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1.1 Concept  

1.1.1 What is a Dendrimer? 

Dendrimers represent a class of macromolecules. The name stems from the Greek word 

‘δενδρον’, which pronounces ‘dendron’ and translates to ‘tree’. In general, dendrimers are 

monodisperse substances bearing a certain number of branched moieties, which are iteratively 

connected. Those branched moieties are termed as ‘building blocks’ or ‘repeating units’. This 

kind of regular, three-dimensional architecture differs significantly from small molecules and 

linear polymers. A wedge-shaped dendritic molecule consisting of several branched moieties 

is called ‘dendron’. A ‘dendrimer’ has usually more than one dendron moiety or subunit. As 

shown in Figure 1.1, there are two possible types of modifications at dendrimers: 

incorporating a core unit and/or functional groups at the periphery. 

 
1 

Figure 1.1 An example
[1]

 for a dendrimer consisting of a core unit (green), dendronized backbone 

(blue) and peripheral functionalization (red). 
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1.1.2 General Construction of Dendrimers 

1.1.2.1 The ABn-Type Monomer 

The monomer needed for constructing a dendronized backbone should have a branching 

structure with several reaction positions. It is usually denoted as an ABn (n≥2) monomer. 

Only if n is larger than 1, it will result in a dendronized architecture; otherwise it will turn to a 

linear polymer. This ABn monomer consists basically of a branching point and n same or 

different connectivities between the branching points and the reaction positions. By the 

growth of a dendritic structure, the A-part represents the head, which directs to the interior of 

the molecule and connects to the core or the B position of an inner ABn unit. The B-parts are 

the tails, which orient to the exterior of the molecule and will be attached to the A-position of 

an outer unit. The most commonly used ABn-type monomers are AB2 and AB3.
[2]

 As listed in 

Table 1.1, the branching point can be an atom or a molecular moiety.[2] Atoms, such as C, Si, 

N and P, for building up flexible backbones and aryl moieties, such as phenyl, thienyl, 

carbazolyl, truxenyl and triptycenyl, for semi-rigid structures are used very frequently.[2] 

 

Table 1.1 Various ABn units found in literature.
[2]

 The branching points are marked in blue, including 

atoms and moieties. 

Branching 

Point 

Element  

AB2 AB3 

Group III 
 

    

Group IV 
   

 

   

Group V 
  Z = O, S  

Moiety 

 
 

 

 

 

 

 

 

R = n-C6H13 

 
 

 
  



 
4 Chapter 1                                                                                            Dendrimers: A Brief Overview 

1.1.2.2 Generation 

The term “generation” in dendrimer chemistry is only a matter of the number of repetition of 

the ABn monomers in the dendritic scaffold, regardless of the core unit and peripheral parts. 

The generation number can be easily determined by counting the number of the ABn 

monomers appearing on the shortest pathway along the A-B-A-B-connectivity from the 

innermost A-point to the outermost B-point.[3] In some special cases, the ABn monomers used 

from generation to generation are different. For instance, dendrimer 5 shown in Figure 1.3 has 

been obtained by three kinds of AB3 monomers, differing in the linkage part (-

(CH2OCH2CH2)-, -CONH-, and -CH2O- linkages). This example can still be considered as a 

third generation dendron. Attention should be paid to the circumstances that, if the ABn 

monomers have (n+1)-fold rotational symmetry and one of them is placed in the middle of a 

dendrimer, giving the dendrimer also an (n+1)-fold rotational symmetry, like in the cases of 7, 

8, and 9 in Figure 1.5 and 12 in Figure 1.6, the core monomer should not be counted by 

determining the generation of the dendrimer according the strict definition of the generation. 

Sometimes, “generation 0” can be found in literature. This term is used to describe the core 

part in a dendritic structure. 

 

1.1.2.3 Rational Connection of ABn Monomers 

Designing a reasonable construction pathway is of great importance for the synthesis of 

dendrimers, that determines the complexity of the purification procedure and the value of  the 

overall yield. There are two major types of pathways for the growth of the dendrons (a 

dendrimer is in the most cases a simple multiplication of dendrons with respect to their 

synthesis): the convergent and divergent approaches (see Figure 1.2). By using the former 

one means to build up a dendron from its outer edge gradually to its focal point. This route is 

usually chosen if the dendron bears peripheral functionalizations, which are capable to 

undergo the reactions used to prepare the dendritic structure, or if the reaction between A and 

B positions has not a particularly high yield. In the convergent pathway, a higher generation 

of a dendron is always yielded in an n-fold reaction, while in a divergent pathway, which is to 

construct a dendron from the focal point stepwise to the outer edge, an x
th
 generation of 

dendron is obtained via an n
x

-fold reaction. This means, along the growth of the generation, 

the number of single reacting positions between A- and B-points increases exponentially. The 

divergent route, therefore, requires either an almost quantitative yield at each reacting position, 
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or a highly efficient separation methodology to remove

uncompleted reactions. If these

straightforward and time-saving

focal A-point is the reacting position thereof) 

excess. The basic monomer AB

dendron, which serves as reactant

The dendritic oligothiophenes pr

divergent synthetic route because of the instrumental limitation in terms o

procedure as well as the very good but still not quantitative yield of the Pd

coupling reaction used for the A

Figure 1.2 The convergent and divergent synthetic strategies in dendrimer chemistry.

 

1.1.2.4 Functionalization of

Due to the structural particularity of dendrimers, the number of incorporated functi

groups (FGs) at the center or at the periphery

the generation (x). For the AB

the number of FGs at the center is 

the number of FGs at the periphery is

Convergent: 

Divergent: 
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paration methodology to remove by-products generated by 

. If these prerequisites can be fulfilled, the divergent pathway is a very 

saving method due to the simple fact, that the exterior 

point is the reacting position thereof) can always be charged in a 

. The basic monomer ABn is much more readily accessible than any oth

as reactant. 

The dendritic oligothiophenes prepared and discussed in this thesis are all 

divergent synthetic route because of the instrumental limitation in terms o

well as the very good but still not quantitative yield of the Pd

used for the A-B connection.  

The convergent and divergent synthetic strategies in dendrimer chemistry.

f the Dendritic Structure 

Due to the structural particularity of dendrimers, the number of incorporated functi

at the periphery or in the repeating units is always a function 

he ABn type dendrimers, which consists of m dendrons, 

the number of FGs at the center is  

����� � � ∙ �� � 1                                                      

the number of FGs at the periphery is 

����� � � ∙ ��                                                            
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products generated by 

, the divergent pathway is a very 

exterior dendrons (the 

always be charged in a stoichiometric 

is much more readily accessible than any other intermediate 

are all obtained by the 

divergent synthetic route because of the instrumental limitation in terms of the separation 

well as the very good but still not quantitative yield of the Pd-catalyzed cross-

 

The convergent and divergent synthetic strategies in dendrimer chemistry. 

Due to the structural particularity of dendrimers, the number of incorporated functional 

is always a function of 

dendrons,  

                                                      (1.1) 

                                                           (1.2) 
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the number of FGs at repeating units is 

��(�) = � ∙ ∑ ���

���                                                      (1.3) 

The electronical influence of the FGs on the whole molecule depends strongly on their 

positions. The overall influence of the central functionality decreases when the generation 

increases. This differs a lot from linear polymers, in which the number of FGs is 

approximately proportional to the degree of polymerization. But similarly to linear polymers, 

the electronical contribution of the FGs at the periphery and at the repeating units remain 

nearly unchanged when the molecule increases in size. Besides that, the core part can also 

provide a spatial function, like a 2D- or 3D-arrangement of the dendrons, the tailored degree 

of symmetry, and therefore resulting in intermolecular interactions. In these situations, the 

stereocontrol of the central FG is unaffected when the generation increases. 

In Chapter 1.2 and 1.3, a brief history and state-of-the-art of dendrimer chemistry will be 

disscussed. The ABn building blocks in each kind of dendritic architechture will be 

highlighted in red to help guiding the reader’s eye. Only the dendrimers, which are in line 

with the strict definition of Chapter 1.1 will be considered. Hyperbranched
[4]

 and 

dendronized
[5]

 polymers with respect to their undefined molecular structures and nonunique 

molecular weights are excluded. Star-shaped molecules,
[6]

 despite bearing branched moieties 

and being structurally similar to the first generation dendrimers, are also not taken into 

account due to the absence of iteration. 

 

 

1.2 Early Studies 

In 1978, the first synthesis and mass spectrometric characterization of dendronized structures 

based on oligoamines was reported by Vögtle and co-workers.
[7]

 A heptaamine 2 thereof is 

depicted in Figure 1.3. Its key feature is the repetitive utilization of the trigonal N-branching 

centers which are connected by the -(CH2)3- linkages. Although, strictly speaking, this is not a 

macromolecule yet, rather a multi-armed small molecule, this is the first realization of Flory’s 

envisagement in 1941, who first suggested the possibility of forming highly branched, treelike 

networks by introducing n-fold (n>2) branched monomers into the polymerization with linear 

monomers.
[3a]
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From 1979 to 1983, Denkewalter

preparing dendritic polypeptides utilizing the

butyloxycarbonyl)-L-lysine as 

served as the branching point

construction up to the 10
th
 generation

and characterization of these macromolecules were not clearly described in the patents.

In 1985, Tomalia and co

polyamidoamines abbreviated

center as well as the amido-connectivity, the PAMAM

generation. In Figure 1.3, the structural information 

as a representative example. PAMAMs we

biomedical applications.
[10]

 

In 1985, Newkome et al. published 

motifs (see Figure 1.3).
[11]

 Unlike 

simple repetitive backbone. The linkage parts between C

moieties: -(CH2OCH2CH2)-, -

for the first to the third generations. This is probably the first literature example for 

dendrimer with a heterogeneous backbone.

        

Figure 1.3 The first few examples appearing in dendri
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Denkewalter et al. have published three patents, reporting 

dendritic polypeptides utilizing the protected amino acid 

lysine as an AB2-type building block.
[8]
 The chiral C

point and the formation of the amide bond provide

generation (see example 3 in Figure 1.3). However, the purification 

macromolecules were not clearly described in the patents.

and co-workers reported a synthetic protocol o

abbreviated as PAMAMs.
[9]
 Using again the three-directional 

connectivity, the PAMAM dendrimers were obtain

the structural information of this series of dendrimers is given by

representative example. PAMAMs were later widely investigated and commercialized for 

et al. published the non-symmetric dendrimer 5 with AB

Unlike other dendrimers reported till then, this molecule has no 

simple repetitive backbone. The linkage parts between C-branching centers include three 

-CONH- and -CH2O- linkages were incorporated subsequently 

third generations. This is probably the first literature example for 

dendrimer with a heterogeneous backbone. 

             

 

The first few examples appearing in dendrimer chemistry.
[7-9, 11]
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published three patents, reporting a sequence of 

protected amino acid N,N'-bis(t-

The chiral C-atom in L-lysine 

ond provided the easy 

. However, the purification 

macromolecules were not clearly described in the patents. 

workers reported a synthetic protocol of dendronized 

rectional N-branching 

obtained up to the 7
th
 

of this series of dendrimers is given by 4 

investigated and commercialized for 

with AB3-type branching 

dendrimers reported till then, this molecule has no 

branching centers include three 

linkages were incorporated subsequently 

third generations. This is probably the first literature example for a 
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Following the above mentioned pioneer work, chemists have become increasingly interested 

in this new class of macromolecules with respect to their unique chemical and physical 

properties differing from small molecules and linear polymers. In the last decades more than 

13000 scientific papers and patents
[12]

 have been published on both, pure and applied 

chemistry. In the next section the state-of-the-art of dendrimer chemistry will be briefly given 

by a few representative and widely studied types of dendrimers. 

 

 

1.3 Dendrimers and Their Applications 

From the structural and synthetic point of view, dendrimers can be divided into two main 

classes: dendrimers with non-conjugated backbones and those with conjugated backbones. 

The former class of dendrimers forms usually a spherical shape with an interior void and a 

compact surface. Due to the lower grade of conjugation, these dendrimers show a high 

flexibility of the molecular shape and size; both are strongly depending on the interaction of 

the terminal groups with the solvent environment.
[9a]

 Dendrimers with conjugated backbones 

are rather shape-persistent, because the double bond or triple bond is energetically forbidden 

to freely rotate along the bond axis. For this reason, these dendrimers are identically dense. 

 

1.3.1 Dendrimers with a Non-Conjugated Backbone 

If the branching point of a dendrimer is an atom, as listed in Table 1.1, the backbone is non-

conjugated. For instance, the entire four examples of Chapter 1.2, 2-5, and their derivatives 

belong to this case.
[9b]

 Their properties are generally dominated by the terminal groups. By 

functionalizing the outer shell of a dendrimer, it is possible to control its solubility,
[13]

 

chirality,
[14]

 catalytic property,
[15]

 and redox property.
[16]

 Besides that, chemical functionality 

of the interior
[17]

 and physical encapsulation of molecules
[18]

 and nanoparticles,
[19]

 have also 

been investigated for this type of dendrimers.  

As mentioned before, the branching center can also be a molecular moiety, for instance, an 

aryl unit. Since 1990, Fréchet and co-workers developed a great number of poly(benzyl ether) 

dendrimers starting from the monomer 3,5-dihydroxybenzyl alcohol.
[20]

 Like the structure 6 

shown in Figure 1.4, the Fréchet-type dendrimers have phenyl branching centers and -OCH2- 
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linkages, which break the conjugation between the phenyl rings. For the basic synthesis using 

the convergent strategy, only two steps of reactions are i

benzylic OH- group by bromine on the focal point of the dendron followed by an 

etherification with phenolic OH groups on the monomer. The straightforward synthesis and 

the high yield in each step allowed the researchers to 

Due to the flexibility of the dendritic backbone, this type of dendrimers showed very good 

solubility and appears in higher generations as a glass in the solid state.

versatile modifications of the focal functionality and the periphery.

Figure 1.4 A Fréchet type dendrimer.

 

1.3.2 Dendrimers with C

1.3.2.1 Phenylene Moities as 

In the case of dendrimers with conjugated backbones, 

triple bonds, the π-electrons are 

often used as branching point

co-workers have constructed a hydrocarbon d

branching units connected with acetylene spacers
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linkages, which break the conjugation between the phenyl rings. For the basic synthesis using 

the convergent strategy, only two steps of reactions are involved: the substitution of the 

group by bromine on the focal point of the dendron followed by an 

etherification with phenolic OH groups on the monomer. The straightforward synthesis and 

the high yield in each step allowed the researchers to achieve 6
th
 generation dendrimers.

Due to the flexibility of the dendritic backbone, this type of dendrimers showed very good 

solubility and appears in higher generations as a glass in the solid state.
[20b

versatile modifications of the focal functionality and the periphery.
[2c]

 

dendrimer.
[20] 

Conjugated Backbone 

as Branching Unit 

dendrimers with conjugated backbones, which consists of double bonds and/or 

are conjugated along the whole backbone. Phenyl rings are quite 

points. The first literature example appeared in 1991

have constructed a hydrocarbon dendrimer with 1,3,5-trisubstitut

nected with acetylene spacers by using Sonogashira
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linkages, which break the conjugation between the phenyl rings. For the basic synthesis using 

nvolved: the substitution of the 

group by bromine on the focal point of the dendron followed by an 

etherification with phenolic OH groups on the monomer. The straightforward synthesis and 

generation dendrimers.
[20]

 

Due to the flexibility of the dendritic backbone, this type of dendrimers showed very good 

20b]
 This virtue allows 

 

which consists of double bonds and/or 

Phenyl rings are quite 

erature example appeared in 1991.
[21]

 Moore and 

trisubstituted phenylene as 

ing Sonogashira-Hagihara cross-
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coupling reactions in a convergent approach (see for example structure 7 in Figure 1.5).
[21]

 

Similar structures have been published later on.
[22]

 These dendrimers were demonstrated to be 

directional molecular antennas for light harvesting.
[22g, 23]

 

Miller and co-workers reported in 1992 a series of hydrocarbon dendrimers based on 1,3,5-

phenylene subunits and their fluorinated analogues.
[24]

 These molecules, as examplified by 

molecule 8 in Figure 1.5, were synthesized via Suzuki-Miyaura cross-coupling reactions in 

good yields. The dendrimers have C3-symmetry, are thermally stable and were applied as 

standards for size-exclusion chromatography (SEC).
[24]

 

In 1997, Yu and co-workers published a series of oligo(phenylenevinylene) dendrimers up to 

the 4
th
 generation.

[25]
 These dendrimers, like 9 in Figure 1.5, are structurally similar to 

Moore’s dendrimer 7, but vinylene instead of acetylene is used as connectivity unit. Heck- 

and Horner-Wadsworth-Emmons reactions were utilized alternately and the dendrimers were 

synthesized in a convergent approach.  

Since 1997, Müllen and co-workers published a large number of dendritic polyphenylenes via 

a consecutive Diels-Adler route based on a [4+2] cycloaddition of cyclopentadienone with an 

alkyne unit.
[26]

 The reaction is highly efficient and has nearly no side-products. The 3
rd 

generation with 144 phenylene rings has been synthesized in an overall yield of approx. 

80%.
[27]

 The second generation dendrimer 10 of one series is depicted in Figure 1.6. Good 

solubility of Müllen’s dendrimers enables incorporations of various chromophores,
[28]

 

electrophores
[29]

 and nanoparticles into the molecular dendritic scaffold.
[30]

 

 

1.3.2.2 Truxene and Carbazole Moities as Branching Units 

Besides phenylene units, carbazoles and truxenes are also employed as branching units to 

construct dendrimers. Since 2003, Yamamoto and co-workers have published a number of 

carbazole-based dendrimers up to the 4
th
 generation (for example, see 11 in Figure 1.6).

[31]
 

CuI-catalyzed Ullmann coupling reaction and the convergent approach are used for the 

growth of the generation. Double-layer type dendrimers with carbazole as the outer layer and 

phenylazomethine as the inner layer of the dendrons with a zinc porphirin core was 

demonstrated to be a potential hole-transporting material in OLEDs. 
[31a]
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Figure 1.5 Dendrimers with conjugated backbones
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s with conjugated backbones.
[21, 24-25]
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Truxene-based dendrimers up to the 3
rd
 generation (for instance see 12 in Figure 1.6) were 

reported by Pei and co-workers in 2006.
[32]

 The dendrimers are prepared in a convergent way 

via Suzuki-Miyaura cross-coupling reactions in moderate yields. By insertion of thiophene 

and benzothiadiazole subunits into the molecular backbone, analogue dendrimers were 

synthesized, which exhibited good performance as donor material in OPVs
[33]

 and OLEDs 

devices.
[34]

 

It is virtually impossible to catalogue all kinds of branching units and connectivities used for 

conjugated dendrimers. The above-mentioned dendrimers are the most representative classes 

in literature except the thiophene dendrimers, which will be comprehensively discussed in 

Chapter 1.3.4. 

 

1.3.3 Dendritic Oligothiophenes and their Photovoltaic Application 

The thiophene scaffold was introduced into dendrimer chemistry by Advincula and co-

workers in 2001.
[35]

 They used 2,4,5-substituted thiophenes as the building block to synthesize 

the first all-thiophene dendrimer up to the 3
rd
 generation in good to moderate yields via 

Kumada- and Stille-cross-coupling reactions (see for example structure 13 in Figure 1.7). 

Later on, AFM investgations revealed that these molecules assemble into 2D-crystals, 

nanowires, and nanoparticle aggregates.
[36]

 Meanwhile, phosphonic acid-functionalized 

thiophene dendrons were introduced as an electroactive surfactant to cap CdSe-nanoparticles, 

exhibiting photoinduced charge-transfer interaction between the two species.
[37]

 This hybrid 

nanoparticle has also been tested as active layer material in a single-junction hybrid solar cell, 

giving a 0.29% power conversion efficiency (PCE). Very recently, focal functionalizations 

with thiol,
[38]

 ethylene glycol,
[39]

 porphyrin,
[40]

 PAMAM,
[41]

 and a Ru-pyridine complex,
[42]

 as 

well as peripheral functionalizations with cationic alkyl chains
[43]

 or carbazole moieties
[44]

 

were investgated, revealing versatile applicablity of this kind of thiophene dendrimers. 

Mitchell et al. have convergently synthesized two series of phenyl-cored thiophene 

dendrimers up to the second generation.
[45]

 One of them is cored by a 1,3,5-trithienyl phenyl 

moiety and the other is cored by a 1,2,4,5-tetrathienyl phenyl moiety (see for example 14 in 

Figure 1.7), while for the dendrimer part they used Advincula’s thiophene dendrons. Later on, 

the same research group enlarged the conjugation of the 1,2,4,5-tetrakis(thienyl)phenyl core 

up to 1,2,4,5-tetrakis(terthienyl)phenyl. The molecule 15 in Figure 1.6 was used as donor 

material in the bulk heterojunction (BHJ) photovoltaic devices in combination with PC61BM 
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as acceptor giving a good photovoltaic response: under AM 1.5G illumination the devices 

showed PCEs of up to 1.3%.
[46

Figure 1.6 Dendrimers with conjugated backbones (continued
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as acceptor giving a good photovoltaic response: under AM 1.5G illumination the devices 

46]
 

         

endrimers with conjugated backbones (continued).
[26a, 26c-f][33][32]
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In contrast to Advincula’s dendrimers, Ma and Bäuerle expanded the building blocks from a 

single thiophene to a terthiophene (3T) moiety by inserting two thiophenes into the 

subunits.
[47]

 The synthetic route will be discussed in detail in Chapter 2. The third and fourth 

generation dendrimers are depicted in Figure 1.7, numerated as 16 and 17, respectively.
[47]

 As 

promising candidates of donor materials for OPVs, these molecules have band gaps between 

2.5-2.2 eV and consequently high open-circuit voltages of around 1.0 V. The PCEs based on 

the BHJ solar cell devices (using PC61BM as acceptor material) obtained from 17 are 1.68% 

and from 16 1.7%, respectively.
[48]

 

Mishra and Bäuerle made a branch modification on Ma’s dendrimers by inserting two 

acetylene units in the building block.
[49]

 By a convergent approach, using the Sonogashira-

Hagihara cross-coupling reaction Mishra synthesized this series of dendrimers up to the 3
rd
 

generation (see for example 18 and 19 in Figure 1.8). The insertion of triple bonds into the 

conjugated backbone resulted in a hypsochromic shift in the UV/Vis adsorption and a higher 

band gap compared to the original dendrimers, giving a PCE of 0.6% for 18 and 0.2% for 19 

in a BHJ solar cell device structure (using PC61BM as acceptor). 

Mastalerz and Bäuerle have further modified 3T-based dendritic structures by incorporating a 

tetrathienyl pyrazino[2,3-g]quinoxaline moiety, which resulted in a broader absorption and a 

smaller band gap than pure thiophene dendrimers.
[50]

 As shown in Figure 1.8, the second 

generation dendrimer 20 was tested for photovoltaic use and gave a PCE of 1.3% in a BHJ 

photovoltaic device (using PC61BM as acceptor). 

Fischer and Bäuerle have functionalized 3T-based dendrons on the focal point by introducing 

a 4-pyridyl substituent which enables the complexation of these thiophene dendrons to metal 

ions.
[51]

 Bathochromic shifts were observed in the absorption spectra for the thiophene 

dendrimer metal complexes due to a metal-ligand charge transfer. The corresponding 

methylpyridinium trifluoromethanesulfonate (MeOTf) 21 as donor material in combination 

with PC61BM as acceptor resulted in a BHJ photovoltaic device with a PCE of 0.5%. A series 

of Ru-phthalocyanine 22 complexes gave better PCEs of up to 1.6%, again, with PC61BM as 

acceptor.
[52]

 The molecular structures of 21 and 22 are drawn in Figure 1.8. 
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Figure 1.7 Thiophene-based dendrimers

 

More recently, Wong and Ma

hexabenzocoronene with Ma’s thiophene dendrons.

derived from the flat core and the disorder raised by the per

described. A notable improvement in photovoltaic performance was achieved 
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based dendrimers for photovoltaic applications.
[35, 45-48]

 

and Ma et al. have combined several types of fluorenyl hexa

with Ma’s thiophene dendrons.
[53]

 Correlations between the 

derived from the flat core and the disorder raised by the peripheral bulky dendrons were 

improvement in photovoltaic performance was achieved 
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have combined several types of fluorenyl hexa-peri-

relations between the π-π stacking 

ipheral bulky dendrons were 

improvement in photovoltaic performance was achieved for this type of 
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dendrimers. The molecule 23 

material reached a PCE of 2.6%

Figure 1.8 Thiophene-based dendrimers 

 

In 2011, Zhang and co-workers synthesized a new push

dendrimers.
[54]

 Carbazoles and dicyanovinyl oligothiophenes were decorated at the periph

                                                                           Dendrimers

 shown in Figure 1.8 as donor material and PC

% in a BHJ device.  

 

 

based dendrimers for photovoltaic applications (continued).

workers synthesized a new push-pull system based on 

Carbazoles and dicyanovinyl oligothiophenes were decorated at the periph
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nd PC71BM as acceptor 

 

 

 

for photovoltaic applications (continued).
[49-54]

 

pull system based on terthienyl 

Carbazoles and dicyanovinyl oligothiophenes were decorated at the periphery 
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and focal point of thiophene dendrons, respectively. The best photovoltaic performance was 

obtained with the molecule 24 (shown in Figure 1.8) as donor material and PC71BM as 

acceptor material with a PCE of 1.6% in a BHJ device.  

The above-mentioned literature examples demonstrate that thiophene dendrimers and their 

derivates are very promising candidates for use in organic electronics especially in organic 

photovoltaics. Based on the well established thiophene dendritic structures further 

modifications and functionalizations still can be realized. In the next section, possibilities to 

explore novel materials derived from dendritic oligothiophenes for use in organic solar cells 

will be presented. 

 

 

1.4 The Objective of This Thesis 

Oligo- and polythiophenes have extraordinary optical, redox, and charge transport 

properties.
[55]

 Dendritic oligothiophenes remain still a less explored field for developing novel 

systems applied in solar energy conversion. Based on a molecular level understanding,
[56]

 

finding novel molecules with a strong and broad absorption, a suitable alignment of the 

HOMO/LUMO energy levels and a narrow band gap should be the major task for a synthetic 

chemist who works on an interdisciplinary subject to study materials for use in photovoltaics. 

The objective of this thesis is a further diversification of the 3T-based dendrimers in the 

direction of improving the photovoltaic performance. 

• In Chapter 2, the synthesis and characterization of a whole family of branched 

quinquethiophene (5T)-based dendrimers will be presented. This is an expansion of 

the molecular size compared to the 3T-based system. The initial propose is to release 

the steric crowdedness in 3T-based dendrimers and consequently to result in a higher 

degree of effective conjugation of the subunits and therefore a bathochromic shift of 

the absorption, which is essential for a good performing solar cell.  

• Chapter 3 describes another 5T-based dendrimer family, which is based on an 

unsymmetric core, threefold connecting to dendrons. This modification maintains the 

same chromophore portfolio as the first 5T-dendrimers series, whereas it should 

enhance remarkably solubility, which is one of the most important properties for 

materials used in solution-processed devices.  
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• In Chapter 4, peripheral modifications on the 3T-based dendrimers will be described. 

Attachment of branched 5T or branched heptathiophenes (7T) should offer, on one 

hand, the bathochromic shift in absorption, on the other hand, a possible 

intermolecular interdigitation across the elongated oligothiophene moieties on the 

edge. 

• In Chapter 5, benzothienyl benzothiadiazole subunits will be peripherally introduced 

onto the same 3T-scaffold. These flat substituents are aimed to broaden the absorption 

significantly and to enhance the intermolecular π-π interaction. 

• Photovoltaic performances for the above-mentioned dendrimers will be summarized in 

Chapter 6. Well-selected results will be elaborately disscussed with respect to the 

structure-property relationship.  
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2.1 Introduction 

As mentioned in Chapter 1, terthiophene (3T)-based dendritic oligothiophenes (DOTs) have 

been successfully synthesized up to the fourth generation (G4). The straightforward synthetic 

route is depicted in Scheme 2.1. The AB2-type monomer 25 consisted of a 2,3-disubstituted 

thiophene unit at the focal position as the branching point, linked α-α and α-β to two 

thiophene units as two branches. The proton at the 5-position of the focal thiophene unit can 

be readily replaced by other functional groups, if needed. For example, a borylation at this 

position is accessed by a lithiation reaction with n-butyl lithium (n-BuLi) followed by 

addition of 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (i-PrOBpin), yielding 26 

very efficiently. The two trimethylsilyl (TMS) groups at the monomer 25 are introduced at the 

α-positions on the two outer thiophene units as protecting groups, which can be quantitatively 

removed under mild reaction conditions for further generational growth. In order to synthesize 

the second generation (G2) dendron 28, the TMS groups are replaced by iodine , giving 27, 

and subsequently reacted with 26 via a Suzuki-Miyaura cross-coupling reaction. Ongoing to 

the higher generation, dendron 28 served as an advanced building block, which can be viewed 

as an AB4 monomer. Repetition of the same reaction sequence (borylation, iodination, cross-

coupling) on 28 afforded the G4-dendron 31 directly. Its α-proton at the focal thiophene unit 

was subsequently lithiated and homo-coupled in the presence of copper(II) chloride as 

oxidizing agent, giving G4-dendrimer 32, consisting of 90 thiophenes, in 54% yield.
[1]
  

X-ray analysis and theoretical calculations revealed that these 3T-based DOTs have a three 

dimensional semi-rigid structure.
[1]
 The outer connected thiophene units twist apart from the 

plane of the focal thiophene unit, resulting in a partial conjugation over the 3T-system. These 

DOTs absorb light broadly from 250 to 550 nm because of multiple chromophores correlated 

to the α-linked oligothiophene subunits in different chain length. The optical band gaps 

estimated from the onset of the absorption are in a range of 2.2 and 3.5 eV.
[2]
 The first 

oxidation potentials of only around 0.2 V for the G3- and G4-DOTs 16 and 17 (see Chapter 1, 

Figure 1.7) are very low referred to the ferrocen/ferrocenium(Fc/Fc
+
) couple. The optical and 

redox properties indicate that the 3T-based DOTs are suitable for photovoltaic applications. 

Using these DOTs as electron donor and PC61BM as electron acceptor in the active layers of 

solution-processed bulk-heterojunction devices, the photovoltaic performance was 

investigated. High open-circuit voltages of approx. 1.0 V were obtained in all devices. The 

devices based on 16 and 17 reached high power conversion efficiencies of 1.72% and 1.68%, 

respectively.
[2]
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Scheme 2.1 Synthetic approach of the 3T-based DOTs from G1-dendron to G4-dendrimer. Reaction 

conditions: [i] and [iv] (1) n-BuLi, THF (2) i-PrOBpin; [ii] and [v] ICl, THF; [iii] and [vii] [Pd2(dba)3]CHCl3, 

HP(t-Bu)3BF4, K3PO4, THF; [vii] (1) n-BuLi, THF (2) CuCl2.  
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ablished poly(3-hexylthiophene)-based organic 
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absorption bands and the solar spectrum in the visible r

this problem, researches have tried to broaden and red-shift the absorption of the 

which is conceptually illustrated in Figure 2.1. Elongation of 

acetylene subunits in the basic 3T-monomer (Scheme 2.2) unfortunately 

nsertion of thiophene units into the branches of a 3T-building block

building block, would be a reasonable alternative. The reason for 

the resulted DOTs will be still all-thiophene DOTs, which can maintain the advantage 

HOMO/LUMO level and consequently the high open

nded conjugation over the monomer scaffold can give rise to a broader 

enhancement of the photocurrent. Scheme 2.2 shows the 

transformation of the monomer used in this work in comparison to previous work.

synthesis and characterization of 5T-based DOTs will be described below. 
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2.2 Synthesis of the 5T-Based DOTs up to the Third Generation  

2.2.1 Previous work 

The first and second generations of 5T-based DOTs have been synthesized and characterized 

in the author’s diploma thesis.
[5]
 The synthetic route and reaction conditions are given in 

Scheme 2.3. The G1-dendron 33 was dimerized via a deprotonation by n-BuLi followed by an 

oxidative homo-coupling with CuCl2, yielding the G1-dendrimer 37 in 80% yield. 33 and 37 

were treated by tetra-n-butylammonium fluoride (TBAF) forming the desilylated compounds 

36 in 84% and 38 in 93%, respectively. To build up the second generation DOTs, 33 was on 

one hand transformed to the diiodoquinquethiophene 34 by using iodine monochloride in 93% 

and on the other hand transformed to the borylated species 35 by using n-BuLi and i-PrOBpin 

in 92% yield, respectively. 35 and 34 were then coupled via a Pd-catalyzed Suzuki-Miyaura 

cross-coupling reaction, forming the G2-dendron 39 in 76% yield. For the dimerization of 39 

to yield 41, the same reaction condition for the dimerization of 33 to 37 was utilized, but the 

best yield was only 31% which is not satisfactory. The desilylations of 39 and 41 by treatment 

with TBAF were very successful yielding the pure thiophene-containing DOTs 40 and 42 in 

approximately quantitative yields. 

 

2.2.2 Synthesis of the First and Second Generations of 5T-Based DOTs 

The low yield (31%) of the G2-dendrimer 41 was a result of the non-regiospecific lithiation 

reaction by using stoichiometric n-BuLi. The "regioselectivity problem" of  the n-BuLi-

mediated deprotonation of 39 will be discussed later for the synthesis of 44 (see below), 

where it is more profound. Therefore, a catalytic coupling method was taken into account. 

The Pd-catalyzed Suzuki-Miyaura coupling reaction is well-known for the high tolerance of 

different functional groups, mild reaction conditions, and relatively high yields.
[6]
 

Furthermore, a relative low toxicity of boronic acids is assumed.
[5]
 The regioselectivity in 

cross-coupling reactions is normally factorized into the regioselectivities of the halogenation 

reaction and the borylation reaction of the precursors. As shown in Scheme 2.4, ongoing to 

synthesize 41, the electrophilic ipso-bromination
[7]

 of thienylsilane 37 by using N-

bromosuccinimide (NBS) afforded the fourfold brominated regioisomerically pure 43 in 93% 

yield. The regioisomeric purity of the other precursor 35 in the borylation reaction has also 

been proved.
[5]
 The cross-coupling of 43 with 35 was performed in the presence of the  
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Scheme 2.3 Synthesis of the G1- and G2-DOTs according to previous work. Reaction conditions: [i] 

ICl, THF,-78
o
C to -20

o
C; [ii] (1) n-BuLi, THF, -78

o
C, (2) i-PrOBpin, -78

o
C to rt; [iii], [v], [viii] and [ix] 

TBAF·3H2O, THF, rt; [iv] and [vii](1) n-BuLi, THF,-78
o
C, (2) CuCl2, -78

o
C to rt; [vi] Pd2(dba)3CHCl3, HP(t-

Bu)3BF4, K3PO4, THF, rt.  
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pre-catalyst Pd2(dba)3CHCl3 and the ligand HP(t-Bu)3BF4, which form in-situ the active 

catalytic species.
[8]
 The 4-fold reacted product 41 was isolated in a yield of 83% which is 

much higher than the 31% yield at the aforementioned method using n-BuLi (reaction vii in 

Scheme 2.3). Some impurities, such as 3-fold reacted by-products, could be removed by 

repetitively performing size exclusive chromatography. The deprotection of 41 was repeated 

and 42 was obtained as a dark red powder with very limited solubility. 

 

Scheme 2.4 Synthesis of G2-dendrimer 41. 

 

A key step towards the construction of the G3-DOTs is a highly regiospecific borylation of 

the G2-dendron 39, which means, the borylation should merely take place at the α-position of 

the focal thiophene of 39. To achieve this goal, a highly regiospecific one-fold metalation is 

essential. According to previous protocols,
[9]
 metalation with n-BuLi was initially taken into 

account. As the reaction conditions A shown in Scheme 2.5, G2-dendron 39 was firstly 

treated with 1.2 equivalents of n-BuLi to achieve a complete deprotonation. The resulting 

lithiated species was then fully transformed to its borylated analogue. After removal of the 

catalyst and the non-reacted i-PrOBpin by precipitation in methanol, the crude product was 

directly analyzed by 
1
H NMR spectrometry and MALDI-TOF MS, which are shown in Table 

2.1 Entry 2. In the MS, two peaks at m/z = 1646 and m/z = 1772 were detected which can be 

assigned to a one-fold borylated product and a two-fold borylated by-product, respectively. 
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The 
1
H NMR spectrum confirmed this observation (proton labeling see Scheme 2.5): Besides 

the characteristic singlet at δ = 7.66 ppm of proton Hd and the two singlets at δ = 7.38 and 

7.39 ppm of proton He and Hf, many weak signals (labeled with asterisks) between δ = 7.4 

and 7.7 ppm are observed which should be arisen from the two-fold borylated by-products as 

multiple regioisomers and indicates that the second borylation took place randomly. The 

percentage of the mono-borylated product 44 in the crude product is estimated to 

approximately 87% by the integration of characteristic signals of aromatic protons. If the by-

products could be separated, the side reaction would be not an issue. Several attempts to 

separate those by-products by different means (fractional crystallization, column 

chromatography, size exclusive chromatography (SEC), and recycling gel permeation 

chromatography (recycling-GPC)) failed due to an observation of partly decomposition of the 

boronic ester, making a sufficient purification of the crude product impossible.  

 

Scheme 2.5 Borylation reaction to synthesize dendron 44 using the n-BuLi method (reaction 

condition A) or the Ir method (reaction condition B). The conversion of the n-BuLi method is 

estimated from the 
1
H NMR spectra as 87%.  

 

The two-fold borylation was a result of a prior occurred two-fold lithiation. Many attempts to 

avoid the formation of the second lithiation were tried such as charging n-BuLi in less than 

1.0 equivalents or using other organolithium reagents such as lithium diisopropylamide or n-

BuLi/N,N,N',N'-tetramethylethylene diamine. However, peaks corresponding to a second 

borylation took place were always observed in the mass spectra of the crude products. The 

lithiation of thiophenes with organolithium reagents relies on an electrophilic aromatic 

substitution mechanism, where the electronic effect dominates the reactivity and selectivity of 

the resulting products.
[10]

 However in case of 39, it seems that the single α-thiophene proton 

does not sufficiently distinguish electronically from the other 27 β-thiophene protons to allow 
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the reaction taking place highly 

reactions in dendrimer chemistry should be taken into account. 

obstacle, a new method is required, which is 

effects. 

 

Table 2.1 Spectral comparison of the two borylation methods shown in Scheme 

Entry
 

  1 

 

 39 

   

  2 

   

 44
a
 

(BuLi)
 

  3 

   

 44
b
 

 (Ir)
 

(a) Crude product of the borylation reaction via n
product of the borylation reaction via 
25oC; signals belonging to the two-fold borylated by
using trans-2-[3-(4-tert-Butylphenyl)
assignment: 39 (m/z 1520), 44 (m/z 

m/z 1772). 

 

Iridium-catalyzed C-H activation 

direct arene borylation of arenes and heteroarenes, where the 

governed by steric effects,
[11

others.

[12]
 The general catalytic cycle

pinacolborane reagent catalyzed by an iridium 
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highly selectively at the α-position. Here, the influence on statistic 

rimer chemistry should be taken into account. In order to overcome this 

obstacle, a new method is required, which is highly selective, but not dependent on electronic 

Spectral comparison of the two borylation methods shown in Scheme 

1
H NMR Spectra

c 

 

 

 
(a) Crude product of the borylation reaction via n-BuLi method (reaction condition A, Scheme
product of the borylation reaction via Ir-method (reaction condition B, Scheme 2.5); (c) measured in THF

fold borylated by-products are labeled with asterisks (*); (d) MALDI
Butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB)

m/z 1646), two-fold borylated by-product (chemical formula C

H activation reactions have been well developed in the last decade. The 

direct arene borylation of arenes and heteroarenes, where the regioselectivity

11]
 has been investigated and well-studied by Hartwig and 

general catalytic cycle
[13]

 is depicted in Scheme 2.6. The reaction occurs with 

pinacolborane reagent catalyzed by an iridium complex,
[11b, 14]

 which is generated in
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Here, the influence on statistic 

In order to overcome this 

selective, but not dependent on electronic 

Spectral comparison of the two borylation methods shown in Scheme 2.5 

Mass Spectra
d 

 

 

 

Scheme 2.5); (b) crude 
(c) measured in THF-d8 at 

products are labeled with asterisks (*); (d) MALDI-TOF MS, 
rile (DCTB) as matrix; signal 

product (chemical formula C84H86B2O4S15Si4, 

been well developed in the last decade. The 

regioselectivity is most likely 

studied by Hartwig and 

he reaction occurs with a 

which is generated in-situ from 
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[Ir(COD)(OMe)]2 (COD = 1,5-cyclooctadiene) and 4,4’-di-tert-butyl-2,2’-bipyridine (dtbpy). 

The catalytically reactive species has been isolated and structurally characterized as Ir(III) 

trisboryl complex A. The borylation reaction occurs at room temperature with a 1:1 molar 

ratio of the (hetero)arene to the boron reagent. The regioselectivity with arenes is mainly 

governed by steric effects, while the borylation of heteroarenes preferably takes place at the 

C-H bond α to the heteroatom
[15]

 unless the heteroatom is attached to a large group.
[11c, 16]

 The 

kinetic study reveals that the 18-electron iridium trisboryl complex A can rapidly and 

reversibly dissociate the en-ligand forming a 16-electron trisboryl complex B, which can 

insert into the C-H bond of (hetero)arenes.
[16]

 The reaction of complex B with an arene is the 

rate-limiting step possibly through arene complex C generating a bisboryl iridium hydride 

complex D and the aryl boronate ester product ArBpin. The trisboryl complex A is 

regenerated by the reaction of D with pinacolborane accompanied by the formation of 

hydrogen gas. The turnover numbers have been reported to be in the order of 8000.
[14]

 The 

ligand dtbpy provides a steric bulkiness at the iridium center allowing only the sterically non-

congested position on the substrate to react. In the case of thiophene dendron 39, the α-proton 

Ha at the summit of the wedge should therefore be favored.  
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Scheme 2.6 Catalytic cycle of the Ir-catalyzed direct arene borylation reaction.
[12, 14] 
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In literature,
[11]

 the Ir-borylation reaction is usually carried out in non-coordinating aliphatic 

hydrocarbon solvents such as n-hexane or n-octane, which provide a relative low solubility of 

the DOTs. THF, which is usually a very good solvent for DOTs, was first tested for its 

feasibility as a solvent in this reaction. In the case of the simple DOT terthiophene 25, THF 

provided the same good result as n-hexane, namely, a regioisomerically pure product in a 

quantitative yield. For DOT 39, the best reaction condition is using HBpin in 1.5-2.0 

equivalents and the Ir-catalyst in 3 mol-% and heating at 50 
o
C in THF for one hour. After the 

simple work-up by precipitating the reaction mixture into MeOH and filtration the product 44 

was obtained in a high yield of 97% (see reaction conditions B in Scheme 2.5). This 

optimized reaction condition is fixed as the standard method to borylate various thiophene 

dendrons in this and the next three chapters and has given satisfactory results. Nevertheless, it 

has to be pointed out that the high regioselectivity of this borylation reaction can only be 

achieved if all the Ir-centers of the catalyst are coordinated by dtbpy ligands and form the 

active catalyst. If not, the Ir-complexes are also highly catalytically active and can multiply 

borylate the substrate at both α- and β-positions due to lacking the steric restriction. 

The 
1
H NMR and mass spectra of the crude product 44 produced with Ir method are depicted 

in Table 2.1, Entry 3. The crude product was obtained by simple work-up to remove the 

catalyst and non-reacted HBpin and was not chromatographically purified. Merely one-fold 

borylation with a corresponding peak at m/z = 1646 for 44 was detected in the mass spectrum. 

The 
1
H NMR spectrum revealed the high regioselectivity with a distinct aromatic pattern. The 

three characteristic resonances of thiophene protons Hd-f at 7.66, 7.40, and 7.38 ppm (for 

labeling see Scheme 2.5b ) can be clearly observed without other weak signals of by-products 

asides, like in Entry 2. These evidences suggest that the G2-DOT 39 was exclusively 

borylated at the desired α-position. Besides the regioselectivity, the mild reaction condition, 

ease of charging the reactants, and high yields make this catalytic borylation reaction superior 

in the field of the dendritic oligothiophene chemistry to the organolithium reactions, where 

by-products have to be removed by laborious treatments or are even inseparable by common 

techniques. 
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2.2.3 Synthesis of the Third Generation of 5T-Based DOTs 

2.2.3.1 Synthesis of the Third Generation of 5T-Based Dendrons 

The G3-dendron 45 was synthesized from diiodo dendron 34 with thiophene dendron boronic 

ester 44 via a two-fold Pd-catalyzed Suzuki-Miyaura cross-coupling reaction in a good yield 

of 68% (Scheme 2.7).  

 

 

Scheme 2.7 Synthesis of G3-dendron 45 and some typical by-products accomplished. 

 

The catalytic system Pd(0)/P(t-Bu)3
[17]

 resulted in a full conversion of diiodoquinque-

thiophene 34. None of the onefold cross-coupling by-products was detected by mass 

spectroscopy. The high reactivity of the catalyst led quite disadvantageously to several side-

reactions
[18]

 including hydrodeiodination, giving 36, hydrodeborylation, giving 39 as by-
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product, homo-coupling of DOT boronic acid ester resulting in 41 as by-product. Homo-

coupling of DOT halide followed up by cross-coupling with 44 resulting of dendritic 

polymers. They are structurally depicted in Scheme 2.7. Various attempts to purify product 45 

were done by the following techniques: 

 Size-exclusive chromatography  

Size-exclusive chromatography (SEC) is a purification tool frequently used in 

macromolecular chemistry. It is a liquid column chromatographic technique that sorts 

molecules according to their size in solution
[19]

: the larger the molecule is, the shorter its 

elution time. The term ‘molecular size’ herein is rather relevant to the solvodynamic volume 

of the molecule,
[20]

 and not to the molecular weight. In this thesis, the term SEC refers to the 

self-packed preparative chromatography, equipped in an upright straight glass column with an 

inner diameter of 3 to 6 cm filled with a commercial porous polystyrene polymer beads (Bio-

Beads
®
 S-X1) with a cross-linking degree of 1%. The SEC column was used at room 

temperature by gravity flow of various organic solvents as eluents, such as THF, 

dichloromethane, toluene, o-dichlorobenzene etc. The above-mentioned by-products could be 

removed by SEC, except 41. The SEC separation is illustrated in Figure 2.4. 45 and 41 were 

entangled in one elution band and only a slight variation of their composition ratio could be 

observed in the time-sequential mass analysis. The comparable solvodynamic volumes of 45 

and 41 probably caused the failure of the SEC separation. 

Recycling gel permeation chromatography 

Recycling gel permeation chromatography (recycling-GPC) is a much more powerful tool 

compared to SEC and capable to isolate substances that are extremely difficult to separate 

otherwise.
[19]

 In this thesis the term recycling-GPC refers to a commercial equipment 

produced by SHIMADZU Inc.. Its technical details can be found in the Chapter 2.4.1. High 

pressure up to 80 bar was applied on the columns, which were pre-packed with modified 

styrene-divinylbenzene copolymers (PSS SDV), and purchased entirely. The GPC ran 

exclusively in THF at room temperature or at 35 
o
C.  

The mixture of 45 and 41, that was obtained as one eluate band from SEC was further 

separated by semi-preparative recycling-GPC eluting with THF at 35 
o
C.

[21]
. The elution 

diagram is shown in Figure 2.5. After 30 cycles, three partly overlapped peaks emerged, 

marked as X, Y and Z, respectively, which were collected as three fractions. The chemical 

composition of the fractions were analyzed with aid of the MALDI-TOF MS analysis. 
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Fractions X and Y were assigned to product 

The unexpected fraction Z (m/z 

thiophene units and 7 TMS groups (C

pattern was found in the range of 

is ∆m/z = 58 which coincides with the mass of bimethylsilyl unit (

mass pattern was not observed in the mass analysis of the sample before injection, which 

implies that the TMS groups may be unstable under the long

the UV light (of the detector) in the presence of THF and undergo a radical polymerization

Despite the success of a complete separation of 

two considerable drawbacks: Its separation was highly time

inefficient. To obtain 5 mg of pure 

unlikely meet the demand of a sufficient quantity for further optical, electrochemical and 

photovoltaic investigations. On the other hand, 

instability after a longtime running on the recycling

process. Thus, a more reliable and 

Figure 2.4 Illustration of a SEC separation of crude product 

in Scheme 2.7.The MALDI-TOF mass 

one eluate band containing 45 (m/z 
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were assigned to product 45 (m/z = 3448) and by-product 

m/z = 2966) agreed to the mass of a molecule

thiophene units and 7 TMS groups (C141H118S30Si7). Additionally, a typical 

pattern was found in the range of m/z 900 to m/z 2000. The interval between the higher peaks 

coincides with the mass of bimethylsilyl unit (-SiMe2-

mass pattern was not observed in the mass analysis of the sample before injection, which 

implies that the TMS groups may be unstable under the long-time exposure

the UV light (of the detector) in the presence of THF and undergo a radical polymerization

Despite the success of a complete separation of 45 and 41, the recycling-GPC technique had 

two considerable drawbacks: Its separation was highly time-consuming, in other words, 

inefficient. To obtain 5 mg of pure 45 it needed a running time of about 17 hours, which could 

unlikely meet the demand of a sufficient quantity for further optical, electrochemical and 

photovoltaic investigations. On the other hand, the TMS groups showed a non

instability after a longtime running on the recycling-GPC, which complicated the isolation 

a more reliable and efficient separation method needed to be developed.

Illustration of a SEC separation of crude product 45 including all types of by

mass spectra of six time-sequential fractions (Fr. 1

m/z 3448) and 41 (m/z 3038). 

Dendritic Oligothiophenes by Branch Modification 

product 41 (m/z = 3038). 

= 2966) agreed to the mass of a molecule consisting of 30 

a typical polymeric mass 

2000. The interval between the higher peaks 

-).
[22]

 The polymeric 

mass pattern was not observed in the mass analysis of the sample before injection, which 

time exposure (ca. 1000 min) to 

the UV light (of the detector) in the presence of THF and undergo a radical polymerization.
[22]

 

GPC technique had 

consuming, in other words, 

t 17 hours, which could 

unlikely meet the demand of a sufficient quantity for further optical, electrochemical and 

showed a non-ignorable 

PC, which complicated the isolation 

be developed. 

 

including all types of by-products given 

(Fr. 1-6) collected from 
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 (a) 

(b) 

Figure 2.5 (a) Chromatogram of the mixture of 

recycling-GPC. Inset: Zoom-in of the 30

shown in the inset of (a). The monoisotopic mass

the chemical formula of C141H118S

Flash column chromatography

The sample of the mixture of 

column by a dry loading technique. The column was subsequently flushed with adequate 

amounts of DCM and THF. The mass analysis of the two eluates is given

washed off almost all 41 and partly 

was 45. The separation principle here was actually not based on the difference in polarity but 
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gram of the mixture of 45 (m/z 3448) and 41 (m/z 3038)

in of the 30
th

 cycle. (b) MALDI-TOF MS of the three fractions 

The monoisotopic mass at m/z 2966 in fraction Z agrees

S30Si7. 

 

chromatography 

The sample of the mixture of 45 and 41 was loaded on a flash silica gel (230

column by a dry loading technique. The column was subsequently flushed with adequate 

amounts of DCM and THF. The mass analysis of the two eluates is given in Figure 2.6. DCM 

and partly 45, whereas in the THF eluate the overwhelming

. The separation principle here was actually not based on the difference in polarity but 
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3038) measured on a 

of the three fractions X, Y and Z 

agrees to a molecule in 

sh silica gel (230-400 mesh) 

column by a dry loading technique. The column was subsequently flushed with adequate 

in Figure 2.6. DCM 

overwhelming majority 

. The separation principle here was actually not based on the difference in polarity but 
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in solubility, because both 45 

thin layer chromatography eluting with either DCM or THF. Nevertheless, t

technique was more efficent 

efficient. 

Figure 2.6 MALDI-TOF mass spect

to separate the mixture of 45 (m/z 

 

Recrystallization and Soxhlet extraction

Inspired by the results gained by the experiments to 

chromatography, the solubility 

the direct realization, namely recrystallization 

common organic solvents. 

Soxhlet extraction was then taken into account.

product has a limited solubility in a solvent and the impurity is

vice versa. A series of solvents with

increasing solvability of DOTs was applied

Soxhlet extraction is essential in this protocol.

solid that was prior obtained by precipitating a THF s

Here, only 41 was found in the 
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 and 41 gave a high retardation factor (Rf) close to unity on the 

thin layer chromatography eluting with either DCM or THF. Nevertheless, t

 compared to the SEC technique, but still

spectra of the DCM and THF eluates from flash column chromatography 

m/z 3448) and 41 (m/z 3038). 

Recrystallization and Soxhlet extraction 

results gained by the experiments to separate the two compounds with flash 

the solubility difference could be the key to separate 45

the direct realization, namely recrystallization failed due to the low solubility of both in many 

taken into account. which is typically applied

product has a limited solubility in a solvent and the impurity is insoluble in that solvent or 

solvents with low boiling points (n-hexane → DCM

increasing solvability of DOTs was applied. The solidification of the DOT mixture prior to 

Soxhlet extraction is essential in this protocol. The best separation results were achieved for 

obtained by precipitating a THF solution of the mixture into methanol. 

was found in the n-hexane and DCM extracts, whereas 45 
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close to unity on the 

thin layer chromatography eluting with either DCM or THF. Nevertheless, the flash column 

compared to the SEC technique, but still is not adequately 

 

DCM and THF eluates from flash column chromatography 

separate the two compounds with flash 

45 and 41 However, 

failed due to the low solubility of both in many 

which is typically applied when the main 

insoluble in that solvent or 

hexane → DCM → THF) with 

The solidification of the DOT mixture prior to 

results were achieved for a 

olution of the mixture into methanol. 

 remained insoluble 
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and subsequently was completely extracted by THF. The mass analysis of the three extracts 

shown in Figure 2.7. However, 

the solution of the mixture, 41

in the THF extract too; if the solid 

found in the n-hexane extract in a considerable amount and 

the DCM fraction. The advantage

apparatus, a time-saving procedure and 

 

Figure 2.7 Separation of the mixture of 

using n-hexane, DCM and THF in 

MALDI-TOF MS. 

 

The 
1
H NMR spectrum of pure 

TMS protons resonates at δ = 0.33 ppm as a singlet. T

superimpose forming a non-characteristic pattern

7.3 ppm there are five characteristic peaks. The most down

= 7.50 ppm is a doublet with a coupling constant of 

sole α-proton in 45, proton H

other four peaks resonating at 

assigned to protons Hb-g, which are all placed 

branching of the 5T-building block

more deshielded than the four outer protons H

chemical shifts. 
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and subsequently was completely extracted by THF. The mass analysis of the three extracts 

. However, if the solid was obtained by simply removing the solvent from 

41 could not be fully extracted in the DCM extract and was found 

the solid was fixed on the surface of silica gel

hexane extract in a considerable amount and 41 were already fully dissolved in 

The advantages of the Soxhlet extraction method include

saving procedure and a large process capability.  

Separation of the mixture of 45 (m/z 3448) and 41 (m/z 3038) by Soxhlet extraction (left) 

exane, DCM and THF in a consecutive sequence. The fractions have been

of pure 45 was recorded in d8-THF and is shown in 

= 0.33 ppm as a singlet. The majority of the 

characteristic pattern between δ = 7.1 and 7.3

7.3 ppm there are five characteristic peaks. The most down-field shifted peak resonating at 

= 7.50 ppm is a doublet with a coupling constant of 
3
J = 5.29 Hz. This peak is assigned to

Ha, which is placed at the apex of the fan-shaped molecule

four peaks resonating at δ = 7.40, 7.38, 7.37, and 7.36 ppm are all singlets

, which are all placed at β-positions of thiophene unit

building blocks is found. The two interior protons Hb

more deshielded than the four outer protons Hd,e,g,f  and therefore have
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and subsequently was completely extracted by THF. The mass analysis of the three extracts is 

obtained by simply removing the solvent from 

could not be fully extracted in the DCM extract and was found 

silica gel, 45 could be even 

were already fully dissolved in 

the Soxhlet extraction method include a low-cost 

 

by Soxhlet extraction (left) 

. The fractions have been analyzed by 

shown in Figure 2.8. All 

majority of the thiophene protons 

3 ppm. Beyond δ = 

peak resonating at δ 

= 5.29 Hz. This peak is assigned to the 

shaped molecule. The 

= 7.40, 7.38, 7.37, and 7.36 ppm are all singlets and are 

of thiophene units, where the 

b and Hc are slightly 

and therefore have more down-field 
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Figure 2.8 The aromatic region of

 

Compound 46 was readily synthesized via the desilylation of compound 

TBAF (Scheme 2.8). Because of the very low solubility of the product, this reaction has to be 

performed in a highly dilute solution to avoid the precipitation of reaction intermediates. 

Investigations of the product by 

reveal that the TMS groups have been completely removed after the reaction. In the 

spectrum, the TMS signal at 

MALDI-TOF MS with a monoisotopic mass at 

thiophene dendron 46. However, the thiophene protons are up

the TMS groups. Only the α-proton H

with a coupling constant of 
3

spectrum was obtained even at high temperature.
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aromatic region of the 
1
H NMR spectrum of 45, measured in THF-d

was readily synthesized via the desilylation of compound 

TBAF (Scheme 2.8). Because of the very low solubility of the product, this reaction has to be 

performed in a highly dilute solution to avoid the precipitation of reaction intermediates. 

Investigations of the product by 
1
H NMR spectroscopy and MALDI-TOF MS (Figure 2.7) 

reveal that the TMS groups have been completely removed after the reaction. In the 

spectrum, the TMS signal at δ = 0.3 ppm in 
1
H NMR disappeared and a single peak in the 

TOF MS with a monoisotopic mass at m/z = 2872 agrees with the fully desilylated 

. However, the thiophene protons are up-field shifted after removal of 

proton Ha remains distinguishable as a doublet at 

3
J = 5.27 Hz. Due to the low solubility, no decent 

spectrum was obtained even at high temperature. 

Dendritic Oligothiophenes by Branch Modification 

 

d8 at 293 K.  

was readily synthesized via the desilylation of compound 45 promoted by 

TBAF (Scheme 2.8). Because of the very low solubility of the product, this reaction has to be 

performed in a highly dilute solution to avoid the precipitation of reaction intermediates. 

TOF MS (Figure 2.7) 

reveal that the TMS groups have been completely removed after the reaction. In the 
1
H NMR 

H NMR disappeared and a single peak in the 

grees with the fully desilylated 

field shifted after removal of 

remains distinguishable as a doublet at δ = 7.33 ppm 

Due to the low solubility, no decent 
13

C NMR 
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Scheme 2.8 Synthesis of G3-dendron 

 

(a) 

Figure 2.9 (a) MALDI-TOF MS of 

46 measured in C2D2Cl4 at 350 K.
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TBAF,

THF, rt

88 %

dendron 46 via fluoride-promoted desilylation. 

