vapor-

deposition techniques. In spite of this limiting deposition technique the huge advantage of 

structurally defined molecules is the better understanding of structure-property 
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relationships. Because of this they are often used as model compounds for more complex 

systems. These advantages gave rise to a huge increase in π-conjugated oligomer research 

during the 1990s.123 On the other hand there are conjugated polymers, which opened up a 

new field in processing technology namely from solution, e.g., via ink-jet printing, spin-

coating, or doctor-blading. This advantage attends other advantages such as large-area 

device production.124 The main disadvantage of polymers is their polydispersity. Structure-

property relationships cannot be directly correlated to a certain moiety or its amount within 

the polymer due to the molecular weight distribution. Additionally, conjugated polymers 

cannot be as easily tuned as in the case of defined oligomers. Results, including solar cell 

performances, cannot always be reproduced due to batch-to-batch variations. The main 

problem of all low-dimensional (1D and 2D) molecules such as linear polymers, oligomers, or 

star-shaped oligomers is their anisotropy concerning charge and energy transport 

properties. The orientation of such a molecule within the device is of utmost importance 

which bears difficulties during fabrication from solution and cannot be easily controlled. 

Therefore, a 3D molecule which enables light absorption and transport in all directions and is 

independent from its orientation in the active layer lowers the requirements that have to be 

met during processing.125 As already mentioned π-conjugated dendrimers combine the 

positive features of both, polymers and oligomers. They are monodisperse and therefore, 

they have a defined structure. They can be tuned by substitution of building blocks at a 

desired position and this can give control over the optoelectronic properties of the molecule 

or material. Their monodispersity usually results in a better reproducibility of the device 

performance. Their solubility in common organic solvents allows the before mentioned 

processing techniques. In contrast to low-dimensional oligomers there is no need to control 

their orientation within the active layer due to their 3D structure. Star-shaped molecules can 

be similar to dendrimers in terms of dimensionality depending on the core which is used but 

the size of a star-shaped molecule is much more limited than the potential size of a 

dendrimer.126 There are many examples for fully conjugated dendrimers used as active 

materials in OLEDs, as well as OPVs.124 Furthermore, there have been several reports on 

partially conjugated dendrimers as light harvesting systems.127-129 A first example of an 

entirely conjugated dendrimer was presented by Miller and Neenan in 1990. They 

synthesized polyphenylene dendrimer 39 based on a 1,3,5-trisubstituted benzene via a 

convergent method using Suzuki coupling reaction (Chart 19).130,131 
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Chart 19. Molecular structures of Miller’s 39 and Müllen’s 40 (PG = protecting group) conjugated 

polyphenylene dendrimers. 

In 1997, the first divergent synthesis of a polyphenylene dendrimer, e.g. 40 (Chart 19), was 

reported by Müllen et al.. It was synthesized via Diels-Alder reaction of a 

tetraphenylcyclopentadienone derivative and suitable ethynyl compounds.132 This path 

enabled the synthesis of an impressive variety of huge and functionalized polyphenylene 

dendrimers, e.g. polyphenylene dendrimer 41 (Chart 20), which is functionalized with 

peripheryl perylene monoimides.133,134 
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Chart 20. One of the impressively huge polyphenylene dendrimers synthesized by the Müllen group.133 
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In 1991, Moore et al. published a convergent approach towards phenylacetylene dendrimers 

which was further optimized allowing the synthesis of huge systems up to 94mer 42 (Chart 

21).135-137 

42  

Chart 21. Molecular structure of the 94mer synthesized by the Moore group.136 

During the late 1990s and early 2000s numerous conjugated dendrimers appeared based on 

a variety of building blocks such as phenylene vinylenes,138-141 truxenes,142-144 phenyl-

azomethines,145,146 carbazoles,147,148 or mixed systems.149,150 

Thiophenes constitute a special class of building blocks with unique properties for all kinds of 

different oligomers for optoelectronic applications.1 The following chapter highlights the 

development of dendritic oligothiophenes and their derivatives.  
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3.3 DENDRITIC OLIGOTHIOPHENES AND THEIR DERIVATIVES 

Whereas many different π-conjugated dendrimers have been introduced during the late 90s, 

research on dendritic oligothiophenes (DOTs) and their derivatives got under way with the 

synthesis of the first all-thiophene dendrimer 43 by Advincula et al. in 2002 (Chart 22).3 

 

Chart 22. Molecular structure of the first thiophene dendrimer synthesized by Advincula et al.. 

Via convergent synthesis using Stille cross-coupling reactions of a β-β-linked 

tetrabromobithiophene with the respective dendron, it was possible to obtain a 30mer being 

protected with hexyl chains in the periphery. Those hexyl chains blocked the periphery 

irreversibly and inhibited further functionalization. These dendritic oligothiophenes were 

widely studied regarding supermolecular assembly or optoelectronic behavior of the 

synthesized dendrons which were core-functionalized with CdSe-nanoparticles.151,152 

Unfortunately, efficiencies of these nanoparticles in single layer solar cells on ITO were 

around 0.29% and rather poor.152 Nevertheless, this pioneering work inspired many other 

research groups. In 2005, the group around Mitchell came up with phenyl-cored thiophene 

dendrimers 44 and 45 synthesized via Stille cross-coupling of the branched thiophene 

dendrons to a three- or fourfold substituted phenyl core (Chart 23). Similar to Advincula’s 

DOTs the α-positions of the periphery were blocked by hexyl chains limiting further functio-

nalization.153,154  
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Chart 23. Second generations of phenyl-cored oligothiophene dendrimers.153,154 

The solubility of these dendrimers was sufficient to implement them into BHJ solar cells. 

With the set up glass/ITO/PEDOT:PSS/DOT:PC61BM/Al good PCEs of up to 1.3% were 

achieved with the first generation of the fourfold dendrimer family. The studies also showed 

that the steric hindrance between the dendrons plays a huge role in the performance of the 

solar cell. Only those fourfold dendrimers with longer thiophene spacers between core and 

dendron showed better results than the threefold dendrimers. With shorter spacers the 

dendrons twisted out of plane which hampered conjugation as well as stacking in the solid 

state.154 Further investigations concerning their photophysical properties and new 

derivatives have been reported by this group, as well.155,156  

Another type of dendritic oligothiophenes, in which linear oligothiophenes were used as 

bridges between the focal points, was reported by Aso et al.. Again a convergent route using 

Stille cross-coupling reactions led to large DOTs having 1,3,5-trisubstituted benzenes at the 

focal points (Chart 24).157 In this first report, the dendrimers were decorated with phenyl 

groups in the periphery and were only investigated concerning their intermolecular π-π 

interactions. In the same year, these authors presented ambipolar [60]fullerenes decorated 

with the oligothiophene dendrons for the application in OFETs.158  
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Chart 24. Example of the dendrimers synthesized by the Aso group.157,159 

Further developments were presented by the same group using their dendrimers decorated 

with perylenes in the periphery for the application as a single donor-acceptor molecule in 

solution-processed solar cells. A set up of ITO/46/Al gave rather low PCEs of around 0.40% 

under illumination with 10 µW cm-2 monochromatic light.159,160 One year later, this group 

reported a similar dendrimer bearing sexithiophenes as bridges and naphthalene 

bis(carboximide) groups in the periphery for the usage in BHJ solar cells with PC61BM giving a 

PCE of only 0.14% under standard conditions.161 

In 2007, Ma et al. from our group developed a synthesis of all-thiophene dendrimers.4,6 In 

contrast to the work of Advincula, Ma used trimethylsilyl (TMS) groups for the protection of 

the reactive α-positions which can be further transformed either into functional groups or 

after deprotection into hydrogens (Chart 25). 

 

Chart 25. Ma’s branched terthiophene building block. 
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Using building block 47, he was able to synthesize pure all-thiophene dendrimers in an 

iterative convergent/divergent way via palladium-catalyzed Suzuki cross-coupling reactions. 

This very elegant method allowed the construction of DOTs up to an all-thiophene 90mer 

without any further functionality in the periphery (Chart 26). As well as their 1D and 2D 

counterparts, these dendrimers exhibited unique optoelectronic features such as intra-

molecular energy transfer from to shorter α-conjugated oligothiophene units lying in the 

periphery to the longest α-conjugated chain located in the core of the molecule.162-164 
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Chart 26. Molecular structure of Ma’s pure all-thiophene 90mer 48. 

Using these soluble DOTs as donor materials with PC61BM as acceptor power conversion 

efficiencies of up to 1.7% were achieved in BHJ solar cells. A unique feature of these 

oligothiophene dendrimers in OPVs is the high VOC of around 1 V which outclasses even 

many conjugated polymers.5 In order to red-shift the absorption by elongation of the π-

conjugated system for increased solar cell performances, Mishra et al. developed dendritic 

oligothiophenes bearing ethynyl spacers in between the branched terthiophene units. Again, 

iterative protection/deprotection/functionalization steps were used in combination with 
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Sonogashira type cross-coupling reactions to obtain TMS-protected and deprotected DOT 

derivatives up to third generation as represented by DOT 49 (Chart 27). In spite of the fact 

that absorption spectra were slightly red-shifted in comparison to the non-ethynylated 

corresponding DOTs, OPV performances did not reflect these properties. Together with 

PC61BM it was possible to achieve rather moderate power conversion efficiencies of up to 

0.64% in BHJ solar cells.165 

 

Chart 27. Examples of the functionalized dendritic oligothiophenes by Mishra et al. (left) and Mastalerz et al. 

(right). 

Another example from our group on extending the absorption to longer wavelengths in 

order to improve light harvesting was demonstrated by a different approach by Mastalerz et 

al.. He synthesized oligothienyl dendrimers up to the second generation having an electron-

accepting pyrazino[2,3-g]quinoxaline (PQ) core as represented in dendrimer 50 (Chart 27). 

This D-A structure of these DOTs resulted in broad absorption bands and low energy band 

gaps of 1.7 eV for the TMS-protected second generation dendrimer. Application in BHJ solar 

cells gave in combination with PC61BM a power conversion efficiency of 1.3% which 

surpassed the results of Ma’s all-thiophene counterpart of similar size (PCE = 1.0%).166 

Recently, a report on these dendrimers, but in the deprotected form, was published by our 

group. Although it was found that usually the deprotected analogues gave increased PCEs in 

solar cells, these derivatives could not achieve better efficiencies and values were around 

0.9% when using PC61BM in the same setup of BHJ solar cells. This was attributed to a 

generally known lowered solubility of the dendrimers when being deprotected. 
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Nevertheless, by using PC71BM as acceptor it was possible to enhance the performances for 

both, protected and deprotected PQ-functionalized dendrimers, to 1.7% and 1.6%, 

respectively.167 A similar approach was presented by Fischer et al.. Instead of a PQ core, he 

attached the oligothiophene dendrons to the bay positions of a perylene bisimide by using 

phenoxy linkers. The convergent synthesis path yielded, e.g., third generation dendrimer 51 

(Chart 28).168 
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Chart 28. Molecular structures of different thiophene dendrimers synthesized by Fischer et al.. 

In another approach, he attached the same dendrons to methylpyridiunium (Chart 28) and 

pyridinium generating new D-A oligothiophene dendrimers. These charged derivatives were 

successfully used in BHJ solar cells giving efficiencies of up to 0.45% with 52 as donor and 

PC61BM as acceptor under standard conditions.169 
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Chart 29. Dendritic oligothiophene derivative complexed ruthenium(II) structures by Fischer et al. (left) and 

Deng et al. (right). 

Fischer could achieve further improvement by attaching these dendrons to ruthenium(II) 

phthalocyanine complexes, as in 53 (Chart 29). The absorption properties of these novel 

dendritic metal complexes covered a wide range of the solar spectrum. He reported one of 

the very first examples for the implementation of ruthenium(II) phthalocyanine complexes in 

solution-processed BHJ solar cells.  Fischer achieved with the smallest generation and with 

PC71BM as acceptor PCEs of 1.6% under standard conditions.170 Other DOT-functionalized 

ruthenium(II) phenantroline complexes, such as 54 (Chart 29), were introduced by Deng et 

al.. They intensively investigated the optoelectronic properties, but different to Fischer’s 

Ru(II) complexes, these metallo dendrimers did not cover such a wide range of the solar 

spectrum and have not been tested in solar cells.   

A completely different system of thiophene dendrimers was presented by Wang et al.. 

Similar to Aso’s dendrimers linear oligo(thienylethynylene)s were used as bridges between 

the truxene focal points instead of the branched terthiophene motifs used in our group and 

by others (Chart 30). These large dendritic systems were synthesized via a 

convergent/divergent approach using Sonogashira cross-coupling reactions.171 
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Chart 30. Molecular structure of a truxene-based thiophene dendrimer. 

Although it was possible to synthesize large conjugated systems matching of their absorption 

spectrum with the solar spectrum was not efficient enough and therefore only poor PCEs of 

maximum 0.40% were obtained by using dendrimer 55 and PC61BM under standard 

conditions.172 

The group around Muzafarov came up with completely different silicon-containing dendritic 

oligothiophenes referred to as organosilicon molecular antennas (Chart 31).173 The linear 

oligothiophenes were linked with silicon atoms within the dendrimers, which were 

synthesized up to the third generation for the bithiophene containing dendrimers.174 Besides 

the symmetrical dendrimers mixed structures containing linear bi- as well as terthiophenes 

were also synthesized.175  
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Chart 31. Third generation dendritic bithiophenesilane 56 synthesized by Muzafarov et al.. 

These dendritic structures showed rather narrow absorptions from 280 – 430 nm and were 

thought to be used in organic light emitting diodes due to their good fluorescence quantum 

yields. Similar to the original all-thiophene dendrimers synthesized by Ma et al., 

investigations showed an energy transfer in solution from shorter thiophenes lying in the 

periphery to the longer ones in the inner sphere of the dendrimer. Their properties in films 

were further investigated, as well.175-177 In a cooperation between our Institute and the 

University of Melbourne several dendritic oligothiophenes bearing a hexa-peri-hexa-

benzocoronene (HBC) core were prepared and investigated. This planar core was used with 

the aim to enhance the π-π stacking properties for better morphologies and performances in 

BHJ solar cells. With PC61BM and PC71BM as acceptors and derivative 57 as donor (Chart 32) 

efficiencies of up to 1.5% and 2.6%, respectively, were obtained.178,179 
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Chart 32. One of the various HBC-cored DOTs synthesized by Ma and Wong et al.. 

Recently, TMS-protected dendritic oligothiophenes with ethylene linkers were reported by 

Wu et al. (Chart 33). The synthesis was conducted using carbonylation, Suzuki cross-coupling 

and McMurry reactions to give dendrimers up to the second generation showing absorptions 

in the range between 250 and 600 nm rendering the dendrimers to possible candidates for 

organic photovoltaics.180 

 

Chart 33. Second generation 58 of Wu’s ethylene bridged dendritic oligothiophenes. 

Although there are many reports on dendritic oligothiophene derivatives the number of all-

thiophene dendrimers is relatively small. Therefore, novel all-thiophene dendrimers will be 

reported in the following chapter. 
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4.1 α-TERTHIOPHENE-BASED DENDRIMERS 

4.1.1 Synthesis 

Dendritic α-terthiophene-based dendrimers have been synthesized up to the third 

generation by alternating functionalization and palladium-catalyzed Suzuki cross coupling 

steps. The Suzuki reaction is a coupling reaction between a halogenated and a borylated 

compound.181,182 

Using this important coupling reaction first generation 9T3 and second generation 21T3 were 

synthesized via a divergent pathway. The third generation 45T3 was synthesized by a 

convergent-divergent route. The names which are given for the molecules are based on the 

number of thiophenes, which is shown in front of the T, such as in 9T3. The index of the T 

displays the number of thiophenes present in the used building block such as terthiophenes 

in 9T3. The prefix, like in Br9T3Si, stands for the unit which is attached to the β-position of 

the core, the suffix displays the moiety that is attached at the α-positions of the periphery. 

Ma’s et al. synthesis of the original dendrimers based on branched terthiophenes was based 

on simple alternation of selective protection-functionalization-deprotection steps in which 

either the free α-proton or the protecting groups can be selectively reacted. This free α-

hydrogen gives reaction possibilities throughout the complete synthesis route (Chart 34). In 

contrast to that, the synthesis of the T3-dendrimers bears limiting Suzuki cross-coupling key 

steps in all routes towards the basic unsymmetric building block. A selective functionali-

zation of a hydrogen at the β-position of the linear building block (position X in Chart 34) is 

not possible. Therefore, retaining a functionality at this particular position was of utmost 

importance and required special conditions during the Suzuki cross-coupling reaction 

towards this building block. This problematic nature of the synthesis of the dendrimers 

consisting of α-β-connected linear thiophenes becomes clearer in Scheme 3.   

 

Chart 34. Molecular structures of branched4 vs. linear terthiophene building blocks (PG = protecting group, X = 

functional group).  

The synthesis route of first generation dendrimer 9T3 started with the monofunctionalization 

of thiophene 59 to obtain TMS-protected thiophene 60 after distillation in 80% yield 
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(Scheme 2). The TMS group is not only thought to function as a protecting group, but also 

gives an enhanced solubility, which was important for the synthesis and purification of the 

larger dendritic systems. Building block 60 was further reacted via deprotonation-borylation 

reaction using n-BuLi and 2-isopropoxy-4,4,5,5-tetramethyl-[1,3,2]dioxaborolane (ITDB) to 

obtain boronic ester 61 after recrystallization in 89% yield (Scheme 2). The synthesis of 

compound 61 has already been published before by Chotana et al., but was synthesized in a 

completely different way in this work.183 

 

Scheme 2. Synthesis of boronic ester 61. 

Scheme 3 shows the synthesis of bromoterthiophene 63, which was one of the first 

problematic key steps mentioned before. Boronic ester 61 was reacted with 2,3,5-

tribromothiophene 62 via palladium-catalyzed Suzuki cross-coupling reaction in the hope 

that the bromines in α-position are more reactive than the one in β-position. Firstly, the 

reaction was performed using Pd(PPh)4 at elevated temperatures. In another attempt, the 

very active catalyst system Pd2(dba)3CHCl3/HP(t-Bu)3BF4 was used at 0 °C. 

 

Scheme 3. Synthesis of unsymmetric bromoterthiophene 63. 

In GC and GCMS both reactions showed product formation among other by-products such as 

the homocoupling product of boronic ester 61 and also bigger amounts of the three-fold 

coupling product which indicated that the bromine in β-position has a similar reactivity as 

the α-bromines within this reaction. A similar synthesis by Clot et al. using Kumada cross-

coupling reaction,184 was applied to react tribromothiophene 62 with TMS-protected 

bromothiophene 64, which showed bad conversions and high amounts of remaining starting 

material (monitored by GC and GCMS), but no three-fold coupling product (Scheme 4). 
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Scheme 4. Kumada cross-coupling reaction to obtain bromoterthiophene 63. 

Besides a difficult separation of the product, a precise determination, which isomer of the 

possible ones was formed, was difficult because all three isomers would exhibit similar 

proton signals in 1H NMR (Chart 35). 

 

Chart 35. Molecular structures of the possible bromoterthiophene isomers. 

Therefore, 2,5-diiodo-3-bromothiophene 68 was synthesized, which has been already 

reported by Steinkopf et al., but a completely different synthetic way was used in this 

work.185 Iodine is supposed to have a higher reactivity compared to bromine in Suzuki cross-

coupling reactions. 

 

Scheme 5. Iodination of 3-bromothiophene 67. 

3-Bromothiophene 67 was reacted with NIS and acetic acid at 0°C. After refluxing the 

solution over night the product was isolated by column chromatography and subsequent 

recrystallization in 83% yield (Scheme 5). This molecule allowed then the successful synthesis 

of bromoterthiophene 63 using Pd2(dba)3CHCl3/HP(t-Bu)3BF4 as catalyst system. Important 

was the use of exactly 2.5 eqs. of boronic ester 61 and a reaction temperature of 0 °C 

(Scheme 6). 
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Scheme 6. Suzuki cross-coupling reaction to synthesize unsymmetric bromoterthiophene 63. 

Purification by flash column chromatography gave dendron precursor 63 in an excellent yield 

of 79%. In order to obtain borylated dendron 71, bromoterthiophene 63 was reacted with 

monoborylated thiophene 69 under Suzuki coupling reaction conditions using 

Pd2(dba)3CHCl3/HP(t-Bu)3BF4 as catalyst to give dendron 70 after purification by column 

chromatography in 95% yield (Scheme 7). The free α-position was then deprotonated with 

n-BuLi and subsequently quenched with ITDB to give borylated dendron 71 in 90% purity and 

very good 89% yield, which was used without further purification in the next step (Scheme 

7). 

 

Scheme 7. Synthesis of borylated dendron 71. 

Borylated dendron 71 was then coupled with core molecule 2,5-diiodothiophene 72 under 

standard Suzuki coupling conditions using Pd2(dba)3CHCl3/HP(t-Bu)3BF4 as catalyst system in 

THF to obtain protected first generation dendrimer 9T3Si 73 (Scheme 8). 
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Scheme 8. Synthesis of first generation dendrimer 9T3Si 73. 

The synthesis worked but unfortunately it was not possible to separate desired product 73 

from homocoupling product 8TSi 74 neither by column chromatography, nor by multiple SEC 

(THF), nor by recGPC (THF). The difference in molecular weight is only one thiophene which 

is too small to be separated by SEC or recGPC especially because the shapes and the 

hydrodynamic radii of both molecules are likely to be very similar. 

Therefore, a new synthesis route was developed, which induced greater differences 

between the desired product and possible by-products. This was achieved by using a 

terthiophene core instead of a monothiophene core. In this approach, bromoterthiophene 

63 was used as precursor for another building block (Scheme 9). 

 

Scheme 9. Alternative synthesis route using bromoterthiophene 63. 
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The TMS groups of bromoterthiophene 63 were ipso-substituted by iodine using ICl at -20 °C. 

Purification by flash column chromatography gave halogenated core terthiophene 75 in 

quantitative yield. Another use of bromoterthiophene 63 was a metal-halogen exchange 

with n-BuLi at -78 °C and subsequent quenching with ITDB to obtain boronic ester 76 after 

precipitation from MeOH in 83% yield. Without preserving the bromine at the β-position 

during the synthesis of terthiophene 63, it would not have been possible to introduce the 

boronic ester at exactly this position. This β-borylated terthiophene embodied a versatile 

building block, which was also of use for other projects.186 To use this new borylated 

dendron for the synthesis of first generation dendrimer 9T3Si 73, bishalogenated linear 

terthiophene 78 had to be synthesized as core compound. Diiodothiophene 72 and boronic 

ester 61 were reacted under Suzuki cross-coupling conditions to obtain protected 

terthiophene 77 in 95% yield after flash column chromatography (Scheme 10). 

 

Scheme 10. Synthesis of iodinated core terthiophene 78. 

The protecting groups of terthiophene 77 were then substituted by iodine using ICl at 0 °C. 

Recrystallization from THF afforded new core compound 78 in 83% yield (Scheme 10). Having 

this core in hand together with borylated dendron 76, it was possible to perform a twofold 

Suzuki cross-coupling reaction using Pd2(dba)3CHCl3/HP(t-Bu)3BF4 as catalyst. 

 

Scheme 11. Synthesis of protected and deprotected first generation dendrimers 9T3Si 73 and 9T3 79. 
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Purification by flash column chromatography gave a mixture of dendrimer 73 and the 

homocoupling product of boronic ester 76. The product could then be purified by repetitive 

SEC to give desired first generation dendrimer 9T3Si 73 in 71% yield (Scheme 11). In contrast 

to the first route, the synthesis using terthiophene building blocks proved to be more 

successful and made a purification of the dendrimer possible. To obtain deprotected first 

generation dendrimer 9T3 79, TMS-protected derivative 73 was treated with TBAF in THF. 

Precipitation from MeOH followed by further purification via SEC gave deprotected 

dendrimer 79 in 85% yield (Scheme 11). Protected dendrimer 73 was further transformed 

into the core compound needed for the synthesis of the second generation 21T3Si. Several 

ways of proceeding were conceivable. Since the construction of the dendrimers was 

performed by Suzuki cross-coupling reaction the core compound can be either the 

organometallic or the halogenated species, which can either be iodinated using ICl or 

brominated using NBS (Scheme 12). 

 

Scheme 12. Possible ways to obtain a core compound (X = I or Br). 

The borylating ipso-substitution of the TMS groups of 73 with BBr3 and subsequent 

quenching with pinacol gave a complicated mixture of products. Since boronic esters are 

hard to purify without losses due to decomposition this route was not further optimized. 

Instead, the fourfold ipso-substitution of the TMS groups using ICl to give tetraiodinated 

dendrimer 81 on one hand, and NBS to give tetrabrominated dendrimer 82 on the other 
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hand. Both ipso-substitutions were investigated in different solvents and in the microwave, 

as well. The best results were obtained by dissolving 9T3Si 73 in DMF and adding 4.1 eq. of 

NBS dissolved in DMF in the dark at 0 °C (Scheme 13). In this reaction, the line between 

incomplete conversion of the TMS groups by using to little eqs. of NBS, and a fifth 

bromination in a random position by using too many equivalents, was very fine. Besides the 

right amount, another crucial parameter was the fresh recrystallization of the NBS prior to 

use. 

 

Scheme 13. Ipso-substitution of TMS groups by bromine. 

The above mentioned conditions yielded a mixture of desired product 9T3Br 82 and other 

incompletely reacted by-products. The MALDI-TOF showed not exactly the pattern which 

was expected for tetrabrominated core 82, but tiny signals in between the peaks of 82. 

These additional signals were assigned to the by-products resulting from incomplete 

conversion of the TMS groups. The fact that the by-products and desired product 82 appear 

in the same range in the MALDO-TOF is due a similar molecular weight of (m/z = 73.2) and 

the bromine (m/z = 79.9)(Figure 7b). 
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Figure 7. Example for a MALDI-TOF of 9T3Br 82 with by-products a) whole spectrum and b) zoom into signal.  

Purification by column chromatography using various eluents as well as SEC was not 

successful. However, it was possible to purify a small amount of the reaction mixture via 

recHPLC in a laborious process because the product showed a low solubility in the eluent 

mixture. It is known that the solubility of molecules is decreased upon halogenation 

especially in comparison to the dendrimer bearing solubilizing TMS groups. This low 

solubility in the solvent mixture was the reason that it has never been tried before to purify 

similar halogenated dendritic systems on HPLC by our group. But as a last resort HPLC was 

tested for this particular compound.  

The crude product was dissolved in a 1:1 mixture of Hex/DCM. The HPLC was run at a flow 

rate of 20 ml/min using a 2:1 mixture Hex/DCM as eluent and 1.5 mL of the sample solution. 

Figure 8 shows the results of these conditions. Three peaks were detected in the chromato-

gram, and the third peak corresponded to desired product 9T3Br 82. 
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Figure 8. First two cycles of the recHPLC chromatogram of the crude product dissolved in a 1:1 Hex/DCM 

mixture using a 2:1 Hex/DCM mixture as eluent at a flow rate of 20 ml/min.  

After two cycles the peaks showed baseline separation and under these conditions all three 

peaks were collected. According to MALDI-TOF the first peak could be assigned to a 

derivative of 82 having two TMS groups left, and the second peak was assigned to a 

derivative of 82 having one TMS groups left. Figure 9 shows the 1H NMR spectra of the 

purified product resulting from the third peak in comparison to the crude batch. It is obvious 

that the impurities of the by-products indicated by the signal of unsubstituted TMS groups 

around 0.34 ppm are much bigger before (integration value 6.02, Figure 9b) than after 

purification (integration value 0.12, Figure 9a) via recHPLC (integration was performed with 

reference to the same basic signal). An integration value of 0.12 corresponds to roughly 1% 

impurity when having only one TMS group left. As there are two tiny signals to be seen the 

amount of impurity decreases to roughly 0.5% or less. 
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Figure 9. 1H NMR spectra of 9T3Br 82 in THF-d8 with zoom into TMS group region of a) compound after 

recHPLC, third peak; b) crude mixture before recHPLC. 

The aromatic region of the 1H NMR spectra of purified product 82 (peak 3, Figure 10a) and 

the crude mixture (Figure 10b) proved the results shown in the aliphatic region of the 1H 

NMR. Spectrum a) of purified compound 82 shows a clear difference to the unpurified crude 

mixture in spectrum b). All protons were found in a clear set of signals. The singlet at δ = 

7.36 ppm with two protons was assigned to both protons at the β-positions of the outer 

terthiophenes. The singlet at δ = 7.15 ppm belongs to the protons of the middle thiophene 

of the core terthiophene. The impurities especially at around δ = 7.36 and 7.22 ppm 

disappeared after purification which showed the success of the use of recHPLC for 

separation even for materials with low solubilities. 
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Figure 10. 1H NMR spectra of 9T3

recHPLC, third peak; b) c
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Subsequent deprotection using TBAF in THF gave unprotected all-thiophene second 

generation dendrimer 21T3 84 in 82% yield after purification by multiple SEC (Scheme 15). 

 

Scheme 15. Desilylation of second generation dendrimer 83.  

This divergent synthesis showed that the fourfold bromination of first generation dendrimer 

73 to obtain core 82 was very laborious and that the products were hard to purify. The 

divergent synthesis of third generation dendrimer 45T3Si 86 would first require an eightfold 

bromination of protected second generation 83 followed by an eightfold Suzuki cross-

coupling reaction with borylated terthiophene 76 (Scheme 16). This synthesis might include 

some difficulties. 
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Scheme 16. Convergent synthesis path towards protected third generation dendrimer 86.  

The resulting mixture of 85 after bromination would have been even harder to purify than 

the fourfold brominated dendrimer 82. Same would have been true for the subsequent 

Suzuki reaction. A separation of desired product 86 from the other byproducts arising from 

incomplete reaction might have been impossible due to the minor differences in molecular 

weights and hydrodynamic radii of the various products. These preliminary considerations 

led to a convergent method towards the synthesis of third generation dendrimer 45T3Si 86 

with less reaction sites and increased differences between the desired product and by-

products. 

The synthesis of tetrabrominated core compound 82 was already described before (Scheme 

13). However, a larger dendron needed to be synthesized for the convergent synthesis of the 

third generation dendrimer. Therefore, unsymmetrically halogenated terthiophene 75 was 

reacted together with borylated terthiophene 76 in a twofold Pd-catalyzed Suzuki cross-

coupling reaction (Scheme 17). The bottle neck of this Suzuki reaction was the fact that 

terthiophene 75 had three halogenated positions and three reactive sites. But it was 

necessary to preserve the bromine at this β-position of the dendron precursor despite its 
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reactivity for further transformations. Therefore, the Suzuki cross-coupling reaction was 

performed at 0 °C as in the Suzuki reaction for brominated terthiophene 63 (Scheme 6). 

Purification by flash column chromatography and repetitive SEC yielded dendron 87 in 72%. 

 

Scheme 17. Synthesis of dendron Br9T3Si 87. 

The transformation of the β-bromine into the boronic ester using n-BuLi and ITDB at -78 °C 

and precipitation from MeOH/H2O afforded dendron B9T3Si 88 in 86% yield with a purity of 

about 90% estimated from 1H NMR (Scheme 18). 

 

Scheme 18. Borylation of dendron 87.  

With borylated dendron 88 and tetrabrominated core 82 in hand it was possible to 

synthesize protected third generation dendrimer 45T3Si 86 via fourfold Suzuki cross-coupling 

reaction using Pd2(dba)3CHCl3/HP(t-Bu)3BF4 as catalyst system in THF (Scheme 19). 
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Scheme 19. Convergent synthesis of protected third generation dendrimer 45T3Si 86.  