(b) 

 

 

TOF MS of 46 (m/z 2872.21); (b)The aromatic region of the 

at 350 K. 
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2.2.3.2 Synthesis of the Third Generation of 5T-Based Dendrimers 

The synthetic strategy for the G3-dendrimer 47, consisting of 70 thiophene units and 16 TMS 

groups, is a convergent pathway via a four-fold Suzuki-Miyaura cross-coupling reaction of 

tetrabromodecathiophene 43 with quinquedecathiophene boronic ester 44 in presence of the 

palladium catalyst and the base. The reaction conditions are given in Scheme 2.9.  

The first attempt was carried out in THF at room temperature. The yield was only 22%. 

Besides the material loss during the purification process, the occurrence of a considerable 

amount of by-products is responsible for the low yield. Considering the formation of the 

smaller G2-DOT 30-mer 41, which was catalyzed by the same catalyst under the same 

reaction condition (see Scheme 2.4), the amount of by-products were remarkably smaller. 

This could be ascribed to the size of the thiophene dendron boronic esters: the 5-mer 35 for 

synthesizing 41 is much smaller than the 15-mer 44 for synthesizing 47. The substantial 

increase of the molecular size results in a slower diffusion in solution, and hence, a lower 

possibility to attack the active Pd center. The cross-coupling reaction would slow down and a 

series of incomplete cross-coupling reactions would occur. It was evidenced by finding three-

fold coupling by-products B and C (see Scheme 2.9) by mass spectroscopy. Besides, the side-

reactions would become competitive and further reduce the yield. Therefore, the reaction 

optimization should aim to accelerate the main reaction over the side reactions. After testing 

several conditions, it turned out that the best reaction conditions were using a solvent mixture 

of toluene/DMF (5:1 in volume ratio) and heating at 90 
o
C for 15 h with a violent stirring. It 

resulted in an isolation yield of 52%. 
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Scheme 2.9 Synthesis of the G3-dendrimer 47 and the illustration of some proposed by-products. 

The labels A to F refer to the mass peaks given in Table 2.2. 

 

The isolation process of dendrimer 47 contained several steps as will be discussed in the 

following section. The catalyst and the base were removed readily by usual work-up and 

passing through a short pad of silica gel. The resulting crude product was purified by SEC and 

recycling-GPC. The purity of the product after each step was monitored by MALDI-TOF MS, 

1
H NMR spectroscopy and analytical GPC and shown in Table 2.2: 
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Product after silica gel column ( Table 2.2, Entry 1): 

After passing through a short pad of silica gel, six components of the crude product, marked 

as A - F, were found in the mass spectrum. Component A (m/z = 6906) is the desired product 

47 and the rest are by-products. B (bearing still one Br, m/z = 5464) and C 

(hydrodebrominated, m/z = 5385) resulted from three-fold cross-coupling, E (41, m/z = 3038) 

from the homo-coupling
[18]

 of dendron boronic ester 44, and F (39, m/z = 1520) from the 

hydrodeborylation
[18]

 of 44. The identity of D (m/z = 4596) is unclear.  

Product after repetitive SEC (Table2.2, Entry 2): 

This crude product was further purified by repeatedly running SEC column. Mass analysis 

revealed that by-products D, E and F were removed, whereas by-products B and C were still 

entangled with product A. The 
1
H NMR spectrum showed very broad featureless aromatic 

signals. The GPC analysis indicated that the sample contained some polymeric impurities (G) 

with much higher molecular weight than product A. One possible side-reaction for generating 

G is given in Scheme 2.10. It is a reductive homo-coupling
[18]

 of tetrabromodendrimer 43 

followed up by a cross-coupling with dendron boronic ester 44, forming a dendrimer-like by-

product. This type of side-reaction has also been observed in the synthesis of G3-dendron 45, 

where the resulted polymeric impurities were removed by SEC column without any 

difficulties.  

Scheme 2.10 One possible homo-coupling side-reaction for the synthesis of DOT 47. 

 

Product after recycling-GPC (Table 2.2, Entry 3):  

By recycling-GPC it was finally possible to remove all remaining impurities. The mass 

analysis of the GPC-pure product displayed no trace of B and C and the analytical GPC 

excluded the existence of G. Its molar mass distribution of 47 was estimated as Mn = 9.33×10
3
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g/mol for the average molecular weight

molecular weight versus polystyrene standard. The polydispersity index of PDI = 1.03 is very 

close to unity, indicating a high purity. The overestimation of 

approximately 30% higher than the real va

that the semi-rigid DOTs and the flexible coil

the solvodynamic volume to the molecular weight. The 

much better resolved aromatic pattern but none o

 

Table 2.2 Characterization of the purification process for 

Entry Molar Mass Distribution

… 

1 

After 

silica gel 

column 

-
d 

2 

After 

SEC 

3 

After 

recycling

-GPC 

(a) Measurement carried out on the analytic recycling
column and the UV- and RI-detectors, calibrated by polystyrene; (b) MALDI
measured in C2D2Cl4 at 350K; (d) not measured.
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average molecular weight and Mw = 9.58×10
3
 g/mol for the 

versus polystyrene standard. The polydispersity index of PDI = 1.03 is very 

close to unity, indicating a high purity. The overestimation of Mn and 

approximately 30% higher than the real value of 6.91×10
3
 g/mol can be ascribed to the fact 

rigid DOTs and the flexible coil-like polystyrene standard have different ratio of 

the solvodynamic volume to the molecular weight. The 
1
H NMR spectrum of pure 

much better resolved aromatic pattern but none of the characteristic protons were

Characterization of the purification process for 47.  

Molar Mass Distribution
a 

Mass Spectra
b 1

 

 

 

 
 

(a) Measurement carried out on the analytic recycling-GPC equipped with the PSS SDV 5 
detectors, calibrated by polystyrene; (b) MALDI-TOF MS, using DCTB as 

at 350K; (d) not measured. 
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g/mol for the weight average 

versus polystyrene standard. The polydispersity index of PDI = 1.03 is very 

and Mw which are 

g/mol can be ascribed to the fact 

like polystyrene standard have different ratio of 

H NMR spectrum of pure 47 has a 

f the characteristic protons were found. 

1
H NMR Spectra

c 

-
d 

 

 

GPC equipped with the PSS SDV 5 µm 1×102-1×106 Å 
TOF MS, using DCTB as matrix; (c) 
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Pure 47 showed strong tendency to aggregate at room temperature. A well resolved 
1
H NMR 

spectrum of 47 could only be obtained at an elevated temperature (in d2-TCE at 350 K). 

Surprisingly, all characteristic thienyl protons disappeared if compared to the spectrum of 45, 

which can be structurally seen as a half of 47. This could be explained by a slowing down of 

the molecular motion and the diffusion with increasing molecular size.
[23]

 Due to the low 

solubility, no decent 
13
C NMR of 47 was obtained even at high temperature. 

The desilylation of G3-dendrimer 47 (Scheme 2.11) was performed by using TBAF in a very 

dilute solution of 47 in THF (0.1-0.2 g/L) at room temperature and yielded 48 in 87%. The 

complete removal of TMS groups was confirmed by MALDI-TOF MS (see Figure 2.8), 
1
H 

NMR spectrum exhibited only a non-profound very broad signals in the aromatic region. Due 

to the low solubility, no decent 
13
C NMR was obtained even at high temperature.  

 

 

Scheme 2.11 Synthesis of G3-dendrimer 48 via fluoride-promoted desilylation. 
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Figure 2.8 MALDI-TOF mass spectrum of 48, using DCTB as matrix. The average mass at m/z = 5750.2 

is assigned to 48 (calcd. molecular weight for C280H142S70 m/z = 5750.7). 

 

To summarize, a series of 5T-based DOTs was synthetically achieved. During the synthesis 

and purification process, especially for the G3-DOTs, a number of challenges have arisen, 

which didn't show up in the preparation of 3T-based DOTs,
[24]

 due to a different reactivity and 

significant low solubility, especially of the higher generation dendrons and dendrimers. The 

extensive experience collected to purify these compounds could be further utilized in the 

projects described in the next three chapters. The purification procedures of the larger DOTs 

in the following chapters will be no more thoroughly discussed, because both the separation 

condition and the analyzing tools are very similar. Only the spectral evidences will be 

discussed. Despite many synthetic difficulties, DOTs are an amazing class of molecules, 

which can be classified between small molecules and polymers. The (physico)chemical 

properties are more like that of small molecules, unique and tailored, while the physical 

properties of higher generation DOTs are close to polymers with respect to the large 

molecular size and the resulted van-der-Waals interactions. For instance, G3-dendron 45 can 

gelate during slow cooling of a concentrated solution.  
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2.3 Physical Properties of the 5T-Based DOTs 

2.3.1 Optical Properties of the 5T-Based DOTs 

The absorption and emission spectra of the whole series of 5T-based DOTs (33, 36-42, and 

45-48) is depicted in Figure 2.9 and sorted by generation (Figure 2.9 (a): G1-DOTs, (b): G2-

DOTs, (c): G3-DOTs). The optical data of these compounds are summarized in Table 2.6. In 

order to clearly show the spectral evolution from dendrons to dendrimers within a generation, 

the spectra were all normalized at the absorption/emission maximum to 1.0. The spectra were 

measured at room temperature (295 K) in dichloromethane for 33 and 36-40, or in 1,1,2,2-

tetrachloroethane for 41, 42 and 45-48 due to solubility. Concentrations were c ≈ 1×10
-5
 M for 

G1-DOTs, c ≈ 1×10
-6
 M for G2-DOTs and c ≈ 5×10

-7
 M for G3-DOTs in absorption 

measurements and the solutions were 10 times diluted for the emission measurements.  

The 5T-based DOTs in general exhibited featureless, very broad, and intensive absorption 

bands, which are a superimposition of multiple π-π* transitions correlated mainly to the α-α 

conjugated oligothienyl subunits and additionally to the α-β linkages.
[5]
 For instance, the 

simplest molecule in this series, dendron 36, consists of one α-linked terthienyl and one α-

linked bithienyl subunit, which have the absorption maximum in solution at 305 nm and 355 

nm (see Table 2.7),
[5, 25]

 respectively. Subtraction of the absorption of α-linked bi- and 

terthiophene from the absorption of 36 revealed the residual peaks in the longer wavelength 

region
[5]
. These can be attributed to the existence of extended conjugation that is the less 

efficient α-β conjugation across the branching point spreading over the whole structure. When 

the dendrons expand to the corresponding dendrimers, the G1- and G2-DOTs displayed a 

significant broadening of the absorption bands towards longer wavelengths due to the 

expansion of conjugation, whereas the spectral profiles of the G3-dendrons and -dendrimers 

are almost identical and the shorter conjugation chromophores prevail if compared to the 

absorption of linear 16T
[26]

 and polythiophene.
[27]

 The composition of the different 

chromophores in G3-dendrimer 48 is in close proximity to the hyperbranched polythiophene 

reported by Richter et al.,
[28]

 and therefore, they show similar optical behavior. The onset 

value and the optical band gap estimated thereof are also dependent on the molecular size, 

while they remain unchanged in the third generation DOTs owing to the electronic saturation 

of conjugation.
[26, 29]

 The influence of the TMS groups at the periphery is evident in the first 

generation and results in a slight blue-shift on both absorption and emission spectra because 

of the electron donating nature of the TMS group.  
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(a) 

 
(b) 

 
(c) 

 
 

Figure 2.9 Absorption and emission spectra of the whole series of 5T-based DOTs. The spectra were 

measured at 295 K either from a solution of dichloromethane for 33, 36-40 or from a solution of 

1,1,2,2-tetrachloroethane for 41, 42 and 45-48. Concentrations for absorption were [M]G1 = 1×10
-5

 M, 

[M]G2 = 1×10
-6

 M, [M]G3 = 5×10
-7

 M and 10 times diluted for the emission measurements. The 

emission spectra were modified with Savitzky-Golay smoothing filter.
[30]

 For detailed data see Table 

2.6.  
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As a general trend, the emission spectra are structureless and the maxima shift 

bathochromically with the gene

generation. The emission spectra are invariant to the excitation wavelength, which indicates 

an intramolecular energy transfer

conjugated one, that finally emits. For the small

emission comes strongly from the α

wavelength than linear 3T; while for the middle

emission maxima are comparable to that of linear 

subunit is the longest chromophore, where the conjugation is still efficient. For the remaining 

big DOTs, the G3-dendrons 45

than the dendrimers 41 and 42 

identical with the maximum value at 586

values are quite comparable with 3

optical more bathochromical adsorption, higher generations of this series of DOTs

third generation would not be more beneficial.

 

Table 2.6 Spectral data of the whole series of 

Compound ����
��� c

(nm) 

33 
a 

 
336, (370) 

36 
a
 330, (364) 

37 
a
 

 
355, (429) 

38 
a
 346, (424) 

39 
a
 

 
382, (423)

40 
a
 (383), 420

41 
b
 

 
(396), 438

42 
b
 (394), 439

45 
b
 

 

(341, 379), 438 

46 
b
 (334, 373), 436 

47
b
 

 

(340, 381), 443 

48 
b
 (336, 376), 436 

(a) Measured in dichloromethane solution; (b) measured in 1,1,2,2
measurements were performed at 295 K, the number in parentheses are assigned to a shoulder; (d) extinction 
at the absorption maximum point; 
equation Eg=1240/λonset; (f) measured at 295 K, the numbers in parentheses are assigned to shoulders; (g) 
excited at 330 nm; (h) excited at 350 nm; (i) excited at 420 nm;
the α-α linked thiophene units in the DOT.
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As a general trend, the emission spectra are structureless and the maxima shift 

bathochromically with the generational growing, but show the saturation in the third 

generation. The emission spectra are invariant to the excitation wavelength, which indicates 

an intramolecular energy transfer
[1, 31]

 from shorter conjugated moieties to the longest 

conjugated one, that finally emits. For the small-sized DOTs, like 33 and 

s strongly from the α-β conjugation, which emit at a remarkably higher 

; while for the middle-sized DOTs, like 37-

emission maxima are comparable to that of linear 6T, which indicates that the α

t is the longest chromophore, where the conjugation is still efficient. For the remaining 

45 and 46 (nα-α = 9) emit maximally at 581 nm, slightly lower 

42 (nα-α = 12) and 47 and 48 (nα-α = 18), which emit almost 

identical with the maximum value at 586-589 nm and as shoulder at 620

values are quite comparable with 3- or 4-substituted polythiophenes.
[32

optical more bathochromical adsorption, higher generations of this series of DOTs

third generation would not be more beneficial. 

Spectral data of the whole series of 5T-based DOTs. 

ε
d
 

(×10
4
 M

-1
cm

-1
) 

�����	
��� (nm) �


��	e
 (eV) 

2.90 433 2.86 

2.64 426 2.91 

6.73 506 2.45 

6.66 502 2.47 

382, (423) 8.11 513 2.42 

(383), 420 7.68 509 2.44 

(396), 438 17.2 544 2.28 

(394), 439 16.9 541 2.29 

 21.6 541 2.29 

 20.8 540 2.30 

 45.5 562 2.21 

 42.4 588 2.11 

(a) Measured in dichloromethane solution; (b) measured in 1,1,2,2-tetrachloroethane solution; (c) the 
measurements were performed at 295 K, the number in parentheses are assigned to a shoulder; (d) extinction 
at the absorption maximum point; obtained from the solution spectra; (e) estimated from the empirical 

; (f) measured at 295 K, the numbers in parentheses are assigned to shoulders; (g) 
excited at 330 nm; (h) excited at 350 nm; (i) excited at 420 nm; (j) excited at 470 nm; (k) the largest number of 

α linked thiophene units in the DOT.  
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As a general trend, the emission spectra are structureless and the maxima shift 

rational growing, but show the saturation in the third 

generation. The emission spectra are invariant to the excitation wavelength, which indicates 

from shorter conjugated moieties to the longest 

and 36 (nα-α = 3), the 

β conjugation, which emit at a remarkably higher 

-40 (nα-α = 6), the 

, which indicates that the α-sexithienyl 

t is the longest chromophore, where the conjugation is still efficient. For the remaining 

= 9) emit maximally at 581 nm, slightly lower 

= 18), which emit almost 

589 nm and as shoulder at 620-640 nm. These 

32]
 In respect to an 

optical more bathochromical adsorption, higher generations of this series of DOTs than the 

 ����
�� f

(nm) nα-α

k 

498
g
 3 

493
g
 3 

534
h
 6 

527
h
 6 

537
i
 6 

534
i 
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j
, (624)

j 
12 
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j
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j 
12 
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j
, (617)

j
 9 

581
j
, (618)

j
 9 

589
j
, (628)

j
 18 

588
j
, (640)

j
 18 

tetrachloroethane solution; (c) the 
measurements were performed at 295 K, the number in parentheses are assigned to a shoulder; (d) extinction 

obtained from the solution spectra; (e) estimated from the empirical 
; (f) measured at 295 K, the numbers in parentheses are assigned to shoulders; (g) 

(j) excited at 470 nm; (k) the largest number of 
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Table 2.7 Spectral data of α-α linked linear oligothiophenes (nT) as well as polythiophenes from 

literature. 

Oligothiophenes
a 

����
��� (nm) �����	

��� (nm) �

��	

 (eV) ����
�� (nm) Reference 

2T
 

305 343 3.62 365 [5], [25] 

3T 355 409 3.02 410, 432 [5], [25] 

4T 379 457 2.71 455, 480 [5], [25] 

5T 416 482 2.57 483, 513 [25] 

6T 432 506 2.45 512, 543 [25] 

8T 439 535 2.32 546 [26] 

16T 464 572 2.17 570 [26] 

Polythiophene
b
 513 - - 650 [27] 

P3HT 451 537 2.30 575 [28] 

Hyperbranched 

Polythiophene
c 

467 563 2.20 574 [28] 

(a) nT denotes the n-mer oligothiophene, regardless of solubilizing side chains. For molecular structures see the 

corresponding literature. (b) solid film, material obtained by FeCl3-mediated polymerization in CHCl3;
[27]

 (c) 

material obtained by FeCl3-mediated polymerization in CHCl3, consisting of various lengths of α-linked 

oligothiophene moieties.
[28]

 

 

The “1/n rule”,
[33]

 which is typical for linear oligomers, is observed here for the three-

dimensional dendritic structures as well: In Figure 2.10 the optical band gaps of TMS-

protected DOTs is plotted aganist the inverse of the chain length n of the longest α-α linked 

oligothienyl subunits in the 5T-based DOTs. The values of n for all 5T-based DOTs is listed 

in the column "nα-α" in Table 2.6. The dendrons 33, 39, and 45 and the dendrimer 37, 41, and 

47 displayed respectively a linear correlation. The extrapolation of the gap values of the 

dendrons is 2.0 eV, which agrees perfectly with the experimental data of the gap of 

polythiophene.
[34]

 The extrapolation from the dendrimer gaps is slightly higher and to be 2.1 

eV, which could be ascribed to the structural crowdedness of the dendrimers compared to 

their corresponding dendrons. 

 
Figure 2.10 A plot of the optical band gaps versus the inverse of the longest α-conjugated chain 

length n in the TMS-protected 5T-based DOTs. 
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2.3.2 Electrochemical Properties of the 5T-Based DOTs 

The electrochemical properties of the whole series of 5T-based DOTs 33, 36-42 and 45-48 

were investigated by cyclic voltammetry (CV) with aid of differential pulse voltammetry 

(DPV). The smaller DOTs 33 and 36-40 have been studied in solution previously,
[5]
 while the 

remaining larger DOTs 41, 42 and 45-48 were studied in this thesis in solution and/or as thin 

film. The CV measurements of TMS-protected DOTs 41, 45 and 47 under the commonly 

employed solution conditions were carried out in dichloromethane at a relatively low 

concentration of 1-2×10
-4 

M at 295 K in the presence of 0.1 M tetra-n-butylammonium 

hexafluorophosphate (TBAPF6) as electrolyte. This condition has been used for analyzing the 

smaller DOTs previously
[5]
 and was not changed for the larger DOTs for the reason of 

comparability of the data, because the redox potential can be affected by the solvent.
[35]

 

However, the low concentration results in a less resolved profile in case of G3-DOTs 45 and 

47. Tetrahydrofuran, though it is a very good solvent for this series of DOTs, is unfortunately 

only a suitable solvent to determine reduction potentials and is severely limited in the anodic 

potential regime due to its ease of oxidation. The TMS-deprotected DOTs 42, 46, and 48 are 

merely soluble in hot 1,1,2,2-tetrachloroethane, in which the CV measurement even at 353 K 

could not provide a reasonable resolution. Therefore, thin films of the larger DOTs were 

prepared by spin-coating from hot 1,1,2,2-tetrachloroethane solution onto ITO glass substrates 

and the thin films were analyzed in acetonitrile at 295 K in the presence of 0.1 M TBAPF6 as 

electrolyte. 

The thin film CV and DPV profiles of the larger DOTs 41, 42 and 45-48 are shown in Figure 

2.11. Since the surface area of the thin film dipping into acetonitrile cannot be determined 

precisely, the current density remains unknown. In the cathodic range of the CV profiles, a 

cathodic peak was observed for the TMS-free DOTs (42: Epc =-1.47 V,  46: Epc =-1.69 V, and 

48: Epc =-1.60 V), whereas for the TMS-protected derivatives, no reduction response was 

found. The reason for this phenomenon is not clear. In the anodic range of the CV profiles, 

except for that of 45, the first oxidation peak occurred at approx. Epa = 0 V in the forward 

scan. This peak is used to determine the first oxidation potential and the onset of the oxidation 

potential. A multiple electron transfer from DOT to the electrode followed as a very broad 

and strong, less profound oxidation wave from 0.3-1.0 V. The DPV experiment is less 

powerful to analyze this process and showed in most cases a broad response as well. 
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Figure 2.11 CV (black line) and DPV (red line) profiles of compound 41, 42, 45-48, which were 

measured as thin film in acetonitrile (scan rate 100 mV/s, 0.1 M TBAPF6, 295 K, vs. Fc/Fc
+
). Inset: in 

41, 45, and 47, CV (black line) and DPV (red line) profiles in dichloromethane solution, [M] = 1-2×10
-4 

M. 

 

The electrochemical data of the whole series of DOTs is collected in Table 2.8 for comparison. 

As a general trend, the first oxidation potential decreases significantly from 0.64 to -0.01V as 

the molecular size increases, so does the onset value of the first oxidation peak from 0.57 to -
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0.15 V. This trend is in good agreement with the observation in 

HOMO level can be estimated by equation 2.1:

���
�����represents the onset oxidation potential value relative to the Fc/Fc

formal potential of the Fc/Fc
+

the lack of electron-withdrawing groups, the first reduction potential of the DOTs lie outside 

of the solvent potential window and therefore is not detectable. The electrochemical band gap 

can consequently not be determined by means of CV measurements. The optical ba

calculated from the onset absorption spectrum at the longer wavelength side (

used to calculated the LUMO level by equation 2.2:

��
���

 denotes the optical band gap. The HOMO energy level steadily 

�	
�
 � �5.67		
 for 36 to 

the first and second generation

remains rather constant with a small variation a

levels vary between -3.0 and -

Table 2.8 Electrochemical data of compound 

Compound ����
�  

(V) 

33
b 

 
0.61 -

36
b
 0.64 -

37
b
 

 
0.44 0.56

38
b
 0.49 -

39
b
 

 
0.36 -

40
b
 0.38 -

41
b,c

 
 

0.18
b
 

0.07
c,e 

-

0.38

42
c
 0.05

e 
0.66

45
b,c 

 
0.11

b,d 

0.06
c,e

 

0.29

0.59

46
c 

0.03
e
 0.47

47
b,c

 

 

-
b,g 

0.02
c,e 

0.61

0.53

48
c 

-0.01
e 

0.55

(a) CV: scan rate 100 mV/s, 295 K, 0.1 M TBAPF

from reference 5; (b) in CH2Cl2 solution

solution were spin-coated onto ITO glass substrate prior to measurement; CV and DPV: in acetonitrile; (d) 

determined by DPV; (e) quasi-reversible peak; E

broad peak, (g) not detectable. 
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0.15 V. This trend is in good agreement with the observation in 3T-based DOTs.

e estimated by equation 2.1: 

�	
�
 � �����
����� � 5.10		
�	                                           

represents the onset oxidation potential value relative to the Fc/Fc

+
 redox couple is estimated to -5.1 eV versus vacuum.

withdrawing groups, the first reduction potential of the DOTs lie outside 

of the solvent potential window and therefore is not detectable. The electrochemical band gap 

consequently not be determined by means of CV measurements. The optical ba

calculated from the onset absorption spectrum at the longer wavelength side (

used to calculated the LUMO level by equation 2.2: 

���
 � �	
�
 � ��
���

                                                      

tes the optical band gap. The HOMO energy level steadily 

�	
�
 � �5.06		
 for 42 with the molecular size increasing in 

the first and second generation DOTs, while in the third generation DOTs

remains rather constant with a small variation around �	
�
 � �5.0		
. The LUMO energy 

-2.7 eV without showing a clear trend.  

Electrochemical data of compound 33, 36-42 and 45-48.
a
 

����
�  

(V) 

����
�  

(V) 

���
�	
�� 

(V) 

�
���

 

(eV) 

- - 0.55 2.86 

- - 0.57 2.86 

0.56 0.93 0.39 2.47 

- - 0.42 2.47 

- - 0.32 2.42 

- - 0.37 2.44 

- 

0.38
c,d 

- 

0.52
c,d,f 

  0.15
b
 

-0.01
c 

2.28 

0.66
d,f 

0.83
d,f 

-0.04 2.29 

0.29
b,d 

0.59
c,d,f

 

0.42
b,d 

0.88
c,d,f 

-0.10
b
 

-0.15
c 

2.29 

0.47
d,f 

0.72
d,f 

-0.05 2.30 

0.61
b,d,f 

0.53
c,d,f 

- 

- 

-0.06
b 

-0.07
c 

2.21 

0.55
d,f 

- -0.10 2.11 

(a) CV: scan rate 100 mV/s, 295 K, 0.1 M TBAPF6, vs. Fc/Fc
+
; the data of compound 33 and

solution, [M] = 0.1-1×10
-3

M; (c) compounds from hot 1,1,2,2

coated onto ITO glass substrate prior to measurement; CV and DPV: in acetonitrile; (d) 

reversible peak; E
0

ox was estimated as the potential where 
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based DOTs.
[2]

 The 

                                           (2.1) 

represents the onset oxidation potential value relative to the Fc/Fc
+ 

redox couple; the 

5.1 eV versus vacuum.
[36]

 Due to 

withdrawing groups, the first reduction potential of the DOTs lie outside 

of the solvent potential window and therefore is not detectable. The electrochemical band gap 

consequently not be determined by means of CV measurements. The optical band gap 

calculated from the onset absorption spectrum at the longer wavelength side (Table 2.6) is 

                                                      (2.2) 

tes the optical band gap. The HOMO energy level steadily is reduced from 

with the molecular size increasing in 

DOTs the HOMO level 

. The LUMO energy 

����� 

(eV) 

����� 

(eV) 

-5.65 -2.79 

-5.67 -2.81 

-5.49 -3.02 

-5.52 -3.05 

-5.42 -3.00 

-5.47 -3.03 

-5.25
b
 

-5.09
c 

-2.97
b
 

-2.81
c 

-5.06 -2.77 

-5.00
b
 

-4.95
c 

-2.71
b
 

-2.66
c 

-5.05 -2.75 

-5.04
b
 

-5.03
c 

-2.83
b
 

-2.82
c 

-5.00 -2.89 

and 36-40 are obtained 

; (c) compounds from hot 1,1,2,2-tetrachloroethane 

coated onto ITO glass substrate prior to measurement; CV and DPV: in acetonitrile; (d) 

was estimated as the potential where ipa=0.855×ipa
max

; (f) 
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The HOMO/LUMO energy level alignment is graphically shown in Figure 2.12 and compared 

with the HOMO and LUMO levels of PC61BM and PC71BM. The 5T-based DOTs show very 

suitable electronic energy levels which make them very promising candidates as donor 

materials for use in organic photovoltaics and the application will be presented in Chapter 

6.3.2. 

 
Figure 2.12 Energy level diagram of compound 33, 36-42 and 45-48 in  comparison with acceptor 

materials PC61BM and PC71BM. 

 

 

2.4 Experimental Section 

2.4.1 General Procedure 

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

MHz) or a Bruker Advance 400 (1H NMR: 400 MHz; 13C NMR: 100 MHz) at room 

temperature, otherwise mentioned. Chemical shift values (δ) are expressed in parts per million 

with calibration on residual signals of non-deuterated solvent as internal standard (δH= 7.26 

and δC= 77.16 ppm for CDCl3, δH= 5.32 and δC= 53.84 ppm for CD2Cl2, δH= 5.91 and δC= 

74.25 ppm for C2D2Cl4 and δH= 3.58 and δC= 67.21 ppm for d8-THF).[37] The splitting patterns 

are designated as follows: s (singlet), d (doublet), m (multiplet) and br (broad signal). The 

assignments are ThH (H-atom of thiophene ring), BpinH (H-atom of the methyl groups of the 

boronic acid pinacol ester) and TMSH (H-atom of trimethylsilyl group). MALDI-TOF mass 

spectra were recorded on a Bruker Daltonics Reflex III, using 1,8,9-trihydroxyanthrancene 

(dithranol) or trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-properylidene]malononitrile (DCTB) 

as the matrix. High resolution mass spectra were recorded on a Bruker APEX Ultra Fourier 
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transform/ion cyclotron resonance (FTICR) mass spectrometer equipped with a cryo-cooled 

9.4T superconducting magnet and an Apollo II MTP ion source. Melting points were 

measured with a Büchi Melting Point B-545 and were not corrected. Elemental analyses were 

performed on an Elementar Vario EL. UV-vis absorption spectra were recorded on a Perkin 

Elmer Lambda 19 spectrometer using Merck Uvasol grade solvents and fluorescence spectra 

on Perkin Elmer LS 55 in 1 cm quartz cuvettes. Cyclic voltammetry measurements were 

carried out with a computer-controlled EG&G PAR 273 potentiostat in a three-electrode 

single-compartment cell with a platinum working electrode, a platinum wire counter 

electrode, and a Ag/AgCl reference electrode, using the ferrocene/ferrocenium couple as 

internal reference. Thin layer chromatography was performed with silica gel (Merck, Si 60, 

F254) precoated on aluminum sheet. Column chromatography was performed on glass columns 

packed with Silica Gel 60 (Merck, 0.040 - 0.063 µm, 230-400 Mesh ASTM or 0.063 - 0.200 

µm 70 - 230 mesh ASTM) Size-exclusive chromatography was performed on a glass column 

packed with porous cross-linked polystyrene polymer beads (BIO-RAD, Bio-Beads® S-X-1) 

in gravity flow. Molecular weight determinations were performed using gel permeation 

chromatography calibrated  against polystyrene standards. Preparative gel permeation 

chromatography was performed on a computer-controlled SHIMADZU HPLC-system, 

consisting of a solvent delivery unit LC-8AD (University of Ulm) or LC-20AD (University of 

Bonn), a system controller CBM 20A, a UV-vis detector SPD-20A and pre-packed columns 

with an inner diameter of 20 mm purchased from PSS (SDV, 5 µm, 500 Å or 1000 Å or 10 

000 Å or Linear-S), eluenting with tetrahydrofuran (without stabilizer) in a flow rate of 5 or 6 

mL/min. 

Ammonium chloride, sodium chloride, sodium thiosulfate, sodium sulfate, tetra-n-

butylamminium fluorid trihydrate and tri-potassium phosphate were purchased from Merck, 

tetrabutylammonium hexafluorophosphate from Fluka, tri(dibenzylidenacetone)-dipalladium 

chloroform, tri-tert-butyl-phosphonium tetrafluoroborate from Acros, bis(1,5-cyclooctadiene) 

di-µ-methoxydiiridium(I) from Strem, 4,4’-di-tert-butyl-2,2’-bipyridine, 4,4,5,5-tetramethyl-

1,3,2-dioxaborolane, deuterochloroform and dichloromethane-d2 from Sigma-Aldrich. 1,1,2,2-

Tetrachloroethane-d2 and tetrahydrofuran-d8 were purchased from Euriso top. All above-

mentioned chemicals were used as received. N-Bromosuccinimide was purchased from 

Sigma-Aldrich, and recrystallized from water prior to use. Solvents dichlormethane, n-hexane, 

methanol, dimethylformamide, n-pentane, tetrahydrofuran and toluene were purchased from 

VWR International and distillated prior to use. Tetrahydrofuran as solvent for reactions was 

dried over sodium.[38]  
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2.4.2 Synthesis 

5''-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-5-yl)-5,5''''-bis(trimethylsilyl)-2,2':5',2'':3'', 

2''':5''',2''''–quinquethiophene (35). 

In a glove box, two separate vessels were charged with bis(1,5-cyclooctadiene)di-µ-

methoxydiiridium(I) ([Ir(OMe)(COD)]2, 10 mg, 0.015 mmol, 3 mol-% Ir) and 4,4’-di-tert-

butyl-2,2’-bipyridine (dtbpy, 8 mg, 0.030 mmol, 3 mol %), respectively. 4,4,5,5-Tetramethyl-

1,3,2-dioxaborolane (HBpin, 200 mg, 1.6 mmol) was added to [Ir(OMe)(COD)]2 in one 

portion. The mixture was stirred at room temperature for 30 min, resulting in an orange 

solution. These two vessels were tightly sealed and then taken out of the glove box. Dry 

tetrahydrofuran (1 mL) was injected into the vessel with dtbpy. The resulting solution was 

then injected into the vessel of [Ir(OMe)(COD)]2 and HBPin. The mixture was stirred for 

another 10 min at room temperature under argon atmosphere, resulting in a dark red solution. 

This solution was injected to a solution of DOT 33 (555 mg, 1.0 mmol) in dry tetrahydrofuran 

(2 mL) in one portion under argon atmosphere. The reaction mixture was heated up to 50 oC 

for 1 hour. The volatile materials were then removed under vacuum. The residue was 

suspended in methanol (15 mL) and treated with ultrasound for 5 min. The suspension was 

filtered and washed with methanol (5 mL) and n-pentane (2 mL), resulting in a brown-yellow 

powder. The crude product of 35 (626 mg, 0.92 mmol, 92% yield) was directly used in the 

cross-coupling reactions without further purification.  

 

1
H NMR (400 MHz, CD2Cl2) δ 7.62 (s, 1H, H-a), 7.22 (d, J = 3.3 Hz, 1H, ThH), 7.21 (d, J = 

3.1 Hz, 1H, ThH), 7.16 – 7.09 (m, 5H, ThH), 7.03 (d, J = 3.7 Hz, 1H, ThH), 1.35 (s, 12H, 

BpinH), 0.32 (s, 18H, TMSH) ppm. 
13
C NMR (100 MHz, CD2Cl2) δ 143.3, 143.0, 140.8, 140.4, 139.8, 138.5, 137.4, 136.1, 136.0, 

134.7, 133.1, 132.0, 130.7, 130.0, 128.6, 126.5, 126.3, 126.0, 125.0, 84.9, 25.0, -0.1 ppm. 

MALDI-TOF MS (m/z) calcd. for C32H39BO2S5Si2: 682.1 Found: 682.2 [M]+. 

 

5,5''''''''''-Bis(trimethylsilyl)-3'',5'''''''''-bis(5'-trimethylsilyl-2,2'-bithien-5-yl)-3''''',5'''''' 

-bis[5''''-trimethylsilyl-5''-(5'-trimethylsilyl-2,2'-bithien-5-yl)-2,2':5',2'':4'',2''':5''',2''''-

quinquethien-5-yl]-2,2':5',2'':5'',2''':5''',2'''':5'''',2''''':5''''',2'''''':4'''''',2''''''':5''''''',2''''' 

''':5'''''''',2''''''''':4''''''''',2'''''''''':5'''''''''',2'''''''''''-dodecithiophene (41). 



 
58 Chapter 2                                                      Dendritic Oligothiophenes by Branch Modification 

Tetrabromodecithiophene 43 (45 mg, 40 µmol), quinquethiopheneboronic ester 35 (160 mg, 

0.24 mmol), tris(dibenzylideneacetone)dipalladium(0)-chloroform adduct (Pd2(dba)3CHCl3, 

3.3 mg, 3.2 µmol, 4 mol%-Pd per Br), and tri-t-butylphosphonium tetrafluoroborate (HP(t-

Bu)3BF4, 1.8 mg, 6.3 µmol) were placed in a 50 mL Schlenk-tube under argon atmosphere 

and dissolved by well-degassed tetrahydrofuran (10 mL). A well-degassed aqueous solution 

of potassium phosphate (1M, 10 mL, 10 mmol) was subsequently added. The reaction mixture 

was stirred at 50 oC for 2 hrs. The reaction mixture was then neutralized by a saturated 

solution of ammonium chloride. The water phase was extracted by dichloromethane (3×50 

mL). The combined organic phase was washed with water (2×100 mL) and brine (150 mL) 

and dried over magnesium sulfate. The solvent was removed by rotary evaporation. The 

residue was passed through a short silica column (silica gel 60, dichloromethane) to remove 

the catalyst and inorganic salts. Repeated SEC (Bio-Beads® S-X-1) eluenting with 

tetrahydrofuran (without stabilizer) was required to isolate the product from the threefold 

cross-coupling by-products and homo-coupling by-product. The solution containing pure 

product was concentrated by rotary evaporation to 2-3 mL and precipitated into methanol (25 

mL). The resulting dark red precipitate was collected by filtration. The dark red powder was 

washed with n-pentane (10 mL) and dried in vacuum. The isolated yield of DOT 41 was 83% 

(98 mg, 33 µmol). 

 

1
H NMR (400 MHz, d8-THF,) δ 7.50 (s, 2H, ThH), 7.39 (s, 2H, ThH), 7.38 (s, 2H, ThH), 

7.28-7.20 (m, 24H, ThH), 7.19-7.10 (m, 24H, ThH), 0.31 (s, 72H, TMSH) ppm. 
13
C NMR (100 MHz, d8-THF) δ 142.9, 142.5, 140.5, 140.1, 138.6, 137.3, 136.5, 137.1, 135.8, 

135.7, 135.6, 134.1, 133.8, 133.1, 130.7, 129.6, 128.9, 126.9, 126.0, 125.9, 125.7, 124.7, 

124.6, -0.3 ppm. 

MALDI-TOF MS (m/z) calcd. for C144H126S30Si8: 3038.0. Found: 3037.5 [M]+. 

Elemental Analysis (%) calcd. for C144H126S30Si8: C, 56.83; H, 4.17; S, 31.61. Found: C, 

56.84; H, 4.13; S, 31.67. 

M.p.: >300oC (dec.) 
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3'',5'''''''''-Bis(2,2'-bithien-5-yl)-3''''',5''''''-bis[5''-(2,2'-bithien-5-yl)-2,2':5',2'':4'',2''': 

5''',2''''-quinquethien-5-yl]-2,2':5',2'':5'',2''':5''',2'''':5'''',2''''':5''''',2'''''':4'''''',2''''''': 

5''''''',2'''''''':5'''''''',2''''''''':4''''''''',2'''''''''':5'''''''''',2'''''''''''-dodecithiophene (42). 

Compound 41 (50 mg, 16 µmol) was dissolved in tetrahydrofuran (500 mL). Tetra-n-

butylammonium fluoride trihydrate (TBAF·3H2O, 175 mg, 0.55 mmol) was added in one 

portion. The reaction mixture was stirred at room temperature for 10 hrs. The reaction mixture 

was concentrated to 10 mL and kept at 4 oC overnight. A red precipitate appeared which was 

then filtered and washed with cold tetrahydrofuran (1 mL), methanol (10 mL) and n-pentane 

(10 mL). DOT 42 was obtained as a dark red powder in a yield of 94% (38 mg, 15 µmol). 

 

1
H NMR (500 MHz, C2D2Cl4, 313 K): δ 7.29 (s, 2H, H-a), 7.25 (s, 1H, ThH), 7.25 (s, 1H, 

ThH), 7.24 (m, 4H, ThH), 7.23 (m, 6H, ThH), 7.17 (m, 14H, ThH), 7.15 – 7.13 (m, 10H, 

ThH), 7.12 (d, J = 1.8 Hz, 2H, ThH), 7.11 (d, J = 2.6 Hz, 3H, ThH), 7.10 (d, J = 1.2 Hz, 7H, 

ThH), 7.07 (d, J = 3.8 Hz, 1H, ThH), 7.06 (d, J = 3.8 Hz, 1H, ThH), 7.04-7.00 (m, 8H, ThH) 

ppm. 
13
C NMR No decent spectrum was obtained due to the very low solubility. 

MALDI-TOF MS (m/z) calcd. for C120H62S30: 2461.6. Found: 2462.5 [M+H]+. 

Elemental Analysis (%) calcd for C120H62S30: C, 58.45; H, 2.53; S, 39.01. Found: C, 58.48; 

H, 2.60; S, 38.97. 

M.p.: >300oC (dec.) 

 

5,5'''''-Dibromo-3'',5'''-bis(5'-bromo-2,2'-bithien-5-yl)-2,2':5',2'':5'',2''':4''',2'''':5'''',2''' 

''-sexithiophene (43). 

To a solution of 37 (100 mg, 0.088 mmol) in tetrahydrofuran (200 mL) a solution of n-

bromosuccinimide (NBS, 660 mg, 3.71 mmol) in dimethylformamide (20 mL) was slowly 

added at 0oC. The reaction mixture was then stirred at this temperature for 1 hour and then at 

room temperature for another hour in darkness. The excessive NBS was quenched by an 
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aqueous solution of sodium sulfite (2 M). The aqueous phase was washed by dichloromethane 

(2×100 mL). The combined organic phase was washed with water (2×200 mL) and brine (200 

mL), and dried over magnesium sulfate. The solvent was removed by using a rotary 

evaporator and the residue was re-dissolved in tetrahydrofuran (50 mL). To this solution tetra-

n-butylammonium fluoride trihydrate (TBAF·3H2O, 30 mg, 0.095 mmol) was added in one 

portion. The reaction mixture was stirred at room temperature for 2 hrs. The solvent was 

removed by using a rotary evaporator. The residue was suspended in methanol (10 mL) and 

treated with ultrasound for 10 min. The suspension was filtered and washed with methanol 

(10 mL). The resulting crude product was purified by a column chromatography (silica gel 60, 

toluene). DOT 43 was obtained as a red powder (92 mg, 0.081 mmol, 93%). 

 

1
H NMR (400 MHz, C2D2Cl4, 295 K): δ 7.16 (s, 2H, H-a), 7.03 – 7.01 (m, 2H, ThH), 6.98 (br 

s, 4H, ThH), 6.96 (d, J = 3.8 Hz, 2H, ThH), 6.92 (d, J = 3.8 Hz, 2H, ThH), 6.91 (d, J = 3.3 

Hz, 2H, ThH), 6.85 (d, J = 6.1 Hz, 2H, ThH)., 6.84 (d, J = 6.1 Hz, 2H, ThH) ppm. 
13
C NMR (126 MHz, C2D2Cl4, 350 K): δ 138.5, 138.2, 137.6, 136.7, 136.6, 135.8, 134.9, 

133.5, 132.0, 131.0, 130.7 (2 signals), 128.6, 127.9, 126.7, 124.2 (2 signals), 123.9, 111.5, 

111.1 ppm. 

HRMS (m/z) calcd. for C40H18I4S10: 1133.53349. Found: 1133.53374 (deviation: 0.2 ppm). 

M.p.: 233-234 oC 

 

5-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-5-yl)-5,5''''''''''-bis(trimethylsilyl)-3'',5''''''''-

bis(5'-trimethylsilyl-2,2'-bithien-5-yl)-2,2':5',2'':5'',2''':5''',2'''':5'''',2''''':3''''',2'''''':5''' 

''',2''''''':5''''''',2'''''''':4'''''''',2''''''''':5''''''''',2''''''''''-undecithiophene (44). 

In a glove box, two separate vessels were charged with bis(1,5-cyclooctadiene)di-µ-

methoxydiiridium(I) ([Ir(COD)(OMe)]2, (2.2 mg, 3.5 µmol, 3 mol-% Ir) and 4,4’-di-tert-

butyl-2,2’-bipyridine (dtbpy, 2.0 mg, 7 µmol), respectively. 4,4,5,5-Tetramethyl-1,3,2-

dioxaborolane (HBPin, 65 mg, 0.50 mmol) was added to [Ir(COD)(OMe)]2 in one portion. 

The mixture was stirred at room temperature for 30 min, resulting in an orange solution. 

These two vessels were tightly sealed and then taken out of the glove box. Dry 

tetrahydrofuran (1 mL) was injected into the vessel of dtbpy. The resulting solution was then 

injected into the vessel of [Ir(COD)(OMe)]2 and HBPin. The mixture was stirred for another 
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30 min at 50oC under argon atmosphere, resulting in a dark red solution. This solution was 

injected to a solution of compound 39 (360 mg, 0.24 mmol) in dry tetrahydrofuran (5 mL) in 

one portion under argon atmosphere. The reaction mixture was heated up to 50 oC for 1 hour. 

The volatile materials were then removed under vacuum. The residue was suspended in 

methanol (10 mL) and treated with ultrasound for 10 min. The suspension was filtered and 

washed with methanol (10 mL) and n-pentane (2 mL), resulting in a red-brownish powder 

(378 mg, 0.24 mmol, 97%). The crude product was directly used for cross-coupling reactions 

without further purification. 

 

1
H NMR (400 MHz, d8-THF): δ 7.66 (s, 1H, H-a), 7.40 (s, 1H, H-b/c), 7.39 (s, 1H, H-b/c), 

7.26 – 7.22 (m, 9H, ThH), 7.21 – 7.13 (m, 15H, ThH), 1.37 (s, 12H, BpinH), 0.32 (s, 36H, 

TMSH) ppm. 
13
C NMR (100 MHz, d8-THF): δ 142.1, 141.8, 139.9, 138.6, 138.2, 137.7, 123.92, 136.9, 

136.5, 135.6, 134.5, 133.4, 133.3, 132.0, 131.7, 128.5, 128.4, 127.8, 126.2, 125.3, 125.0, 

124.8, 124.4, 124.1, 85.0, 25.0,  -0.2 ppm. 

MALDI-TOF MS (m/z) calcd forC78H75BO2S15Si4: 1646.1. Found: 1645.8 [M]+. 

 

5,5''''''''''''''''-Bis(trimethylsilyl)-3'',5''''''''''''''-bis(5'-trimethylsilyl-2,2'-bithien-5-yl)-3''' 

'',5'''''''''''-bis[5''''-trimethylsilyl-5''-(5'-trimethylsilyl-2,2'-bithien-5-yl)-2,2':5',2'':5'',2''' 

:5''',2'''':5'''',2''''':5''''',2''''''-quinquethien-5-yl]-2,2':5',2'':5'',2''':5''',2'''':5'''',2''''':5'''' 

',2'''''':5'''''',2''''''':5''''''',2'''''''':3'''''''',2''''''''':5''''''''',2'''''''''':5'''''''''',2''''''''''':4'''''''''

'',2'''''''''''':5'''''''''''',2''''''''''''':5''''''''''''',2'''''''''''''':4'''''''''''''',2''''''''''''''':5''''''''''''''',2

''''''''''''''''-septidecithiophene (45). 

Diiodoquinquethiophene 34 (20 mg, 0.030 mmol), quinquedecithiopheneboronicester 44 (125 

mg, 0.075 mmol), Pd2(dba)3CHCl3 (1.5 mg, 1.5 µmol, 5 mol%-Pd pro I) and HP(t-Bu)3BF4 

(0.8 mg, 2.8 µmol) were placed in a 50 mL Schlenk-tube under argon atmosphere, dissolved 

in well-degassed tetrahydrofuran (12 mL). A well-degassed aqueous solution of potassium 
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phosphate (1M, 10 mL, 10 mmol) was subsequently added. The reaction mixture was stirred 

at room temperature for 15 hrs. The water phase was removed by pipette and the organic 

phase was extracted by dichloromethane (2×100 mL). The combined organic phase was 

washed by water (2×200 mL) and brine (200 mL) and dried over magnesium sulfate. The 

solvent was removed by rotary evaporation. The residue passed through a short column 

chromatography (silica gel 60, 230-400 mesh, tetrahydrofuran) to remove the catalyst and 

inorganic salts. By-products with a molecular weight smaller than 2500 Da and larger than 

5000 Da were removed by repeatedly running size exclusive chromatography (SEC, Bio-

Beads® S-X-1) eluenting with tetrahydrofuran (without stabilizer). The chromatographic 

process was monitored by MALDI-TOF MS. The product-containing fractions were collected 

together. The solvent was carefully reduced to about 5 mL and precipitated into 20 mL 

methanol. The resulted precipitate was then filled in a Soxhlet extraction thimble. After a 

Soxhlet extraction with a sequence of solvents (n-hexane, dichloromethane, tetrahydrofuran), 

the product was found in the tetrahydrofuran fraction. After removal of the solvent, the 

product was obtained as a reddish black powder in a yield of 68% (71 mg, 0.021 mmol). 

 

1
H NMR (400 MHz, d8-THF) δ 7.50 (d, J = 5.3 Hz, 1H, H-a), 7.40 (s, 1H, H-b/c), 7.38 (s, 

1H, H-b/c), 7.37 (s, 2H, H-d/e/f/g), 7.36 (s, 2H, H-d/e/f/g), 7.28 – 7.20 (m, 21H, ThH), 7.20 – 

7.08 (m, 36H, ThH), 0.31 (s, 72H, TMSH) ppm. 
13
C NMR (126 MHz, C2D2Cl4, 350 K) δ 143.7, 143.4, 142.2 (2 signals), 141.82, 140.2 (2 

signals), 139.7 (2 signals), 139.6, 139.4 (2 signals), 138.8 (2 signals), 138.5, 138.3, 138.2, 

138.0, 137.6 (2 signals), 137.5, 137.4, 137.3, 137.2 (2 signals), 137.0, 136.89, 136.8, 136.6, 

136.4, 136.3, 135.7, 135.3 (2 signals), 135.0, 134.9, 133.7, 133.6, 133.3, 132.9, 132.2, 132.1, 

132.0, 131.4, 130.5, 130.2, 130.2 (2 signals), 129.6, 129.5 (2 signals), 129.2, 127.8, 127.8, 

126.9, 126.7 (2 signals), 126.6 (2 signals), 126.4, 126.3, 126.2, 126.1, 125.8 (2 signals), 125.6 

(2 signals), 1.52 signals) ppm. 

MALDI-TOF MS (m/z) calcd for C164H136S35Si8: 3447.9. Found: 3348.8 [M+H]+. 
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Elemental Analysis (%) calcd for C164H136S35Si8: C, 57.03; H, 3.97; S, 32.49. Found: C, 

56.85; H, 3.82; S, 32.61. 

M.p.: >300oC (dec.) 

 

3'',5''''''''''''''-Bis(2,2'-bithien-5-yl)-3''''',5'''''''''''-bis[5''-(2,2'-bithien-5-yl)-2,2':5',2'':5'', 

2''':5''',2'''':5'''',2''''':5''''', 2''''''-quinquethien-5-yl]-2,2':5',2'':5'',2''':5''',2'''':5'''',2''''': 

5''''',2'''''':5'''''',2''''''':5''''''',2'''''''':3'''''''',2''''''''':5''''''''',2'''''''''':5'''''''''',2''''''''''':4''''

''''''',2'''''''''''':5'''''''''''',2''''''''''''':5''''''''''''',2'''''''''''''':4'''''''''''''',2''''''''''''''':5'''''''''''''

'',2''''''''''''''''-septidecithiophene (46). 

DOT 45 (45 mg, 0.013 mmol) was dissolved in tetrahydrofuran (800 mL). Tetra-n-

butylammonium fluoride trihydrate (TBAF·3H2O, 69 mg, 0.22 mmol) was added in one 

portion. The reaction mixture was stirred at room temperature overnight. The reaction mixture 

was concentrated to 10 mL on a rotary evaporator and stood at 4 oC for 24 hrs. A red 

precipitate was formed. It was then filtered and washed with cold tetrahydrofuran (1 mL), 

methanol (10 mL) and n-pentane (10 mL) and dried in vacuum  . The title compound was 

obtained as a dark red powder in a yield of 88% (32 mg, 0.011 mmol). 

 

1
H NMR (500 MHz, C2D2Cl4, 350 K) δ 7.33 (d, J = 5.2 Hz, 1H, H-a), 7.25 – 7.19 (m, 13H, 

ThH), 7.19 – 7.15 (m, 10H, ThH), 7.15 – 7.07 (m, 33H, ThH), 7.05 (m, 6H, ThH), 7.01 (m, 

9H, ThH) ppm. 
13
C NMR No decent spectrum was obtained due to the very low solubility. 

MALDI-TOF MS (m/z) calcd for C140H72S35:2871.6. Found: 2782.2 [M]+. 

Elemental Analysis (%) calcd for C140H72S35:C, 58.46; H, 2.52; S, 39.02. Found: C, 58.77; H, 

2.71; S, 38.79. 

M.p.: >300oC (dec.) 
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5,5-Bis(trimethylsilyl)-3'',5'''''''''''''''-bis(5'-trimethylsilyl-2,2'-bithien-5-yl)-3''''',5'''''''''' 

''-bis[5''''-trimethylsilyl-5''-(5'-trimethylsilyl-2,2'-bithien-5-yl)-2,2':5',2'':4'',2''':5''',2''''-

quinquethien-5-yl]-3'''''''',5'''''''''-bis{5'''''''-trimethylsilyl-5'''''-(5'-trimethylsilyl-2,2'-

bithien-5-yl)-5''-[5''''-trimethylsilyl-5''-(5'-trimethylsilyl-2,2'-bithien-5-yl)-2,2':5',2'':4'', 

2''':5''',2''''-quinquethien-5-yl]-2,2':5',2'':4'',2''':5''',2'''':5'''',2''''':4''''',2'''''':5'''''',2''''' 

''-octithien-5-yl}-2,2':5',2'':5'',2''':5''',2'''':5'''',2''''':5''''',2'''''':5'''''',2''''''':5''''''',2'''''''': 

5'''''''',2''''''''':4''''''''',2'''''''''':5'''''''''',2''''''''''':5''''''''''',2'''''''''''':4'''''''''''',2''''''''''''':5

''''''''''''',2'''''''''''''':5'''''''''''''',2''''''''''''''':4''''''''''''''',2'''''''''''''''':5'''''''''''''''',2'''''''''''''

''''-octidecithiophene (47). 

Tetrabromodecithiophene 43 (15 mg, 13 µmol), quinquedecithiophene boronic ester 44 (180 

mg, 0.11 mmol), Pd2(dba)3CHCl3 (2.7 mg, 2.6 µmol, 10 mol%-Pd pro Br) and HP(t-Bu)3BF4 

(1.5 mg, 5.2 µmol) were placed in a 50 mL Schlenk-tube under argon atmosphere, dissolved 

in well-degassed solvent mixture of toluene (5 mL) and dimethylformamide (1 mL). A well-

degassed aqueous solution of potassium phosphate (1 M, 5 mL, 5 mmol) was subsequently 

added. The reaction mixture was stirred at 90 oC for 15 hrs. The reaction mixture was cooled 

to room temperature. The aqueous phase was removed by a pipette. The organic phase was 

precipitate into methanol (50 mL). The precipitate was filtered and passed through a short 

plug of silica gel (silica gel 60, 230-400 mesh, tetrahydrofuran) to remove the catalyst and 

inorganic salts. By-products with a molecular weight smaller than 3500 Da were removed by 

repeatedly running SEC, eluenting with toluene. The chromatographic process was monitored 

by MALDI-TOF MS. The product-containing fractions were collected. The solvent was 

removed. This mixture was further purified by a recycling GPC eluting with tetrahydrofuran 

at 35 oC on three tandem columns in total length of 90 cm (Linear-S, PSS®, SDV). The pure 

product was obtained as black red powder in a yield of 52% (48 mg, 7.0 µmol). 
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1
H NMR (500 MHz, C2D2Cl4, 363 K) δ 7.30 – 6.81 (m, 126H, ThH), 0.33-0.32 (m, 144H, 

TMSH) ppm. 
13
C NMR No decent spectrum was obtained due to the very low solubility. 

MALDI-TOF MS (m/z) calcd. average mass for C328H270S70Si16: 6905.7. Found: 6906.7. 

M.p.: >300oC (dec.) 

 

3'',5'''''''''''''''-Bis(2,2'-bithien-5-yl)-3''''',5''''''''''''-bis[5''-(2,2'-bithien-5-yl)-2,2':5',2'':4 

'',2''':5''',2''''-quinquethien-5-yl]-3'''''''',5'''''''''-bis{5'''''-(2,2'-bithien-5-yl)-5''-[5''-(2,2'-

bithien-5-yl)-2,2':5',2'':4'',2''':5''',2''''-quinquethien-5-yl]-2,2':5',2'':4'',2''':5''',2'''':5'''', 

2''''':4''''',2'''''':5'''''',2'''''''-octithien-5-yl}-2,2':5',2'':5'',2''':5''',2'''':5'''',2''''':5''''',2'''' 

'':5'''''',2''''''':5''''''',2'''''''':5'''''''',2''''''''':4''''''''',2'''''''''':5'''''''''',2''''''''''':5''''''''''',2'''

''''''''':4'''''''''''',2''''''''''''':5''''''''''''',2'''''''''''''':5'''''''''''''',2''''''''''''''':4''''''''''''''',2''''''''

'''''''': 5'''''''''''''''',2'''''''''''''''''-octidecithiophene (48). 

DOT 47 (25 mg, 3.6 µmol) was dissolved in tetrahydrofuran (750 mL). Tetra-n-

butylammonium fluoride trihydrate (TBAF·3H2O, 54 mg, 0.17 mmol) was added in one 

portion. The reaction mixture was stirred at room temperature overnight. The solvent was 

removed by using a rotary evaporator. The residue was suspended in methanol (10 mL) and 

treated with ultrasound for 15 min. The suspension was filtered and the resulting precipitate 

washed with methanol (20 mL) and n-pentane (10 mL). After recrystallization from 1,1,2,2-

tetrachloroethane, the pure compound was obtained as a dark red powder in a yield of 87% 

(18 mg, 3.1 µmol). 

 

1
H NMR (500 MHz, C2D2Cl4, 363 K) δ 7.28 – 6.83 (br, 142H, ThH) ppm. 

13
C NMR No decent spectrum was obtained due to the very low solubility. 
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MALDI-TOF MS (m/z) calcd. average mass for C280H142S70: 5750.8. Found: 5750.2. 

M.p.: >300oC (dec.) 
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3.1 Introduction 

The novel family of 5T-based DOTs described in the last chapter has been demonstrated to 

agree with the initial designing intent, namely, broadening the absorption. However, an 

unexpected, very problematic issue emerged: Unlike the 3T-based DOTs, the 5T-based DOTs 

show a significantly reduced solubility, especially for the desilylated G2- and G3-DOTs. 

Their very poor solubility in common organic solvents made the procedure of purification, 

characterization as well as device fabrication extremely difficult. The reason of the reduced 

solubility can be ascribed to the elongated π-conjugation in the monomer units, which 

releases the spatial crowdedness and results consequently in a stronger degree of packing 

between the much flatter molecules. 

Enhancement of the solubility was therefore taken into consideration. A very frequently used 

method is to introduce solubilizing groups. Concerns that the synthesis, characterization, and 

device fabrication are all processed in low polar to medium polar organic solvents, such as 

CHCl3, chlorobenzene, o-dichlorobenzene etc., alkyl chains would be ideal candidates. 

However, from polymer chemistry it is known, if the alkyl chain is placed at the periphery of 

the DOTs, charge separation[1] and hole transport mobility[2] decrease when the chain length 

increases; if the alkyl chain is placed on the repeating units, namely, on the β-position on the 

thiophene subunits, the resulting steric hindrance will force the adjacent thiophene unit to 

twist more apart. The π-system over 5T-building blocks will be less conjugated and will 

consequently blue-shift the absorption and enlarge the HOMO/LUMO band gap.[3] This will 

probably lead to a less efficient photovoltaic device performance. An alternative way to 

increase the solubility is to generate amorphous materials instead of crystalline materials. 

Regardless of the S, C-displacement in the molecular scaffolds of 5T-based DOTs, the 

dendrons have a C2v-symmetry, while the dendrimers have a D2h-symmetry. If the molecular 

symmetry of dendrimers can be reduced, the difficulty for molecules to assemble high ordered 

in the solid state will be raised. The experimental finding shown in Scheme 3.1 has inspired 

the author in this respect and opens the possibility to synthesize a series of unsymmetric 5T-

based DOTs with minor synthetic adjustment.  

The three-fold iodinated terthiophene 49 and tetraiodinated sexithiophene 50 were found in 

the ipso-substitution of TMS with iodine by using ICl in THF solution. The amount of the by-

products 49 and 50 increases with the increased temperature and stoichiometric excess of ICl, 

while 49 turns to be the main product in a yield of 77% using 1.5 equivalences of ICl pro 
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TMS group at 50 oC. The molecular structure of 49 is confirmed by NMR, MS, elemental 

analysis as well as single-crystal X-ray diffraction, which will be discussed in Chapter 3.3.1. 

The structure of 50 is confirmed by the spectral comparison with the same compound 

synthesized according to a previous protocol.[4] 

 

Scheme 3.1 Iodination of 25 with excessive ICl in THF.  

 

 

3.2 Synthesis of the Unsymmetric 5T-Based DOTs 

The synthesis of triiodoquinquethiophene 51 is analogous to that of terthiophene 49 and 

shown in Scheme 3.2. Quinquethiophene 33 was treated with ICl in THF solution at -20 oC 

and three products were isolated: 34 in 60%, 51 in 30% and 52 in 3% yield. The structure of 

51 and 52 is confirmed by NMR, MS, and elemental analysis. The single-crystal X-ray 

diffraction of 51 gives an additional proof , which will be discussed later in Chapter 3.3.2. 

 

Scheme 3.2 Iodination of 33 with excessive ICl in THF.  

 

The synthetic scheme for the series of unsymmetric 5T-based dendrimers is depicted in 

Scheme 3.3. Dendrimer 51 was used as the core unit to construct three generation dendrimers 

via Pd-catalysed Suzuki cross-coupling reactions with the pinacol boronic esters of 

oligothiophenes. All the three catalytic reactions were performed in toluene/DMF at 50oC 

using Pd2(dba)3CHCl3 as pre-catalyst and HP(t-Bu)3BF4 as ligand with the presence of K3PO4 

as base, yielding G1-dendrimer 53 as an orange powder in 91%, G2-dendrimer 55 as a red 

powder in 84%, and G2-dendrimer 57 as a dark red powder in 77% yield. Removal of TMS 
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groups on these three dendrimers 53, 55, and 57 were carried out in THF at room temperature 

with assistance of TBAF·3H2O, resulting in 54 as an orange powder in 96%, in 55 as an 

orange powder in 97%, and in 58 as an red powder in 93% yield, respectively. Dendrimers 53 

and 54 were purified by column chromatography with silica gel, while 55 and 56 needed a 

further treatment with SEC. For the 3rd generation 57 and 58, recycling GPC was required 

after column chromatography and SEC to remove the polymeric impurities, similar to the 

purification process of quinquethiophene-based DOTs as described in Chapter 2.2.3.2. The 

solubility of the series of unsymmetric DOTs is generally increased, which favors not only the 

purification procedure, but also the device fabrication procedure in photovoltaic tests.  

The 1H NMR spectra of the TMS-protected unsymmetric 5T-based DOTs (with proton 

labeling on the molecular structures) are illustrated in Table 3.1. Superimposed signals 

assigned to the thiophene β-protons are found in the aromatic region below 7.3 ppm. 

Nevertheless, several characteristic signals can still be distinguished: In the smallest DOT 53, 

the β-protons Ha, Hb and Hc resonate as a singlet at δ = 7.37 ppm, a doublet at δ = 7.36 ppm 

(3J = 3.45 Hz) and a doublet at δ = 7.22 ppm (3J = 3.47 Hz), respectively. In the middle-sized 

DOT 55, the two β-protons Ha and Hb resonate as two partly superimposed singlets at δ = 7.49 

and 7.48 ppm while the another two β-protons Hc and Hd appear at δ = 7.39 and 7.38 ppm in 

the same pattern. Although the largest DOT 57 show broad less-resolved aromatic signals, the 

two β-protons Ha and Hb locating in the center of the molecule are recognizable as a broad 

singlet at δ = 7.44 ppm. 

The MS spectra of these six compounds are depicted in Figure 3.1. A single peak for each 

compound was detected suggesting that there is no other oligothiophene as impurity within 

the detection window. Well resolved monoisotopic patterns for the smaller DOTs 53-56 are 

detected, while broad average mass peak in a low resolution for the larger DOTs 57 and 58 

are observed. All the experimental mass values are in good agreement with the theoretical 

values. 
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Scheme 3.3 Schematic diagram of the synthesis of unsymmetric 5T-based DOTs. Reaction conditions: 

(i) Pd2(dba)3CHCl3, HP(t-Bu)3BF4, K3PO4, THF, rt, 91%; (ii) TBAF·3H2O, THF, rt, 96%; (iii) Pd2(dba)3CHCl3, 

HP(t-Bu)3BF4, K3PO4, THF, rt, 84%; (iv) TBAF·3H2O, THF, rt, 97%; (v) Pd2(dba)3CHCl3, HP(t-Bu)3BF4, 

K3PO4, toluene/DMF, 50 
o
C, 77 %; (vi)TBAF·3H2O, THF, rt, 93%.  
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Table 3.1 
1
H NMR spectral comparison for the TMS

Unsymmetrical 5T-DOTs

(a) The measurements were taken 

enhanced by the Global Spectral Deconvolution (GSD) algorithm.

of the NMR spectra. 
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H NMR spectral comparison for the TMS-protected 5T-based unsymmetric

DOTs 
1
H NMR spectra

a
 

 

 

 

The measurements were taken at room temperature in d8-THF. Spectral resolution of

Global Spectral Deconvolution (GSD) algorithm.
[5]

 Depicted is only the aromatic region 
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unsymmetric DOTs. 

 

 

 

pectral resolution of 57 was 

Depicted is only the aromatic region 
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(a) 

 
 

(b) 

 

 

Figure 3.1 (a) The MALDI-TOF MS spectra of compound 53-58. (b) The monoisotopic peak at m/z 

874.02 is assigned to 53 (calculated for C41H42S8Si3, m/z 874.04); the monoisotopic peak at m/z 

657.89 to 54 (calculated for C32H18S8, m/z 657.92); the monoisotopic peak at m/z 2073.75 to 55 

(calculated for C98H90S20Si6, m/z 2074.01); the monoisotopic peak at m/z 1641.91 to 56 (calculated for 

C60H42S20, m/z 1641.77); the average mass at m/z 4975.4 to 57 (molecular weight calculated for 

C98H90S20Si6 4974.4); the average mass at m/z 4110.3 to 58 (molecular weight calculated for 

C98H90S20Si6 4108.2). 
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3.3 Single Crystal X-Ray Diffraction Analysis of DOTs 49 and 51 

3.3.1 Single Crystal X-Ray Diffraction Analysis of Triiodoterthiophene 49 

Crystals of triiodoterthiophene 49 suitable for single crystal X-ray diffraction analysis were 

grown by slow evaporation of the solvent from a saturated solution of 49 in dichloromethane 

at ambient temperature. Brownish crystals of approximate 1.5 mm edge length were obtained. 

49 crystallizes in the monoclinic space group C2/c with eight molecules in the unit cell (a = 

18.8760(5) Å, b = 9.4498(3) Å, c = 17.1182(4) Å, α = γ = 90.00o, β = 94.3710(10)o, V = 

3044.57 Å3, ρ = 6.550 g/cm3), which is depicted in Figure 3.2a. The R-value of the refinement 

is 4.8%. The thermal ellipsoid plot at a 50%-probability-level is shown in Figure 3.2b. For 

each molecule, all the three iodine atoms are covalently connected at the α-positions of the 

three thiophene units. The central thiophene ring B contains a systematic C/S-disorder for the 

atom positions X (see Figure 3.2a). The proportion of X=S was calculated to be 94% from the 

average bond length of C−S (d(C−S) = 1.729 Å) and C=C (d(C−S) = 1.426 Å) bonds. For 

position Y the exact opposite contribution was calculated by the weighed bond diameter to a 

proportion of 94% carbon, resulting in an assignment to Y=C. This means that statistically in 

94% of the molecules α-α linked thiophene units A and B are placed in trans-conformation, 

while only in 6% of the molecules exist in a cis-type conformation. The dihedral angles 

between ring A and B is ∠A-B = 28.51º suggesting an effective conjugation[6]; while the 

connection to thiophene ring C deviates from the planarity significantly and shows a dihedral 

angle of ∠ B-C= 74.67º with the mean plane of ring B which means that almost no 

conjugation[6] between these two thiophene rings exists in the solid state. 

The molecules are packing mainly via π-stacking (Figure 3.2c and 3.2d) and halogen bonding 

between sulfur and iodine[7] (Figure 3.2e). Two kinds of π-stacking geometries are observed 

here: the T-shaped geometry is demonstrated in Figure 3.2c, where the thienyl proton of ring 

C2 points to the π-plane A2 of an adjacent molecule with a distance of 3.00 Å. Figure 3.2d 

shows another displaced geometry, in which, for instance, ring A2 lies tilted and displaced 

over ring B1 with an interplanar angle of 28.5º, a small lateral offset of 1.88 Å and the vertical 

distance of 3.49 Å between the S-atom on ring A2 and the π-plane B1. A center of mass of a 

thiophene ring is regarded as the midpoint of the line between the two carbon atoms which are 

adjacent to the sulfur atom. The distance between the centers of masses of ring C1
[8] and ring 

A2 in Figure 3.2c is 5.25 Å and that for ring A2 and ring B1 in Figure 3.2d is approximately 

4.2-4.4 Å. These two values are both located in the attractive π-π interaction region according 
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to their respective geometries.

S···I distances between S3 on thiophene ring 

of the two adjacent molecules are 3.69 

significantly shorter than the sum of the van

+ 1.98Å (rvdWI) = 3.78 Å) suggesti

angles between S3 on ring C2 

and 168.89˚, respectively. The intermolecular distances (I···S) and angles (C

typical range for halogen bonding motifs, as has been reported for the solid state.

 

(a) 

(c) 

(e) 

Figure 3.2 X-ray crystal structure of 

sulfur; purple: iodine and light blue: hydrogen

plot at a level of 50% probability

49; (e) intermolecular C�I···S interaction.

The numeration of the thiophene rings 

same for simplicity reasons and do not belong to the same molecule.
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to their respective geometries.[8-9] In Figure 3.2e the halogen bonding pattern is depicted. The 

S···I distances between S3 on thiophene ring C2 and the two iodine atoms of ring 

two adjacent molecules are 3.69 Å and 3.52 Å, respectively. These values are 

significantly shorter than the sum of the van-der-Waals radii of S and I atoms (1.80

suggesting the presence of intermolecular interactions. The C

C2 and the two adjacent I atoms on ring B1 and

and 168.89˚, respectively. The intermolecular distances (I···S) and angles (C

for halogen bonding motifs, as has been reported for the solid state.

 

(b)  

 

 

(d)  

structure of 49. The elements are colored as follows: grey

: iodine and light blue: hydrogen. (a) Packing of 49 in the unit cell;

plot at a level of 50% probability; (c) T-shaped and (d) displaced π-stacking of two adjacent molecules 

S interaction. In (b) (d) and (e) the hydrogen atoms are omitted for clarity. 

The numeration of the thiophene rings A2-C2 of adjacent molecules in (c) (d) and (

same for simplicity reasons and do not belong to the same molecule. 
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the halogen bonding pattern is depicted. The 

and the two iodine atoms of ring B1 and C3 

Å, respectively. These values are 

Waals radii of S and I atoms (1.80 Å (rvdWS) 

ng the presence of intermolecular interactions. The C�I···S 

and C3 are 141.34˚ 

and 168.89˚, respectively. The intermolecular distances (I···S) and angles (C�I···S) are in a 

for halogen bonding motifs, as has been reported for the solid state.[10] 

 

 

 

 

 

 

elements are colored as follows: grey: carbon; yellow: 

; (b) thermal ellipsoid 

of two adjacent molecules 

hydrogen atoms are omitted for clarity. 

and (e) are chosen the 
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3.3.2 Single Crystal X-Ray Diffraction Analysis of Triiodoquinque-

thiophene 51 

Crystals of triiodoquinquethiophene 51 suitable for single crystal X-ray diffraction studies 

were grown by slow evaporation of the solvent from a saturated dichloromethane solution of 

51 at ambient temperature. Brownish crystals with an approximate edge length of 0.3 mm 

were obtained. Four molecules 51 crystallize in the monoclinic space group P21/c (cell 

dimensions: a = 14.9180(5) Å, b = 16.2040(6) Å, c = 9.8984(3) Å, α = γ = 90.00o, β = 

107.635(3)o, V = 2280.31(13) Å3, ρ = 4.576 g/cm3); see Figure 3.3a. The R-value of the 

refinement is 6.1%. The thermal ellipsoid plot at a level of 50% probability is shown in Figure 

3.3b with the numeration of the thiophene rings. The A-B and D-E bithiophene subunits are 

both in a trans-conformation, with dihedral angles between the ring planes of ∠A-B = 2.94o 

and ∠ D-E = 4.83o, respectively, indicating an effective conjugation over each of such 

bithiophene subunits. The dihedral angles of ring C with ring B (∠B-C= 29.89o) is quite 

different from that with ring D (∠C-D = 88.51o), suggesting that the π-conjugation along 

thiophene rings C-B-A is still effective but the  π-conjugation between rings C and D is 

broken.[6] Similar to the X-ray crystal structure of 49, a carbon-sulfur displacement (X and Y) 

is found in the thiophene unit C. The proportion of S/C atoms in this case is difficult to 

estimate, because the long axes of the thermal ellipsoid of X is in-plane and that of Y thermal 

ellipsoid is out-of-plane. Nevertheless, judging by the bond lengths of ring C the possibility of 

X=S and Y=C is for certain smaller than that of X=C and Y=S. 

The molecules pack via parallel-displaced π-stacking of thiophene rings (Figure 3.3c), 

antiparalell-displaced π-stacking (Figure 3.3d), edge-to-face π-stacking (Figure 3.3e), as well 

as halogen bonding between sulfur and iodine (Figure 3.3f).[7-9] The different types of π-stacks 

are highlighted by the red frames. In Figure 3.3c, the distance between the centers of masses 

of ring E1 and ring D2 is 3.89 Å with an offset of 1.95 Å. These values are also true for the π-

stack between ring E2 and ring D1. The antiparallel-displaced π-stacking is weaker than the 

parallel one, regarding to the distance of 4.81 Å between the centers of masses of ring B1 and 

ring B2 and to their offset of 3.14 Å. Another weak intermolecular π-interaction is found 

between the central thiophene ring and one terminal ring, for instance, ring C1 and ring E2 in 

Figure 3.3e, with a distance between the centers of masses of the two rings being 

approximately 5.6-6.5 Å. The fourth intermolecular interaction, halogen-bonding, is observed 

again in this crystal. As halogen bond donors, the three I atoms (I1, I2 and I3) form weak C-

I···S interactions with the sulfur atoms of three adjacent molecules (Figure 3.3e). The 
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dimensions are as follows: d(C

∠(C-I2···S ) = 142.53o; d(C-

smaller than the sum of the van

1.98(rvdWI) = 3.78 Å]. Due to the inherent crystal symmetry, each molecule acts also as three

fold halogen bonding acceptor with 

network is formed by this self

bonding donor and a threefold halogen bonding 

bonding motif in crystal 49. 

The halogen bonding in both structures of 

for further design of ordered assemblies of molecules, having promising photophysical 

properties for OPVs. 

(a) 

(c) 

 

 

 
Figure 3.3 X-ray crystal structure of 

sulfur; purple: iodine and light blue: hydrogen. (a) Unit cell of

of 50% probability. (c) intermolecular parallel

face π-π interactions. The labeling of the thiophene rings 

chosen the same for simplicity reasons and do not belong to the same molecule. T

atoms in (b) are omitted for clarity.
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(C-I1···S) = 3.57 Å, ∠(C-I1···S) = 165.50o; d

-I3···S) = 3.68 Å, ∠(C-I3···S) = 165.99o. These distances are 

smaller than the sum of the van-der-Waals radii of carbon and sulfur atoms [

I) = 3.78 Å]. Due to the inherent crystal symmetry, each molecule acts also as three

fold halogen bonding acceptor with the sulfur atoms in ring A, D and E. A two dimensional 

network is formed by this self-assembling pattern of molecule 51 as both a 

a threefold halogen bonding acceptor. This differs from the halogen 

The halogen bonding in both structures of 49 and 51 are very directed, which may be useful 

for further design of ordered assemblies of molecules, having promising photophysical 

 

(b)  

(d)  
 

 

(e) 

 

structure of 51. The elements are colored as follows: grey

: iodine and light blue: hydrogen. (a) Unit cell of 51; (b) thermal ellipsoid plot at a level 

intermolecular parallel-displaced, (d) antiparallel-displaced 

interactions. The labeling of the thiophene rings A2-E2 of adjacent molecules in (c

chosen the same for simplicity reasons and do not belong to the same molecule. T

tted for clarity. 
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d(C-I2···S) = 3.66 Å, 

These distances are 

Waals radii of carbon and sulfur atoms [1.80(rvdWS) + 

I) = 3.78 Å]. Due to the inherent crystal symmetry, each molecule acts also as three-

. A two dimensional 

both a threefold halogen 

acceptor. This differs from the halogen 

are very directed, which may be useful 

for further design of ordered assemblies of molecules, having promising photophysical 

 

elements are colored as follows: grey: carbon; yellow: 

; (b) thermal ellipsoid plot at a level 

displaced and (e) edge-to-

adjacent molecules in (c-e) are 

chosen the same for simplicity reasons and do not belong to the same molecule. The hydrogen 
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(f) 

Figure 3.3 (continued) X-ray crystal 

carbon; yellow: sulfur; purple: iodine and light blue: hydrogen.

The hydrogen atoms are omitted for clarity.

 

 

3.4 Physical Properties

3.4.1 Optical Properties

The absorption and emission spectra of the 

measured at 295 K in 1,1,2,2-

avoids solvatochromic effect

concentrations of c ≈ 1×10-5 M for 

for 57 and 58, and the solutions were 

spectra are normalized at the maximum value to 1.0 for comparison reason and depicted in 

Figure 3.4 with generational division (

The optical data are collected in 

In general, the optical behavior of th

that of the symmetrical analogue

300 to 600 nm. This results 

Chapter 3                                                             Core Modification of Dendritic Oligothiophenes

rystal structure of 51. The elements are colored as follows: grey

iodine and light blue: hydrogen. (f) Intermolecular

hydrogen atoms are omitted for clarity. 

roperties of the Unsymmetric 5T-Based DOTs

roperties of the Unsymmetric 5T-Based DOTs

The absorption and emission spectra of the unsymmetric 5T-based DOTs 

-tetrachloroethane, which provides the best solubility for 

effects.[11] The absorption measurements w

M for 53 and 54, c ≈ 5×10-6 M for 55 and 56

the solutions were 10 times diluted for the emission measurements.

at the maximum value to 1.0 for comparison reason and depicted in 

3.4 with generational division (Figure 3.4(a): G1-DOTs, (b): G2-DOTs, (c): G3

The optical data are collected in Table 3.2. 

In general, the optical behavior of these unsymmetric 5T-based DOTs is quite comparable to 

that of the symmetrical analogues presented in Chapter 2.3.1 showing a broad absorption from 

 from a superimposition of multiple π-π* transitions correlated 
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mainly to the α-α conjugated oligothienyl subunits and additionally to the α-β conjugations.[12] 

For instance, the largest DOT in this series, 58, is structurally composed of six bithienyl, three 

quinquethienyl moieties, one octathienyl, and one quinquedecithienyl moiety, which are all α-

conjugated. The absorption data of comparable α-α linked linear oligothiophenes are listed in 

Table 3.3, in which one can easily find ����
��� �2�� = 305	�� , ����

��� �5�� = 416	�� , 

����
��� �8�� = 439	�� and ����

��� �16�� = 464	�� . These values in a balanced combination 

can be a good explanation of the absorption of 58 with the maximum at 441 nm. The strong 

tailing into lower energy region can be attributed to the longest α-conjugated oligothienyl 

chromophore. By moving to higher generations, the longest α-conjugated unit extends from 

nα-α = 5 in G1-DOT via  nα-α = 9 in G2-DOT to nα-α = 15 in G3-DOT, accompanied by the red-

shift of the onset value from 499 nm via 539 nm to 564 nm. The hyperchromic and 

bathochromic effects of TMS group[13] owing to its virtue of electron richness influence the 

shorter α-conjugates and is evident in the wavelength range of 300-400 nm. For example, in 

the first generation DOTs the TMS groups red-shift the absorption band around 10 nm and 

increase the extinction by about 8%. The “1/n rule”,[14] which is typical for the linear 

oligomers, is valid for this series of dendrimers as well. The linear relationship of the 

absorption onset to the inverse of the longest α-conjugated chain length (nα-α, Table 3.2) is 

shown in Figure 3.5. The linear extrapolations of the two data sets, DOT with TMS and DOT 

without TMS, reach at the infinite conjugation length (1/nα-α = 0) the wavelengths of 604 nm  

and 611 nm, respectively. The latter value for DOTs without TMS corresponds to a band gap 

of 2.03 eV, which coincides with the theoretically predicted gap of polythiophene by 

Bendikov et al. with the DFT calculation at the B3LYP/6-31G(d) level.[15] 

The emission spectra of this series of DOTs are relatively structureless and the maxima shift 

bathochromically with the generational growing. The emission spectra are invariant to the 

excitation wavelength, which indicates an intramolecular energy transfer[16] from shorter 

conjugated moieties to the longest conjugated one, that finally emits. For the G1-DOTs, 53 

and 54 (nα-α = 5, ����
�� ���� = 562	��, ����

�� ��	� = 552	��), the emission comes dominatively 

from the α-β conjugation, which emits at a remarkably higher wavelength than linear 5T 

(Table 3.3, ����
�� ��	� = 483	��). This is also true for the G2-DOTs, because their emission 

maxima (nα-α = 9, ����
�� ���� = ����

�� ��
� = 581	�� ) are much higher than the reported 

value for linear 8T
[17]

 (Table 3.3, ����
�� ��	� = 546	��) and even higher than that of linear 

16T[17]
 (Table 3.3, ����

�� ��
� = 570	��). In the third generation, the emission is almost 

identical to that of the G3-dendrimer 47 and 48 consisting of 70 thiophene units, 

demonstrating the electronic saturation of conjugation again.[17-18] 
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(a) 

 

 

(b) 

 

 

(c) 

 

 

Figure 3.4 Absorption and emission spectra of the unsymmetric 5T-based DOTs. The spectra were 

measured at 295 K from a solution of 1,1,2,2-tetrachloroethane. Concentrations for absorption were 

[M]G1 = 1×10
-5

 M, [M]G2 = 1×10
-6

 M, [M]G3 = 5×10
-7

 M and 10 times diluted for the emission 

measurements. The emission spectra were modified with Savitzky-Golay smoothing filter.
[19] For 

detailed data see Table 3.2.  
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Table 3.2 Spectral data of the unsymmetric 5T-based DOTs. 

DOT 
���
��	 a

(nm) 
ε

b
(×10

4
 M

-1
cm

-1
) 

�	�

��	 (nm) ��

�c

 (eV) 
���
�� d

(nm) nα-α

h 

53 

54 

390, (443) 3.86 509 2.44 562
e 

5 

381, (431) 3.55 499 2.48 552
e 

5 

55 

56 

379, (434) 11.7 540 2.30 581
f 

9 

(338, 372), 434 11.2 539 2.30 581
f
, (617)

f 
9 

57 

58 

(342, 385), 442 32.4 560 2.21 589
g
, (640)

g 
15 

(335, 383), 441 30.9 564 2.20 590
g
, (643)

g 
15 

(a) Measured in 1,1,2,2-tetrachloroethane solution at 295 K, the number in parenthesis corresponding to a  

shoulder; (b) extinction at the absorption maximum point; (c) estimated from the empirical equation 

Eg=1240/λonset; (d) measured in 1,1,2,2-tetrachloroethane solution at 295 K, the number in parenthesis is 

shoulder; (e) excited at 400 nm; (f) excited at 440 nm; (g) excited at 450 nm; (h) the largest number of the α-α 

linked thiophene units in the DOT. 

 

  
Figure 3.5 Correlations of absorption onset versus the inverse of the longest α-conjugated chain 

length in the unsymmetric 5T-based DOTs. 

 

Table 3.3 Spectral data of α-α linked linear oligothiophenes (nT) as well as polythiophenes from 

literature. 

Oligothiophenes
a 


���
��	 (nm) 

�	�

��	 (nm) ��

�

 (eV) 
���
�� (nm) Reference 

2T
 

305 343 3.62 365 [12] and [17] 

3T 355 409 3.02 410, 432 [12] and [17] 

4T 379 457 2.71 455, 480 [10] and [17] 

5T 416 482 2.57 483, 513 [17] 

6T 432 506 2.45 512, 543 [17] 

8T 439 535 2.32 546 [17] 

16T 464 572 2.17 570 [17] 

Polythiophene
b
 513 - - 650 [20] 

P3HT 451 537 2.30 575 [21] 

(a) nT denotes the n-mer oligothiophene, regardless of the solubilizing side chains. For molecular structures see 

the corresponding literature. (b) solid film, material obtained by FeCl3-mediated polymerization in CHCl3
[20]

. 
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3.4.2 Electrochemical Properties of the Unsymmetric 5T-Based DOTs 

The electrochemical properties of this series of unsymmetric 5T-based DOTs 53-58 were 

studied by means of cyclic voltammetry (CV) as well as differential pulse voltammetry (DPV). 

The experiments with  G1-DOTs 53 and 54 have been performed at 295 K in dichloromethane 

solution in a concentration of 1×10-3 M in the presence of 0.1M tetra-n-butylammonium 

hexafluorophosphate (TBAPF6) as electrolyte, while the G2- and G3-DOTs 55-58 were 

studied as thin film at 295 K in acetonitrile with 0.1 M TBAPF6 electrolyte. Thin films were 

prepared by spin-coating from hot 1,1,2,2-tetrachloroethane solution onto ITO glass substrates 

and dried in vacuum prior to use. 

The redox behavior of  DOT 53-58 are illustrated in Figure 3.6. The TMS-protected DOT 53 

exhibited a reversible wave in the anodic range with three consecutive single-electron transfer 

processes (���

	
= 0.43	�, ��


	
= 0.58	�, and ���

	
= 0.84	�), while in the cathodic range no 

reduction is found. The reversibility of the oxidations indicates the formation of stable 

(radical) cation, dications and trications. Scheme 3.4 illustrates the proposed structure and 

charge distribution of these species. Removal of one electron results in the formation of 

radical cation 53
+. with a quinoidal structure on the α-conjugated quinquethiophene chain. 

When a second electron is withdrawn, dication 53
2+ is most likely, which can be drawn in two 

resonance structures, in which the charges are localized either on the two ends of the α-

conjugated quinquethienyl unit or at the ends of two branches with in both cases quinoidal 

geometry. Due to the protection of the TMS groups on the three ends, dication 53
2+ can be 

further oxidized to a stable radical trication 53
3+.. Although the fourth oxidation peak is 

observed by DPV, its anodic peak is already beyond the potential window of the solvent and 

therefore no more detectable in the CV measurement. In contrast, without the end-capping by 

TMS groups, molecule 54 exhibits a much less reversibility in the anodic range. It 

electrochemically polymerizes on the surface of the electrode during several sweep cycles. In 

Figure 3.6 only the first sweep cycle on a fresh electrode surface is shown. The thin film CV 

of DOT 55-58 gives generally a weak oxidation peak followed by a broad, strong and 

featureless redox wave, resulted from the multiple electron transfer process. The DPV 

experiment is less powerful for analyzing this process and shows in most cases a broad 

response as well.  
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Figure 3.6 CV (black line) and DPV (red line) profiles of DOTs 53-58 (scan rate 100 mV/s, 0.1 M 

TBAPF6, 295 K, vs. Fc/Fc
+
). 53 and 54 were measured as a dichloromethane solution ([M] = 1.0×10

-3
 

M); 55-58 were measured as thin film in acetonitrile.  
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 Scheme 3.4 Proposed three consecutive single-electron transfer processes of 53 and the resulted 

stable radical cation 53
+., dication 53

2+
 and radical trication 53

3+..  

 

The electrochemical data of this series of DOTs are collected in Table 3.3. With the 

generational increasing, the first oxidation potential as well as the onset decrease dramatically. 

This trend is in good agreement with the observation in 3T-based DOTs[21] and the 

symmetrical 5T-based DOTs described in Chapter 2.3.2. Due to the electron-rich nature of 

non-functionalized oligothiophenes, the first reduction potential of these DOTs is not 

detectable by means of CV or DPV measurements. The electrochemical band gap is 

consequently not able to be determined. Instead, the optical band gap is used to calculated the 

HOMO and LUMO levels by equation 3.1 and 3.2: 

����� = −����
����	

+ 5.10	���                                           (3.1) 

�
��� = ����� + ��
�	                                                      (3.2) 

���
����		represents the onset oxidation potential value relative to the Fc/Fc+ redox couple; the 

formal potential of the Fc/Fc+ redox couple is estimated to -5.1 eV versus vacuum[22]; ����� 

and �
��� denote the HOMO and LUMO energy levels of the molecule, respectively; and the 

optical band gap ��
�	 can be found in Table 3.2.  

The HOMO energy level steadily increases with increasing molecular size, while the LUMO 

energy level remains rather constant. The HOMO/LUMO energy level alignment is shown in 

Figure 3.7 and compared with the LUMO level of PC71BM. In term of electronic energy 

levels the unsymmetric 5T-based DOTs are very suitable as donor material comparing to 

PC71BM as acceptor material in organic photovoltaics and the application will be presented in 

Chapter 6.3.3. 
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Table 3.4 Electrochemical data of DOTs 53-58.a 

DOT ����
�

	(V) ����
�

	(V) ����
�

	(V) ���
���	


	(V) ��
��


	(eV) ����	(eV) �����	(eV) 

53
b  0.43 0.58 0.84  0.37 2.44 -5.47 -2.89 

54
b  0.46 0.60    -  0.34 2.48 -5.44 -2.96 

55
c
  0.14d 0.51d 0.59e, f  0.01 2.30 -5.11 -2.81 

56
c  0.16d 0.60e, f    -  0.05 2.30 -5.15 -2.85 

57
c 0.01e 0.26e 0.63e, f -0.08 2.21 -5.02 -2.81 

58
c 0.02e 0.12e 0.68e, f -0.06 2.20 -5.04 -2.84 

(a) CV: scan rate 100 mV/s, 295 K, vs. Fc/Fc
+
; (b) in dichloromethane (M = 1.0×10

-3
 M), 0.1 M TBAPF6 as 

electrolyte; (c) compounds from hot 1,1,2,2-tetrachloroethane solution were spin-coated onto ITO glass 

substrate prior to measurement; CV and DPV: in acetonitrile, 0.1 M TBAPF6; (d) determined by DPV; (e) quasi-

reversible peak; E
0

ox was estimated as the potential where ipa = 0.855×ipa
max

; (f) broad peak. 

 

 

Figure 3.7 Energy level diagram of compounds 53-58 in comparison to the LUMO level of PC71BM. 

 

 

3.5 Experimental Section 

3.5.1 General Procedure 

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

or a Bruker Advance 400 (1H NMR: 400 MHz; 13C NMR: 100 MHz) at room temperature, 

otherwise mentioned. Chemical shift values (δ) are expressed in parts per million with 

calibration on residual non-deuterated solvent signals as internal standard (δH= 7.26 and δC= 

77.16 ppm for CDCl3, δH= 5.32 and δC= 53.84 ppm for CD2Cl2, δH= 5.91 and δC= 74.25 ppm 
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for C2D2Cl4 and δH= 3.58 and δC= 67.21 ppm for d8-THF).[23] The splitting patterns are 

designated as follows: s (singlet), d (doublet), m (multiplet), and br (broad signal). The 

assignments are ThH (H-atom of a thiophene ring) and TMSH (H-atoms of trimethylsilyl 

group). MALDI-TOF mass spectra were recorded on a Bruker Daltonics Reflex III. High 

resolution mass spectra were recorded on a Bruker APEX Ultra Fourier transform/ion 

cyclotron resonance (FTICR) mass spectrometer equipped with a cryo-cooled 9.4T 

superconducting magnet and an Apollo II MTP ion source. Melting points were measured 

with a Büchi Melting Point B-545 and were not corrected. Elemental analyses were  

performed on an Elementar Vario EL. UV-vis absorption spectra were recorded on a Perkin 

Elmer Lambda 19 spectrometer using Merck Uvasol grade solvents and fluorescence spectra 

on Perkin-Elmer LS 55 in 1 cm quartz cuvettes. Cyclic voltammetry measurements were 

carried out with a computer-controlled AutoLab PGSTAT30 potentiostat in a three-electrode 

single-compartment cell with a platinum working electrode, a platinum wire counter electrode, 

and a Ag/AgCl reference electrode, using ferrocene/ferrocenium couple as internal reference. 

Thin layer chromatography was performed with silica gel (Merck, Si 60, F254) precoated on 

aluminum sheet. Column chromatography was performed on glass column packed with Silica 

Gel 60 (Merck, 0.040 - 0.063 µm, 230-400 Mesh ASTM or 0.063 - 0.200 µm 70 - 230 mesh 

ASTM) Size-exclusion chromatography was performed on a glass column packed with porous 

cross-linked polystyrene polymer beads (BIO-RAD, Bio-Beads® S-X-1) in gravity flow. 

Molecular weight determinations were performed using gel permeation chromatography 

calibrated  against polystyrene standards. Preparative gel permeation chromatography was 

performed on a computer-controlled SHIMADZU HPLC-system consisting of a solvent 

delivery unit LC-8AD a system controller CBM 20A, a UV-vis detector SPD-20A, and pre-

packed columns with an inner diameter of 20 mm purchased from PSS (SDV, 5 µm, 500 Å or 

1000 Å or 10 000 Å or Linear-S), eluting with tetrahydrofuran (without stabilizer) in a flow 

rate of 5 or 6 mL/min. The X-ray diffraction data were collected on a Bruker APEX-II CCD 

area detector diffractometer using graphite-monochromatic Mo Kα-radiation with a 

wavelength of 0.71073 Å. Corrections for absorption were applied with PLATON[24] using 

the multi-scan method. The structures were solved by direct methods and refined on F2 with 

the SHELXTL program package.[25] All non-H atoms were refined anisotropically. The H-

atoms were placed in calculated positions and refined as riding.  

Chemicals were purchased and used as received: ammonium chloride, iodine monochloride, 

sodium hydrogen carbonate, sodium chloride, sodium thiosulfate, sodium sulfate, magnesium 

sulfate, tetra-n-butylammoniumfluoride trihydrate and potassium phosphate were purchased 
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from Merck, tetrabutylammonium hexafluorophosphate from Fluka, tri(dibenzylidenacetone)-

dipalladium chloroform adduct, tri-tert-butyl-phosphonium tetrafluoroborate from Acros, 

deuterochloroform and dichloromethane-d2 from Sigma-Aldrich. 1,1,2,2-Tetrachloroethane-d2 

and tetrahydrofuran-d8 were purchased from Euriso top. Solvents dichlormethane, n-hexane, 

methanol, tetrahydrofuran, and toluene were purchased from VWR International and distilled 

prior to use. Trimethyl(5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)thien-2-yl)silane was 

synthesized according to literature.[26] The synthesis of compounds 35 and 44 was presented 

in Chapter 2.4.2. 

 

 

3.5.2 Synthesis 

5,5',5''-Triiodo-2,2':3',2''-terthiophene (49). 

 

Bis(trimethylsilyl)terthiophene 25 (1.21 g, 3.05 mmol) was dissolved in dry THF (5 mL). A 

solution of iodine monochloride (1.50 g, 9.23 mmol) in dry THF (9 mL) was slowly added at 

-78 oC. After the addition, the reaction mixture was slowly warmed up to 50 oC and stirred at 

this temperature for 0.5 hr. The reaction was quenched by addition of a sodium sulfite 

solution (2M). The aqueous phase was extracted with dichloromethane (2×50 mL). The 

combined organic phase was washed with water (2×100 mL) and then brine (100 mL), and 

dried over magnesium sulfate. After filtration, the solvent was removed. The residue was 

purified by a gradient column chromatography on silica gel eluting with n-

hexane/dichloromethane mixture (100:0→90:10, v/v). The pure DOT 49 was obtained after 

recrystallization from n-hexane as brown crystals (1.47 g, 2.35 mmol, 77%). Besides, the 

main product 5,5''-diiodo-2,2':3',2''-terthiophene 27[27] (76 mg, 0.15 mmol, 5%) and 5,5'''-

diiodo-3',5''-bis(5-iodo-2-thienyl)-2,2':5',2'':4'',2'''-quaterthiophene 50[27a] (396 mg, 0.40 mmol, 

13%) were isolated. 
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1
H NMR (400 MHz, CDCl3) δ 7.30 (s, 1H, H-a), 7.17 (d, J = 3.5 Hz; 1H, H-b/d), 7.15 (d, J = 

3.5 Hz; 1H, H-b/d), 6.80 (d, J = 3.5 Hz; 1H, H-c/e), 6.73 (d, J = 3.5 Hz; 1H, H-c/e) ppm. 
13
C NMR (100 MHz, CDCl3) δ 142.9, 140.4, 137.1, 136.8, 134.8, 131.4, 130.7, 129.4, 128.1, 

76.1, 75.0, 72.5 ppm. 

MALDI-TOF MS (m/z) calcd for C12H5I3S3: 625.7. Found: 500.1 [M-I]+, 625.5 [M]+, 751.4 

[M+I]+. 

Elemental Analysis (%) calcd for C12H5I3S3: C, 23.02; H, 0.80; S, 15.36. Found: C, 23.16; H, 

2.89; S, 15.48. 

M.p.: 115-117 oC. 

 

 

5,5'',5''''-Triiodo-2,2':5',2'':3'',2''':5''',2''''-quinquethiophene (51). 

 

Bis(trimethylsilyl)quinquethiophene 33 (560 mg, 1.0 mmol) was dissolved in dry THF (1 mL). 

A solution of iodine monochloride (0.97 mg, 5.9 mmol) in dry THF (4 mL) was slowly added 

at -78 oC. After the addition, the reaction mixture was slowly warmed up to -20 oC and stirred 

at this temperature for 1.5 hrs. Excessive iodine monochloride was quenched by excess of 

sodium thiosulfate solution (2 M). The aqueous phase was washed with dichloromethane 

(2×50 mL). A red precipitate occurred and was filtered off. The precipitate was washed with 

water (10 mL), methanol (10 mL), acetone (10 mL), and n-hexane (20 mL) and dried in 

vacuum, resulting in compound 52 (45 mg, 0.034 mmol, 3%). The combined organic phase 

was washed with water (2×100 mL) and brine (100 mL), and dried over magnesium sulfate. 

After filtration, the solvent was removed in vacuum. The residue was purified by a gradient 

silica gel column eluting with n-hexane/dichloromethane mixture (100:0→70:30, v/v). DOT 

34 (446 mg, 0.40 mmol, 60%) and 51 (240 mg, 0.60 mmol, 30%) were isolated both as a 

yellow crystalline powder. 
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1
H NMR (400 MHz, CD2Cl2) δ 7.33 (s, 1H, H-a), 7.17 (dd, J = 3.8, 2.6 Hz, 2H, ThH), 7.06 (d, 

J = 3.8 Hz, 1H, ThH), 7.04 (d, J = 3.8 Hz, 1H, ThH), 7.03 (d, J = 3.8 Hz, 1H, ThH), 6.99 (d, J 

= 3.8 Hz, 1H, ThH), 6.84 (d, J = 3.8 Hz, 1H, H-b/c), 6.83 (d, J = 3.8 Hz, 1H, H-b/c) ppm. 
13
C NMR: (100 MHz, CD2Cl2) δ 143.0, 142.7, 137.1, 137.0, 136.7, 136.5, 134.0, 133.8, 130.2, 

128.9, 128.1, 127.4, 127.1, 125.6, 125.5, 125.1, 124.8, 74.9, 72.2, 71.9 ppm. 

MALDI-TOF MS (m/z) calcd. for C20H9I3S5: 789.6. Found: 789.3 [M]+. 

Elemental Analysis (%) calcd for C20H9I3S5: C, 30.39; H, 1.15; S, 20.29. Found: C, 30.26; H, 

1.09; S, 20.23. 

M.p.:  178-180 ºC. 

 

5,5''''-Diiodo-2,2':5',2'':3'',2''':5''',2''''-quinquethiophene (34). 

 
1
H NMR: (400 MHz, CDCl3) δ 7.30 (d, J = 5.3 Hz, 1H, H-a), 7.13-7.16 (m, 3H, ThH), 7.04 

(dd, J = 3.8, 3.3 Hz, 2H, ThH), 7.01 (d, J = 3.8 Hz, 1H, ThH), 6.99 (d, J = 3.8 Hz, 1H, ThH), 

6.82 (d, J = 3.0 Hz, 1H, H-b/c), 6.80 (d, J = 2.8 Hz, 1H, H-b/c) ppm. 
13
C NMR: (100 MHz, CDCl3) δ 143.1, 142.8, 137.7, 137.7, 137.5, 136.7, 136.3, 134.0, 131.7, 

131.2, 129.8, 128.7, 127.4, 125.3, 125.1, 125.0, 124.3, 124.3, 72.2, 71.9 ppm. 

MALDI-TOF MS (m/z) calcd. for C20H10I2S5: 663.8. Found: 663.8 [M]+. 

Elemental Analysis (%) calcd for C20H10I2S5: C, 36.15; H, 1.52; S, 24.13. Found: C, 36.06; H, 

1.59; S, 24.20. 

M.p.: 116-118 ºC. 

 

5,5'''''-Diiodo-3'',5'''-bis(5'-iodo-2,2'-bithien-5-yl)-2,2':5',2'':5'',2''':4''',2'''':5'''',2'''''-

sexithiophene (52). 
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1
H NMR (500 MHz, C2D2Cl4, 350 K) δ 7.26 (s, 2H, H-a), 7.19 (t, J = 3.5 Hz, 4H, ThH), 7.11 

(d, J = 3.9 Hz, 2H, ThH), 7.08 (s, 4H, ThH), 7.06 (d, J = 4.1 Hz, 2H, ThH), 6.87 (s, 2H, H-

b/c), 6.85 (s, 2H, H-b/c) ppm. 
13
C NMR No decent spectrum was obtained due to low solubility. 

MALDI-TOF MS (m/z) calcd for C40H18I4S10:1325.5. Found: 1198.3 [M-I]+, 1325.2 [M]+, 

1447.4 [M+I]+. 

Elemental Analysis (%) calcd for C40H18I4S10: C, 36.21; H, 1.37; S, 24.17. Found: C, 36.14; 

H, 1.54; S, 24.17. 

M.p.: 231-233 ºC. 

 

5,5''''''-Bis(trimethylsilyl)-5'''-(5-trimethylsilyl-2-thienyl)-2,2':5',2'':5'',2''':3''',2'''':5'''', 

2''''':5''''',2''''''-septithiophene. (53) 

Triiodoquinquethiophene 51 (200 mg, 0.25 mmol), trimethyl[5-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)thiophen-2-yl]silane (250 mg, 0.89 mmol), tris(dibenzylideneacetone)di-

palladium(0)-chloroformadduct (Pd2(dba)3CHCl3, 10 mg, 0.97 µmol) and tri-t-butyl 

phosphonium tetrafluoroborate (HP(t-Bu)3BF4, 5.6 mg, 1.9 µmol) were placed in a 25 mL 

Schlenk-flask under argon atmosphere and dissolved in well-degassed tetrahydrofuran (4 mL). 

A well-degassed aqueous solution of potassium phosphate (1M, 3 mL, 3 mmol) was 

subsequently added. The reaction mixture was stirred at room temperature for 1 hour. The 

base was carefully removed by a pipette and the organic solvent was evaporated. The residue 

was extracted with dichloromethane (50 mL), washed with saturated ammonium chloride 

solution (50 mL), water (2×50 mL), and brine (50 mL), and dried over magnesium sulfate. 

The solvent was removed in vacuum after filtration. The residue was purified by gradient 

column chromatography (silica gel 60, 70-230 mesh, n-hexane:dichloromethane 98:2→70:30, 

v/v). After recrystallization from n-hexane DOT 53 was isolated as an orange powder (201 

mg, 0.23 mmol, 91%). 
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1
H NMR (400 MHz, d8-THF) δ 7.37 (s, 1H, H-a), 7.36 (d, J = 3.5 Hz, 1H, H-b), 7.28 (m, 2H,  

ThH), 7.22 (d, J = 3.5 Hz, 1H, H-c), 7.20 – 7.12 (m, 8H,  ThH), 0.35 (s, 9H, TMSH), 0.32 (s, 

16H, TMSH) ppm. 
13
C NMR (100 MHz, CD2Cl2) δ 142.5, 142.0, 141.9, 140.1, 140.0, 138.4, 138.2, 137.2, 136.5, 

136.3, 136.2, 135.8, 134.5, 133.7, 132.5, 131.8, 131.7, 131.1, 129.9, 128.8, 127.4, 125.1, 

125.0, 124.9, 124.5, 124.4, 124.3, 124.2, 124.2, 123.8, 123.4, 128.9, -0.1, -0.3 ppm. 

MALDI-TOF MS (m/z): calcd. for C41H42S8Si3: 874.0. Found: 874.0 [M]+. 

HRMS (m/z): calcd. for C41H42S8Si3: 874.03545. Found:874.03402 (deviation 1.6 ppm). 

M.p.: 143-144 ºC. 

 

5'''-(2-Thienyl)-2,2':5',2'':5'',2''':3''',2'''':5'''',2''''':5''''',2''''''-septithiophene (54). 

Tris(trimethylsilyl)octithiophene 54 (100 mg, 0.11 mmol) was dissolved in tetrahydrofuran 

(10 mL). Tetra-n-butylammonium fluoride trihydrate (TBAF·3H2O, 220 mg, 0.70 mmol) was 

added in one portion. The reaction mixture was stirred at room temperature for 5 hrs. The 

solvent was evaporated. The residue was extracted with dichloromethane (50 mL) and the 

organic layer washed with saturated sodium hydrogen carbonate solution (50 mL), water 

(2×50 mL), and brine (50 mL), and was dried over magnesium sulfate. The solvent was 

removed after filtration. The residue was purified by gradient column chromatography (silica 

gel 60, 70-230 mesh, n-hexane:dichloromethane 98:2→75:25, v/v), followed by size 

exclusive chromatography (SEC, Bio-Beads® S-X-1, toluene). The pure DOT 54 was 

obtained after recrystallization from n-hexane as an orange powder (72 mg, 0.11 mmol, 96%). 

 
1
H NMR (400 MHz, CD2Cl2) δ 7.24-7.21 (m, 5H, ThH), 7.21-7.11 (m, 6H, ThH), 7.05-7.03 

(m, 3H, ThH), 7.00 (d, 4H, ThH) ppm. 
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13
C NMR (100 MHz, CD2Cl2) δ 141.6, 139.2, 139.0, 138.8, 138.5, 137.6, 136.2, 135.2, 134.6, 

133.4, 133.3, 132.7, 132.4, 132.0, 131.1, 130.4, 130.3, 129.1, 127.9, 127.5, 125.5, 125.0, 

124.6, 124.3, 124.2, 124.1, 124.1, 123.9, 123.6, 123.3, 123.2, 122.4 ppm. 

MALDI-TOF MS (m/z) calcd. for C32H18S8: 657.9. Found: 657.9 [M]+. 

HRMS (m/z): calcd. for C32H18S8: 657.91642. Found:657.91687 (deviation 0.7 ppm). 

M.p.: 140-141 ºC 

 

5, 5'''''''''''-Bis(trimethylsilyl)-3'',4''''''''-bis(5'-trimethylsilyl-2,2'-bithien-5-yl)-[5, 5''''-

bis(trimethylsilyl)-2,2':5',2'':3'',2''':5''',2''''-quinquethien-5''-yl]-2,2':5',2'':5'',2''':5''', 

2'''':5'''',2''''':3''''',2'''''':5'''''',2''''''':5''''''', 2'''''''': 5'''''''', 2''''''''': 5''''''''', 2'''''''''': 

5'''''''''', 2'''''''''''-undecithiophene (55).  

Triiodoquinquethiophene 51 (60 mg, 0.076 mmol), quinquethiophene boronic pinacol ester 35 

(200 mg, 0.30 mmol), Pd2(dba)3CHCl3 (5.0 mg, 0.48 µmol) and HP(t-Bu)3BF4 (2.8 mg, 0.97 

µmol) were placed in a 50 mL Schlenk-flask under argon atmosphere and dissolved in well-

degassed tetrahydrofuran (10 mL). A well-degassed aqueous solution of potassium phosphate 

(1 M, 5 mL, 5 mmol) was subsequently added. The reaction mixture was stirred at room 

temperature for 3 hrs. The base was carefully removed by a pipette and the organic solvent 

was evaporated off. The residue was taken up by dichloromethane (150 mL), washed with 

saturated ammonium chloride solution (100 mL), water (2×100 mL), and brine (100 mL) and 

was dried over magnesium sulfate. The solvent was removed after filtration. The residue was 

passed through a short plug of silica column (silica gel 60, 70-230 mesh, dichloromethane) to 

remove the catalyst and inorganic salts. The crude product was then purified by repeatedly 

running SEC (Bio-Beads® S-X-1, toluene). The chromatographic process was monitored by 

thin layer chromatography. After recrystallization from n-hexane pure DOT 55 was isolated 

as a dark red powder (132 mg, 0.064 mmol, 84%). 
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1
H NMR (400 MHz, d8-THF) δ 7.49, 7.48 (two superimposed singlets, 2H, H-a, b), 7.39, 7.38 

(two superimposed singlets, 2H, H-c, d), 7.26-7.14 (m, 32H, ThH), 0.33-0.32 (m, 54H, TMSH) 

ppm. 
13
C NMR (100 MHz, CD2Cl2) δ 142.4 (2 signals), 142.1, 142.0, 140.9, 140.8, 140.5 (2 

signals), 139.1, 139.0 (2 signals), 138.6, 138.2, 138.1, 137.7, 136.9, 136.6, 136.2, 136.0 (2 

signals), 135.9, 135.8, 135.5, 135.3 (2 signals), 133.9, 133.6 (2 signals), 133.5, 132.5, 132.4, 

132.4, 131.3, 131.1, 130.8, 130.7, 129.2 (2 signals), 129.1, 128.4 (2 signals), 128.3 (2 signals), 

126.4, 125.7, 125.6, 125.5, 125.4, 125.3, 125.2, 125.0, 124.5 (2 signals), 124.4 (3 signals), 

124.3 (2 signals), 124.2, 124.1, 2.0, 1.4, 1.2 ppm. 

MALDI-TOF MS (m/z) calcd. for C98H90S20Si6: 2074.0. Found: 2074.8 [M]+. 

Elemental Analysis (%) calcd for C98H90S20Si6: C, 56.65; H, 4.37; S, 30.87. Found: C, 56.67; 

H, 4.29; S, 30.83. 

M.p.: 138-142 oC. 

 

3'',4''''''''-Bis(2,2'-bithien-5-yl)-2,2':5',2'':3'',2''':5''',2''''-quinquethien-5''-yl-2,2':5',2'': 

5'',2''':5''', 2'''':5'''',2''''':3''''',2'''''':5'''''',2''''''':5''''''', 2'''''''': 5'''''''', 2''''''''': 5''''''''', 

2'''''''''': 5'''''''''', 2'''''''''''-undecithiophene (56). 

Compound 55 (60 mg, 0.029 mmol) was dissolved in tetrahydrofuran (30 mL). TBAF·3H2O 

(200 mg, 0.63 mmol) was added in one portion. The reaction mixture was stirred at room 

temperature for 5 hrs. The solvent was evaporated. The residue was suspended in methanol 

(10 mL) and treated with ultrasound for 30 min. The precipitate was filtered, washed with 

methanol (20 mL) and passed through a short plug of silica column (silica gel 60, 230-400 

mesh, tetrahydrofuran). After repeated SEC (Bio-Beads® S-X-1, toluene), the product 56 was 

obtained as a red powder (46 mg, 0.028 mmol, 97%). 

 

1
H NMR (400 MHz, CD2Cl2) δ 7.28 (s, 2H overlapping, H-a, b), 7.25-7.20 (m, 15H, ThH), 

7.18-7.00 (m, 26H, ThH) ppm. 
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13
C NMR (100 MHz, CD2Cl2) δ 143.1, 142.9, 142.2, 142.1, 140.3, 140.2, 139.7, 139.5 (2 

signals), 139.4, 139.3, 138.7 (2 signals), 138.4, 138.2, 138.1, 137.9, 137.7 (2 signals), 137.6, 

137.3 (2 signals), 137.2, 137.1, 136.8, 136.7, 136.4, 136.3, 135.7, 135.5, 135.2, 134.9 (2 

signals), 133.4, 133.3, 133.1, 132.9, 132.2, 132.1, 132.0, 131.4, 130.6, 130.3, 130.2, 130.1, 

129.6, 129.5 (2 signals), 127.8, 127.7, 127.0, 126.8, 126.7, 126.5 (2 signals), 126.4, 126.3, 

126.2, 126.0, 125.7, 125.6, 125.5, 125.4, 124.8, 124.7, 124.5 ppm. 

MALDI-TOF MS (m/z) calcd. for C80H42S20: 1641.8. Found: 1641.9 [M]+. 

HRMS (m/z): calcd. for C80H42S20: 1641.76692. Found: 1641.76989 (1.8 ppm). 

M.p.: 168-171 oC. 

 

5,5''''''''''''''''-Bis(trimethylsilyl)-3'',4''''''''''''''-bis(5'-trimethylsilyl-2,2'-bithien-5-yl)-

3''''',4'''''''''''-bis[5''''-trimethylsilyl-4''-(5'-trimethylsilyl-2,2'-bithien-5-yl)-2,2':5',2'':5'', 

2''':5''',2''''-quinquethien-5-yl]-[5,5''''''''''-bis(trimethylsilyl)-3'',4''''''''-bis(5'-trimethyl-

silyl-2,2'-bithien-5-yl)-2,2':5',2'':5'',2''':5''',2'''':5'''',2''''':3''''', 2'''''':5'''''',2''''''':5''''''', 

2'''''''':5'''''''',2''''''''':5''''''''',2''''''''''-decithien-5'''''-yl]-2,2':5',2'':5'',2''':5''',2'''':5'''', 

2''''':5''''',2'''''':5'''''',2''''''':5''''''', 5'''''''''': 3'''''''',2''''''''':5''''''''',2'''''''''':5'''''''''', 

2''''''''''':5''''''''''',2'''''''''''':5'''''''''''',2''''''''''''':5'''''''''''',2'''''''''''''':5'''''''''''''',2''''''''''''

''':5''''''''''''''',2''''''''''''''''-septendecithiophene (57). 

Triiodoquinquethiophene 51 (15 mg, 0.019 mmol), quinquedecithiophene boronic ester 44 

(110 mg, 0.067 mmol), Pd2(dba)3CHCl3 (1.8 mg, 1.7 µmol, 6 mol%-Pd per I), and HP(t-

Bu)3BF4 (1.0 mg, 3.4 µmol) were placed in a 25 mL Schlenk-flask under argon atmosphere, 

and dissolved in a well-degassed solvent mixture of toluene (5 mL) and dimethyl formamide 

(1mL). A well-degassed aqueous solution of potassium phosphate (1 M, 5.0 mL, 5.0 mmol) 

was subsequently added. The reaction mixture was stirred at 50 oC for 12 hrs and then cooled 

down to room temperature The base was carefully removed by a pipette and the organic 

solvent was concentrated to 1 mL. The residue was precipitated into methanol (20 mL), 

filtered and then washed by water (10 mL) and acetone (10 mL). The precipitate was passed 

through a short plug of silica column (silica gel 60, 70-230 mesh, tetrahydrofuran) to remove 

the catalyst and inorganic salts. The crude product was purified by repeatedly running SEC 

(Bio-Beads® S-X-1, toluene) to remove the by-products with molecular weight smaller than 

3500 Da. The chromatographic process was monitored by MALDI-TOF MS. The fractions 

containing the product were collected and the solvent was removed. The residue was further 

purified by recycling-GPC, eluting with tetrahydrofuran at 35 oC and the polymeric by-
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products were removed. DOT 57 was isolated as a dark red powder (73 mg, 0.015 mmol, 

77%). 

 

1
H NMR (400 MHz, d8-THF) δ 7.44 (s, 2H, H-a, b), 7.21 - 7.18 (m, 8H, ThH), 7.13 – 7.04 (m, 

39H, ThH), 7.03 – 6.76 (m, 41H, ThH), 0.27 (s, 108H, TMSH) ppm. 
13
C NMR (100 MHz, d8-THF) δ 143.3 (2 signals), 142.9, 142.7, 141.5 (2 signals), 141.0 (2 

signals), 138.9 (2 signals), 138.8, 138.1, 138.0, 137.9, 137.5, 137.2 (2 signals), 137.1, 136.9, 

136.7 (2 signals),  136.3 (3 signals),  136.2, 135.3 (2 signals), 135.0, 134.8 (2 signals), 133.6 

(2 signals), 133.4 (3 signals), 131.9, 131.8 (2 signals), 131.6, 131.5 131.2 (2 signals), 130.0, 

129.9, 129.8, 129.7, 129.5 (2 signals), 129.2 (2 signals), 127.8, 127.5, 127.4, 125.9, 125.7, 

125.6, 125.4 (2 signals), 0.2, 0.1, -0.2 ppm. 