Although this path generated by-products as well it was possible to purify the reaction 

mixture. Therefore, the crude product was separated by flash column chromatography and 

repetitive SEC giving many product containing fractions, which were further purified by 

recGPC (THF, Figure 11). The chromatogram shows a main peak, which is ascribed to third 

generation dendrimer 86, with a smaller peak merging into each other. This impurity peak 

could be separated in the sixth cycle to give third generation dendrimer 86 in 47% yield. 

Despite its high molecular weight of 4852 g mol-1 it was still soluble in THF. 

 

Figure 11. RecGPC chromatogram of the pre-purified mixture of 45T3Si 86.  

In order to gain more insight into the behavior of those all-thiophene dendrimers having 

equal α-conjugated terthiophene chains, reference compounds 89 and 90 were synthesized. 
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Chart 36. Molecular structures of reference compounds 3TSi3TSi 89 and β-6T3Si 90 in comparison to first 

generation 9T3Si 73. 

Both reference molecules possess α-conjugated terthiophenes as building blocks and similar 

structures compared to first generation dendrimer 73. The difference between 3TSi3TSi 89 

and 9T3Si 73 is one missing dendron. Thus, the α-position in 89 was blocked by a TMS group. 

In β-6T3Si 90 the core of the dendrimer is missing and the terthiophenes are connected via a 

β-β-linkage. The latter is similar to the already published swivel-cruciform terthiophene 

dimer by Scherf et al..187 

As β-brominated terthiophene 63 has already been synthesized reference compound 89 

should be feasible via Suzuki cross-coupling reaction of 63 and 91. 

 

Scheme 20. Retro-synthetic approach of reference compound 3TSi3TSi 89. 

Therefore, linear terthiophene 92 was synthesized by Pd-catalyzed Suzuki cross-coupling 

reaction of borylated thiophene 69 and diiodothiophene 72 in nearly quantitative yield. To 

obtain borylated terthiophene 91, terthiophene 92 was reacted with n-BuLi and TMSCl 

(Scheme 21). This reaction gave a mixture of 24% of unreacted starting material, 34% of 

bissilylated product 77 and only 42% of desired monoprotected terthiophene 93 (analyzed 

by GC and GCMS). This might be the result of the decreased solubility of the lithiated 

species, which precipitated during the reaction. 
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Scheme 21. Synthesis of monoprotected terthiophene 93. 

Thus, an alternative synthesis path starting from TMS-protected and borylated thiophene 61 

was chosen to obtain monofunctionalized terthiophene 96. The palladium-catalyzed Suzuki 

cross-coupling reaction of borylated thiophene 61 and 2-bromothiophene gave TMS-

protected bithiophene 94 in 90% yield after purification by flash column chromatography 

(Scheme 22). The synthesis of bithiophene 94 has been already published before and was 

made in a different way.188 Subsequent deprotonation of 94 using n-BuLi and ITDB gave 

borylated bithiophene 95 in 63% yield after purification by recrystallization from MeOH 

(Scheme 22). The reason for this moderate yield was not the low conversion but the losses 

due to recrystallization. 

 

Scheme 22. Synthesis of TMS-protected and borylated bithiophene 95. 

Subsequently, borylated bithiophene 95 was reacted with 2-bromothiophene in a Suzuki 

cross-coupling reaction using Pd2(dba)3CHCl3/HP(t-Bu)3BF4 as catalyst in THF to yield 

terthiophene 93 in 99% yield after flash column chromatography (Scheme 23). The synthesis 

of TMS-protected terthiophene 93 was published before and was performed in a different 

way.189 This terthiophene was then lithiated by n-BuLi and quenched with ITDB giving target 

terthiophene 96 in an excellent yield of 99% (Scheme 23). 
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Scheme 23. Alternative synthesis of monofunctionalized terthiophene 3TBSi1 96. 

With this building block in hand it was possible to synthesize reference compound 3TSi3TSi 

89 by reacting terthiophene 96 with bromoterthiophene 61 in a Pd-catalyzed Suzuki cross-

coupling reaction (Scheme 24). Sexithiophene 89 was isolated in 85% yield after 

chromatographic work-up.  

 

Scheme 24. Synthesis of reference compound 3TSi3TSi 89. 

Reference compound β-6T3Si 90 was synthesized by reacting the already described β-

brominated terthiophene 61 with β-borylated terthiophene 76 via a Suzuki cross-coupling 

reaction using Pd2(dba)3CHCl3/HP(t-Bu)3BF4 as catalyst in THF (Scheme 25). Purification by 

flash column chromatography gave reference compound 90 in 94% yield. 

 

Scheme 25.  Synthesis of reference compound β-6T3Si 90. 
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First, second, and third generation of novel dendritic oligothiophenes (73, 83, and 86) were 

synthesized using Suzuki cross-coupling reaction. Furthermore deprotected first and second 

generation all-thiophene dendrimers 79 and 84 were obtained, as well. Purification was 

mostly achieved by combination of several purification methods such as column 

chromatography, SEC, or recGPC. In addition, reference compounds 89 and 90 were 

synthesized. 
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4.1.2 Optoelectronic Characterization of the T3-Dendrimer series 

The absorption, emission, as well as the electrochemical behavior revealed interesting 

properties of the series of dendrimers, which are also of importance concerning the 

performance in BHJ solar cells. Absorption and emission spectra of the protected and 

deprotected dendrimers were measured in THF and are depicted in Figure 12 and Figure 14, 

the data are summarized in Table 1. 
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Figure 12. a) Absorption and normalized emission spectra of protected dendrimers 73, 83, and 86 of various 
generations; b) Normalized absorption spectra. All spectra were recorded in THF. Excitation was typically done 
at maximum absorption. 

 

Table 1. Optical data of protected and deprotected dendrimers 73, 83, 86, 79, and 84 (measured in THF). 

Dendrimer 
λmax(abs) 

[nm] 

ε 

[L mol
-1

 cm
-1

 ] 

λonset(abs) 

[nm] 

Eg(opt) 

[eV]
a) 

Absorption- 

area 

[L mol
-1

]
b) 

λmax(em) 

[nm]
c) 

9T3Si, 73
 370 57000 484 2.56 0.66 500 

21T3Si, 83
 370 133300 486 2.55 1.57 541 

45T3Si, 86 369 279000 485 2.56 3.28 549 

9T3, 79 369 45700 478 2.59 0.58 493 

21T3, 84 372 103600 488 2.54 1.31 541 

3T, 92
d) 357 23100 - 3.14 - 408 

a) Calculated from Eg(opt) = 1240/λonset; b) Calculated by integration of the spectra in the limits between 300 
nm and onset; c) Corrected values, excited at maximum absorption (c = 1 x 10-6 M); d) Data taken from 
literature,190 measured in THF. 
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Figure 12a shows the corresponding absorption and normalized emission spectra of 

protected dendrimers 9T3Si 73 (blue), 21T3Si 83 (orange), and 45T3Si 86 (green). All three 

generations exhibited similar absorption maxima of 369 - 372 nm. As expected, the molar 

extinction coefficients for the π-π* transitions increased with growing generational size of 

the dendrimers: 57000 L mol-1 cm-1 in 73, 133300 L mol-1 cm-1 in 83, and 279000 L mol-1 cm-1 

in third generation 86. Not only the absorption maxima were the same for all three 

protected derivatives, but onsets and therefore optical band gaps were very similar, as well, 

exhibiting values of around 484 - 486 nm and 2.55 - 2.56 eV, respectively, which can be very 

well visualized upon normalization of the absorption spectra shown in Figure 12b. The 

emission spectra reveal bathochromic shifts of the emission maxima from 500 nm for the 

first generation, over 541 nm for the second, to 549 nm for the third generation.   

The maximum absorption of 73, 83, and 86 is in the range of linear terthiophene 92 (λmax = 

357 nm). This finding indicates that a terthiophene moiety is the dominant chromophore in 

the ground state of all three generations. The increase in molar extinction coefficient with 

growing size is proportional to the number of thiophenes and for the protected dendrimers 

the extinction coefficient increased by 6300 ± 100 L mol-1 cm-1 for each thiophene present in 

the dendrimer, for the deprotected dendrimers by 5000 ± 100 L mol-1 cm-1. When calculating 

the area under the absorption bands (integrations limits were set between 300 nm and the 

onset of the absorption) the same trend was revealed and the area is proportional to the 

increase in thiophene units. For example, the area of 0.66 L mol-1 for 9T3Si 73 with 9 

thiophene units was 1/5 of the area of 3.28 L mol-1 for 45T3Si 86 with 45 thiophene units. 

This comparison of the areas shows the dependence of the absorption behavior on the 

number of thiophenes much better than the comparison of the molar extinction coefficients 

(Figure 13). 
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Figure 13. Dependence of the area under the absorption on the number of thiophenes. 

This trend shows that there is only little to no influence of the α-β-conjugated terthiophene 

building blocks on the maximum absorption, molar extinction coefficient, and the area under 

the absorption. The terthiophene units have an additive, rather than a conjugated effect on 

the absorption behavior. For these properties, the initial concept of dendrimers with 

building blocks of the same conjugation length, which are independent from each other, 

proved to be true. If there was absolutely no interaction between the α-β-linked 

terthiophenes and therefore no influence on the overall conjugation the onsets and optical 

band gaps should be similar for 3T and the dendrimers. However, the optical band gap of the 

dendrimers was smaller by 0.6 eV than the one of 3T (3.14 eV). A band gap of 2.56 eV is 

rather in the range of a linear sexithiophene (6T), which shows a band gap of 2.61 eV.190 This 

can be explained by calculating the number of double bonds of the longest conjugated chain 

within, e.g., first generation dendrimer 73. It consists of five thiophenes and two double 

bonds which is in total the same amount of double bonds as in a sexithiophene (Chart 37). 

 

Chart 37. Molecular structure of first generation dendrimer 73 with the longest conjugated chain in red. 

In summary, it can be stated that in the ground state the absorption of the α-terthiophene 

moiety overlaps with the absorption of the longest conjugated chain and the absorption 

maxima of these systems are determined by the chromophore, which is present most often 
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within the molecule. But the absorption profile and shape are influenced by all the different 

chromophores present in the molecule. In addition, the onset is determined by the longest 

conjugated chain. 

With this argument one might ask why the onsets are not shifted further to the red with 

growing generational size. If the dendrimers were fully conjugated in ground state the 

absorption maxima and onsets should be red-shifted with growing molecule size due to an 

elongation of the conjugated system. A possible reason for this missing red-shift might be 

the steric hindrance becoming larger with growing dendrimer size. This induces an increased 

twist within the α-β-linkages of the peripheral units of second and third generation 83 and 

86 causing a much weaker or even broken conjugation. This could be an explanation for the 

identical onsets and similar conjugation length of the longest chain of all three generations 

in the ground state.  

In the excited state, the trend is different than in the ground state. The bathochromic shift of 

the emission maxima from first to third generation indicates that the π-conjugation of the 

emitting chromophore is extended with growing generational size. Furthermore, the 

fluorescence of each dendrimer was invariant to the excitation wavelength which reveals an 

intramolecular energy transfer from shorter chromophores to the longest conjugated 

chromophore, which emits. This is well known for other all-thiophene dendrimers but was 

found to be an effect arising from the longest α-conjugated chain.162,191 Herein, we found 

that this is not only true for the longest α-conjugated unit, but also for a longest conjugated 

chromophore in general. This is due to a flattening of the molecules having then a partly 

quinoidal structure in the excited state, in which the α-β-conjugation plays an even bigger 

role for the overall conjugation than in the ground state, causing an increased influence on 

the emission maximum. In the case of the protected dendrimers, a red-shift of 41 nm was 

observed when going from first generation 73 to second generation 83 and of 8 nm when 

going from 83 to third generation 86. One reason for the red-shift becoming smaller when 

going from second generation 83 to third generation 86 than from first generation 73 to 

second generation 83 is the steric hindrance during the flattening process in such a large 

molecule like 86. This leads to a smaller difference in conjugation length of the emitting units 

between 83 and 86. 
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Since this work was inspired by the dendritic systems and their properties synthesized and 

investigated by Ma et al. the two different approaches were compared with each other 

(molecular structures shown in Chart 38, optical properties summarized in Table 2).  

 

Chart 38. Exemplary molecular structures of first and second generation DOTs 97 and 98 by Ma et al. in 

comparison to first and second generation dendrimers 73 and 83 synthesized within this work. 

Table 2. Optical data of protected dendrimers 73, 83, and 86 (measured in THF) in comparison to the 
dendrimers synthesized by Ma et al.. 

Dendrimer 
λmax(abs) 

[nm] 

ε 

[L mol
-1

 cm
-1

 ] 

λonset(abs) 

[nm] 

Eg(opt) 

[eV]
a) 

Absorption- 

area 

[L mol
-1

]
b) 

λmax(em) 

[nm]
c) 

9T3Si, 73
 370 57000 484 2.56 0.66 500 

21T3Si, 83
 370 133300 486 2.55 1.57 541 

45T3Si, 86 369 279000 485 2.56 3.28 549 

9TSi, 97
d) 381 41300 - 2.66 - 528 

21TSi, 98
d) 389 101500 - 2.41 - 549 

45TSid)
 393 214500 - 2.32 - 569 

a) Calculated from Eg(opt) = 1240/λonset(abs); b) Calculated by integration of the spectra in the limits between 
300 nm and onset; c) Corrected values, excited at maximum absorption (c = 1 x 10-6 M); d) Dendrimers by Ma et 
al., data taken from literature,6 measured in DCM. 
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In contrast to my dendrimers Ma’s DOTs exhibited a slight red-shift in the maximum 

absorption with growing generational size (9TSi 97 λmax = 381 nm, 21TSi 98 λmax = 389 nm, 

45TSi λmax = 391 nm).6 The absorption onsets were red-shifted with growing generational 

size, as well, and therefore optical band gaps decreased (9TSi 97 2.66 eV, 21TSi 98 2.41 eV, 

45TSi 2.32 eV), whereas my dendrimers 73, 83, and 86 showed the same onsets and optical 

band gaps (2.56 eV). Instead of an increasing number of units with equal α-conjugated 

length as in my dendrimers, the length of the longest α-conjugated chain within Ma’s 

dendrimers increased with growing generation. The absorption onset is determined by the 

longest conjugated chain, in my dendrimers the longest overall conjugated chain, in the case 

of Ma’s systems the longest α-conjugated chain. The red-shift in onsets and decrease in 

optical band gaps with growing generational size of Ma’s dendrimers lead to the assumption 

that these DOTs are suffering from less steric hindrance and fewer twists within the longest 

conjugated chain than my dendrimers, for which no changes in onsets and band gaps were 

observed. Since the absorption spectra are considered to be a superimposition of the 

electronic transitions of the individual chromophores being present in the dendrimers, and 

Ma’s DOTs contain a variety of chromophores of different α-conjugation lengths,6 it 

becomes obvious why Ma’s systems exhibit smaller molar extinction coefficients than my 

dendrimers being only composed of chromophores with the same α-conjugation length. In 

the excited state both dendritic oligothiophenes showed similar trends. The fluorescence is 

emitted by the longest conjugated chain causing emission maxima to be bathochromically 

shifted with growing molecular size. 
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Deprotected dendrimers 79 (blue line) and 84 (orange line) showed the same behavior and 

trends in absorption and emission as their silylated analogues (Figure 14).  
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Figure 14. Absorption and normalized emission spectra of deprotected dendrimers 79 and 84. All spectra were 

recorded in THF. Excitation was typically done at maximum absorption.  

The absorption maxima of 79 and 84 were nearly equal with 369 nm and 372 nm and were 

slightly shifted to the blue compared to the protected derivatives. Molar extinction 

coefficients slightly decreased in comparison to the protected dendrimer, which was also 

observed for other all-thiophene dendrimers.165 Again, the integrated area under the 

absorption curve of both deprotected dendrimers (ratio 0.58 : 1.31 L mol-1 is roughly 0.44) is 

proportional to the amount of thiophene units present in 79 and 84 (ratio 9 : 21 thiophenes 

is roughly 0.43). The emission maximum was red-shifted by 48 nm when going from first 

generation 79 to second generation dendrimer 84 which indicates an intramolecular energy 

transfer to the longest conjugated chromophore, which is elongated with growing molecular 

size due to a flattening upon excitation. 

Reference oligomers 89 and 90 (Chart 36) have been investigated as well in order to gain 

more insight into the role of the different conjugation patterns. The optical behavior of the 

references were therefore compared to first generation dendrimer 9T3Si 73 (Figure 15). 
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Figure 15. a) Absorption spectra of dendrimer 9T3Si 73 and reference compounds 89 and 90; b) Normalized 
absorption spectra of 73, 89, and 90; c) Normalized emission spectra of 73, 89, and 90. All spectra were 
recorded in THF. Excitation was typically done at maximum absorption. 

Optical data of first generation dendrimer 9T3Si 73 was compared with reference oligomers 

89 and 90 and is summarized in Table 3. 

Table 3. Comparison of optical data of first generation dendrimer 73 with reference oligomers 89 and 90 

(measured in THF). 

Compound 
λmax(abs) 

[nm] 

ε 

[L mol
-1

 cm
-1

 ] 

λonset(abs) 

[nm] 

Eg(opt) 

[eV]
a) 

Absorption- 

area 

[L mol
-1

]
b) 

λmax(em) 

[nm]
c) 

9T3Si, 73
 370 57000 484 2.56 0.66 500 

3TSi3TSi, 89
 371 43700 455 2.73 0.41 498 

β-6T3Si, 90 368 47000 425 2.91 0.36 493 

a) Calculated from Eg(opt) = 1240/λonset; b) Calculated by integration of the spectra in the limits between 300 

nm and onset; c) Corrected values, excited at maximum absorption (c = 1 x 10-6 M). 

The absorption maxima (368 - 370 nm) were again nearly equal for all three compounds 

which becomes very clear when normalizing the absorption spectra (Figure 15b). This finding 

strongly supports the assumption of the terthiophene being the dominant chromophore in 
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the dendrimers which is responsible for the absorption maximum. The molar extinction 

coefficients of 89 and 90 were smaller than for first generation dendrimer 73 which is due to 

the fact that there are only two terthiophene units present in 89 and 90 instead of three in 

73. This is also reflected in the ratio of the integrated areas under the absorption curve of 89 

with 0.41 L mol-1 and of 73 with 0.66 L mol-1. This ratio of 2/3 exactly reflects the ratio 6/9 

concerning the thiophenes units present in both molecules. The normalized absorption 

spectra in Figure 15b showed an expected hypsochromic shift of the onset of β-β-conjugated 

sexithiophene 90 by 30 nm with respect to α-β-conjugated sexithiophene 89 and by 59 nm 

with respect to first generation dendrimer 73. This shift reveals that there is a definite 

influence of the α-β-connection on the overall conjugation and shows that longer 

chromophores than a terthiophene must be active in the dendrimers otherwise 73 and 89 

would show the same absorption onsets. For 3TSi3TSi 89 9 conjugated double bonds coming 

from four thiophenes and one double bond are calculated. Therefore, the onset and optical 

band gap should be in the range of a quater- or a quinquethiophene. Actually, with an 

optical band gap of 2.73 eV 3TSi3TSi 89 resembles a quinquethiophene (2.71 eV) rather than 

a quaterthiophene (2.89 eV).190 The fact that there is no difference in the onsets of the three 

dendrimers 73, 83 and 86 but one between 9T3Si 73 and 3TSi3TSi 89 proves that the 

distortion of the dendrons must be very high in 83 and 86. Therefore, the conjugation 

through the α-β-connection must be broken leading to an identical onset of the absorption 

spectra in spite of the increasing generational size. The emission maxima were found to be 

slightly decreasing going from 73 to 89 and to 90 which is again assigned to an 

intramolecular energy transfer from shorter chromophores to a longest conjugated 

chromophore. 

In conclusion UV/Vis absorption spectra revealed that the α-β-linkage does not entirely 

break the conjugation, especially in the smaller oligomers such as 89 and 73, but that the 

conjugation is much more hampered by the larger steric hindrance and corresponding twists 

within the larger dendrimers.  

Cyclovoltammetric measurements (CV) of all compounds were performed in DCM solutions 

containing 0.1 M tetra-n-butylammonium fluoride (TBAPF) at a scan rate of 100 mV s-1. 

Potentials were referenced against Fc/Fc+ and the resulting CVs are depicted in Figure 16 

and data is summarized in Table 4. 
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Figure 16. Cyclic voltammograms of a) protected dendrimers 73, 83, and 86 in DCM (c = 1 x 10-3 M); b) First 

generation deprotected dendrimer 9T3 79 in DCM (c = 1 x 10-4 M); c) Second generation deprotected dendrimer 

21T3 84 in DCM (c = 1 x 10-4 M). All measurements were recorded in solutions containing 0.1 M TBAPF and scan 

rates of 100 mV s-1. 

Table 4. Electrochemical data of protected and deprotected dendrimers 73, 83, 86, 79, and 84 measured in 

DCM (c = 1 x 10-3 M) containing 0.1 M TBAPF and scan rates of 100 mV s-1 and dendrimers by Ma et al.. 

Compound 
E

0
1(ox) 

[V] 

E
0

2(ox) 

[V] 

E
0

3(ox) 

[V] 

Eonset(ox) 

[V] 

HOMO 

[eV]
a) 

LUMO 

[eV]
b) 

9T3Si, 73
 0.45 0.65 0.92 0.39 -5.49 -2.93 

21T3Si, 83 0.43 0.66c) - 0.43 -5.53 -2.98 

45T3Si, 86 0.34 0.66 - 0.32 -5.42 -2.86 

9T3, 79
e) 0.47d) 0.68d) 0.94d) 0.41 -5.51 -2.92 

21T3, 84
e) 0.43d) 0.68d) - 0.40 -5.50 -2.96 

9TSi, 97
f) 0.48 0.59 - - -5.50 -2.84 

21TSi, 98
f) 0.43 0.63 - - -5.45 -3.04 

45TSif) 0.30 - - - -5.35 -3.02 

a) Calculated from EHOMO = -(5.1 + Eonset(ox)) [eV]; b) Calculated from ELUMO = EHOMO + Eg(opt) [eV]; c) Taken from 

DPV measurement; d) Determined at I0 = 0.845 Ip;192 e) Measured at a concentration of 1 x 10-4 M; f) 

Dendrimers by Ma et al., data taken from literature.6 
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Figure 16a shows the electrochemical behavior of the three protected dendrimers 73, 83, 

and 86. First generation dendrimer 73 exhibited three reversible oxidation waves at 0.45, 

0.65, and 0.92 V which are assigned to one-electron oxidations of each terthiophene unit 

present in the dendrimer. It is speculated that the first two oxidations take place at each arm 

of the dendrimer and the third one belongs to the oxidation of the terthiophene bridge. For 

the second generation dendrimer 83 similar reversible first and second oxidation potentials 

at 0.44 and 0.66 V were found, yet the second oxidation potential for 83 could be estimated 

from the DPV measurements. It was expected that second generation dendrimer 83 shows a 

similar behavior compared to first generation 73. But upon oxidation it seemed to form 

aggregates on the electrode which caused a different shape of the cyclic voltammogram. 

Furthermore, the onset of oxidation shifted to slightly higher potentials of 0.43 V compared 

to the onset of first generation 73 at 0.39 V. When comparing these two generations of 

dendrimers and their similar first oxidation potentials only, the concept of equal α-

conjugated chains is supported. But when taking third generation dendrimer 86 into account 

it is obvious that the onsets and first oxidation potentials are shifted to lower potentials at 

0.32 V and 0.34 V upon increasing generational size. This finding shows that the α-β-

conjugation within the dendrimers might play a role for the oxidation processes. It is known 

that oxidation potentials decrease for linear oligothiophenes upon elongation of the π-

system.191 However, another explanation for this phenomenon could be that radical cations 

are better stabilized (independent from conjugation) in such a big dendrimer than in smaller 

molecules causing the shift to lower potentials. The increased currents during the oxidation 

of 86 suggest that more than one electron is transferred, which, assuming first oxidation 

takes place in the periphery, might be an effect of the higher amount of oxidation 

possibilities in the periphery of 86. HOMO and LUMO energy levels were similar for first and 

second generation dendrimers 73 and 83 at -5.50 and -2.95 eV, respectively, whereas the 

HOMO and LUMO energy levels were raised to -5.42 and -2.86 eV for third generation 

dendrimer 86. The energy levels should be suitable for the use of these dendrimers as 

donors and PCBM as acceptor in BHJ solar cells. 

The dendrimers reported by Ma et al. showed a similar behavior upon electrochemical 

oxidation as the dendrimers presented in this work (Table 4).6 The first oxidation potentials 

lie in the same range for both dendritic systems (0.45 V for 9T3Si 73 vs. 0.48 V for 9TSi 97, 

0.43 V for 21T3Si 83 vs. 0.48 V for 21TSi 98, 0.34 V for 45T3Si 86 vs. 0.30 V for 45TSi). The 
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shift of the first oxidation potentials to lower potentials with growing generational size is 

slightly larger for my dendrimers (∆E = 0.11 V) than for Ma’s dendrimers (∆E = 0.18 V). 

Especially the comparison of the first oxidation potentials of third generation dendrimers 

45T3Si 86 and 45TSi shows that the π-conjugation is larger within Ma’s dendrimer. The 

optical band gap was identical for all three generations of my dendrimers and therefore only 

slight differences in energy levels occurred. Ma’s dendrimers exhibited decreasing optical 

band gap with growing generational size, which is also reflected in the raised HOMO energy 

levels (from -5.50 eV to -5.30 eV) and lowered LUMO energy levels (from -2.84 eV to -3.02 

eV) when going from first to third generation dendrimer. These differences in 

electrochemical behavior between both dendritic architectures are also in accordance with 

the findings of the UV/Vis spectroscopic investigations.     

The cyclic voltammograms of deprotected dendrimers 79 and 84 showed as expected 

irreversible oxidations at 0.47 and 0.43 V for the first oxidation and 0.68 and 0.68 V for the 

second one (Figure 16b and c). The irreversibility is due to the unprotected but reactive α-

positions within the dendrimers that are prone to undergo coupling reactions upon 

oxidation. This leads to the typical polymerization cyclovoltammograms when performing 

continuous cycling. The formation of films of elongated homologues on the electrode causes 

then higher currents and onset-shifts to lower potentials with increasing cycle numbers. The 

fact that already the first oxidation of second generation 84 was irreversible supports the 

statement that oxidations start in the periphery of the dendrimers. HOMO and LUMO energy 

levels were similar to the corresponding protected dendrimers and therefore suitable for the 

use as donors in BHJ solar cells. 
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The electrochemical behavior of dendrimer 9T3Si 73 was also compared to its reference 

compounds 3TSi3TSi 89 and β-6T3Si 90 (Figure 17). 
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Figure 17. Cyclic voltammograms of first generation dendrimer 9T3Si 73 in comparison to reference compounds 
89 and 90 (measured in DCM, c = 1 x 10-3 M containing 0.1 M TBAPF; scan rate 100 mV s-1). 

The electrochemical data of 73, 89, and 90 measured by cyclic voltammetry is summarized in 

Table 5. 

Table 5. Electrochemical data of first generation dendrimer 9T3Si 66 in comparison to reference compounds 82 
and 83 (measured in DCM, c = 1 x 10-3 M containing 0.1 M TBAPF; scan rate 100 mV s-1).  

Compound 
E

0
1(ox) 

[V] 

E
0

2(ox)  

[V] 

Eonset(ox) 

[V] 

HOMO 

[eV]
a) 

LUMO 

[eV]
b) 

9T3Si, 73
 0.45 0.65 0.39 -5.49 -2.93 

3TSi3TSi, 89
 0.50 0.74 0.44 -5.54 -2.81 

β-6T3Si, 90 0.61c) 0.89c) 0.52 -5.62 -2.71 

a) Calculated from EHOMO = -(5.1 + Eonset(ox)) [eV]; b) Calculated from ELUMO = EHOMO + Eg(opt) [eV]; c) Determined 
at I0 = 0.845 Ip.192 

The comparison of 73 with 89 and 90 reveals a similar behavior for 73 and 89 upon 

electrochemical oxidation, whereas 90 showed a different oxidation pattern due to a 

different linkage between the electrophores. β-β-Linked dendrimer 90 exhibited one 

irreversible oxidation wave at 0.61 V which is twice as high as the first oxidation wave of 73 

at 0.45 V and 89 at 0.50 V (Figure 17). This irreversible first oxidation of 90 is assigned to a 

double one-electron transfer of both terthiophene units. If oxidations occur at similar 

potentials there is only one oxidation wave to be found without any splitting of the signals. 

In the case of 90 it is assigned to a very weak electronic coupling of the electrophores due to 

the β-β-linkage of the terthiophene units. This is known to interrupt the conjugation and the 

oxidation centers do not communicate with each other. This irreversible oxidation seemed 
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to be followed by a chemical reaction resulting in a product which can undergo a quasi-

reversible oxidation at 0.89 V. A possible product might be a fused form where one 

thiophene of each terthiophene is oxidized to give radical cation 90a. Then both radical 

cations undergo a cyclization reaction under elimination of two protons to give a derivative 

of compound 99 (Scheme 26). 

 

Scheme 26. Possible mechanism of the electrochemical oxidation and chemical follow-up reaction of 

compound 90 during cyclovoltammetric measurements. 

In the literature, oxidative cyclization has been reported using chemical oxidants like 

FeCl3.193 The chemical oxidation of 90, which was expected to yield compound 99, was 

attempted in the hope that 99 could be isolated and its electrochemical properties could be 

compared with 90. Therefore, FeCl3 and MeNO2 were used as oxidants in DCM at 0 °C under 

anhydrous conditions, which is a known procedure typically applied to thiophenes.194 After 

quenching and washing with MeOH a reddish, rather insoluble solid was obtained. The 1H 

NMR spectra of this solid in THF-d8 showed many signals. The MALDI-TOF spectrum showed 

signals, which could not be ascribed to the desired product. 

In the case of α-β-conjugated reference compound 89 one can find two reversible one-

electron oxidations at 0.50 and 0.74 V which are similar to dendrimer 73, but shifted by 0.05 

– 0.1 V to higher potentials. This is in agreement with the suggestion that the α-β-linkage 

influences the oxidation behavior. In contrast to dendrimer 73 one arm of the dendrimer is 

missing in 89, therefore, the overall conjugation length is shorter and thus, oxidations occur 

at higher potentials.      
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4.1.3 Application of T3-Dendrimers in Photovoltaic Devices 

The protected and deprotected dendrimers were used as electron donors and p-type 

semiconductors together with PC61BM or PC71BM as electron acceptors in bulk 

heterojunction solar cells. The active blend was spin-coated from chlorobenzene (CB) 

solutions. The device structure consisted of glass/ITO/PEDOT:PSS/D:A/LiF/Al (ITO = indium 

tin oxide; PEDOT:PSS = poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)). All 

devices were optimized with respect to the donor:acceptor ratio, solvent, and deposition 

temperature and the best results are shown in this section.  

Figure 18 depicts the J-V curves and corresponding external quantum efficiency (EQE) 

spectra of the different devices made with protected and deprotected first generation 

dendrimers 73 and 79. 
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Figure 18. Device performances of first generation T3-dendrimers 73 and 79; a) J-V curves in dark and under 
illumination [nominal AM1.5G, 100 mW cm-2] with 9T3Si:PC61BM; b) J-V curves in dark and under illumination 
with 9T3:PC61BM; c) Comparison of corresponding EQEs. 

Figure 19 shows the J-V curves and corresponding EQE spectra of the different devices made 

with protected and deprotected second generation dendrimers 83 and 84 using PC61BM as 

well as PC71BM as acceptor. 
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Figure 19. Device performances of second generation T3-dendrimers 83 and 84 a) J-V curves in dark and under 
illumination [nominal AM1.5G, 100 mW cm-2] with 21T3Si:PC61BM; b) J-V curves in dark and under illumination 
with 21T3:PC61BM; c) J-V curves in dark and under illumination with 21T3:PC71BM; d) Comparison of 
corresponding EQEs. 