MALDI-TOF MS (m/z) calcd. for C236H198S50Si12: 4974.4. Found: 4974.9.  

M.p.: >300oC (dec.) 

 

3'',4''''''''''''''-Bis(2,2'-bithien-5-yl)-3''''',4'''''''''''-bis[4''-(2,2'-bithien-5-yl)-2,2':5',2'':5'', 

2''':5''',2''''-quinquethien-5-yl]-[3'',4''''''''-bis(2,2'-bithien-5-yl)-2,2':5',2'':5'',2''':5''',2'''': 

5'''',2''''':3''''',2'''''':5'''''',2''''''':5''''''',2'''''''': 5'''''''',2''''''''':5''''''''',2''''''''''-decithien-

5'''''-yl]-2,2':5',2'':5'',2''':5''',2'''':5'''',2''''':5''''',2'''''':5'''''',2''''''':5''''''',5'''''''''':3'''''''', 

2''''''''':5''''''''',2'''''''''':5'''''''''',2''''''''''':5''''''''''',2'''''''''''':5'''''''''''',2''''''''''''':5'''''''''''

',2'''''''''''''':5'''''''''''''',2''''''''''''''':5''''''''''''''',2''''''''''''''''-septendecithiophene (58). 
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DOT 57 (45 mg, 9.0 µmol) was dissolved in tetrahydrofuran (100 mL). TBAF·3H2O (100 mg, 

0.32 mmol) was added in one portion. The reaction mixture was stirred at room temperature 

for 15 hrs. The solvent was evaporated off. The residue was suspended in methanol (10 mL) 

and treated with ultrasound for 30 min. The precipitate was filtered and washed with methanol 

(20 mL). The product was obtained as a black red powder (35 mg, 8.5 µmol, 93%). 

 
1
H NMR (400 MHz, d8-THF) δ 7.42 (s, 2H, H-a, b), 7.27-7.22 (m, 25H, ThH), 7.17-7.08 (m, 

42H, ThH), 7.05-6.89 (m, 33H, ThH) ppm. 
13
C NMR (125 MHz, C2D2Cl4, 350 K) δ 142.4, 140.6, 140.5, 140.3, 140.2 (2 signals), 139.8, 

139.2, 138.7, 138.6 (2 signals), 137.9, 137.7, 137.6 (2 signals), 137.5, 137.1, 136.9, 136.8, 

136.5, 136.4, 136.3, 135.9, 135.8, 135.7 (2 signals), 135.5 (2 signals), 135.2, 135.1, 134.8, 

133.4 (2 signals), 133.3, 132.2, 131.3, 130.8 (2 signals), 130.6, 129.2, 129.1, 128.9 (2 signals), 

128.8, 128.7, 128.2, 128.0, 127.9, 127.7, 127.5, 126.6, 126.4 (2 signals), 126.3, 125.4, 125.2, 

124.8, 124.7, 124.6, 124.5, 124.4 ppm. 

MALDI-TOF MS (m/z) calcd. average mass for C200H102S50: 4108.2. Found: 4110.2. 

M.p.: >300oC (dec.) 

 

 

3.5.3 Crystallographic Data 

3.5.3.1 Single Crystal X-Ray Analysis of 5,5',5''-Triiodo-2,2':3',2''-terthiophene (49) 



 
Chapter 3                                     

Figure 3.8 Thermal ellipsoid diagram of single crystal
 

Table 3.5 Structural information for single crystal 

Crystal data 
Formula 
Mr 

T (K) 
Crystal system 
Space group 
a (Å) 
b (Å) 
c (Å) 
α (°) 
β (°) 
γ (°) 
V (Å3) 
Z 

Dcalcd(g/cm3) 
µ (mm-1) 
Absorption correction 

F (000) 
Crystal size (mm) 
Crystal color 

Data collection 

Measurement range (°) 
Index range 

Measured reflections 
Independent reflections 
Completeness for  θ = 37.58
[I > 2σ(I)] 

Refinement
 

Data/restraints/parameters
GOF on F2 

Final R indices [I > 2σ(I)]a

R indices (all data) 
Largest difference peak and hole (e/Å
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Thermal ellipsoid diagram of single crystal 49 at a50% level of probability with atom labels.

Structural information for single crystal 49 

C12 H5 I3 S3 
626.08 
100(2) 
monoclinic 
C2/c 
18.8760(5)   
9.4498(3) 
17.1182(4) 
90.00   
94.3710(10) 
90.00 
3044.57 
8 
2.732 
6.550 
Tmin= 0.2014 
Tmax= 0.2440 
2272 
0.36×0.30×0.30 
brown 

 2.39<θ<37.58 
-32<h<32 
-14<k<16  
-29<l<27 
29556 

 8021 (Rint = 0.0362) 
Completeness for  θ = 37.58 93.88% 

Data/restraints/parameters 8021/0/165 
1.221 

a R1 = 0.0482, wR2 = 0.1138 
R1 = 0.0513, wR2 = 0.1152 

Largest difference peak and hole (e/Å3) 3.794, -5.331 
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of probability with atom labels. 
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Table 3.6 Atomic coordinates of crystal 49 

Atom         x         y         z Ueq

a 

I3 0.297701(15) 0.06339(3) 0.241785(16) 0.01623(6) 

I1 0.508546(15) 0.00588(3) 0.628490(16) 0.01609(6) 

I2 0.315339(16) 0.99528(3) 0.493489(19) 0.01800(6) 

S1 0.45548(6) 0.29090(11) 0.53165(6) 0.01298(16) 

S3 0.30592(5) 0.31991(11) 0.37296(6) 0.01229(15) 

C34 0.3733(2) 0.4443(4) 0.3833(2) 0.0124(6) 

C13 0.3870(2) 0.3910(5) 0.6430(3) 0.0176(7) 

H13 0.3588 0.4504 0.6729 0.021 

C24 0.3805(2) 0.5450(5) 0.5215(3) 0.0148(6) 

C31 0.3454(2) 0.2351(5) 0.2988(2) 0.0137(6) 

C14 0.4018(2) 0.4204(5) 0.5671(2) 0.0139(6) 

C32 0.4076(2) 0.2996(5) 0.2827(2) 0.0157(7) 

H32 0.4370 0.2679 0.2436 0.019 

C21 0.3445(2) 0.7856(4) 0.4892(2) 0.0122(6) 

C33 0.4233(2) 0.4197(5) 0.3313(3) 0.0167(7) 

H33 0.4644 0.4768 0.3279 0.020 

C12 0.4183(3) 0.2623(5) 0.6721(2) 0.0184(7) 

H12 0.4132 0.2261 0.7231 0.022 

C11 0.4566(2) 0.1973(5) 0.6180(2) 0.0140(6) 

C23 0.3697(2) 0.5588(4) 0.4415(2) 0.0134(6) 

S2 0.36610(8) 0.69562(15) 0.57344(9) 0.0153(3) 

C22 0.34596(15) 0.7140(3) 0.4047(3) 0.0367(10) 

H22 0.3366 0.7482 0.3527 0.0440 

CS2 0.36610(8) 0.69562(15) 0.57344(9) 0.0153(3) 

HS2 0.3690 0.7193 0.6275 0.0180 

SC22 0.34596(15) 0.7140(3) 0.4047(3) 0.0367(10) 
(a) Equivalent isotropic temperature factor. 

Table 3.7 Bond lengths of crystal 49 

               Bond Length (Å)                Bond Length (Å) 

I3 -C31 2.065(4) C24 -C14 1.452(6) 

I1 -C11 2.059(5) C24 -S2 1.711(4) 

I2 -C21 2.060(4) C31 -C32 1.369(6) 

S1 -C11 1.721(4) C32 -C33 1.425(7) 

S1 -C14 1.728(4) C32 -H32 0.9500 

S3 -C31 1.719(4) C21 -C22 1.599(6) 

S3 -C34 1.731(4) C21 -S2 1.697(4) 

C34 -C33 1.365(6) C33 -H33 0.9500 

C34 -C23 1.476(6) C12 -C11 1.363(6) 

C13 -C14 1.379(6) C12 -H12 0.9500 

C13 -C12 1.425(7) C23 -C22 1.645(5) 

C13 -H13 0.9500 C22 -H22 0.9500 

C24 -C23 1.375(6)    
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Table 3.8 Bonds angels of crystal 49 

             Bond Angle (°)                 Bond Angle (°) 

C11 -S1- C14 91.8(2) C22 -C21- S2 122.5(3) 

C31 -S3- C34 92.0(2) C22 -C21- I2 117.6(3) 

C33 -C34- C23 129.4(4) S2 -C21- I2 119.9(2) 

C33 -C34- S3 110.9(3) C34 -C33- C32 113.1(4) 

C23 -C34- S3 119.7(3) C34 -C33- H33 123.4 

C14 -C13- C12 113.1(4) C32 -C33- H33 123.4 

C14 -C13- H13 123.5 C11 -C12- C13 112.0(4) 

C12 -C13- H13 123.5 C11 -C12- H12 124.0 

C23 -C24- C14 128.8(4) C13 -C12- H12 124.0 

C23 -C24- S2 114.9(3) C12 -C11- S1 112.3(4) 

C14 -C24- S2 116.3(3) C12 -C11- I1 127.6(3) 

C32 -C31- S3 111.6(3) S1 -C11- I1 120.1(2) 

C32 -C31- I3 127.2(3) C24 -C23- C34 126.3(4) 

S3 -C31- I3 121.1(2) C24 -C23- C22 118.8(4) 

C13 -C14- C24 127.1(4) C34 -C23- C22 114.9(3) 

C13 -C14- S1 110.8(3) C21 -S2- C24 90.7(2) 

C24 -C14- S1 122.1(3) C21 -C22- C23 93.1(3) 

C31 -C32- C33 112.4(4) C21 -C22- H22 133.5 

C31 -C32- H32 123.8 C23 -C22- H22 133.5 

C33 -C32- H32 123.8     
 

Table 3.9 Coefficients of anisotropic temperature factors in crystal 49.
[28] 

Atom U11(Å
2) U22 (Å

2) U33 (Å
2) U23 (Å

2) U13 (Å
2) U12 (Å

2) 

I3 0.01655(11) 0.01738(12) 0.01455(11) -0.00560(9) -0.00016(8) -0.00075(9) 

I1 0.01660(11) 0.01855(12) 0.01299(10) 0.00361(8) 0.00015(8) 0.00232(9) 

I2 0.01743(12) 0.01063(11) 0.02640(14) 0.00027(9) 0.00467(9) 0.00123(9) 

S1 0.0151(4) 0.0142(4) 0.0097(3) -0.0001(3) 0.0021(3) 0.0025(3) 

S3 0.0128(4) 0.0110(4) 0.0131(4) -0.0011(3) 0.0014(3) -0.0010(3) 

C34 0.0107(13) 0.0131(15) 0.0128(14) 0.0016(11) -0.0036(11) -0.0007(11) 

C13 0.0189(17) 0.0214(19) 0.0132(15) -0.0033(14) 0.0057(13) -0.0004(15) 

C24 0.0134(15) 0.0117(15) 0.0189(16) -0.0071(13) -0.0008(12) -0.0007(12) 

C31 0.0116(14) 0.0170(17) 0.0123(14) 0.0008(12) -0.0003(11) -0.0001(12) 

C14 0.0125(14) 0.0160(17) 0.0131(14) -0.0042(12) 0.0017(11) -0.0001(12) 

C32 0.0129(15) 0.0217(19) 0.0127(14) 0.0001(13) 0.0010(11) 0.0003(13) 

C21 0.0136(14) 0.0081(14) 0.0151(14) -0.0006(11) 0.0011(11) 0.0012(11) 

C33 0.0142(15) 0.0195(19) 0.0163(16) 0.0016(14) 0.0003(12) -0.0044(13) 

C12 0.0220(18) 0.022(2) 0.0116(14) -0.0010(13) 0.0046(13) -0.0017(15) 

C11 0.0145(15) 0.0170(17) 0.0104(13) -0.0002(12) 0.0001(11) -0.0015(13) 

C23 0.0123(14) 0.0089(14) 0.0185(16) 0.0010(12) -0.0026(12) -0.0006(11) 

S2 0.0185(6) 0.0099(6) 0.0173(6) -0.0005(4) -0.0003(4) 0.0011(4) 

C22 0.0181(11) 0.0170(12) 0.075(3) -0.0207(13) 0.0063(12) -0.0024(9) 

CS2 0.0185(6) 0.0099(6) 0.0173(6) -0.0005(4) -0.0003(4) 0.0011(4) 

SC22 0.0181(11) 0.0170(12) 0.075(3) -0.0207(13) 0.0063(12) -0.0024(9) 
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3.5.3.2 Single Crystal X-Ray 

2''':5''',2''''-quinquethiophene (51)

Figure 3.9 Thermal ellipsoid diagram of single crystal 
 

Table 3.10 Structural information for single crystal 

Crystal data 
Formula 
Mr 

T (K) 
Crystal system 
Space group 
a (Å) 
b (Å) 
c (Å) 
α (°) 
β (°) 
γ (°) 
V (Å3) 
Z 

Dcalcd(g/cm3) 
µ (mm-1) 
Absorption correction 

F (000) 
Crystal size (mm) 
Crystal color 

Data collection 

Measurement range (°) 
Index range 

Measured reflections 
Independent reflections 
Completeness for  θ = 37.58
[I > 2σ(I)] 

Refinement
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Ray Diffraction Analysis of 5,5'',5''''-Triiodo

quinquethiophene (51) 

 
Thermal ellipsoid diagram of single crystal 51 at a50% level of probability with atom labels.

Structural information for single crystal 51 

C20 H9 I3 S5 
790.32 
293(2) 
monoclinic 
P21/c 
14.9180(5) 
16.2040(6) 
9.8984(3) 
90.00   
107.635(3) 
90.00 
2280.31(13) 
4 
2.302 
4.576 
Tmin= 0.2014 
Tmax= 0.2440 
1472 
0.30×0.30×0.20 
brown-yellow 

 2.87<θ<29.34 
-20<h<18 
-21<k<19  
-12<l<13 
15470 

 5510 (Rint = 0.0339) 
Completeness for  θ = 37.58 84.19% 
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Triiodo-2,2':5',2'':5'', 

at a50% level of probability with atom labels. 
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Data/restraints/parameters 5510/0/255 
GOF on F2 1.218 
Final R indices [I > 2σ(I)]a R1 = 0.0745, wR2 = 0.1164 
R indices (all data) R1 = 0.0609, wR2 = 0.1102 
Largest difference peak and hole (e/Å3) 2.046, -2.345 

����� = ∑�|��| − |��|�/∑|��| ; 	�� = 
∑	(��� − ���)� ∑	(���)�⁄�

. 

 

Table 3.11 Atomic coordinates of crystal 51 

Atom         x         y         z Ueq

a 

I2 0.27885(4) 0.64206(4) -0.13843(5) 0.03330(15) 

I3 -0.19887(4) 0.59502(4) 0.86903(7) 0.04322(18) 

I1 0.73928(4) 0.63030(5) 1.28440(6) 0.04352(19) 

S4 0.15088(13) 0.58744(13) 0.49492(18) 0.0230(4) 

S5 -0.09609(13) 0.64631(13) 0.6302(2) 0.0258(4) 

S1 0.58782(16) 0.57574(16) 0.9804(2) 0.0370(5) 

S2 0.4189(2) 0.67771(17) 0.5755(3) 0.0607(9) 

S3A 0.1696(3) 0.6532(2) 0.0937(4) 0.0356(12) 

C10A 0.1696(3) 0.6532(2) 0.0937(4) 0.0356(12) 

H10A 0.1099 0.6663 0.0345 0.0430 

S3B 0.3663(2) 0.6142(2) 0.1959(3) 0.0356(11) 

C10B 0.3663(2) 0.6142(2) 0.1959(3) 0.0356(11) 

H10B 0.4285 0.6039 0.2001 0.0430 

C8 0.3647(5) 0.6000(6) 0.4653(8) 0.0274(17) 

C6 0.4447(9) 0.5333(7) 0.6718(10) 0.061(3) 

H6 0.4625 0.4882 0.7321 0.0730 

C5 0.4732(5) 0.6117(5) 0.7101(8) 0.0252(17) 

C4 0.5352(5) 0.6424(6) 0.8436(8) 0.0308(19) 

C20 -0.0943(5) 0.5834(5) 0.7716(8) 0.0253(16) 

C19 -0.0199(6) 0.5304(6) 0.8052(9) 0.0316(19) 

H19 -0.0081 0.4919 0.8782 0.038 

C18 0.0370(5) 0.5407(5) 0.7159(8) 0.0264(17) 

H18 0.0907 0.5094 0.7249 0.032 

C17 0.0066(5) 0.6008(5) 0.6144(8) 0.0248(16) 

C15 0.0101(5) 0.6841(6) 0.3994(9) 0.0321(19) 

H15 -0.0453 0.7132 0.389 0.039 

C16 0.0462(5) 0.6281(5) 0.5053(8) 0.0237(16) 

C14 0.0666(6) 0.6932(6) 0.3064(9) 0.035(2) 

H14 0.0517 0.7287 0.2288 0.042 

C9 0.3072(5) 0.6163(5) 0.3186(8) 0.0230(16) 

C1 0.6463(6) 0.6532(6) 1.0850(8) 0.034(2) 

C12 0.2130(5) 0.6368(5) 0.2669(8) 0.0227(15) 

C11 0.2702(5) 0.6377(6) 0.0664(7) 0.0257(17) 

C3 0.5644(8) 0.7203(7) 0.8802(10) 0.056(3) 

H3 0.5442 0.7653 0.8204 0.0670 

C2 0.6292(8) 0.7270(8) 1.0190(11) 0.060(3) 

H2 0.6564 0.7764 10.593 0.0720 
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C13 0.1441(5) 0.6444(5) 0.3438(7) 0.0246(16) 

C7 0.3850(9) 0.5274(7) 0.5301(11) 0.066(4) 

H7 0.3621 0.4776 0.4867 0.0790 
(a) Equivalent isotropic temperature factor. 

 

Table 3.12 Bond lengths of crystal 51 

               Bond Length (Å)                Bond Length (Å) 

I2 -C11 2.072(7) C5 -C4 1.452(11) 

I3 -C20 2.076(7) C4 -C3 1.349(14) 

I1 -C1 2.073(8) C20 -C19 1.362(12) 

S4 -C16 1.726(7) C19 -C18 1.408(10) 

S4 -C13 1.734(8) C19 -H19 0.9300 

S5 -C20 1.725(8) C18 -C17 1.373(11) 

S5 -C17 1.749(8) C18 -H18 0.9300 

S1 -C1 1.691(9) C17 -C16 1.448(10) 

S1 -C4 1.724(9) C15 -C16 1.368(11) 

S2 -C8 1.701(9) C15 -C14 1.431(11) 

S2 -C5 1.709(8) C15 -H15 0.9300 

S3A -C11 1.624(8) C14 -C13 1.357(11) 

S3A -C12 1.660(8) C14 -H14 0.9300 

S3B -C11 1.652(8) C9 -C12 1.383(10) 

S3B -C9 1.704(7) C1 -C2 1.351(14) 

C8 -C7 1.330(14) C12 -C13 1.457(10) 

C8 -C9 1.469(10) C3 -C2 1.424(13) 

C6 -C5 1.357(13) C3 -H3 0.9300 

C6 -C7 1.419(14) C2 -H2 0.9300 

C6 -H6 0.9300 C7 -H7 0.9300 
 

Table 3.13 Bonds angels of crystal 51 

             Bond Angle (°)                 Bond Angle (°) 

C16 -S4- C13 91.8(4) C14 -C15- H15 123.5 

C20 -S5- C17 91.4(4) C15 -C16- C17 128.3(7) 

C1 -S1- C4 92.5(5) C15 -C16- S4 111.1(6) 

C8 -S2- C5 93.3(4) C17 -C16- S4 120.6(6) 

C11 -S3A- C12 93.2(4) C13 -C14- C15 112.5(7) 

C11 -S3B- C9 91.9(4) C13 -C14- H14 123.7 

C7 -C8- C9 128.0(9) C15 -C14- H14 123.7 

C7 -C8- S2 110.5(7) C12 -C9- C8 129.2(6) 

C9 -C8- S2 121.5(7) C12 -C9- S3B 115.4(6) 

C5 -C6- C7 112.9(9) C8 -C9- S3B 115.3(5) 

C5 -C6- H6 123.6 C2 -C1- S1 112.0(7) 

C7 -C6- H6 123.6 C2 -C1- I1 126.4(7) 

C6 -C5- C4 129.3(8) S1 -C1- I1 121.5(5) 
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C6 -C5- S2 109.5(6) C9 -C12- C13 128.7(7) 

C4 -C5- S2 121.1(7) C9 -C12- S3A 117.1(6) 

C3 -C4- C5 129.0(8) C13 -C12- S3A 114.2(6) 

C3 -C4- S1 110.0(7) S3A -C11- S3B 122.4(5) 

C5 -C4- S1 120.9(7) S3A -C11- I2 119.5(4) 

C19 -C20- S5 112.4(6) S3B -C11- I2 118.0(4) 

C19 -C20- I3 128.0(6) C4 -C3- C2 113.6(10) 

S5 -C20- I3 119.6(4) C4 -C3- H3 123.2 

C20 -C19- C18 111.9(8) C2 -C3- H3 123.2 

C20 -C19- H19 124.0 C1 -C2- C3 111.9(10) 

C18 -C19- H19 124.0 C1 -C2- H2 124.1 

C17 -C18- C19 114.5(7) C3 -C2- H2 124.1 

C17 -C18- H18 122.7 C14 -C13- C12 125.8(7) 

C19 -C18- H18 122.7 C14 -C13- S4 111.6(6) 

C18 -C17- C16 130.0(7) C12 -C13- S4 122.6(6) 

C18 -C17- S5 109.7(6) C8 -C7- C6 113.6(10) 

C16 -C17- S5 120.3(6) C8 -C7- H7 123.2 

C16 -C15- C14 112.9(7) C6 -C7- H7 123.2 

 

     

Table 3.14 Coefficients of anisotropic temperature factors in crystal 51.
[28] 

Atom U11(Å
2) U22 (Å

2) U33 (Å
2) U23 (Å

2) U13 (Å
2) U12 (Å

2) 

I2 0.0449(3) 0.0389(3) 0.0194(2) -0.0031(2) 0.0146(2) -0.0026(3) 

I3 0.0425(3) 0.0459(4) 0.0521(4) 0.0047(3) 0.0307(3) 0.0085(3) 

I1 0.0309(3) 0.0673(5) 0.0250(3) -0.0024(3) -0.0026(2) 0.0094(3) 

S4 0.0222(9) 0.0301(11) 0.0154(8) 0.0009(8) 0.0036(7) 0.0040(8) 

S5 0.0205(9) 0.0250(10) 0.0312(10) -0.0010(9) 0.0068(7) 0.0017(8) 

S1 0.0403(12) 0.0405(14) 0.0228(10) 0.0002(10) -0.0015(9) 0.0092(10) 

S2 0.091(2) 0.0289(13) 0.0330(13) 0.0002(11) -0.0258(13) 0.0032(14) 

S3A 0.058(3) 0.028(2) 0.028(2) -0.0038(16) 0.0240(18) -0.0056(18) 

C10A 0.058(3) 0.028(2) 0.028(2) -0.0038(16) 0.0240(18) -0.0056(18) 

S3B 0.0372(18) 0.052(2) 0.0164(14) -0.0019(14) 0.0066(12) -0.0003(15) 

C10B 0.0372(18) 0.052(2) 0.0164(14) -0.0019(14) 0.0066(12) -0.0003(15) 

C8 0.021(4) 0.042(5) 0.020(4) -0.003(4) 0.009(3) 0.004(3) 

C6 0.112(10) 0.028(5) 0.027(5) 0.004(4) -0.005(5) 0.002(6) 

C5 0.021(3) 0.034(5) 0.020(4) 0.001(3) 0.006(3) 0.001(3) 

C4 0.024(4) 0.045(5) 0.022(4) 0.005(4) 0.004(3) 0.000(4) 

C20 0.023(4) 0.030(4) 0.024(4) -0.008(3) 0.008(3) -0.002(3) 

C19 0.032(4) 0.039(5) 0.025(4) 0.000(4) 0.009(3) -0.004(4) 

C18 0.022(4) 0.031(5) 0.025(4) 0.009(3) 0.005(3) 0.006(3) 

C17 0.018(3) 0.029(4) 0.025(4) -0.004(3) 0.004(3) -0.001(3) 

C15 0.021(4) 0.033(5) 0.045(5) 0.013(4) 0.014(3) 0.009(3) 

C16 0.019(3) 0.027(4) 0.025(4) 0.001(3) 0.005(3) 0.004(3) 

C14 0.029(4) 0.041(5) 0.036(5) 0.017(4) 0.009(4) 0.006(4) 

C9 0.021(3) 0.027(4) 0.021(3) -0.010(3) 0.008(3) -0.005(3) 
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C1 0.024(4) 0.050(6) 0.024(4) 0.003(4) 0.001(3) -0.007(4) 

C12 0.030(4) 0.016(4) 0.020(3) -0.003(3) 0.003(3) 0.000(3) 

C11 0.025(4) 0.038(5) 0.016(3) 0.000(3) 0.008(3) -0.002(3) 

C3 0.073(7) 0.041(6) 0.033(5) 0.006(5) -0.015(5) -0.019(6) 

C2 0.062(7) 0.050(7) 0.046(6) 0.010(5) -0.017(5) -0.030(6) 

C13 0.026(4) 0.032(5) 0.015(3) -0.002(3) 0.006(3) -0.005(3) 

C7 0.102(10) 0.035(6) 0.038(6) 0.001(5) -0.013(6) -0.006(6) 
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4.1 Introduction 

Besides changing the repeating units, or the core,[1] peripheral modification or 

functionalization is one of the three major directions, to expand the dendrimer family. 

Dendrimers with flexible backbones have been intensively explored in terms of core- and 

peripheral functionalization due to the relative ease of synthesis and purification.[2] 

Functionalized dendrimers with rigid π-conjugated backbones for applications in organic 

light-emitting diodes and solar cells have also been studied.[3] In literature, there are only few 

examples of peripheral modification of dendritic oligothiophenes (DOTs). For instance, Ma et 

al. have reported the synthesis of a series of dendrons and dendrimers on the basis of 

[2,2’:3’,2’’]terthiophene (3T) building blocks bearing tris(alkyloxy)phenylethynyl moieties in 

the periphery. The self-assembly properties of the dendrimers in the solid state have been 

studied.[4] Zhang et al. synthesized 3T-based dendrons, which are functionalized at the focal 

position by incorporation of a dicyanovinyloligothienyl unit and at the periphery by 

carbazoles units (see structure 24 in Chapter 1).[5] This compound has been tested for 

photovoltaic applications as a donor material, which was blended with PC71BM, giving a 

power conversion efficiency of 1.6%. Similarly, Deng et al. published a synthetic protocol for 

the modular peripheral functionalization of thiophene dendrons and dendrimers. Bromohexyl 

groups were attached at the periphery of [2,2’:3’,2’’]terthiophene and post-functionalized 

with different substituents, such as carbazole, methoxy groups, or Frechét-type dendrons.[6] 

Because of the success of using the parent 3T-based DOTs[7] as a donor material in solution-

processed bulk-heterojunction organic solar cells, in this chapter the peripheral modification 

of the parent DOTs is described in order to improve the light harvesting ability. A shifted 

UV/vis absorption to longer wavelengths should eventually enhance the power conversion 

efficiency in organic solar cells.[8] The peripheral modification is conceptually illustrated in 

Figure 4.1. The blue squares represent mono- and bithiophene subunits, which can to some 

extent elongate the π-conjugation and consequently red-shift the absorption without 

significantly affecting the HOMO energy level of the DOTs which should guarantee a high 

open circuit voltage of photovoltaic devices as it was observed for the parent DOTs.[7] As 

discussed in Chapter 1.1.2.3, a convergent synthetic strategy[9] via transition metal-catalyzed 

cross-coupling reactions will be applied for constructing this series of DOTs. 
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Figure 4.1 Illustration of the functionalization of dendritic oligothiophenes in the periphery (the blue 

square stands for a peripheral substituent

Chapter 5 for the benzothiadiazole
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Illustration of the functionalization of dendritic oligothiophenes in the periphery (the blue 
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(dba)3CHCl3 and HP(t-Bu)3BF4 as catalyst and

O as solvent mixture at room temperature in good yield of 86%
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Scheme 4.1 Synthesis of the 13-mer dendron 59 and its boronic acid ester 60. 

 

The monoborylation of 59 and the high regioselectivity were revealed by the comparison of 
1H NMR and mass spectra of 59 and of the crude product 60 (Table 4.1). After the 

introduction of the Bpin group, the β-proton Hb of 60 resonates as a sharp singlet at 7.64 ppm, 

whereas the doublet peak of Ha of 59 at 7.32 ppm disappears completely (for labeling of the 

protons see the molecular structures in Table 4.1). In the MALDI-TOF mass spectrum the 

monoisotopic mass of 60 at m/z = 1482.1 is the only peak observed. Thus, one can conclude 

that the molecule 59 was exclusively mono-borylated in α-position without formation of 

regioisomers. 

The synthesis of the sexithiophene core 62 was started from the branched terthiophene 25 via 

an oxidative homo-coupling reaction. 25 was first deprotonated at the α-position with n-butyl 

lithium and then treated with copper(II) chloride yielding sexithiophene 61 in 92% yield.[10] 

The trimethylsilyl groups on 61 were then replaced by bromines by using NBS as a mild 

bromination agent affording DOT 62 in a high yield of 97%. The synthetic scheme is depicted 

in Scheme 4.2. 

 

Scheme 4.2 Synthesis of the tetrabromosexithiophene 62 from 25 via 61. 
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Table 4.1 Spectral comparison of the starting material 59 with the product 60. 
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(a) Only the signals in the aromatic region are depicted. The measurements were taken in d2-DCM at 293 K; (b) MALDI-TOF MS, DCTB was used as matrix. The 

monoisotopic mass of 59 is found at m/z 1356.1 (calcd. exact mass for C64H60S13Si4m/z 1356.0) and the monoisotopic mass of 60 is found at m/z 1482.1 (calcd. exact 

mass for C70H71BO2S13Si4 m/z 1482.1). 
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The key step to obtain the 3rd generation dendrimer 63 was a fourfold Suzuki-Miyaura cross-

coupling reaction of tetrabromosexithiophene 62 with dendritic boronic ester 60 (see Scheme 

4.3). The combination of the pre-catalyst Pd2(dba)3CHCl3 and the phosphine ligand HP(t-

Bu)3BF4 was utilized in a concentrated solution of the substrates in THF at room temperature. 

The purification was processed similarly to that of the 5T-based G3-dendrimer 47 described in 

Chapter 2, Table 2.2: After routine work-up, the crude product was purified firstly by a silica 

gel column chromatography, where the catalyst and non-reacted 60 were removed. In the next 

purification step, the mixture was repeatedly chromatographed with a SEC column, where the 

homo-coupling product of 60 as well as other by-products caused by sub-stoichiometric cross-

coupling were separated. Finally, recycling-GPC had to be used, to remove polymeric 

impurities. The pure dendrimer 63 was isolated in 65% as a dark red powder and the PDI 

thereof is 1.02, as characterized by analytical GPC, which reflects a high purity. 

 

Scheme 4.3 Synthesis of the TMS-protected 58-mer dendrimer 63 via a Suzuki reaction.  

 

The aromatic region of the 1H NMR spectrum of 63 as well as its mass spectrum are shown in 

Figure 4.2a. In the 1H NMR spectrum measured in C2D2Cl4 at 350 K, the thienyl proton 

signals are located in the aromatic region from δ = 7.31 to 7.01 ppm, because all of them are 

connected to the β-position of thiophene subunits and no strong electron-donating or 

withdrawing groups are attached nearby. Only three of them are distinguishable (labeling see 
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the molecular structure of 63 

downfield shifted signal. This can be assigned to the two very central 

two singlets at δ = 7.25 and 7.23 ppm can be assigned to the four 

central part of the molecule. However, the exact assignment of H

estimation and could in principle be vice versa. 

Hc could also be observed in the parent 42

the 
1
H NMR spectrum of 42T
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Figure 4.2 (a) The 
1
H NMR spectrum of DOT 

C2D2Cl4 at 350 K. (b) The 
1
H NMR spectrum of the parent DOT 

reason. This spectrum was measured 

reference [11] Copyright © 2011 WILEY
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 in Figure 4.2a): the singlet at δ = 7.31 ppm, which is the most 

downfield shifted signal. This can be assigned to the two very central β-protons H

= 7.25 and 7.23 ppm can be assigned to the four β- protons H

central part of the molecule. However, the exact assignment of Hb or Hc is done by empirical 

estimation and could in principle be vice versa. Similar resonant pattern of the 

in the parent 42-mer DOT 42T-Si, shown in Figure 4.

42T-Si (16') was taken in d8-THF at room temperature, 

more downfield shifted signals: δ (Ha, singlet) = 7.53 ppm,  δ (Hb, singlet)
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H NMR spectrum of DOT 63 in the aromatic region, which was measured in 

H NMR spectrum of the parent DOT 42T-Si (16') is shown for comparison 

reason. This spectrum was measured d8-THF at room temperature. This graphic is reproduced from 

Copyright © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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The corresponding mass spectral analysis of 63 is shown in Figure 4.3. The molecular ion 

peak appears at m/z = 5920.2, which is given as a number of the average mass due to the less 

resolved isotope pattern. This measured value is in good agreement with the calculated 

molecular weight of 5920.1. No other peaks are detected between m/z = 2000 and 8000, 

which is another hint of the high purity of the product.  
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Figure 4.3 The MALDI-TOF MS of DOT 63, using DCTB as matrix. The average mass is found at m/z 

5920.2 (calcd.average mass for C280H246S58Si16 m/z 5920.1). 

 

The removal of the trimethylsilyl groups from 63 performed smoothly by a fluoride-promoted 

method (Scheme 4.4): The usage of TBAF gave the fully desilylated pure thiophene 58-mer 

64 in a high yield of 89%. Neither by NMR nor by mass spectroscopy was the trimethylsilyl 

group detected in the product. The monodispersity and high purity of DOT 64 were testified 

by MALDI-TOF mass spectroscopy shown in Figure 4.4: the signal response with an average 

mass at m/z = 4765.3 is observed, which is in a good aggrement with the calculated m/z = 

4765.2. Due to the technical restriction in this case, clear isotopic pattern is also not available. 

Unlike desilylated 70-mer 48 (in Chapter 2.2.3.2), DOT 64 remains moderately soluble in 

common organic solvents which offers the possibility of further investigations. 
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Scheme 4.4 Desilylation of 63 to afford 58-mer dendrimer 64. 

 

 

 
Figure 4.4 The MADLI-TOF MS of DOT 64. DCTB was used as matrix. The average mass is found at m/z 

4765.3 (calcd. average mass for C232H118S58 m/z 4765.2). 

 

 

4.2.2 Synthesis of 3T-Based DOTs with 7T-Periphery up to the Third 

Generation 

The other target molecule in this series was 74-mer 70, in which the scaffold is constructed by 

3T-dendrimers, but with more π-extended 7T-dendrons in the periphery. A convergent 

strategy was here again used for the synthesis of 70 starting with the synthesis of the 

peripheral units (Scheme 4.5). The terthiophene building block 25 underwent an electrophilic 

aromatic borylation, which was achieved via ipso-substitution of the TMS groups by BBr2 
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groups using excessive BBr3. Subsequently the intermediate was treated with pinacol, 

resulting in the stable diboronic ester 65. Mono-borylated by-products could be removed by 

recrystallization from DMSO. The Suzuki-Miyaura cross-coupling reaction of 65 with an 

excess of 5-bromo-5’-trimethylsilyl-2,2’-bithiophene yielded the branched septithiophene 66 

in 90%. Subsequent Ir-catalyzed borylation of 66 provided the boronic ester 67 in a high yield 

of 97%.  

 

Scheme 4.5 Synthesis of the septithiophene boronic ester 67. Reaction conditions: (i) (1) BBr3, CH2Cl2, 

-78oC (2) pinacol, THF, rt; (ii) Pd2(dba)3CHCl3, HP(t-Bu)3BF4, K3PO4 (1M). THF, rt; (iii) [Ir(COD)(OMe)]2, 

dtbpy, HBpin, THF, 50 oC. 

 

The high regioselectivity of the Ir-catalyzed borylation reaction can be verified by the 

comparison of the 1H NMR spectra of the starting material 66 and the product 67 shown in 

Figure 4.5. The α- and β-protons Ha and Hb of the central thiophene in 66 resonate at δ = 7.30 

and 7.17 ppm as doublets with a proton-proton coupling constant of 3J = 5.3 Hz, which is 

typical for the coupling between the adjacent α- and β-protons on a thiophene ring.[11-12] When 

α-proton Ha was substituted by the pinacol boryl group, the resonant peak of the β-proton 

shifted downfield to δ (Hb') = 7.66 ppm in 67 probably due to the formation of a hydrogen 

bond between Hb' and Oxygen atom of the boryl group. The significant downfield shift from 

δ(Hb) to δ(Hb') is a clear evidence for borylation on thiophenes.[13] Since the patterns and 

chemical shifts of the other β-protons are almost unchanged and no other peaks in the range of 

7.3-7.7 ppm are found, one can conclude that the Ir-catalyzed borylation on 66 took place 

merely onefold without the appearance of any regioisomers. 
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Figure 4.5 The 1H NMR spectra of dendrons 66 and 67 in the aromatic region. The spectra were 

measured in CDCl3 at room tempereture. 

 

The synthetic procedure of the second generation dendron is given in Scheme 4.6. 68 was 

obtained via a Pd-catalyzed Suzuki-Miyaura reaction of diiodoterthiophene 27 with excessive 

boronic ester 67 in a good yield of 80%. It is worthy to point out that the by-product 

quaterdecithiophene 14-mer, resulted from the oxidative homo-coupling of two molecules 67, 

was difficult to be removed, because it has almost the same elusion time on the SEC column 

as well as the same retention time on a silica gel column as the desired product 68. Multiple 

recrystallization steps were applied for the removal of this by-product. The transformation of 

68 to its corresponding boronic ester 69 via Ir-catalyzed borylation was carried out under the 

same reaction condition as described prior for 60. After removal of the catalyst and non-

reacted pinacol borane, the crude product was not further purified and used directly for the 

subsequent cross-coupling reactions. 

6.957.057.157.257.357.457.557.65
ppm

a b

b'

CDCl
3

CDCl
3

S
S

S

S
S

S

S

Si

Si

B
O

O

67

b'



 
120 Chapter 4                                                  Peripheral Modification of Dendritic Oligothiophene 

 

Scheme 4.6 Synthesis of 69. Reaction conditions: (i)Pd2(dba)3CHCl3, HP(t-Bu)3BF4, K3PO4(1M). THF, rt; 

(ii) [Ir(COD)(OMe)]2, dtbpy, HBpin, THF, 50 oC. 

 

The 1H NMR and mass spectra of both, the starting material 68 and the crude product 69 are 

shown in Table 4.2 for comparison. The proton labeling is shown in the molecular structure 

drawn in Table 4.2 as well. In the 1H NMR spectrum of 68, the characteristic doublet at δ = 

7.38 ppm is assigned to Ha on the focal thiophene subunit. After the introduction of the Bpin 

group onto this subunit, the adjacent proton Hb of 69 resonates as a sharp singlet at δ = 7.65 

ppm. This is the only peak between 7.3 and 7.7 ppm, where typically appear thienyl β-protons 

adjacent to Bpin group.[14] In the mass spectrum, the monoisotopic mass at m/z = 1810.5 is 

assigned to 69. Neither the mass from the starting material 68 at m/z = 1648.5 nor the mass 

from multiple borylation by-products (m/z > 1810) can be found. This suggests that the 

structure of 69, as drawn in Scheme 4.6 is the only product obtained after the reaction. So far, 

from the cases of synthesizing compounds 35, 44, 60, 67, and 69, the Ir-catalyzed direct arene 

borylation reaction has been demonstrated to be a very efficient and regiospecific method for 

thiophene dendrons as substrates and superior to the stoichiometric route via lithiation with n-

BuLi and quenching with borate. 
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Table 4.2 Spectral comparison of the starting material 68 with the product 69. 
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(a) Only the signals in the aromatic region are depicted. The measurements were taken in CD2Cl2 at 293 K; (b) MALDI-TOF MS, DCTB was used as matrix. The 

monoisotopic mass of 68 is found at m/z 1684.5 (calcd for C80H68S17Si4 m/z 1684.0) and the monoisotopic mass of 69 is found at m/z 1810.5. (calcd for C86H79BO2S17Si4  

m/z 1810.1). 
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Scheme 4.7 Synthesis of G3-dendrimer 70. 

 

The 3rd generation dendrimer 70 was synthesized again via a fourfold Pd-catalyzed Suzuki-

Miyaura reaction of the tetrabromosexithiophene 62 with oligothiophene boronic ester 69 in 

large excess. The reaction was carried out in the polar solvent mixture of toluene/DMF in a 

volume ratio of 4:1 at an elevated temperature of 90 oC. The purification procedure is very 

similar to that for 47 (Chapter 2, Table 2.2) and 63: Firstly, a chromatography with a short 

silica gel column is applied for removing catalyst and excessive 69; secondly, multiple 

separation steps via SEC chromatography for removing homo-coupling by-products, and 

finally recycling-GPC for removing threefold cross-coupled by-products and polymeric 

impurities was applied. The isolated yield of 70 was with 53%, relative low due to this 

multiple-step purification method necessary. Analytic GPC gave a PDI of 1.05 of the isolated 

product which is a good indication of the high purity of 70. 

The aromatic region of the 1H NMR spectrum of 70 as well as its mass spectrum are shown in 

Figure 4.6. Compared to the 1H NMR spectrum of 63, the thienyl proton resonance of 70 

becomes much less resolved under the same conditions (in C2D2Cl4 at 350 K). That can be 

caused by the expansion of the molecular size or by aggregation.[15] One weak and broad 

signal is resonating at δ = 7.23 ppm and could be assigned to the two thienyl β-protons Ha in 

the center of the molecule (labeling of the protons see Scheme 4.7). The very broad, 

undistinguishable signals spreading from δ = 7.1 to 6.8 ppm are certainly due to the remaining 
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aromatic β-protons. In the ma

average mass. This value is in a good agreement with the calculated molecuar 

7234.1. No other peaks are detected in the region from 

seen as a hint of the high purity of the compound.

 

 

Figure 4.6 The 
1
H NMR spectrum of 

350 K. The MALDI-TOF MS of 70

7234.4 (calcd. average mass for C

 

The final target DOT 71 of this series was synthesized by a fluoride

reaction of 70 using TBAF·3H

71 in common organic solvents, the reaction was carried out in a highly diluted solution (ca. 

50 mg/L) in order to prevent the precipitation of the reaction intermediates. After the reaction, 

the reaction mixture was quickly concentrated (but not dried!) and

methanol followed by ultrasonic treatment, resulting in a very fine suspension with the 

particle size of a few µm. The particles were isolated by centrifugation and washed multiple 

times with methanol to remove the salts. No further purification was necessary. 

only be re-dissolved, when it remains in the amorphous state with loose packing of fine 

particles. Recrystallization was not 

Once the product is dried directly from a solution, it cannot be re

harsh conditions. The very low solubility once dried gives a hint that the m

strongly interacting via π-π stacking. 

demonstrated by the mass spectrum

mass range of m/z = 2000 to 8000, the average mass appearing 
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protons. In the mass spectrum, one single peak is detected at m/z

average mass. This value is in a good agreement with the calculated molecuar 

7234.1. No other peaks are detected in the region from m/z = 2000 to 10000, which can be 

seen as a hint of the high purity of the compound.  

 

H NMR spectrum of 70 in the aromatic region (left), which was measured in C

70 (right), using DCTB as matrix. The average mass is found at 

(calcd. average mass for C344H278S74Si16 m/z 7234.1). 

of this series was synthesized by a fluoride-promoted desilylation 

3H2O as reagent. With respect to the very low solubility of 

in common organic solvents, the reaction was carried out in a highly diluted solution (ca. 

50 mg/L) in order to prevent the precipitation of the reaction intermediates. After the reaction, 

the reaction mixture was quickly concentrated (but not dried!) and carefully dispersed in 

methanol followed by ultrasonic treatment, resulting in a very fine suspension with the 

The particles were isolated by centrifugation and washed multiple 

times with methanol to remove the salts. No further purification was necessary. 

dissolved, when it remains in the amorphous state with loose packing of fine 

Recrystallization was not an option during the work-up and the purification process. 

Once the product is dried directly from a solution, it cannot be re-dissolved again even under 

harsh conditions. The very low solubility once dried gives a hint that the m

π stacking. The completion of the desilylation reaction was 

demonstrated by the mass spectrum, which is depicted in Figure 4.7. As the only signal in the 

= 2000 to 8000, the average mass appearing at m/z = 6078.8 is assigned to 
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m/z = 7234.4 as the 

average mass. This value is in a good agreement with the calculated molecuar weight at m/z = 

= 2000 to 10000, which can be 

 
), which was measured in C2D2Cl4 at 

erage mass is found at m/z 

promoted desilylation 

O as reagent. With respect to the very low solubility of DOT 

in common organic solvents, the reaction was carried out in a highly diluted solution (ca. 

50 mg/L) in order to prevent the precipitation of the reaction intermediates. After the reaction, 

carefully dispersed in 

methanol followed by ultrasonic treatment, resulting in a very fine suspension with the 

The particles were isolated by centrifugation and washed multiple 

times with methanol to remove the salts. No further purification was necessary. DOT 71 can 

dissolved, when it remains in the amorphous state with loose packing of fine 

up and the purification process. 

dissolved again even under 

harsh conditions. The very low solubility once dried gives a hint that the molecules are 

The completion of the desilylation reaction was 

. As the only signal in the 

= 6078.8 is assigned to 
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71 and is in good aggrement with the calculated average mass m/z = 6079.2, showing the high 

puritity of 71.  

 

Scheme 4.8 Synthesis of G3-dendrimer 71. 

 

     

Figure 4.7 The MALDI-TOF MS of 71 using DCTB as matrix. The average mass is found at m/z 6078.8 

(calcd. molecular weight for C296H150S74 m/z 6079.2). 
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The two desilylated G3-dendrimers 58-mer 64 and 74-mer 71 have a notably reduced 

solubility compared to their parent dendrimer 42-mer 16 (Chapter 1), most likely due to the 

elongation of the peripheral arms from terthiophene (3T) to quinque- (5T) and heptithiophene 

(7T). 

 

 

4.3 Single Crystal X-Ray Diffraction Analysis of DOTs 33 and 66  

4.3.1 Single Crystal X-Ray Diffraction Analysis of Bis(trimethylsilyl)-
quinquethiophene 33 

Crystals of 5T-dendron 33 suitable for single crystal X-ray diffraction analysis were grown by 

slow evaporation of the solvent at ambient temperature from a saturated solution of 33 in n-

hexane mixed with 5% (v/v) dichloromethane. Bright yellow crystals of approximate 0.5 mm 

edge length were chosen for the data collection. Large crystals in dimension of approximate 

5×4×1 mm were also obtained. 33 crystallizes in the monoclinic space group C2/c with four 

molecules in the unit cell (a = 25.2591(3) Å, b = 8.61020(10) Å, c = 13.9510(2) Å, α = γ = 

90.00o, β = 113.589(5)o, V = 2780.61 Å3, ρ = 1.33 g/cm3), which is depicted in Figure 4.8a. 

The R-value of the refinement is 2.8%. The thermal ellipsoid plot at a 50%-probability-level 

is shown in Figure 4.8b. The molecule possesses rotational symmetry (C2-axis), which is 

depicted as a dashed line, lying through plane C. Therefore, the labeling of the two branches 

is identical. As discussed for the crystal structures of DOTs 49 and 51 in Chapter 3.3, a 

systematic carbon/sulfur displacement at the central thiophene ring is found in the crystal 

structure of 33. Due to the found C2-symmetry, the relative proportion of C and S is equal as 

50% on both positions. The bithiophene subunit (ring A-B) has a trans-conformation. The 

dihedral angle of these two rings is ∠A-B = 4.2º which indicates a very efficient π-conjugation 

over ring A and B, whereas the π-conjugation between ring B and C is much less efficient due 

to the much larger dihedral angle of ∠B-C = 48.1º.  

Intermolecular C-H···π interactions[16] (Figure 4.8c) and edge-to-face π-stacks of thiophene 

rings (Figure 4.8d) are the main packing motifs in the crystal structure of 33: The molecules 

are packed in a layer-type fashion. In Figure 4.8c it is shown that in one layer the molecules 

are packed head-to-tail, where ring C1 and C2 are coaxial and coplanar. The molecules pack 

via C-H···π interactions between the TMS protons and the π-planes of the B-rings in the  
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(a) 

 

(c) 

 

(e) 

Figure 4.8 X-ray crystal structure of 

sulfur; green: silicon and light blue: hydrogen

plot at a level of 50 % probability

face π-interactions. The labeling

are chosen the same for simplicity reasons and do not belong to the same molecule

packing along a axis and the inset shows the van

and (e) the hydrogen atoms are omitted for clarity.
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(b) 

 

(d) 

 

structure of 33. The elements are colored as follows: grey

silicon and light blue: hydrogen. (a) Packing of 33 in the unit cell; 

% probability; (c) intermolecular C-H···π interactions; (d) intermolecular 

labeling of the thiophene rings A1 - C2 of adjacent molecules in (c) and (d) 

are chosen the same for simplicity reasons and do not belong to the same molecule

and the inset shows the van-der-Waals interaction among TMS groups

hydrogen atoms are omitted for clarity. 

 

tic Oligothiophene 

 

 

 
follows: grey: carbon; yellow: 

; (b) thermal ellipsoid 

intermolecular edge-to-

C2 of adjacent molecules in (c) and (d) 

are chosen the same for simplicity reasons and do not belong to the same molecule. (e) herringbone 

Waals interaction among TMS groups. In (a), (b) 
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adjacent molecule. The measured distance of 2.75 Å is in the typical range of C-H···π 

interactions.[16] In Figure 4.8d the packing of two molecules lying in two neighboring layers is 

depicted. Here, the edge-to-face π-stacking between the central ring C and a terminal ring A, 

For instance, the distance between the centers of masses of ring C1 to A2 is approximately 

4.6-4.8 Å, which is located in the attractive π-π interaction region according to the dimer 

geometry.[17] The same values are also observed for the case of ring C2 and A1, due to the 

inherent crystal symmetry. 

The multiple intermolecular interactions drive the molecules 33 to pack tightly excluding any 

solvent molecules. Figure 4.8e shows the packing pattern along the crystallographic a-axis. 

The coplanar molecules are drawn either in element colors or in light grey. In each layer all 

molecules orient in the same direction which is pointed by the arrows aside the crystal 

packing. Molecules of adjacent layers assemble in the opposite directions, with an alternating 

switch of direction of the assembling molecules in the layers. Intermolecular van-der-Waals 

interactions among TMS groups are shown in the inset of Figure 4.8e. The short contact 

between the protons in the TMS groups of two adjacent molecules is measured as 2.38 Å, 

which is slightly shorter than the sum of the van-der-Waals radii of two proton atoms [1.20 

(rvdWH) + 1.20 (rvdWH) = 2.40 Å].   

 

4.3.2 Single Crystal X-Ray Diffraction Analysis of Bis(trimethylsilyl)-

septithiophene 66 

Crystals of 66 suitable for single crystal X-ray diffraction study were grown by slow 

evaporating of solvent from a saturated solution of 66 in n-hexane mixed with 10% (v/v) 

dichloromethane at ambient temperature. Bright yellow crystals with an approximate edge 

length of 0.5 mm were obtained. Four molecules 66 crystallize in the orthorhombic space 

group Pna21 (cell dimensions: a = 12.1710(12) Å, b = 6.0701(6) Å, c = 47.092(5) Å, α = β =γ 

= 90.00o, V = 3479.12 Å3, ρ = 1.337 g/cm3); see Figure 4.9a. The R-value of the refinement is 

6.98%. The thermal ellipsoid plot at a level of 50% probability is shown in Figure 4.9b with 

the labeling of the thiophene rings. Unlike in the case of 33, the two A-B-C and E-F-G 

terthiophene branches are not symmetrical. Branch A-B-C has an all-trans-conformation with 

small dihedral angles between each two ring planes (∠A-B = 4.59o, ∠B-C = 4.24o and ∠A-C = 

1.33o), whereas branch E-F-G has a cis-trans-conformation. In the cis-conformation, ring E 

and F are almost co-planar (∠E-F = 0.36o), while in the trans-conformation ring F and G twist 
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slightly apart (∠F-G = 6.74o and ∠E-G = 6.40o). Both branches are very well π-conjugated 

because of the small dihedral angles. Assuming that this motif is inherent in dendrimers 70 

and 71, this could be an explanation for the red-shift of the absorption in solution (see Chapter 

4.4.1) and the low solubility (see Chapter 4.2.2) due to efficient π-π stacking. 

Similar to the X-ray crystal structure of the other three dendritic oligothiophenes 49, 51 and 

33, a statistical carbon-sulfur displacement (X and Y) is found for the central thiophene unit D 

(see Figure 4.9b). The proportion of the S atom on the position Y was calculated to be 67 % 

from the average bond length of C−S (d(C−S) = 1.729 Å) and C=C (d(C=C) = 1.426 Å) 

bonds. Thus, this position was colored for sulfur in yellow. For position X the exact opposite 

contribution was calculated by the weighed bond diameter to a proportion of 67% carbon, 

resulting in an assignment to carbon. This means that for the majority of molecules, α-β 

linked thiophene units D and E are placed in a quasi-trans-conformation (the dihedral angle 

between plane D and E is ∠D-E = 68.04o), while for the minority of molecules, ring D and C 

are α-α linked in a cis-pattern with a dihedral angle between plane D and C of ∠C-D = 16.12o, 

suggesting an effective conjugation over ring A-D. 

Two major molecular packing motifs are found in the crystal of 66 and shown in Figure 4.9c 

and 4.9d: the herringbone π-stacks of oligothiophene arms between two adjacent molecules 

are marked by the red frames. The distances between the centers of masses of two interacting 

thiophene rings (in Figure 4.9c: dC1-D2=4.92 Å, dB1-C2=5.05 Å and dA1-B2=4.73 Å, in Figure 

4.9d: dF1-E2= 4.66 Å and dG1-F2= 4.62 Å) are located in the attractive π-π interaction region 

according to the theoretical calculation of their respective dimer geometries.[17] Another 

packing driving force is the intermolecular C-H···π interaction[16] between TMS proton and 

the terminal thiophene ring, marked by blue frames. The shortest distance between the TMS 

proton to the terminal thiophene ring of the adjacent molecule (TMS1 to ring A2 in Figure 

4.9c and TMS2 to ring G2 in Figure 4.9d) is approximately 3.1 Å, which is typical for the 

CCH3···π type hydrogen bond.[18] 

Viewing along the crystallographic b axis (see Figure 4.9e), the V-shaped molecules 66 line 

up head-to-tail with adjacent lines pointing to the oppsite directions. As can be seen by a view 

along the crystallographic a axis (Figure 4.9f), the two adjacent molecules of the same line are 

twisted with their branches due to the multipe hydrogen bonding between them. Protons of the 

TMS-group in each two adjacent molecules in a line form twofold van-der-Waals interactions, 

which is shown in the inset of Figure 4.9f. This is the third but a minor packing motif in this  
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crystal structure. 

(a) 

(c) 

(e) 

(f) 

Figure 4.9 X-ray crystal structure of 

sulfur; green: silicon and light blue: hydrogen

plot at a level of 50% probability; 

intermolecular π···π interactions (red frames) 

crystallographic b axis; (f) along crystallographic 

interactions between TMS groups. 

numeration of the thiophene rings 

for simplicity reasons and do not belong to the same molecule.
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(b) 

(d) 

structure of 66. The elements are colored as follows: grey

silicon and light blue: hydrogen. (a) Packing of 66 in the unit cell; 

% probability; (c) and (d) intermolecular C-H···π interactions

interactions (red frames) among the adjacent molecules of 

) along crystallographic a axis and the inset shows the van

interactions between TMS groups. The hydrogen atoms are omitted in (a) and (b) for clarity. 

numeration of the thiophene rings A2 - D2 of adjacent molecules in (c) and (d) are chosen the same 

for simplicity reasons and do not belong to the same molecule. 
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elements are colored as follows: grey: carbon; yellow: 

 (b) thermal ellipsoid 

interactions (blue frames) and 

among the adjacent molecules of 66; (e) along 

axis and the inset shows the van-der-Waals 

hydrogen atoms are omitted in (a) and (b) for clarity. The 

of adjacent molecules in (c) and (d) are chosen the same 
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4.3.3 Short Summary of the DOT Single Crystals 

The crystallographic data of the four crystals of oligothiophene derivatives 49, 51, 33 and 66 

are summarized in Table 4.3 for comparison reason. 49 and 51 are both 3-fold iodinated on 

the α-positions of the central and two terminal thiophenes, whereas 33 and 66 are twofold 

substituted with trimethylsilyl groups on the α-positions of only the terminal thiophenes. 

Despite of the similar oligothiophene scaffold, these four molecules show quite different 

packing pattern in their crystalline states. The dihedral angles (∠A-B and ∠A-C) among the 

three labeled thiophene rings in the middle of the molecules are unequal except for 

quinquethiophene 33. This is also true for the sulfur-carbon disorder in the central thiophene 

ring B. These phenomenon suggest that the π-conjugation along the longest α−α linked 

oligothiophene moieties are not predominant during the forming of the crystals, because in the 

majority of cases ring A along with the arm containing ring C represents the longest α−α 

linkage of the π-conjugation, which is disrupted due to the large dihedral angle ∠A-C (48.1o-

88.5o). All four molecules are packed in a herringbone pattern in the crystalline state. The π-

stacking of oligothiophenes is frequently observed as two geometries: parallel-displaced or 

edge-to-face.  