The BHJ solar cell results obtained by using third generation dendrimer 45T3Si 86 in 

combination with PC61BM and PC71BM are shown in Figure 20.  
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Figure 20. Device performances of third generation 45T3Si 86 a) J-V curves in dark and under illumination 
[nominal AM1.5G, 100 mW cm-2] with PC61BM; b) J-V curves in dark and under illumination with PC71BM; c) 
Comparison of corresponding EQEs.  

In general, the protected as well as the deprotected dendrimers showed low fill factors 

between 0.32 to 0.38 which might be due to an unbalanced charge transport within the 

blend. Nevertheless, these values are in the range of fill factors measured for other 

thiophene dendrimers.5,165 The protected dendrimers exhibited very high VOCs of about 1 V, 

especially first and third generation dendrimers 73 and 86, which is attributed to the low 

lying HOMO energy levels. The somewhat decreased VOC of second generation dendrimers 

83 and 84 rather arise from a poor morphology since the HOMO is in the same range as the 

other dendrimers. Depending on the phase separation in the D:A blend, the dynamics of the 

charge transfer and recombination can be strongly influenced. A significant amount of 

charge recombination can lead to a reduction in the VOC of the solar cell device. This 

difference of the second generation was already obvious in cyclic voltammetric measure-

ments, where problems with deposition on the electrode have been observed upon 

oxidation. These morphology problems of 83, which are also reflected in the dark current by 

leakage, resulted then in the same power conversion efficiency (PCE) of 0.62% as for first 

generation dendrimer 73, although 83 produced higher current densities of 2.05 mA cm-2 

due to an increased optical extinction coefficient. Going from first generation 73 to third 

generation 86 the current density was increased from 1.74 to 2.37 mA cm-1 due to the five 

times higher optical extinction coefficient of 86. Together with a slightly higher FF of 0.38 

third generation dendrimer 86 and PC61BM as acceptor achieved a PCE of 0.92%, which is 

rather impressive for a donor with a maximum absorption at 370 nm. The lack in red-shifted 

absorption became very clear when using PC71BM as electron acceptor. The comparison of 

the different EQEs (Figure 20c), which were increased from 30% to 37% at the maximum 
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upon using 86 and PC71BM showed that the EQE spectrum became much broader in the 

range between 500 and 700 nm which can be ascribed to the absorption of the acceptor. 

This caused an increase in current density from 2.37 to 4.92 mA cm-2. Although a good PCE 

of 1.68% was obtained, the leakage of the dark current (Figure 20b) showed that the 

conditions of the solar cell preparation were not optimal.  

Table 6. Device performance data of protected and deprotected T3-dendrimers 73, 83, 86, 79, and 84 using 
PC61BM and PC71BM in solution-processed (from CB) BHJ solar cells with a device structure of 
glass/ITO/PEDOT:PSS/D:A/LiF/Al and comparison to the dendrimers by Ma et al.. 

Dendrimer Acceptor 
D:A ratio  

(spin-speed) 

JSC 

[mA cm
-2

]
a) 

VOC 

[V] 
FF

 
PCE 

[%]
b) 

9T3Si, 73
 PC61BM 

1:4 

(750) 
1.74 1.04 0.34 0.62 

21T3Si, 83 PC61BM 
1:3 

(750) 
2.05 0.87 0.34 0.62 

45T3Si, 86 PC61BM 
1:4 

(1000) 
2.37 1.02 0.38 0.92 

45T3Si, 86 PC71BM 
1:4 

(750) 
4.92 1.00 0.34 1.68 

9T3, 79 PC61BM 
1:4 

(1000) 
1.82 1.03 0.32 0.59 

21T3, 84 PC61BM 
1:3 

(750) 
2.23 0.86 0.37 0.71 

21T3, 84 PC71BM 
1:3 

(750) 
4.72 1.01 0.35 1.66 

9TSi, 97
c) PC61BM 1:4 1.53 1.03 0.29 0.46 

21TSi, 98
c) PC61BM 1:4 2.10 0.93 0.34 0.66 

45TSic) PC61BM 1:4 3.29 0.99 0.34 1.12 

a) Determined by convolution of the EQE spectra with the AM1.5G spectrum (100 mW cm-2); b) η = VOC x JSC x 
FF (FF = fill factor); c) Dendrimers by Ma et al., data taken from literature.5  

Deprotected dendrimers 79 and 84 exhibited similar solar cell performances. They showed 

slightly higher currents than their corresponding silylated counterparts. Again, first 

generation dendrimer 79 revealed a high VOC of around 1 V whereas second generation 

dendrimer 84 showed morphology problems and a reduced VOC of 0.86 V. As expected and 

already shown for other dendrimers,5,165 the PCE of deprotected second generation 84 is 

slightly higher with 0.71% than of its silylated pendant 83 with 0.62%. In the case of first 
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generation dendrimers 73 and 79, this trend was not observed and is attributed to the low 

solubility of 79 at the high concentrations needed for the active layer deposition. Therefore, 

both PCEs are in the same range of about 0.6%. When comparing desilylated first and 

second generation 79 and 84, the PCE increased for 84 (0.59% vs. 0.71%), which is attributed 

to the higher extinction coefficient of the second generation dendrimer. When using PC71BM 

with second generation dendrimer 84 an enhanced current density of 4.72 mA cm-2 was 

observed which led to an increased PCE of 1.66%. Again, the EQE clearly revealed the 

positive and broadening effect of PC71BM on the spectral range in which photons are 

converted to electrons (Figure 19d). 

A comparison with the dendrimers synthesized by Ma et al. shows the importance of an 

enlarged π-conjugated system and red-shifted absorption behavior for the performance of 

the solar cells (Table 6). Although my dendrimers exhibited the higher molar extinction 

coefficients, the increase in current density of 0.63 mA cm-2 was rather low when using 

45T3Si 86 instead of 9T3Si 73. Ma’s dendrimers showed an increase of 1.76 mA cm-2 when 

going from first generation 9TSi 97 to third generation 45TSi. With VOCs and FFs being in the 

same range for both dendritic systems, the second and third generation of Ma’s dendrimers 

showed slightly higher PCEs of up to 1.12% in combination with PC61BM.5 This comparison 

supports the statement, that a red-shift in absorption is more beneficial to the performance 

than an increased molar extinction coefficient. 

4.1.4 Summary of Chapter 4.1 

Protected terthiophene-based dendritic oligothiophenes were synthesized up to the third 

generation (73, 83, and 86), deprotected analogues up to the second generation (79 and 84). 

Additionally, reference dendrimers 89 and 90 were synthesized in order to compare the 

optoelectronic properties with first generation dendrimer 9T3Si 73 to gain more insight into 

the influence of the α-β-conjugation. In absorption measurements all three generations 

showed the same absorption maximum of 370 nm, which was assigned to the α-

terthiophene units being the dominant chromophores within the dendrimers. Furthermore, 

the absorption onsets were identical leading to identical optical band gaps of 2.56 eV for all 

three generations. All dendrimers showed extremely high molar extinction coefficients of up 

to 279000 L mol-1 cm-1 for third generation dendrimer 45T3Si 86 exceeding the coefficients of 
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their analogues from Ma’s dendrimers. Although the identical absorption maxima and 

optical band gaps seemed to be a proof for the theory of equal α-conjugated terthiophene 

building blocks being independent of each other, the values of the optical band gaps 

suggested that the α-β-linkage does not entirely break the conjugation, but influences the 

absorption behavior, as well. The optical investigations revealed that the main chromophore 

directs the position of the maximum. But the onset and band gap of the dendrimer is not 

only influenced by the longest α-conjugated, but by the longest overall conjugated chain. 

However, this is only true for the smaller dendrimers and becomes invalid when the steric 

hindrance becomes too large and the α-β-connection is twisted in a way that the 

conjugation is interrupted. In the excited state the emission maxima came from the longest 

conjugated chains and were bathochromically shifted with growing generational size. This 

was ascribed to a flattening of the dendrimers upon excitation. Furthermore, the emission 

maxima were invariant of the excitation wavelength being an indication for an energy 

transfer from shorter conjugated chains to the longest one. Electrochemical measurements 

of the terthiophene dendrimers suggested that the first oxidations take place in the 

periphery. Potentials of the first oxidation were shifted to lower potentials with growing size. 

The application of the dendritic oligothiophenes in solution-processed BHJ solar cells 

revealed extremely high VOCs for all generations but rather moderate FFs. Although really 

high molar extinction coefficients were obtained, especially for the third generation, rather 

low JSCs were achieved. This was attributed to the missing ability to absorb photons of the 

red wavelength range. However, the efficiencies increased with growing generational size 

and led to a PCE of 0.92% when using dendrimer 45T3Si 86 and PC61BM under AM1.5G 

conditions. In combination with PC71BM the PCE was increased to 1.68% which is very good 

in comparison to other all-thiophene dendrimers. 
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4.2 α-Quinquethiophene-Based Dendrimers 

4.2.1 Synthesis 

The terthiophene-based dendrimers showed that a broad absorption going into the red 

region is an important feature of a donor molecule for the application in organic solar cells. 

In a second approach, a linear quinquethiophene was used as building block for the 

dendrimers. Again, it was essential to obtain a building block bearing a functionality at the β-

position of the middle thiophene. Therefore, unsymmetrically halogenated terthiophene 75 

was reacted with boronic ester 61 in a Suzuki cross-coupling reaction in THF (Scheme 27). 

 

Scheme 27. Synthesis of brominated linear quinquethiophene 100. 

As in the synthesis of bromoterthiophene 63 it was necessary to perform this reaction at 0 °C 

to keep the bromo functionality at the β-position of the middle thiophene. Again, a precise 

amount of reactants as well as the compliance with the right reaction time was crucial to the 

success of the synthesis of β-brominated quinquethiophene 100. Despite these 

optimizations, it was not possible to completely avoid the formation of threefold reaction 

product 101. The by-product should not disturb the next steps in the synthesis of a 

quinquethiophene-based dendrimer, but for a characterization it was necessary to separate 

both products at this stage. Figure 21 depicts the aliphatic and aromatic regions of the 1H 

NMR spectrum of the mixture before separation by recHPLC. The aliphatic region showing 

the TMS signals clearly exhibits that more than two TMS groups were present, desired 

product 100 should have given only 2 singlets with 9 protons each. The aromatic region 

shows the presence of a by-product, as well. The three doublets at δ = 7.42, 7.35, and 7.31 

ppm with an integration of one proton each are assigned to bromoquinquethiophene 100, 
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whereas the three smaller doublets at δ = 7.17, 7.14, and 7.09 ppm are ascribed to by-

product 101. 

 

Figure 21. Zoom into a) aliphatic region and b) aromatic region of the 1H NMR spectrum of the product mixture 

in THF-d8 before purification by recHPLC. 

Separation of the mixture after the following step might have been impossible as it was 

planned to attach an unprotected thiophene to the now brominated β-position of the 

quinquethiophene and the only difference between the new product and the remaining 

byproduct would have been the TMS group. Therefore, an attempt to isolate the products by 

flash column chromatography and SEC was made, however, both methods were 

unsuccessful. As an alternative for the purification of quinquethiophene 100 recHPLC was 

used. Figure 22 shows the chromatogram of the mixture with a smaller first peak 

representing by-product 101 and the following larger peak being ascribe to 

bromoquinquethiophene 100. After 1 to 1.5 hours a baseline separation was achieved and 

both products were isolated.  
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Figure 22. First five cycles of the recHPLC chromatogram of the crude product dissolved in a 3:1 Hex/DCM 

mixture using a 95:5 mixture as eluent at a flow rate of 40 mL/min. 

The success of the separation via recHPLC is shown in the aromatic region of the 1H NMR 

spectra of both collected fractions. Figure 23a displays the 1H NMR signals of the second 

peak of the chromatogram containing desired product 100 and gave a distinct set of signals 

in the aromatic region between 7.41 and 7.18 ppm after purification via recHPLC. With 

respect to the NMR spectrum of the mixture it became obvious after recHPLC that the three 

doublets of the mixture between 7.17 and 7.08 ppm belonged to by-product 101 which was 

exclusively present in the first peak of the chromatogram. Both products were pure after 

recHPLC, which is also proved by the aliphatic section around 0.33 ppm of the NMR spectra.   
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Figure 23. Zoom into the aromatic region of the 1H NMR spectra of isolated products a) 

bromoquinquethiophene 100 and b) thienoquinquethiophene 101 in THF-d8. 

Figure 24a exhibits two overlapping singlets with 18 protons in total belonging to the two 

different TMS groups at the outer α-positions of 100. Figure 24b shows two overlapping 

signals and one separate singlet with 27 protons in total which can be assigned to the two 

TMS groups of the linear quinquethiophene and to the TMS group at the thiophene sitting 

on the backbone of the quinquethiophene, respectively.  
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Figure 24. Zoom into the aliphatic region of the 1H NMR spectra of isolated products a) 

bromoquinquethiophene 100 and b) thienylquinquethiophene 101 in THF-d8. 

The successful purification led to a yield of 70% of brominated quinquethiophene 100. In a 

subsequent Suzuki cross-coupling reaction with borylated thiophene 69 bromoquinque-

thiophene 100 was transformed into quinquethiophene 102 by using Pd2(dba)3CHCl3/HP(t-

Bu)3BF4 as catalyst system in THF (Scheme 28). 

 

Scheme 28. Synthesis of quinquethiophene 102. 

Purification by flash column chromatography gave quinquethiophene 102 bearing a thio-

phene with a free α-position in 91% yield. This α-hydrogen allowed further functionalization 

towards borylated dendron 103 (Scheme 29). Therefore, deprotonation was achieved by 

using n-BuLi in THF at -78 °C and formation of the boronic ester by quenching the lithiated 

intermediate with ITDB. 
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Scheme 29. Synthesis of borylated dendron 103. 

Extractive work-up gave borylated dendron 103 in 94% yield and 95% purity, which was pure 

enough for the use in the following step, in which dendron 103 was reacted twice with core 

compound diiodoterthiophene 78 under Suzuki cross-coupling reaction conditions, as shown 

in Scheme 30. 

 

Scheme 30. Synthesis of first generation quinquethiophene-based dendrimer 15T5Si 104. 

The solubility of this dendrimer was noticeably lower than that of first generation 

terthiophene-based dendrimer 9T3Si 73. This made the purification more laborious. Still, it 

was soluble enough to collect two main fractions during column chromatography which 

were then further purified by repetitive SEC to give dendrimer 104 in 57% yield. Subsequent 

deprotection by TBAF in THF afforded all-thiophene dendrimer 15T5 105 in 96% yield. 
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Scheme 31. Desilylation of first generation T5-dendrimer 104. 
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The solubility of this dendrimer consisting of linear quinquethiophenes, which are known to 

be fairly insoluble when not having solubilizing groups, was extremely low and too low to 

obtain a 13C NMR at elevated temperatures. However, the low solubility was also the reason 

for the excellent yield of the deprotection reaction exceeding the average yield of similar 

deprotections with the terthiophene-based dendrimers (typically around 85%). Whereas the 

T3-based dendrimers were difficult to precipitate and gave very fine powdered solids, which 

were not easy to filtrate or centrifuge, 105 gave a grosser solid, which could be easily filtered 

and washed. 

Although the solubilities were decreasing, the second generation dendrimers should be 

feasible. But it was certain that a fourfold substitution of the TMS groups by bromine would 

have been difficult. Due to the low solubility, the reaction would have been either 

incomplete, because a twofold or threefold brominated product might have already 

precipitated from solution during the reaction or it might have been impossible to purify 

desired product 106. So it did not make sense to use the divergent synthesis path that was 

also used for second generation terthiophene-based dendrimer 83. 
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Chart 39. Molecular structure of fourfold brominated dendrimer 106 which would have been needed as core 

compound for a divergent synthesis of the second generation quinquethiophene-based dendrimer. 

Instead of a divergent synthesis, the route was switched to a convergent synthesis as it was 

applied in the synthesis of third generation terthiophene dendrimer 86. Dendron 103 was 

the starting material and attached to unsymmetrically halogenated terthiophene 75. Again, 

there was the problem of retaining the bromo functionality at the β-position of the middle 

thiophene and letting only the iodines react in the twofold Suzuki cross-coupling reaction. 
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Scheme 32. Synthesis of brominated dendron precursor 107. 

Flash column chromatography and multiple SEC (THF) gave in spite of the very laborious 

purification brominated dendron precursor 107 in a moderate 49% yield (Scheme 32). 

This free bromine in 107 was used for the attachment of a further thiophene bearing a free 

α-hydrogen. Again, this was achieved by using Pd-catalyzed Suzuki cross-coupling reaction of 

dendron 107 with borylated thiophene 69 (Scheme 33). 
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Scheme 33. Synthesis of dendron 108. 

The crude reaction product was purified by flash column chromatography and multiple SEC 

which afforded dendron 108 in 89% yield. Unfortunately, the introduction of the boronic 

ester as functional group at the free α-position failed in the next step. The deprotonation 

using n-BuLi followed by substitution with ITDB to obtain borylated dendron 109 was not 

successful (Scheme 34). 
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Scheme 34. Synthesis of borylated dendron 109. 

The 1H NMR and MALDI-TOF spectra of the resulting reaction mixture revealed that 

byproducts bearing several boronic esters were formed, as well. This mixture could neither 

be separated nor be used for the further reaction to obtain second generation 35T5Si. 

The attempt to deborylate this mixture failed and due to the very laborious and time 

consuming synthesis of the starting material 108 it was not possible to try this borylation 

again. Therefore, the synthesis of second generation dendrimer 35T5Si 110 could not be 

realized. 

 

Chart 40. Molecular structure of second generation dendrimer 110. 
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Nevertheless, first generation of protected and deprotected quinquethiophene-based 

dendrimers 104 and 105 were synthesized successfully and could be characterized with 

respect to their optoelectronic properties.  

4.2.2 Optoelectronic Characterization of T5-Dendrimers 

The absorption, emission, as well as the electrochemical behavior of protected and 

deprotected quinquethiophene-based dendrimers 104 and 105 were investigated. 

Absorption and emission spectra of 104 and 105 were measured in THF and are depicted in 

Figure 25, the data is summarized in Table 7. 
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Figure 25. Absorption and emission spectra of protected and deprotected first generation T5-dendrimers 104 

and 105 (measured in THF). 

Table 7. Comparison of optical data of first generation dendrimers 15T5Si 104 and 15T5 105. 

Dendrimer 
λmax(abs) 

[nm] 

ε 

[L mol
-1

 cm
-1

 ] 

λonset(abs) 

[nm] 

Eg(opt) 

[eV]
a) 

λmax(em) 

[nm]
b) 

15T5Si, 104
 425 115500 518 2.39 535 

15T5, 105 423 100500 519 2.39 533 

5Tc) 418 46400 - 2.72 513 

a) Calculated from Eg(opt)=1240/λonset; b) Corrected values, excited at maximum absorption  

(c = 1 x 10-6 M); c) Data taken from literature,190 measured in THF.  

The absorption maximum of first generation T5-dendrimer 104 was shifted by 55 nm to 425 

nm compared to first generation T3-dendrimer 73 (370 nm). This shift was expected due to 

the elongation of the π-conjugation of the building block. Although the number of the main 
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chromophore units did not change, 3 terthiophene units in 73 vs. 3 quinquethiophene units 

in 104, the molar extinction coefficient doubled to 115500 L mol-1 cm-1 for 104 (vs. 57000 

L mol 1 cm-1 for 73). This trend was found as well for other linear oligothiophenes upon 

elongation of the α-conjugated chain.2,191 The absorption maximum of 425 nm of 104 is 

similar to that of the literature known pentamer 5T with a maximum of 418 nm190 showing 

that the absorption of the linear building block superimposes the absorption coming from 

the longest chromophore in 104 or 105. This behavior was also demonstrated by the 

terthiophene-based dendrimers. The onset absorption of 104 and 105 was red-shifted to 

521 nm resulting in a decreased optical band gap of 2.39 eV compared to 73 (2.56 eV). 

Again, the band gap does not fit the literature value of 5T at 2.72 eV.190 In this case, the 

longest conjugated chain consists of a nonithiophene plus 2 double bonds, which 

corresponds to a decathiophene being responsible for the decreased optical band gap. 

Unfortunately, there is no absorption data available for a 10T measured in THF.  

The fluorescence of the T5-dendrimers comes from the longest conjugated chain which is 

due to a flattening of the molecule upon excitation. The emission maximum was shifted to 

the red by about 35 nm to 535 nm compared to first generation T3 dendrimer 73 (500 nm). 

As expected, the molar extinction coefficient as well as the absorption maximum, and 

emission maximum were slightly decreased for deprotected dendrimer 105 (100500 L cm-1 

mol-1, 423 nm, 533 nm) compared to protected dendrimer 104. 
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Cyclic voltammetric measurements of the protected and deprotected quinquethiophene-

based dendrimers were performed in DCM and TCE solutions containing 0.1 M tetra-n-

butylammonium fluoride (TBAPF) at 100 mV s-1 scan rate. Potentials were referenced against 

Fc/Fc+ (Figure 26). 
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Figure 26. Cyclovoltammograms of a) protected dendrimer 15T5Si 104 in TCE (c = 1 x 10-3 M); b) Protected 

dendrimer 15T5Si 104 in DCM (c = 1 x 10-4 M); c) Deprotected dendrimer 15T5 105 in TCE (c = 2 x 10-4 M). All 

measurements were recorded in solutions containing 0.1 M TBAPF at scan rates of 100 mV s-1. 

 

Due to their low solubility both T5-dendrimers 104 and 105 were measured in TCE. For 

comparison reasons 15T5Si 104 was measured in DCM, as well. The data is summarized in 

Table 8. 
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Table 8. Electrochemical data of protected and deprotected T5-dendrimers 104 and 105 measured in DCM or 

TCE containing 0.1 M TBAPF at scan rates of 100 mV s-1.  

Dendrimers 
E

0
1 (ox) 

[V] 

E
0

2(ox) 

[V] 

E
0

3(ox) 

[V] 

E
0

4(ox) 

[V] 

Eonset(ox) 

[V] 

HOMO 

[eV]
a) 

LUMO 

[eV]
b) 

15T5Si, 104 

(TCE)c) 
0.34 0.39 0.82 0.98 0.27 -5.37 -2.98 

15T5Si, 104 

(DCM)d) 
0.32 0.36 0.77 0.87 0.28 -5.38 -2.99 

15T3, 105 

(TCE)e)
 

0.30 - 0.79f) - 0.28 -5.38 -2.99 

a) Calculated from EHOMO = -(5.1 + Eonset(ox)) [eV]; b) Calculated from ELUMO = EHOMO + Eg(opt) [eV]; c) Measured 

at a concentration of 1 x 10-3 M; d) Measured at a concentration of 1 x 10-4 M; e) Measured at a concentration 

of 2 x 10-4 M and a scan rate of 50 mV s-1; f) Irreversible oxidation, determined at I0 = 0.845 Ip.192 

In comparison to first generation T3-dendrimer 73, the first oxidation and onset potential of 

first generation 15T5Si 104 were shifted from 0.45 V/0.39 V for 73 to lower potentials of 

0.32 V/0.28 for 104 (measured in DCM). These redox-processes are ascribed to the 

elongated π-conjugation of the quinquethiophene building block. With this shift the HOMO 

energy level was lifted by roughly 0.1 eV to -5.38 eV resulting in a decreased optical band 

gap of 2.39 eV. The LUMO energy level of 104 was only slightly lowered to -2.98 eV. In both 

solvents, TCE and DCM, four reversible oxidation waves were exhibited. The first two 

oxidations were very close to each other with potentials of 0.32 and 0.36 V. A third 

reversible oxidation occurred at 0.77 V and was directly followed by a fourth reversible 

oxidation at 0.87 (in DCM). The first two oxidations are ascribed to two one-electron 

oxidations of each arm. The fact that both oxidations occurred at nearly similar potentials 

reflects a weak electronic coupling between the oxidation centers due to the long bridge 

between the arms which is longer than in the case of the terthiophene bridge in 9T3Si 73. 

That might be the reason why the arms of 73 are oxidized in a stepwise manner. The third 

oxidation is ascribed to two one-electron oxidations occurring at the same potential. This is 

in particular suggested due to the shape of the third oxidation wave when measured in 

DCM. Again, this is ascribed to the longer bridge in 104 leading to an interruption in 

communication between the wedges. This third oxidation wave (E0
3 at 0.77 V) might come 

from the second oxidation of both arms which occurred at higher potentials because the 
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oxidation becomes more difficult. Linear quinquethiophenes are known to transfer two 

electrons upon oxidation. The fourth reversible oxidation, which can be better seen in the 

measurement in TCE, is ascribed to a single oxidation of the bridge. In theory there should 

be a fifth oxidation wave for the second oxidation of the bridge, which probably takes place 

at too high potentials, which cannot be reached. Similar to other unprotected dendrimers, 

105 shows a typical pattern for repeated oxidation of thiophenes with free α-sites. Upon 

repetitive cycling in the cyclovoltammetric measurement polymerization occurred at the α-

positions and the onset of the oxidation shifted to lower potentials as the longest 

conjugated unit found in the molecule is increasing with each scan. Already the first 

oxidation at 0.30 V was rather quasi-reversible. The first complete cycle revealed an 

additional oxidation wave in the back scan at around 0.15 V which can be ascribed to a 

reduction of a follow-up product or oligomer. The second oxidation was irreversible and 

could only be estimated to occur at around 0.79 V. As expected, the HOMO and LUMO 

energy levels did not change upon desilylation. Both dendrimers, 104 and 105, were 

expected to exhibit improved performances in BHJ solar cells in comparison to the T3-

dendrimers  due to their red-shifted absorption and the slightly more suitable energy levels.        

4.2.3 Application of T5-Dendrimers in Photovoltaic Devices 

The protected and deprotected quinquethiophene-based dendrimers 104 and 105 were 

used as donors together with PC61BM or PC71BM as acceptors in bulk heterojunction solar 

cells. Due to their limited solubility in CB or CHCl3, especially for unprotected dendrimer 105, 

the photoactive blend was spin-coated from tetrachloroethane (TCE) solutions at 80 °C. The 

device structure consisted of glass/ITO/PEDOT:PSS/D:A/LiF/Al. All devices were optimized 

and the best results are shown in this chapter.  

Figure 27 depicts the J-V curves and corresponding external quantum efficiency (EQE) 

spectra of the different devices made with protected and deprotected first generation 

dendrimers 104 and 105. 
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Figure 27. Device performances of protected and deprotected first generation T5-dendrimers 104 and 105 a) J-

V curves in dark and under illumination [nominal AM1.5G, 100 mW cm-2] with 15T5Si: PC61BM; b) J-V curves in 

dark and under illumination with 15T5:PC61BM; c) J-V curves in dark and under illumination with 15T5:PC71BM; 

d) Comparison of corresponding EQEs. 

The data of T5-dendrimers 104 and 105 in BHJ solar cells are summarized in Table 9. 

Table 9. Device performance data of protected and deprotected first generation T5-dendrimers 104 and 105 

using PC61BM and PC71BM in solution-processed (from TCE at 80 °C) BHJ solar cells with a device structure of 

glass/ITO/PEDOT:PSS/D:A/LiF/Al.  

Dendrimer Acceptor 
D:A ratio  

(spin-speed) 

JSC 

[mA cm
-2

]
a) 

VOC 

[V] 
FF

 
PCE 

[%]
b) 

15T5Si, 104 
 PC61BM 

1:4 

(1250) 
2.58 0.90 0.38 0.89 

15T5, 105 PC61BM 
1:4 

(1250) 
2.90 0.89 0.35 0.92 

15T5, 105 PC71BM 
1:4 

(1000) 
5.76 0.94 0.37 1.99 

a) Determined by convolution of the EQE spectra with the AM1.5G spectrum (100 mW cm-2); b) η = VOC x JSC x 
FF (FF = fill factor). 
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Although the solubility of first generation 15T5Si 104 was much lower than of first generation 

9T3Si 73, it was possible to dissolve the compound in TCE at 80 °C. The ITO-coated glass 

substrates were heated as well prior to spin-coating. Again, a very high VOC of 0.90 V was 

obtained which is one of the outstanding material properties of the all-thiophene 

dendrimers. However, in comparison to the T3-based dendrimers the VOC was slightly 

reduced. One reason might be deteriorated morphology due to a lowered solubility, 

whereas another reason might be the slightly lifted HOMO energy level, which affects the 

open-circuit voltage.23 A rather moderate current density of 2.58 mA cm-2 was measured, 

which is still higher than for 73 (1.74 mA cm-2), and a moderate FF of 0.38, which is in the 

range of all the other T3-dendrimers. Finally, a moderate efficiency of 0.89% was obtained. 

This improved performance compared to first generation T3-dendrimer 73 is attributed to 

the elongation of the π-conjugated system in 104 and the red-shifted absorption together 

with an increased molar extinction coefficient. The results of 104 were very similar to third 

generation 45T3Si 86 although the molar extinction coefficient of 86 is more than doubled. 

Thus, an increase of the conjugation and an absorption reaching further into red region of 

the solar spectrum are in this case much more beneficial to the photovoltaic performance 

than a high molar extinction coefficient. Furthermore, the synthetic effort to obtain 15T5Si 

104 was much less than for 45T3Si 86. Desilylated first generation dendrimer 105 exhibited a 

slightly higher JSC of 2.90 mA cm-2 than its protected analogue 104, but a similar VOC and FF 

(0.89 V, 0.35) were obtained. Although the solubility of 105 was remarkably lower compared 

to 104, the increase in current density resulted in a slightly increased performance of 0.92%. 

Ma’s all-thiophene dendrimers showed a much larger increase in performance upon 

desilylation than these T5-dendrimers which is ascribed to their low solubility.5 Since the 

deprotected species 105 gave the better result, it was also tested with PC71BM as acceptor, 

which already impressively enhanced the current densities of the T3-dendrimers. This was 

also true for 15T5 105, which exhibited a JSC of 5.76 mA cm-2 which was nearly doubled 

compared to the performance of 105 with PC61BM. Together with an excellent VOC of 0.94 V 

but a moderate FF of 0.37 an increase in PCE to 1.99% was obtained being the best result 

achieved in this work. 
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4.2.4 Summary of Chapter 4.2 

In order to increase the efficiencies of the solar cells a dendrimer with a quinquethiophene 

(T5) building block and therefore, an extended π-conjugated system was synthesized. 

Laborious synthesis and purification steps afforded derivatives 15T5Si 104 and 15T5 105, 

which exhibited besides very high molar extinction coefficients bathochromically shifted 

absorption maxima of around 425 nm, which were ascribed to the quinquethiophene 

chromophore. Again the absorption onset of the quinquethiophene-based dendrimers was 

further red-shifted than it would be possible for a 5T. This was assigned to the longest 

conjugated chain reflecting the influence of the α-β-connections. Similar to the terthiophene 

dendrimers the T5-dendrimers exhibited emission maxima, which were independent of the 

excitation wavelength and came from the longest conjugated chain due to an energy 

transfer. Cyclovoltammetric measurements showed first and second oxidations occurring at 

the wedges of the dendrimers with each wedge being oxidized twice in the case of the 

protected T5-dendrimer. For a first generation all-thiophene dendrimer 15T5 105 achieved a 

good PCE of 0.92% under AM1.5G conditions being as high as for synthetically more 

elaborate third generation 45T3Si 86, although the molar extinction coefficient was more 

than doubled in 45T3Si 86. This good performance was mainly ascribed to the red-shifted 

absorption. This comparison clearly showed that a bathochromic shift in absorption is far 

more beneficial than an increased molar extinction coefficient. Using PC71BM an excellent 

PCE of 1.99% was obtained with 15T5 105 as donor revealing the positive influence of the 

red-shifted absorption of the acceptor. 