Generally speaking, alkyl-alkyl interaction, steric side-chain, dipolar or quadrupolar 

interactions etc. can favor the π-π stacking; otherwise, the C-H···π interaction is more often 

observed in bare or terminally functionalized oligothiophenes. In the cases of 49 and 51, 

though the presence of the dipolar interaction caused by the multiple halogen-chalcogen 

bonding (C-I···S), no π-π stacking is found. In the cases of 49, 33 and 51, the C-H···π 

interaction determines the packing motif and therefore forming the herringbone pattern and 

the edge-to-face packing between oligothiophene arms of the adjacent molecules. A weak 

interaction between trimethylsilyl groups, which stabilized the herringbone pattern, is also 

found in 33 and 66.  
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Table 4.3 Crystalline states of  oligothiophene derivatives 49, 51, 33 and 66. 

Molecular 

Structure 

    
Crystal Data 

Crystal system 
Space group 

a (Å) 
b (Å) 
c (Å) 
α (°) 

β (°) 

γ (°) 

 
monoclinic 

C2/c 
18.8760(5) 
9.4498(3) 

17.1182(4) 
90.00 

94.3710(10) 
90.00 

monoclinic 
P21/c 

14.9180(5) 
16.2040(6) 
9.8984(3) 

90.00   
107.635(3) 

90.00 

monoclinic 
C2/c 

25.2591(3) 
8.61020(10) 
13.9510(2) 

90.00 
113.589(5) 

90.00 

orthorhombic 
Pna21 

12.1710(12) 
6.0701(6) 
47.092(5) 

90.00 
90.00 
90.00 

Dihedral Angles 

∠A-B 

∠A-C 

 
28.5o 

74.7o 

 
29.9o 

88.5o 

 
48.1o 

48.1o 

 
16.1o 

68.0o 

S-C Disorder 

X=S and Y=C 
X=C and Y=S 

 
6% 

94% 

 
-a 

 

 
50% 
50% 

 
33% 
67% 

Intermolecular 

Interactions 

major 

 

 

minor 

 

 
face-to-face 
 π-stacking 

C-I···S 
 
- 

 

 
face-to-face 
 π-stacking 

C-I···S 
 

edge-to-face 
 π-stacking 

 

 
edge-to-face 
 π-stacking 

C-H···π 

 
Van-der-Waals 
between TMS 

 

 
edge-to-face 
 π-stacking 

C-H···π 

 
Van-der-Waals 
between TMS 

(a) The accurate values cannot be estimated, but the possibility of X=S and Y=C is for certain smaller than that 

of X=C and Y=S. 
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4.4 Physical Properties of 3T-Based DOTs with Oligothiophene 

Peripheral Modification  

4.4.1 Optical Properties of 3T-Based DOTs with Oligothiophene Peripheral 

Modification 

The absorption and emission spectra of the four peripherally modified 3T-based DOTs 63, 64, 

70 and 71 were measured at 295 K in 1,1,2,2-tetrachloroethane at a concentration of c ≈ 1×10-

6 M for absorption and c ≈ 1×10-7 M for emission. The molecules were excited at their 

absorption maximum. The features are depicted in Figure 4.11 and the optical data are 

summarized in Table 4.4. The parent molecules 16' and 16 are structurally illustrated in 

Figure 4.10 and their optical data[11] are given in Table 4.4 as well for comparison reason. 

 

 

Figure 4.10 Structures of unmodified 3T-based G3-DOTs 16 and 16' as well as the periphery moieties 

as individual molecules 25', 36, and 66'. 

 

Structural evolution from 16'/16 via 63/64 to 70/71 is happening only at the periphery: the 

outermost branches extend from terthienyl via quinquethienyl to heptathienyl. These moieties 

as individual molecules have been optically investigated[19] and their structures are given also 

in Figure 4.10. Like other all-thiophene dendrimers, the above-mentioned DOTs absorb light 

intensively from 300 to 600 nm with a broad and featureless profile. The absorption spectra 

can be considered as a superimposition of a variety of sub-absorption bands, arisen from 

oligothienyl moieties in various chain lengths as chromophores. The absorption onset on the 

longer wavelength region reflects the chromophore with the longest conjugate. It red-shifts 

from 544 nm for 16 (42-mer) to 569 nm for 64 (58-mer) and 582 nm for 71 (74-mer). 

Consequently, the optical band gap decreases from 2.28 eV to 2.18 eV and 2.13 eV. Emission 

maximum increases from 579 nm for 16 to 606 nm for 64 and 616 nm for 71 indicating the 
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extension of the longest conjugated chain with the growth of the molecular size. A linear 

relationship, the '1/n rule',[20] can be found in the optical band gap, or the absorption onset, or 

the emission maximum versus the inverse of the longest α-α conjugated thiophene chain (1/nα-

α), which implies that the conjugation in chain length of even 16 thiophene units is still 

effective. These correlations are shown in Figure 4.12. An additional emission peak in the 

higher energy region is observed only in case of 70 with a maximum value at 461 nm. The 

reason for that is not fully understood. The rest of  the emission spectrum is invariant when 

excited from 350 to 500 nm suggesting an intramolecular energy transfer[21] from 

chromophores with shorter conjugation length to longer ones and finally to the longest one 

that then emits. 

 

 

 

 

Figure 4.11 Absorption and emission spectra of the peripherally modified 3T-based DOTs. The 

spectra were measured at 295 K from a solution of 1,1,2,2-tetrachloroethane. Concentrations for 

absorption were [M] = 1×10-6 M and for emission [M] = 1×10-7 M. The emission spectra were 

modified with Savitzky-Golay smoothing filter.[22] For detailed data see Table 4.4.  
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Table 4.4 Spectral data of the peripherally modified 3T-based DOTs. 

DOT 

(nT,  nα-α)
a
 

����
��� d 

(nm) 

Ε 
e 

(×104 Mcm-1) 
�����	
���  

(nm) 
�

��	

	
f 

(eV) 

����
�� g

 

(nm) 

16' (42, nα-α=12)b,i 395 20.4 542 2.29 578 

16  (42, nα-α=12)b,i 393 17.6 544 2.28 579 

25' (3)b,i 258, 301h - 357 3.47 446 

63  (58, nα-α=14)c 355, 433h 27.8 549 2.26 589 

64  (58, nα-α=14)c
 350, 431h 24.1 564 2.20 606 

36  (5)b 330, 364h - 426 2.86 493 

70  (74, nα-α=16)c
 394 35.3 581 2.13 461h,600 

71  (74, nα-α=16)c
 388 31.7 582 2.13 616 

66' (7)b,j 375 - 471 2.63 - 

(a) nT denotes the total number of the thiophene units and nα-α denotes the longest α-α linked thiophene chain; 

(b) measured in dichloromethane at 295 K; (c) in 1,1,2,2-tetrachloroethane solution at 295 K, (d) [M] = 1×10
-6

 M; 

(e) extinction at the absorption maximum; (f) estimated from the empirical equation Eg=1240/λonset; (g) [M] = 

1×10
-7

 M, 295 K, excited at absorption maximum; (h) shoulder; (i) data obtained from reference [11]; (j) data 

obtained from reference [19]. 

 

(a) 

 

(b) 

 
(c) 

 
Figure 4.12 Correlations of the optical band gap (a), the absorption onset (b), and the emission 

maximum (c) versus the inverse of the longest α-conjugated thiophene chain length 1/nα-α. 
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4.4.2 Electrochemical Properties of 3T-Based DOTs with Oligothiophene 

Peripheral Modification 

The electrochemical properties of the peripherally modified 3T-based DOTs 63, 64, 70, and 

71 were investigated by means of cyclic voltammetry (CV) and differential pulse 

voltammetry (DPV) on thin film at 295 K in acetonitrile with 0.1 M TBAPF6 as electrolyte. 

Measurements in solution were limited to use by the very low solubility of DOT 71. Thin 

films were prepared by spin-coating from hot 1,1,2,2-tetrachloroethane solution onto ITO 

glass substrates and dried in vacuum prior to use.  

The thin film CV and DPV profiles of 63, 64, 70, and 71 are shown in Figure 4.13. The 

current density cannot be determined because the surface area of the thin film dipping into 

acetonitrile is unknown. In the cathodic range of the CV profiles, a cathodic peak  at around  

-1.6 V is observed for DOTs 70 and 71 in the first scan cycle shown as insets in Figure 4.13, 

whereas for the smaller DOTs 63 and 64 no reduction response is found. The reason for that is 

not clear. In the anodic range of each compound, a weak anodic peak at around 0.1 V is 

regarded as the first oxidation peak in the forward scan. This peak is irreversible and therefore 

the first oxidation potential is determined by DPV. A very broad, intensive and less profound 

oxidation wave appears afterwards in the range of 0.4 V and 1.0 V, resulted from multiple 

electron transfer process, which remains undistinguishable in DPV experiments. 

The electrochemical data of the four DOTs as well as that of the parent DOT 16 and 16' are 

collected in Table 4.5. As conjugation extends in the periphery, the first oxidation potential as 

well as the onset decrease remarkably. The HOMO level can be estimated by equation 4.1: 

����� = −����
����	

+ �.��	��	                                           (4.1) 

Where ���
����	 represents the onset oxidation potential value relativeto the Fc/Fc+ redox couple; 

the formal potential of the Fc/Fc+ redox couple is approximately estimated as -5.1 eV versus 

vacuum[23]. Since the electrochemical band gap cannot be determined due to the lack of the 

first reduction potential, the optical band gap is used instead to calculate the LUMO level by 

equations 4.2: 

�
��� = ����� + ��
�	

                                                      (4.2) 

where the optical band gap ��
�	

 can be found in Table 4.5.  
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Figure 4.13 CV (in black line) and DPV (in red line) profiles of compound 63, 64, 70 and 71, which 

were measured as thin film in acetonitrile (scan rate 100 mV/s, 0.1 M TBAPF6, 295 K, vs. Fc/Fc+). 

Insets: CV (black line) and DPV (red line) profiles in a smaller sweep width. 

 

Table 4.5 Electrochemical data of compound 63, 64, 70, and 71 in comparison of the 42-mer DOT 16 

and 16'.a 

DOT 

(Thiophene units) 
����
  

(V) 

����
  

(V) 

����
  

(V) 

���
����	 

(V) 
�

��	

 

(eV) 

����� 

(eV) 

����� 

(eV) 

16' (42)a 0.38 - - 0.26 2.29 -5.36 -3.07 

16  (42)a 0.20 - - 0.18 2.28 -5.28 -3.00 

63  (58)b 0.16d 0.55e - 0.12 2.26 -5.22 -2.96 

64  (58)b
 0.09d 0.19e 0.64e,f 0.06 2.14 -5.16 -3.02 

70  (74)b
 0.04d 0.63e 0.70d,f -0.04 2.13 -5.06 -2.93 

71  (74)b
 0.06d   0.54d,f - -0.02 2.13 -5.08 -2.95 

(a) CV: scan rate 100 mV/s, 295 K, 0.1 M TBAPF6, vs. Fc/Fc
+
; (b) in solution of dichloromethane, reference 15; (c) 

compounds from hot 1,1,2,2-tetrachloroethane solution were spin-coated onto ITO glass substrate prior to 

measurement; CV and DPV: in acetonitrile; (d) determined by DPV; (e) quasi-reversible peak; E
0

ox was estimated 

as the potential where ipa = 0.855×ipa
max

; (f) broad peak.  
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The HOMO energy levels increase steadily with increasing molecular size, while the LUMO 

energy levels remain rather constant. The HOMO/LUMO energy level alignment is shown in 

Figure 4.14 in comparison to the LUMO of PC71BM, which is a common acceptor in the 

organic photovoltaic tests. Due to the suitable electronic energy levels, these DOTs are good 

candidates as donor materials in organic photovoltaics and the application in such device will 

be discussed in Chapter 6.3.4. 

 

Figure 4.14 Energy level diagram of compound 63, 64, 70 and 71 in comparison of the 42-mer DOT 16 

and 16'
[11]as well as the LOMO of PC71BM. 

 

 

4.5 Experimental Section 

4.5.1 General Procedure 

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

or a Bruker Advance 400 (1H NMR: 400 MHz; 13C NMR: 100 MHz, 11B NMR: 128 MHz) at 

room temperature, otherwise mentioned. Chemical shift values (δ) are expressed in parts per 

million with calibration on residual solvent signals as internal standard (δH= 7.26 and δC= 

77.16 ppm for CDCl3, δH= 5.32 and δC= 53.84 ppm for CD2Cl2, δH= 5.91 and δC= 74.25 ppm 

for C2D2Cl4 and δH= 3.58 and δC= 67.21 ppm for d8-THF)[24] and BF3·OEt2 is used as external 

standard (0 ppm) for 11B NMR calibration. The splitting patterns are designated as follows: s 

(singlet), d (doublet), t(triplet), m (multiplet) and br (broad signal). The assignments are ThH 
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(H-atom of a thiophene ring), BpinH (H-atoms of the methyl groups of the boronic acid 

pinacol ester) and TMSH (H-atoms of trimethylsilyl group). Gas chromatography was carried 

out using a Varian CP-3800 gas chromatograph. MALDI-TOF mass spectra were recorded on 

a Bruker Daltonics Reflex III. High resolution mass spectra were recorded on a Bruker APEX 

Ultra Fourier transform/ion cyclotron resonance (FTICR) mass spectrometer equipped with a 

cryo-cooled 9.4T superconducting magnet and an Apollo II MTP ion source. Melting points 

were measured with a Büchi Melting Point B-545 and were not corrected. Elemental analyses 

were  performed on an Elementar Vario EL. UV-vis absorption spectra were recorded on a 

Perkin Elmer Lambda 19 spectrometer using Merck Uvasol grade solvents and fluorescence 

spectra on Perkin-Elmer LS 55 in 1 cm quartz cuvettes. Cyclic voltammetry measurements 

were carried out with a computer-controlled EG&G PAR 273 potentiostat in a three-electrode 

single-compartment cell with a platinum working electrode, a platinum wire counter electrode, 

and an Ag/AgCl reference electrode, using ferrocene/ferrocenium couple as internal reference. 

Thin layer chromatography was performed with silica gel (Merck, Si 60, F254) precoated on 

aluminum sheet. Column chromatography was performed on glass column packed with Silica 

Gel 60 (Merck, 0.040-0.063 µm, 230-400 Mesh ASTM or 0.063-0.200 µm 70-230 mesh 

ASTM) Size-exclusion chromatography was performed on a glass column packed with porous 

cross-linked polystyrene polymer beads (BIO-RAD, Bio-Beads® S-X-1) in gravity flow. 

Molecular weight determinations were performed using gel permeation chromatography 

calibrated against polystyrene standards. Preparative gel permeation chromatography was 

performed on a computer-controlled SHIMADZU HPLC-system, consisting of a solvent 

delivery unit LC-8AD (University of Ulm) or LC-20AD (University of Bonn), a system 

controller CBM 20A, an UV-vis detector SPD-20A and pre-packed columns with an inner 

diameter of 20 mm purchased from PSS (SDV, 5 µm, 500 Å or 1000 Å or 10 000 Å or Linear-

S), eluting with tetrahydrofuran (without stabilizer) in a flow rate of 5 or 6 mL/min. The X-

ray diffraction data were collected on a Bruker APEX-II CCD area detector diffractometer 

using graphite-monochromatic Mo Kα-radiation in a wavelength of 0.71073 Å. Correction for 

absorption was applied with PLATON[25] using a multi-scan method. The structures were 

solved by direct methods and refined on F2 with the SHELXTL program package.[26] All non-

H atoms were refined anisotropically. The H-atoms were placed in calculated positions and 

refined as riding.  

Chemicals were purchased and used as received: ammonium chloride, boron tribromide, 

cacium hydride, iodine monochloride, sodium hydrogen carbonate, sodium chloride, sodium 

thiosulfate, sodium sulfate, magnesium sulfate, tetra-n-butylamminiumfluoride trihydrate and 
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tri-potassium phosphate were purchased from Merck, tetrabutylammonium 

hexafluorophosphate from Fluka, tri(dibenzylidenacetone)-dipalladium chloroform adduct, 

tri-tert-butyl-phosphonium tetrafluoroborate from Acros, bis(1,5-cyclooctadiene) di-µ-

methoxydiiridium(I) from Strem, 4,4’-di-tert-butyl-2,2’-bipyridine, 2,3-dimethyl-2,3-

butanediol (pinacol) and 4,4,5,5-tetramethyl-1,3,2-dioxaborolane from Sigma-Aldrich, 

deuterochloroform and dichloromethane-d2 from Sigma-Aldrich, 1,1,2,2-tetrachloroethane-d2 

and tetrahydrofuran-d8 were purchased from Euriso top. Solvents dichlormethane, n-hexane, 

methanol, dimethylformamide, n-pentane, tetrahydrofuran and toluene were purchased from 

VWR International and distillated prior to use. For use in reaction, dichloromethane was dried 

over CaH2 and tetrahydrofuran was dried over sodium.[27] 5,5''-Bis(trimethylsilyl)-2,2':3',2''-

terthiophene (25), 5,5''-diiodo-2,2':3',2''-ter-thiophene (27), 5,5'''-bis(trimethylsilyl)-3',5''-

bis[5-(trimethylsilyl)-2-thienyl]-2,2':5'2'':4'',2'''-quaterthiophene (61) and 5,5'''-dibromo-3',5''-

bis(5-bromo-2-thienyl)-2,2':5'2'':4'',2'''-quaterthiophene (62) were synthesized according to 

previous protocols.[11] 

 

4.5.2 Synthesis 

5,5''''''''-Bis(trimethylsilyl)-3'',5''''''-bis-(5'-trimethylsilyl-2:2'-bithien-5-yl)-2,2':5',2'':5'', 

2''':5''',2'''':3'''',2''''':5''''',2'''''':5'''''',2''''''':5''''''',2''''''''-nonathiophene (59) 

Diiodoterthiophene 27 (250 mg, 0.50 mmol), quinquethiophene boronic ester 35 (733 mg, 1.1 

mmol), Pd2(dba)3CHCl3 (9.1 mg, 8.8 µmol, 1.8 mol%-Pd per I) and HP(t-Bu)3BF4 (5.7 mg, 19 

µmol) were placed in a 50 mL Schlenk-tube under argon atmosphere, dissolved by well-

degassed tetrahydrofuran (10 mL). A well-degassed aqueous solution of potassium phosphate 

(1 M, 2 mL, 2 mmol) was subsequently added. The reaction mixture was stirred at room 

temperature for 3 hrs. The base was carefully removed by a pipette and the solvent was 

evaporated. The residue was extracted with dichloromethane (200 mL), and the extract was 

washed with saturated ammonium chloride solution (100 mL), water (2×200 mL) and brine 

(200 mL), and dried over magnesium sulfate. After filtration the solvent was removed and the 

residue passed through a short column (silica gel 60, dichloromethane) to remove the catalyst 

and ligand. By-products were removed by repeatedly running SEC (Bio-Beads® S-X-1) 

eluting with toluene. The product containing fractions were collected and the solvent was 

removed. The solid was then suspended in n-hexane (30 mL) and treated with ultrasound for 5 

min. The suspension was refluxed for 5 hrs, filtered, and dried in vacuum. The pure 

compound was obtained as a red brownish powder (583 mg, 0.43 mmol, 86%). 
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1
H NMR (400 MHz, CD2Cl2) δ 7.31 (d, J = 5.3 Hz, 1H, H-a), 7.23 - 7.18 (m, 8H, ThH), 7.14 

- 7.03 (m, 13H, ThH), 7.02 - 7.01 (m, 2H, ThH), 0.34-0.32 (m, 36H, TMSH) ppm. 
13
C NMR (400 MHz, CD2Cl2) δ 142.3, 142.2, 142.0, 141.9, 140.6, 140.3, 140.2, 139.7, 139.5, 

139.0, 138.5, 138.1, 138.2, 138.0 137.5, 137.4, 136.1, 136.1, 135.8, 135.5, 135.2 (2 signals), 

135.0, 134.7, 134.5, 133.8, 133.7, 133.2, 132.4, 132.2, 131.1, 130.8, 130.7, 129.6, 129.3, 

128.7, 128.2 (2 signals), 126.5, 126.1, 125.4, 125.3 (2 signals), 125.1, 124.8, 124.7, 124.5, 

124.4, -0.2 ppm. 

MALDI-TOF MS (m/z) calcd for C64H60S13Si4: 1356.1. Found: 1356.1 [M+]. 

Elemental Analysis (%) calcd for C64H60S13Si4: C, 56.59; H, 4.45; S, 30.69. Found: C, 56.44; 

H, 4.39; S, 30.74. 

M.p.: >300oC (dec.) 

 

5''''-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-5-yl)-5,5''''''''-bis(trimethylsilyl)-3'',5''''''-

bis-(5'-trimethylsilyl-2:2'-bithien-5-yl)-2,2':5',2'':5'',2''':5''',2'''':3'''',2''''':5''''',2'''''':5''' 

''',2''''''':5''''''',2''''''''-nonathiophene (60). 

In a glove box, two separate vessels were charged with [Ir(COD)(OMe)]2, (5.0 mg, 9.1 µmol, 

5 mol-% Ir) and 4,4’-di-tert-butyl-2,2’-bipyridine (dtbpy, 4.0 mg, 15 µmol), respectively. 

HBPin (90 mg, 0.70 mmol) was added to [Ir(COD)(OMe)]2 in one portion. The mixture was 

stirred at room temperature for 5 min resulting in an orange solution. These two vessels were 

tightly sealed and then taken out of the glove box. Dry tetrahydrofuran (1 mL) was injected 

into the vessel with dtbpy. The resulting solution was then injected into the vessel of 

[Ir(COD)(OMe)]2 and HBPin. The mixture was stirred for another 10 min at room 

temperature under argon atmosphere, resulting in a dark red solution. This solution was 

injected to a solution of DOT 59 (459 mg, 0.34 mmol) in dry tetrahydrofuran (2 mL) in one 

portion under argon atmosphere. The reaction mixture was heated up to 50 oC for 1 hour. 

After cooling down to room temperature, the solvent was carefully removed. Methanol (10 
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mL) was added. The mixture was treated with ultrasound for 10 min. The resulting suspension 

was filtered and washed with methanol (2 mL) and n-pentane (2 mL) resulting in a red 

brownish powder (486 mg, 0.33 mmol, 97%). The crude product was directly used in the 

cross-coupling reactions without further purification. 

 
1
H NMR (400 MHz, CD2Cl2) δ 7.65 (s, 1H, H-a), 7.23 (s, 1H, H-b/c), 7.22 (s, 1H, H-b/c), 

7.21-7.20 (m, 4H, ThH) 7.17 – 7.15 (m, 3H, ThH), 7.13 – 7.12 (m, 4H, ThH), 7.11 – 7.07 (m, 

7H, ThH), 7.04 (dd, J = 3.7, 1.2 Hz, 2H, ThH), 1.37 (s, 12H, BpinH), 0.32 (s, 36H, TMSH) 

ppm. 
13
C NMR (100 MHz, CD2Cl2) δ 142.5, 142.4, 142.2, 142.1, 140.9 (2 signals), 140.5 (2 

signals), 140.1, 139.1 (2 signals), 138.6, 138.3, 138.2 (2 signals), 137.0 (2 signals), 136.3, 

136.1, 136.0, 135.9, 135.3 (2 signals), 134.7, 133.8, 133.7, 133.2, 132.6, 132.5, 131.1, 130.7, 

129.4, 129.2, 129.1, 128.4 (2 signals), 126.9, 126.6, 125.7 (2 signals), 125.5 (2 signals), 124.9, 

124.4, 124.3, 85.0, 25.0, 0.0 ppm. 

HRMS (m/z) calcd for C70H71BO2S13Si4: 1481.10242. Found 1481.09730 (3.4 ppm). 

 

5,5'''''''''''''-Bis(trimethylsilyl)-3'',5'''''''''''-bis(5'-trimethylsilyl-2:2'-bithien-5-yl)-3'''',5'' 

'''''''-bis[5'''-trimethylsilyl-5'-(5'-trimethylsilyl-2:2'-bithien-5-yl)-2,2':4',2'':5'',2'''-qua-

ter-thien-5-yl]-3'''''',5'''''''-bis{5'''''-trimethylsilyl-5'''-(5'-trimethylsilyl-2:2'-bithien-5-yl) 

-5'-[5'''-trimethylsilyl-5'-(5'-trimethylsilyl-2:2'-bithien-5-yl)-2,2':4',2'':5'',2'''-quater-

thien-5-yl]-2,2':4',2'':5'',2''':4''',2'''':5'''',2'''''-sexithien-5-yl}-2,2':5',2'':5'',2''':5''',2'''': 

5'''',2''''':5''''',2'''''':5'''''',2''''''':4''''''',2'''''''':5'''''''',2''''''''':4''''''''',2'''''''''':5'''''''''',2'''

'''''''':4''''''''''',2'''''''''''':5'''''''''''',2'''''''''''''-quaterdecithiophene (63). 

Tetrabromosexithiophene 62 (35 mg, 0.043 mmol), terdecithiophene boronic ester 60 (460 mg, 

0.31 mmol), Pd2(dba)3CHCl3 (5.0 mg, 4.8 µmol, 4 mol-% Pd per Br) and HP(t-Bu)3BF4 (2.9 

mg, 10 µmol) were placed in a 50 mL Schlenk-tube under argon atmosphere. Well-degassed 

THF (10 mL) was added to dissolve the reactants. A well-degassed aqueous solution of 
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potassium phosphate (1 M, 1mL, 1.0 mmol) was then added. The reaction mixture was stirred 

at room temperature for 16 hrs. After cooling down to room temperature, the base was 

carefully removed by a pipette. The organic solvent was evaporated. The residue was 

extracted with dichloromethane (200 mL). The extract was washed with saturated ammonium 

chloride solution (200 mL), water (2×200 mL) and brine (200 mL), and dried over 

magnesium sulfate. The solvent was removed by rotary evaporation. The residue was passed 

through a short column (silica gel 60, dichloromethane) to remove the catalyst and ligand. By 

repeated SEC (Bio-Beads® S-X-1, toluene) by-products with a molecular weight smaller than 

5000 Da were removed. The chromatographic process was monitored by MALDI-TOF MS. 

The product-containing fractions were collected and the solvent was removed. This crude 

product was further purified by recycling-GPC equipment eluting with tetrahydrofuran at 35 
oC on three columns in total 90 cm long (Linear-S, PSS®, SDB). The pure product was 

isolated as a very dark red powder (256 mg, 0.043 mmol, 65%). 

 
1
H NMR (500 MHz, C2D2Cl4, 350 K) δ 7.31 (s, 2H, H-a), 7.25 (s, 2H, H-b/c), 7.23 (s, 2H, H-

b/c), 7.22 – 7.15 (m, 29H, ThH), 7.15 – 7.02 (m, 61H, ThH), 7.01 (d, J = 3.8 Hz, 10H, ThH), 

0.36 – 0.28 (m, 144H, TMSH) ppm. 
13
C NMR (125 MHz, C2D2Cl4, 350 K) δ 141.9, 140.6 (2 signals), 140.3 (2 signals), 140.2, 

139.6, 138.8, 138.7 (2 signals), 137.9, 137.8, 137.7, 137.6 (2 signals), 137.3, 136.9, 136.8, 

136.4, 136.3, 136.2, 135.8 (2 signals), 135.7, 135.6, 135.5, 135.2, 135.1, 134.8, 133.4 (2 

signals), 133.2 (2 signals), 131.3, 130.9, 130.8, 130.6, 128.9 (2 signals), 128.8, 128.7, 128.2, 

128.0, 127.9, 126.5 (2 signals), 126.4 (2 signals), 126.3, 125.4, 125.2, 124.7, 124.6, 124.6, -

0.1 ppm. 
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MALDI-TOF MS (m/z) calcd average mass for C280H246S58Si16: 5920.1; Found: 5920.2. 

M.p.: >300oC (dec.) 

 

3'',5'''''''''''-Bis(2:2'-bithien-5-yl)-3'''',5'''''''''-bis[5'-(2:2'-bithien-5-yl)-2,2':4',2'':5'',2'''-

quaterthien-5-yl]-3'''''',5'''''''-bis{5'''-(2:2'-bithien-5-yl)-5'-[5'-(2:2'-bithien-5-yl)-

2,2':4',2'':5'',2'''-quaterthien-5-yl]-2,2':4',2'':5'',2''':4''',2'''':5'''',2'''''-sexithien-5-yl}-

2,2':5',2'':5'',2''':5''',2'''':5'''',2''''':5''''',2'''''':5'''''',2''''''':4''''''',2'''''''':5'''''''',2''''''''':4'

'''''''',2'''''''''':5'''''''''',2''''''''''':4''''''''''',2'''''''''''':5'''''''''''',2'''''''''''''-

quaterdecithiophene (64). 

DOT 63 (120 mg, 0.020 mmol) was dissolved in tetrahydrofuran (100 mL). Tetra-n-butyl-

ammonium fluoride trihydrate (TBAF·3H2O, 200 mg, 0.63 mmol) was added in one portion. 

The reaction mixture was stirred at room temperature for 15 hrs. The solvent was removed by 

using a rotary evaporator. Methanol (50 mL) was added to the residue. The resulting 

suspension was treated with ultrasound for 10 min. After filtration the precipitate was 

dissolved in tetrahydrofuran and passed through a short plug of silica column (silica gel 60, 

tetrahydrofuran). The solution was concentrated to a few mL and precipitated into methanol 

(20 mL). The precipitate was filtered and washed with n-pentane (5 mL) and dried in vacuum. 

The pure compound was obtained as a very dark red powder (86 mg, 0.018 mmol, 89%). 

 
1
H NMR (500 MHz, C2D2Cl4, 350 K) δ 7.29 (s, 2H, H-a), 7.23-7.15 (m, 44H, ThH), 7.15- 

6.99 (m, 72H, ThH) ppm. 
13
C NMR No decent spectrum was obtained due to low solubility. 

MALDI-TOF MS (m/z) calcd average mass for C232H118S58: 4765.2. Found: 4765.3. 

M.p.: >300oC (dec.) 
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5,5''-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2,2':3'2''-terthiophene (65). 

DOT 25 (680 mg, 1.7 mmol) was dissolved in dry dichloromethane (5 mL) at room 

temperature. A boron tribromide solution (1 M in dichloromethane, 4.0 mL, 4.0 mmol) was 

added in one portion. The reaction mixture was stirred at room temperature for 2 hours, 

resulting in a brown-redish solution. All the volatile components were removed in vacuum, 

trapped in the liquid nitrogen cooling trap, and later quenched with sodium hydrate solution. 

Pinacol (0.50 g, 4.2mmol) and dry tetrahydrofuran (10 mL) were added successively resulting 

in a yellow solution. After stirring at room temperature overnight the volatile components 

were removed again in vacuum. The residue was extracted with dichloromethane, washed 

with ammonium chloride solution and brine, and dried over sodium sulphate. The solvent was 

then removed in vacuum and a yellow solid occurred. Methanol (10 mL) was added and the 

solution was placed in an ultrasonic bath for 30 min. The suspension was filtrated and the 

filtrate was recrystallized from DMSO, giving a white crystalline solid (752 mg, 1.5 mmol, 

87 %).  

 
1
H NMR (400 MHz; CDCl3) δ 7.51 (d, J = 3.6 Hz, 1H, H-d/f), 7.49 (d, J = 3.6 Hz, 1H H-d/f), 

7.28 (d, J = 5.2 Hz, 1H H-a), 7.16 (d, J = 5.4 Hz, 1H, H-b), 7.14 (d, J = 3.5 Hz, 1H, H-c/e), 

7.07 (d, J = 3.5 Hz, 1H, H-c/e), 1.34 (two superimposed singlets, 24H, BpinH ) ppm. 
13
C NMR (100 MHz; CDCl3) δ 140.5, 140.3, 139.8, 138.6, 134.1, 134.0, 133.1, 128.7, 127.6, 

125.5, 84.5, 84.3, 24.7, 24.5 ppm. 

GC-MS (CI, m/z) calcd for C24H30B2O4S3: 500.2. Found 500 [M]+ (100%), 486 [M-CH3]
+ 

(53%), 472 [M-2CH3]
+ (16%), (a chromatographic peak assigned for C18H19BO2S3 with 3% 

integral of peak area was also found). 

 

5,5''''''-Bis(trimethylsilyl)-2,2':5',2'':5'',2''':3''',2'''':5'''',2''''':5''''',2''''''-septithiophene 

(66). 

5-Bromo-5'-trimethylsilyl-2:2'-bithiophene (760 mg, 2.40 mmol), terthiophene diboronic ester 

65 (580 mg, 1.16 mmol), Pd2(dba)3CHCl3 (24 mg, 0.023 mmol, 2 mol%-Pd per B), and HP(t-

Bu)3BF4 (13 mg, 0.045 mmol) were placed in a 50 mL Schlenk-tube under argon atmosphere, 

dissolved in well-degassed tetrahydrofuran (10 mL). A well-degassed aqueous solution of 

potassium phosphate (1 M, 4 mL, 4 mmol) was then added in one portion. The reaction 
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mixture was stirred at room temperature for 4 hrs. The organic solvent was removed. A 

saturated aqueous solution of ammonium chloride was added to neutralize the aqueous phase. 

The residue was taken up in dichloromethane (100 mL). The water phase was extracted by 

dichloromethane twice (2×100 mL). The combined organic phase was washed with water 

(2×300 mL) and brine (300 mL) and dried over magnesium sulfate. After filtration the solvent 

was removed. The residue was passed through a short plug of silica gel (silica gel 60, 

dichloromethane) to remove the catalyst and inorganic salts. By-products were removed by 

SEC (Bio-Beads® S-X-1) eluting with toluene. The chromatographic process was monitored 

by TLC. The pure product was gained after recrystallization from n-hexane as a yellow 

crystalline powder (752 mg, 1.04 mmol, 90%). 

 
1
H NMR (400 MHz, CD2Cl2) δ 7.35 (d, J = 5.3 Hz, 1H, H-a), 7.24 (t, J = 3.2 Hz, 2H, ThH), 

7.21 (d, J = 5.3 Hz, 1H, ThH), 7.16 (two superimposed doublets, J = 3.4 Hz, 2H, ThH), 7.13 

(d, J = 3.8 Hz, 1H, ThH), 7.12 – 7.07 (m, 6H, ThH), 7.05 (d, J = 3.8 Hz, 1H, ThH), 0.33 (s, 

18H, TMSH) ppm. 
13
C NMR (100 MHz, CD2Cl2) δ 142.0, 141.9, 140.1, 140.0, 138.40, 137.2, 136.5, 136.2, 

136.0, 135.7, 134.8, 133.7, 131.8, 131.7, 131.2, 129.8, 128.8, 127.4, 125.0, 125.0, 124.9, 

124.6, 124.5, 124.4, 124.3, 124.3, 123.8, 123.4, -0.1 ppm. 

MALDI-TOF MS (m/z) calcd for C34H32S7Si2: 720.0. Found: 720.1 [M+]. 

Elemental Analysis (%) calcd for C34H32S7Si2: C, 56.62; H, 4.47; S, 31.12. Found: C, 56.76; 

H, 4.55; S, 31.01. 

M.p.: 182-183oC 

 

5'''-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-5-yl)-5,5''''''-bis(trimethylsilyl)-2,2':5',2'': 

5'',2''':3''',2'''':5'''',2''''':5''''',2''''''-septithiophene (67). 

In a glove box, two separate vessels were charged with bis(1,5-cyclooctadiene)di-µ-

methoxydiiridium(I) ([Ir(COD)(OMe)]2, 10 mg, 0.015 mmol, 3 mol-% Ir) and 4,4’-di-tert-

butyl-2,2’-bipyridine (dtbpy, 8 mg, 0.030 mmol), respectively. HBPin (150 mg, 1.2 mmol) 

was added to Ir(COD)(OMe)]2 in one portion. The mixture was stirred at room temperature 

for 5 min resulting in an orange solution. These two vessels were tightly sealed and then taken 
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out of the glove box. Dry tetrahydrofuran (1 mL) was injected into the vessel with dtbpy. The 

resulting solution was then injected into the vessel of Ir(COD)(OMe)]2 and HBPin. The 

mixture was stirred for another 30 min at room temperature under argon atmosphere, resulting 

in a dark red solution. This solution was injected to a solution of compound 66 (720 mg, 1.0 

mmol) in dry tetrahydrofuran (5 mL) in one portion under argon atmosphere. The reaction 

mixture was heated up to 50 oC for 1 hour. Methanol (20 mL) was added and the resulting 

suspension was treated with ultrasound for 30 min. The precipitate was filtered and washed 

with methanol (5 ml) and n-pentane (2 ml) resulting in a brown-yellow powder (822 mg, 0.97 

mmol, 97% pure) and was directly used in the cross-coupling reactions without further 

purification. 

 
1
H NMR (400 MHz, CD2Cl2) δ 7.62 (s, 1H, H-a), 7.24 (two superimposed doublets, J = 3.5 

Hz, 2H, ThH), 7.15 (d, J = 3.5 Hz, 2H, ThH), 7.13 (d, J = 0.6 Hz, 2H, ThH), 7.11 (d, J = 3.6 

Hz, 1H, ThH), 7.10-7.08 (m, 4H, ThH),7.05 (d, J = 3.8 Hz, 1H, ThH), 1.35 (s, 12H, BpinH), 

0.33 (s, 18H, TMSH) ppm. 
13
C NMR (100 MHz, CD2Cl2) δ 142.2, 142.1, 140.8, 140.6, 140.0, 138.9, 138.5, 137.6, 137.0, 

136.62, 136.3, 136.3, 135.9, 135.3, 133.9, 133.1, 129.3, 128.2, 125.5, 125.4, 125.1, 124.8, 

124.8, 124.3, 124.2, 84.9, 25.0, -0.1 ppm. 

MALDI-TOF MS (m/z) calcd for C40H43BO2S7Si2: 846.1. Found: 846.4 [M]+. 

Elemental Analysis (%) calcd for C40H43BO2S7Si2: C, 56.71; H, 5.12; S, 26.49. Found: C, 

56.75; H, 5.21; S, 26.55. 

 

5,5''''''''''-Bis(trimethylsilyl)-3''',5'''''''-bis(5''-trimethylsilyl-2,2':5',2''-terthien-5-yl)-2,2 

':5',2'':5'',2''':5''',2'''':5'''',2''''':3''''',2'''''':5'''''',2''''''':4''''''',2'''''''':5'''''''',2''''''''':5''''''

''',2''''''''''-undecithiophene (68). 

Diiodoterthiophene 27 (180 mg, 0.36 mmol), septithiophene boronic ester 67 (750 mg, 0.89 

mmol), Pd2(dba)3CHCl3 (10 mg, 9.7 µmol, 2.7 mol-% Pd per I), and HP(t-Bu)3BF4 (5.8 mg, 

0.020 mmol) were placed in a 50 mL Schlenk-tube under argon atmosphere, dissolved by 

well-degassed tetrahydrofuran (15 mL). A well-degassed aqueous solution of potassium 

phosphate (1 M, 2 mL, 2 mmol) was added. The reaction mixture was stirred at room 
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temperature for 4 hrs. The base was then carefully removed by a pipette and the solvent was 

evaporated. The residue was dissolved in dichloromethane (100 mL), washed with saturated 

ammonium chloride solution (100 mL), water (2×100 mL) and brine (100 mL), and dried over 

magnesium sulfate. After filtration the solvent was removed and the residue passed through a 

short column (silica gel 60, dichloromethane). The crude product was further purified by SEC 

(Bio-Beads® S-X-1), eluting with toluene. The chromatographic process was monitored by 

TLC. The product-containing fractions were collected together and the solvent was removed. 

The solid was then suspended in n-hexane (20 mL) and treated with ultrasound for 5 min. The 

suspension was refluxed for 6 hrs, filtered, and dried in vacuum. The pure compound was 

obtained as a red brownish powder (485 mg, 0.29 mmol, 80%). 

 
1
H NMR (500 MHz, CD2Cl2) δ 7.38 (d, J = 5.3 Hz, 1H, H-a), 7.42 – 7.19 (m, 7H, ThH), 7.19 

(d, J = 3.8 Hz, 1H, ThH), 7.17 (d, J = 3.8 Hz, 1H, ThH), 7.15 – 7.13 (m, 5H, ThH), 7.42 – 

7.19 (m, 17H, ThH), 0.33 (s, 18H, TMSH), 0.32 (s, 18H, TMSH) ppm. 
13
C NMR (126 MHz, CD2Cl2) δ 142.2 (2 signals), 140.7, 140.6, 138.7 (2 signals), 138.0, 

137.8 (2 signals), 137.3 (2 signals), 134.0 (2 signals), 136.8, 136.7 (2 signals), 136.3, 136.2, 

(2 signals), 136.1, 136.0, 136.0 (2 signals), 135.9, 135.3, 134.7, 134.6, 133.7, 133.6, 132. (2 

signals), 132.3, 131.7, 130.8, 130.6, 129.5, 129.1 (2 signals), 128.5, 128.4, 128.2, 126.8, 

126.5, 126.1 (3 signals), 126.0, 125.8, 125.5 (3 signals), 125.4, 125.1 (2 signals), 124.9 (3 

signals), 124.8 (2 signals), 124.2 (2 signals), 124.1, 123.5, -0.1 ppm. 

HRMS (m/z) calcd. for C80H68S17Si4: 1683.96446. Found: 1683.96001 (2.6 ppm). 

M.p.: >300oC (dec.) 

 

5'''''-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-5-yl)-5,5''''''''''-bis(trimethylsilyl)-3''',5''''' 

''-bis(5''-trimethylsilyl-2,2':5',2''-terthien-5-yl)-2,2':5',2'':5'',2''':5''',2'''':5'''',2''''':3''''',2 

'''''':5'''''',2''''''':4''''''',2'''''''':5'''''''',2''''''''':5''''''''',2''''''''''-undecithiophene (69). 
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In a glove box, two separate vessels were charged with [Ir(COD)(OMe)]2, (5.0 mg, 8.1 µmol, 

6 mol-% Ir) and 4,4’-di-tert-butyl-2,2’-bipyridine (dtbpy, 4.0 mg, 0.015 mmol), respectively. 

HBPin (70 mg, 0.55 mmol) was added to [Ir(COD)(OMe)]2 in one portion. The mixture was 

stirred at room temperature for 5 min, resulting in an orange solution. These two vessels were 

tightly sealed and then taken out of the glove box. Dry tetrahydrofuran (1 mL) was injected 

into the vessel with dtbpy. The resulting solution was then injected into the vessel of 

[Ir(COD)(OMe)]2 and HBPin. The mixture was stirred for another 10 min at room 

temperature under argon atmosphere, resulting in a dark red solution. This solution was 

injected to a solution of compound 68 (420 mg, 0.25 mmol) in dry tetrahydrofuran (5 mL) in 

one portion under argon atmosphere. The reaction mixture was heated up to 70 oC for 1 hour. 

After cooling down to room temperature, the volatile components were carefully removed 

under vacuum. Methanol (10 mL) was added. The mixture was treated with ultrasound for 30 

min. The resulting suspension was filtered and washed with cold methanol (2 mL) and n-

pentane (2 mL), resulting in a red brownish powder (433 mg, 0.24 mmol, 96%). The crude 

product was directly used in the cross-coupling reactions without further purification. 

 
1
H NMR (400 MHz, CD2Cl2) δ 7.65 (s, 1H, H-a), 7.22 (m, 6H, ThH), 7.18 (m, 3H, ThH), 

7.16 – 7.12 (m, 4H, ThH), 7.12 – 7.03 (m, 17H, ThH), 1.36 (s, 12H, BpinH), 0.32 (s, 36H, 

TMSH) ppm. 
13
C NMR (100 MHz, CD2Cl2) δ 142.6, 142.5, 140.3 (2 signals), 140.2, 139.1, 139.0, 138.7, 

138.5, 138.2, 138.1, 137.3, 137.2 (2 signals), 137.1, 136.9, 136.7, 136.5 (2 signals), 136.4, 

136.2 (2 signals), 136.1 (2 signals), 135.6 (2 signals), 135.0, 134.9, 133.9, 133.7, 133.5, 132.9, 

132.8 (2 signals), 132.6, 131.7, 131.5, 130.6, 129.8, 129.5 (2 signals), 129.4, 128.9, 128.8 (2 

signals), 127.1, 126.7 (2 signals), 125.6 (2 signals),  125.4 (2 signals), 125.1 (2 signals), 125.0, 

124.5, 124.3, 84.9, -0.3 ppm. 

MALDI-TOF MS calcd for C86H79BO2S17Si4: 1810.1. Found:1810.5 [M]+. 
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5,5'''''''''''''''-Bis(trimethylsilyl)-3''',5''''''''''''-bis(5''-trimethylsilyl-2,2':5',2''-terthien-5-

yl)-3''''',5''''''''''-bis[5''''-trimethylsilyl-5'-(5''-trimethylsilyl-2,2':5',2''-terthien-5-yl)-2,2': 

4',2'':5'',2''':5''',2''''-quinquethien-5-yl]-3''''''',5''''''''-bis{5''''''-trimethylsilyl-5'''-(5''-

trimethylsilyl-2,2':5',2''-terthien-5-yl)-5'-[5''''-trimethylsilyl-5'-(5''-trimethylsilyl-2,2':5', 

2''-terthien-5-yl)-2,2':4',2'':5'',2''':5''',2''''-quinquethien-5-yl]-2,2':4',2'':5'',2''':5''',2'''': 

5'''',2''''':5''''',2''''''-septithien-5-yl}-2,2':5',2'':5'',2''':5''',2'''':5'''',2''''':5''''',2'''''':5'''''', 

2''''''':5''''''',2'''''''':4'''''''',2''''''''':5''''''''',2'''''''''':4'''''''''',2''''''''''':5''''''''''',2'''''''''''':4

'''''''''''',2''''''''''''':5''''''''''''',2'''''''''''''':5'''''''''''''',2'''''''''''''''-sexidecithiophene (70). 

Tetrabromosexithiophene 62 (40 mg, 0.049 mmol), septidecithiophene boronic ester 69 (400 

mg, 0.22 mmol), Pd2(dba)3CHCl3 (5.0 mg, 4.9 µmol, 5 mol-% Pd per Br), and HP(t-Bu)3BF4 

(2.9 mg, 0.010 mmol) were placed in a 50 mL Schlenk-tube under argon atmosphere. A well-

degassed solvent mixture of toluene and dimethyl formamide (5 mL, 5:1, v/v) was added to 

dissolve the reactants. A well-degassed aqueous solution of potassium phosphate (1 M, 5 mL, 

5 mmol) was then added. The reaction mixture was stirred at 90 oC for 12 hrs. After cooling 

down to room temperature, the base was carefully removed by a pipette. The organic solvent 

was distilled off. The residue was taken up by dichloromethane (200 mL), washed with 

saturated ammonium chloride solution (200 mL), water (2×200 mL) and brine (200 mL), and 

dried over magnesium sulfate. The solvent was removed. The residue was passed through a 

short column (silica gel 60, tetrahydrofuran) to remove the catalyst and ligand. By repeated 

SEC (Bio-Beads® S-X-1, toluene) by-products with a molecular weight smaller than 5000 Da 

were removed. The chromatographic process was monitored by MALDI-TOF MS. The 

product containing fractions were collected and the solvent was removed in vacuum. This 

crude product was further purified by recycling-GPC with tetrahydrofuran without stabilizer 

at 35 oC on three columns which were in total 90 cm long (1000Å, PSS®, SDB). The pure 

product was isolated as black red powder (189 mg, 0.026 mmol, 53%). 
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1
H NMR (500 MHz, C2D2Cl4, 350 K) δ 7.23-6.75 (m, br, 134H, ThH), 0.36-0.28 (m, br, 

144H, TMSH) ppm. 
13
C NMR No decent spectrum was obtained due to low solubility. 

MALDI-TOF MS (m/z) calcd average mass for C344H278S74Si16: 7234.1. Found: 7234.4. 

M.p.: >300oC (dec.) 

 

3''',5''''''''''''-Bis(2,2':5',2''-terthien-5-yl)-3''''',5''''''''''-bis[5'-(2,2':5',2''-terthien-5-yl)-2, 

2':4',2'':5'',2''':5''',2''''-quinquethien-5-yl]-3''''''',5''''''''-bis{5'''-(2,2':5',2''-terthien-5-yl) 

-5'-[5'-(2,2':5',2''-terthien-5-yl)-2,2':4',2'':5'',2''':5''',2''''-quinquethien-5-yl]-2,2':4',2'': 

5'',2''':5''',2'''':5'''',2''''':5''''',2''''''-septithien-5-yl}-2,2':5',2'':5'',2''':5''',2'''':5'''',2''''':5' 

'''',2'''''':5'''''',2''''''':5''''''',2'''''''':4'''''''',2''''''''':5''''''''',2'''''''''':4'''''''''',2''''''''''':5''''''

''''',2'''''''''''':4'''''''''''',2''''''''''''':5''''''''''''',2'''''''''''''':5'''''''''''''',2'''''''''''''''-sexideci-

thiophene (71). 

DOT 70 (100 mg, 0.014 mmol) was dissolved in tetrahydrofuran (800 mL). TBAF·3H2O (200 

mg, 0.63 mmol) was added in one portion. The reaction mixture was stirred at room 

temperature for 15 hrs. The solvent was evaporated. The residue was suspended in methanol 

(10 mL) and treated with ultrasound for 20 min. The suspension was filtered and washed with 

methanol and n-pentane. The pure compound was obtained as a very dark red powder (71 mg, 

0.012 mmol, 85%). 
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4.5.3 Crystallographic D
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Figure 4.15 Thermal ellipsoid diagram of single 

labels. 

 

Chapter 4                                             Peripheral Modification of Dendritic Oligothiophenes 

S

S
S

S

S

S

S
S

S

S

S
S

S

S

S

S
S

S

S

S
S

S

S

S

S

S

S
S

S

SS

S

S

S

S

S

S

S

S

S

S

S
S

S

S

S

S

S
S

S

S

S

S

S

S
S

S
S

S

S

S

S

, 350 K) δ 7.23-6.75 (m, br, 150H, ThH) ppm.

No decent spectrum was obtained due to low solubility. 

calcd average mass for C296H150S74: 6079.2. Found:

Data  

-Ray Diffraction Analysis of 5,5''''-Bis(trimethylsilyl)

quinque-thiophene (33) 

 

Thermal ellipsoid diagram of single crystal 33 at a 50% level of probability with atom 
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S

 

) ppm. 

2. Found: 6078.8. 

Bis(trimethylsilyl)--

probability with atom 
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Table 4.6 Structural information for single crystal 33 

Crystal data 
Formula C26 H28 S5 Si2 
Mr 557.00 
T (K) 100(2) 
Crystal system monoclinic 
Space group C2/c 
a (Å) 25.2591(3) 
b (Å) 8.61020(10) 
c (Å) 13.9510(2) 

α (°) 90.00   

β (°) 113.589(5) 

γ (°) 90.00 
V (Å3) 2780.61(6) 
Z 4 
Dcalcd(g/cm3) 1.331 
µ (mm-1) 0.517 
Absorption correction Tmin= 0.7820 

Tmax= 0.8602 
F (000) 1168 
Crystal size (mm) 0.50×0.30×0.30 
Crystal color yellow 

Data collection 

Measurement range (°) 2.52<θ<37.51 
Index range -43<h<42 

-9<k<14 
-23<l<23 

Measured reflections 29437 
Independent reflections 7282 (Rint = 0.0226) 
Completeness for  θ = 37.51 
[I > 2σ(I)] 

86.95% 

Refinement
 

Data/restraints/parameters 7282/0/155 
GOF on F2 1.055 
Final R indices [I > 2σ(I)]a R1 = 0.0280, wR2 = 0.0743 
R indices (all data) R1 = 0.0343, wR2 = 0.0784 
Largest difference peak and hole (e/Å3) 0.915, -0.556 

����� = ∑�|��| − |��|�/∑|��| ; 	�� = 
∑	(��� − ���)� ∑	(���)�⁄�

. 

 

Table 4.7 Atomic coordinates of crystal 33 

Atom         x         y         z Ueq

a 

S2 0.029634(7) 1.01787(2) 0.390502(13) 0.01426(4) 

S3 0.160949(7) 0.67465(2) 0.563199(14) 0.01588(4) 

Si3 0.173687(9) 0.36928(3) 0.693500(15) 0.01549(4) 

C3 0.05439(3) 0.70863(9) 0.52785(5) 0.01589(11) 

H3 0.0160 0.7474 0.5038 0.019 

C4 0.09772(3) 0.77935(8) 0.50750(5) 0.01348(10) 
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C8 0.06072(3) 1.16511(8) 0.34604(5) 0.01379(10) 

C5 0.09462(3) 0.92052(8) 0.44879(5) 0.01375(10) 

C1 0.13044(3) 0.53602(9) 0.61488(5) 0.01499(11) 

C2 0.07322(3) 0.57174(9) 0.58852(5) 0.01649(11) 

H2 0.0484 0.5099 0.6092 0.020 

C6 0.13803(3) 0.99921(9) 0.43341(6) 0.01850(12) 

H6 0.1769 0.9639 0.459 0.022 

C7 0.11876(3) 1.13841(9) 0.37543(6) 0.01857(12) 

H7 0.1435 12.063 0.3586 0.022 

C10 0.23447(4) 0.33647(12) 0.65177(7) 0.02786(18) 

H10A 0.2558 0.4337 0.658 0.042 

H10B 0.219 0.3012 0.5789 0.042 

H10C 0.2606 0.2573 0.6966 0.042 

C11 0.20357(4) 0.41699(11) 0.83588(6) 0.02381(15) 

H11A 0.2194 0.3228 0.8767 0.036 

H11B 0.1727 0.4586 0.8542 0.036 

H11C 0.2343 0.4946 0.8515 0.036 

C12 0.12454(4) 0.19872(11) 0.66767(8) 0.02791(17) 

H12A 0.1073 0.1770 0.5924 0.042 

H12B 0.0939 0.2214 0.6918 0.042 

H12C 0.1466 0.108 0.7052 0.042 

S1 0.051665(13) 1.47643(4) 0.32918(2) 0.01737(5) 

H1 0.0958 15.207 0.3970 0.021 

C1S 0.051665(13) 1.47643(4) 0.32918(2) 0.01737(5) 

C14 0.02692(3) 1.29950(8) 0.29090(5) 0.01338(10) 

C15 0.0000 1.56618(14) 0.2500 0.0311(3) 

H15 0.0000 1.6765 0.2500 0.037 
(a) Equivalent isotropic temperature factor. 
 

Table 4.8 Bond lengths of crystal 33 

       Bond Length (Å)                    Bond Length (Å) 

S2-C5 1.7291(7) C6-H6 0.9500 

S2-C8 1.7314(7) C7-H7 0.9500 

S3-C4 1.7245(7) C10-H10A 0.9800 

S3-C1 1.7272(7) C10-H10B 0.9800 

Si3-C12 1.8627(10) C10-H10C 0.9800 

Si3-C11 1.8666(8) C11-H11A 0.9800 

Si3-C10 1.8686(9) C11-H11B 0.9800 

Si3-C1 1.8704(7) C11-H11C 0.9800 

C3-C4 1.3778(10) C12-H12A 0.9800 

C3-C2 1.4176(10) C12-H12B 0.9800 

C3-H3 0.9500 C12-H12C 0.9800 

C4-C5 1.4503(10) S1-C15 1.5384(7) 

C8-C7 1.3747(10) S1-C14 1.6521(8) 

C8-C14 1.4608(10) S1-H1 01. Feb 
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C5-C6 1.3768(10) C14-C14 1.3818(13) 

C1-C2 1.3761(10) C15-C1S 1.5384(7) 

C2-H2 0.9500 C15-S1 1.5384(7) 

C6-C7 1.4186(11) C15-H15 0.9500 

 

Table 4.9 Bonds angels of crystal 33 

            Bond Angle (°) Bond Angle (°) 

C5 -S2- C8 92.42(3) C6 -C7- H7 123.4 

C4 -S3- C1 93.55(3) Si3 -C10- H10A 109.5 

C12 -Si3- C11 109.50(4) Si3 -C10- H10B 109.5 

C12 -Si3- C10 112.80(5) H10A -C10- H10B 109.5 

C11 -Si3- C10 109.40(4) Si3 -C10- H10C 109.5 

C12 -Si3- C1 107.70(4) H10A -C10- H10C 109.5 

C11 -Si3- C1 110.34(4) H10B -C10- H10C 109.5 

C10 -Si3- C1 107.05(4) Si3 -C11- H11A 109.5 

C4 -C3- C2 112.71(6) Si3 -C11- H11B 109.5 

C4 -C3- H3 123.6 H11A -C11- H11B 109.5 

C2 -C3- H3 123.6 Si3 -C11- H11C 109.5 

C3 -C4- C5 128.24(6) H11A -C11- H11C 109.5 

C3 -C4- S3 110.18(5) H11B -C11- H11C 109.5 

C5 -C4- S3 121.58(5) Si3 -C12- H12A 109.5 

C7 -C8- C14 128.19(6) Si3 -C12- H12B 109.5 

C7 -C8- S2 110.68(5) H12A -C12- H12B 109.5 

C14 -C8- S2 121.03(5) Si3 -C12- H12C 109.5 

C6 -C5- C4 129.35(6) H12A -C12- H12C 109.5 

C6 -C5- S2 110.70(5) H12B -C12- H12C 109.50 

C4 -C5- S2 119.90(5) C15 -S1- C14 97.39(5) 

C2 -C1- S3 109.29(5) C15 -S1- H1 131.30 

C2 -C1- Si3 129.26(6) C14 -S1- H1 131.30 

S3 -C1- Si3 121.45(4) C14 -C14- C8 127.55(4) 

C1 -C2- C3 114.27(6) C14 -C14- S1 112.77(3) 

C1 -C2- H2 122.9 C8 -C14- S1 119.63(5) 

C3 -C2- H2 122.9 C1S -C15- S1 0.00(2) 

C5 -C6- C7 113.07(6) C1S -C15- S1 119.69(8) 

C5 -C6- H6 123.5 S1 -C15- S1 119.69(8) 

C7 -C6- H6 123.5 C1S -C15- H15 120.2 

C8 -C7- C6 113.13(7) S1 -C15- H15 120.2 

C8 -C7- H7 123.4 S1 -C15- H15 120.2 

 

Table 4.10 Coefficients of anisotropic temperature factors in crystal 33.[28] 

Atom U11(Å
2) U22 (Å

2) U33 (Å
2) U23 (Å

2) U13 (Å
2) U12 (Å

2) 

S2 0.01192(7) 0.01284(7) 0.01624(7) 0.00281(5) 0.00378(5) 0.00040(5) 

S3 0.01209(7) 0.01528(8) 0.01775(7) 0.00401(5) 0.00333(5) 0.00084(5) 
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Si3 0.01683(9) 0.01422(9)

C3 0.0154(3) 0.0164(3)

C4 0.0141(2) 0.0124(3)

C8 0.0131(2) 0.0123(3)

C5 0.0135(2) 0.0124(3)

C1 0.0155(3) 0.0149(3)

C2 0.0170(3) 0.0170(3)

C6 0.0134(3) 0.0178(3)

C7 0.0140(3) 0.0173(3)

C10 0.0272(4) 0.0319(5)

C11 0.0256(4) 0.0262(4)

C12 0.0311(4) 0.0187(4)

S1 0.02041(12) 0.01666(12)

C1S 0.02041(12) 0.01666(12)

C14 0.0135(2) 0.0119(3)

C15 0.0552(8) 0.0104(4)

 

4.5.3.2 Single Crystal X-

2,2':5',2'':5'',2''':3''',2'''':5''''

Figure 4.16 Thermal ellipsoid diagram of single crystal 

labels. 

 

Table 4.11 Structural information for single crystal 

Crystal data 

Formula 

Mr 

T (K) 

Crystal system 

Space group 
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0.01422(9) 0.01418(8) 0.00247(6) 0.00490(6)

0.0164(3) 0.0167(2) 0.0027(2) 0.0074(2)

0.0124(3) 0.0125(2) 0.00034(19) 0.00384(19)

0.0123(3) 0.0145(2) 0.00167(19) 0.00402(19)

0.0124(3) 0.0134(2) 0.00081(19) 0.00325(19)

0.0149(3) 0.0136(2) 0.0022(2) 0.0047(2)

0.0170(3) 0.0170(3) 0.0038(2) 0.0084(2)

0.0178(3) 0.0230(3) 0.0054(2) 0.0060(2)

0.0173(3) 0.0239(3) 0.0055(2) 0.0070(2)

0.0319(5) 0.0282(4) 0.0079(3) 0.0150(3)

0.0262(4) 0.0156(3) 0.0021(3) 0.0040(2)

0.0187(4) 0.0292(4) 0.0023(3) 0.0071(3)

0.01666(12) 0.01581(11) 0.00105(9) 0.00807(9)

0.01666(12) 0.01581(11) 0.00105(9) 0.00807(9)

0.0119(3) 0.0137(2) 0.00110(19) 0.00428(18)

0.0104(4) 0.0483(7) 0.000 0.0425(7)

-Ray Diffraction Analysis of 5,5''''''-Bis(trimethylsilyl)

'''',2''''': 5''''',2''''''-septithiophene (66). 

Thermal ellipsoid diagram of single crystal 66 at a 50% level of probability with atom 

Structural information for single crystal 66 

C34 H32 S7 Si2 

721.24 

100(2) 

orthorhombic 

Pna21 
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0.00490(6) 0.00309(6) 

0.0074(2) 0.0033(2) 

0.00384(19) 0.0015(2) 

0.00402(19) -0.0003(2) 

0.00325(19) 0.0013(2) 

0.0047(2) 0.0015(2) 

0.0084(2) 0.0026(2) 

0.0060(2) 0.0024(2) 

0.0070(2) 0.0010(2) 

0.0150(3) 0.0126(3) 

0.0040(2) 0.0071(3) 

0.0071(3) -0.0033(3) 

0.00807(9) 0.00205(9) 

0.00807(9) 0.00205(9) 

0.00428(18) -0.00001(19) 

0.0425(7) 0.000 

Bis(trimethylsilyl)-

 
50% level of probability with atom 
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a (Å) 12.1710(12) 
b (Å) 6.0701(6) 
c (Å) 47.092(5) 

α (°) 90.00   

β (°) 90.00 

γ (°) 90.00 
V (Å3) 3479.12 
Z 4 
Dcalcd(g/cm3) 1.337 
µ (mm−1

) 0.547 
Absorption correction Tmin= 0.7717 

Tmax= 0.9225 
F (000) 1504 
Crystal size (mm) 0.50×0.30×0.15 
Crystal color yellow 

Data collection 

Measurement range (°) 3.35<θ<30.00 
Index range -17<h<12 

-8<k<8 
-66<l<66 

Measured reflections 52439 
Independent reflections 10107 (Rint = 0.0356) 
Completeness for  θ = 37.51 
[I > 2σ(I)] 

98.42% 

Refinement
 

Data/restraints/parameters 10107/1/392 
GOF on F2 1.266 
Final R indices [I > 2σ(I)]a R1 = 0.0698, wR2 = 0.1549 
R indices (all data) R1 = 0.0704, wR2 = 0.1551 
Largest difference peak and hole (e/Å3) 0.133, -1.172 

����� = ∑�|��| − |��|�/∑|��| ; 	�� = 
∑	(��� − ���)� ∑	(���)�⁄�

. 

 

Table 4.2 Atomic coordinates of crystal 66 

Atom         x         y         z Ueq

a 

S3 0.01130(10) -0.1347(2) 0.02734(2) 0.0187(2) 

S1 0.51388(10) -0.1252(2) -0.07569(3) 0.0184(2) 

S7 0.39408(10) 0.62235(19) 0.24560(3) 0.0201(2) 

S2 0.31223(10) 0.1516(2) -0.00744(2) 0.0204(2) 

S6 0.19116(11) 0.3167(2) 0.17991(3) 0.0208(2) 

S5 0.00362(10) 0.1646(2) 0.13465(3) 0.0199(2) 

Si1 0.71093(12) 0.0081(2) -0.11453(3) 0.0184(2) 

Si2 0.59018(12) 0.4967(2) 0.28561(3) 0.0184(3) 

C14S -0.28581(14) -0.0569(3) 0.10749(3) 0.0200(4) 

H14S -0.3302 -0.034 0.1238 0.024 

S4C -0.2147(3) -0.2138(5) 0.05826(6) 0.0335(8) 

S4 -0.28581(14) -0.0569(3) 0.10749(3) 0.0200(4) 

C14 -0.2147(3) -0.2138(5) 0.05826(6) 0.0335(8) 
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H14 -0.2104 -0.296 0.0411 0.040 

C4 0.4630(4) 0.0386(8) -0.04812(10) 0.0193(9) 

C6 0.3002(4) -0.2071(9) -0.03574(10) 0.0194(9) 

H6 0.3156 -0.3231 -0.0487 0.023 

C9 0.1212(4) 0.0359(8) 0.02036(9) 0.0174(9) 

C8 0.2030(4) -0.0228(8) -0.00085(10) 0.0191(9) 

C5 0.3642(4) -0.0252(8) -0.03291(9) 0.0152(8) 

C7 0.2094(4) -0.2059(8) -0.01769(10) 0.0204(9) 

H7 0.1568 -0.3216 -0.0171 0.024 

C3 0.5278(4) 0.2223(9) -0.04506(10) 0.0208(10) 

H3 0.515 0.3325 -0.0311 0.025 

C28 0.5008(4) 0.4450(8) 0.25426(10) 0.0184(9) 

C1 0.6193(4) 0.0565(8) -0.08318(10) 0.0168(9) 

C13 -0.1312(4) -0.0321(8) 0.07108(10) 0.0165(8) 

C2 0.6156(4) 0.2311(8) -0.06473(10) 0.0209(10) 

H2 0.6676 0.3479 -0.0651 0.025 

C20 0.0000(4) 0.4213(8) 0.15107(10) 0.0185(9) 

C24 0.2466(4) 0.5069(8) 0.20346(10) 0.0194(9) 

C22 0.0891(4) 0.6828(8) 0.18598(10) 0.0216(10) 

H22 0.0372 0.7988 0.1841 0.026 

C25 0.3449(4) 0.4536(8) 0.21907(10) 0.0176(9) 

C23 0.1827(5) 0.6948(8) 0.20399(11) 0.0229(10) 

H23 0.1996 0.82 0.2153 0.028 

C16 -0.1662(4) 0.0542(8) 0.09678(10) 0.0183(9) 

C26 0.4073(4) 0.2657(9) 0.21727(10) 0.0222(10) 

H26 0.3934 0.1506 0.2041 0.027 

C11 0.0330(5) 0.2134(8) 0.05768(11) 0.0230(10) 

H11 0.0216 0.3257 0.0714 0.028 

C27 0.4945(4) 0.2617(9) 0.23710(10) 0.0232(10) 

H27 0.5447 0.1423 0.2385 0.028 

C12 -0.0342(4) 0.0320(8) 0.05505(9) 0.0160(8) 

C21 0.0812(4) 0.4866(8) 0.17145(10) 0.0154(8) 

C17 -0.1158(4) 0.2178(8) 0.11536(9) 0.0178(9) 

C10 0.1202(5) 0.2163(8) 0.03797(10) 0.0230(10) 

H10 0.173 0.3313 0.037 0.028 

C19 -0.0895(5) 0.5370(8) 0.14243(11) 0.0256(11) 

H19 -0.1065 0.6808 0.1491 0.031 

C18 -0.1552(4) 0.4207(7) 0.12235(9) 0.0259(11) 

H18 -0.2208 0.4797 0.1145 0.031 

C15 -0.2985(4) -0.2158(7) 0.08035(9) 0.0358(14) 

H15 -0.3606 -0.3098 0.0789 0.050 

C29 0.7239(5) -0.2964(8) -0.11971(12) 0.0275(11) 

H29A 0.7656 -0.3259 -0.1371 0.041 

H29B 0.6505 -0.3618 -0.1213 0.041 

H29C 0.7623 -0.361 -0.1034 0.041 

C30 0.8462(4) 0.1366(9) -0.10790(11) 0.0224(10) 

H30A 0.8359 0.2918 -0.1028 0.034 
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H30B 0.8913 0.1267 -0.1251 0.034 

H30C 0.8831 0.0595 -0.0923 0.034 

C31 0.6427(5) 0.1323(9) -0.14659(11) 0.0265(11) 

H31A 0.6274 0.2883 -0.143 0.04 

H31B 0.5736 0.0547 -0.1504 0.04 

H31C 0.6915 0.1184 -0.1631 0.04 

C32 0.7287(4) 0.3711(9) 0.27909(12) 0.0246(10) 

H32A 0.7199 0.2153 0.2741 0.037 

H32B 0.7735 0.3836 0.2963 0.037 

H32C 0.765 0.4487 0.2634 0.037 

C33 0.5249(5) 0.3751(9) 0.31775(11) 0.0280(11) 

H33A 0.4553 0.4508 0.3216 0.042 

H33B 0.5742 0.3924 0.3341 0.042 

H33C 0.5108 0.2181 0.3145 0.042 

C34 0.6030(5) 0.8025(9) 0.29001(14) 0.0326(13) 

H34A 0.6375 0.8657 0.2731 0.049 

H34B 0.6484 0.8348 0.3067 0.049 

H34C 0.5299 0.867 0.2926 0.049 
(a) Equivalent isotropic temperature factor. 
 

Table 4.13 Bond lengths of crystal 66 

             Bond Length (Å)              Bond Length (Å) 

S3-C9 1.723(5) C20-C19 1.358(7) 

S3-C12 1.742(5) C20-C21 1.434(7) 

S1-C1 1.728(5) C24-C23 1.381(7) 

S1-C4 1.748(5) C24-C25 1.441(7) 

S7-C25 1.723(5) C22-C21 1.377(7) 

S7-C28 1.736(5) C22-C23 1.422(7) 

S2-C8 1.727(5) C22-H22 0.9500 

S2-C5 1.729(5) C25-C26 1.373(7) 

S6-C21 1.736(5) C23-H23 0.9500 

S6-C24 1.737(5) C16-C17 1.459(7) 

S5-C20 1.740(5) C26-C27 1.414(7) 

S5-C17 1.745(5) C26-H26 0.9500 

Si1-C30 1.848(5) C11-C12 1.377(7) 

Si1-C29 1.871(5) C11-C10 1.411(7) 

Si1-C1 1.874(5) C11-H11 0.9500 

Si1-C31 1.881(5) C27-H27 0.9500 

Si2-C28 1.861(5) C17-C18 1.362(6) 

Si2-C33 1.862(6) C10-H10 0.9500 

Si2-C34 1.874(5) C19-C18 1.426(6) 

Si2-C32 1.875(6) C19-H19 0.9500 

C14S-C15 1.608(4) C18-H18 0.9500 

C14S-C16 1.682(5) C15-H15 0.9503 

C14S-H14S 0.9500 C29-H29A 0.9800 
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S4C-C15 1.456(5) C29-H29B 0.9800 

S4C-C13 1.617(6) C29-H29C 0.9800 

C4-C3 1.373(7) C30-H30A 0.9800 

C4-C5 1.453(7) C30-H30B 0.9800 

C6-C5 1.358(7) C30-H30C 0.9800 

C6-C7 1.394(7) C31-H31A 0.9800 

C6-H6 0.9500 C31-H31B 0.9800 

C9-C10 1.374(7) C31-H31C 0.9800 

C9-C8 1.455(6) C32-H32A 0.9800 

C8-C7 1.368(7) C32-H32B 0.9800 

C7-H7 0.9500 C32-H32C 0.9800 

C3-C2 1.415(7) C33-H33A 0.9800 

C3-H3 0.9500 C33-H33B 0.9800 

C28-C27 1.377(7) C33-H33C 0.9800 

C1-C2 1.371(6) C34-H34A 0.9800 

C13-C16 1.386(6) C34-H34B 0.9800 

C13-C12 1.454(7) C34-H34C 0.9800 

C2-H2 0.9500    

 

Table 4.14 Bonds angels of crystal 66 

                Bond                     Angle (°)                Bond Angle (°) 

C9 -S3- C12 92.3(2) C13 -C16- C17 130.7(5) 

C1 -S1- C4 93.0(2) C13 -C16- C14S 112.1(4) 

C25 -S7- C28 93.5(2) C17 -C16- C14S 117.2(3) 

C8 -S2- C5 91.5(2) C25 -C26- C27 112.9(5) 

C21 -S6- C24 92.9(2) C25 -C26- H26 123.6 

C20 -S5- C17 92.5(2) C27 -C26- H26 123.6 

C30 -Si1- C29 111.3(3) C12 -C11- C10 113.4(4) 

C30 -Si1- C1 109.3(2) C12 -C11- H11 123.3 

C29 -Si1- C1 107.9(2) C10 -C11- H11 123.3 

C30 -Si1- C31 111.1(3) C28 -C27- C26 114.6(5) 

C29 -Si1- C31 109.2(3) C28 -C27- H27 122.7 

C1 -Si1- C31 107.9(2) C26 -C27- H27 122.7 

C28 -Si2- C33 109.2(3) C11 -C12- C13 130.5(4) 

C28 -Si2- C34 107.7(3) C11 -C12- S3 110.1(4) 

C33 -Si2- C34 109.8(3) C13 -C12- S3 119.4(3) 

C28 -Si2- C32 109.1(2) C22 -C21- C20 128.3(5) 

C33 -Si2- C32 110.8(3) C22 -C21- S6 110.2(4) 

C34 -Si2- C32 110.2(3) C20 -C21- S6 121.4(4) 

C15 -C14S- C16 94.9(2) C18 -C17- C16 127.8(4) 

C15 -C14S- H14S 132.6 C18 -C17- S5 109.5(3) 

C16 -C14S- H14S 132.6 C16 -C17- S5 122.5(4) 

C15 -S4C- C13 100.3(3) C9 -C10- C11 113.2(5) 

C3 -C4- C5 129.8(5) C9 -C10- H10 123.4 

C3 -C4- S1 109.7(4) C11 -C10- H10 123.4 
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C5 -C4- S1 120.5(4) C20 -C19- C18 113.1(4) 

C5 -C6- C7 113.0(5) C20 -C19- H19 123.5 

C5 -C6- H6 123.5 C18 -C19- H19 123.5 

C7 -C6- H6 123.5 C17 -C18- C19 114.3(4) 

C10 -C9- C8 128.0(5) C17 -C18- H18 122.9 

C10 -C9- S3 110.9(4) C19 -C18- H18 122.9 

C8 -C9- S3 121.0(4) S4C -C15- C14S 119.7(3) 

C7 -C8- C9 129.5(5) S4C -C15- H15 120.7 

C7 -C8- S2 110.5(4) C14S -C15- H15 119.5 

C9 -C8- S2 120.0(4) Si1 -C29- H29A 109.5 

C6 -C5- C4 130.0(4) Si1 -C29- H29B 109.5 

C6 -C5- S2 111.3(4) H29A -C29- H29B 109.5 

C4 -C5- S2 118.6(4) Si1 -C29- H29C 109.5 

C8 -C7- C6 113.7(5) H29A -C29- H29C 109.5 

C8 -C7- H7 123.1 H29B -C29- H29C 109.5 

C6 -C7- H7 123.1 Si1 -C30- H30A 109.5 

C4 -C3- C2 113.3(4) Si1 -C30- H30B 109.5 

C4 -C3- H3 123.4 H30A -C30- H30B 109.5 

C2 -C3- H3 123.4 Si1 -C30- H30C 109.5 

C27 -C28- S7 108.7(4) H30A -C30- H30C 109.5 

C27 -C28- Si2 129.4(4) H30B -C30- H30C 109.5 

S7 -C28- Si2 121.3(3) Si1 -C31- H31A 109.5 

C2 -C1- S1 109.9(4) Si1 -C31- H31B 109.5 

C2 -C1- Si1 129.8(4) H31A -C31- H31B 109.5 

S1 -C1- Si1 120.2(3) Si1 -C31- H31C 109.5 

C16 -C13- C12 127.0(4) H31A -C31- H31C 109.5 

C16 -C13- S4C 113.0(4) H31B -C31- H31C 109.5 

C12 -C13- S4C 120.0(4) Si2 -C32- H32A 109.5 

C1 -C2- C3 114.2(5) Si2 -C32- H32B 109.5 

C1 -C2- H2 122.9 H32A -C32- H32B 109.5 

C3 -C2- H2 122.9 Si2 -C32- H32C 109.5 

C19 -C20- C21 127.6(5) H32A -C32- H32C 109.5 

C19 -C20- S5 110.5(4) H32B -C32- H32C 109.5 

C21 -C20- S5 121.8(4) Si2 -C33- H33A 109.5 

C23 -C24- C25 130.1(4) Si2 -C33- H33B 109.5 

C23 -C24- S6 110.0(4) H33A -C33- H33B 109.5 

C25 -C24- S6 119.9(4) Si2 -C33- H33C 109.5 

C21 -C22- C23 113.4(5) H33A -C33- H33C 109.5 

C21 -C22- H22 123.3 H33B -C33- H33C 109.5 

C23 -C22- H22 123.3 Si2 -C34- H34A 109.5 

C26 -C25- C24 127.9(5) Si2 -C34- H34B 109.5 

C26 -C25- S7 110.2(4) H34A -C34- H34B 109.5 

C24 -C25- S7 121.7(4) Si2 -C34- H34C 109.5 

C24 -C23- C22 113.5(5) H34A -C34- H34C 109.5 

C24 -C23- H23 123.3 H34B -C34- H34C 109.5 

C22 -C23- H23 123.3  
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Table 4.15 Coefficients of anisotropic temperature factors in crystal 66.[28] 

Atom U11(Å2) U22 (Å
2) U33 (Å

2) U23 (Å
2) U13 (Å

2) U12 (Å
2) 

S3 0.0167(5) 0.0215(5) 0.0178(5) -0.0035(4) -0.0014(4) -0.0020(4) 

S1 0.0161(5) 0.0170(5) 0.0222(5) -0.0026(4) 0.0010(4) -0.0035(4) 

S7 0.0232(6) 0.0142(5) 0.0228(5) -0.0028(4) -0.0033(5) 0.0010(4) 

S2 0.0231(6) 0.0189(5) 0.0190(5) -0.0038(4) 0.0017(4) -0.0017(5) 

S6 0.0230(6) 0.0184(5) 0.0210(5) -0.0037(4) -0.0031(5) 0.0033(5) 

S5 0.0174(5) 0.0189(5) 0.0235(5) -0.0037(5) -0.0052(4) 0.0040(4) 

Si1 0.0236(6) 0.0117(5) 0.0199(6) -0.0026(4) 0.0007(5) 0.0011(5) 

Si2 0.0202(6) 0.0137(5) 0.0213(6) -0.0026(5) -0.0016(5) 0.0009(5) 

C14S 0.0184(8) 0.0209(8) 0.0206(7) -0.0016(6) -0.0033(6) 0.0038(6) 

S4C 0.0340(16) 0.0336(16) 0.0329(15) 0.0075(12) 0.0043(12) 0.0049(12) 

S4 0.0184(8) 0.0209(8) 0.0206(7) -0.0016(6) -0.0033(6) 0.0038(6) 

C14 0.0340(16) 0.0336(16) 0.0329(15) 0.0075(12) 0.0043(12) 0.0049(12) 

C4 0.025(2) 0.020(2) 0.0127(18) -0.0005(16) -0.0022(17) -0.0029(19) 

C6 0.013(2) 0.027(2) 0.019(2) -0.0047(18) 0.0039(16) -0.0068(19) 

C9 0.017(2) 0.021(2) 0.0145(19) 0.0015(16) -0.0017(16) 0.0006(18) 

C8 0.026(2) 0.020(2) 0.0120(18) 0.0000(16) -0.0050(17) 0.0036(19) 

C5 0.013(2) 0.016(2) 0.0166(19) 0.0048(16) 0.0028(15) 0.0020(16) 

C7 0.027(3) 0.015(2) 0.018(2) 0.0013(16) -0.0012(18) -0.0062(19) 

C3 0.022(2) 0.020(2) 0.021(2) -0.0065(18) 0.0014(18) -0.0073(19) 

C28 0.013(2) 0.024(2) 0.018(2) 0.0001(17) -0.0018(17) 0.0050(18) 

C1 0.021(2) 0.0127(19) 0.0170(19) 0.0009(15) 0.0023(17) -0.0024(18) 

C13 0.017(2) 0.0144(19) 0.0179(19) -0.0002(16) -0.0064(16) 0.0014(16) 

C2 0.025(3) 0.018(2) 0.020(2) -0.0023(18) -0.0024(19) -0.0009(19) 

C20 0.019(2) 0.018(2) 0.019(2) -0.0007(17) 0.0014(17) -0.0004(18) 

C24 0.027(2) 0.018(2) 0.0130(18) -0.0034(16) -0.0023(17) 0.0000(19) 

C22 0.025(2) 0.017(2) 0.023(2) -0.0010(17) -0.0021(19) -0.0018(19) 

C25 0.019(2) 0.018(2) 0.0164(19) 0.0016(17) 0.0014(16) 0.0004(17) 

C23 0.030(3) 0.015(2) 0.024(2) -0.0016(18) -0.002(2) -0.001(2) 

C16 0.024(2) 0.016(2) 0.0148(18) 0.0016(16) 0.0002(17) 0.0020(18) 

C26 0.020(2) 0.029(3) 0.018(2) -0.0069(19) -0.0008(18) -0.003(2) 

C11 0.032(3) 0.014(2) 0.024(2) -0.0045(18) -0.001(2) -0.004(2) 

C27 0.020(2) 0.027(2) 0.023(2) -0.003(2) -0.0017(18) 0.012(2) 

C12 0.015(2) 0.018(2) 0.0149(18) 0.0000(16) -0.0046(15) 0.0012(17) 

C21 0.0095(19) 0.017(2) 0.0197(19) 0.0027(16) -0.0040(15) -0.0026(16) 

C17 0.015(2) 0.021(2) 0.0174(19) 0.0035(17) 0.0008(16) 0.0009(17) 

C10 0.027(3) 0.019(2) 0.023(2) -0.0012(18) -0.0020(19) -0.007(2) 

C19 0.037(3) 0.011(2) 0.029(2) -0.0060(18) -0.004(2) 0.006(2) 

C18 0.032(3) 0.019(2) 0.027(2) -0.0006(19) -0.013(2) 0.008(2) 

C15 0.035(3) 0.029(3) 0.043(3) 0.012(2) -0.019(3) -0.007(3) 

C29 0.037(3) 0.012(2) 0.033(3) -0.0038(19) 0.001(2) 0.000(2) 

C30 0.019(2) 0.022(2) 0.026(2) -0.0021(19) 0.0012(19) -0.007(2) 

C31 0.035(3) 0.025(3) 0.020(2) -0.0043(19) -0.003(2) 0.000(2) 

C32 0.019(2) 0.019(2) 0.036(3) -0.003(2) -0.005(2) -0.004(2) 

C33 0.038(3) 0.023(2) 0.023(2) -0.003(2) 0.003(2) -0.002(2) 
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C34 0.034(3) 0.016(2) 0.048(3) -0.006(2) -0.015(3) 0.006(2) 
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5.1 Introduction 

Since the background of the peripheral modification of [2,2’:3’,2’’] terthiophene (3T)-based 

dendritic oligothiophenes (DOTs) has been given in Chapter 4.1, this section focuses on the 

incorporation of benzothiadiazole subunit at the periphery of the 3T-based DOT scaffold. 

Benzo[c][1,2,5]thiadiazole (BTDA) is one of the most frequently used electron accepting unit 

in low band gap donor materials for organic solar cells.[1] Combining with suitable electron 

donating moieties, BTDA-containing copolymers as donor materials reached high power 

conversion efficiencies (PCE) in polymer solar cells. For instance, devices made from 

poly[(4,4-bis(2-ethylhexyl)-cyclopenta-[2,1-b;3,4-b’]dithiophene)-2,6-diyl-alt-2,1,3-benzo- 

thiadiazole-4,7-diyl] (PCPDTBT) blended with PC71BM in the active layer showed PCEs of 

up to 5.5% in bulk heterojunction (BHJ) solar cells.[1a] Replacement of the bridging 

methylene unit of the fused bithiophene subunit by a silicon atom led to poly[(4,4’-bis(2-

ethylhexyl)dithieno[3,2-b:2’,2’-d]silole)-2,6-diyl-alt-(2,1,3-benzothia-diazole)-4,7-diyl] 

(PSBTBT). However, in photovoltaic devices using PSBTBT as donor mixed with PC71BM 

as acceptor gave a comparable PCE of 5.1%.[1b] Using carbazole as an electron donating 

moiety instead, resulted in poly[N-9’’-hepta-decanyl-2,7-carbazole-alt-5,5-(4’,7’-di-2-thienyl-

2’,1’,3’-benzothiadiazole)] (PCDTBT), which gave with PC71BM a photovoltaic device, 

which afforded a high PCE of 6.1%.[1c] Fluorinated BTDA containing polymers, such as 

poly[benzo[1,2-b:4,5-b’]dithiophene-alt-5,6-difluoro-4,7-dithien-2-yl-2,1,3-benzothiadiazole] 

(PBnDT-DTffBT), blended with PC61BM in the active layer achieved a very high PCE of 7.2% 

in BHJ solar cell devices.[1d] In small molecule organic solar cells, BTDA-containing donor 

materials have also been widely developed. In our research group, Steinberger has 

synthesized BTDA-end capped terthiophenes with an acceptor-donor-acceptor (A-D-A) 

pattern which were co-evaporated with C60 in a planar heterojunction solar cell giving a PCE 

of 1.7%.[1e] Linear[1f-h] or star-shaped[1i] BTDA-containing small molecules with an electron 

push-pull system were also tested in solution-processed BHJ solar cells and exhibited 

reasonable PCEs from 1-4%. Very recently, Chen and co-workers have reported a series of 

BTDA-containing small molecules with a D-A-A architecture. One molecule in this series, 2-

{[7-(4-N,N-ditolylaminophenylen-1-yl)-2,1,3-benzothiadiazol-4-yl]methylene}malononitrile 

(DTDCPB), was co-evaporated with C70 and reached a high PCE of 6.8% in a vacuum-

deposited hybrid planar-mixed heterojunction device.[1j] Molecular structures of the above 

mentioned polymers and small molecules, which achieved PCEs higher than 5% are 

illustrated in Figure 5.1. 
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5.2 Synthesis of the 3T-Based DOTs with Benzothiadiazole 

Peripheral Functionalization 

5.2.1 Synthesis of the First Generation of the 3T-Based DOTs with 

Benzothiadiazole Peripheral Functionalization 

The peripheral unit 74 was synthesized through two consecutive Pd-catalyzed Suzuki-

Miyaura cross-coupling reactions as shown in Scheme 5.1. The intermediate molecule 73 was 

obtained in 71% yield as bright yellow needles. Molecule 74 turns to an orange color (yields 

80%) due to the elongated π-conjugation. 74 was selectively brominated at the α-position of 

the thienyl subunit by using NBS affording molecule 75 as an orange crystalline solid in 93% 

yield. Its single crystals provide  structural information in more detail and will be discussed in 

Section 5.3.1.  

 

Scheme 5.1 Synthetic route to the peripheral subunit 75.  

 

The NMR experiments of 74 were carried out in CDCl3 at room temperature. The 1H NMR 

spectrum with a full signal assignment is shown in Figure 5.3b. Protons on the hexyl chain are 

located in the range of 0.8 - 2.8 ppm. Protons Hj, which is adjacent to the thiophene subunit, 

resonates at δ = 2.71 ppm as a triplet. The two doublets resonating at δ = 8.02 ppm and at δ = 

7.08 ppm are assigned to protons Ha and Hi of the thiophene subunit because of their remote 

coupling pattern with the coupling constants of 4
J

 (Ha) = 1.06 Hz and 4J (Hi) = 0.96 Hz. 

Another two doublets resonating at δ = 7.93 ppm and at δ = 7.88 ppm with the coupling 

constants of 3
J = 7.60 Hz and 3J = 7.65 Hz are regarded as Hc and Hb of the benzothiadiazole 

subunit, respectively. The four protons He, Hf, Hg, and Hh on the benzene ring of the 

benzothiophene subunit resonating at δ (He,h) = 7.88 ppm and δ (Hf,g) = 7.38 ppm are 

recognized from their characteristic ABCD spin pattern.[2] This pattern can be more clearly 
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observed without signal overlapping in the 1H NMR spectra of the structural analogues 75 and 

79 (Figure 5.5a). Proton Hd of the thiophene ring of the benzothiophene subunit resonates at δ 

= 8.54 ppm as a singlet. Since the chemical shifts of protons Hd and Ha are much more 

downfield shifted compared to the normal values for benzothiophene[2a] and hexylthiophene[3] 

(See Figure 5.5b), further evidences are required to confirm the proton assignment. 

For this reason, one-dimensional Nuclear Overhauser Effect spectroscopy (1D NOESY) of 74 

was performed (in CDCl3 at room temperature). Differing from other spin-spin coupling 

experiments, the NOESY occurs only through space, not through chemical bonds. Protons 

that are in close proximity to each other can give a NOE signal.[4] Figure 5.3a shows the 

NOESY with an irradiation at 2.71 ppm for proton Hj on the hexyl chain. In the aliphatic 

region shown in Figure 5.3e, protons Hk and Hl that are close to Hj have the NOE to the 

resonances at δ = 1.69 and 1.37 ppm, respectively. In the aromatic region, signals at δ = 8.02 

and 7.08 ppm are found which confirms the former assignment for proton Ha and Hj. To 

confirm the assignment of proton Hd, protons near to Hd, like Hc or He, could be selected to 

irradiate. However, signals that are considered for protons Hb, Hc, He and Hh are located in a 

very narrow range of 7.8-8.0 ppm and are quite difficult to be selectively irradiated without 

the occurring of any artifacts. Therefore, proton Hd resonating at δ = 8.54 ppm was irradiated 

to observe which proton would give a NOE signal. Throughout the NOESY shown in Figure 

5.3c, only two weak NOE signals are found at δ = 7.93 and 7.89 ppm, which are hardly to 

identify without apodization processing. As shown in Figure 5.3d, the chemical shifts agree to 

protons Hc and He,h which confirms again the former assignment. Therefore, the large down-

field shifts of protons Ha and Hd is ascribed to intramolecular hydrogen bonds with the 

nitrogen atoms of the benzothiadiazole subunit. This was found in the solid state too and will 

be further discussed in Chapter 5.3. 
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to elucidate the conformation of molecule 74: (a) 1D NOESY

with irradiation at 2.71 ppm; (b) 1H NMR spectrum; (c) 1D NOESY spectrum with irradiation at 8.54 

ppm; (d) an enlargement of the framed region in spectra (b) and (c); (e) an enlargement of the 

spectra (a) and (b). 
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coupling reaction giving the first generation dendron 76 as a dark 

powder in a yield of 83%. Regioselective borylation of 76 was performed under Ir

direct arene borylation via C-H functionalization in the same manner as described and 

discussed previously for the synthesis of 35, 44, 60, 67, and 69 in Chapter 2 

was obtained as the only product (98% yield) what could be confirmed by 

H NMR and MALDI-TOF mass spectra of product 77 

for the spectra see Table 5.1). In the mass spectrum of 77, neither peaks of non

nor those of multiple borylated by-products can be detected suggesting a 

complete conversion of starting material to the desired mono-borylated product. From 
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at δ = 7.54 ppm of 76 had disappeared in the spectrum of 
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as a dark wine red 
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H functionalization in the same manner as described and 

in Chapter 2 and Chapter 4. 
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Instead, the β-proton Hy at δ = 7.71 ppm of 77 becomes the only singlet in the range of 7.4 

and 7.8 ppm, which is in the typical region[5] where the resonance of a thienyl β-proton 

adjacent to a boryl group is expected. This suggests that there was no other regioisomer 

beside 77 obtained by this reaction. It is concluded that the product has the desired structure 

and correct connectivity as shown in Scheme 5.2. 

 

Scheme 5.2 Synthesis of boronic ester 77. 
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Table 5.1 Spectral comparison of the starting material 76 with the product 77. 
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(a) Only the signals in the aromatic region are depited. The measurements were taken in d8-THF (c = 10 mg/mL) at 294 K; (b) MALDI-TOF MS, DCTB was used as 

matrix. The monoisotopic mass of 76 is found at m/z 1112.6 (calcd. exact mass for C60H48N4S9 m/z 1112.1) and the monoisotopic mass of 77 is found at m/z 

1238.5 (calcd. exact mass for C66H59BN4O2S9 m/z 1238.2). 
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For the preparation of the first generation dendrimer 80 two possible synthetic routes were 

tried, which are depicted in Scheme 5.3.  

• In route A the brominated periphery unit 75 is fourfold connected to the sexithiophene core. 

The key step here is to synthesize the tetraborylated DOT 78. The precursor, tetrasilylated 

sexithiophene 61, was treated with BBr3 in dry toluene followed by the transformation to 

the corresponding pinacol boronic ester by quenching the reaction with pinacol. 

Unfortunately, some threefold borylated by-products were found in the crude product as 

detected by MALDI-TOF MS analysis. Attempts to remove these by-products failed. 

Nonetheless, the Suzuki-Miyaura cross-coupling reaction of the crude product 78 with 

building block 75 was performed under conventional conditions. According to the 

MALDI-TOF MS analysis, the resulting product is a mixture of DOT 80 and two- or 

threefold coupled by-products. The considerable amount of sub-stoichiometric  by-

products could be attributed to the deboronation in basic aqueous condition.[6] The 

solubility of the product and by-products were so low, that 80 could not to be isolated by 

conventional laboratory methods, such as recrystallization, column chromatography etc.. 

Therefore another synthetic route was taken into account. 

• In route B DOT 80 was readily obtained through a simple transposition of the bromine and 

the pinacol boronic ester on the building blocks. Here, the deboronation can be neglected 

due to the excess amount of the monoborylated peripheral unit 79. The tetrabromo-

sexithiophene core 62 can be obtained in a high purity.[7] The peripheral part 74 was 

borylated by using Ir-catalyzed borylation reactions yielding 79. Due to the steric 

hindrance of the hexyl chain, the borylation reaction needed an elevation of temperature 

from 50 oC to 70 oC. Multiple borylation consequently occurred. Fortunately, unlike other 

boronic esters of larger thiophene dendrons (for instance, 44, 60, 69, and 77), boronic ester 

79 was stable on a silica gel column, by which it was purified and obtained as an orange 

crystalline solid in a good yield of 76%. Structural information of 79 in more detail was 

gained through single crystal X-ray diffraction analysis, which will be discussed later in 

Chapter 5.3.2.  

• The fourfold Suzuki-Miyaura cross-coupling reaction of 62 with 79 was carried out at an 

elevated temperature (90 oC) in a solvent mixture of toluene and DMF (5:1 of volume 

ratio). Pd2(dba)3CHCl3 combined with HP(t-Bu)3BF4 were employed here again as catalyst 

in the presence of an aqueous solution of K3PO4 as base, yielding 80 as a dark wine red 

powder in 87% yield. The crude product was purified by Soxhlet extraction with a 
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sequence of solvents: MeOH, n-hexane, THF, and chlorobenzene. Pure DOT 80 was found 

in the chlorobenzene extract. 

 

Scheme 5.3 Two synthetic routes to G1-dendrimer 80. 

 

The mass and 1H NMR spectra of 80 are shown in Figure 5.4. In the MALDI-TOF MS, a 

single peak stands at m/z 2222.7 in the region from m/z 1000 to 5000 that demonstrates the 

high purity of 80. This monoisotopic mass exactly coincides with the calculation of the exact 

mass for 80 C120H94N8S18 m/z 2222.3. The 1H NMR spectrum of 80 shows a very similar 

pattern compared to that of dendron 76 in Table 5.1. The subtle difference is that the signal of 

proton Hx at the apex of the V-shaped molecule 76 disappears in the spectrum of its dimer 80 

due to the covalent connection at that position. In addition, the signals (7.9-8.1 ppm) of 

benzothiadiazole protons and part of the benzothiophene protons are merged in case of 80.  
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ppm down-field shifts compared to protons at the same position of reference molecules 

given in Figure 5.5b: Ha in hexylthiophene subunit from δ = 6.9 ppm for the 4-position of 

3-hexylthiophene[3] to δ = 8.02 ppm of 74, to δ = 7.80 ppm of 75, and to δ = 8.09 ppm of 

79; Hd in the benzothiophene subunit from δ = 7.3 ppm for the 3-position of 

benzo[b]thiophene[2a] to δ = 8.54 ppm of either 74, 75, or 79. 

• The influence of bromine (-Br) and boronate (-Bpin) groups on Ha and Hb:  

-Br is considered as a π-electron donor (+M effect), whereas -Bpin as a π-electron 

acceptor (-M effect). They affects the π-electron density of the connected arene in an 

opposite manner: -Br increases it and shields the aromatic protons, whereas -Bpin 

decreases it and deshielded the aromatic protons. In the particular case of 3-

hexylthiophene, the proton at the 4-position shifts up-field of ∆δ = 0.1 ppm if -Br 

connected at 2-position and shifts down-field of ∆δ = 0.1 ppm if -Bpin conneced there 

(see Figure 5.5b). The same trend is also observed in the case of Ha of the hexylthiophene 

subunit, i.e., an up-field shift of 0.22 ppm with -Br and a down-field shift of  0.07 ppm 

with -Bpin. Very interestingly, the remote proton Hb of the benzothiadiazole subunit is 

also affected. An up-field shift of 0.07 ppm with -Br and a down-field shift of  0.07 ppm 

with -Bpin are observed (Hb: δ = 7.87 ppm of 74, δ = 7.80 ppm of 75, and δ = 7.94 ppm 

of 79). This is a hint for an efficient π-conjugation over the molecular backbone. 

• The change of the splitting pattern of Hb and Hc on the benzothiadiazole subunit:  

this is the most interesting finding in the spectral comparison. In 74 and 75, Hb and Hc, 

marked as * for Hb and as # for Hc, resonate as two doublet peaks with a coupling 

constant of J = 7.6 Hz. This can be easily explained from their different chemical 

environment caused by different substituents at the 4- and 7-positions of benzothiadiazole 

subunit. In contrast, they appear as one singlet peak at 7.94 ppm in 79, though the 

substituents of benzothiadiazole subunit are still different. Since the molecular structure 

of 79 has been confirmed by single crystal X-ray diffraction analysis (see Chapter 5.3.2), 

the occurrence of the singlet peak can only be interpreted by the fact that Hb and Hc 

occasionally have the same electronically environment and are magnetically equivalent.  
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Scheme 5.4 Convergent synthesis of G2-dendrimer 81.  

 

The MALDI-TOF mass spectra of G2-DOT 80 is given in Figure 5.6a. A single mass peak 

stands at m/z 4942.9, which nicely coincides with the calculation of the average mass for 80 

C120H94N8S18 m/z 4941.2. The isotopic distribution is less resolved and cannot provide the 

monoisotopic peak. No other signal is found between m/z 2000 to m/z 6000, evidencing the 

purity of the sample. The aromatic region of the 1H NMR spectrum of 80 is also shown in 

Figure 5.6b with signal assignment. Although all the fine splittings are lost due to the low 

solubility and the resulting high-temparature measurement at 350 K, the spectrum is still good 

enough to show the most characteristic aromatic proton resonances: The β-proton Ha of 

hexylthiophene subunit is found at δ = 8.03 ppm and another β-proton Hd of benzothiophene 

subunit is found at δ = 8.50 ppm. The signals of protons Hb and Hc of the benzothiadiazole 

subunits overlap with those of protons He and Hh of the benzothiophene subunit. This results 

in a broad peak from 7.8 to 8.0 ppm. All the 30 β-protons of the DOT-scaffold, denoted as 

ThH and colored in blue in Figure 5.6a, are found as multiple broad overlapping peaks 

between 7.0 and 7.5 ppm. Signals from protons Hf and Hg of the benzothiophene subunit are 

superimposed with the ThH-peaks, making them difficult to identify. 
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remaining solid in the filter thimble was analyzed by MALDI-TOF MS again. The spectrum 

is also given in Figure 5.7. In the scanning width of m/z 3000 to 11000, it can be easily seen 

that only impurities with a molecular weight below m/z 5500 were removed. The signals of 

the 4- to 7-fold cross-coupling by-products do not appear with lower intensities than before. 

The extreme low solubility of the product mixture in a hot TCE solution makes the 

purification process impossible. Furthermore, it would make the target molecule 83 

inapplicable in solution-processed organic solar cells. Attempts for synthesizing this 

compound via other synthetic routes would be worthless and therefore, were not further 

performed. 

 
Scheme 5.5 Attempted synthesis of G3-dendrimer 83 in a divergent synthetic route. 

 

A reference compound 84, in which the benzothiadiazole-containing peripheral moiety is 

connected on the focal thiophene unit in a 3T-building block, was prepared. The Pd-catalyzed 

Suzuki-Miyaura cross-coupling reaction of 75 with 26 gave 84 as a dark red powder in a high 

yield of 94%.  

 

Scheme 5.6 Synthesis of reference compound 84. 
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Figure 5.7 MALDI-TOF mass spectral comparison of the product composition for 83. The upper 
spectrum represents the crude product before Soxhlet-extraction treatment and the lower spectrum 
represent the remaining solid in the extraction thimble. The 4- to 8-fold coupled species were 
assigned.  
 

3T-Based dendritic oligothiophenes with the peripheral functionalization by the electron-

accepting unit benzothiadiazole were prepared up to the second generation. With the 

increasing molecular size the solubility drops dramatically. The third generation dendrimer 

showed an extreme low solubility during the synthetic process. All possible laboratory 

methods to isolate the target molecule apart from the sub-stoichiometric coupling by-products 

failed. Intramolecular hydrogen bonding and the efficient π-conjugation in the peripheral units 

of the DOTs were revealed by the 1H NMR. A deeper insight of the structural information of 

the periphery will be discussed in the next section Chapter 5.3.  
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5.3 Single Crystal X-Ray Diffraction Analysis of the Synthetic 

Intermediates 75 and 79 for the Periphery 

5.3.1 Single Crystal X-Ray Diffraction Analysis of 7-(2-Benzo[b]thienyl)-4-

(5-bromo-4-hexyl-2-thie-nyl)-2,1,3-benzothiadiazole (75) 

Crystals of 75 suitable for single crystal X-ray diffraction analysis were grown by slow 

evaporation of the solvent from a saturated solution of 75 in dichloromethane at ambient 

temperature. Orange crystals of 0.70×0.40×0.15 mm were chosen for the data collection at 

100 K. 75 crystallizes in the triclinic space group �1� with two molecules lying face-to-face in 

the unit cell (cell dimension: a = 9.5508(6) Å, b = 10.8582(6) Å, c = 12.0009(7) Å, α = 

70.934(3)o, β = 88.804(3)o, γ = 66.395(3)o, V = 1069.14(11) Å3, ρ = 1.595 g/cm3), which is 

depicted in Figure 5.8a. The R-value of the refinement is 4.96%. The thermal ellipsoid plot at 

a 50%-probability-level is shown in Figure 5.8b. Molecule 75 contains three heteroaromatic 

(fused) rings, labeled as ring A for the thiophene subunit, ring B for the benzothiadiazole 

subunit and ring C for the benzo[b]thiophene subunit. Regarding the sulfur atoms, the three 

subunits are placed in an all-trans-conformation with very small dihedral angles between each 

two mean ring planes (∠A-B = 3.16º, ∠B-C = 6.69º and ∠A-C = 8.86º), indicating an efficient 

π-conjugation over rings A to C. The hexyl side chain tilts subtly off-plane A in a small angle 

of 5.3o.  

Due to the incorporation of multiple heteroatoms (Br, N, S), molecule 75 show both intra- and 

intermolecular interactions in the crystalline state. The intramolecular interactions are 

depicted in Figure 5.8b. Hydrogen H2 of ring C forms a short contact with N1 of ring B with 

a distance of 2.37 Å, while H15 on ring A interacts with N2 on ring B as well, with a distance 

of 2.42 Å. Both values are significantly smaller than the sum of the van-der-Waals radii of H 

and N atoms (1.20 Å (rvdWH) + 1.55 Å (rvdWN) = 2.75 Å), implying hydrogen bonding.[8] The 

intramolecular hydrogen bonding between N and H is also reflected by the 1H NMR spectrum 

of 75 in solution (see Figure 5.5). The intermolecular interactions taking place in one layer are 

depicted in Figure 5.8c. As hydrogen bonding donors, atom H2, H10 and H24B interact with 

sulfur atom S3' of ring B2, bromine Br1''' of ring A4 and bromine Br'' of ring A3, respectively. 

Correspondingly, Br1 of ring A1 and S3 of ring B1 serve as halogen or hydrogen bonding 

acceptors, respectively. The distances are as follows: d(H2···S3') = d(H2'···S3) = 2.82 Å, 

d(H10···Br1''') = d(H10'''···Br1) = 2.98 Å, d(H24B···Br1'') = d(H24B’’···Br1) = 2.91 Å. 

These values are smaller compared to the sum of the van-der-Waals radii of H and S atoms 

(1.20 Å (rvdWH) + 1.80 Å (rvdWS) = 3.00 Å) or of H and Br atoms (1.20 Å (rvdWH) + 1.85 Å  
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(rvdWBr) = 3.05 Å), respectively. Twofold C-H···π interaction and twofold S···π interaction,  

illustrated in Figure 5.8d, are found between two molecules lying face-to-face in two adjacent 

layers. Alkyl proton H20A has a short contact with C9' of ring B2 in a distance of 2.88 Å, 

which is the same as the distance between H20A' and C9 of ring B1. Again, these distances 

are smaller than the sum of van-der-Waals radii of H and S atoms (1.20 Å (rvdWH) + 1.70 Å 

(rvdWC) = 2.90 Å). Sulfur S3 interacts with the carbon-carbon double bond (C15'=C16') in 

ring A2. The distance between S3 and the centroid of C15' and C16' is d(S3···(C15'=C16')) = 

3.40 Å, same as that between S3' and the centroid of C15 and C16 d(S3'···(C15=C16)) = 3.40 

Å. This value is exactly in the range of a weak S-π interaction, which was prior suggested by 

theoretical calculations.[12] In Figure 5.8e, the molecular packing by π-π stacking with an 

average interplanar spacing of 3.4 Å is depicted. The interplanar distance is for π-π 

interactions relatively small, and even comparable with that for graphite (3.35 Å).[13] 

 

5.3.2 Single Crystal X-Ray Diffraction Analysis of 4-(2-Benzo[b]thienyl)-7-

[5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4-hexyl-2-thienyl]-

2,1,3-benzothiadiazole (79) 

Crystals of 79 suitable for single crystal X-ray diffraction study were grown by slow 

evaporation of solvent from a saturated solution of 79 in THF at ambient temperature.  

Orange crystals of 0.50×0.20×0.08 mm were chosen for the data collection at 200 K. Four 

molecules 79 crystallize in the triclinic space group P1 (cell dimensions: a = 8.8885(4) Å, b = 

11.0793(5) Å, c = 15.7261(7) Å, α = 85.082(2)o, β = 88.081(2)o, γ =67.918(2)o, V = 

1429.80(11) Å3, ρ = 1.302 g/cm3); see Figure 5.9a. The R-value of the refinement is 5.23%. 

The thermal ellipsoid plot at a level of 30% probability is shown in Figure 5.9b. The molecule 

79 contains, as well as its analogue 75, three heteroaromatic (fused) rings, labeled as ring A 

for thiophene subunit, ring B for benzothiadiazole subunit and ring C for benzo[b]thiophene 

subunit. Like in the case of 75, the three subunits are oriented in an all-trans-conformation, 

regarding to the sulfur atoms. The dihedral angles between each two mean planes, which are 

calculated in each (fused) ring from all atoms (without hydrogen) consisting of the ring, are 

detected as∠A-B = 8.23º, ∠B-C = 3.85º and ∠A-C = 12.05º. These values are all slightly larger 

than for the corresponding ones in 75, indicating a less but sill efficient π-conjugation over 

ring A-C. 

Similarly to 75, both intra- and intermolecular interactions are observed in the molecular 

packing of 79. Intramolecular interactions, known as hydrogen bonding motif, are depicted in 
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Figure 5.9b. The two nitrogen atoms N1 and N2 form hydrogen bonds with the thienyl proton 

H17 of ring A and H2 of ring C, respectively. The distances (d(H17···N1) = 2.45 Å and 

d(H2···N2) = 2.40 Å) are comparable with the values in 75 (2.42 Å and 2.37 Å). Two sulfur 

atoms S1 and S2 form weak hydrogen bonding with benzothiadiazolyl hydrogen atoms H12 

and H11, respectively (d(H11···S2) = 2.65 Å and d(H12···S1) = 2.62 Å). These 

intramolecular interactions are also reflected in the 1H NMR spectrum of 79 in solution (see 

Figure 5.5). The intermolecular interaction is found between two adjacent molecules, which 

are in a sandwich conformation (see Figure 5.9c, blue framed). The hexylthiophene rings face 

the benzothiadiazole fused ring with a plane-to-plane distance of 3.65Å, which is typical for 

an efficient π-π stacking (see Figure 5.9d, blue framed). Molecules 79 pack via two kinds of 

π-π stacking motifs, which are depicted in Figure 5.9d from a view parallel to the mean plane 

of the aromatic scaffold of 79. Two interlayer distances of 1.4 Å and 3.7 Å are detected. The 

shorter one is found between two molecules in a parallel-displaced conformation. The 

centroid distance between the thiadiazole subring of ring B1 and that of ring A2 is 6.20Å, 

which is a weak π-π interaction.[14] The longer interlayer distance is just aformentioned.  

The two single crystal structures of the synthetic intermediates 75 and 79 for the DOT-

periphery unit agree in many aspects: Their common π-conjugated backbone, comprising of 

hexylthiophene, benzothiadiazole and benzothiophene subunits, is almost coplanar. The 

dihedral angles of two adjacent subunits are less than 10o, which can partly be attributed to the 

multiple intramolecular hydrogen bonding, including N···H and S···H bonding. The planarity 

suggests a very efficient π-conjugation. In spite of the different substituents (-Br and -Bpin), 

both molecules 75 and 79 form face-to-face π-π stacking over benzothiadiazole and 

hexylthiophene subunits in the packing motif. The distance between the mean planes of two 

face-to-face lying molecules is 3.4 Å for 75 and 3.7 Å for 79, which allows significant 

intermolecular π-orbital overlap. These are good hints to predict the solid-state packing of 

DOTs containing this backbone as periphery. Interpenetration on the periphery may retrieve 

the shortage of packing disarray caused by the three-dimensional dendritic core, and hence, 

may increase charge carrier transport mobility[15] and improve the performance of the solar 

cell based on these DOTs[16]. On the other hand, this effective packing might be the reason for 

the very low solubility of higher generation dendrimer 83 and for the caused synthetic 

problems. 
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Absorption and emission spectra of 3T-based DOTs with benzothiadiazole-functionalized 

periphery 76, 80, 81 and the reference compounds 74 and 84 are depicted in Figure 5.10. The 

optical data of these five compounds are listed in Table 5.2. The absorption spectra were 

measured at 295 K either in a solution of 1,1,2,2-tetrachloroethane, in which 81 is most 

soluble, or from a thin film spin-casted on a glass substrate. The absorption spectra are 

normalized according to the absorption maxima appearing in the longer wavelength region 

between 450 and 550 nm. Concentrations were c ≈ 1×10-5 M for 74, c ≈ 5×10-6 M for 84 and 

76, and c ≈ 1×10-6 M for 80 and 81 for the absorption measurements and 10 times diluted for 

the emission measurements. 

The absorption feature of this series of compounds consists of two absorption bands: a high 

energy band ranging from 300 to 400 nm can be assigned to the π-π* transition,[17] while the 

low energy band ranging from 400 to 650 nm can be assigned to an intramolecular charge 

transfer (ICT)[18]. In solution, 74 absorbs light in a shorter wavelength region due to the 

shorter conjugation length, than the rest of the molecules in this series. Their absorption 

maximum values are independent of the molecular size. Especially, the absorption maximum 

of the low energy band in the case of the biggest molecule 81 ( ����
���

= 490	��) shifts even 

hypsochromically about 10-15 nm compared to those of 84 (����
���

= 501	��), 76 ( ����
���

=

498	��), and 80 ( ����
���

= 504	��). This hypsochromic shift may be caused by two reasons: 

the first one is a result of the superimposition of the π-π* transition band into the ICT band, 

that is arisen from the increasing ratio of the oligothiophene to benzothiadiazole subunits in 

the molecule. The other reason is a less effective conjugation between the inner 

oligothiophene subunits and the outer benzothiadiazole subunits due to the sterically 

congestion on the periphery. Comparing to the corresponding absorption in solution, both 

high and low energy bands simultaneously broaden and shift bathochromically in the thin film. 

But the low energy bands shift in a larger degree than the high energy band. This is a clear 

evidence for a more effective π-π stacking of the 2D benzothiophene-benzothiadiazole 

subunit than that found in the 3D dendritic oligothiophene subunit.[17b] A clear red-shift of the 

low energy band can be observed in the film absorption with increasing molecular size. The 

optical band gap estimated from the absorption onset decreases steadily from 1.92 eV (84) to 

1.77 eV (81) with increasing molecular size, while the gap estimated from solution absorption 

exhibits a stepwise decrease from 2.4 eV (74) to 2.1 eV (84 and 76) and to 2.0 eV (80 and 81).  

The emission spectra of the five compounds were all measured in a solution of 1,1,2,2-

tetrachloroethane at 295 K. The spectra are modified with Savitzky-Golay smoothing filter[19] 



 
188 Chapter 5                                         Peripheral Functionalization of Dendritic Oligothiophenes 

to yield a smooth curve as shown in Figure 5.10. Two excitation wavelengths were chosen 

with respect to the two absorption bands: 320 nm and 460 nm for 74 as well as 330 nm and 

490 nm for the other molecules. Very interestingly, the spectral profiles are invariant to the 

excitation wavelength for the smaller molecules 74 (����
��

= 591	��), 84 (����
��

= 690	��), 

76 (����
��

= 690	��), and 80 (����
��

= 712	��), whereas the larger molecule 81 emits quite 

differently at the two chosen excitation wavelengths: if excited at 330 nm, 81 emits broadly 

from 350 nm to 850 nm with maximum peaks at 424 nm and 571 nm; if excited at 490 nm, 

the emission maximum is located at 669 nm with a shoulder at 603 nm. Both two emission 

maxima (����
��

= 571	���	699	��) are smaller than those for the smaller molecules (84, 76, 

and 80), though they have formally shorter conjugation chain length than 81. This suggests 

that the molecular structure of 81 would be rather three dimensional due to the steric 

crowdedness at the periphery and the α-α linked π-conjugation is much less efficient. In 

contrast, the other smaller molecules should be very planar and the efficient π-conjugation 

system expands with the increment of the molecular size. 

 

Table 5.2 Optical data of compound 74, 84, 76, 80 and 81. 

Com- 

pound 

�����
��� (nm)a 

ε @�
��� �����	

��� d 
�

��	e(eV) 

����
�� f @�

�� 
g 

Solution
b 

Film
c (×104 M-1 cm-1) (nm) Solution

b
 Film

c
 (nm) 

74 318, 460 - 1.72 @460 526 2.36 - 591@320 

591@460 

84 325, 501 331, 514 3.31 @501 584 2.12 1.92 690@330 

690@490 

76 330, 498 338, 519 6.97 @498 587 2.11 2.00 690@330 

690@490 
80 328, 504 332, 527 12.9 @504 612 2.03 1.82 712@330 

712@490 
81 325h, 490 336, 537 22.3 @490 610 2.03 1.77 424, 571@330 

603h, 669@490 

(a) Measurements were performed at 295 K, the numbers underlined are the absorption maxima; (b) in 

1,1,2,2-tetrachloroethane solution; (c) spin-casted on glass substrates; (d) obtained from the solution spectra; 

(e) estimated from the empirical equation Eg=1240/λonset; (f) measured in 1,1,2,2-tetrachloroethane solution at 

295 K; (g) excitation wavelength ; (h) shoulder. The numbers underlined are the maxima. 
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Figure 5.10 Absorption and emission spectra of compounds 74, 84 and 76. The absorption spectra 
were measured at 295 K either from a solution in 1,1,2,2-tetrachloroethane or from a thin film spin-
casted on a glass substrate. The absorption spectra are normalized with respect to the peak lying 
between 400 to 500 nm. The emission spectra were all measured from a solution in 1,1,2,2-
tetrachloroethane at 295 K and modified with Savitzky-Golay smoothing filter.[19] 
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Figure 5.10 (continued) Absorption and emission spectra of compounds 80 and 81. The absorption 
spectra were measured at 295 K either from a solution in 1,1,2,2-tetrachloroethane or from a thin 
film spin-casted on a glass substrate. The absorption spectra are normalized with respect to the 
peak lying between 400 to 500 nm. The emission spectra were all measured from a solution in 
1,1,2,2-tetrachloroethane at 295 K and modified with Savitzky-Golay smoothing filter.[19] 

 

5.4.2 Electrochemical Properties of the 3T-Based DOTs with 

Benzothiadiazole Peripheral Functionalization 

The electrochemical property of the peripherically functionalized 3T-based DOTs 84, 76, 80, 

and 81 as well as the peripheral moiety 74 were investigated by means of cyclic voltammetry 

(CV) and differential pulse voltammetry (DPV) at 295 K in 0.1 M TBAPF6 as electrolyte in a 

solution of dichloromethane (74, 84, and 76) or as thin film (80 and 81, due to the low 

solubility) in acetonitrile. Thin films were prepared by spin-coating from hot 1,1,2,2-

tetrachloroethane solution onto ITO glass substrates and dried in vacuum prior to use.  
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The CV and DPV profiles are shown in Figure 5.11. In the negative bias region of all CV 

profiles, a reversible redox wave is found with the reduction potential lying between -1.3 V 

and -1.7 V. This can be assigned to a one electron transfer from the electrode to the 

benzothiadiazole subunit.[18a, 18c, 20] In the positive bias region, 84 shows two successive 

reversible waves with the oxidation potentials at 	��	



= 0.54	
 and at 	���



= 0.82	
, which 

is ascribed to the oxidation of the oligothiophene moiety. Due to the lack of the protection on 

the thiophene α-position of 74, an irreversible oxidation peak at 	� = 1.17	
 is observed. A 

weak reduction peak appears at 	�� = 0.73	
, which is resulted from a follow-up reaction, 

such as dimerization of 74. 76 shows a quasi-reversible redox wave with the oxidation 

potential at 	��	



= 0.52	
 . The two larger molecules 80 and 81 show very broad redox 

responses in the positive bias region. The first oxidation potential could not be estimated from 

the CV and DPV measurements. 