4.3 Mixed Dendrimers 

4.3.1 Synthesis 

As the optical investigations of the all-thiophene dendrimers presented in this work and 

Ma’s measurements showed an energy transfer within these dendrimers occurring from the 

shorter α-conjugated chains lying in the periphery to the longest conjugated chain lying in 

the center of the dendrimer, another question came up: How will dendrimers behave which 

bear their longest α-conjugated chains in the periphery and the shortest in the center? 

Therefore three different dendrimers were synthesized. 
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Dendron 70, which was presented in section 4.2.1, was in the end not the right dendron to 

obtain pure first generation terthiophene dendrimer 9T3Si 73 (Scheme 8), but was useful in 

the synthesis of mixed dendrimer 8TSi 74 (Scheme 35). For the oxidative homocoupling of 

dendron 70 to obtain mixed dendrimer 74 the free α-hydrogen was deprotonated with n-

BuLi at -78 °C in THF followed by addition of CuCl2 to isolate dendrimer 74 after flash column 

chromatography. 

 

Scheme 35. Oxidative homocoupling of dendron 70. 

This dendrimer, which consists of a linear bithiophene in the core and two linear 

terthiophenes in the periphery, was already a by-product in the first attempt to synthesize 

first generation T3-dendrimer 73 but could not be isolated (Scheme 8). This synthesis path 

using oxidative homocoupling resulted in mixed dendrimer 74 in 76% yield. The quite well 

soluble TMS-protected mixed dendrimer was then deprotected to all-thiophene dendrimer 

111 by using TBAF in THF (Scheme 36). 

 

Scheme 36. Desilylation of mixed dendrimer 8TSi 74. 

Evaporation of the solvent and subsequent filtration over a short silica column gave 

deprotected dendrimer 111 in 95% yield. These first generation mixed dendrimers are very 

similar to first generation T3-dendrimers 73 and 79 and their only difference is the core, 

which is shorter by one thiophene. 



SYNTHESIS OF DENDRITIC OLIGOTHIOPHENES CONSISTING OF α-β-LINKED LINEAR BUILDING BLOCKS  105 
 

Another idea was the synthesis of a dendrimer, which is directly comparable to first 

generation T5-dendrimers 104 and 105 and consists of a terthiophene core and quinque-

thiophene wedges. Therefore, it was necessary to obtain a borylated quinquethiophene 

dendron. 

With bromoquinquethiophene 100 in hand, it was possible to synthesize borylated dendron 

112 by lithium-halogen exchange reaction and quenching with ITDB, shown in Scheme 37. 

 

Scheme 37. Borylation of quinquethiophene 100. 

The resulting reaction mixture was precipitated from MeOH/water 1:1 followed by 

purification via flash column chromatography. The moderate yield of 26% of borylated 

dendron 112 was a result of the chromatographic purification and the tendency of boronic 

esters to stick or even to decompose on silica gel. In this case, a lot of material decomposed 

which was shown by the fractions containing deborylated linear 5TSi. The desired dendron 

was then coupled to diiodoterthiophene 78 under Suzuki cross-coupling reaction conditions 

to give larger mixed dendrimer 113 (Scheme 38). 

 

Scheme 38. Synthesis of mixed dendrimer 13TSi 113. 

Purification by flash column chromatography gave product fractions, which were further 

purified by multiple SEC and recGPC. Mixed dendrimer 13TSi 113 was isolated in 50% yield. 

Like its corresponding first generation quinquethiophene-based dendrimer 15T5Si 104, it was 

possible to deprotect 113 to dendrimer 114 using TBAF in THF (Scheme 39). 
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Scheme 39. Deprotection of mixed dendrimer 113. 

The reaction mixture was precipitated from MeOH to give all-thiophene mixed dendrimer 

13T 114 in an excellent yield of 94%.  

Another approach for a larger mixed dendrimer was the synthesis of 28TSi 116. The 

synthesis of 116 needed a halogenated derivative of mixed dendrimer 111. Therefore, 8TSi 

74 was reacted with NBS in DMF/THF to give core compound 115 in 69% yield and 70% 

purity (estimated from 1H NMR) (Scheme 40). 

 

Scheme 40. Bromination of 74 to obtain core compound 115. 

This tetrabrominated unit was then directly used for the synthesis of larger mixed dendrimer 

116 via fourfold Pd-catalyzed Suzuki cross-coupling reaction with boronic ester 112 in THF 

(Scheme 41). 
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Scheme 41. Synthesis of mixed dendrimer 28TSi 116. 

Purification by flash column chromatography gave two product fractions, which were 

separately further purified by repetitive SEC. The product fractions obtained by SEC were 

additionally purified by recGPC to finally give second generation mixed dendrimer 28TSi 116 

in 59% yield. 

4.3.2 Optoelectronic Characterization of Mixed Dendrimers 

Again, absorption, emission, and electrochemical behavior of the synthesized mixed 

dendrimers were investigated and compared to suitable analogues of the dendrimers 

consisting of equal α-conjugated chains.  

Absorption and emission spectra of protected and deprotected 8T dendrimers 74 and 111 

were measured in THF shown in Figure 28 and summarized in Table 10. 
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Figure 28. a) Absorption and normalized emission spectra of protected and deprotected dendrimers 8TSi 74 

and 8T 111; b) Absorption spectra of 74 and 111 compared to first generation dendrimers 9T3Si 73 and 9T3 79; 
c) Normalized emission spectra of 74 and 111 compared to 73 and 79. All spectra were recorded in THF. 
Emission maxima were excited at maximum absorption (c = 1 x 10-6 M). 

For comparison the spectra and data of first generation T3-analogues 9T3Si 73 and 9T3 79 are 

given, as well. 

Table 10. Comparison of the optical data of mixed dendrimers 8TSi 74 and 8T 111 with T3-dendrimers 73 and 79 

(measured in THF). 

Dendrimer 
λmax(abs) 

[nm] 

ε 

[L mol
-1

 cm
-1

 ] 

λonset(abs) 

[nm] 

Eg(opt) 

[eV]
a) 

Absorption- 

area 

[L mol
-1

]
b)

 

λmax(em) 

[nm]
c) 

8TSi, 74 353 60500 449 2.76 0.54 499 

8T, 111
 347 48900 445 2.79 0.43 493 

9T3Si, 73 370 57000 484 2.56 0.66 500 

9T3, 79 369 45700 478 2.59 0.58 493 

a) Calculated from Eg(opt) = 1240/λonset; b) Calculated by integration of the spectra in the limits between 300 

nm and onset; c) Corrected values, excited at maximum absorption (c = 1 x 10-6 M). 

The maximum absorption of 8TSi 74 and its desilylated analogue 8T 111 was with 353 and 

347 nm, respectively, in the range of a linear unsubstituted terthiophene (357 nm). The 

molar extinction coefficient was decreased from 60500 to 48900 L mol-1 cm-1 upon 

deprotection, which was found for the α-terthiophene-based dendrimers, as well. The 

onsets and optical band gaps were with values of 447 nm and 2.79 eV identical for the 

protected and deprotected compound. These values are again in accordance to the optical 

band gap of a single α-quinquethiophene (2.72 eV)190 which was expected because of the 

longest conjugated chain within the 8T-dendrimers. This longest conjugated chain consists of 
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four thiophene units plus two double bonds. Compared to protected and deprotected first 

generation dendrimers 9T3Si 73 and 9T3 79, the maximum absorption of the mixed 

dendrimers was blue-shifted by 20 nm. Again, this might be a hint that the α-β-conjugation is 

influencing the absorption behavior. The molar extinction coefficient was slightly increased 

by around 3000 L mol-1 cm-1 for the 8T-dendrimers. As already stated before, a more suitable 

value for comparison of the different dendrimers is the integrated area under the absorption 

curve. Although the molar extinction coefficient of 8TSi 74 is larger than for 9T3Si 73 the area 

under the absorption curve of the 8TSi is smaller with a value of 0.54 vs. 0.66 L mol-1. This is 

in agreement with the results of the terthiophene-based dendrimers which revealed that the 

integrated area under the absorption curve decreases with decreasing number of 

thiophenes present in the molecule. The band gap decreased by 0.2 eV compared to the T3-

based dendrimers due to the longest conjugated chain, which is shortened by one thiophene 

for mixed dendrimers 74 and 111. In the excited state, 8TSi 74 and 8T 111 exhibited an 

intramolecular energy transfer from the shorter conjugated chains onto the longest 

conjugated chain, which was responsible for the emission maxima of 499 nm and 493 nm. In 

both cases, the emission maxima were independent of the excitation wavelength, which is in 

accordance to the behavior of the first generation terthiophene analogues. Again, this is 

ascribed to a flattening of the molecules upon excitation inducing an increased conjugation 

through the α-β-linkages.  

Furthermore, mixed dendrimers 13TSi 113, 13T 114, and 28TSi 116 were investigated, as 

well, and were compared to the protected and deprotected first generation T5-dendrimers 

(Figure 29). 
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Figure 29. a) Absorption and normalized emission spectra of mixed dendrimers 13TSi 113 and 13T 114; b) 
Normalized absorption spectra of 113 and 114 in comparison to T5-dendrimers 104 and 105; c) Normalized 
emission spectra of 113 and 114 in comparison to T5-dendrimers 104 and 105; d) Comparison of absorption 
and normalized emission spectra of both protected mixed dendrimers 113 and 116 with protected T5-
dendrimer 104. All spectra were recorded in THF. Emission maxima were excited at maximum absorption (c = 1 
x 10-6 M). 

 
The optical data of mixed dendrimers 113, 114, and 116 in comparison to T5-dendrimers 104 

and 105 is summarized in Table 11. 
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Table 11. Comparison of the optical data of mixed dendrimers 113, 114, and 116 with first generation T5-

dendrimers 104 and 105 (measured in THF). 

Dendrimer 
λmax(abs) 

[nm] 

ε 

[L mol
-1

 cm
-1

 ] 

λonset(abs) 

[nm] 

Eg(opt) 

[eV]
a) 

Absorption- 

area 

[L mol
-1

]
b)

 

λmax(em) 

[nm]
c) 

13TSi, 113 406 108500 494 2.51 1.16 542 

13T, 114 401 - d) 492 2.52 0.82 542 

15T5Si, 104 425 115500 518 2.39 1.40 535 

15T5, 105 423 100500 519 2.39 1.30 533 

28TSi, 116 396 209000 502 2.47 2.53 556 

a) Calculated from Eg(opt) = 1240/λonset; b) Calculated by integration of the spectra in the limits between 300 

nm and onset; c) Corrected values, excited at maximum absorption (c = 1 x 10-6 M); d) Compound showed very 

low solubility in THF, probably not completely dissolved. 

When comparing 13TSi 113 to 15T5Si 104, the difference in molecular structure lies in the 

core, which is reduced by two thiophene units in 13TSi 113. This is also reflected by the 

absorption behavior of 113. Its maximum absorption was hypsochromically shifted by 19 nm 

to 406 nm although the prevalent chromophore is the quinquethiophene in both 

dendrimers. An explanation could be an increased steric hindrance in 13TSi 113 arising from 

less space for the quinquethiophene arms. This leads to twisted quinquethiophenes in 113 

with disturbed conjugation and blue-shifted absorption. The maximum absorption of 28TSi 

116 was even more blue-shifted to 396 nm what could be again explained by the steric 

hindrance, which should be even higher compared to 13TSi 113. The mixed dendrimers 

again exhibited very high molar extinction coefficients. 113 showed a molar extinction 

coefficient of 108500 L mol-1 cm-1 resulting in more than 8000 L mol-1 cm-1 per thiophene 

which is an increase of over 25% compared to the terthiophene-based dendrimers (~6300 L 

mol-1 cm-1). In mixed dendrimer 28TSi 116, the molar extinction coefficient per thiophene 

was as well increased to a value of ~7400 L mol-1 cm-1. Again, the ratio between the 

integrated absorption areas of 13TSi 113 and 28TSi 116 corresponded very well to the ratio 

of thiophenes present in the dendrimers. 28TSi 116 consists of two 13TSi building blocks and 

a bithiophene core. This similarity was also reflected in their very comparable absorption 

onsets and optical band gaps which were around 497 nm and 2.5 eV, respectively. It might 

be that the two dendrons are twisted in a way that the conjugation through the 
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bithiophene-bridge is nearly broken. This results in the same longest conjugated chain in 116 

as in 113 which then determines the onset. Like in all the other thiophene dendrimers 

presented in this work, the emission maxima came from the longest conjugated chains in the 

molecules and were independent of the excitation wavelength. This is again attributed to a 

flattening of the dendritic systems in their excited state causing a minimal red-shift of the 

emission maximum of 556 nm for 28TSi 116 compared to 13TSi 113 with 542 nm. 

The molar extinction coefficient of 13T 114 cannot be compared to the other dendrimers 

because the compound could not be completely dissolved in THF, which is also indicated by 

the lifted baseline of absorption spectrum. As already learned from the other dendrimers, 

deprotection does not really affect the other optical properties so that the maximum 

absorption was only slightly blue-shifted to 401 nm, whereas the onset (492 nm), the optical 

band gap (2.52 eV), and the maximum emission (542 nm) were similar to its protected 

counterpart 13TSi 113. 

Cyclovoltammetric measurements of the protected and deprotected mixed dendrimers 8TSi 

74 and 8T 111 were performed in DCM solutions containing 0.1 M tetra-n-butylammonium 

fluoride (TBAPF) at 100 mV s-1 scan rate. Potentials were referenced against Fc/Fc+ and are 

depicted in Figure 30. For comparison reasons the cyclovoltammogram of first generation T3-

dendrimer 73 is included, as well. The electrochemical data is summarized in Table 12.     
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Figure 30. Cyclic voltammograms of a) protected mixed dendrimer 8TSi 74 in comparison to first generation 

dendrimer 9T3Si 73 in DCM (c = 1 x 10-3 M); b) Deprotected mixed dendrimer 8T 111 in DCM (c = 2 x 10-4 M) 

until first oxidation; c) Complete cyclic voltammogram of unprotected mixed dendrimer 8T 111 in DCM. All 

measurements were recorded in solutions containing 0.1 M TBAPF at scan rates of 100 mV s-1. 

Table 12. Electrochemical data of protected and deprotected mixed dendrimers 74 and 111 in comparison to 

first generation terthiophene dendrimers 73 and 79 measured in DCM (c = 1 x 10-3 M) containing 0.1 M TBAPF 

at scan rates of 100 mV s-1.  

Dendrimer 
E

0
1(ox) 

[V] 

E
0

2(ox) 

[V] 

E
0

3(ox) 

[V] 

Eonset(ox) 

[V] 

HOMO 

[eV]
a) 

LUMO 

[eV]
b) 

8TSi, 74
 0.48 0.66 1.00c) 0.41 -5.51 -2.75 

8T, 111
d) 0.58 0.77 1.04c) 0.51 -5.61 -2.82 

9T3Si, 73
 0.45 0.65 0.92 0.39 -5.49 -2.93 

9T3, 79
e) 0.47 0.68 0.94c) 0.41 -5.51 -2.92 

a) Calculated from EHOMO = -(5.1 + Eonset(ox)) [eV]; b) Calculated from ELUMO = EHOMO + Eg(opt) [eV]; c) Irreversible 

oxidation, determined at I0 = 0.845 Ip;192 d) Measured at a concentration of 2 x 10-4 M; e) Measured at a 

concentration of 1 x 10-4 M.   
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At first glance, the cyclic voltammograms of 8TSi 74 and 9T3Si 73 are very similar which can 

be understood from their similar molecular structures. The first and second reversible 

oxidation of 74 are with 0.48 V and 0.66 V nearly identical. There is only a slight change in 

the difference of the first and second oxidation which is ∆E = 0.18 V for 74 and ∆E = 0.21 V 

for 73. Presuming that the first two oxidations are occurring at the outer terthiophene 

wedges, this might be a result from a minor enhancement in the communication between 

these wedges in 73 due to improved steric conditions for the α-β-conjugation. The 

communication then leads to a minimally more difficult second oxidation. The third 

oxidation wave at 1.00 V is ascribed to the oxidation of the bithiophene bridge of 74 which is 

expected to be oxidized at higher potentials than the terthiophene bridge of 73 (0.92 V). 

Again, this supports the statement that oxidation of the dendrimers consisting of linear 

building blocks occur firstly at the peripheral electrophores. The HOMO energy levels of 74 

and 73 stay with -5.5 eV identical, whereas the LUMO energy level of 8TSi 74 is lifted by 0.2 

eV to -2.75 eV. 

The first oxidation potential and onset of deprotected 8T 111 were shifted to unusual higher 

potentials of 0.58 and 0.51 V. Nevertheless, already the first oxidation of 8T 111 was 

irreversible causing the usual polymerization pattern in combination with the occurrence of 

a new oxidation wave at lower potentials. The complete cyclic voltammogram (Figure 30c) 

exhibited a second quasi-reversible oxidation at 0.77 V. Similar to its corresponding 

deprotected T3-dendrimer 79, a third irreversible oxidation occurred at 1.04 V. 

Cyclovoltammetric measurements of the mixed dendrimers 13TSi 113, 13T 114, and 28TSi 

116 were performed in solutions containing 0.1 M tetra-n-butylammonium fluoride (TBAPF) 

at 100 mV s-1 scan rate. Potentials were referenced against Fc/Fc+ (Figure 31). For 

comparison reasons, the cyclic voltammogram of corresponding T5-dendrimer 104 is shown 

as well. All electrochemical data is summarized in Table 13.        
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Figure 31. Cyclovoltammograms of a) protected mixed dendrimer 13TSi 113 in DCM (c = 5 x 10-4 M) comparison 

to b) first generation dendrimer 15T5Si 104 in DCM (c = 1 x 10-4 M); c) Deprotected mixed dendrimer 13T 114 in 

TCE (c = 2 x 10-4 M); c) Second generation mixed dendrimer 28TSi 116 in DCM (c = 1 x 10-4 M). All 

measurements were recorded in solutions containing 0.1 M TBAPF at scan rates of 100 mV s-1. 

Table 13. Electrochemical data of protected mixed dendrimer 13TSi 113 in comparison to first generation 

quinquethiophene 15T5Si 104, as well as 13T 114, and 28TSi 116 measured in DCM containing 0.1 M TBAPF at 

scan rates of 100 mV s-1. 

Dendrimer 

(conc.) 

E
0

1a(ox) 

[V] 

E
0

1b(ox) 

[V] 

E
0

2(ox) 

[V] 

E
0

3(ox) 

[V] 

Eonset(ox) 

[V] 

HOMO 

[eV]
a) 

LUMO 

[eV]
b) 

13TSi, 113 

(5 x 10-4 M) 
0.38 - 0.73 0.98 0.36 -5.46 -2.95 

15T5Si, 104 

(1 x 10-4 M) 
0.32 0.36 0.77 0.87 0.28 -5.38 -2.90 

13T, 114 

(2 x 10-4 M)c) 
0.36 - 0.74d) - 0.36 -5.46 -2.94 

28TSi, 116 

(1 x 10-4 M) 
0.38d) - - - 0.33 -5.43 -2.96 

a) Calculated from EHOMO = -(5.1 + Eonset(ox)) [eV]; b) Calculated from ELUMO = EHOMO + Eg(opt) [eV]; c) Measured 

in TCE; d) Irreversible oxidation, determined at I0 = 0.845 Ip.192 
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The cyclic voltammogram of 13TSi 113 clearly exhibited three quasi-reversible oxidation 

waves, of which the first two are one-electron oxidations and the last one is a single one-

electron oxidation like in 15T5Si 104. The first oxidation wave at 0.38 V is assigned to the 

oxidation of both 5T-arms forming radical cations and was shifted to higher potentials 

compared to T5-analogue 104 having the first oxidation occurring at 0.32 V. In contrast to 

this, the second oxidation of mixed dendrimer 113, which is assigned to the second 

oxidation of both arms, was shifted to lower potentials (0.73 V) than for 104 (0.77 V). This 

could arise from a steric hindrance in 13TSi 113 resulting in a smaller potential difference 

between both oxidation processes. This is also supported by another obvious difference. 

Whereas there was only a single wave occurring for the two one-electron transfers at 0.38 V 

for 13TSi 113 the first oxidation wave of 104 was split. Again, this might arise from a steric 

hindrance causing even further twisted α-β-linkages between the wedges and bridge. These 

twists lead to a minor communication between the 5T-electrophores allowing two separate 

oxidations at the same potential. The third wave at 0.98 V belongs to the one-electron 

oxidation of the terthiophene bridge in the center of the dendrimer. In comparison to T5-

based dendrimer 104 it occurred at higher potentials which was expected because of the 

shorter π-conjugated system of the terthiophene. The cyclic voltammogram of 13TSi 113 

supports the statement that the dendrimers based on linear building blocks were oxidized 

first at the periphery. The HOMO and LUMO energy levels are with -5.46 and -2.95 eV quite 

similar to 104 making 13TSi 113 a suitable candidate for the application in BHJ solar cells.  

Deprotected mixed dendrimer 13T 114 showed the typical behavior when free α-hydrogens 

are present (Figure 31c). The solubility of 13T 114 was so low that the measurement was 

only possible in TCE. Like for the other deprotected dendrimers, both oxidations at 0.36 V 

and 0.74 V were not reversible leading to new oxidation waves and increased currents in the 

following cycles due to polymerization. The HOMO and LUMO energy levels of 114 were 

identical to the protected analogue 113. 

Although 28TSi 116 was protected, the cyclic voltammogram rather looked like the typical 

electrochemical polymerization of a deprotected dendrimer. The first irreversible oxidation 

wave at 0.38 V seemed to be a multiple one-electron oxidation. The similar potentials of the 

first oxidation of 28TSi 116 and 13TSi 113 is again a hint that the wedges of 28TSi 116 are 

twisted in a way that there was no communication between them through the bithiophene 

bridge resulting in two independent 13TSi dendritic electrophores. The unusual behavior at 
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higher potentials reminds of the redox-behavior of second generation T3-dendrimer 83. 

Probably 28TSi 116 forms aggregates on the electrode leading to these increased currents. 

Not only the first oxidation, but also the frontier orbital energy levels at -5.43 and -2.96 eV 

are similar to 13TSi 113. 

4.3.3 Application of mixed Dendrimers in Photovoltaic Devices 

All protected and deprotected mixed dendrimers were tested as donors together with 

PC61BM or PC71BM as acceptors in BHJ solar cells. The device structure consisted of 

glass/ITO/PEDOT:PSS/D:A/LiF/Al. All devices were optimized and the best results are 

presented in this section.  

Figure 32 depicts the J-V curves and corresponding external quantum efficiency (EQE) 

spectra of the different devices made with protected and deprotected mixed dendrimers 74 

and 111. Due to its low solubility deprotected dendrimer 8T 111 was spin-coated from TCE 

solutions, whereas 8TSi 74 could be spin-coated from CB solutions. 
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Figure 32. Device performances of protected and deprotected mixed dendrimers 74 and 111 a) J-V curves in 

dark and under illumination [nominal AM1.5G, 100 mW cm-2] with 8TSi:PC61BM; b) J-V curves in dark and under 

illumination with 8T:PC61BM; c) Comparison of corresponding EQEs. 
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The results of the solar cell optimization are summarized and compared to their 

corresponding first generation T3-dendrimers in Table 14. 

Table 14. Device performance data of mixed dendrimers 74 and 111 using PC61BM in comparison to first 
generation terthiophene dendrimers 73 and 79 in solution-processed BHJ solar cells with a device structure of 
glass/ITO/PEDOT:PSS/D:A/LiF/Al. 

Dendrimer Acceptor Solvent 
D:A ratio  

(spin-speed) 

JSC 

[mA cm
-2

]
a) 

VOC 

[V] 
FF

 
PCE 

[%]
b) 

8TSi, 74
 PC61BM 

CB 

(rt) 

1:4 

(1500) 
1.69 1.02 0.30 0.52 

8T, 111 PC61BM 
TCE 

(rt) 

1:3 

(750) 
1.38 0.98 0.29 0.40 

9T3Si, 73 PC61BM 
CB 

(rt) 

1:4 

(750) 
1.74 1.04 0.34 0.62 

9T3, 79 PC61BM 
CB 

(rt) 

1:4 

(1000) 
1.82 1.03 0.32 0.59 

a) Determined by convolution of the EQE spectra with the AM1.5G spectrum (100 mW cm-2); b) η = VOC x JSC x 
FF (FF = fill factor). 

8TSi 74 and its deprotected analogue 111 showed high VOCs of around 1 V, which are a 

unique property of the all-thiophene dendrimers used in OPVs. In spite of these good 

results, the currents as well as FF were rather low when compared to corresponding first 

generation T3-dendrimers 73 and 79. 8TSi 74 achieved a PCE of 0.52%, which was slightly 

decreased by 0.1% compared to 9T3Si 73. A reason for this can be found in the absorption 

behavior of 8TSi 747, which exhibited a smaller integrated area under the hypsochromically 

shifted absorption curve. Whereas the maximum absorption and optical band gap of 73 

were around 370 nm and 2.56 eV, respectively, the values for 74 were only around 353 nm 

and 2.76 eV. This larger band gap resulted also in a lifted LUMO energy level being less 

appropriate for a charge transfer process onto PC61BM than from the lower lying LUMO of 

73 (-2.93 eV). This resulted in the decreased PCE for 8TSi 74. 

The even worse efficiency of 0.40% obtained by 8T 111 is on one hand attributed to the 

lower solubility and decreased quality of the spin-coated film and on the other hand to the 

decreased absorption of longer wavelength photons compared to 8TSi 74. This can be also 

seen by comparing both EQE spectra (Figure 32c).  

13TSi 1135 and 13T 114 were tested in BHJ solar cells having a device structure of 

glass/ITO/PEDOT:PSS/D:A/LiF/Al (Figure 33). For a comparison, the data of T5-analogues 104 
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and 105 were given in Table 15, as well. All presented results were the best ones out of 

several measurements. 
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Figure 33. Device performances of protected and deprotected mixed dendrimers 113 and 114 a) J-V curves in 

dark and under illumination [nominal AM1.5G, 100 mW cm-2] with 13TSi:PC61BM; b) J-V curves in dark and 

under illumination with 13TSi:PC71BM; c) J-V curves in dark and under illumination with 13T:PC61BM; a) J-V 

curves in dark and under illumination with 13T:PC71BM; d) Comparison of corresponding EQEs. 

13TSi 113 was used in combination with PC61BM and PC71BM and spin-coated from CHCl3 

solutions. Although other dendrimers of this work were processed from CB or TCE solutions, 

13TSi 113 showed the best results when spin-coated from CHCl3 solutions. The VOCs of both 

devices showed good, but compared to the other all-thiophene dendrimers, rather 

moderate VOCs of under 0.9 V (Figure 33a and b). Nevertheless, mixed dendrimer 113 could 
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achieve a moderate PCE of 0.81% with a JSC of 2.71 mA cm-2 and a good FF of 0.37. This result 

is comparable to the 0.89% realized with 15T5Si 104. T5-based dendrimer 104 showed a 

slightly improved VOC of 0.90 V, which is ascribed to a better morphology (104 was spin-

coated from TCE at 80 °C). In combination with PC71BM the efficiency of mixed dendrimer 

13TSi 113 was doubled to an excellent value of 1.66%, which is mainly the result of the large 

increase of the JSC to 5.27 mA cm-2. This increase can be again explained by the gain in 

photon absorption in the range between 500 and 700 nm when using PC71BM, which is also 

expressed by the EQE spectra (Figure 33e). 

Processing of deprotected mixed dendrimer 13T 114 turned out to be problematic because 

of its low solubility. Therefore, the active blend was spin-coated from TCE solutions at 80 °C. 

The device provided a VOC of only 0.57 V when using PC61BM as acceptor which was the 

direct result of the low solubility and poor film forming properties. With a decreased JSC of 

2.21 mA cm-2 a PCE of was 0.42% obtained, which is even worse than the results obtained by 

first generation terthiophene dendrimer 9T3 79 although 114 showed much more suitable 

optical and electrochemical properties. Of course, the use of PC71BM could only slightly 

improve the results to a JSC value of 4.61 mA cm-2, VOC of 0.70 V, FF of 0.33, and to a resulting 

PCE of 1.07%. Due to its low solubility and the resulting islands of undissolved material the 

charge dissociation and transport was this much disturbed that the performance of mixed 

dendrimer 114 was far worse than the performance of 15T5 105 and PC71BM with a PCE of 

1.99%.   

Mixed dendrimer 28TSi 116 was tested in BHJ solar cells using PC61BM, as well (Figure 34). 

Since it exhibited a blue-shifted absorption maximum compared to 13TSi 113, it was 

expected to give, in spite of its doubled molar extinction coefficient, worse results. The JSC 

was decreased to 2.53 mA cm-2 and with a comparable VOC of 0.83 V and FF of 0.37 an only 

slightly decreased PCE of 0.79% was achieved.  
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Figure 34. Device performances of mixed dendrimer 28TSi 116 a) J-V curves in dark and under illumination 

[nominal AM1.5G, 100 mW cm-2] with PC61BM; b) Corresponding EQE. 

All optimized results of the mixed dendrimers are summarized in Table 15. 

Table 15. Device performance data of mixed dendrimers 113, 114 and 116 using PC61BM and PC71BM in 
comparison to T5-dendrimers 104 and 105 in solution processed BHJ solar cells with a device structure of 
glass/ITO/PEDOT:PSS/D:A/LiF/Al. 

Dendrimer Acceptor Solvent 
D:A ratio 

(spin speed) 

JSC 

[mA cm
-2

]
a) 

VOC 

[V] 
FF

 
PCE 

[%]
b) 

13TSi, 113
 PC61BM 

CHCl3 

(rt) 

1:4 

(1250) 
2.73 0.81 0.37 0.81 

13TSi, 113 PC71BM 
CHCl3 

(rt) 

1:4 

(1250) 
5.27 0.87 0.36 1.66 

13T, 114 PC61BM 
TCE 

(80 °C) 

1:4 

(750) 
2.21 0.57 0.33 0.42 

13T, 114 PC71BM 
TCE 

(80 °C) 

1:4 

(1000) 
4.61 0.70 0.33 1.07 

15T5Si, 104 PC61BM 
TCE 

(80 °C) 

1:4 

(1250) 
2.58 0.90 0.38 0.89 

15T5, 105 PC71BM 
TCE 

(80 °C) 

1:4 

(1000) 
5.76 0.94 0.37 1.99 

28TSi, 116 PC61BM 
CHCl3 

(rt) 

1:4 

(1000) 
2.53 0.83 0.38 0.79 

a) Determined by convolution of the EQE spectra with the AM1.5G spectrum (100 mW cm-2); b) η = VOC x JSC x 
FF (FF = fill factor). 

Again it was proven that an increase in molar extinction coefficient is not as beneficial as a 

red-shifted absorption. 
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4.3.4 Summary of Chapter 4.3 

In addition to the dendrimers based on equal α-conjugated chains mixed dendrimers 8TSi 

74, 8T 111, 13TSi 113, 13T 114, and 28TSi 116 based on linear building blocks were obtained 

by similar synthetic techniques. Again, all mixed dendrimers showed high molar extinction 

coefficients. The absorption maxima of the first generation mixed dendrimers were hypso-

chromically shifted in comparison to their analogues of the dendrimers based on equal α-

conjugated chains. This was mainly attributed to a larger steric hindrance in the mixed 

dendrimers due to a smaller core. It was especially obvious in second generation mixed 

dendrimer 28TSi 116 with the absorption maximum lying furthest in the blue wavelength 

range. In electrochemical measurements all mixed dendrimers revealed suitable, but not 

optimal HOMO and LUMO energy levels for the use as donor materials in organic solar cells. 