The electrochemical data are collected in Table 5.3. The HOMO (����� ) and LUMO 

(�����) levels are calculated by equation 5.1 and 5.2: 

����� = −����
�����

+ .��	���                                           (5.1) 

����� = −�����
�����

+ .��	���                                            (5.2) 

where ���
����� and ����

����� represent the onset oxidation and reduction potentials value relative 

to the Fc/Fc+ redox couple, respectively; the formal potential of the Fc/Fc+ redox couple is 

estimated to -5.1 eV versus vacuum.[21] The electrochemical band gap ��
�� is determined by 

equation 5.3: 

��
��

= ���
�����

− ����
�����                                                           (5.3) 

 

Table 5.3 Electrochemical data of compound 74, 84, 76, 80 and 81.a 

Compound ���
�  

(V) 

����
�  

(V) 

���
����	 

(V) 
����
�  

(V) 

����
����	 

(V) 

�

�� 

(eV) 

����� 

(eV) 

����� 

(eV) 

74
b 1.13 - 1.06 -1.36 -1.28 2.34 -6.16 -3.82 

84
b 0.54 0.82 0.46 -1.64 -1.53 1.99 -5.56 -3.57 

76
b 0.52d - 0.48 -1.59 -1.53 2.01 -5.58 -3.57 

80
c -e - 0.19 -1.67 -1.62 1.81 -5.29 -3.48 

81
c -e - 0.08 -1.67 -1.59 1.67 -5.18 -3.37 

(a) Cyclic voltammetry: scan rate 100 mV/s, 295 K, vs. Fc/Fc
+
; (b) in dichloromethane (M = 1.0×10

-3
 M), 0.1 M 

TBAPF6 as electrolyte; (c) compounds from hot 1,1,2,2-tetrachloroethane solution were spin-coated onto ITO 

glass substrate prior to measurement; CV and DPV: in acetonitrile, 0.1 M TBAPF6; (d) quasi-reversible peak; E
0

ox 

was estimated as the potential where ipa=0.855×ipa
max

;(e) not detectable by either CV or DPV. 
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With increasing molecular size, the HOMO and LUMO level up-shift simultaneously, while 

the band gaps reduce gradually from 2.34 eV to 1.67 eV. The HOMO/LUMO alignment is 

illustrated in Figure 5.12 with comparison to that of PC61BM. Due to the suitable electronic 

energy levels, these peripheral functionalized 3T-based DOTs are good candidates as the 

donor material in organic photovoltaics and the application will be discussed in Chapter 6.3.5. 

Figure 5.11 Cyclic voltammograms of compounds 74, 84, 76, 80 and 81. Compound 74, 84 and 76 

were measured in dichloromethane solution (M = 1.0×10-3 M) at 295 K in presence of 0.1 M TBAPF6 

as electrolyte as well as 80 and 81 were measured as thin film in acetonitrile at 295 K in presence of 

0.1 M TBAPF6 as electrolyte. Thin films were spin-coated from hot 1,1,2,2-tetrachloroethane solution 

onto ITO glass substrate prior to measurement. (Scan rate 100 mV/s, vs. Fc/Fc+)  
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Figure 5.12 Energy level diagram of compound 74, 84, 76, 80 and 81 derived from CV data in 

comparison to PC61BM. 

 

 

5.5 Experimental Section 

5.5.1 General Procedure 

NMR spectra were recorded with a Bruker AMX 400 spectrometer at 400 MHz (1H NMR) and 

at 100 MHz (13C NMR), an Advance 400 spectrometer at 400 MHz (1H NMR), at 100 MHz 

(13C NMR) and at 128 MHz (11B NMR) as well as an Advance 500 spectrometer at 500 MHz 

(1H NMR) and at 125 MHz (13C NMR). Chemical shifts are denoted in parts per million 

(ppm). Chemical shifts were referenced, for 1H and 13C NMR, to the solvent residual 

signals(CDCl3:7.26 and 77.16 ppm; CD2Cl2: 5.32 and 53.84 ppm; d8-tetrahydrofuran: 1.72, 

3.58 and 25.31, 67.21 ppm; C2D2Cl4: 6.00 and 74.0 ppm) as internal standards[22]. The 

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

(broad signal). The assignments are ArH (H-atom of aromatic ring), BpinH (H-atom of the 

methyl groups of the boronic acid pinacol ester). Gas chromatography was carried out using a 

Varian CP-3800 gas chromatograph. CI mass spectra were recorded on a Finnigan MAT SSQ-

7000. MALDI-TOF mass spectra were recorded on a Bruker Daltonics Reflex III. High 

resolution mass spectra were recorded on a Bruker APEX Ultra Fourier transform/ion 

cyclotron resonance (FTICR) mass spectrometer equipped with a cryo-cooled 9.4T 

superconducting magnet and an Apollo II MTP ion source. Melting points were measured 



 
194 Chapter 5                                         Peripheral Functionalization of Dendritic Oligothiophenes 

with a Büchi Melting Point B-545 and were not corrected. Elemental analyses were  

performed on an Elementar Vario EL. UV-vis absorption spectra were recorded on a Perkin 

Elmer Lambda 19 spectrometer using Merck Uvasol grade solvents and fluorescence spectra 

on Perkin-Elmer LS 55 in 1 cm quartz cuvettes. Cyclic voltammetry measurements were 

carried out with a computer-controlled EG&G PAR 273 potentiostat in a three-electrode 

single-compartment cell with a platinum working electrode, a platinum wire counter electrode, 

and a Ag/AgCl reference electrode, using ferrocene/ferrocenium couple as internal reference. 

Thin layer chromatography was performed with silica gel (Merck, Si 60, F254) precoated on 

aluminum sheet. Column chromatography was performed on glass column packed with Silica 

Gel 60 (Merck, 0.040-0.063 µm, 230-400 Mesh ASTM or 0.063-0.200 µm 70-230 mesh 

ASTM). Size-exclusion chromatography was performed on a glass column packed with 

porous cross-linked polystyrene polymer beads (BIO-RAD, Bio-Beads® S-X-1) in gravity 

flow. The X-ray diffraction data were collected on a Bruker APEX-II CCD area detector 

diffractometer using graphite-monochromatic Mo Kα-radiation in a wavelength of 0.71073 Å. 

Correction for absorption was applied with PLATON[23] using multi-scan method. The 

structures were solved by direct methods and refined on F2 with the SHELXTL program 

package.[24] All non-H atoms were refined anisotropically. The H-atoms were placed in 

calculated positions and refined as riding.  

Chemicals were purchased and used as received: ammonium chloride, boron tribromide, 

cacium hydride, sodium chloride, sodium thiosulfate, sodium sulfate, magnesium sulfate and 

tri-potassium phosphate were purchased from Merck, tetrabutylammonium 

hexafluorophosphate from Fluka, tri(dibenzylidenacetone)-dipalladium chloroform adduct, 

tri-tert-butyl-phosphonium tetrafluoroborate from Acros, bis(1,5-cyclooctadiene) di-µ-

methoxydiiridium(I) from Strem, 4,7-dibromobenzo[c]-1,2,5-thiadiazole, 4,4’-di-tert-butyl-

2,2’-bipyridine, 2,3-dimethyl-2,3-butanediol (pinacol) and 4,4,5,5-tetramethyl-1,3,2-

dioxaborolane from Sigma-Aldrich, deuterochloroform and dichloromethane-d2 from Sigma-

Aldrich, 1,1,2,2-tetrachloroethane-d2 and tetrahydrofuran-d8 were purchased from Euriso top. 

Solvents dichlormethane, n-hexane, methanol, dimethylformamide, n-pentane, 

tetrahydrofuran and toluene were purchased from VWR International and distillated prior to 

use. For use in reaction, toluene was dried over CaH2 and tetrahydrofuran was dried over 

sodium.[25] 2-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-benzo[b]thiophene,[26] 2-(4-

hexylthiophen-2-yl)-5,5-dimethyl-1,3,2-dioxaborinane,[27] 5,5'''-bis(trimethylsilyl)-3',5''-bis[5-

(trimethylsilyl)-2-thienyl]-2,2':5'2'':4'',2'''-quaterthiophene (61),[17b] 5,5'''-dibromo-3',5''-bis(5-
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bromo-2-thienyl)-2,2':5'2'': 4'',2'''-quaterthiophene (62)[17b] and the G2 3T-based DOT 82[7] 

were synthesized according to reported protocols. 

 

5.5.2 Synthesis 

4-Bromo-7-(4-hexyl-2-thienyl)-2,1,3-benzothiadiazole (73) 

Dibromobenzothiadiazole 72 (9.0 g, 30 mmol), 2-(4-hexylthiophen-2-yl)-5,5-dimethyl-1,3,2-

dioxaborinane (2.5 g, 10 mmol), tris(dibenzylideneacetone)dipalladium(0)-chloroform adduct 

(Pd2(dba)3CHCl3, 52 mg, 0.05 mmol, 1 mol%-Pd pro B) and tri-t-butylphosphoniumtetra-

fluoroborate (HP(t-Bu)3BF4,  29 mg, 0.1 mmol) were placed in a Schlenk-flask under argon 

atmosphere. Well-degassed tetrahydrofuran (100 mL) and an aqueous solution of potassium 

phosphate (1 M, 40 mL, 40 mmol) were subsequently added. The reaction mixture was stirred 

at room temperature for 2 hrs. The reaction was monitored by thin layer chromatography. 

After the spot of the boronic ester disappeared, the reaction mixture was neutralized by a 

saturated solution of ammonium chloride. The water phase was extracted by dichloromethane 

(300 mL). The combined organic phase was washed by water (2×300 mL) and brine (300 mL) 

and dried over magnesium sulfate. The solvent was removed. The residue was purified by 

column chromatography (silica gel 60, 70-230 mesh, n-hexane/dichloromethane 

100:0→90:10, v/v) to provide pure product 73 (2.7 mg, 7.1 mmol, 71 %) as a yellow 

fluorescent solid. 

 
1
H NMR (400 MHz, CDCl3) δ 7.94 (d, J = 1.3 Hz, 1H, H-b), 7.81 (d, J = 7.8 Hz, 1H, H-d), 

7.66 (d, J = 7.7 Hz, 1H, H-c), 7.06 (s, 1H, H-a), 2.72-2.64 (m, 2H, -CH2-CH2-(CH2)3-CH3), 

1.75-1.64 (m, 2H, -CH2-CH2-(CH2)3-CH3), 1.45-1.28 (m, 6H, -CH2-CH2-(CH2)3-CH3), 0.91 (t, 

J = 7.0 Hz, 3H, -CH2-CH2-(CH2)3-CH3) ppm.  
13
C NMR (100 MHz, CDCl3) δ 153.8, 151.8, 144.5, 138.1, 132.2, 129.6, 127.4, 125.5, 122.0, 

112.0, 31.7, 30.6, 30.4, 29.0, 22.6, 14.1 ppm.  

GC-MS (CI, m/z) calcd for C16H17BrN2S2: 380.0. Found (%): 380.0 ([M]+, 94), 382.0 ([M]+, 

100). 

Elemental Analysis (%) calcd for C16H17BrN2S2: C, 50.39; H, 4.49; N, 7.35. Found: C, 50.32; 

H, 4.32; N, 7.32. 

M.p.: 65-66 ºC. 
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4-(2-Benzo[b]thienyl)-7-(4-hexyl-2-thienyl)-2,1,3-benzothiadiazole (74) 

Thienylbenzothiadiazolebromide 73 (2.6 g, 6.8 mmol), 2-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)-benzo[b]thiophene (2.0 g, 7.6 mmol), Pd2(dba)3CHCl3 (62 mg, 0.068 

mmol, 2 mol-% Pd pro Br) and HP(t-Bu)3BF4 (39 mg, 0.14 mmol) were placed in a 250 mL 

flask under argon atmosphere. Well-degassed tetrahydrofuran (100 mL) and an aqueous 

solution of potassium phosphate (2 M, 15 mL, 30 mmol) were subsequently added. The 

reaction mixture was stirred at room temperature for 2 hrs. The reaction was monitored by 

thin layer chromatography. After the completion of the reaction, most of the solvent was 

removed by rotary evaporation and the reaction mixture was neutralized by a saturated 

solution of ammonium chloride. The aqueous phase was extracted with dichloromethane (200 

mL). The organic phase was washed with water (2×200 mL) and brine (200 mL) and dried 

over magnesium sulfate. After filtration, the solvent was removed by rotary evaporation. The 

residue was passed through a short silica column (silica gel 60, 230-400 mesh, n-

hexane/dichloromethane 50:50, v/v) and further purified by SCE eluting with 

dichloromethane. The pure product 74 was obtained after recrystallization from a solvent 

mixture of dichloromethane and n-hexane as an orange crystalline solid with strong 

fluorescence (2.36 g, 5.4 mmol, 80%). 

 
1
H NMR (400 MHz, CDCl3) δ 8.54 (s, 1H, H-e), 8.02 (d, J = 1.2 Hz, 1H, H-b), 7.93 (d, J = 

7.6 Hz, 1H, H-d), 7.90-7.85 (m, 2H, H-f, H-i), 7.87 (d, J = 7.6 Hz, 1H, H-c), 7.42-7.33 (m, 2H, 

H-g, H-h), 7.07 (s, 1H, H-a), 2.76-2.67 (m, 2H, -CH2-CH2-(CH2)3-CH3), 1.76-1.66 (m, 2H, -

CH2-CH2-(CH2)3-CH3), 1.43-1.26 (m, 6H, -CH2-CH2-(CH2)3-CH3), 0.91 (t, J = 7.0 Hz, 3H, -

CH2-CH2-(CH2)3-CH3) ppm. 
13
C NMR (101 MHz, CDCl3) δ 152.9, 152.8, 144.6, 140.8, 139.7, 139.4, 139.0, 129.6, 127.4, 

127.2, 125.7, 125.4, 125.2, 125.1, 124.8, 124.4, 122.2, 122.1, 31.9, 30.8, 30.6, 29.2, 22.8, 14.3 

ppm. 

CI MS (m/z) calcd for C24H22N2S3: 434.1. Found (%): 73 (74), 87 (100), 434 (32), 435 

[M+H]+ (89), 436 (29), 437 (15), 463 [M+C2H5]
+ (15). 

Elemental Analysis (%): calcd for C24H22N2S3: C, 66.32; H, 5.10; N, 6.45; S, 22.13. Found: 

C, 66.28; H, 5.06; N, 6.51; S, 22.04. 

M.p.: 114 ºC. 

 



 
197 Chapter 5                                      Peripheral Functionalization of Dendritic Oligothiophenes 

7-(2-Benzo[b]thienyl)-4-(5-bromo-4-hexyl-2-thienyl)-2,1,3-benzothiadiazole (75) 

To the solution of the starting material 74 (1.0 g, 2.37 mmol) in DMF (30 mL) a solution of 

N-bromosuccinimide (0.43 g, 2.40 mmol) in DMF (10 mL) was dropwise added at 0 oC in the 

darkness. The reaction mixture was slowly warmed up to 60 oC and stirred for 1.5 hrs.  The 

reaction mixture was then cooled to room temperature and an orange precipitate formed. The 

precipitate was filtered and DMF was removed in vacuum (31oC, 42 mbar). The resulting 

residue was combined with the precipitate and purified by column chromatography (silica gel 

60, 70-230  mesh, dichloromethane:n-hexane 1:9). Recrystallization from a solvent mixture of 

dichloromethane and n-hexane gave the pure product 75 ( 1.1 g, 2.20 mol, 93%) as an orange 

crystalline solid. 

 
1
H NMR (400 MHz, CD2Cl2) δ 8.56 (s, 1H, H-d), 7.95 (d, 1H, J = 8.0 Hz, H-c), 7.91-7.88 (m, 

2H, H-e, H-h), 7.85 (d, 1H, J = 7.9 Hz, H-b), 7.82 (s, 1H, H-a), 7.42 -7.36 (m, 2H, H-f, H-g), 

2.65 (t, 2H, J = 2.7 Hz, -CH2-CH2-(CH2)3-CH3), 1.68 (m, 2H, -CH2-CH2-(CH2)3-CH3), 1.45-

1.31(m, 6H, -CH2-CH2-(CH2)3-CH3), 0.91(t, 3H, J = 7.0 Hz, -CH2-CH2-(CH2)3-CH3) ppm. 
13
C NMR (101 MHz, CD2Cl2) δ 152.9, 152.6, 143.6, 141.0, 140.0, 139.5, 138.8, 128.6, 127.4, 

126.2, 126.0, 125.5 (2 signals), 125.1, 124.9, 124.6, 122.4, 112.2, 32.1, 30.1, 30.0, 29.4, 23.1, 

14.3 ppm. 

MALDI-TOF MS (m/z) calcd. for C24H21BrN2S3:  512.0. Found  512.0  [M]+. 

Elemental Analysis: calcd. for C24H21BrN2S3: C, 56.13; H, 4.12; N, 5.46; S, 18.73.  Found: C, 

56.55; H, 4.31; N, 5.24; S, 18.44. 

M.p.: 113 ºC. 

 

5,5''''-Bis[7-(2-benzo[b]thienyl)-2,1,3-benzothiadiazol-4-yl]-3,3''''-bis(n-hexyl)-2,2':5', 

2'':3''2''':5''',2''''-quinquethiophene (76) 

Starting material 75 (440 mg, 0.84 mmol), terthiophene boronic ester 65 (200 mg, 0.40 mmol),  

Pd2(dba)3CHCl3 (16 mg, 0.016 mmol, 4 mol-% Pd pro B), and HP(t-Bu)3BF4 (9.2  mg, 0.032 

mmol) were placed in a 50 mL Schlenk-flask under argon atmosphere. Well-degassed 

tetrahydrofuran (20 mL) and an aqueous solution of potassium phosphate (1M, 2 mL, 2 mmol) 

were subsequently added. The reaction mixture was stirred at 50 oC for 1 h. The reaction was 

cooled to room temperature and kept at this temperature overnight. A dark red precipitate 

formed and then filtered. THF was removed and the resulting residue was neutralized with a 



 
198 Chapter 5                                         Peripheral Functionalization of Dendritic Oligothiophenes 

saturated ammonium chloride solution. The aqueous phase was extracted with 

dichloromethane (2×200 mL). The combined organic phase was washed with water (2×200 

mL) and brine (200 mL) and dried over magnesium sulfate. The solvent was removed after 

filtration. The residue was combined with the precipitate and passed through a short plug of 

silica gel (silica gel 60, 230-400 mesh, dichloromethane). The crude product was purified by 

SEC (Bio-Beads®, S-X-1), eluenting with tetrahydrofuran. Product 76 (369 mg, 0.33 mmol, 

83%) was obtained as a dark red powder. 

 
1
H NMR (500 MHz, CDCl3) δ 8.36 (s, 2H, H-h/h'), 7.86 (two superimposed singlets, 2H, H-

e/e'), 7.73 (m, 4H, H-i, i', l and l'), 7.69 (two superimposed doublets, J = 7.6 Hz, 2H, H-g, g'), 

7.64 (two superimposed doublets, J = 7.6 Hz, 2H, H-f, f'), 7.29-7.22 (m, 4H, H-k, k', j and j'), 

7.25 (d, J = 5.3 Hz, 1H, H-a), 7.15 (d, J = 5.2 Hz, 1H, H-a), 7.09 (d, J = 3.8 Hz, 2H, H-

c/c'/d/d'), 7.08 (d, J = 3.8 Hz, 1H, H-c/c'/d/d'), 7.07 (d, J = 3.8 Hz, 1H, H-c/c'/d/d'), 7.04 (d, J 

= 3.8 Hz, 1H, H-c/c'/d/d'), 2.76 – 2.67 (t, J = 8.0, 4H, -CH2-CH2-CH2-CH2-CH2-CH3), 1.62 (m, 

4H, -CH2-CH2-CH2-CH2-CH2-CH3), 1.39-1.26 (m, 4H, -CH2-CH2-CH2-CH2-CH2-CH3), 1.27-

1.14 (m, 8H, -CH2-CH2-CH2-CH2-CH2-CH3), 0.78 (t, J = 7.1 Hz, 6H, -CH2-CH2-CH2-CH2-

CH2-CH3) ppm. 
13
C NMR (125 MHz, CDCl3) δ 152.6, 152.4, 140.7, 140.6, 140.4, 139.5, 139.2, 137.5, 137.4, 

136.8, 136.5, 136.3, 134.8, 132.8, 132.5, 131.9, 131.3, 131.1, 131.0, 129.7, 128.4, 127.1, 

126.2 (2 signals), 125.9, 125.4 (2 signals), 125.0 (2 signals), 124.84 (2 signals), 124.6, 124.2, 

122.2, 31.7, 30.5, 29.7, 29.3, 22.7, 14.1 ppm.  

MALDI-TOF MS (m/z) calcd for C60H48N4S9 1112.1. Found 1112.5 [M]+. 

Elemental Analysis (%) calcd for C60H48N4S9: C, 64.71; H, 4.34; N, 5.03; S, 25.91. Found: C, 

64.81; H, 4.38; N, 4.99; S, 25.81.  

M.p.: 191-192 ºC. 

 



 
199 Chapter 5                                      Peripheral Functionalization of Dendritic Oligothiophenes 

5,5''''-Bis[7-(2-benzo[b]thienyl)-2,1,3-benzothiadiazol-4-yl]-3,3''''-bis(n-hexyl)-5'-(4,4,5, 

5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2,2':5',2'':3''2''':5''',2''''-quinquethiophene (77). 

In a glove box, two separate vessels were charged with bis(1,5-cyclooctadiene)di-µ-

methoxydiiridium(I) ([Ir(COD)(OMe)]2, 5 mg, 0.007 mmol, 8 mol-% Ir) and 4,4’-di-tert-

butyl-2,2’-bipyridine (dtbpy, 4 mg, 0.015 mmol), respectively. 4,4,5,5-Tetramethyl-1,3,2-

dioxaborolane (HBPin, 52 mg, 0.41 mmol) was added to [Ir(COD)(OMe)]2 in one portion. 

The mixture was stirred at room temperature for 5 min, resulting in an orange solution. These 

two vessels were tightly sealed and then taken out of the glove box. Dry tetrahydrofuran (1 

mL) was injected into the vessel with dtbpy. The resulting solution was then injected into the 

vessel of [Ir(COD)(OMe)]2 and HBPin. The mixture was stirred for another 10 min at room 

temperature under argon atmosphere, resulting in a dark red solution. This solution was 

injected to a solution of DOT 76 (200 mg, 0.18 mmol) in dry tetrahydrofuran (20 mL) in one 

portion under argon atmosphere. The reaction mixture was heated at 50 oC for 3 hrs. The 

volatile materials were then removed under vacuum. The residue was suspended in MeOH 

(50 mL) and treated with ultrasound for 20 min. The suspension was filtered and dried in 

vacuum. The product 77 (216 mg, 0.17 mmol, 98%) was directly used in the sunsequent 

cross-coupling reactions without further purification.  

 
1
H NMR (400 MHz, CD2Cl2) δ 8.50 (s, 2H, H-g, g'), 8.00 (s, 1H, H-d/d'), 7.99 (s, 1H, H-d/d'), 

7.91-7.77 (m, 8H, H- e, e', f, f', h, h', k and k'), 7.70 (s, 1H, H-a), 7.40-7.31 (m, 4H, H-i, i', j 

and j'), 7.24 (d, J = 3.8 Hz, 1H, H-b/b'/c/c'), 7.20 (two superimposed doublets, J = 3.8 Hz, 2H, 

H-b/b'/c/c'), 7.17 (d, J = 3.8 Hz, 1H, H-b/b'/c/c'), 2.83 (m, 4H, -CH2-CH2-(CH2)3-CH3), 1.76-

1.67 (m, 4H, -CH2-CH2-(CH2)3-CH3), 1.46-1.35 (m, -CH2-CH2-(CH2)3-CH3) and 1.38 (s, 

BpinH) (these two peaks are superimposed, in total 16H), 1.33-1.29 (m, 8H, -CH2-CH2-

(CH2)3-CH3), 0.86 (m, 6H, -CH2-CH2-(CH2)3-CH3) ppm. 
13
C NMR (101 MHz, CD2Cl2): δ 152.8, 152.4, 140.8, 140.5, 139.5, 139.2, 137.5, 136.9, 136.8, 

136.5 (2 signals), 134.8, 132.7 (2 signals), 131.9, 131.3, 130.1, 130.0, 129.7, 128.4, 127.4, 
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127.1, 126.3 (2 signals), 125.9, 125.4, 125.3, 125.0, 124.6 (2 signals), 124.2, 122.2, 84.7, 32.0, 

30.8, 29.5, 29.1, 25.0, 22.7, 14.0 ppm. 

MALDI-TOF MS (m/z) calcd for C66H59BN4O2S9: 1238.2. Found: 1238.5 [M]+. 

M.p.: 191 ºC. 

 

5,5'''-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3',5''-bis(5-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)-2-thienyl)-2,2':5'2'':4'',2'''-quaterthiophene (78) 

To a solution of sexithiophene 61 (100 mg, 0.13 mmol) in dry toluene (5 mL), boron 

tribromide (2M in dichloromethane, 0.6 mL, 0.6 mmol) was added dropwise at -78oC. The 

reaction mixture was slowly warmed up to room temperature and stirred for 2 hrs. All volatile 

components were then removed under a high vacuum. A solution of pinacol (0.40 g, 4.4 mmol) 

in dry tetrahydrofuran(5 mL) was added and stirred at room temperature for another 2 hrs. 

The solvent was then removed by rotary evaporation. The residue was suspended in methanol 

and treated with ultrasound for 30 min. The precipitate was filtered and washed with methanol 

and dried in vacuum. MALDI-TOF MS and 1H NMR analysis revealed that the resulting 

yellow powder (90.2 mg) consisted mainly of fourfold borylated product 78 (74%) including 

some threefold boralyted by-products 78a/b (26%). The crude product was directly used for 

cross-coupling reactions without any further chromatographic purification. 

 
1
H NMR (400 MHz, CDCl3) δ 7.52 (d, J = 3.6 Hz, 2H, H-c/e), 7.50 (d, J = 3.6 Hz, 2H H-c/e), 

7.22 (s, 2H, H-a), 7.16 (d, J = 3.5 Hz, 2H, H-b/d), 7.13 (d, J = 3.5 Hz, 2H, H-b/d), 1.34 (two 

superimposed singlets, 48H, BpinH ) ppm.  

MALDI-TOF MS (m/z) calcd for C48H58B4O8S6 (78): 998.3. Found: 997.6. 

 

and 

 

MALDI-TOF MS (m/z) calcd for for C42H47B3O6S6 (78a/b): 872.2. Found: 871.6. 
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4-(2-Benzo[b]thienyl)-7-[5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4-hexyl-2-

thienyl]-2,1,3-benzothiadiazole (79). 

In a glove box, two separate vessels were charged with [Ir(COD)(OMe)]2 (10 mg, 0.015 

mmol, 3 mol % Ir) and 4,4'-di-tert-butyl-2,2'-bipyridine (dtbpy, 8 mg, 0.03 mmol, 3 mol %), 

respectively. 4,4,5,5-Tetramethyl-1,3,2-dioxaborolane (HBPin, 150 mg, 1.17 mmol) was 

added to the vessel charging [Ir(OMe)(COD)]2. The mixture was stirred at room temperature 

for 5 min, resulting in an orange solution. These two vessels were tightly sealed and then 

taken out from the glove box. Dry tetrahydrofuran (1 mL) was injected into the vessel 

containing dtbpy. The resulting solution was then injected into the vessel of [Ir(COD)(OMe)]2 

and HBPin. The mixture was stirred for another 10 min at room temperature under argon 

atmosphere resulting in a dark red solution. This solution was injected to a solution of 74 (434 

mg, 1.0 mmol) in dry tetrahydrofuran (10 mL) in one portion under argon atmosphere. The 

reaction mixture was heated up to 70 oC for 1 hrs. The volatile materials were then removed 

in vacuum. The residue was suspended in methanol (10 mL) and treated with ultrasound for 

30 min. The suspension was cooled down to 0 oC for 1 hr, filtered and then washed with cold 

methanol (5 mL). The solid was dissolved in toluene and passed through a short plug of silica 

gel (silica gel 60, 230-400 mesh, toluene) in order to remove the catalyst. After removal of the 

solvent, this crude product was purified repeatedly by SEC (Bio-Beads® S-X-1, 

tetrahydrofuran). The pure product 79 was finally obtained by recrystallization from n-

pentane as an orange crystalline solid (426 mg, 0.76 mmol, 76%). 

 
1
H NMR (400 MHz, CD2Cl2):δ 8.58 (s, 1H, H-d), 7.95 (d, 1H, J = 8.0 Hz, H-c), 7.91-7.88 (m, 

2H, H-e, H-h), 7.85 (d, 1H, J = 7.85 Hz, H-b), 7.82 (s, 1H, H-a), 7.42-7.36 (m, 2H, H-f, H-g), 

2.65 (t, 2H, J = 2.7 Hz, -CH2-CH2-(CH2)3-CH3), 1.73-1.65 (m, 2H, -CH2-CH2-(CH2)3-CH3), 

1.45-1.31(m, 6H, -CH2-CH2-(CH2)3-CH3), 0.91(t, 3H, J = 7.01 Hz, -CH2-CH2-(CH2)3-CH3) 

ppm. 
13
C NMR (100 MHz, CD2Cl2): δ 155.8, 153.1 (2 signals), 144.5, 141.0 (2 signals), 139.7, 

131.4, 127.6, 127.1, 126.3 (2 signals), 125.5, 125.1, 124.6, 122.4, 84.2, 32.2, 32.1, 30.8, 29.4, 

25.0, 23.1, 14.3 ppm. 
11
B NMR (128 MHz, CDCl3): 29.8 ppm. 

MALDI-TOF MS (m/z) calcd for C30H33BN2O2S3: 560.2. Found: 560.3 [M]+. 
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Elemental Analysis (%): C, 64.27; H, 5.93; N, 5.00; S, 17.16. Found: C, 64.35; H, 5.79; N, 

5.08; S, 17.07. 

M.p.: 128 ºC. 

 

5,5'''''-Bis[7-(2-benzo[b]thienyl)-2,1,3-benzothiadiazol-4-yl]-3'',5'''-bis{5'-[7-(2-ben-

zo[b]thienyl)-2,1,3-benzothiadiazol-4-yl]-3'-(n-hexyl)-2,2'-bithien-5-yl}-3,3'''''-bis(n-

hexyl)-2,2':5',2'':5'',2''':4''',2'''':5'''', 2'''''-sexithiophene (80). 

Tetrabromosexithiophene 62 (30 mg, 0.037 mmol),  boronic ester 79 (110 mg, 0.20 mmol), 

Pd2(dba)3CHCl3 (12 mg, 0.012 mmol, mol%-Pd pro Br) and HP(t-Bu)3BF4 (6.7 mg, 0.024 

mmol) were placed in a 50 mL Schlenk-tube under argon atmosphere and dissolved in well-

degassed toluene/dimethyl formamide (12 mL, 5:1, v/v) solvent mixture. An aqueous solution 

of potassium phosphate (2 M, 0.5 mL, 1 mmol) was subsequently added. The reaction mixture 

was heated up to 90 oC and stirred at this temperature for 12 h. The reaction was then cooled 

to room temperature. A black precipitate was found. It was filtered and washed subsequently 

with water (10 mL), methanol (10 mL), acetone (10 mL) and toluene (2 mL). The precipitate 

was dissolved in hot 1,1,2,2-tetrachloroethane and silica gel (silica gel 60, 70-230 mesh, 10 g) 

was added into the solution. The solvent was carefully removed by the rotary evaporation. 

The silica gel was dried in vacuum and then filled to a Soxhlet thimble. For the Soxhlet 

extraction, a sequence of solvents (n-hexane, dichloromethane, tetrahydrofuran, 

chlorobenzene) was applied to gradually remove impurities. The pure compound was 

obtained from the chlorobenzene extract as a black powder (72 mg, 0.032 mmol, 87%). 

 
1
H NMR (500 MHz, CD2Cl4, 370 K):δ 8.49 (s, 4H, H-b, b'), 7.99 (two superimposed singlets, 

4H, H-a, a'), 7.97-7.88 (m, 16H, ArH), 7.41-7.37 (m, 10H, ArH), 7.29-7.25 (m, 8H, ArH), 

2.95-2.90 (m, 8H, -CH2-CH2-(CH2)3-CH3), 1.88-1.73 (m, 8H, -CH2-CH2-(CH2)3-CH3), 1.57-

1.26 (m, 24H, -CH2-CH2-(CH2)3-CH3), 0.94 (t, J = 7.1 Hz, 12H, -CH2-CH2-(CH2)3-CH3) ppm. 
13
C NMR No decent spectrum was obtained due to the low solubility. 

MALDI-TOF MS (m/z) calcd. for C120H94N8S18: 2222.7. Found: 2222.3 [M]+. 
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HRMS (m/z) calcd for C120H94N8S18: 2222.25687. Found:2222.25460 ( Error: 1.0 ppm). 

M.p.: 150 ºC. 

 

5,5'''''''''-Bis[7-(2-benzo[b]thienyl)-2,1,3-benzothiadiazol-4-yl]-3'',5'''''''-bis{5'-[7-(2-ben-

zo[b]thienyl)-2,1,3-benzothiadiazol-4-yl]-3'-(n-hexyl)-2,2'-bithien-5-yl}-3'''',5'''''-bis{5'''-

[7-(2-benzo[b]thienyl)-2,1,3-benzothiadiazol-4-yl]-5'-{5'-[7-(2-benzo[b]thienyl)-2,1,3-

benzothiadiazol-4-yl]-3'-(n-hexyl)-2,2'-bithien-5-yl}-3'''-(n-hexyl)-2,2':4',2'':5'',2'''-qua-

terthien-5-yl}-2,2':5',2'':5'',2''':5''',2'''':5'''',2''''':4''''',2'''''':5'''''',2''''''':4''''''',2'''''''': 

5'''''''',2'''''''''-decithiophene (81). 

Tetrabromosexithiophene 62 (15 mg, 0.019 mmol), boronic ester 77 (180 mg, 0.145 mmol), 

Pd2(dba)3CHCl3 (2 mg, 1.9 µmol, 5 mol%-Pd pro Br) and HP(t-Bu)3BF4 (1.1 mg, 3.8 µmol) 

were placed in a 20 mL Schlenk-tube under argon atmosphere. Well-degassed toluene/DMF 

mixture (6 mL, 5:1, v/v) and an aqueous solution of potassium phosphate (2 M, 1 mL, 2 mmol) 

were subsequently added. The reaction mixture was heated to 90 oC and stirred at this 

temperature for 15 h. The reaction was then cooled down to room temperature. A black 

precipitate occurred. It was filtered and washed subsequently with water (10 mL), methanol 

(10 mL), acetone (10 mL), and toluene (5 mL). The precipitate was dissolved in hot 1,1,2,2-

tetrachloroethane, fixed on silica gel (silica gel 60, 70-230 mesh, 10 g), and filled in a Soxhlet 

thimble. Soxhlet extraction with a series of solvents (n-hexane, dichloromethane, 

tetrahydrofuran, chlorobenzene, 1,1,2,2-tetrachloroethane) under argon atmosphere was 

carried out. The components in the extracts were analyzed by MALDI-TOF MS. The product-

containing extracts were combined and the solvent removed. The crude product was 

recrystallized from 1,2-dichlorobenzene affording the pure DOT 81 (28 mg, 5.7 µmol, 31%) 

as a black powder. 
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1
H NMR (500 MHz, CD2Cl4, 350 K) δ 8.50 (s, br, 8H, ArH), 8.03 (s, br, 8H, ArH), 7.89 (s, br, 

30H, ArH), 7.40 (s, br, 22H, ArH), 7.25 (s,  br, 14H, ArH), 7.19 (s, br, 6H, ArH), 7.03-6.90 

(m, 6H, ArH), 2.91 (s, br, 16H, -CH2-CH2-(CH2)3-CH3), 1.79 (m, 16H, -CH2-CH2-(CH2)3-

CH3), 1.46-1.28 (m, 48H, -CH2-CH2-(CH2)3-CH3), 0.92 (m, 24H, -CH2-CH2-(CH2)3-CH3) 

ppm. 
13
C NMR: No decent spectrum was obtained due to the low solubility. 

MALDI-TOF MS (m/z) calcd average mass for C264H198N16S42: 4941.2. Found: 4942.9. 

M.p.: >300 ºC (dec.). 

 

5-[7-(2-Benzo[b]thienyl)-2,1,3-benzothiadiazol-4-yl]-3-n-hexyl-5''-trimethylsilyl-4'-(5-

trimethylsilyl-thien-2-yl)-2,2':5', 2''-terthiophene (84). 

Terthiophene boronic ester 26 (50 mg, 0.097 mmol), 79 (50 mg, 0.098 mmol), 

Pd2(dba)3CHCl3 (2 mg, 1.9 µmol, 4 mol%-Pd pro Br) and HP(t-Bu)3BF4 (1.1 mg, 3.8 µmol) 

were placed in a 20 mL Schlenk-tube under argon atmosphere. Well-degassed THF (10 mL) 

and an aqueous solution of potassium phosphate (1 M, 0.2 mL, 0.2 mmol) were subsequently 

added. The reaction mixture was stirred room temperature for 3 h. The reaction mixture was 

neutralized with saturated ammonium chloride solution and extracted with dichloromethane 

(200 mL). The organic layer was washed with water (2×200 mL) and brine (200 mL) and 

dried over sodium sulfate. After filtration the solvent was removed  in vacuum and the residue 

was passed through a short silica column. The pure compound was obtained after purification 

by SEC (Bio-Beads® S-X-1, tetrahydrofuran) as a dark red powder (76 mg, 0.092 mmol, 

94%). 

 

1
H NMR (400 MHz, CD2Cl2) δ 8.59 (s, 1H, H-e), 8.06 (s, 1H, H-h), 7.99 (d, J = 7.6 Hz, 1H, 

H-f), 7.94 (d, J = 7.6 Hz, 1H, H-g), 7.92-7.90 (m, 2H, H-a, d), 7.44-7.36 (m, 2H, H-b, c), 7.32 

(s, 1H, H-i), 7.22 (d, J = 3.4 Hz, 1H, H-j), 7.18-7.17 (m, 3H, H-j', k, k'), 2.91 (t, J = 8.0 Hz, 

2H, -CH2-CH2-(CH2)3-CH3), 1.78 (dt, J = 15.5, 7.6 Hz, 2H, 4H, -CH2-CH2-(CH2)3-CH3), 

1.50-1.32 (m, 6H), 0.33 (s), 0.32 (s), ( two superimposed singlets, in total 6H, TMSH) ppm. 
13
C NMR (100 MHz, CD2Cl2) δ 152.6, 152.4, 140.7, 140.6, 140.4, 139.5, 139.2, 137.5, 137.4, 

136.8, 136.5, 136.3, 134.8, 132.8, 132.5, 131.9, 131.3, 131.1 (2 signals), 129.7, 128.4, 127.1, 
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126.3, 126.2, 125.9, 125.5, 125.4, 

32.1, 30.9, 29.4, 25.0, 23.1, 14.3

HRMS (m/z) calcd for C42H44

M.p.: 167 ºC. 

 

5.5.3 Crystallographic Data

5.5.3.1 Single Crystal of 7-(

zothiadiazole (75) 

Figure 5.13 Thermal ellipsoid diagram of single 

labels. 

 

Table 5.4 Structural information for single crystal 

Crystal data 
Formula 
Mr 

T (K) 
Crystal system 
Space group 
a (Å) 
b (Å) 
c (Å) 
α (°) 
β (°) 
γ (°) 
V (Å3) 
Z 

Dcalcd(g/cm3) 
µ (mm-1) 
Absorption correction 

F (000) 
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125.5, 125.4, 125.0 (2 signals), 124.9, 124.8, 124.6, 124.2, 122.2, 

, 14.3, -0.2 ppm.  

44N2S6Si2: 824.13597. Found: 824.13593 (0.05 ppm)

Data 

(2-Benzo[b]thienyl)-4-(5-bromo-4-hexyl-2-

 

Thermal ellipsoid diagram of single crystal 75 at a 50% level of probability with atom 

Structural information for single crystal 75 

C24 H21 Br N2 S3 
513.54 
100(2) 
triclinic 
P1� 

9.5508(6) 
10.8582(6) 
12.0009(7) 
70.934(3) 
88.804(3) 
66.395(3) 
1069.14(11) 
2 
1.595 
2.231 
Tmin= 0.3043 
Tmax= 0.7308 
524 
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124.6, 124.2, 122.2, 32.2, 

(0.05 ppm). 

-thienyl)-2,1,3-ben-

 

% level of probability with atom 
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Crystal size (mm) 0.70×0.40×0.15 
Crystal color orange 

Data collection 

Measurement range (°) 2.18<θ<27.99 
Index range -12<h<12 

-14<k<14 
-15<l<15 

Measured reflections 23582 
Independent reflections 5155 (Rint = 0.0343) 
Completeness for  θ = 37.51 
[I > 2σ(I)] 

89.31% 

Refinement
 

Data/restraints/parameters 5155/0/272 
GOF on F2 1.084 
Final R indices [I > 2σ(I)]a R1 = 0.0496, wR2 = 0.1306 
R indices (all data) R1 = 0.0571, wR2 = 0.1424 
Largest difference peak and hole (e/Å3) 1.286, -1.734 

����� = ∑�|��| − |��|�/∑|��| ; 	�� = 
∑	(��� − ���)� ∑	(���)�⁄�

. 

 

Table 5.5 Atomic coordinates of crystal 75 

Atom         x         y         z Ueq

a 

Br1 -0.36059(4) 0.62969(4) 0.25825(3) 0.02225(13) 

S2 -0.09502(9) 0.63849(8) 0.10927(7) 0.01199(17) 

S3 0.32394(9) 0.96960(8) 0.07426(7) 0.01279(17) 

S4 0.56652(9) 0.58805(8) -0.24750(7) 0.01214(17) 

C1 0.5284(3) 0.6910(3) -0.1549(3) 0.0098(5) 

C7 0.8205(4) 0.5774(4) -0.3721(3) 0.0146(6) 

H7 0.8031 0.5202 -0.4107 0.0180 

C8 0.7251(4) 0.6225(3) -0.2904(3) 0.0124(6) 

C3 0.7489(4) 0.7086(3) -0.2332(3) 0.0117(6) 

C2 0.6355(4) 0.7459(3) -0.1562(3) 0.0130(6) 

H2 0.6345 0.8029 -0.1104 0.0160 

C5 0.9675(4) 0.7027(4) -0.3390(3) 0.0173(7) 

H5 10.513 0.7290 -0.3560 0.0210 

C6 0.9416(4) 0.6186(4) -0.3954(3) 0.0179(7) 

H6 10.078 0.5889 -0.4506 0.022 

C4 0.8727(4) 0.7483(3) -0.2586(3) 0.0147(6) 

H4 0.8909 0.8058 -0.2208 0.0180 

C11 0.1769(4) 0.6504(3) -0.0250(3) 0.0120(6) 

H11 0.1199 0.5974 -0.0295 0.0140 

C12 0.2193(4) 0.8159(3) 0.0441(3) 0.0098(5) 

C9 0.3963(3) 0.7084(3) -0.0891(3) 0.0097(5) 

C10 0.3055(4) 0.6362(3) -0.0883(3) 0.0130(6) 

H10 0.3308 0.5737 -0.1326 0.0160 

C13 0.3500(4) 0.8028(3) -0.0214(3) 0.0102(5) 

C15 -0.0662(4) 0.8261(3) 0.1806(3) 0.0113(6) 
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H15 -0.0308 0.8921 0.1917 0.0140 

C14 0.1298(3) 0.7376(3) 0.0435(3) 0.0100(5) 

C17 -0.1918(4) 0.8028(3) 0.2356(3) 0.0110(6) 

C16 -0.0007(3) 0.7456(3) 0.1105(3) 0.0101(5) 

C18 -0.2169(4) 0.7029(3) 0.2036(3) 0.0117(6) 

N1 0.4184(3) 0.8866(3) -0.0116(2) 0.0110(5) 

N2 0.1951(3) 0.9076(3) 0.1033(2) 0.0121(5) 

C19 -0.2857(4) 0.8771(3) 0.3149(3) 0.0123(6) 

H19A -0.2968 0.8042 0.3854 0.0150 

H19B -0.3900 0.9425 0.2718 0.0150 

C20 -0.2196(4) 0.9632(3) 0.3573(3) 0.0124(6) 

H20A -0.2141 10.403 0.2876 0.0150 

H20B -0.1134 0.8996 0.3976 0.0150 

C21 -0.3162(4) 1.0299(4) 0.4430(3) 0.0132(6) 

H21A -0.4241 10.884 0.4048 0.0160 

H21B -0.3157 0.9526 0.5154 0.0160 

C22 -0.2549(4) 1.1241(4) 0.4780(3) 0.0151(6) 

(a) Equivalent isotropic temperature factor. 

 

Table 5.6 Bond lengths of crystal 75 

            Bond  Length (Å)                       Bond Length (Å) 

Br1- C18 1.855(3) C9- C13 1.440(4) 

S2- C18 1.713(3) C10- H10 0.9500 

S2- C16 1.736(3) C13- N1 1.348(4) 

S3- N2 1.607(3) C15- C16 1.373(4) 

S3- N1 1.614(3) C15- C17 1.428(4) 

S4- C8 1.731(3) C15- H15 0.9500 

S4-- C1 1.757(3) C14- C16 1.458(4) 

C1- C2 1.373(4) C17- C18 1.367(4) 

C1- C9 1.454(4) C17- C19 1.499(4) 

C7- C6 1.391(5) C19- C20 1.526(4) 

C7- C8 1.396(4) C19- H19A 0.9900 

C7- H7 0.9500 C19- H19B 0.9900 

C8- C3 1.411(4) C20- C21 1.531(4) 

C3- C4 1.408(4) C20- H20A 0.9900 

C3- C2 1.429(4) C20- H20B 0.9900 

C2- H2 0.9500 C21- C22 1.529(4) 

C5- C4 1.383(5) C21- H21A 0.9900 

C5- C6 1.395(5) C21- H21B 0.9900 

C5- H5 0.9500 C22- C23 1.518(4) 

C6- H6 0.9500 C22- H22A 0.9900 

C4- H4 0.9500 C22- H22B 0.9900 

C11- C14 1.388(4) C23- C24 1.531(5) 

C11- C10 1.412(4) C23- H23A 0.9900 

C11- H11 0.9500 C23- H23B 0.9900 



 
208 Chapter 5                                         Peripheral Functionalization of Dendritic Oligothiophenes 

C12- N2 1.349(4) C24- H24A 0.9800 

C12- C14 1.429(4) C24- H24B 0.9800 

C12- C13 1.443(4) C24- H24C 0.9800 

C9- C10 1.381(4) C24- H24C 0.9800 

 

Table 5.7 Bonds angels of crystal 75 

              Bond                        Angle (°)                     Bond Angle (°) 

C18 -S2- C16 91.06(15) C18-C17- C15 109.7(3) 

N2 -S3- N1 101.21(14) C18-C17- C19 124.1(3) 

C8 -S4- C1 91.81(15) C15-C17- C19 126.1(3) 

C2 -C1- C9 128.5(3) C15-C16- C14 130.3(3) 

C2 -C1- S4 111.4(2) C15-C16- S2 110.4(2) 

C9 -C1- S4 120.0(2) C14-C16- S2 119.3(2) 

C6 -C7- C8 118.2(3) C17-C18- S2 114.2(2) 

C6 -C7- H7 120.9 C17-C18- Br1 125.9(2) 

C8 -C7- H7 120.9 S2-C18- Br1 119.81(18) 

C7 -C8- C3 121.5(3) C13 -N1- S3 106.3(2) 

C7 -C8- S4 127.2(3) C12 -N2- S3 106.8(2) 

C3 -C8- S4 111.3(2) C17-C19- C20 115.0(3) 

C4 -C3- C8 119.0(3) C17-C19- H19A 108.5 

C4 -C3- C2 128.9(3) C20-C19- H19A 108.5 

C8 -C3- C2 112.2(3) C17-C19- H19B 108.5 

C1 -C2- C3 113.3(3) C20-C19- H19B 108.5 

C1 -C2- H2 123.4 H19A-C19- H19B 107.5 

C3 -C2- H2 123.4 C19-C20- C21 112.5(3) 

C4 -C5- C6 120.8(3) C19-C20- H20A 109.1 

C4 -C5- H5 119.6 C21-C20- H20A 109.1 

C6 -C5- H5 119.6 C19-C20- H20B 109.1 

C7 -C6- C5 121.1(3) C21-C20- H20B 109.1 

C7 -C6- H6 119.4 H20A-C20- H20B 107.8 

C5 -C6- H6 119.4 C22-C21- C20 111.9(3) 

C5 -C4- C3 119.5(3) C22-C21- H21A 109.2 

C5 -C4- H4 120.3 C20-C21- H21A 109.2 

C3 -C4- H4 120.3 C22-C21- H21B 109.2 

C14-C11-C10 123.3(3) C20-C21- H21B 109.2 

C14-C11-H11 118.3 H21A-C21- H21B 107.9 

C10-C11-H11 118.3 C23-C22- C21 113.9(3) 

N2-C12-C14 125.8(3) C23-C22- H22A 108.8 

N2-C12-C13 112.5(3) C21-C22- H22A 108.8 

C14-C12-C13 121.7(3) C23-C22- H22B 108.8 

C10 -C9- C13 115.2(3) C21-C22- H22B 108.8 

C10 -C9- C1 122.1(3) H22A-C22- H22B 107.7 

C13 -C9- C1 122.6(3) C22-C23- C24 111.8(3) 

C9-C10-C11 123.5(3) C22-C23- H23A 109.2 

C9-C10-H10 118.2 C24-C23- H23A 109.2 
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C11-C10-H10 118.2 C22-C23- H23B 109.2 

N1-C13-C9 125.8(3) C24-C23- H23B 109.2 

N1-C13-C12 113.1(3) H23A-C23- H23B 107.9 

C9-C13-C12 121.1(3) C23-C24- H24A 109.5 

C16-C15-C17 114.6(3) C23-C24- H24B 109.5 

C16-C15-H15 122.7 H24A-C24- H24B 109.5 

C17-C15-H15 122.7 C23-C24- H24C 109.5 

C11-C14-C12 115.1(3) H24A-C24- H24C 109.5 

C11-C14-C16 121.6(3) H24B-C24- H24C 109.5 

C12-C14-C16 123.3(3)    

 

Table 5.8 Coefficients of anisotropic temperature factors in crystal 75.[28] 

Atom    U11(Å
2)   U22 (Å

2)   U33 (Å
2)   U23 (Å

2)   U13 (Å
2)   U12 (Å

2) 

Br1 0.0194(2) 0.0249(2) 0.0302(2) -0.01336(16) 0.01059(14) -0.01418(15) 

S2 0.0108(4) 0.0129(3) 0.0182(4) -0.0089(3) 0.0073(3) -0.0082(3) 

S3 0.0128(4) 0.0153(4) 0.0186(4) -0.0111(3) 0.0078(3) -0.0101(3) 

S4 0.0103(4) 0.0167(4) 0.0167(4) -0.0107(3) 0.0069(3) -0.0090(3) 

C1 0.0083(13) 0.0114(13) 0.0118(13) -0.0055(11) 0.0030(11) -0.0051(11) 

C7 0.0144(15) 0.0170(15) 0.0183(15) -0.0109(13) 0.0079(12) -0.0087(12) 

C8 0.0103(14) 0.0151(14) 0.0133(14) -0.0053(12) 0.0037(11) -0.0067(12) 

C3 0.0093(14) 0.0126(14) 0.0131(14) -0.0050(11) 0.0027(11) -0.0041(11) 

C2 0.0092(14) 0.0171(14) 0.0142(14) -0.0062(12) 0.0042(11) -0.0064(12) 

C5 0.0107(15) 0.0195(16) 0.0230(17) -0.0033(13) 0.0064(12) -0.0109(13) 

C6 0.0136(15) 0.0234(17) 0.0188(16) -0.0089(13) 0.0091(12) -0.0088(13) 

C4 0.0117(14) 0.0129(14) 0.0220(16) -0.0058(12) 0.0044(12) -0.0080(12) 

C11 0.0105(14) 0.0156(14) 0.0175(15) -0.0100(12) 0.0072(11) -0.0098(12) 

C12 0.0095(13) 0.0113(13) 0.0114(13) -0.0064(11) 0.0042(11) -0.0052(11) 

C9 0.0081(13) 0.0099(13) 0.0137(14) -0.0065(11) 0.0045(11) -0.0044(11) 

C10 0.0126(15) 0.0171(15) 0.0171(15) -0.0112(12) 0.0084(12) -0.0100(12) 

C13 0.0101(13) 0.0112(13) 0.0113(13) -0.0054(11) 0.0036(11) -0.0055(11) 

C15 0.0100(14) 0.0128(14) 0.0159(14) -0.0078(12) 0.0055(11) -0.0074(11) 

C14 0.0075(13) 0.0109(13) 0.0132(14) -0.0039(11) 0.0032(11) -0.0057(11) 

C17 0.0079(13) 0.0120(13) 0.0144(14) -0.0056(11) 0.0036(11) -0.0047(11) 

C16 0.0084(13) 0.0111(13) 0.0122(13) -0.0042(11) 0.0030(11) -0.0055(11) 

C18 0.0094(14) 0.0123(13) 0.0162(14) -0.0050(11) 0.0068(11) -0.0075(11) 

N1 0.0109(12) 0.0113(12) 0.0151(12) -0.0075(10) 0.0048(10) -0.0067(10) 

N2 0.0118(12) 0.0131(12) 0.0168(13) -0.0102(10) 0.0068(10) -0.0067(10) 

C19 0.0118(14) 0.0168(14) 0.0154(14) -0.0096(12) 0.0071(11) -0.0099(12) 

C20 0.0116(14) 0.0164(14) 0.0137(14) -0.0082(12) 0.0061(11) -0.0083(12) 

C21 0.0110(14) 0.0179(15) 0.0176(15) -0.0100(12) 0.0072(12) -0.0100(12) 

C22 0.0130(15) 0.0209(16) 0.0177(15) -0.0106(13) 0.0068(12) -0.0103(13) 

C23 0.0187(16) 0.0237(17) 0.0197(16) -0.0123(14) 0.0087(13) -0.0143(14) 

C24 0.0215(18) 0.0261(18) 0.0284(19) -0.0177(15) 0.0104(14) -0.0156(15) 
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5.5.3.2 Single crystal of 4

rolan-2-yl)-4-hexyl-2

Figure 5.14 Thermal ellipsoid diagram of 

labels. 

 

Table 5.9 Structural information for single crystal 

Crystal data 
Formula 
Mr 

T (K) 
Crystal system 
Space group 
a (Å) 
b (Å) 
c (Å) 
α (°) 
β (°) 
γ  (°) 
V (Å3) 
Z 

Dcalcd(g/cm3) 
µ (mm-1) 
Absorption correction 

F (000) 
Crystal size (mm) 
Crystal color 

Data collection 

Measurement range (°) 
Index range 

Measured reflections 
Independent reflections 
Completeness for  θ = 37.51

           Peripheral Functionalization of Dendritic Oligothiophenes

4-(2-Benzo[b]thienyl)-7-[5-(4,4,5,5-tetramethyl

2-thienyl]-2,1,3-benzothiadiazole. (79) 

Thermal ellipsoid diagram of single crystal 79 at a50% level of probability with atom 

Structural information for single crystal 79 

C30 H33 B N2 O2 S3 
560.60 
200(2) 
triclinic 
P1� 

8.8885(4) 
11.0793(5) 
15.7261(7) 
85.082(2) 
88.081(2) 
67.918(2) 
1429.80(11) 
2 
1.302 
0.290 
Tmin= 0.8686  
Tmax= 0.9772 
592 
0.50×0.20×0.08 
orange 

 2.29<θ<26.00 
-10<h<10 
-13<k<13 
-19<l<19 
24388 

 5500 (Rint = 0.0290) 
Completeness for  θ = 37.51 78.56% 

Peripheral Functionalization of Dendritic Oligothiophenes 

etramethyl-1,3,2-dioxabo-

 

a50% level of probability with atom 
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[I > 2σ(I)] 

Refinement
 

Data/restraints/parameters 5500/0/385 
GOF on F2 1.058 
Final R indices [I > 2σ(I)]a R1 = 0.0523, wR2 = 0.1341 
R indices (all data) R1 = 0.0690, wR2 = 0.1493 
Largest difference peak and hole (e/Å3) 0.472, -0.274 

����� = ∑�|��| − |��|�/∑|��| ; 	�� = 
∑	(��� − ���)� ∑	(���)�⁄�

. 