In BHJ solar cells VOCs were slightly lower than for the other dendrimers with values around 

0.85 V. This was attributed to rather bad film forming conditions and not optimal 

morphologies than to non-matching electrochemical properties. The best performance was 

obtained by 13TSi 113 and PC71BM achieving a good PCE of 1.66% under AM1.5G conditions, 

which was rather a result of the absorption behavior of the acceptor than of the donor. Since 

the best PCE (1.99% with PC71BM) was obtained with deprotected quinquethiophene-based 

dendrimer 15T5 105, 13T 114 was expected to give comparable results. But the lowered 

solubility, which was already revealed in absorption measurements proved to be 

problematic. This extremely decreased the performance in solar cells giving a PCE of only 

1.07% when using PC71BM. With the decreased PCE of second generation mixed dendrimer 

28TSi 116 compared to the first generation mixed dendrimer 13TSi 113 it was again shown 

that a broadened absorption is much more beneficial than a high molar extinction 

coefficient. 
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5.1 Summary 

The primary target of this thesis was the synthesis of dendritic oligothiophenes consisting of 

equal α-conjugated chains and their study concerning optoelectronic and photovoltaic 

properties. Therefore, a linear terthiophene (T3) was used as building block instead of the 

branched terthiophene building block used for the first terthiophene dendrimers of 

Advincula et al. and Ma et al.. The linear building block and the resulting α-β-linkages 

between the α-conjugated chains were thought to avoid an energy transfer from the 

periphery to the core which was found by fluorescence investigations for Ma’s dendrimers.  

 

Figure 35. Branched versus linear terthiophene building block. 

The preservation of the functionality in the β-position turned out to be the bottleneck of the 

dendrimer synthesis via Suzuki cross-coupling reactions. This was successfully solved by the 

introduction of more reactive iodines at the α-positions in contrast to the slightly less 

reactive bromine at the β-position. With this and a variety of purification methods finally the 

T3-dendrimers were synthesized up to the third generation. 

 

Figure 36. First and second generation T3-dendrimers. 
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Figure 37. Third generation terthiophene dendrimer 45T3Si. 

In spite of its huge molecular weight of nearly 5000 g mol-1 45T3Si was as soluble in common 

organic solvents as the smaller generations. Even deprotected all-thiophene dendrimers 9T3 

and 21T3 were still soluble showing that these dendrimers were far from having a flat 

molecular structure. 

These dendrimers exhibited unique optical properties and gave further insight into the α-β-

conjugation. In absorption measurements all three generations showed the same absorption 

maximum of 370 nm. This was assigned to the α-terthiophene moieties being the dominant 

chromophore within the dendrimers. Furthermore, the absorption onsets were identical 

leading to identical optical band gaps of 2.56 eV for all three generations. All dendrimers 

showed extremely high molar extinction coefficients of up to 279000 L mol-1 cm-1 for third 

generation dendrimer 45T3Si exceeding the coefficients of their analogues from Ma’s 

dendrimers. However, the comparison of the molar extinction coefficients of molecules 

consisting of different chromophores did not give the exact picture of the absorption 

capability since it is only dependent on the dominating chromophore. Therefore, it is 

suggested to compare the integrals of the absorption. 
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Figure 38. Dependence of the integrals of the absorption on the number of thiophenes. 

This comparison clearly shows that the integrated area under the absorption curve is 

proportional to the number of thiophenes within the dendrimer. Although the identical 

absorption maxima and optical band gaps seemed to be a proof for the theory of equal α-

conjugated terthiophene building blocks being independent of each other, the values of the 

optical band gap suggested something else. The optical band gap of a terthiophene is with 

3.15 eV much larger than the 2.56 eV found for the dendrimers showing that the α-β-linkage 

does not entirely break the conjugation but influences the absorption behavior, as well. The 

synthesis and characterization of reference compounds 3TSi3TSi and β-6T3Si gave more 

insight. 

 

Figure 39. Reference compounds 3TSi3TSi and β-6T3Si. 

The absorption spectra of both compounds showed the same maximum absorption as the 

terthiophene dendrimers but different hypsochromically shifted onsets with the one of 

β-6T3Si being the furthest in the blue range. This proved that the main chromophore directs 

the position of the maximum. But the onset and band-gap of the dendrimer is not only 

influenced by the longest α-conjugated but by the longest overall conjugated chain. This 

becomes invalid when the steric hindrance becomes too large and the α-β-connection is 

twisted in a way that the conjugation is interrupted. This must be true for the second and 
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third generation dendrimers as the absorption onsets were the same as for the first 

generation dendrimer. However, in the excited state the emission maxima came from the 

longest conjugated chains and were bathochromically shifted with growing generational 

size. This was ascribed to a flattening of the dendrimers upon excitation. Furthermore, the 

emission maxima were invariant of the excitation wavelength being an indication for an 

energy transfer from shorter conjugated chains to the longest one. In electrochemical 

measurements the terthiophene dendrimers showed that the first oxidations take place in 

the periphery. Potentials of the first oxidation were shifted to lower potentials with growing 

size.  

The application of the dendritic oligothiophenes in solution-processed bulk heterojunction 

solar cells revealed extremely high VOCs for all generations but rather moderate FFs. 

Although really high molar extinction coefficients were obtained, especially for the third 

generation, rather low JSCs were achieved. This was attributed to the missing ability to 

absorb photons of the red wavelength range. However, the efficiencies increased with 

growing generational size and led to a PCE of 0.92% when using dendrimer 45T3Si and 

PC61BM under AM1.5G conditions. In combination with PC71BM the PCE was increased to 

1.68% which is very good in comparison to other all-thiophene dendrimers. The EQE spectra 

revealed the reason for the increase which was a result of the broadening of the EQE spectra 

to the red wavelength range upon use of PC71BM. 

In order to increase the efficiencies of the solar cells a dendrimer with a quinquethiophene 

(T5) building block and therefore, an extended π-conjugated system was synthesized. 

Laborious synthesis and purification steps afforded derivatives 15T5Si and 15T5, which 

exhibited besides very high molar extinction coefficients bathochromically shifted 

absorption maxima of around 425 nm, which were ascribed to the quinquethiophene 

chromophore.  
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Figure 40. Quinquethiophene-based dendrimers. 

Again the absorption onset of the quinquethiophene-based dendrimers was further red-

shifted than it would be possible for a 5T. This was assigned to the longest conjugated chain 

reflecting the influence of the α-β-connections. Similar to the terthiophene dendrimers the 

T5-dendrimers exhibited emission maxima, which were independent of the excitation 

wavelength and came from the longest conjugated chain due to an energy transfer. 

Cyclovoltammetric measurements showed first and second oxidations occurring at the 

wedges of the dendrimers with each wedge being oxidized twice in the case of the protected 

T5-dendrimer. For a first generation all-thiophene dendrimer 15T5 achieved a very good PCE 

of 0.92% under AM1.5G conditions being as high as for synthetically more elaborate third 

generation 45T3Si, although the molar extinction coefficient was more than doubled in 

45T3Si. This good performance was mainly ascribed to the red-shifted absorption. This 

comparison clearly showed that a bathochromic shift in absorption is far more beneficial 

than an increased molar extinction coefficient. Using PC71BM an excellent PCE of 1.99% was 

obtained with 15T5 as donor again revealing the positive influence of the red-shifted 

absorption of the acceptor. 

In addition to the dendrimers based on equal α-conjugated chains mixed dendrimers based 

on linear building blocks were obtained by similar synthetic techniques. 
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Figure 41. Protected and deprotected first generation mixed dendrimers. 

 

Figure 42. Second generation mixed dendrimer. 

Again, all mixed dendrimers showed high molar extinction coefficients. The absorption 

maxima of the first generation mixed dendrimers were hypsochromically shifted in 

comparison to their analogues of the dendrimers based on equal α-conjugated chains. This 

was mainly attributed to a larger steric hindrance in the mixed dendrimers due to a smaller 

core. It was especially obvious in second generation mixed dendrimer 28TSi with the 

absorption maximum lying furthest in the blue wavelength range. In electrochemical 

measurements all mixed dendrimers revealed suitable, but not optimal HOMO and LUMO 

energy levels for the use as donor materials in BHJ solar cells. 
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In BHJ solar cells VOCs were slightly lower than for the other dendrimers with a value around 

0.85 V. This was attributed to rather bad film forming conditions and not optimal 

morphologies than to non-matching electrochemical properties. The best performance was 

obtained by 13TSi and PC71BM achieving a good PCE of 1.66% under AM1.5G conditions, 

which was rather a result of the absorption behavior of the acceptor than of the donor. Since 

the best PCE (1.99% with PC71BM) was obtained with deprotected quinquethiophene-based 

dendrimer 15T5, 13T was expected to give comparable results. But the lowered solubility, 

which was already revealed in absorption measurements, proved to be problematic. This 

extremely decreased the performance in solar cells giving a PCE of only 1.07% when using 

PC71BM. With the decreased PCE of the second generation mixed dendrimer 28TSi compared 

to the first generation mixed dendrimer 13TSi it was again shown that a broadened 

absorption is much more beneficial than a high molar extinction coefficient. 

In summary, it was shown that the α-β-connection within the dendrimers influences the 

physical properties of the all-thiophene dendrimers. Very high molar extinction coefficients 

were obtained especially by the larger generations. For a comparison of the absorption 

behavior within a series of dendrimers with multiple chromophores the areas under the 

absorption gave a more precise picture than the comparison of the molar extinction 

coefficients. Electrochemical measurements revealed that oxidations first take place at the 

peripheral electrophores. All dendrimers exhibited suitable, but not optimal HOMO and 

LUMO energy levels for the use in BHJ solar cells. Application of these dendritic donors in 

BHJ solar cells showed that very high VOCs were possible for some of the all-thiophene 

dendrimers, but JSCs and FFs were rather moderate. This was assigned to the missing ability 

to absorb photons in the red wavelength range which could be partially compensated when 

using PC71BM as acceptor. However, the best PCE did not exceed 2% which is in comparison 

to, e.g., all-thiophene polymer P3HT rather low, but in comparison to other all-thiophene 

dendrimers quite good. Furthermore, it was revealed that a red-shifted absorption is much 

more beneficial to the performance than an extremely high molar extinction coefficient. This 

statement shows also that the PCEs do not always justify the synthetic effort to obtain 

higher generations of these dendrimers based on linear building blocks. 
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5.2 Zusammenfassung 

Das primäre Ziel dieser Arbeit war die Synthese von Oligothiophendendrimeren mit 

gleichbleibender α-Konjugationslänge der Aufbaueinheiten. Anstelle eines verzweigten 

Terthiophenbausteins, wie er für die Synthese der ersten all-Thiophendendrimere von 

Advincula et al. und Ma et al. genutzt worden ist, wurde ein lineares Terthiophene (T3) als 

Grundeinheit verwendet. Die Verwendung dieses linearen Bausteins resultierte in der 

Entstehung von α-β-Verknüpfungen zwischen den α-konjugierten Einheiten. Diese sollten 

dazu dienen, einen Energietransfer von der Peripherie zum Kern, wie er durch 

Fluoreszenzmessungen für die Dendrimere von Ma gezeigt werden konnte, zu verhindern. 

 

Abbildung 1. Verzweigter contra linearer Terthiophenbaustein. 

Die Erhaltung der Funktionalität in β-Stellung erwies sich als Nadelöhr der 

Dendrimersynthese via Suzuki Kreuzkupplungsreaktionen. Dies konnte jedoch durch die 

Einführung von Iodsubstituenten in α-Stellung, die reaktiver als der Bromsubstituent in 

β-Stellung sind, erfolgreich gelöst werden. Dadurch konnten, unter Zuhilfenahme 

verschiedenster Aufreinigungsmethoden, schließlich die T3-Dendrimere bis zur dritten 

Generation dargestellt werden. 

 

Abbildung 2. T3-Dendrimere der ersten und zweiten Generation. 
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Abbildung 3. Terthiophendendrimer der dritten Generation 45T3Si. 

Trotz des hohen Molekulargewichts von fast 5000 g mol-1 erwies sich die dritte Generation 

45T3Si als ähnlich löslich in gängigen organischen Lösemitteln wie die kleineren 

Generationen. Sogar die entschützten all-Thiophendendrimere 9T3 und 21T3 waren immer 

noch löslich, was zeigte, dass diese Dendrimere alles andere als planare Strukturen 

aufweisen. 

Diese Dendrimere offenbarten einzigartige optische Eigenschaften und gewährten einen 

weiteren Einblick bezüglich der α-β-Konjugation. In Absorptionsuntersuchungen zeigten alle 

drei Generationen ein identisches Absorptionsmaximum von 370 nm. Dies wurde der 

α-Terthiopheneinheit als dominantestem Chromophor innerhalb der Dendrimere zuge-

schrieben. Außerdem wiesen die drei Generationen gleiche Absorptionsanfänge und somit 

identische optische Bandlücken von 2.56 eV auf. Allen T3-Dendrimeren waren außer-

ordentlich hohe molare Extinktionskoeffizienten von bis zu z. B. 279000 L mol-1 cm-1 für die 

dritte Generation 45T3Si gemein, die die molaren Extinktionskoeffizienten der entsprechen-

den Analoga von Ma übertrafen. Allerdings spiegelt der Vergleich der molaren Extinktions-

koeffizienten von Verbindungen mit mehreren verschiedenen Chromophoren nicht ein ex-

aktes Bild des Absorptionsvermögens wieder, da es nur von der dominantesten Einheit ab-

hängig ist. Deshalb ist der Vergleich der Integrale der Absorption zu empfehlen. 
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Abbildung 4. Abhängigkeit der Integrale der Absorption von der Anzahl an Thiophenen. 

Diese Gegenüberstellung zeigt eindeutig, dass das Integral des Absorptionsspektrums pro-

portional zu der Anzahl an Thiophenen innerhalb des Dendrimers ist. Obwohl die identischen 

Absorptionsmaxima und optischen Bandlücken als Beweise für die Theorie der gleichblei-

benden α-Konjugationslängen, die unabhängig voneinander sind, schienen, wies die Größe 

der optischen Bandlücke auf etwas anderes hin. Die Bandlücke eines linearen Terthiophens 

sollte bei ungefähr 3.15 eV liegen und damit um einiges größer sein als die für die T3-

Dendrimere gefundenen 2.56 eV. Dies ließ darauf schließen, dass die α-β-Verknüpfung die 

Konjugation nicht völlig unterbricht und sehr wohl das Absorptionsverhalten beeinflusst.  Die 

Synthese und Charakterisierung der Referenzverbindungen 3TSi3TSi und β-6T3Si gab einen 

tieferen Einblick. 

 

Abbildung 5. Referenzverbindungen 3TSi3TSi und β-6T3Si.   

Die Absorptionsspektren beider Verbindungen zeigten das gleiche Absorptionsmaximum auf, 

wie die Terthiophendendrimere, aber hypsochrom verschobene Absorptionsanfänge, bei 

denen β-6T3Si das am weitesten blauverschobene aufwies. Dies bewies erneut, dass das 

Hauptchromophor die Lage des Absorptionsmaximums bestimmt. Der Absorptionsbeginn 

wird hingegen nicht von der längsten α-konjugierten, sondern von der allgemein längsten 

konjugierten Kette bestimmt. Dies gilt allerdings nicht mehr, wenn der sterische Anspruch zu 
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groß und die α-β-Verknüpfung dermaßen verdrillt wird, dass die Konjugation unterbrochen 

wird. Das schien für die zweite und dritte Generation der Terthiophendendrimere der Fall zu 

sein, da die Absorptionsanfänge identisch zu dem der ersten Generation waren. Nichts-

destotrotz, im angeregten Zustand wurde die Fluoreszenz von der längsten konjugierten 

Kette emittiert und die Maxima wurden mit wachsender Generationsgröße bathochrom ver-

schoben. Dieses Verhalten wurde durch eine Planarisierung der Dendrimere im angeregten 

Zustand erklärt. Außerdem war die Lage der Emissionsmaxima unabhängig von der An-

regungswellenlänge, was als Indiz für einen Energietransfer von den kürzeren konjugierten 

zu der längsten konjugierten Einheit gedeutet worden ist. Elektrochemische Untersuchungen 

der Terthiophendendrimere zeigten, dass die ersten Oxidationen, welche mit wachsender 

Molekülgröße zu niedrigeren Potentialen verschoben werden, zunächst in der Peripherie 

stattfinden. 

Die Anwendung der dendritischen oligothiophene in aus Lösung prozessierten Mischhetero-

übergangssolarzellen (BHJ) offenbarte extrem hohe VOCs für alle Generation, aber nur 

moderate FFs. Trotz der sehr hohen molaren Extinktionskoeffizienten, besonders für die 

dritte Generation, konnten nur eher niedrige JSCs erhalten werden. Dies wurde dem fehlen-

den Vermögen zur Absorption von Photonen aus dem roten Wellenlängenbereich zuge-

schrieben. Die Wirkungsgrade wuchsen dennoch mit steigender Generationengröße, was zu 

einer Effizienz von maximal 0.92% unter Verwendung von Dendrimer 45T3Si und PC61BM 

unter AM1.5G Bedingungen führte. In Kombination mit PC71BM konnte die Effizienz auf 

1.68% gesteigert werden, was im Vergleich zu anderen all-Thiophendendrimeren sehr gut 

ist. Die EQE-Spektren offenbarten den Grund dieser Steigerung, die das Ergebnis der Ver-

breiterung des EQE-Spektrums zum roten Wellenlängenbereich durch die Verwendung von 

PC71BM war. 

Um die Wirkungsgrade der Solarzellen noch weiter zu steigern, wurde ein Dendrimer 

basierend auf linearen Quinquethiopheneinheiten (T5) mit erweitertem π-konjugiertem 

System dargestellt. Eine komplexe Synthese in Verbindung mit aufwendigen Aufreinigungs-

schritten erbrachte die Dendrimere 15T5Si und 15T5, die neben hohen molaren Extinktions-

koeffizienten bathorchrom verschobene Absorptionsmaxima um 425 nm aufwiesen, welche 

dem Quinquethiophen als Chromophor zugeschrieben wurden. 
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Abbildung 6. Quinquethiophen-basierte Dendrimere. 

Ähnlich zu bei den T3-Dendrimeren war der Absorptionsbeginn weiter rotverschoben als es 

für ein lineares 5T der Fall sein sollte. Dies wurde dann auch der längsten konjugierten Kette 

zugeschrieben, was den Einfluss der α-β-Verknüpfungen wiederspiegelt. Ebenfalls ähnlich 

verhielten sich die Emissionsmaxima, die zum einen unabhängig von der Anregungswellen-

länge und zum anderen von der längsten konjugierten Kette aufgrund eines Energietransfers 

bestimmt wurden. Zyklovoltammetrische Messungen ergaben, dass sowohl die erste als 

auch zweite Oxidation an den Dendrimerarmen stattfand, wobei im Falle des geschützten 

Dendrimers jeder Arm zweifach oxidierbar war. Für eine erste Generation eines all-

Thiophendendrimers erzielte 15T5 eine sehr gute Effizienz von 0.92% unter AM1.5G Be-

dingungen, die trotz mehr als halbiertem molaren Extinktionskoeffizienten genauso hoch 

war, wie für die synthetisch wesentlich aufwendigere dritte Generation 45T3Si. Diese gute 

Leistung wurde vor allem der rotverschobenen Absorption zugeschrieben. Dieser Vergleich 

zwischen dem 15T5 und dem 45T3Si zeigte deutlich, dass eine bathochrome Verschiebung 

des Absorptionsspektrums nützlicher in Bezug auf die Effizienz ist als ein um ein vielfaches 

erhöhter Extinktionskoeffizient. In Verbindung mit PC71BM als Akzeptor konnte ein ex-

zellenter Wirkungsgrad von 1.99% erreicht werden, was erneut auch den positiven Einfluss 

einer Rotverschiebung des Absorptionsverhaltens des Akzeptors aufzeigt. 

Zusätzlich zu den Dendrimeren, die auf einheitlichen Konjugationseinheiten basieren, 

wurden weitere gemischte Dendrimere, die aus verschiedenen linearen Bausteinen be-

stehen, auf ähnlichem Wege synthetisiert. 
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Abbildung 7. Geschützte und entschützte gemischte Dendrimere der ersten Generation. 

 

Abbildung 8. Gemischtes Dendrimer der zweiten Generation. 

Wieder zeigten auch die gemischten Dendrimere hohe molare Extinktionskoeffizienten. Die 

Absorptionsmaxima der ersten Generationen der gemischten Dendrimere waren im 

Vergleich zu ihren Analoga mit gleichbleibender α-Konjugationslänge hypsochrom ver-

schoben. Dies wurde hauptsächlich auf eine erhöhte sterische Hinderung aufgrund eines 

verkürzten Kernbausteins zurückgeführt. Das war besonders ersichtlich für die zweite 

Generation der gemischten Dendrimere 28TSi, deren Absorptionsmaximum am weitesten 

blauverschoben war. In elektrochemischen Untersuchungen zeigten alle Dendrimere eben-

falls passende, aber nicht optimale HOMO und LUMO Energieniveaus für die Anwendung als 

Donoren in BHJ Solarzellen. 
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In BHJ Solarzellen wiesen die gemischten Dendrimere als Donoren geringfügig kleinere VOCs  

von ungefähr 0.85 V auf, als die anderen all-Thiophendendrimere. Diese Verschlechterung 

wurde jedoch eher auf schlechte Filmbildungseigenschaften und nicht optimale Morpho-

logien zurückgeführt als auf unpassende elektrochemische Eigenschaften. Die Beste Leistung 

und Effizienz konnte mit dem Dendrimer 13TSi und PC71BM erreicht werden und ergab einen 

Wert von 1.66% unter AM1.5G Bedingungen, was jedoch erneut eher das Ergebnis der 

Verbesserten Absorptionseigenschaften des Akzeptors als des Donors war. Dadurch, dass 

das beste Ergebnis mit dem entschützten T5-Dendrimer 15T5 erreicht worden ist (1.99% in 

Verbindung mit PC71BM), wurde erwartet, dass 13T vergleichbare Ergebnisse liefert. Doch 

die verringerte Löslichkeit, die sich schon in den Absorptionsuntersuchungen andeutete, 

erwies sich als problematisch. Dies verringerte die Leistung in den Solarzellen erheblich und 

ergab einen Wirkungsgrad von nur 1.07% mit PC71BM. Mit der im Vergleich zu der ersten 

Generation der gemischten Dendrimere 13TSi verringerten Leistung in Solarzellen der 

zweiten Generation der gemischten Dendrimere 28TSi, wurde erneut aufgezeigt, dass eine 

Rotverschiebung des Absorptionsmaximums vorteilhafter ist als ein hoher molarer 

Extinktionskoeffizient. 

Zusammenfassend ist festzustellen, dass die α-β-Verknüpfung zwischen den Thiophen-

bausteinen die physikalischen Eigenschaften der all-Thiophendendrimere beeinflusst. Es 

konnten sehr hohe molare Extinktionskoeffizienten, besonders mit den höheren Genera-

tionen, erhalten werden. Für einen Vergleich des Absorptionsverhaltens innerhalb einer 

Serie von Dendrimeren mit vielfachen Chromophoren gaben die Flächen unter den 

Absorptionsspektren ein exakteres Bild wieder als der Vergleich der molaren Extinktions-

koeffizienten. Elektrochemische Untersuchungen ergaben, dass Oxidationen zunächst an 

den peripheren Elektrophoren stattfinden. Alle Dendrimere zeigten passenden, allerdings 

nicht optimale HOMO und LUMO Energieniveaus für die Verwendung als Donoren in 

organischen Solarzellen. Die Anwendung in BHJ Solarzellen erbrachte sehr hohe VOCs für 

einige der all-Thiophendendrimere, jedoch eher moderate JSCs und FFs. Dies ist auf die 

fehlende Fähigkeit, Photonen aus dem roten Wellenlängenbereich zu absorbieren, zurück-

zuführen, was allerdings teilweise durch die Verwendung von PC71BM als Akzeptor 

kompensiert werden konnte. Nichtsdestotrotz, die beste Effizienz konnte gerade so die 2%-

Marke erreichen, was im Vergleich zu all-Thiophenpolymer P3HT eher gering erscheint, 

allerdings im Vergleich zu anderen all-Thiophendendrimeren gut ist. Abschließend ist zu 
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sagen, dass seine rotverschobene Absorption wesentlich nützlicher für die Leistung in 

Solarzellen ist, als ein hoher molarer Extinktionskoeffizient. Diese Aussage verdeutlicht auch, 

dass die Wirkungsgrade im Falle der Dendrimere basierend auf linearen Bausteinen nicht 

immer den synthetischen Mehraufwand für die höheren Generationen rechtfertigen.  
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6.1 General remarks 

All solvents were purchased from VWR. Tetrahydrofurane (THF), dichloromethane (DCM), 

n-hexane (Hex), methanol (MeOH), and ethanol (EtOH) were distilled prior to use if 

necessary, N,N-dimethylformamide (DMF) and toluene were used without further 

purification. Dry THF was obtained by distilling over sodium/benzophenone (Merck) or from 

a MBraun SPS-800 solvent purification system. N-Iodosuccinimide (NIS), N-bromo-

succinimide (NBS, which was recrystallized from boiling water prior to use), tetra-n-

butylammonium fluoride trihydrate (TBAF), iodine monochloride (ICl), phosphorus 

oxychloride (POCl3), trimethylsilyl chloride (TMSCl), and thiophene were purchased from 

Merck and used as obtained except for TMSCl and thiophene which were distilled before 

use. 2-Isopropoxy-4,4,5,5-tetramethyl-[1,3,2]-dioxaborolane (ITDB) was dried over molar 

sieve (4 Å) prior to use and was purchased from Aldrich as well as 2-bromothiophene. 

Pd2(dba)3CHCl3, HP(t-Bu)3BF4, and n-butyl lithium (1.6 M in hexane) were obtained from 

Acros, anhydrous magnesium sulfate and 2,5-drobromothiophene from Alfa Aesar and acetic 

acid, ammonium chloride, and sodium bicarbonate from VWR. 3-Bromothiophene and 

potassium phosphate were purchased from ABCR. Thin layer chromatography was carried 

out on aluminum plates, pre-coated with silica gel Merck Si60 F254. Flash silica gel from 

Macherey-Nagel (particle size 0.04 - 0.064 mm) was used for preparative column 

chromatography. Size exclusion chromatography (SEC) was performed using BIO BEADS S-X1 

(200 - 400 mesh) purchased from BIO-RAD LABORATORIES. Purification by high performance 

liquid chromatography (HPLC) was performed on a EC 250/4.6 nucleosil 100-5 NO2 (250 mm 

x 4.6 mm) column from Macherey-Nagel using a Merck Hitachi LaChrom unit equipped with 

a L-7100 pump, a L-7455 diode array detector, a D-7000 interface, and a L-7200 

autosampler. Recycling HPLC (recHPLC) was performed on a EC 250/16 Nucleosil 100-5 NO2 

(250 mm x 16 mm) column equipped with a SP 50/21 Nucleosil 100-5 NO2 precolumn (both 

Macherey-Nagel) using a Shimadzu unit with a LC-8A pump, a SPD-20A UV/Vis detector, and 

a CBM-20A communication bus module. Recycling gel permeation chromatography (recGPC) 

was carried out using three series-wound PSS SDV 1000 Å GPC columns on a Shimadzu unit 

with a LC-20AD pump, a DGU-20A3 degassing unit, a CTO-20AC column oven, a SPD-20A 

UV/Vis detector, and a CBM-20A communication bus module. 
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NMR spectra were recorded on a Bruker DRX 400 (1H 400 MHz, 13C 100 MHz) or a Bruker DRX 

500 (1H 500 MHz, 13C 125 MHz) instrument. Chemical shifts (δ) are expressed in parts per 

million (ppm) using the residual solvent protons as internal standard (CDCl3: 1H 7.26 ppm, 13C 

77.0 ppm; THF-d8: 1H 3.58 ppm, 13C 67.60 ppm; DMSO-d6: 1H 2.50 ppm, 13C 39.43 ppm; TCE-

d2: 1H 6.00 ppm, 13C 73.78 ppm). Multiplicities are designated by the following symbols: 

singulet (s), doublet (d), doublet of doublets (dd), multiplet (m). The assignments refer to 

following functional groups: trimethylsilyl group (TMS), pinacol borane (Hpin), and protons 

belonging to the thiophene ring (Th). 

Gas chromatography (GC) was carried out using a Varian 3800. Electron impact (EI) and 

chemical ionization (CI) mass spectra were recorded on a Varian 3800 gas chromatograph 

equipped with a Varian Saturn 2000 mass detector and a Finnigan MAT SSQ-7000, 

respectively. Matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass 

spectrometry was carried out on a Brucker Daltonics Reflex III spectrometer, high resolution 

(HRMS) MALDI-TOF spectra were recorded on a Bruker solariX instrument. Elemental 

analysis was performed on an Elementar Vario EL, melting points were either measured with 

a Büchi B-545 apparatus or by differential scanning calorimetry (DSC) using a Mettler Toledo 

823e. 

UV/Vis and fluorescence measurements were performed on a Perkin Elmer Lamba 19 and a 

Perkin Elmer LS 55 spectrometer, respectively, using 1 cm cuvettes and either Uvasol grade 

solvents (Merck) or solvents from the purification system mentioned above. Cyclic 

voltammetry (CV) experiments were carried out using a computer controlled Autolab 

PGSTAT 30 potentiostat in a three-electrode single-compartment cell with a platinum 

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

All potentials were internally referenced to the ferrocene/ferrocenium (Fc/Fc+) couple. 

Freshly distilled solvents and recrystallized tetra-n-butylammonium hexafluorophosphate 

(TBAPF) (Fluka) were used for these measurements. 

Solar Cell preparation: 

Bulk heterojunction (BHJ) solar cells were prpepared by spin-coating EL-grade PEDOT:PSS 

purchased from H.C. Starck (Clevios P VPAI4083) onto previously cleaned, patterned indium 

tin oxide (ITO) substrates (14 Ω cm-2). The photoactive blend consisting of the investigated 

compound and either (6,6)-phenyl-C61-butyric acid methyl ester (PC61BM) or (6,6)-phenyl-

C71-butyric acid methyl ester (PC71BM) (both Solenne) was spin-coated unless otherwise 
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stated from a chlorobenzene solution with an overall concentration of 25 mg mL-1. Lithium 

fluoride (1nm) and the counter electrode aluminum (100 nm) are vacuum-deposited at 

about 10-7 mbar. J-V curves were measured under 100 mW cm-2 simulated solar light from a 

tungsten-halogen lamp (Philips Brilliantline Pro) filtered by a Shott GG 385 and a Hoya LB 120 

filter. The spectral response of the device kept behind a quartz window under nitrogen 

atmosphere was measured with a Keithley 2400 source meter using monochromatic light 

from a tungsten-halogen lamp in combination with an Oriel Cornerstone 130 

monochromator. As reference a calibrated Si cell was used. The exact current density was 

calculated by convolution of the spectral response with the AM1.5G spectrum (100 mW 

cm-2).  

6.2 Synthesis 

Trimethyl(thien-2-yl)silane (TSi, 60)
188

 

To a solution of 15 mL (0.19 mmol) thiophene in 250 mL dry THF 118 mL (0.19 mmol, 1.6 M 

in n-hexane) n-butyl lithium was added dropwise at -78 °C and stirred for 30 minutes at this 

temperature. Subsequently, 29 mL (0.23 mmol) trimethylsilyl chloride was added drop wise 

at -78 °C. The reaction mixture was allowed to warm to room temperature over night. The 

reaction was quenched with water and the water phase was extracted with diethyl ether. 

The combined organic extracts were dried over Na2SO4, filtered and the solvents were 

evaporated under reduced pressure. The residue was purified by water aspirator vacuum 

distillation to yield 23.67 g (0.15 mmol, 80%) trimethyl(thien-2-yl)silane 60 as colorless 

liquid. 

 

 1
H NMR (CDCl3, 400 MHz, 298 K) δ = 7.61 (dd, J = 0.8, 4.6 Hz, 1H, H-5), 7.29 (dd, 

J = 0.8, 3.3 Hz, 1H, H-3), 7.21 (dd, J = 3.3, 4.6 Hz, 1H, H-4), 0.35 (s, 9H, TMS) 

ppm. 

13
C NMR (CDCl3, 100 MHz, 298 K) δ = 140.0, 133.9, 130.3, 128.1, 0.0 (TMS) ppm. 

MS (EI) m/z = 156 (22%) [M+], 141 (100%) [M-CH3]+. 

Bp 54 °C (water aspirator vacuum).195 

The analytical data are in accordance with the data given in literature.188 
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Trimethyl[5-(4,4,5,5-tetramethyl-[1,3,2]dioxaborolan-2-yl)thien-2-yl]silane (TBSi, 61)
183

 

To a solution of 1.0 mL (6.0 mmol) 2-(trimethylsilyl)thiophene 60 in 16 mL dry THF 4.5 mL 

(7.2 mmol, 1.6 M in n-hexane) n-butyl lithium was added dropwise at -78 °C and stirred for 

30 minutes at this temperature. Subsequently, 1.7 mL (8.4 mmol) 2-isopropoxy-4,4,5,5-

tetramethyl-[1,3,2]dioxaborolane was added dropwise at -78 °C. The reaction mixture was 

allowed to warm to room temperature and was stirred at this temperature for 2 h. The 

reaction was quenched with a solution of ammonium chloride and the water phase was 

extracted with diethyl ether. The combined organic extracts were washed with brine, dried 

over Na2SO4 and the solvents were evaporated under reduced pressure. The residue was 

crystallized from MeOH to yield 1.5 g (5.3 mmol, 89%) boronic ester 61 as white solid. 

 

 1
H NMR (CDCl3, 400 MHz, 298 K) δ = 7.69 (d, J = 3.3 Hz, 1H, H-4), 7.33 (d, J 

= 3.3 Hz, 1H, H-3), 1.34 (s, 12H, Hpin), 0.32 (s, 9H, TMS) ppm.183 

13
C NMR (CDCl3, 100 MHz, 298 K) δ = 148.5, 137.9, 135.0, 84.0, 24.7 

(CH3,pin), -0.1 (TMS) ppm.183 

MS (EI) m/z = 267 (100%) [M+CH3]+, 282 (21%) [M+]. 

Mp 89 - 91 °C. 

The compound was synthesized in a different way, but the analytical data are in accordance 

to literature.183 

 

 

3-Bromo-2,5-diiodothiophene (BrTI, 68)
185

 

500 mg (3.07 mmol) 3-Bromothiophene was dissolved in 30 mL CHCl3 under argon. After 

cooling the solution to 0 °C and addition of 2.07 g (9.20 mmol) fresh N-iodosuccinimid and 

10 mL acetic acid the solution was stirred at this temperature for one hour in the dark. Then 

it was heated under reflux over night. The reaction was quenched with an aqueous solution 

of sodium thiosulfate and the water phase was extracted with DCM. The organic phase was 

washed with water and dried over Na2SO4. The solvents were evaporated under reduced 

pressure and the resulting oil was purified by flash column chromatography (silica, Hex) and 

was recrystallized from n-hexane to yield 1.06 g (2.54 mmol, 83%) 3-bromo-2,5-

diiodothiophene 68 as pale yellow needles. 
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1
H NMR (CDCl3, 400 MHz, 298 K) δ = 7.02 (s, 1H, H-4) ppm. 

13
C NMR (DMSO-d6, 100 MHz, 298 K) δ = 138.7, 120.3 (CBr), 84.4 (CI), 81.7 (CI) 

ppm. 

Mp 55 - 56 °C (lit. 55 - 57 °C)185 

The compound was synthesized in a different way, but the analytical data are in accordance 

to literature.185 

 

 

3’-Bromo-5,5’’-bis(trimethylsilyl)-[2,2’:5’,2’’]terthiophene (Br3TSi, 63)  

250 mg (0.60 mmol) 3-bromo-2,5-diiodothiophen 68, 347 mg (1.33 mmol) trimethyl[5-

(4,4,5,5-tetramethyl-[1,3,2]dioxaborolan-2-yl)thien-2-yl]silane 61, 25.0 mg (0.02 mmol) 

Pd2(dba)3CHCl3 and 14.0 mg (0.05 mmol) HP(t-Bu)3BF4 were dissolved in 12 mL well degassed 

THF. The mixture was cooled to 0 °C and 2.4 mL (4.8 mmol, 2 M) of a well degassed K3PO4 

solution was added. After stirring the mixture for 50 minutes at this temperature under 

argon the reaction was quenched with an aqueous solution of ammonium chloride. The 

water phase was extracted with diethyl ether and the combined organic layers were washed 

with brine and dried over Na2SO4. The solvents were evaporated under reduced pressure 

and the residue was purified by flash column chromatography (silica, Hex) to give 225 mg 

(0.48 mmol, 79%) bromoterthiophene 63 as yellow oil. 

 

1
H NMR (CDCl3, 400 MHz, 293 K) δ = 7.50 (d, J = 3.5 Hz, 1H, H-3), 

7.23 (d, J = 3.5 Hz, 1H, H-3’’), 7.20 (d, J = 3.5 Hz, 1H, H-4’’), 7.15 (d, J 

= 3.5 Hz, 1H, H-4), 7.09 (s, 1H, H-4’), 0.35 (s, 9H, TMS), 0.34 (s, 9H, 

TMS) ppm. 

13
C NMR (CDCl3, 100 MHz, 293 K) δ = 141.6, 141.1, 140.6, 139.2, 135.6, 134.8, 134.2, 130.8, 

127.7, 127.7, 125.4, 107.8 (CBr), -0.1 (TMS), -0.2 (TMS) ppm. 

MS (CI) m/z = 472 (100%) [M+], 457 (59%) [M-CH3]+. 

EA (calc. for C18H23BrS3Si2) C 45.84, H 4.92, S 20.40; found C 45.73, H 5.04, S 20.26. 
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5’-[5-(Trimethylsilyl)-thien-2-yl]-5’’-(trimethylsilyl)-[2,3’;2’,2’’]terthiophen (T3TSi, 70) 

53 mg (0.25 mmol) Borylated thiophene and 100 mg (0.21 mmol) Br3TSi 63 were dissolved in 

5 mL THF and the solution was degassed. Then 4.4 mg (4.2 µmol) Pd2(dba)3CHCl3 and 2.5 mg 

(8.5 µmol) HP(t-Bu)3BF4 were added and the solution was degassed once more. After the 

addition of 0.8 mL (1.7 mmol, 2 M) of a degassed K3PO4 solution the reaction was stirred at 

rt under argon for 2 h. The reaction was quenched with water and the aqueous phase was 

extracted with diethyl ether. The combined organic layers were washed with brine, dried 

over Na2SO4 and concentrated in vacuo. The residue was purified by flash column 

chromatography (silica, Hex) to give 95 mg (0.20 mmol, 95%) terthiophene 70 as yellow-

green oil. 

 

1
H NMR (CDCl3, 400 MHz, 293 K) δ = 7.29 (dd, J = 1.2, 5.1 Hz, 1H, H-

5), 7.25 (d, J = 3.4 Hz, 1H, H-3a), 7.23 (s, 1H, H-4’), 7.15 (d, J = 3.4 Hz, 

1H, H-3’’), 7.15 (d, J = 3.4 Hz, 1H, H-4a), 7.11 (d, J = 3.5 Hz, 1H, H-4’’), 

7.10 (dd, J = 1.1, 3.6 Hz, 1H, H-3), 7.02 (dd, J = 3.6, 5.1 Hz, 1H, H-4), 

0.34 (s, 9H, TMS), 0.31 (s, 9H, TMS) ppm. 

13
C NMR (CDCl3, 100 MHz, 293 K) δ = 142.1, 141.4, 140.4, 139.9, 137.2, 135.7, 134.8, 134.2, 

132.0, 130.7, 128.6, 127.1, 126.6, 126.5, 125.5, 125.2, -0.1 (TMS), -0.1 (TMS) ppm.  

MS (CI) m/z = 475 (100%) [M+H]+, 574 (80%) [M]+, 459 (36%) [M-CH3]+, 503 (11%) [M+C2H5]+. 

EA (calc. for C22H26S4S2) C 55.64, H 5.52, S 27.01; found C 55.42, H 5.64, S 26.95. 

 

 

5-(4,4,5,5-Tetramethyl-[1,3,2]dioxaborolan-2-yl)-5’-[5-(trimethylsilyl)-thien-2-yl]-5’’-

(trimethylsilyl)-[2,3’;2’,2’’]terthiophen (TB3TSi, 71) 

421 mg (0.89 mmol) terthiophene 70 and was dissolved in 4 mL dry THF and cooled to -78 °C 

under argon. Then, 0.66 mL (1.06 mmol, 1.6 M in n-hexane) n-butyl lithium was added drop 

wise and the solution was stirred for 30 min at this temperature. After the addition of 0.25 

mL (1.24 mmol) ITDB the reaction was stirred at this temperature for 1 h and then at rt over 

night. The reaction was quenched with a sat. NH4Cl solution and the aqueous phase was 

extracted with DCM. The combined organic layers were washed with brine, dried over 

Na2SO4 and concentrated in vacuo. 526 mg (0.79 mmol, 90% purity estimated from 1H NMR, 
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89%) borylated terthiophene 71 as yellow-green oil, which was used without further 

purification in the next step. 

 

1
H NMR (CDCl3, 400 MHz, 300 K) δ = 7.52 (d, J =3.6 Hz, 1H, H-4), 

7.23 (s, 1H, H-4’), 7.23 (d, J = 4.2 Hz, 1H, H-3a), 7.15 (d, J = 3.4 Hz, 

1H, H3’’), 7.14 (d, J = 3.5 Hz, 1H, H-4a), 7.13 (d, J = 3.7 Hz, 1H, H-

4’’), 7.11 (d, J = 3.4 Hz, 1H, H-3), 1.35 (s, 12H, Hpin), 0.31 (s, 9H, 

TMS), 0.31 (s, 9H, TMS)  ppm.  

13
C NMR (CDCl3, 100 MHz, 300 K) δ = 144.3, 142.1, 141.4, 140.5, 139.8, 137.4, 136.0, 134.8, 

134.4, 131.8, 130.9, 128.6, 127.9, 126.7, 125.3, 84.1, 24.8 (CH3,pin), -0.1 (TMS), -0.1 (TMS) 

ppm. 

MS (MALDI-TOF, DCTB) m/z = 600.0 [M]+ (calc. for C28H37BO2S4Si2 600.1). 

 

 

3’-Bromo-5,5’’-diiodo-[2,2’;5’,2’’]terthiophene (Br3TI, 75) 

184 mg (0.39 mmol) bromoterthiophene 63 was dissolved in 5 mL THF and cooled to -20 °C 

under argon. Then a solution of 380 mg (2.34 mmol) ICl in 4 mL THF was added drop wise. 

The reaction mixture was stirred at this temperature for 2.5 h before being quenched with a 

solution of Na2S2O3. The organic phase was washed with water and the water phase was 

extracted with DCM. The combined organic extracts were dried over Na2SO4 and the solvent 

was removed in vacuo. The residue was purified by flash column chromatography (silica, 

Hex) to give 224 mg (0.39 mmol, 99%) halogenated terthiophene 75 in quantitative yield as 

yellow needles. 

  

1
H NMR (THF-d8, 400 MHz, 300 K) δ = 7.28 (d, J = 3.8 Hz, 1H, H-3), 

7.24 (d, J = 3.8 Hz, 1H, H-3’’), 7.20 (s, 1H, H-4’), 7.13 (d, J = 3.8 Hz, 1H, 

HCCI), 6.99 (d, J = 3.8 Hz, 1H, HCCI) ppm.   

13
C NMR (THF-d8, 100 MHz, 300 K) δ = 142.1, 140.7, 139.3, 138.4, 136.0, 131.4, 129.3, 129.2, 

127.4, 109.4 (CBr), 77.0 (CI), 75.7 (CI) ppm. 

EA (calc. for C12H5BrI2S3) C 24.89, H 0.87, S 16.61; found C 25.06, H 1.04, S 16.43. 

Mp 140 - 141 °C. 
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3’-(4,4,5,5-Tetramethyl-[1,3,2]dioxaborolan-2-yl)-5,5’’-bis(trimethylsilyl)-[2,2’:5’,2’’]- 

terthiophene (B3TSi, 76) 

To a solution of 594 mg (1.26 mmol) bromoterthiophene 63 in 10 mL dry THF 0.9 mL (1.5 

mmol, 1.6 M in n-hexane) n-butyl lithium was added dropwise at -78 °C and stirred for 30 

minutes at this temperature under argon. Subsequently, 0.4 mL (1.8 mmol) 2-isopropoxy-

4,4,5,5-tetramethyl-[1,3,2]dioxaborolane was added dropwise at -78 °C. The reaction 

mixture was allowed to warm to rt and was stirred at this temperature for two hours. The 

reaction was quenched with a solution of ammonium chloride and the water phase was 

extracted with diethyl ether. The combined organic extracts were washed with brine, dried 

over Na2SO4 and the solvents were evaporated under reduced pressure. The residue was 

precipitated from MeOH to give 544 mg (1.05 mmol, 83%) borylated terthiophene 76 as a 

yellow solid that was pure enough for the next step. 

 

1
H NMR (CDCl3, 400 MHz, 294 K) δ = 7.56 (d, J = 3.5 Hz, 1H, H-3), 

7.39 (s, 1H, H-4’), 7.20 (d, J = 3.5 Hz, 1H, H-3’’), 7.15 (d, J = 3.5 Hz, 

1H, H-4), 7.12 (d,  J = 3.5 Hz, 1H, H-4’’), 1.35 (s, 12H, Hpin), 0.34 (s, 

9H, TMS), 0.33 (s, 9H, TMS) ppm. 

13
C NMR (CDCl3, 400 MHz, 300 K) δ = 141.9, 141.2, 139.7, 135.9, 134.7, 134.4, 131.3, 128.2, 

125.0, 124.3, 123.8, 83.9, 24.8 (CH3,pin), -0.1 (TMS), -0.1 (TMS) ppm. 

MS (CI) m/z = 519 (100%) [M+H]+, 518 (93%) [M+], 503 (41%) [M-CH3]+, 547 (11%) [M+C2H5]+. 

EA (calc. for C24H35BO2S3Si2) C 55.57, H 6.80; found C 55.34, H 6.78.  

 

 

5,5’’-Bis(trimethylsilyl)-[2,2’;5’,2’’]terthiophene (3TSi, 77)
196

 

1.00 g (2.98 mmol) 2,5-Diiodothiophene and 2.10 g (7.44 mmol) boronic ester 61 were 

dissolved in 40 mL well degassed THF and cooled under argon to 0 °C. Then, 123 mg (0.12 

mmol) Pd2(dba)3CHCl3, 69 mg (0.24 mmol) HP(t-Bu)3BF4 and 12 mL (24 mmol, 2 M) of a well 

degassed aqueous solution of K3PO4 were added. The reaction mixture was stirred at rt for 1 

hour before being quenched with water. The aqueous layer was extracted with n-hexane. 

The combined organic extracts were dried over MgSO4 and then concentrated in vacuo. The 

residue was purified by flash column chromatography (silica, Hex) to give the 1.11 g (2.82 

mmol, 95%) of desired product 77 as pale yellow solid.  
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1
H NMR (CDCl3, 400 MHz, 294 K) δ = 7.22 (d, J = 3.5 Hz, 2H, H-3 + H-

3’’), 7.13 (d, J = 3.5 Hz, 2H, H-4 + H-4’’), 7.08 (s, 2H, H-3’ + H-4’), 0.33 

(s, 18H, TMS) ppm.  

13
C NMR (CDCl3, 100 MHz, 294 K) δ = 142.1, 139.9, 136.2, 134.8, 124.9, 124.4, -0.1 (TMS) 

ppm. 

Mp 107 - 109 °C. 

The compound was synthesized in a different way, but the analytical data are in accordance 

to literature.196 

 

 

5,5’’-Diiodo-[2,2’;5’,2’’]terthiophene (3TI, 78)
197

 

500 mg (1.27 mmol) terthiophene 77 was dissolved in 45 ml dry THF and cooled under argon 

to 0 °C. Then a solution of 620 mg (3.82 mmol) ICl in 5 ml THF was added dropwise. The 

reaction mixture was stirred at a temperature ranging from 0 to 4 °C for 3 h before being 

quenched with a saturated solution of Na2SO3. During the reaction a precipitate was formed 

which was filtered off after quenching. This was one part of the pure product as golden 

flakes. The solvent of the filtrate was removed in vacuo. The solid residue was washed with 

water and then recrystallized from THF to give the rest of the product as golden solid 

resulting in an overall yield of 530 mg (1.06 mmol, 83%) diiodoterthiophene 78.  

 

1
H NMR (THF-d8, 400 MHz, 293 K) δ = 7.21 (d, J = 3.8 Hz, 2H, H-3 + 

H-3’’), 7.11 (s, 2H, H-3’ + H-4’), 6.94 (d, J = 3.8 Hz, 2H, H-4 + H-4’’) ppm.  

13
C NMR (THF-d8, 100 MHz, 293 K) δ = 143.6, 139.1, 136.4, 126.5, 126.0, 74.3 (CI) ppm. 

MS (CI) m/z = 500 (100%) [M+], 374 (6%) [M+-I]. 

EA (cal. for C12H6I2S3) C 28.82, H 1.21, S 19.23; found C 28.55, H 1.27, S 19.23.  

Mp 205 - 206 °C. (lit. 202 – 203)197 

The compound was synthesized in a different way, but the analytical data are in accordance 

to literature.197 
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5,5’’’’’’-Bis(trimethylsilyl)-5’,5’’’’’-bis[5-(trimethylsilyl)-thien-2-yl]-[2,2’:3’,2’’:5’’,2’’’:5’’’, 

2’’’’:5’’’’,3’’’’’:2’’’’’,2’’’’’’]septithiophene (9T3Si, 73) 

884 mg (1.50 mmol) borylated terthiophene 76 and 300 mg (0.60 mmol) diiodoterthiophene 

78 were dissolved in 30 mL THF and the solution was degassed at rt. Then 31.0 mg (0.03 

mmol) Pd2(dba)3CHCl3 and 17.4 mg (0.06 mmol) HP(t-Bu)3BF4 were added and the solution 

was degassed once more. After the addition of 2.4 mL (4.8 mmol, 2 M) of a degassed K3PO4 

solution the reaction was stirred at rt for 4 h under argon. The reaction was quenched with 

water and the solvents were evaporated. The residue was dissolved in DCM and water and 

the aqueous phase was extracted with DCM. The combined organic layers were washed with 

brine, dried over MgSO4 and concentrated in vacuo. The residue was purified by flash 

column chromatography (silica, Hex/DCM 9:1). The product fraction was portionwise further 

purified by repetitive SEC (THF) to give 441 mg (0.43 mmol, 71%) first generation T3- 

dendrimer 73 as yellow-orange solid. 

 

1
H NMR (THF-d8, 400 MHz, 300 K) δ = 7.37 (s, 2H, 

H-4 + H-4’’’’’), 7.33 (d, J = 3.5 Hz, 2H, H-3a), 7.25 

(d, J = 3.4 Hz, 2H, H-3a), 7.22 (d, J = 3.3 Hz, 2H, H-

4a), 7.21 (d, J = 3.2 Hz, 2H, H-4a), 7.14 (d, J = 3.8 

Hz, 2H, H-4’’ + H-3’’’’), 7.10 (s, 2H, H-3’’’ + H-4’’’), 

7.08 (d, J = 3.8 Hz, 2H,H-3’’ + H-4’’’’), 0.34 (s, 18H, TMS), 0.33 (s, 18H, TMS) ppm.  

13
C NMR (THF-d8, 100 MHz, 300 K) δ = 143.5, 142.4, 141.4, 140.6, 138.1, 137.5, 137.4, 137.2, 

136.2, 135.7, 133.2, 131.2, 130.4, 128.7, 126.9, 126.6, 125.4, 124.8, 0.1 (TMS), 0.1 (TMS) 

ppm. 

MS (MALDI-TOF, DCTB) m/z = 1028.5 [M]+ (calc. for C48H52S9Si4 1028.1). 

EA (calc. for C48H52S9Si4) C 55.98, H 5.09, S 28.02; found C 56.13, H 5.16, S 27.98. 

Mp 75 °C.  

 

 

5’,5’’’’’-Bis(thien-2-yl)-[2,2’:3’,2’’:5’’,2’’’:5’’’,2’’’’:5’’’’,3’’’’’:2’’’’’,2’’’’’’]septithiophene  

(9T3, 79) 

205 mg (0.20 mmol) first generation dendrimer 73 was dissolved in 15 mL THF and a solution 

of 501 mg (1.59 mmol) TBAF in 5 mL THF was added. The solution was stirred at rt for 3 h. 
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The solvent was evaporated and the residue was precipitated from methanol. The 

precipitate was then purified by SEC (THF) and subsequently precipitated from MeOH for a 

second time. 125 mg (0.17 mmol, 85%) deprotected first generation T3-dendrimer 79 was 

obtained as yellow solid. 

 

1
H NMR (THF-d8, 400 MHz, 293 K) δ = 7.48 (dd, J = 1.3, 

5.3 Hz, 2H, H-5a), 7.38 (dd, J = 1.2, 5.3 Hz, 2H, H-5a), 

7.36 (s, 2H, H-4’ + H-4’’’’’), 7.29 (dd, J = 1.2, 3.7 Hz, 2H, 

H-3a), 7.21 (dd, J = 1.2, 3.6 Hz, 2H, H-3a), 7.14 (d, J = 

3.7 Hz, 2H, Th), 7.09 (s, 2H, H-3’’’ + H-4’’’), 7.07 (d, J = 

3.8 Hz, 2H, H-3’’ + H-4’’’), 7.06 (dd, J = 3.8, 5.3 Hz, 2H, H-4a), 7.05 (dd, J = 3.7, 5.3 Hz, 2H, H-

4a) ppm.  

13
C NMR (THF-d8, 100 MHz, 293 K) δ = 138.2, 137.6, 137.3, 137.2, 137.1, 135.2, 133.5, 131.1, 

129.5, 129.0, 128.9, 128.5, 128.4, 126.6, 126.4, 125.5, 125.4, 124.8 ppm. 

MS (MALDI-TOF, DCTB) m/z = 740.0 [M]+ (calc. for C36H20S9 739.9). 

EA (calc. for C36H20S9) C 58.34, H 2.72, S 38.94; found C 58.31, H 2.88, S 38.87. 

Mp 190 °C. 

 

 

5,5’’’’’’-Dibromo-5’,5’’’’’-Bis(5-Bromothien-2-yl)-[2,2’:3’,2’’:5’’,2’’’:5’’’,2’’’’:5’’’’,3’’’’’:2’’’’’, 

2’’’’’’]septithiophene (9T3Br, 82) 

250 mg (0.24 mmol) first generation dendrimer 73 was dissolved in 70 mL DMF and cooled 

to 0 °C. In the dark a solution of 177 mg (1.00 mmol) TBAF(trihydrate) in 30 mL DMF was 

added dropwise. The solution was stirred for one hour at 0 °C before being allowed to warm 

to rt over night. The reaction was quenched with a Na2S2O3 solution and the solvents were 

evaporated. The residue was washed with water and methanol to give 236 mg (0.21 mmol, 

84% yield, 92% purity) brominated first generation dendrimer 75 as orange solid and was 

used like this for the next step. For characterization reasons a small sample was purified by 

recHPLC (sample preparation: 10 mg was dissolved in 8 mL of a 1:1 Hex/DCM mixture; 

purification: semi-preparative NO2-phenol column with 2:1 Hex/DCM eluent mixture at a 

flow rate of 20 mL/min). 
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1
H NMR (THF-d8, 400 MHz, 292 K): δ = 7.36 (s, 2H, H-

4’ + H4’’’’’), 7.19 (d, J = 3.8 Hz, 2H, Th), 7.15 (s, 2H, H-

3’’’ + H-4’’’), 7.13 – 7.11 (m, 8H, Th), 7.06 (d, J = 3.9 

Hz, 2H, H-4a) ppm.  

13
C NMR (THF-d8, 100 MHz, 293 K): δ = 138.8, 138.7, 

137.1, 136.8, 136.7, 136.3, 134.0, 132.4, 131.8, 130.4, 130.1, 129.5, 127.2, 126.1, 125.8, 

125.1, 114.8 (CBr), 112.8 (CBr) ppm. 

HRMS (MALDI-TOF, DCTB) m/z = 1051.54465 [M]+ (calc. for C36H16Br4S9 1051.54664, δm/m = 

1.9 ppm). 

 

 

5,5’’’’’’’’’’Bis(trimethylsilyl)-5’,5’’’’’’’’’-bis[5-(trimethylsilyl)-thien-2-yl]-5’’’,5’’’’’’’-bis{5’’-(tri-

methylsilyl)-5’-[5-(trimethylsilyl)-thien-2-yl]-[2,3’:2’,2’’]-terthien-2-yl}-[2,2’:3’,2’’:5’’,2’’’: 

3’’’,2’’’’:5’’’’,2’’’’’:5’’’’’,2’’’’’’:5’’’’’’,3’’’’’’’:2’’’’’’’,2’’’’’’’’:5’’’’’’’’,3’’’’’’’’’;2’’’’’’’’’,2’’’’’’’’’’]-undeci-

thiophen (21T3Si, 83) 

301 mg (0.51 mmol) borylated terthiophene 76 and 100 mg (0.09 mmol) halogenated 

dendrimer 82 were dissolved in 30 mL THF and the solution was degassed at rt. Then 7.1 mg 

(6.8 µmol) Pd2(dba)3CHCl3 and 4.0 mg (0.01 mmol) HP(t-Bu)3BF4 were added and the solution 

was degassed once more. After the addition of 0.7 mL (1.4 mmol, 2 M) of a degassed K3PO4 

solution the reaction was stirred at rt under argon for 5 h. The reaction was quenched with 

water and the solvents were evaporated. The residue was purified by flash column 

chromatography (silica, Hex/DCM 4:1). The product fraction was further purified by 

repetitive SEC (THF) to give 119 mg (0.05 mmol, 61%) second generation T3-dendrimer 83 as 

yellow-orange solid. 

 

1
H NMR (THF-d8, 400 MHz, 293 K) 

δ = 7.39 (s, 2H, H-c), 7.36 (s, 2H, H-

c), 7.34 (d, J = 3.4 Hz, 2H, Th), 7.32 

– 7.31 (m, 4H, among others H-b), 

7.26 (d, J = 3.5 Hz, 2H, Th), 7.24 – 

7.19 (m, 10H, Th), 7.16 – 7.15 (m, 

4H, Th), 7.13 – 7.11 (m, 10H, 
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among others H-a), 0.34 (s, 18H, TMS), 0.33 (s, 18H, TMS), 0.33 (s, 18H, TMS), 0.30 (s, 18H, 

TMS) ppm.  

13
C NMR (THF-d8, 125 MHz, 296 K) δ = 143.6, 143.4, 142.3, 141.4, 141.3, 140.5, 140.0, 138.3, 

138.0, 137.5, 137.4, 137.3, 137.2, 137.2, 137.1, 136.2, 136.2, 135.8, 135.8, 135.4, 133.5, 

133.1, 133.1, 131.6, 131.3, 130.9, 130.5, 130.4, 129.5, 129.1, 128.8, 128.3, 126.9, 126.9, 

126.8, 126.6, 125.6, 125.5, 125.0, 0.2 (TMS), 0.2 (TMS), 0.1 (TMS) ppm. 

HRMS (MALDI-TOF, DCTB) m/z = 2303.07255 [M]+ (calc for C108H108S21Si8 2303.07396, δm/m 

= 0.6 ppm). 

EA (calc. for C108H108S21Si8) C 56.30, H 4.72, S 29.23; found C 56.36, H 4.82, S 29.34.  

Mp 105 °C.  

 

 

5’,5’’’’’’’’’-Bis(thien-2-yl)-5’’’,5’’’’’’’-bis(5’-(thien-2-yl)-[2,3’:2’,2’’]terthien-2-yl)-[2,2’:3’,2’’: 

5’’,2’’’:3’’’,2’’’’:5’’’’,2’’’’’:5’’’’’,2’’’’’’:5’’’’’’,3’’’’’’’:2’’’’’’’,2’’’’’’’’:5’’’’’’’’,3’’’’’’’’’;2’’’’’’’’’,2’’’’’’’’’’]-

undecithiophen (21T3, 84) 

142 mg (0.06 mmol) second generation dendrimer 83 was dissolved in 30 mL THF and 312 

mg (0.99 mmol) TBAF was added. The solution was stirred at rt for 2.5 h. The solvent was 

evaporated and the residue was dissolved in DCM and extracted with water. The combined 

organic layers were dried over MgSO4, filtered and concentrated in vacuo. The crude product 

was further purified by multiple SEC (THF) to give 87.7 mg (0.06 mmol, 82%) deprotected 

second generation dendrimer 84 as yellow-orange solid. 

 

1
H NMR (THF-d8, 500 MHz, 330K) δ 

= 7.44 (dd, J = 1.0, 5.1 Hz, 2H, H-5a), 

7.36 (dd, J = 1.0, 5.1 Hz, 2H, H-5a), 

7.35 (dd, J = 1.0, 5.1 Hz, 2H, H-5a), 

7.34 (s, 2H, H-c), 7.32 (dd, J = 0.9, 

5.1 Hz, 2H, H-5a), 7.30 (s, 2H, H-c), 

7.27 (dd, J = 1.0, 3.7 Hz, 2H, H-3a), 

7.26 (s, 2H, H-b), 7.24 (dd, J = 0.9, 3.6 Hz, 2H, H-3a), 7.20 (dd, J = 1.0, 3.5 Hz, 2H, H-3a), 7.17 

(d, J = 3.8 Hz, 2H, Th), 7.15 (dd, J = 1.1, 3.5 Hz, 2H, H-3a), 7.13 (d, J = 3.8 Hz, 2H, Th), 7.12 (s, 

2H, H-a), 7.11 (d, J = 3.8 Hz, 2H, Th), 7.08 (d, J = 3.8 Hz, 2H, Th), 7.07 (d, J = 3.8 Hz, 2H, Th), 
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7.06 (d, J = 3.8 Hz, 2H, Th), 7.04 (dd, J = 3.2, 5.2 Hz, 2H, H-4a), 7.03 (dd, J = 3.5, 5.2 Hz, 2H, H-

4a), 7.01 (dd, J = 3.6, 5.1 Hz, 2H, H-4a), 6.97 (dd, J = 3.6, 5.1 Hz, 2H, H-4a) ppm.  

13
C NMR (THF-d8, 125 MHz, 335 K) δ = 140.1, 138.5, 138.2, 137.7, 137.6, 137.5, 137.4, 137.4, 

137.3, 137.3, 135.8, 135.4, 135.3, 133.6, 133.6, 133.5, 131.7, 131.6, 131.6, 129.4, 129.3, 

129.1, 128.9, 128.9, 128.4, 128.4, 128.3, 128.2, 127.0, 126.7, 126.3, 126.2, 125.6, 125.5, 

125.4, 125.4, 125.0 ppm. 

MS (MALDI-TOF, DCTB) m/z = 1726.6 [M]+ (calc. for C84H44S21 1726.6).  

EA (calc. for C84H44S21) C 58.43, H 2.57, S 39.00; found C 58.63, H 2.62, S 38.78. 

Mp 117 °C. 

 

 

3’’’-Bromo-5,5’’’’’’-bis(trimethylsilyl)-5’,5’’’’’-bis(5-(trimethylsilyl)-thien-2-yl)-[2,2’:3’,2’’:5’’, 

2’’’:5’’’,2’’’’:5’’’’,3’’’’’:2’’’’’,2’’’’’’]septithiophene (Br9T3Si, 87) 

1.095 g (1.90 mmol) 76 and 500 mg (0.86 mmol) 75 were dissolved in 50 mL THF, the 

solution was degassed and cooled to 0 °C. Then 35.8 mg (0.03 mmol) Pd2(dba)3CHCl3 and 

20.0 mg (0.07 mmol) HP(t-Bu)3BF4 were added and the solution was degassed once more. 

After the addition of 3.5 mL (6.9 mmol, 2 M) of a degassed K3PO4 solution the reaction was 

stirred at 0°C under argon for 80 min. The reaction was quenched with water and the 

solvents were evaporated. The residue was purified by flash column chromatography (silica, 

Hex/DCM 9:1). The product fraction was portionwise further purified by repetitive SEC (THF) 

to give 688 mg (0.62 mmol, 72%) brominated dendron 87 as orange solid/resin. 

 

1
H NMR (THF-d8, 400 MHz, 300 K) δ = 7.41 (s, 1H, H-

b), 7.38 (s, 1H, H-b), 7.37 (d, J = 4.1 Hz, 1H, Th), 7.34 

(d, J = 3.4 Hz, 1H, Th), 7.34 (d, J = 3.3 Hz, 1H, Th), 

7.25 (d, J = 3.5 Hz, 1H, Th), 7.25 (d, J = 3.5 Hz, 1H, 

Th), 7.23 – 7.20 (m, 5H, Th), 7.18 (s, 1H, H4’’’),  7.15 

(d, J = 3.9 Hz, 1H, Th), 7.12 (d, J = 3.8 Hz, 1H, Th), 0.34 (s, 18H, TMS), 0.33 (s, 18H, TMS) ppm.  

13
C NMR (THF-d8, 100 MHz, 300 K) δ = 143.7, 143.7, 142.3, 142.3, 141.5, 141.4, 140.5, 140.4, 

139.2, 138.5, 137.6, 137.6, 136.7, 136.5, 136.1, 135.8, 135.7, 135.2, 133.2, 133.0, 131.8, 

131.5, 131.4, 130.6, 130.5, 128.9, 128.8, 128.0, 127.7, 126.8, 126.7, 126.7, 125.7, 108.9 

(CBr), 0.2 (TMS), 0.1 (TMS), 0.1 (TMS) ppm. 
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HRMS (MALDI-TOF, DCTB) m/z = 1105.97370 [M]+ (calc for C48H51BrS9Si4 1105.97321, δm/m 

= 0.4 ppm). 

Mp 87 - 89 °C 

 

 

3’’’-(4,4,5,5-tetramethyl-[1,3,2]dioxaborolan-2-yl)-5,5’’’’’’-bis(trimethylsilyl)-5’,5’’’’’-bis(5-

(trimethylsilyl)-thien-2-yl)-[2,2’:3’,2’’:5’’,2’’’:5’’’,2’’’’:5’’’’,3’’’’’:2’’’’’,2’’’’’’]septithiophene 

(B9T3Si, 88) 

A solution of 340.7 mg (0.307 mmol) brominated dendron 87 in 20 mL dry THF was cooled 

under argon to -78 °C. Then 0.23 mL (0.37 mmol, 1.6 M in n-hexane) n-butyl lithium was 

added dropwise. After stirring at this temperature for 30 minutes 0.09 mL (0.43 mmol) ITDB 

was added and the reaction was stirred at -78 °C for another 30 minutes. The solution was 

allowed to warm to rt over night before it was quenched with MeOH. The solvents were 

evaporated and the residue was precipitated from MeOH/H2O 1:1 to give 340.9 mg (0.265 

mmol, 90% purity estimated from 1H NMR, 86%) borylated dendron 88 as yellow solid which 

was used without further purification in the next step. 

 

1
H NMR (THF-d8, 400 MHz, 300 K) δ = 7.53 (d, J = 

3.9 Hz, 2H, Th), 7.39 (s, 1H, H-b), 7.38 (s, 1H, H-b), 

7.34 (s, 1H, H4’’’), 7.34 (d, J = 3.8 Hz, 2H, Th), 7.27 – 

7.25 (m, 2H, Th), 7.24 – 7.21 (m, 4H, Th), 7.12 – 7.08 

(m, 3H, Th), 1.32 (s, 12H, Hpin), 0.34 (s, 18H, TMS), 

0.34 (s, 9H, TMS), 0.33 (s, 9H, TMS) ppm.  

13
C NMR (THF-d8, 125 MHz, 296 K) δ = 145.9, 143.5, 143.3, 142.4, 142.4, 141.3, 141.3, 140.7, 

140.5, 138.6, 137.8, 137.7, 137.5, 137.4, 137.3, 136.4, 136.2, 135.8, 135.8, 133.4, 133.3, 

132.6, 131.2, 130.9, 130.6, 130.3, 128.7, 128.6, 128.4, 127.0, 126.8, 126.6, 126.6, 125.0, 

84.9(C(CH3)pin), 0.2 (TMS), 0.1 (TMS) ppm. 

MS (MALDI-TOF, DCTB) m/z =1154.5 [M]+ (calc. for C54H63BO2S9Si4 1154,1). 
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5,5’’’’’’’’’’’’’’-Bis(trimethylsilyl)-5’,5’’’’’’’’’’’’’-bis[5-(trimethylsilyl)-thien-2-yl]-5’’’,5’’’’’’’’’’’bis-

{5’’-(trimethylsilyl)-5’-[5-(trimethylsilyl)-thien-2-yl]-[2,3’:2’,2’’]terthien-5-yl}-5’’’’’,5’’’’’’’’’ 

bis{5’’’’-(trimethylsilyl)-5’’’-[5-(trimethylsilyl)-thien-2-yl]-5’-{5’’-(trimethylsilyl)-5’-[5-(tri-

methylsilyl)-thien-2-yl]-[2,3’:2’,2’’]terthien-5-yl}-[2,3’:2’,2’’:5’’,3’’’:2’’’,2’’’’]-quinquethien-

5-yl}-[2,2’:3’,2’’:5’’,2’’’:3’’’,2’’’’:5’’’’,2’’’’’:3’’’’’,2’’’’’’:5’’’’’’,2’’’’’’’:5’’’’’’’,2’’’’’’’’:5’’’’’’’’,3’’’’’’’’’: 

2’’’’’’’’’,2’’’’’’’’’’:5’’’’’’’’’’,3’’’’’’’’’’’:2’’’’’’’’’’’,2’’’’’’’’’’’’:5’’’’’’’’’’’’,3’’’’’’’’’’’’’:2’’’’’’’’’’’’’,2’’’’’’’’’’’’’’]

quindecithiophene (45T3Si, 86) 

245 mg (0.21 mmol) borylated dendron 88 and 28.0 mg (0.03 mmol) brominated dendrimer 

82 were dissolved in 10 mL THF and the solution was degassed at rt. Then, 2.2 mg (2.1 µmol) 

Pd2(dba)3CHCl3 and 1.2 mg (4.2 µmol) HP(t-Bu)3BF4 were added and the solution was 

degassed once more. After the addition of 1.1 mL (2.2 mmol, 2 M) of a degassed K3PO4 

solution the reaction was stirred under argon at rt for 6 h. Then another 2.2 mg (2.1 µmol) 

Pd2(dba)3CHCl3 and 1.2 mg (4.2 µmol) HP(t-Bu)3BF4 were added again and the solution was 

stirred over night. The next day the solution was heated to 60 °C for 7 h. The reaction was 

quenched with water after 29 h in total and the solvents were evaporated. The residue was 

purified by flash column chromatography (silica, Hex/DCM 4:1). The product fraction was 

further purified by repetitive SEC (THF) and recGPC (THF) to give 60.2 mg (0.01 mmol, 47%) 

third generation T3-dendrimer 86 was obtained orange solid. 

 

1
H NMR (THF-d8, 500 MHz, 294 

K) δ = 7.40 (s, 2H, H-d), 7.37 (s, 

2H, H-d), 7.37 (s, 2H, H-d), 7.35 

(d, J = 3.4 Hz, 2H, Th), 7.34 (s, 2H, 

H-d), 7.34 (s, 2H, H-c), 7.33 – 7.30 

(m, 8H, among others H-c), 7.27 

(d, J = 3.5 Hz, 2H, Th), 7.25 (d, J = 

3.7 Hz, 2H, Th), 7.25 (d, J = 3.9 

Hz, 2H, Th), 7.24 – 7.22 (m, 10H, 

Th), 7.20 (d, J = 3.6 Hz, 4H, Th), 7.18 (d, J = 3.7 Hz, 2H, Th), 7.18 (d, J = 3.5 Hz, 2H, Th), 7.18 (d, 

J = 3.4 Hz, 2H, Th), 7.17 – 7.13 (m, 16H, Th), 7.11 (d, J = 3.8 Hz, 2H, Th), 7.11 (s, 2H, H-b), 7.09 

(d, J = 3.8 Hz, 2H, Th), 7.05 (d, J = 3.8 Hz, 2H, Th), 7.05 (d, J = 3.8 Hz, 2H, Th), 6.98 (d, J = 3.7 

Hz, 2H, Th), 6.91 (s, 2H, H-a), 0.34 (s, 18H, TMS), 0.33 (s, 18H, TMS), 0.33 (s, 18H, TMS), 0.31 
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(s, 18H, TMS), 0.31 (s, 18H, TMS), 0.29 (s, 18H, TMS), 0.28 (s, 18H, TMS), 0.25 (s, 18H, TMS) 

ppm.  

13
C NMR (THF-d8, 125 MHz, 295 K): δ = 143.6, 143.5, 143.5, 143.3, 142.3, 142.3, 141.4, 

141.3, 141.2, 140.5, 140.5, 140.5, 140.0, 140.0, 139.7, 138.4, 138.1, 183.0, 137.7, 137.5, 

137.5, 137.5, 137.3, 137.2, 137.2, 137.2, 137.2, 137.0, 136.8, 136.2, 135.8, 135.8, 135.8, 

135.7, 135.7, 135.4, 133.7, 133.4, 133.3, 133.1, 133.0, 132.9, 131.8, 131.5, 131.4, 131.3, 

131.2, 130.9, 130.5, 130.4, 130.3, 129.6, 129.5, 129.4, 129.2, 129.1, 128.9, 128.8, 128.6, 

128.4, 128.4, 127.6, 127.0, 126.9, 126.9, 126.6, 126.6, 126.2, 125.7, 125.5, 125.5, 124.8, 0.2 

(TMS), 0.2 (TMS), 0.2 (TMS), 0.1 (TMS), 0.1 (TMS) ppm. 

HRMS (MALDI-TOF, DCTB) m/z = 4852.08369 [M]+ (calc for C228H220S45Si16 4852.07396, δm/m 

= 3.8 ppm). 

 

 

[2,2’;5’,2’’]Terthiophene (3T, 92)
198 

500 mg (1.49 mmol) diiodothiophene 72 and 782 mg (3.72 mmol) borylated thiophene 69 

were dissolved in 25.0 mL THF at rt and the solution was degassed. Then 61.6 mg (59.5 

µmol) Pd2(dba)3CHCl3 and 34.5 mg (119 µmol) HP(t-Bu)3BF4 were added and the solution was 

degassed once more. After the addition of 12 mL (12 mmol, 2 M) of a degassed K3PO4 

solution the reaction was stirred under argon for 2 h. The reaction was quenched with a 

saturated NH4Cl solution and the layers were extracted with DCM and brine. The combined 

organic extracts were dried over MgSO4, filtered and the solvents were evaporated. The 

residue was purified by flash column chromatography (silica, Hex) to give 366 mg (1.47 

mmol, 99%) linear terthiophene 92 as yellow solid. 

 

1
H NMR (CDCl3, 400 MHz, 294 K) δ = 7.22 (dd, J = 1.1, 5.1 Hz, 2H, H-5 + 

H-5’’), 7.181 (dd, J = 1.1, 3.6 Hz, 2H, H-3 + H-3’’), 7.08 (s, 2H, H-3’ + H-

4’), 7.02 (dd, J = 3.6, 5.1 Hz, 1H, H-4 + H-4’’) ppm. 

MS (EI) m/z = 248 (100) [M]+. 

MP 92 – 93 °C. 

The compound was synthesized in a different way, but the analytical data are in accordance 

to literature.198
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[2,2’]Bithien-5-yl(trimethyl)silane (2TSi1, 94)
188

 

0.08 ml (0.83 mmol) 2-Bromothiophene and 350 mg (1.24 mmol) trimethyl[5-(4,4,5,5-tetra-

methyl-[1,3,2]dioxaborolan-2-yl)thiophen-2-yl]silane 61 were dissolved in 10 mL THF and the 

solution was degassed. Then, 8.6 mg (0.01 mmol) Pd2(dba)3CHCl3 and 5.0 mg (0.02 mmol) 

HP(t-Bu)3BF4 were added and the solution was degassed again. Finally, 3.3 mL (6.6 mmol, 

2M) K3PO4 solution was added and the reaction was degassed again. After stirring at rt for 

2 h the solvents were evaporated and the residue was purified by flash column chromato-

graphy (silica, Hex) to give 178 mg (0.75 mmol, 90%) bithiophene 94 as pale green liquid.  

 

1
H NMR (CDCl3, 400 MHz, 294 K) δ = 7.23 (d, J = 3.5 Hz, 1H, H-3), 7.21 (dd, 

J = 0.9, 5.1 Hz, 1H, H-5’), 7.19 (dd, J = 1.0, 3.8 Hz, 1H, H-3’), 7.14 (d, J = 3.5 

Hz, 1H, H-4), 7.01 (dd, J = 3.6, 5.1 Hz, 1H, H-4’), 0.34 (s, 9H, TMS) ppm. 

13
C NMR (100 MHz, CDCl3, 294 K) δ = 142.4, 139.8, 137.4, 134.7, 127.8, 125.0, 124.4, 123.8, 

-0.1 (TMS) ppm. 

MS (EI) m/z = 240 (48) [M+H]+, 225 (100%) [M-CH3]+. 

The compound was synthesized in a different way, but the analytical data are in accordance 

to literature.188 

 

 

5-(4,4,5,5-Tetramethyl-[1,3,2]dioxaborolan-2-yl)-5’-trimethylsilyl-[2,2’]bithiophene 

(2TBSi1, 95) 

178 mg (0.75 mmol) bithiophene 94 was dissolved in 5 mL dry THF and cooled to -78 °C. 

Then, 0.51 mL (0.82 mmol, 1.6 M in n-hexane) n-butyl lithium was added dropwise and the 

solution was stirred for 30 min at this temperature under argon. After addition of 0.18 mL 

(0.90 mmol) ITDB the reaction was allowed to warm to rt over night. The reaction was 

quenched with NH4Cl solution and the aqueous layer was extracted with hexane. The 

combined organic extracts were washed with brine, dried over MgSO4 and the solvents were 

evaporated in vacuo. The residue was recrystallized from MeOH to give 172 mg (0.47 mmol, 

63%) bithiophene 95 as pale blue-greenish powder. 
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 1

H NMR (CDCl3, 400 MHz, 293 K) δ = 7.52 (d, J = 3.6 Hz, 1H, H-4), 7.28 

(d, J = 3.4 Hz, 1H, H-3’), 7.24 (d, J = 3.6 Hz, 1H, H-3), 7.14 (d, J = 3.4 Hz, 

1H, H-4’), 1.35 (s, 12H, Hpin), 0.33 (s, 9H, TMS) ppm. 

13
C NMR (CDCl3, 100 MHz, 293 K) δ = 144.1, 142.2, 140.5, 137.9, 134.8, 125.7, 125.0, 84.1 

(C(CH3)pin), 24.8 (CH3,pin), -0.1 (TMS) ppm. 

MS (EI) m/z = 366 (100) [M+H]+, 351 (39%) [M-CH3]+. 

EA (calc for C17H25BO2S2Si) C 56.03, H 6.91, S 17.60; found C 55.83, H 6.83, S 17.68. 

Mp (DSC, onset) 84 °C. 

 

 

[2,2’;5’,2’’]-Terthien-5-yl(trimethyl)silane (3TSi1, 93)
189

 

0.04 mL (0.36 mmol) 2-Bromothiophene and 109 mg (0.30 mmol) borylated bithiophene 95 

were dissolved in 5 mL THF and the solution was degassed. Then, 3.1 mg (3.0 µmol) 

Pd2(dba)3CHCl3 and 1.7 mg (6.0 µmol) HP(t-Bu)3BF4 were added and the solution was 

degassed. Finally, 1.1 mL (2.4 mmol, 2M) K3PO4 solution was added and the reaction was 

degassed again. After stirring at rt for 1 h the reaction was quenched with water and the 

aqueous layer was extracted with hexane. The combined organic extracts were dried over 

MgSO4, filtered and the solvent was evaporated in vacuo. The solid yellow residue was 

purified by flash column chromatography (silica, Hex) to give 95.3 mg (0.30 mmol, 99%) 

terthiophene 93 as pale yellow solid.  

 

 1
H NMR (CDCl3, 400 MHz, 293 K) δ = 7.23 (d, J = 3.3 Hz, 1H, H-3), 7.22 

(dd, J = 0.9, 5.0 Hz, 1H, H-5’’), 7.17 (dd, J = 1.0, 3.6 Hz, 1H, H-3’’), 7.14 

(d, J = 3.5 Hz, 1H, H-4), 7.09 (d, J = 3.7 Hz, 1H, H-3’), 7.08 (d, J = 4.0 Hz, 

1H, H-4’), 7.02 (dd, J = 3.8, 5.1 Hz, 1H, H-4’’), 0.34 (s, 9H, TMS) ppm. 

13
C NMR (CDCl3, 100 MHz, 294 K) δ = 142.0, 140.0, 137.2, 136.2, 134.8, 127.9, 124.9, 124.4, 

124.3, 123.6, -0.1 (TMS) ppm. 

MS (EI) m/z = 322 (77%) [M+H]+, 308 (100%) [M-CH3]+. 

The compound was synthesized in a different way but, the analytical data are in accordance 

to literature.189 
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5-(4,4,5,5-Tetramethyl-[1,3,2]dioxaborolan-2-yl)-5’’-trimethylsilyl-[2,2’;5’2’’]terthiophene 

(3TBSi1, 96) 

99.4 mg (0.31 mmol) terthiophene 93 was dissolved in 5 mL dry THF and cooled to -78 °C. 

Then 0.23 mL (0.34 mmol, 1.6 M in n-hexane) n-butyl lithium was added dropwise and the 

solution was stirred for 30 min at this temperature under argon. After addition of 0.08 mL 

(0.37 mmol) ITDB the reaction was allowed to warm to rt over night. The reaction was 

quenched with NH4Cl solution and the aqueous layer was extracted with hexane. The 

combined organic extracts were washed with brine, dried over MgSO4 and the solvents were 

evaporated in vacuo to give 137 mg (0.31 mmol, 99%) borylated terthiophene 96 as yellow-

greenish solid which was sufficiently pure to use it in the next step. 

 

 1
H NMR (CDCl3, 400 MHz, 293 K) δ = 7.52 (d, J = 3.7 Hz, 1H, H-4), 

7.23 (d, J = 3.5 Hz, 2H, H-3’’ + Th), 7.14 (d, J = 3.6 Hz, 2H, H-4’’ + 

Th), 7.09 (d, J = 3.8 Hz, 1H, H-3), 1.36 (s, 12H, Hpin), 0.34 (s, 9H, 

TMS) ppm. 

13
C NMR (CDCl3, 100 MHz, 293 K) δ = 143.8, 141.9), 140.2, 138.0, 136.8, 136.0, 134.8, 125.1, 

125.0, 124.8, 124.5, 84.2 (C(CH3)pin), 24.8 (CH3,pin), -0.1 (TMS) ppm. 

MS (EI) m/z = 448 (100) [M+H]+, 433 (14%) [M-CH3]+. 

Mp (DSC, onset) 149 °C. 

 

 

5,5’’’’-Bis(trimethylsilyl)-5’-(5-(trimethylsilyl)-thien-2-yl)-[2,2’:3’,2’’:5’’,2’’’:5’’’,2’’’’]quin-

quethiophene (3TSi3TSi, 89) 

50.0 mg (0.16 mmol) borylated terthiophene 96 and 69.0 mg (0.15 mmol) 

bromoterthiophene 63 were dissolved in 5 mL THF and the solution was degassed. Then, 1.6 

mg (1.1 µmol) Pd2(dba)3CHCl3 and 0.7 mg (2.2 µmol) HP(t-Bu)3BF4 were added and the 

solution was degassed. Finally, 0.5 mL (0.9 mmol, 2M) K3PO4 solution was added and the 

reaction was degassed again. After stirring at rt for 2 h the reaction was quenched with 

water and the layers were extracted with hexane and brine. The combined organic extracts 

were dried over MgSO4, filtered and the solvents were evaporated in vacuo. The residue was 

purified by flash column chromatography (silica, Hex and Hex/DCM 9:1) to give 68.0 mg 

(0.10 mmol, 85%) desired product 89 as pale yellow solid.  
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1
H NMR (THF-d8, 400 MHz, 293 K) δ = 7.38 (s, 1H, H-4’), 

7.33 (d, J = 3.4 Hz, 1H, Th), 7.26 (d, J = 3.5 Hz, 1H, Th), 7.25 

(d, J = 3.6 Hz, 1H, Th), 7.22 (d, J = 3.9 Hz, 1H, Th), 7.21 (d, J = 

3.7 Hz, 1H, Th), 7.17 (d, J = 3.5 Hz, 1H, Th), 7.14 (d, J = 3.9 

Hz, 1H, Th), 7.13 (d, J = 3.8 Hz, 1H, Th), 7.10 (d, J = 3.8 Hz, 

1H, Th), 7.08 (d, J = 3.8 Hz, 1H, Th), 0.34 (s, 9H, TMS), 0.32 (s, 18H, TMS) ppm. 

13
C NMR (THF-d8, 100 MHz, 294 K) δ = 143.4, 143.1, 142.3, 141.3, 140.6, 140.6, 138.1, 137.5, 

137.3, 137.3, 137.1, 136.2, 136.1, 135.8, 133.2, 131.1, 130.4, 128.7, 126.9, 126.6, 126.0, 

125.5, 125.4, 124.7, 0.2 (TMS), 0.1 (TMS) ppm. 

HRMS (MALDI-TOF, DCTB) m/z = 710.05951 [M]+ (calc. for C33H38S6Si3 710.06055, 1.5 ppm). 

EA (calc. for C33H38S6Si3) C 55.72, H 5.38, S 27.05; found: C 55.96, H 5.15, S 26.82. 

Mp (DSC, onset) 105 °C. 

 

 

5,5’’’-Bis(trimethylsilyl)-5’’,5’’-bis(5-(trimethysilyl)-thien-2-yl)-[2,2’:3’,3’’:2’’,2’’’]quarter-

thiophene (β-6T3Si, 90) 

100 mg (0.21 mmol) bromoterthiophene 63 and 132 mg (0.25 mmol) borylated terthiophene 

76 were dissolved in 8.0 mL THF at rt and the solution was degassed. Then, 4.4 mg (4.2 

µmol) Pd2(dba)3CHCl3 and 2.5 mg (8.5 µmol) HP(t-Bu)3BF4 were added and the solution was 

degassed once more. After the addition of 0.8 mL (1.7 mmol, 2 M) of a degassed K3PO4 

solution the reaction was stirred for 3 h. The reaction was quenched with water and the 

layers were extracted with DCM and brine. The combined organic extracts were dried over 

MgSO4, filtered and the solvents were evaporated. The residue was purified by flash column 

chromatography (silica, Hex) to give 156 mg (0.20 mmol, 94%) desired product 90 as yellow 

solid. 

 

1
H NMR (CDCl3, 400 MHz, 293 K) δ = 7.25 (d, J = 3.4 Hz, 2H, Th), 

7.15 (d, J = 3.5 Hz, 2H, Th), 7.06 (s, 2H, H-4’ + H-4’’), 6.98 (d, J = 

3.5 Hz, 2H, Th),  6.96 (d, J = 3.5 Hz, 2H, Th), 0.34 (s, 18H, TMS), 

0.25 (s, 18H, TMS) ppm.  

13
C NMR (CDCl3, 100 MHz, 300 K) δ = 141.9, 140.8, 140.6, 140.2, 135.1, 134.8, 134.3, 133.7, 

132.4, 126.9, 126.3, 125.0, -0.1 (TMS), -0.2 (TMS) ppm. 
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HRMS (MALDI-TOF, DCTB) m/z = 782.09936 [M]+ (calc. for C36H46S6Si4 782.10008, 0.9 ppm). 

EA (calc. for C36H46S6Si4) C 55.19, H 5.92, S 24.56; found: C 55.51, H 5.89, S 25.06. 

MP (DSC, onset) 182 °C. 

 

 

Attempt to synthesize fused derivative of 83 (99)  

A solution of 25.0 mg (0.03 mmol) 90 in 4 mL anhydrous DCM 

was stirred under argon atmosphere and the argon was 

additionally bubbled through the solution to avoid 

chlorination. The solution was cooled to 0 °C and a cooled 

solution of 15.5 mg (0.10 mmol) FeCl3 in 1 mL dried nitromethane was added. The solution 

directly turned to a purple/black color. After 20 min the reaction was quenched with MeOH 

and a red precipitate was formed. The solvents were evaporated and the residue was 

washed with water, MeOH and hexane to give a red-orange solid, which did not show any 

presence of the desired product 99, neither in 1H NMR nor in MALDI-TOF. 

 

 

3’’-Bromo-5,5’’’’-bis(trimethylsilyl)-[2,2’:5’,2’’:5’’,2’’’:5’’’,2’’’’]quinquethiophene (Br5TSi,  

100) 

588 mg (1.20 mmol) halogenated terthiophene 75 was dissolved in 30 mL degassed THF and 

cooled under argon to 0 °C. Then, 631 mg (2.24 mmol) boronic ester 61, 21.0 mg (20.3 µmol) 

Pd2(dba)3CHCl3 and 11.8 mg (40.6 µmol) HP(t-Bu)3BF4 were added. After the addition of 4 mL 

(8 mmol, 2 M) of a degassed K3PO4 solution the reaction was stirred at 0 °C for 2 h. The 

reaction was quenched with water and the THF was evaporated in vacuo. The aqueous 

residue was redissolved in DCM and the water phase was extracted with DCM. The 

combined organic extracts were dried over MgSO4, filtered and the solvent was removed in 

vacuo. The crude product was first purified by column chromatography (silica, Hex/DCM 

9:1). Subsequent purification by recHPLC (sample preparation: 30 mg was dissolved in a 3:1 

Hex/DCM mixture; purification: semi-preparative NO2-phenol column with 95:5 Hex/DCM 

eluent mixture at a flow rate of 40 mL/min) gave 452 mg (0.71 mmol, 70%) 

bromoquinquethiophene 100 as orange solid.  
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1
H NMR (THF-d8, 400 MHz, 300 K) δ = 7.42 (d,  J = 3.8 Hz, 

1H, Th), 7.35 (d, J = 3.5 Hz, 1H, Th), 7.31 (d, J = 3.5 Hz, 1H, 

Th), 7.26 – 7.23 (m, 3H, Th), 7.21 – 7.19 (m, 3H, Th), 0.34 (s, 9H, TMS), 0.33 (s, 9H, TMS) ppm.  

13
C NMR (THF-d8, 100 MHz, 293 K) δ = 142.8, 142.7, 141.2, 141.2, 139.1, 138.6, 136.5, 136.2, 

136.2, 135.1, 133.9, 131.6, 128.9, 128.6, 126.6, 126.5, 126.4, 125.7, 124.9, 108.9 (CBr), 0.1 

(TMS) ppm. 

MS (MALDI-TOF, DCTB) m/z = 634.0 [M]+ (calc. for C26H27BrS5Si2 633.9). 

EA (calc. for C26H27S5Si2) C 49.11, H 4.28, S 25.21; found C 49.33, H 4.36, S 25.44. 

Mp (DSC, onset) 137 °C.   

 

 

Byproduct isolation 

5,5’’’’-Bis(trimethylsilyl)-3’’-[5-(trimethylsilyl)-thien-2-yl]-[2,2’:5’,2’’:5’’,2’’’:5’’’,2’’’’]quin-

quethiophene (TSi5TSi, 101) 

Furthermore, quinquethiophene 101 was isolated from the reaction mixture using recHPLC 

(NO2, Hex/DCM 95:5) as orange solid.  

 

1
H NMR (THF-d8, 400 MHz, 300 K) δ = 7.31 (s, 1H, H-4’’), 

7.30 (d, J = 3.5 Hz, 1H, Th), 7.23 – 7.21 (m, 3H, Th), 7.20 – 

7.18 (m, 3H, Th),  7.16 (d, J = 3.5 Hz, 1H, Th), 7.13 (d, J = 

3.8 Hz, 1H, H-3a), 7.08 (d, J = 3.8 Hz, 1H, H-4a), 0.33 (s, 9H, TMS), 0.33 (s, 9H, TMS), 0.32 (s, 

9H, TMS) ppm.  

13
C NMR (THF-d8, 100 MHz, 294 K) δ = 143.0, 143.0, 141.9, 140.9, 140.9, 139.5, 138.0, 136.6, 

136.2, 136.1, 135.6, 134.7, 133.8, 131.2, 129.6, 129.4, 127.7, 126.3, 126.2, 126.1, 125.7, 

125.0, 108.9, 0.2 (TMS), 0.1 (TMS) ppm. 

MS (MALDI-TOF, DCTB) m/z = 710.3 [M+] (calc. for C33H38S6Si3 710.1).  

EA ( calc. for C33H38S6Si3) calc. C 55.72, H 5.38, S 27.05; found C 55.35, H 5.15, S 26.66. 

Mp (DSC, onset) 120 °C. 
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5,5’’’’-Bis(trimethylsilyl)-3’’-(thien-2-yl)-[2,2’:5’,2’’:5’’,2’’’:5’’’,2’’’’]quinquethiophene 

(T5TSi, 102) 

437 mg (0.69 mmol) bromoquinquethiophene 100 and 317 mg (1.51 mmol) boronic ester 69 

were dissolved in 30 mL THF and the solution was degassed. Then, 14.2 mg (13.7 µmol) 

Pd2(dba)3CHCl3 and 8.0 mg (27.5 µmol) HP(t-Bu)3BF4 were added at rt and the solution was 

degassed once again. After addition of 2.7 mL (5.5 mmol, 2 M) aqueous solution of K3PO4 the 

reaction was stirred for 2 h at this temperature. The reaction was quenched with water and 

the THF was evaporated in vacuo. The aqueous residue was redissolved in DCM and the 

water phase was extracted with DCM. The combined organic extracts were dried over 

MgSO4 and the solvent was removed in vacuo. The crude product was purified by flash 

column chromatography (silica, Hex/DCM 9:1) to give 397 mg (0.62 mmol, 91%) 

quinquethiophene 102 as orange resin. 

 

1
H NMR (THF-d8, 400 MHz, 292 K): δ = 7.43 (d, J = 4.7 Hz, 

1H, not resolved dd of H-5a), 7.32 (s, 1H, H-4’’), 7.30 (d, J 

= 3.4 Hz, 1H, Th), 7.22 (d, J = 3.5 Hz, 2H, Th), 7.19 – 7.18 

(m, 3H, among others H-3a), 7.16 (d, J = 3.5 Hz, 1H, Th), 7.13 (d, J = 3.8 Hz, 1H, Th), 7.08 (d, J 

= 3.7 Hz, 1H, Th), 7.04 (dd, J = 3.7, 5.0 Hz, 1H, H-4a), 0.33 (s, 9H, TMS), 0.32 (s, 9H, TMS) ppm.  

13
C NMR (THF-d8, 100 MHz, 295 K) δ = 142.9, 140.9, 140.9, 139.7, 138.0, 137.6, 136.6, 136.2, 

136.1, 136.1, 134.6, 133.9, 131.4, 129.6, 128.4, 128.2, 127.6, 127.3, 126.3, 126.2, 125.7, 

124.9, 0.1 (TMS) ppm. 

MS (MALDI-TOF, DCTB) m/z = 638.0 [M+] (calc. for C30H30S6Si2 638.0). 

EA (calc. for C30H30S6Si2) C 56.38, H 4.73, S 30.10; found C 56.15, H 4.85, S 29.80. 

Mp (DSC, onset) 83 °C. 

 

 

3’’-[5-(4,4,5,5-Tetramethyl-[1,3,2]dioxaborolan-2-yl)-thien-2-yl]-5,5’’’’-bis(trimethylsilyl)-

[2,2’:5’,2’’:5’’,2’’’:5’’’,2’’’’]quinquethiophene (TB5TSi, 103) 

473 mg (0.74 mmol) quinquethiophene 102 was dissolved in 20 mL dry THF and cooled to -

78 °C. Then 0.51 mL (0.81 mmol, 1.6 M in n-hexane) n-butyl lithium was added dropwise to 

the solution and it was stirred at this temperature for 17 minutes under argon. Then, 0.18 

mL (0.89 mmol) ITDB was added and the solution was stirred for 2 h at this temperature and 
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then allowed to warm to rt over night. The reaction was quenched with water and the layers 

were extracted with DCM and brine. The combined organic extracts were dried over MgSO4, 

filtered and the solvents were removed in vacuo to give 561 mg (0.70 mmol, 95 % purity 

estimated from 1H NMR, 94%) borylated quinquethiophene 103 as orange brownish solid, 

which was pure enough for the next step. 

 

1
H NMR (THF-d8, 400 MHz, 294 K) δ = 7.49 (d, J = 3.6 Hz, 

1H, H-4a), 7.34 (s, 1H, H-4’’), 7.31 (d, J = 3.5 Hz, 1H, Th), 

7.25 (d, J = 3.4 Hz, 2H, Th), 7.24 (d, J = 3.7 Hz, 1H, Th),  

7.19 (d, J = 3.6 Hz, 2H, Th), 7.17 (d, J = 3.5 Hz, 1H, Th),  

7.15 (d, J = 4.0 Hz, 1H, Th), 7.09 (d, J = 3.9 Hz, 1H, Th), 1.31 (s, 12H, Hpin), 0.33 (s, 9H, TMS), 

0.32 (s, 9H, TMS) ppm.  

13
C NMR (THF-d8, 125 MHz, 295 K) δ = 144.7, 142.9, 142.9, 141.0, 140.9, 139.7, 138.5, 138.1, 

136.9, 136.2, 136.1, 136.0, 134.3, 133.8, 131.4, 129.7, 129.5, 127.6, 126.4, 126.3, 126.3, 

125.7, 125.1, 85.0 (C(CH3)pin), 25.3 (CH3,pin), 0.1 (TMS) ppm. 

MS (MALDI-TOF, DCTB) m/z = 764.6 [M+] (calc. for C36H41BO2S6Si2 764.1). 

 

 

5,5’’’’’’’’’’-Bis(trimethylsilyl)-5’’,5’’’’’’’’-bis(5’-(trimethylsilyl)-[2,2’]bithien-5-yl)-[2,2’:5’,2’’: 

3’’,2’’’:5’’’,2’’’’:5’’’’,2’’’’’:5’’’’’,2’’’’’’:5’’’’’’,2’’’’’’’:5’’’’’’’,3’’’’’’’’:2’’’’’’’’,2’’’’’’’’’:5’’’’’’’’’,2’’’’’’’’’’]-

undecithiophene (15T5Si, 104)  

612 mg (0.80 mmol) borylated quinquethiophene 103 and 100 mg (0.20 mmol) 

diiodoterthiophene 78 were dissolved in 25 mL THF at rt and the solution was degassed. 

Then, 8.3 mg (8.0 µmol) Pd2(dba)3CHCl3 and 4.6 mg (0.02 mmol) HP(t-Bu)3BF4 were added 

and the solution was degassed once more. After the addition of 1.6 mL (3.2 mmol, 2 M) of a 

degassed K3PO4 solution the reaction was stirred under argon for 5.5 h. The solvents were 

evaporated and the residue was purified by flash column chromatography (silica, gradient 

Hex/DCM 4:1 till pure DCM) to give two product fractions. These were further purified by 

repetitive SEC (THF). 174 mg (0.11 mmol, 57%) first generation T5-dendrimer 104 was 

obtained as red-orange solid. 
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1
H NMR (THF-d8, 500 MHz, 300 K) δ = 7.38 

(s, 2H, H-b), 7.31 (d, J = 3.5 Hz, 2H, Th), 

7.27 (d, J = 3.5 Hz, 2H, Th), 7.25 (d, J = 3.8 

Hz, 2H, Th), 7.20 – 7.19 (m, 8H, Th), 7.18 – 

7.15 (m, 12H, Th), 0.34 (s, 18H, TMS), 0.32 

(s, 18H, TMS) ppm.  

13
C NMR (THF-d8, 125 MHz, 295 K) δ = 

142.9, 142.9, 141.0, 141.0, 140.1, 138.4, 138.2, 137.2, 137.1, 137.0, 137.0, 136.9, 136.2, 

136.2, 135.9, 134.1, 133.5, 131.0, 130.2, 129.3, 127.0, 126.5, 126.4, 125.8, 125.7, 125.7, 

125.2, 125.1, 0.1 (TMS) ppm. 

EA (calc. for C72H64S15Si4) C 56.80, H 4.24, S 31.59; found C 56.60, H 4.40, S 31.32. 

HRMS (MALDI-TOF, DCTB) m/z = 1519.98858 [M]+ (calc. for C72H64S15Si4 1519.98902, δm/m = 

0.3 ppm). 

Mp (DSC, onset) 202 °C. 

 

 

5’’,5’’’’’’’’-Bis([2,2’]bithien-5-yl)-[2,2’:5’,2’’:3’’,2’’’:5’’’,2’’’’:5’’’’,2’’’’’:5’’’’’,2’’’’’’:5’’’’’’,2’’’’’’’: 

5’’’’’’’,3’’’’’’’’:2’’’’’’’’,2’’’’’’’’’:5’’’’’’’’’,2’’’’’’’’’’]undecithiophene (15T5, 105) 

89.3 mg (0.06 mmol) first generation dendrimer 104 was dissolved in 200 mL THF. Then, 167 

mg (0.53 mmol) TBAF(trihydrate) was added. The reaction was stirred for 2.5 h at rt before 

being quenched with water. The solvents were evaporated and the solid residue was washed 

with MeOH and water to give 69.4 mg (0.06 mmol, 96%) deprotected first generation 

dendrimer 105 as red solid. 

  

1
H NMR (TCE-d2, 500 MHz, 375 K) δ = 7.23 (dd, 

J = 1.0, 5.1 Hz, 2H, H-5a), 7.21 (dd, J = 1.1, 5.0 

Hz, 2H, H-5a), 7.21 (s, 2H, H-b), 7.18 (dd, J = 1.1, 

3.6 Hz, 2H, H-3a), 7.15 (dd, J = 1.0, 3.6 Hz, 2H, 

H-3a), 7.11 (d, J = 3.8 Hz, 2H, Th), 7.09 (d, J = 

3.7 Hz, 2H, Th), 7.09 (d, J = 3.7 Hz, 2H, Th), 7.08 

(s, br, 4H, Th), 7.07 – 7.05 (m, 8H, Th), 7.01 (dd, 

J = 3.6, 5.1 Hz, 2H, H-4a), 7.23 (dd, J = 3.7, 5.1 Hz, 2H, H-4a) ppm.  
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HRMS (MALDI-TOF, DCTB) m/z = 1231.82758 [M]+ (calc. for C60H32S15 12319.83091, δm/m = 

3.1 ppm). 

 

 

3’’’’’-Bromo-5,5’’’’’’’’’’-bis(trimethylsilyl)-5’’,5’’’’’’’’-bis(5’-(trimethylsilyl)-[2,2’]bithien-5-yl)-

[2,2’:5’,2’’:3’’,2’’’:5’’’,2’’’’:5’’’’,2’’’’’:5’’’’’,2’’’’’’:5’’’’’’,2’’’’’’’:5’’’’’’’,3’’’’’’’’:2’’’’’’’’,2’’’’’’’’’: 

5’’’’’’’’’,2’’’’’’’’’’]undecithiophene (Br15T5Si, 107) 

396 mg (0.52 mmol) borylated quinquethiophene 103 and 150 mg (0.26 mmol) halogenated 

terthiophene 75 were dissolved in 30 mL THF and the solution was degassed and cooled to 0 

°C. Then, 10.7 mg (0.01 mmol) Pd2(dba)3CHCl3 and 6.3 mg (0.02 mmol) HP(t-Bu)3BF4 were 

added and the solution was degassed once more. After the addition of 1.0 mL (2.1 mmol, 2 

M) of a degassed K3PO4 solution the reaction was stirred at 0 °C under argon for 40 min and 

for 30 min at rt. The reaction was quenched with water and the layers were extracted with 

DCM and brine. The combined organic extracts were dried over MgSO4, filtered and the 

solvents were evaporated. The residue was purified by flash column chromatography (silica, 

gradient Hex/DCM 2:1 till pure DCM) to give three product fractions. These were separately 

further purified by repetitive SEC (THF). 203 mg (0.13 mmol, 50%) brominated dendron 107 

was obtained as red-orange solid. 

 

1
H NMR (THF-d8, 500 MHz, 300 K) δ = 

7.40 (d, J = 4.0 Hz, 1H, Th), 7.39 (s, 1H, 

H-b), 7.38 (s, 1H, H-b), 7.31 (d, J = 3.4 

Hz, 2H, Th), 7.28 (d, J = 3.4 Hz, 2H, Th), 

7.27 (s, 1H, H-4’’’’’), 7.25 (d, J = 3.7 Hz, 

1H, Th),  7.25 (d, J = 3.8 Hz, 1H, Th), 

7.23 (d, J = 3.8 Hz, 1H, Th), 7.22 (d, J = 

3.7 Hz, 1H, Th), 7.21 (d, J = 3.7 Hz, 1H, 

Th), 7.20 (d, J = 3.6 Hz, 4H, Th), 7.20 (d, J = 3.8 Hz, 2H, Th), 7.18 – 7.16 (m, 7H, Th), 0.34 (s, 

18H, TMS), 0.32 (s, 18H, TMS) ppm.  

13
C NMR (THF-d8, 125 MHz, 295 K) δ = 142.9, 142.9, 142.8, 142.8, 141.1, 141.0, 141.0, 141.0, 

140.1, 140.1, 138.9, 138.3, 138.2, 138.2, 138.1, 138.1, 137.3, 137.2, 137.2, 136.5, 136.2, 

136.2, 135.9, 135.9, 135.2, 134.1, 134.0, 134.0, 133.4, 133.4, 131.6, 131.1, 131.1, 130.2, 
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130.2, 129.4, 129.0, 128.6, 127.0, 127.0, 126.6, 126.5, 126.3, 126.3, 125.8, 125.7, 125.4, 

125.2, 125.2, 125.1, 109.1 (CBr), 0.1 (TMS) ppm. 

EA (calc. for C72H63BrS15Si4) C 54.00; H 3.97; S 30.03; found: C 54.27; H 3.96; S 29.86. 

HRMS (MALDI-TOF, DCTB) m/z = 1597.89368 [M]+ (calc. for C72H63BrS15Si4 1597.90008, 

δm/m = 4.0 ppm). 

Mp (DSC) The product seems to undergo steady decomposition after 200 °C. 

 

 

3’’’’’-(Thien-2-yl)-5,5’’’’’’’’’’-bis(trimethylsilyl)- 5’’,5’’’’’’’’-bis(5’-(trimethylsilyl)-[2,2’]bithien-

5-yl)-[2,2’:5’,2’’:3’’,2’’’:5’’’,2’’’’:5’’’’,2’’’’’:5’’’’’,2’’’’’’:5’’’’’’,2’’’’’’’:5’’’’’’’,3’’’’’’’’:2’’’’’’’’,2’’’’’’’’’: 

5’’’’’’’’’,2’’’’’’’’’’]undecithiophene (T15T5Si, 108) 

81 mg (51 µmol) brominated dendron 107 and 32 mg (0.15 mmol) borylated thiophene 69 

were dissolved in 30 mL THF and the solution was degassed and cooled to 0 °C. Then, 1 mg 

(1 µmol) Pd2(dba)3CHCl3 and 0.6 mg (2 µmol) HP(t-Bu)3BF4 were added and the solution was 

degassed once more. After the addition of 1.0 mL (2.1 mmol, 2 M) of a degassed K3PO4 

solution the reaction was stirred at rt and under argon for 2 h. The reaction was quenched 

with water and the layers were extracted with DCM and brine. The combined organic 

extracts were dried over MgSO4, filtered and the solvents were evaporated. The residue was 

purified by flash column chromatography (silica, gradient Hex/DCM 2:1, till pure DCM) and 

by repetitive SEC (THF). 73 mg (45 µmol, 89%) dendron 108 was obtained as red-orange 

solid.  

 

1
H NMR (THF-d8, 500 MHz, 294 K) δ = 

7.43 (dd, J = 1.2, 5.1 Hz, 1H, H-5a), 7.39 

(s, 1H, H-b), 7.37 (s, 1H, H-b), 7.33 (s, 

1H, H-4’’’’’), 7.31 (d, J = 3.4 Hz, 1H, Th), 

7.31 (d, J = 3.4 Hz, 1H, Th), 7.27 (d, J = 

3.5 Hz, 1H, Th), 7.27 (d, J = 3.5 Hz, 1H, 

Th), 7.25 (d, J = 3.8 Hz, 1H, Th),  7.25 (d, 

J = 3.7 Hz, 1H, Th), 7.23 (d, J = 3.8 Hz, 

1H, Th), 7.22 (d, J = 3.7 Hz, 1H, Th), 7.21 – 7.19 (m, 6H, Th), 7.28 – 7.16 (m, 5H, Th), 7.15(d, J 

= 3.8 Hz, 1H, Th), 7.13 (d, J = 2.0 Hz, 1H, Th), 7.12 (d, J = 3.8 Hz, 1H, Th), 7.07 (d, J = 3.8 Hz, 
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1H, Th), 7.04 (dd, J = 3.5, 5.1 Hz, 1H, H-4a), 0.34 (s, 18H, TMS), 0.32 (s, 9H, TMS), 0.32 (s, 9H, 

TMS) ppm.  

13
C NMR (THF-d8, 125 MHz, 295 K) δ = 142.9, 142.9, 141.0, 141.0, 140.1, 140.1, 139.3, 138.4, 

138.3, 138.1, 138.1, 137.7, 137.5, 137.2, 137.1, 137.1, 137.1, 136.5, 136.2, 136.2, 135.9, 

134.7, 134.1, 133.9, 133.5, 133.5, 131.5, 131.1, 131.0, 131.0, 130.2, 129.9, 129.5, 129.4, 

129.3, 129.3, 128.5, 128.2, 127.8, 127.4, 127.0, 127.0, 126.5, 126.3, 126.2, 125.8, 125.7, 

125.2, 125.2, 125.0, 0.1 (TMS) ppm. 

HRMS (MALDI-TOF, DCTB) m/z = 1601.97610 [M]+ (calc. for C72H63BrS15Si4 1601.97674, 

δm/m = 0.4 ppm). 

 

 

5,5’’’’’-Bis(trimethylsilyl)-5’,5’’’’-bis(5-(trimethylsilyl)-thien-2-yl)[2,2’:3’,2’’:5’’,2’’’:5’’’,3’’’’: 

2’’’’,2’’’’’]sexithiophene (8TSi, 74) 

A solution of 729 mg (1.54 mmol) terthiophene 70 in 10 mL dry THF was cooled to -78 °C 

under argon. Then, 1.06 mL (1.69 mmol, 1.6 M in n-hexane) n-butyl lithium was added 

dropwise and the solution was stirred for 30 min at this temperature. 310 mg (2.30 mmol) 

dry CuCl2 was added and the reaction was stirred for 1.5 h at -78 °C before being allowed to 

warm to rt. After stirring the reaction over night it was quenched with methanol and the 

solution was filtered over a short silica column. The solvents were evaporated in vacuo and 

the residue was purified via flash column chromatography (silica, Hex/DCM 9:1) to give 555 

mg (0.59 mmol, 76%) mixed dendrimer 74 as yellow solid. 

 

1
H NMR (THF-d8, 400 MHz, 300 K) δ = 7.36 (s, 2H, H-4’ + 

H-4’’’’), 7.33 (d, J = 3.5 Hz, 2H, H-3 + H-3’’’’’), 7.24 (d, J = 

3.4 Hz, 2H, H-3a), 7.21 (d, J = 3.5 Hz, 4H, H-4 + H-4’’’’’ + H-

4a), 7.08 (d, J = 3.8 Hz, 2H, H-3’’ + H-4’’’), 7.06 (d, J = 3.8 

Hz, 2H, H-4’’ + H-3’’’), 0.34 (s, 18H, TMS), 0.33 (s, 18H, 

TMS) ppm.  

13
C NMR (THF-d8, 100 MHz, 300 K) δ = 143.4, 142.4, 141.4, 140.6, 138.3, 137.5, 137.3, 136.2, 

135.7, 133.2, 131.2, 130.4, 128.7, 126.9, 126.6, 124.7, 0.2 (TMS), 0.1 (TMS) ppm. 

HRMS (MALDI-TOF, DCTB) m/z = 946.07394 [M]+ (calc. for C44H50S8Si4 946.07552, δm/m = 1.1 

ppm). 
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Mp (DSC, onset) 197 °C. 

 

 

5’,5’’’’-Bis(thien-2-yl)-[2,2’:3’,2’’:5’’,2’’’:5’’’,3’’’’:2’’’’,2’’’’’]sexithiophene (8T, 111) 

149 mg (0.16 mmol) mixed dendrimer 74 was dissolved in 8 mL THF. Then a solution of 397 

mg (1.26 mmol) TBAF(trihydrate) in 2 mL THF was added. The reaction was stirred at rt over 

night before being quenched with water. The layers were extracted with DCM and brine. The 

combined organic extracts were dried over MgSO4, filtered and the solvents were 

evaporated in vacuo. The residue was filtered over a short column (silica, gradient eluent 

Hex/DCM 4:1 till 1:1) to give 98.3 mg (0.15 mmol, 95%) deprotected mixed 111 as yellow 

solid. 

 

1
H NMR (THF-d8, 400 MHz, 293 K) δ = 7.48 (dd, J = 1.0, 5.1 

Hz, 2H, H-5a), 7.39 (dd, J = 1.1, 5.3 Hz, 2H, H-5a), 7.36 (s, 

2H, H-b), 7.29 (dd, J = 0.9, 3.5 Hz, 2H, H-3a), 7.21 (dd, J = 

1.0, 3.5 Hz, 2H, H-3a), 7.08 – 7.04 (m, 8H, Th) ppm.  

13
C NMR (THF-d8, 100 MHz, 294 K) δ = 138.4, 137.5, 137.2, 

137.1, 135.2, 133.6, 131.0, 129.4, 129.0, 128.8, 128.5, 128.4, 126.6, 126.4, 125.4, 124.7 ppm. 

HRMS (MALDI-TOF, DCTB) m/z = 657.91649 [M]+ (calc. for C32H18S8 657.91742, δm/m = 1.4 

ppm). 

Mp (DSC, onset) 207 °C. 

 

 

3’’-(4,4,5,5-Tetramethyl-[1,3,2]dioxaborolan-2-yl)-5,5’’’’-bis(trimethylsilyl)-[2,2’:5’,2’’:5’’, 

2’’’:5’’’,2’’’’]quinquethiophene (B5TSi, 112) 

206 mg (0.32 mmol) bromoquinquethiophene 100 was dissolved in 25 mL dry THF and 

cooled to -78 °C. Then, 0.24 mL (0.39 mmol, 1.6 M in n-hexane) n-butyl lithium was added 

dropwise to the solution and it was stirred at this temperature for 30 minutes under argon. 

Then 0.09 mL (0.45 mmol) ITDB was added drop wise and the solution was stirred for 30 

minutes at this temperature and then allowed to warm to rt. The reaction was quenched 

after 2 h at rt with water and the solvents were removed in vacuo. The residue was 

precipitated from MeOH/water 1:1. The resulting solid was further purified by flash column 
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chromatography to give 63 mg (84 µmol, 90 % purity estimated from 1H NMR, 26% yield) 

borylated quinquethiophene 112 as dirty yellowish solid which, was pure enough for the 

next step. 

 

1
H NMR (THF-d8, 400 MHz, 293 K) δ = 7.58 (d, J = 3.7 Hz, 

1H, Th), 7.42 (s, 1H, H-4’’), 7.30 (d, J = 3.6 Hz, 1H, Th), 7.29 

(d, J = 3.6 Hz, 1H, Th), 7.20 – 7.17 (m, 5H, Th), 1.35 (s, 12H, 

Hpin), 0.34 (s, 9H, TMS), 0.33 (s, 9H, TMS) ppm.  

13
C NMR (THF-d8, 100 MHz, 293 K) δ = 154.7, 143.2, 143.1, 140.7, 140.7, 138.8, 137.4, 136.5, 

136.4, 136.3, 136.2, 132.8, 129.5, 126.1, 126.1, 125.8, 125.6, 125.4, 85.0, 0.1 (TMS) ppm. 

MS (MALDI-TOF, DCTB) m/z = 682.2 [M+] (calc. for C32H39BO2S5Si2 682.1). 

 

 

5,5’’’’’’’’-Bis(trimethylsilyl)-5’’,5’’’’’’-bis[5’-(trimethylsilyl)-[2,2’]bithien-5-yl]-[2,2’:5’,2’’:3’’, 

2’’’:5’’’,2’’’’:5’’’’,2’’’’’:5’’’’’,3’’’’’’:2’’’’’’,2’’’’’’’:5’’’’’’’,2’’’’’’’’]nonathiophene (13TSi, 113) 

50 mg (0.10 mmol) diiodoterthiophene 78 and 205 mg (0.30 mmol) borylated 

quinquethiophene 112 were dissolved in 15 mL THF and the solution was degassed. Then 4.1 

mg (4.0 µmol) Pd2(dba)3CHCl3 and 2.3 mg (8.0 µmol) HP(t-Bu)3BF4 were added and the 

solution was degassed once more. After addition of 0.4 mL (0.8 mmol, 2 M) of a degassed 

K3PO4 solution the reaction was stirred under argon at rt over night. The reaction was 

quenched with water and the layers were extracted with DCM and brine. The combined 

organic extracts were dried over MgSO4, filtered and the solvents were evaporated. The 

residue was purified by flash column chromatography (silica, gradient Hex/DCM 4:1 till pure 

DCM) to give two product fractions. These were separately further purified by repetitive SEC 

(THF) and recGPC (THF) to obtain 67 mg (0.05 mmol, 50%) mixed dendrimer 113 as orange 

solid. 

 

1
H NMR (THF-d8, 400 MHz, 293 K) δ = 7.38 (s, 2H, H-

4’’ + H-4’’’’’’), 7.31 (d, J = 3.4 Hz, 2H, Th), 7.27 (d, J = 

3.4 Hz, 2H, Th), 7.25 (d, J = 3.4 Hz, 2H, Th), 7.20 – 7.19 

(m, 8H, Th), 7.17 – 7.15 (m, 6H, Th), 7.13 (s, 2H, H-3’’’’ 

+ H-4’’’’), 0.34 (s, 18H, TMS), 0.32 (s, 18H, TMS) ppm.  
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13
C NMR (THF-d8, 100 MHz, 293 K) δ = 142.9, 142.9, 141.0, 141.0, 140.0, 138.5, 138.1, 137.1, 

137.1, 136.9, 136.2, 136.1, 135.9, 134.1, 133.5, 131.0, 130.2, 129.3, 127.0, 126.5, 126.3, 

125.7, 125.7, 125.2, 125.0, 0.1 (TMS) ppm. 

HRMS (MALDI-TOF, DCTB) m/z = 1356.01319 [M]+ (calc. for C64H60S13Si4 1356.01358, δm/m = 

0.7 ppm). 

EA (calc. for C64H60S13Si4) C 56.59, H 4.45, S 30.69; found C 56.63, H 4.59, S 30.51. 

Mp (DSC, onset) 252 °C (decomposition). 

 

 

5’’,5’’’’’’-Bis([2,2’]bithien-5-yl)-[2,2’:5’,2’’:3’’,2’’’:5’’’,2’’’’:5’’’’,2’’’’’:5’’’’’,3’’’’’’:2’’’’’’,2’’’’’’’: 

5’’’’’’’,2’’’’’’’’]nonathiophene (13T, 114) 

46.3 mg (0.03 mmol) mixed dendrimer 105 was dissolved in 50 mL THF and 96.8 mg (0.31 

mmol) TBAF(trihydrate) was added. The solution was stirred at rt for 3 h before the solvents 

were evaporated in vacuo. The residue was precipitated from methanol to give 34.3 mg 

(0.03 mmol, 94%) deprotected mixed dendrimer 114 as yellow-orange solid. 

 

1
H NMR (THF-d8, 500 MHz, 340 K) δ = 7.33 (s, 2H, H-4’’ + 

H-4’’’’’’), 7.31 (d, J = 4.4 Hz, 2H, Th, due to unusual 

coupling constant and shape of doublet this might be an 

unresolved dd of H-5a), 7.29 (dd, J = 0.6, 5.1 Hz, 2H, H-

5a), 7.23 (dd, J = 0.6, 3.4 Hz, 2H, H-3a, not completely 

resolved), 7.20 (d, J = 3.8 Hz, 2H, Th), 7.19 (J = 0.8, 3.7 Hz, 

2H, H-3a, not completely resolved), 7.15 – 7.11 (m, 12H, Th), 7.01 (dd, J = 3.7, 5.1 Hz, 2H, H-

4a), 6.98 (dd, J = 3.7, 5.1 Hz, 2H, H-4a) ppm.  

HRMS (MALDI-TOF, DCTB) m/z = 1067.8547303 [M]+ (calc. for C52H28S13 1067.85547, δm/m = 

0.7 ppm). 

Mp (DSC, onset) nd. 

 

 

 

 



172  EXPERIMENTAL SECTION 
 

5,5’’’’’-Dibromo-5’,5’’’’-bis(5-bromothien-2-yl)-[2,2’:3’,2’’:5’’,2’’’:5’’’,3’’’’:2’’’’,2’’’’’]sexithio-

phene (8TBr, 115) 

100 mg (0.11 mmol) mixed dendrimer 74 was dissolved in a mixture of 70 mL DMF and 5 mL 

THF and cooled to 0 °C. In the dark a solution of 77 mg (0.43 mmol) TBAF(trihydrate) in 10 

mL DMF was added dropwise. The solution was stirred for one hour at 0 °C before being 

allowed to warm to rt over night. The reaction was quenched with a Na2S2O3 solution and 

the solvents were evaporated. The residue was washed with water to give 100 mg (0.07 

mmol, 68% yield, 70% purity) brominated mixed dendrimer 115 as yellow solid and was used 

like this for the next step. 

 

1
H NMR (THF-d8, 500 MHz, 305 K) δ = 7.33 (s, 2H, H-4’ + H-4’’’’), 

7.15 (d, J = 3.8 Hz, 2H, Th), 7.12 – 7.09 (m, 8H, Th), 7.04 (d, J = 

3.9 Hz, 2H, H-4’’ + H-3’’’) ppm.  

13
C NMR (THF-d8, 125 MHz, 305 K) δ = 138.8, 138.7, 136.8, 

136.7, 136.4, 134.1, 132.4, 131.8, 130.5, 130.1, 129.5, 127.3, 

126.1, 125.1, 114.7, 112.8 ppm. 

MS (MALDI-TOF, DCTB) m/z = 969.7[M]+ (calc. for C32H14 Br4S8 969.5). 

 

 

5,5’’’’’’’’’’’-Bis(trimethylsilyl)-5’’,5’’’’’’’’’’-bis[5’-(trimethylsilyl)-[2,2’]bithien-5-yl]-5’’’’,5’’’’’’’-

bis{5’-[(trimethylsilyl)-[2,2’]bithien-5-yl]-5’’’-(trimethylsilyl)-[2,3’:2’,2’’:5’’,2’’’]quaterthien-

5-yl}-[2,2’:5’,2’’:3’’,2’’’:5’’’,2’’’’:5’’’’,2’’’’’:5’’’’’,3’’’’’’:2’’’’’’,2’’’’’’’:5’’’’’’’,2’’’’’’’’]dodecithio-

phene (28TSi, 116) 

28.8 mg (0.03 mmol) brominated mixed dendrimer 107 and 162 mg (0.24 mmol) borylated 

quinquethiophene 112 were dissolved in 15 mL THF and the solution was degassed. Then, 

2.5 mg (2.4 µmol) Pd2(dba)3CHCl3 and 1.4 mg (4.7 µmol) HP(t-Bu)3BF4 were added and the 

solution was degassed once more. After addition of 0.7 mL (1.5 mmol, 2 M) of a degassed 

K3PO4 solution the reaction was stirred under argon at rt for 5 h. The reaction was quenched 

with water and the layers were extracted with DCM and brine. The combined organic 

extracts were dried over MgSO4, filtered and the solvents were evaporated. The residue was 

purified by flash column chromatography (silica, gradient Hex/DCM 4:1 till pure DCM) to give 
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two product fractions. These were separately further purified by repetitive SEC (THF) and 

recGPC (THF) to obtain 50.3 mg (0.02 mmol, 59%) mixed dendrimer 116 as red solid. 

1
H NMR (THF-d8, 400 MHz, 293 K) δ = 7.38 

(s, 2H, H-c), 7.32 – 7.31 (m, 6H, Th), 7.27 – 

7.24 (m, 8H, Th), 7.20 (m, 24H, Th), 7.09 (d, 

J = 3.4 Hz, 2H, Th), 7.08 (d, J = 3.7 Hz, 2H, H-

a), 7.07 (s, 4H, H-d), 7.01 (d, J = 3.8 Hz, 2H, 

H-b), 0.33 (s, 18H, TMS), 0.32 (s, 18H, TMS), 

0.30 (s, 18H, TMS), 0.27 (s, 18H, TMS)  ppm.  

13
C NMR (THF-d8, 100 MHz, 294 K) δ = 

143.0, 142.9, 142.9, 142.8, 141.0, 141.0, 

140.9, 140.9, 140.0, 139.9, 139.6, 138.7, 

138.1, 138.0, 137.7, 137.5, 137.1, 137.1, 

137.0, 136.8, 136.2, 136.2, 136.1, 136.0, 135.9, 135.9, 134.1, 134.0, 133.6, 133.3, 133.3, 

131.4, 131.3, 130.1, 130.1, 129.5, 129.4, 129.3, 128.7,  127.1, 127.1, 127.0, 126.5, 126.4, 

126.3, 126.3, 125.7, 125.7, 125.2, 125.1, 124.9, 0.2 (TMS), 0.1 (TMS), 0.1 (TMS) ppm. 

HRMS (MALDI-TOF, DCTB) m/z = 2876.98718 [M]+ (calc. for C136H122S28Si8 2876.98805, δm/m 

= 0.3 ppm). 

Mp (DSC, onset) could not be determined. 
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