 

Table 5.10 Atomic coordinates of crystal 79 

Atom         x         y         z Ueq

a 

S1 0.54030(10) 0.55450(8) 0.30166(5) 0.0541(2) 

S2 0.24433(10) 1.11402(8) 0.57851(5) 0.0548(2) 

S3 0.01276(10) 0.64131(8) 0.58838(5) 0.0564(2) 

C1 0.1540(3) 0.9974(3) 0.59068(17) 0.0441(6) 

C13 0.3429(3) 0.6598(3) 0.43620(16) 0.0446(7) 

C9 0.1550(3) 0.7812(3) 0.54901(16) 0.0424(6) 

C10 0.2140(3) 0.8857(3) 0.53943(16) 0.0437(6) 

C14 0.2168(3) 0.6714(3) 0.49848(16) 0.0431(6) 

C2 0.0334(4) 1.0299(3) 0.64990(18) 0.0489(7) 

H2 -0.0278 0.9791 0.6645 0.0590 

C11 0.3326(4) 0.8714(3) 0.47891(18) 0.0520(7) 

H11 0.3746 0.9367 0.4701 0.0620 

C12 0.3942(4) 0.7637(3) 0.42946(18) 0.0523(8) 

H12 0.4746 0.7621 0.3897 0.0630 

C15 0.4081(3) 0.5507(3) 0.38371(17) 0.0463(7) 

C17 0.4693(4) 0.3511(3) 0.32447(18) 0.0499(7) 

C8 0.1187(4) 1.2052(3) 0.65499(19) 0.0499(7) 

C3 0.0084(4) 1.1483(3) 0.68785(19) 0.0495(7) 

C26 0.3368(4) 0.2178(3) 0.2541(2) 0.0531(7) 

H26A 0.2301 0.2736 0.2729 0.0640 

H26B 0.3568 0.2538 0.1984 0.0640 

C18 0.5609(4) 0.4034(3) 0.27147(19) 0.0518(7) 

C25 0.4639(4) 0.2173(3) 0.31661(19) 0.0531(7) 

H25A 0.4418 0.1829 0.3724 0.0640 

H25B 0.5697 0.1590 0.2985 0.0640 

C19 0.8360(4) 0.3514(3) 0.0826(2) 0.0548(7) 

C20 0.7914(4) 0.2279(3) 0.0849(2) 0.0543(7) 

C7 0.1157(4) 1.3215(3) 0.6831(2) 0.0585(8) 

H7 0.1886 13.583 0.6612 0.0700 

B1 0.6678(4) 0.3512(4) 0.1939(2) 0.0521(8) 

C5 -0.1064(5) 1.3274(4) 0.7755(2) 0.0693(9) 

H5 -0.1831 13.704 0.8155 0.083 

C4 -0.1038(4) 1.2124(3) 0.7489(2) 0.0629(8) 

H4 -0.1773 11.768 0.7716 0.076 

C6 0.0051(5) 1.3810(3) 0.7433(2) 0.0661(9) 
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H6 0.0038 14.581 0.7631 0.0790 

C22 0.7271(6) 0.2076(4) 0.0033(3) 0.0861(12) 

H22A 0.7031 0.1298 0.0103 0.1290 

H22B 0.8069 0.1987 -0.0409 0.1290 

H22C 0.6298 0.2813 -0.0121 0.1290 

C21 0.9261(5) 0.1036(4) 0.1188(3) 0.0953(14) 

H21A 0.9667 0.1181 0.1712 0.1430 

H21B 10.124 0.0786 0.0776 0.1430 

H21C 0.8847 0.0351 0.1290 0.1430 

C24 0.7438(6) 0.4596(4) 0.0177(3) 0.0990(15) 

H24A 0.6318 0.4693 0.0182 0.1490 

H24B 0.7889 0.4388 -0.0380 0.1490 

H24C 0.7518 0.5397 0.0314 0.1490 

C23 1.0151(5) 0.3268(5) 0.0755(3) 0.0970(14) 

H23A 10.3030 0.4080 0.0763 0.1450 

H23B 10.5680 0.2885 0.0229 0.1450 

H23C 1.0720 0.2683 0.1226 0.1450 

N1 0.1441(3) 0.5843(2) 0.51484(15) 0.0486(6) 

N2 0.0370(3) 0.7744(2) 0.60357(15) 0.0487(6) 

O1A 0.7897(10) 0.3967(7) 0.1677(4) 0.0545(17) 

O2A 0.6554(11) 0.2626(10) 0.1474(5) 0.0541(16) 

C16 0.3848(4) 0.4341(3) 0.38704(18) 0.0490(7) 

H17 0.3185 0.4124 0.4275 0.0590 

C27 0.3395(5) 0.0812(4) 0.2468(2) 0.0702(10) 

H27A 0.3023 0.0575 0.3021 0.0840 

H27B 0.2525 0.0936 0.2072 0.0840 

H27C 0.2398 0.0845 0.2216 0.0840 

H27D 0.3543 0.0325 0.3022 0.0840 

C28A 0.4947(8) 0.0158(7) 0.1844(5) 0.0574(18) 

H28A 0.4788 0.0683 0.1304 0.0690 

H28B 0.5924 0.015 0.2105 0.0690 

C30 0.6476(6) -0.1664(6) 0.1045(3) 0.1147(18) 

H30A 0.6730 -0.1613 0.0449 0.1380 

H30B 0.6095 -0.2363 0.1174 0.1380 

H30C 0.7432 -0.1825 0.1375 0.1380 

H30D 0.6636 -0.2539 0.0925 0.1380 

H30E 0.7461 -0.1652 0.1271 0.1380 

H30F 0.6189 -0.11 0.0529 0.1380 

C29A 0.5153(9) -0.1202(7) 0.1686(5) 0.075(2) 

H29A 0.5437 -0.1763 0.2212 0.0900 

H29B 0.4151 -0.1218 0.1471 0.0900 

C28B 0.4678(11) -0.0366(9) 0.2240(6) 0.060(3) 

H28C 0.4362 -0.1110 0.2371 0.072 

H28D 0.5653 -0.0509 0.2559 0.072 

C29B 0.4994(11) -0.0216(10) 0.1294(7) 0.070(3) 

H29C 0.5357 0.0502 0.1162 0.084 

H29D 0.4014 -0.0045 0.0972 0.084 
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O1B 0.709(5) 0.433(2) 0.135(2) 0.066(9) 

O2B 0.709(4) 0.227(3) 0.157(2) 0.062(6) 

(a) Equivalent isotropic temperature factor. 
 

Table 5.11 Bond lengths of crystal 79 

            Bond     Length (Å)                 Bond Length (Å) 

S1-C18 1.721(3) B1-O2A 1.313(10) 

S1-C15 1.724(3) B1-O1B 1.372(16) 

S2-C8 1.728(3) B1-O1A 1.394(5) 

S2-C1 1.754(3) B1-O2B 1.45(3) 

S3-N1 1.606(3) C5-C4 1.367(5) 

S3-N2 1.607(2) C5-C6 1.395(5) 

C1-C2 1.359(4) C5-H5 0.9300 

C1-C10 1.453(4) C4-H4 0.9300 

C13-C12 1.384(4) C6-H6 0.9300 

C13-C14 1.439(4) C22-H22A 0.9600 

C13-C15 1.446(4) C22-H22B 0.9600 

C9-N2 1.352(3) C22-H22C 0.9600 

C9-C14 1.430(4) C21-H21A 0.9600 

C9-C10 1.435(4) C21-H21B 0.9600 

C10-C11 1.369(4) C21-H21C 0.9600 

C14-N1 1.353(3) C24-H24A 0.9600 

C2-C3 1.426(4) C24-H24B 0.9600 

C2-H2 0.9300 C24-H24C 0.9600 

C11-C12 1.402(4) C23-H23A 0.9600 

C11-H11 0.9300 C23-H23B 0.9600 

C12-H12 0.9300 C23-H23C 0.9600 

C15-C16 1.380(4) C16-H17 0.9300 

C17-C18 1.386(4) C27-C28B 1.438(9) 

C17-C16 1.402(4) C27-C28A 1.634(8) 

C17-C25 1.517(4) C27-H27A 0.9700 

C8-C7 1.389(4) C27-H27B 0.9700 

C8-C3 1.414(4) C27-H27C 0.9700 

C3-C4 1.393(5) C27-H27D 0.9700 

C26-C27 1.519(4) C28A-C29A 1.489(10) 

C26-C25 1.520(4) C28A-H28A 0.9700 

C26-H26A 0.9700 C28A-H28B 0.9700 

C26-H26B 0.9700 C30-C29A 1.489(8) 

C18-B1 1.534(5) C30-C29B 1.716(11) 

C25-H25A 0.9700 C30-H30A 0.9600 

C25-H25B 0.9700 C30-H30B 0.9600 

C19-O1B 1.444(17) C30-H30C 0.9600 

C19-O1A 1.462(5) C30-H30D 0.9600 

C19-C24 1.503(5) C30-H30E 0.9600 

C19-C23 1.513(5) C30-H30F 0.9600 
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C19-C20 1.558(4) C29A-H29A 0.9700 

C20-O2B 1.33(3) C29A-H29B 0.9700 

C20-O2A 1.486(9) C28B-C29B 1.511(15) 

C20-C22 1.490(5) C28B-H28C 0.9700 

C20-C21 1.514(5) C28B-H28D 0.9700 

C7-C6 1.362(5) C29B-H29C 0.9700 

C7-H7 0.9300 C29B-H29D 0.9700 

 

Table 5.12 Bonds angels of crystal 79 

              Bond                        Angle (°)                     Bond Angle (°) 

C18 -S1- C15 93.44(14) H22B -C22- H22C 109.5 

C8 -S2- C1 91.83(14) C20 -C21- H21A 109.5 

N1 -S3- N2 101.57(12) C20 -C21- H21B 109.5 

C2 -C1- C10 130.2(2) H21A -C21- H21B 109.5 

C2 -C1- S2 111.0(2) C20 -C21- H21C 109.5 

C10 -C1- S2 118.7(2) H21A -C21- H21C 109.5 

C12 -C13-C14 114.2(3) H21B -C21- H21C 109.5 

C12 -C13-C15 122.7(3) C19 -C24- H24A 109.5 

C14 -C13-C15 123.1(2) C19 -C24- H24B 109.5 

N2 -C9- C14 112.6(2) H24A -C24- H24B 109.5 

N2 -C9- C10 125.6(3) C19 -C24- H24C 109.5 

C14 -C9- C10 121.7(2) H24A -C24- H24C 109.5 

C11 -C10-C9 114.8(3) H24B -C24- H24C 109.5 

C11 -C10-C1 122.5(2) C19 -C23- H23A 109.5 

C9 -C10-C1 122.6(2) C19 -C23- H23B 109.5 

N1 -C14-C9 113.5(2) H23A -C23- H23B 109.5 

N1 -C14-C13 125.0(3) C19 -C23- H23C 109.5 

C9 -C14-C13 121.5(2) H23A -C23- H23C 109.5 

C1 -C2- C3 114.5(3) H23B -C23- H23C 109.5 

C1 -C2- H2 122.8 C14 -N1- S3 105.9(2) 

C3 -C2- H2 122.8 C9 -N2- S3 106.4(2) 

C10 -C11-C12 123.7(3) B1 -O1A- C19 104.9(4) 

C10 -C11-H11 118.2 B1 -O2A- C20 108.4(6) 

C12 -C11-H11 118.2 C15 -C16- C17 114.5(2) 

C13 -C12-C11 124.1(3) C15 -C16- H17 122.8 

C13 -C12-H12 118.0 C17 -C16- H17 122.8 

C11 -C12-H12 118.0 C28B -C27- C26 131.2(5) 

C16 -C15-C13 130.8(3) C28B -C27- C28A 33.4(4) 

C16 -C15-S1 109.3(2) C26 -C27- C28A 103.5(4) 

C13 -C15-S1 119.9(2) C28B -C27- H27A 104.5 

C18 -C17-C16 112.7(3) C26 -C27- H27A 104.5 

C18 -C17-C25 123.6(3) C28A -C27- H27A 136.3 

C16 -C17-C25 123.7(2) C28B -C27- H27B 104.5 

C7 -C8- C3 120.9(3) C26 -C27- H27B 104.5 

C7 -C8- S2 127.7(2) C28A -C27- H27B 99.1 
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C3 -C8- S2 111.4(2) H27A -C27- H27B 105.6 

C4 -C3- C8 118.2(3) C28B -C27- H27C 107.8 

C4 -C3- C2 130.6(3) C26 -C27- H27C 111.0 

C8 -C3- C2 111.2(3) C28A -C27- H27C 111.0 

C27 -C26-C25 111.6(3) H27A -C27- H27C 89.3 

C27 -C26-H26A 109.3 H27B -C27- H27C 16.4 

C25 -C26-H26A 109.3 C28B -C27- H27D 81.9 

C27 -C26-H26B 109.3 C26 -C27- H27D 111.2 

C25 -C26-H26B 109.3 C28A -C27- H27D 111.1 

H26A -C26-H26B 108.0 H27A -C27- H27D 26.2 

C17 -C18-B1 131.4(3) H27B -C27- H27D 125.0 

C17 -C18-S1 110.1(2) H27C C27- H27D 109.0 

B1 -C18-S1 118.5(2) C29A -C28A- C27 111.3(6) 

C17 -C25-C26 113.7(3) C29A -C28A- H28A 109.4 

C17 -C25-H25A 108.8 C27 -C28A- H28A 109.4 

C26 -C25-H25A 108.8 C29A -C28A- H28B 109.4 

C17 -C25-H25B 108.8 C27 -C28A- H28B 109.4 

C26 -C25-H25B 108.8 H28A -C28A- H28B 108.0 

H25A -C25-H25B 107.7 C29A -C30- C29B 42.1(4) 

O1B -C19-O1A 33.7(15) C29A -C30- H30A 144.0 

O1B -C19-C24 79.5(16) C29B -C30- H30A 109.5 

O1A -C19-C24 108.5(5) C29A -C30- H30B 73.5 

O1B -C19-C23 132.0(15) C29B -C30- H30B 109.5 

O1A -C19-C23 104.7(4) H30A -C30- H30B 109.5 

C24 -C19-C23 109.4(3) C29A -C30- H30C 102.6 

O1B -C19-C20 100.7(6) C29B -C30- H30C 109.5 

O1A -C19-C20 103.0(2) H30A -C30- H30C 109.5 

C24 -C19-C20 114.6(3) H30B -C30- H30C 109.5 

C23 -C19-C20 115.8(3) C29A -C30- H30D 109.5 

O2B -C20-O2A 19.7(14) C29B -C30- H30D 142 

O2B -C20-C22 119.6(16) H30A -C30- H30D 80.8 

O2A -C20-C22 107.4(4) H30B -C30 H30D 36.0 

O2B -C20-C21 89.8(14) H30C -C30- H30D 100.4 

O2A -C20-C21 109.1(5) C29A -C30- H30E 109.3 

C22 -C20-C21 110.3(3) C29B -C30- H30E 105.0 

O2B -C20-C19 106.0(13) H30A -C30- H30E 98.7 

O2A -C20-C19 100.6(4) H30B -C30- H30E 123.8 

C22 -C20-C19 115.0(3) H30C -C30- H30E 14. 9 

C21 -C20-C19 113.7(3) H30D -C30- H30E 109.5 

C6 -C7- C8 119.3(3) C29A -C30- H30F 109.7 

C6 -C7- H7 120.4 C29B -C30- H30F 72.3 

C8 -C7- H7 120.4 H30A -C30- H30F 37.2 

O2A -B1- O1B 103.3(10) H30B -C30- H30F 122.5 

O2A -B1- O1A 114.4(5) H30C -C30- H30F 124.3 

O1B -B1- O1A 35.4(16) H30D -C30- H30F 109.5 

O2A -B1- O2B 20.3(12) H30E -C30- H30F 109.5 

O1B -B1- O2B 107.4(13) C30 -C29A- C28A 107.3(6) 
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O1A -B1- O2B 105.8(11) C30 -C29A- H29A 110.3 

O2A -B1- C18 124.8(4) C28A -C29A- H29A 110.3 

O1B -B1- C18 121.3(7) C30 -C29A- H29B 110.3 

O1A -B1- C18 120.8(3) C28A -C29A- H29B 110.3 

O2B -B1- C18 129.6(11) H29A -C29A- H29B 108.5 

C4 -C5- C6 120.6(3) C27 -C28B- C29B 108.0(8) 

C4 -C5- H5 119.7 C27 -C28B- H28C 110.1 

C6 -C5- H5 119.7 C29B -C28B- H28C 110.1 

C5 -C4- C3 120.3(3) C27 -C28B- H28D 110.1 

C5 -C4- H4 119.8 C29B -C28B- H28D 110.1 

C3 -C4- H4 119.8 H28C -C28B- H28D 108.4 

C7 -C6- C5 120.7(3) C28B -C29B- C30 106.3(7) 

C7 -C6- H6 119.7 C28B -C29B- H29C 110.5 

C5 -C6- H6 119.7 C30 -C29B- H29C 110.5 

C20 -C22-H22A 109.5 C28B -C29B- H29D 110.5 

C20 -C22-H22B 109.5 C30 -C29B- H29D 110.5 

H22A -C22-H22B 109.5 H29C -C29B- H29D 108.7 

C20 -C22-H22C 109.5 B1 -O1B- C19 107.0(15) 

H22A -C22-H22C 109.5 C20 -O2B- B1 109.5(19) 

 

Table 5.13 Coefficients of anisotropic temperature factors in crystal 79.[28] 

Atom    U11(Å
2)   U22 (Å

2)   U33 (Å
2)   U23 (Å

2)   U13 (Å
2)   U12 (Å

2) 

S1 0.0596(5) 0.0696(5) 0.0518(4) -0.0023(3) 0.0096(3) -0.0470(4) 

S2 0.0543(4) 0.0580(5) 0.0669(5) 0.0050(4) -0.0001(4) -0.0398(4) 

S3 0.0554(5) 0.0535(4) 0.0720(5) 0.0038(4) 0.0147(4) -0.0369(4) 

C1 0.0477(15) 0.0537(16) 0.0429(15) 0.0133(12) -0.0119(12) -0.0353(14) 

C13 0.0510(16) 0.0659(18) 0.0333(14) 0.0057(12) -0.0064(11) -0.0420(15) 

C9 0.0434(14) 0.0569(16) 0.0379(14) 0.0118(12) -0.0084(11) -0.0339(13) 

C10 0.0463(15) 0.0599(17) 0.0374(14) 0.0101(12) -0.0102(12) -0.0363(14) 

C14 0.0448(15) 0.0568(16) 0.0387(14) 0.0141(12) -0.0092(11) -0.0345(13) 

C2 0.0512(16) 0.0555(17) 0.0501(16) 0.0077(13) -0.0069(13) -0.0337(14) 

C11 0.0639(19) 0.071(2) 0.0434(16) 0.0037(14) -0.0027(14) -0.0526(17) 

C12 0.0622(18) 0.077(2) 0.0407(15) -0.0006(14) 0.0048(13) -0.0537(17) 

C15 0.0482(15) 0.0673(18) 0.0382(14) 0.0049(13) -0.0049(12) -0.0399(15) 

C17 0.0494(16) 0.0657(19) 0.0476(16) 0.0070(14) -0.0083(13) -0.0380(15) 

C8 0.0458(15) 0.0555(17) 0.0560(17) 0.0099(13) -0.0128(13) -0.0295(14) 

C3 0.0502(16) 0.0522(17) 0.0517(17) 0.0123(13) -0.0100(13) -0.0283(14) 

C26 0.0426(15) 0.067(2) 0.0567(18) -0.0035(14) -0.0022(13) -0.0287(15) 

C18 0.0502(16) 0.0646(19) 0.0535(17) -0.0012(14) -0.0011(13) -0.0368(15) 

C25 0.0562(17) 0.0622(19) 0.0508(17) 0.0070(14) -0.0068(14) -0.0352(16) 

C19 0.0524(17) 0.0571(18) 0.0606(19) -0.0010(14) 0.0106(14) -0.0286(15) 

C20 0.0473(16) 0.0583(18) 0.0627(19) -0.0062(14) 0.0090(14) -0.0262(15) 

C7 0.0566(18) 0.0498(17) 0.077(2) 0.0097(15) -0.0137(16) -0.0305(16) 

B1 0.0461(18) 0.061(2) 0.058(2) 0.0018(16) 0.0002(15) -0.0317(17) 

C5 0.073(2) 0.061(2) 0.071(2) 0.0017(17) 0.0042(18) -0.0233(19) 



 
217 Chapter 5                                      Peripheral Functionalization of Dendritic Oligothiophenes 

C4 0.061(2) 0.062(2) 0.069(2) 0.0046(16) 0.0038(16) -0.0302(17) 

C6 0.075(2) 0.0522(19) 0.074(2) 0.0037(16) -0.0123(19) -0.0283(18) 

C22 0.110(3) 0.078(3) 0.083(3) -0.010(2) -0.004(2) -0.049(3) 

C21 0.070(3) 0.068(3) 0.144(4) 0.018(3) -0.002(3) -0.027(2) 

C24 0.123(4) 0.080(3) 0.101(3) 0.024(2) -0.022(3) -0.051(3) 

C23 0.062(2) 0.087(3) 0.151(4) 0.002(3) 0.005(3) -0.042(2) 

N1 0.0507(14) 0.0539(14) 0.0514(14) 0.0091(11) 0.0007(11) -0.0340(12) 

N2 0.0470(13) 0.0513(14) 0.0570(14) 0.0079(11) 0.0028(11) -0.0315(12) 

O1A 0.052(3) 0.074(2) 0.055(3) -0.006(2) 0.008(2) -0.044(2) 

O2A 0.039(3) 0.064(4) 0.068(2) -0.012(3) 0.015(3) -0.029(3) 

C16 0.0532(16) 0.0688(19) 0.0416(15) 0.0053(13) -0.0018(12) -0.0438(16) 

C27 0.072(2) 0.068(2) 0.080(2) -0.0117(18) -0.0166(19) -0.035(2) 

C28A 0.067(4) 0.048(4) 0.065(5) -0.004(3) 0.004(3) -0.031(3) 

C30 0.096(3) 0.144(5) 0.105(4) -0.051(3) 0.014(3) -0.038(3) 

C29A 0.089(5) 0.063(5) 0.086(5) -0.015(4) 0.002(4) -0.042(4) 

C28B 0.080(6) 0.054(5) 0.064(6) 0.000(4) -0.010(4) -0.045(5) 

C29B 0.074(6) 0.067(7) 0.067(7) -0.002(5) -0.008(5) -0.025(5) 

O1B 0.080(17) 0.059(8) 0.076(12) -0.011(8) 0.023(13) -0.047(10) 

O2B 0.035(11) 0.039(10) 0.115(15) -0.016(9) 0.031(10) -0.018(8) 
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6.1 Introduction 

6.1.1 Solar Energy in General 

The sun radiates light and heat non-stop since 4.6 billion years. The radiant power density at 

the sun’s surface is approximately 5.96×10
7
 W/m

2
. After spacial traveling in a distance of 

1.5×10
8
 km, the spectral intensity decreases to 1.36×10

3
 W/m

2
, when the light reaches the 

upper surface of the earth.
[1]

 From the total incoming solar insolation, 30% are directly 

reflected back to the space, 51% are absorbed by land and oceans and the remaining 19% are 

absorbed by air and clouds.
[2]

 70% of solar energy is the actual amount the earth receives. It is 

related to an energy of approximately 3.85×10
24

 J per year.
[3]

 All creatures living on earth rely 

on the proper range of the ambitient temperature heated by sun light. Solar energy can be 

converted to biomass leading to various sorts of primary energy sources, such as non-

renewable fossil fuels (oil, coal, natural gas) and mineral fuels. Furthermore, renewable wind 

energy, falling and flowing water energy, tidal energy, or biomass relay at last indirectly on 

solar energy. Primary energy sources can be further artificially converted to secondary energy 

sources, such as electricity, petroleum or hydrogen energy.  

Solar energy, as a clean, renewable, enviromentally friendly, nearly inexhaustible primary 

energy, has been utilized along the whole timeline of the human’s evolution. Broadly, the use 

of solar energy can be divided into active and passive usages. The passive solar energy usages 

refer to the architectural design and urban planning, while the active solar energy usages are 

manifold, including: 

• conventional agriculture and horticulture; 

• hybrid solar lighting system to supplement conventional lighting; 

• solar thermal technologies for cooking, water heating, space heating/cooling and 

process heat generation; 

• solar chemical technologies for producing storable and transportable fuels by 

thermochemical or photochemical reactions; and 

• photovoltaics for generating electricity. 

The long-term benefit of developing solar energy technologies has been pointed out by the 

International Energy Agency in its annual executive summary in 2011: "It will increase 

countries’ energy security through reliance on an indigenous, inexhaustible and mostly 

import-independent resource, enhance sustainability, reduce pollution, lower the costs of 
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mitigating climate change, and keep fossil fuel prices lower than otherwise. These advantages 

are global. Hence the additional costs of the incentives for early deployment should be 

considered learning investments; they must be wisely spent and need to be widely shared".
[4]

 

 

6.1.2 Solar Radiation 

The sun is a giant hot sphere consisting of hot plasma interwoven with magnetic fields. Its 

internal temparature reaches 1.57×10
7
 K; by contrary, the surface temperature is much lower; 

close to 5800 K.
[5]

 The solar radiation spectrum in space fits to a black body radiation with a 

temperature of 5777 K.
[6]

 As shown in Figure 6.1, the black body radiation covers mainly the 

UV-, vis- and IR-regions with a maximum at 502 nm.  

 
Figure 6.1 Solar radiation spectrum. The black body radiation spectrum is related to the scale on the 

left axis. The AM 0, AM 1.5 Global and AM 1.5 Direct spectra are related to the scale on the right 

axis.
[7]

 

 

The solar spectrum at the upper surface of the earth (including its atmosphere) is termed as 

AM 0, which is standarized for extraterrestrial applications and is shown in Figure 6.1. After 

the sunlight passes through the atmosphere, certain wavelengths are absorbed or scattered by 

gas molecules. Specific absorption bands caused by O3, O2, H2O, and CO2 can be clearly 
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recognized. The terrestrial irradia

for AM (n) see Figure 6.2), and normally 

AM 1.5 Global (AM 1.5G) spectrum include

1.5 Direct (AM 1.5D) includes only 

higher in energy than the AM 1.5D

to 970 W/m
2
, which, however,

of using a round number and 

radiation. AM 1.5G is usually used to characterize 

spectrum with a normalized intergration of 900 W/m

concentrators. In some early experiments, AM 2 illuminati

750 W/m
2
.
[8]
 

Figure 6.2 Schematic representation 

defined as the ratio of the path length of the sunlight at sea

When the zenith angle θ is small

for the solar intensity without attenuation

the sunlight on the Earth’s surface; AM 1.5 stands for the angle of the incidence

equals to 48.19°. 

 

6.1.3 Photovoltaics: Energy 

Photovoltaics (PV), as mentioned in 

energy. It converts solar radiation to direct current electricity usin

exhibit photovoltaic effects. 
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recognized. The terrestrial irradiaton spectrum at sea level, termed as AM 1.5 (explaination 

and normally are used as standard conditions 

Global (AM 1.5G) spectrum includes both direct and diffuse radiation while the AM

1.5 Direct (AM 1.5D) includes only the direct radiation. The AM 1.5G spectrum is 10% 

AM 1.5D spectrum. The integrated power for AM 1.5G is calculated 

, which, however, has been normalized to 1000 W/m
2
 simply for the 

round number and further is justified by a certain variation of the incident solar 

usually used to characterize flat plate solar modul

normalized intergration of 900 W/m
2
 power is def

concentrators. In some early experiments, AM 2 illumination was also used, which refers

representation of frequently used air mass definitions. In general, air 

defined as the ratio of the path length of the sunlight at sea level (l) to that at ze

When the zenith angle θ is smaller than 60°, the approximation AM = 1/cos(θ) is valid. AM 0 stands 

attenuation by atmosphere; AM 1.0 stands for the normal incidence of 

the sunlight on the Earth’s surface; AM 1.5 stands for the angle of the incidence

nergy Conversion from Light to Electricity

Photovoltaics (PV), as mentioned in Chapter 6.1.1, are an active method to utilize solar 

energy. It converts solar radiation to direct current electricity using semiconductors, 

. The photovoltaic effect describes the creation of a potential 

Chapter 6                                            Photovoltaic Investigation of Dendritic Oligothiophenes 

as AM 1.5 (explaination 

 for PV testing. The 

both direct and diffuse radiation while the AM 

direct radiation. The AM 1.5G spectrum is 10% 

AM 1.5G is calculated 

for the convenience 

variation of the incident solar 

modules. The AM 1.5D 

power is defined for the solar 

on was also used, which refers to 

 

of frequently used air mass definitions. In general, air mass is 

) to that at zenith (l0), AM = l/l0. 

1/cos(θ) is valid. AM 0 stands 

by atmosphere; AM 1.0 stands for the normal incidence of 

the sunlight on the Earth’s surface; AM 1.5 stands for the angle of the incidence θ of the sunlight 

lectricity 

an active method to utilize solar 

g semiconductors, which 

describes the creation of a potential 
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difference or corresponding electric current in a material by exposure to electromagnetic 

radiation. This effect was first observed by the French experimental physicist Alexandre E. 

Becquerel in 1839.
[9]

 Since in the most photovoltaic applications the radiation source is the 

sunlight, the devices are also called solar cells. In 1883, the American inventor Charles Fritts 

built the first working solar cell by coating an extremely thin layer of gold on top of the 

semiconductor material Selenium, receiving around 1% power conversion efficiency.
[10]

 In 

1905, Albert Einstein explained the photoelectric effect, to which the photovoltaic effect is 

directly related. Therefore he received the Nobel Prize in Physics in 1921.
[11]

 The American 

engineer Russell Ohl discovered in 1939 the p-n barrier and later in 1946 patented the modern 

p-n junction solar cell.
[12]

 The first modern silicon solar cell was developed by Daryl Chapin, 

Calvin S. Fuller and Gerald Pearson at Bell Laboratory in 1954, reaching a remarkably high 

efficiency of 6%.
[13]

 This contribution has been acclaimed by the Times as “the beginning of a 

new era, leading eventually to the realization of one of mankind’s most cherished dreams-the 

harnessing of the almost limitless energy of the sun for the uses of civilization.”
[14]

 

The first organic photovoltaic cell was reported by Kearns et al. in 1958. The device structure 

was ITO/air-oxidized tetramethyl p-phenylenediamine (TMPDA)/magnesium phthalocyanine 

(MgPc)/stainless steel, with a maximum voltage of 200 mV and a maximum power output of 

3×10
-12

 W under illumination of a 500 W-projector lamp.
[15]

 This metal-insulator-metal (MIM) 

type of devices using a single organic layer sandwiched between two metal electrodes of 

different work functions, showed a rectifying behavior due to the formation of the Schottky-

barrier.
[16]

 The power conversion efficiencies for MIM devices reported were very low, in the 

range of 10
-3

-10
-2

%.
[17]

 A remarkable efficiency enhancement to 0.7% was achieved in 1978 

in an original Al/merocyanine/Ag device with an open-circuit voltage (VOC) of 1.2V, a short-

circuit current (JSC) of 2.3 mA/cm
2
, a fill factor (FF) of 0.25 under illumination of 780 

W/m
2
.
[18]

 After device fabrication, the cell was first exposed to air to form a metal/metal oxide 

electrode and to dope the merocyanine film with oxygen in order to reduce the Schottky-

barrier of the metal/organic contact. This type of device structure is the so-called metal-

insulator-semiconductor (MIS) device. These early developed photovoltaics are based on 

single-junctions, in which only the nature of the electrodes determines the photovoltaic 

property. Besides that, the poor charge transport property of the organic layer resulted in very 

low fill factors. 

The milestone for organic solar cells was the introduction of a bilayer p-n-heterojunction in 

the photovoltaic device with a structure of ITO/PTCBI/CuPc/Ag, reported by Tang in 1986.
[8]
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Copper phthalocyanine (CuPc) was used as p-type material and perylene-3,4,9,10-

tetracarboxylic-bis-benzimidazole (PTCBI) was used as n-type material in the photoactive 

layer providing a VOC of 450 mV, a JSC of 2.3 mA/cm
2
, a FF of 0.65 and a power conversion 

efficiency of 0.95% under illumination of 750 W/m
2
. In this heterojunction cell, the interface 

between the p- and n-type organic materials is crucial for the photovoltaic property. From 

then, the research area of organic solar cells has been extensively explored with respect to the 

following aspects:  

• development of new materials: small molecules
[19]

 and polymers
[20][21]

 as p-type 

material, fullerene derivatives
[22]

 as n-type material; 

• morphological variation of the photoactive layer: planar or bulk heterojunctions of two 

organic materials,
[23]

 hybrid of organic and inorganic compounds,
[24]

 where the 

inorganic composite is usually a pre-shaped nano-object, multijunction etc.. 

• design of new device architectures and modifications thereof,
[25]

 such as design of 

inverted cells
[26]

 and tandem cells,
[27]

 electrode interfacial layers,
[28]

 modification of 

the electrodes,
[29]

 and additional optical spacers
[30]

. 

• understanding in device physics,
[31]

 including deep insights into exciton generation 

and diffusion, charge separation, transport, and collection processes.  

 

 

Figure 6.3 Representative compounds used in the early explorations of organic solar cells: TMPDA,
[15]

 

merocyanine,
[18]

 magnesium phthalocyanine (M = Mg, MgPc),
[15]

 copper phthalocyanine (M = Cu, 

CuPc);
[8]

 perylene-3,4,9,10-tetracarboxylic-bis-benzimidazole (PTCBI).
[8]

 

 

The evolution of modern solar cells has passed through three generations: the first generation 

is solar cells made of crystalline silicon; the second generation solar cell is based on thin-film 

technology using cadmium telluride, copper indium gallium selenide and amorphous silicon; 

the third generation includes the multi-layer (tandem) device structure and the organic 

photovoltaic modules. Figure 6.4 depicts the timeline of all kinds of record solar cells 

achieved in the last 35 years till 2013. The highest efficiency of 44.7% overall is obtained by 
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the Fraunhofer Institute for Solar Energy Systems ISE with a triple junction concentrated 

photovoltaic cell in September 2013.
[32]

 The best organic/inorganic hybrid photovoltaic cell, 

that is a dye-sensitized solar cell (DSSC), reaches 15% efficiency published.
[33]

 Among the 

organic photovoltaics, the best vacuum-processed tandem cell is produced by Heliatek GmbH 

with 12.0% efficiency in January 2013,
[34]

 while the best solution-processed solar cells are 

tandem cells made by Prof. Yang Yang’s group: the cell based on small molecules with a PCE 

of 10.1% in November 2013
[35]

 and the cell based on polymers with a PCE of 10.6% in 

December 2012.
[36]

 These numbers are very close to the expected 10-15% for 

commercialization. 

 

 

Figure 6.4 Statistics on the reported solar cell conversion efficiencies. These values include all verified 

records from 1976 to early 2013 in various sorts of photovoltaic technologies, including crystalline 

silicon, thin-film, multijunction, and emerging technologies, made by institutes, universities and 

companies. Source: National Renewable Energy Laboratory (NREL) 
[37]

. 
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6.2 Solution-Processed Bulk Heterojunction Solar Cells 

6.2.1 General Classification of Organic Solar Cells 

The photovoltaic device structure chosen for testing the thiophene dendrimers as p-type 

materials in the photoactive layer is a solution-processed bulk heterojunction single-layer cell 

structure. The device structure is shown in Figure 6.5. Following considerations have been 

taken into account for choosing this device structure: 

• The two common fabrication techniques for organic photovoltaics, thermal 

evaporation and solution-processing, require the physical properties of materials in a 

complementary way: good sublimability/evaporability and thermal stability are 

essential for vacuum evaporation processes. Materials suitable for this have usually a 

relatively small molecular weight and don’t need to be (well) soluble. On the contrary, 

the solubility issue is of great importance in the solution-processing with respect to the 

choice of the solvent, fabrication conditions, film forming property, etc.. Polymer solar 

cells are mainly processed from solution. The majority of the dendritic 

oligothiophenes synthesized in this thesis have too large molecular masses for 

evaporation. Although their solubility is not always optimal for solution-processing 

and some of them are very low in solubility in common organic solvents, this problem 

can be solved by elevation of the processing temperature. 

• Four types of device architectures have been employed during organic photovoltaic 

evolution: (i) homojunction: In early photovoltaic studies, this structure was initially 

produced by sandwiching one-component organic layer between two metal electrodes 

of different work functions. Due to the lack of the driving force for charge separation 

from the generated excitons and the high series resistance, this structure is barely used 

nowadays. (ii) bilayer heterojunction: This is a step forward from the homojunction. 

The p- and n-type materials are layered with a planar interface between two electrodes. 

Introduction of a second material provides a downhill potential difference on the 

interface of the two materials, favoring the coulombically bound electron-hole pairs to 

separate. The generated holes or electrons are transported to the respective electrodes 

in the p- or n-type layers, that largely deduce the possibility of charge recombination. 

(iii) bulk heterojunction: To enlarge the interface area in bilayer cells, the two 

materials are mixed in nanoscale, by which the interfacial area is significantly 

increased. The major efficient organic photovoltaics are built in this way. Thus, it is 
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selected for investigating the photovoltaic performance of thiophene dendrimers

thesis. (iv) diffused bilayer heterojunction

order to avoid the charge recombination for the charge carrier on its opposite 

electrodes and additionaly

achieved by evaporation technique, while by soluti

(semi-)orthogonal solvents for p

constraints and solubility limitation of the thiophene dendrimers, this advanced de

structure is not concerne

• All four above-mentioned device structures have only one photoactive

case, and therefore, are called 

cells on top of each other, 

produced, where the power conversion efficiency can be further increased. 

record organic solar cells are mostly based on 

sophisticated design is usually 

and reached a high efficiency.

Figure 6.5 Device structure applied in this thesis. On the PEDOT:PSS

heterojunction layer is spin-coated from a solution of

that, LiF and Al are thermally deposited subsequently

 

 

6.2.2 Physical Understanding of 

From an electrical aspect 

From the macroscopic point of view, the photovoltaic device

which is capable to convert the electromagnetic radiation into electric

photovoltaic effect. Without illumination it exhibits

nonlinear resistance and conductance
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selected for investigating the photovoltaic performance of thiophene dendrimers

bilayer heterojunction: This is a combination of (ii) and (iii), in 

order to avoid the charge recombination for the charge carrier on its opposite 

additionaly to keep a large interfacial area. This method can be

achieved by evaporation technique, while by solution processing a careful choice of 

gonal solvents for p- and n-type materials is needed. Owing to time 

constraints and solubility limitation of the thiophene dendrimers, this advanced de

concerned in this thesis. 

mentioned device structures have only one photoactive

and therefore, are called single-layer cells. By stacking two or three single

cells on top of each other, the so-called tandem or triple junction 

the power conversion efficiency can be further increased. 

record organic solar cells are mostly based on the latter structure (see 

sophisticated design is usually considered when single-layer cells ha

and reached a high efficiency. 

 

applied in this thesis. On the PEDOT:PSS-modified ITO surface, the bulk 

coated from a solution of donor (D) and acceptor (A) materials

that, LiF and Al are thermally deposited subsequently. 

nderstanding of Photovoltaics 

point of view, the photovoltaic device is a type of semiconductor

is capable to convert the electromagnetic radiation into electric

illumination it exhibits merely the property of a

resistance and conductance, resulting in a nonlinear current-voltage
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selected for investigating the photovoltaic performance of thiophene dendrimers in this 

his is a combination of (ii) and (iii), in 

order to avoid the charge recombination for the charge carrier on its opposite 

method can be readily 

on processing a careful choice of 

type materials is needed. Owing to time 

constraints and solubility limitation of the thiophene dendrimers, this advanced device 

mentioned device structures have only one photoactive layer in each 

cells. By stacking two or three single-layer 

triple junction cells can be 

the power conversion efficiency can be further increased. The world-

structure (see Figure 6.4). This 

layer cells have been optimized 

modified ITO surface, the bulk 

acceptor (A) materials. On top of 

of semiconductor-diode, 

is capable to convert the electromagnetic radiation into electrical current by the 

of a diode, which has 

voltage characteristic, 
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shown as a blue curve in Figure 6.6a. At the reverse bias above the peak reverse voltage, only 

a very small current flows through the diode. At the forward biases, but below the forward 

voltage drop (Vd), also a very small current is conducted. Above the Vd voltage, the diode 

current increase exponentially with a very low resistance. Under illumination, the 

photocurrent is generated, which's intensity is theoretically independent on the bias applied on 

the diode. The current-voltage (J-V) characteristic should behave as the arithmetic addition of 

the photocurrent-voltage curve on the diode J-V curve, being presented as the red curve in 

Figure 6.6a. Its cross-over point on the vertical axis is called the short-circuit current density, 

abbreviated as JSC; while its cross-over point on the horizontal axis is called the open-circuit 

voltage, abbreviated as VOC. At the so-called maximum output power point (Jmpp, Vmpp), the 

product of current density and voltage reaches the maximum value. The fill factor (FF) is 

defined as the ratio of the product of Jmpp and Vmpp to the product of JSC and VOC (eq. 6.1).  

�� = 	
��������

������
                                                                    (6.1) 

The fill factor can be understood as the ratio of the practical power output (Pout) to the 

theoretical power output, which is equal to the power input (Pin). The power conversion 

efficiency (η) of a photovoltaic cell is defined as follows: 

� = 	
����

�	

=

��������

�	

= 	

��������

�	

                                          (6.2) 

The equivalent circuit of an ideal photovoltaic cell, in which the FF should be 100%, is 

shown in Figure 6.6b. But in reality, the intrinsic resistances of each interlayer and the contact 

resistances in between can also affect the J-V behavior. Some defects can occur in the 

photoactive layer by the device fabrication. In these locations, the resistance is much smaller 

than elsewhere, resulting a leakage current in the opposite direction of the photocurrent if at 

the forward bias. These effects, so-called resistive effect, can be quantified as the series 

resistance (Rs) and the shunt resistance (Rsh), respectively. The equivalent circuit of a real 

photovoltaic cell with respect to the resistive effect is shown in Figure 6.6c. In an ideal case, 

Rsh would be infinite and would not provide an alternate path for current to flow through the 

solar cell, while Rs would be zero, resulting in no voltage drop. Decreasing Rsh and increasing 

Rs will lower the FF and consequently the PCE. If Rsh is too low, VOC will drop. If Rs is too 

high, JSC will drop. Thus, low Rs and high Rsh are essential for gaining a good PV performance. 

Rs and Rsh can be approximated from the inverse of the slopes of the photocurrent-voltage 

curve at VOC and JSC, respectively.
[38]
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The saturation of the photocurrent, defined as 

parameter to evaluate the PV performance. The closer the value 

the charge separation and extraction take place. In opposite, a high 

indicates field-dependent charge carriers 

Figure 6.6 (a) A representative plot of current density (

Red curve: under illumination. Vd

and JSC for the short circuit current density

curve, the current is denoted as 

ratio of the product JmppVmpp to the product 

photovoltaic cell. i stands for the photocurrent and 

circuit diagram of a real photovoltaic cell.

leakage current (ileak) through shunt resistor 

 

For the in-house testing of the laboratory solar cells t

readily gained by the linear sweep voltammetry measurement

Pin becomes crucial for the following reason: 

illumination sources, whose spectral intensity distribution

standard AM 1.5G spectrum. 

and the actual spectrum from a solar simulator is

cell is usually applied, which spectral response to the AM 1.5

mismatch factor M is defined as follows:

in which the current density of the device
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The saturation of the photocurrent, defined as S = J(-1.00 V)/JSC, is another important 

parameter to evaluate the PV performance. The closer the value is to one

and extraction take place. In opposite, a high number of 

charge carriers dissociation and the recombination thereof.

plot of current density (J) versus bias (U). Blue curve: in the darkness. 

Vd stands for the forward voltage drop, VOC for the open circuit voltage

the short circuit current density. At the maximum output power point (mpp) on the red 

curve, the current is denoted as Jmpp and the voltage denoted as Vmpp. The fill factor is defined as the 

to the product JSCVOC. (b) Equivalent circuit diagram of an ideal 

stands for the photocurrent and V for the bias applied on the cell. 

circuit diagram of a real photovoltaic cell. The series (Rs) and shunt (Rsh) resistances

shunt resistor are also taken into account. 

house testing of the laboratory solar cells the values of JSC, V

r sweep voltammetry measurement, while the input energy density 

becomes crucial for the following reason: the sunlight is simulated by artificial 

ose spectral intensity distribution is not identical

 Correction of the differences between the AM

and the actual spectrum from a solar simulator is therefore necessary. A reference

is usually applied, which spectral response to the AM 1.5G is known.

defined as follows:
[39]
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, is another important 

one, the more efficient 

number of saturation 

tion and the recombination thereof. 

 

Blue curve: in the darkness. 

the open circuit voltage, 

point (mpp) on the red 

. The fill factor is defined as the 

ivalent circuit diagram of an ideal 

for the bias applied on the cell. (c)Equivalent 

) resistances as well as the 

VOC and FF can be 

, while the input energy density 

sunlight is simulated by artificial 

identical to that of the 

the differences between the AM 1.5G spectrum 

reference silicon solar 

is known. The spectral 

                                                            (6.3) 

illumination is 

                                           (6.4) 
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the current density of the reference cell (ref)  under simulated illumination is 

����
�	
 = 	 � ����� �	
��	
�	
�	                                           (6.5) 

the current density of device under AM 1.5 illumination (AM 1.5) is 

����
�	�.� = 	 � ����� (	)��	�.�(	)�	                                    (6.6) 

and the reference cell current density under AM 1.5 illumination is 

����
�	�.� = 	 � ����� (	)��	�.�(	)�	                                     (6.7) 

where SR(λ) is the spectral response of the cell at wavelength λ, and E(λ) is the energy 

intensity of the incident photon flux at wavelength λ. In some cases, the inverse of the 

mismatch factor is also used. The true short-circuit current JSC under AM 1.5G is therefore 

corrected by the mismatch factor: 

���
�	�.� = 	

���
�	�

�
                                                                    (6.8) 

The normalized spectral response is defined as the external quantum efficiency (EQE), 

obtained by dividing the number of the charge carriers collected on the electrodes with the 

number of photon flux shining on the solar cell from outside. Sometimes, EQE is also called 

incident-photon-to-electron conversion efficiency (IPCE). Taking the transmission and 

reflection into account, the incident light intensity reaching the active layer is weaker than the 

original light intensity. For this respect, the internal quantum efficiency (IQE) is introduced, 

which is calculated as the ratio of the number of the charge carriers collected on the electrodes 

to the incident photon of a given energy absorbed by the solar cell. The IQE is always larger 

than the EQE. A high IQE indicates that the active layer of the solar cell convert the sun light 

into current efficiently. 

 

From a semiconductor aspect 

From the microscopic point of view, the J-V characteristic of a conventional p-n junction solar 

cell is a result of the movement of the photogenerated charge carriers driven simultaneously 

by the external electric field and the built-in potential. The external electric field is the bias 

applied upon the solar cell, and is homogenous across the photoactive layer. The affection of 

the external electric field is relative simple, that is, the positive charge (hole) moves in the 

direction of the electric field and the negative charge (electron) moves in the opposite 

direction. The build-in potential in a p-n junction semiconductor is equal to the difference of 
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the Fermi levels between n-type and p-type materials. The built-in potential is located in the 

depletion region between the p- and n-type materials, and it is inhomogeneous across the 

photoactive layer. In the conventional p-n junction solar cell the photoexcited electrons and 

holes are separated by the built-in potential. Different from that, in an organic solar cell, the 

generation of the photocurrent undergoes an excitonic mechanism. Hence, the organic solar 

cell is categorized to the excitonic solar cell. Charge separation requires an energetic driving 

force provided by the differences in the electronic levels of the materials at the interface. The 

generation of the photocurrent in an excitonic solar cell is more complicated. For a BHJ solar 

cell the five involving steps are concisely explained below. In each step the possible energy 

loss is considered. The whole process is depicted in Figure 6.7. 

• Exciton generation. An exciton is generated when a photon is absorbed by a 

semiconductor molecule. In case of the organic semiconductor, one electron is promoted 

from the HOMO of the molecule to its LUMO by absorbing the energy from the incident 

photon, resulting locally in a hole (in HOMO) and an electron (in LUMO), which are 

attracted to each other by the electrostatic Coulomb force. This type of exciton is called 

molecular exciton or Frenkel exciton.
[40]

 Only the photons carrying energies higher than 

the HOMO-LUMO band gap of the organic semiconductor can generate excitons, 

otherwise radiation cannot be absorbed and eventually converted to current. This is one 

reason of energy loss in a solar cell. 

• Exciton diffusion. Due to the electrostatic Coulomb force, the bound hole-electron pair in 

an organic solar cell is not able to split before it reaches an interface of the donor and 

acceptor. The movement of the exciton is called exciton diffusion, which is in fact a 

transfer of excitation energy. Non-radiative energy transfer including Förster resonance 

energy transfer (FRET) and Dexter energy transfer, limits the exciton diffusion length in 

an organic solar cell typically within 5-10 nm.
[41]

 If an exciton generated further away 

from the donor-acceptor (D-A) interface, it would be possibly quenched before it reaches 

the D-A interface which is the second possibility for energy loss. 

• Exciton dissociation/charge separation. When the molecular exciton reaches the D-A 

interface, it decays to a charge-transfer (CT) exciton, in which the electron and hole are 

separated across the interface, but due to the low dielectric constants of the materials, still 

is bound coulombically. The energy difference between the LUMO levels of donor and 

acceptor is considered as a major driving force to delocalize the exciton and generate the 

photocurrent. If the two charge carriers are not able to escape from each other, the fate of 
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the CT-exciton is likely a radiative charge recombination

energy loss.
[42]

 

• Charge carrier transport

respective electrodes with an efficiency depending 

mobility in organic semiconductors is strongly

defects at the nanoscale and mesoscale can cause a charge trapping and lower the 

photocurrent. Highly ordered donor materials in organic solar cells are essential in order 

to provide a relative good hole transport mobility, which is usually 

the electron transport mobility

also decrease the photocurrent.

• Charge collection. The charge collection 

complicated, not only determined from the difference between the work function of the 

isolated electrode and the donor 

from the interfacial charge

interfaces.
[44]

 

Figure 6.7 Schematic description

under certain bias, regardless of the interlayers.
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radiative charge recombination, which is the 

Charge carrier transport. Once the charges are separated, they move toward their 

with an efficiency depending on their mobilities. 

mobility in organic semiconductors is strongly dependent upon morphology.

defects at the nanoscale and mesoscale can cause a charge trapping and lower the 

Highly ordered donor materials in organic solar cells are essential in order 

to provide a relative good hole transport mobility, which is usually rema

the electron transport mobility in fullerene derivatives.
[43]
 Charge recombination could 

also decrease the photocurrent. 

charge collection on the electrode/organic layer interfaces is 

determined from the difference between the work function of the 

isolated electrode and the donor ionization potential or acceptor electron affinity

interfacial charge-density redistributions and geometry modifications

 

description of the formation of the photocurrent in a BHJ organic solar cell 

under certain bias, regardless of the interlayers. 
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he third possibility for 

they move toward their 

on their mobilities. The charge-carrier 

upon morphology. Structural 

defects at the nanoscale and mesoscale can cause a charge trapping and lower the 

Highly ordered donor materials in organic solar cells are essential in order 

remarkably lower than 

Charge recombination could 

on the electrode/organic layer interfaces is 

determined from the difference between the work function of the 

electron affinity, but also 

geometry modifications on the 

photocurrent in a BHJ organic solar cell 
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6.3 Results and Discussion 

6.3.1 General Procedure 

Photovoltaic devices in this thesis are solution-processed bulk heterojunction single-layer 

cells with a device structure of glass/ITO/PEDOT:PSS/photoactive layer/LiF/Al (see Figure 

6.5). On top of the pre-cleaned indium tin oxide (ITO) patterned glass substrate (Naranjo 

Sunstrates) commercially purchased poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) 

(PEDOT:PSS, structure see Figure 6.8) (Clevios
®
 P, VP AI 4083) was spin-coated as a 35-40 

nm thin film. The substrate was then dried in air at 120 
o
C for 20 min. The photoactive layer 

was spin-coated from a solution of dendritic oligothiophenes and fullerene derivatives 

(structures see Figure 6.9) at different concentration, temperature, and spin rate in air-

atmosphere. If a hot solution was used, the glass substrate was pre-heated for 10 min at a 

temperature which was 20 °C above the temperature of the solution. After the completion of 

all solution-processing, the samples were transferred into a glove-box filled with inert gas. 

LiF (1 nm) and Al (100 nm) layers were deposited through a shadow-mask by vacuum 

evaporation at around 3×10
-7

 mbar. The photoactive area of the cells was 0.091 cm
2
. J-V 

characteristics were measured under illumination of 100 mW/cm
2
 white light from a tungsten-

halogen lamp filtered by a Schott GG385 UV filter and a Hoya LB120 daylight filter, using a 

Keithley 2400 source meter. The short-circuit currents were estimated from the spectral 

response and convoluted with the AM 1.5G solar spectrum. A calibrated Si cell was used as 

reference. Monochromatic light from a 50 W tungsten halogen lamp (Philips focusline) in 

combination with a monochromator (Oriel, Cornerstone 130) was modulated with a 

mechanical chopper. The response was recorded as the voltage over a 50 Ω resistance, using a 

lock-in amplifier (Stanford Research Systems SR830). The spectral response was measured 

under 1 sun simulation biased from a 532 nm solid state laser (Edmund Optics). The device 

was kept behind a quartz window in a nitrogen filled container. The thicknesses of the 

photoactive layers were measured on a Veeco Dektak 150 profilometer. The absorption 

spectra of the photoactive layers were recorded on a Perkin Elmer Lambda 19 spectrometer in 

our Institute. 
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Figure 6.8 Molecular composition of poly(3,4-ethylendioxythiophene) poly(styrenesulfonate)
[45]

 inter 

layer, abbreviated as PEDOT:PSS, in the photovoltaic devices applied in this thesis. 

 

 

Figure 6.9 Molecular structures of the fullerene derivatives used as n-type materials in the 

photovoltaic devices described in this thesis: phenyl-C61-butyric-acid-methyl ester (PC61BM) and 

phenyl-C61-butyric-acid-methyl ester (PC71BM) as well as their UV-vis absorption spectra in toluene. 
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6.3.2 5T-Based DOTs as Donor in Solution-Processed BHJ Solar Cells 

The chemical structures of the twelve involved molecules in this section are depicted in 

Figure 6.10.  

 

Figure 6.10 Molecular structures of the 5T-based DOTs used as donor materials in solution-processed 

BHJ solar cells discussed in Chapter 6.3.2.  



 
238 Chapter 6                                            Photovoltaic Investigation of Dendritic Oligothiophenes 

6.3.2.1 Photoactive Layers Made from DOT/PC61BM Blends 

The photovoltaic performance of this series of 5T-based dendritic oligothiophenes as p-type 

materials in the photoactive layer of BHJ devices was thoroughly investigated. Firstly, 

PC61BM was chosen as acceptor blended with the 5T-based DOTs in a weight ratio of 4:1, 

because PC61BM is well soluble in various common organic solvents and relative inexpensive. 

The choice of the solvent and the fabrication temperature was taken based merely on the 

solubility of the DOTs. The optimized thicknesses of the photoactive layers in the range of 

40-70 nm. The best results for this series are illustrated in Figure 6.11 and the data are 

summarized in Table 6.1. Some general trends can be observed for the data in Table 6.1: 

• with the size growth of the DOTs,  

JSC increases from 0.50 (device 2, G1, 36) to 3.73 mA/cm
2 

(device 11, G3, 46),  

FF enhances from 0.24 (device 2, G1, 36) to 0.40 (device 9, G3, 45),  

EQEmax goes up from 0.06 (device 1, G1, 33) to 0.43(device 10, G3, 46), whereas  

VOC drops from 1.07 (device 1, G1, 33) to 0.76 V(device 10, G3, 46), in total, 

PCE increases from 0.11 (device 2, G1, 36) to 1.17 % (device 9, G3, 45).  

However, device 11 and 12 fabricated from G3-dendrimer 47 and 48 show moderate 

values of JSC, VOC, FF, EQEmax and PCE. 

• the EQEmax is mainly located between 440 to 470 nm; 

• TMS-protected DOTs and their non-protected DOTs give comparable PV 

performances  

• in general, devices with dendrons have higher open circuit voltages (VOC) than those 

with the corresponding dendrimers. 

The saturation values of photocurrent with reverse bias in the DOT/PC61BM based cells are 

relatively high and exceed 1.5 in three-fourths of the cells. These are hints for relatively high 

field-dependent charge carrier separation and therefore that the geminate carrier pairs at zero 

bias could not effective be collected. 

The results of the first device series for 5T-based DOTs blended with PC61BM point the way 

for further experiments to improve the PV performances. Some of the promising DOTs were 

examined in various devices by changing the acceptor, varying the D/A ratio, by thermal 

annealing, and using solvent additives which will be discussed later. 
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Figure 6.11 The J-V curves (up) and EQE spectra (bottom) of devices 1-12. 

 

The best performed cells were made from the two G3-dendrons (45 and 46), both cells 

(device 9 and 10) reached a PCE of over 1% with a JSC of over 3 mA/cm
2
 and a FF of 

approximately 0.4. For device 10, the spectral maximum of EQE reaches 0.43, which is the 

highest number in this series. The worst performance is found for the G1-dendron based 

devices having in spite of the highest VOC of 1.07 V, the lowest current and FF and 

consequently the lowest PCE of only ~0.1%. The low spectral response implies an ineffective 

charge carrier separation, which could probably be ascribed to a higher crystallinity of the G1-
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dendrons in comparison to h

discontinuous domain structure in the active layer.

 

Table 6.1 Device performances of the photovoltaic cells made from the blends of DOTs and PC

(w/w 1:4) as photoactive layers
a
.

DOT Device 

Nr.
 

Symbol       Nr. 

 

33
 

(TMS) 
1 

 

36
 

(H) 

2 

 

 

37
e 

(TMS) 

3 

 

38
 

(H) 

4 

 

 

39
 

(TMS) 

5 

 

40 

(H) 

6 

 

 

41
d 

(TMS) 

7 

 

42
g 

(H) 

8 

 

 

45
 

(TMS) 

9 

 

46
e 

(H) 

10 

 

 

47
 

(TMS) 

11 

 

48
 

(H) 

12 

 

(a) The area of the photoactive layer is 0.091 cm

AM 1.5G spectrum with an intensity of 

spectral response with the AM 2.0 spectrum with an intensity of 75 mW

PC61BM is 1:3; (f) unexpected low VOC

 

6.3.2.2 Photoactive Layers M

As shown in Figure 6.9, PC71

from 400 to 600 nm than PC

Besides that, PC71BM is readily soluble in many common solvents. 

without TMS-protection (40, 42

as promising candidates, were blended with 
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dendrons in comparison to higher generation dendrimers and consequently

discontinuous domain structure in the active layer. 

of the photovoltaic cells made from the blends of DOTs and PC

. 

 JSC 

b 

(mA cm
-2

) 

VOC 

(V) 

FF PCE c  

(%) 

EQEmax[

0.50 

 

1.07 

 

0.24 

 

0.13 

 

0.06 [370]

0.41 

 

1.07 

 

0.24 

 

0.11 

 

0.07 [350]

2.89 

 

0.77 

 

0.33 

 

0.73 

 

0.32 [460]

2.35 

 

0.79 

 

0.36 

 

0.67 

 

0.23 [470]

2.45 

 

0.94 

 

0.33 

 

0.76 

 

0.14 [450]

2.36 

 

0.46
f 

 

0.35 

 

0.42 

 

0.27 [360]

2.43 

 

0.82 

 

0.39 

 

0.75 

 

0.27 [440]

3.34 

 

0.68 

 

0.38 

 

0.86 

 

0.39 [400]

3.19 

 

0.92 

 

0.40 

 

1.17 

 

0.34 [440]

3.73 

 

0.76 

 

0.38 

 

1.08 

 

0.43 [440]

2.56 

 

0.82 

 

0.33 

 

0.69 

 

0.26 [440]

2.52 

 

0.84 

 

0.31 

 

0.66 

 

0.25 [450]

(a) The area of the photoactive layer is 0.091 cm
2
; (b) determined by convoluting the spectral resp

intensity of 100 mW/cm
2
; (c)η = JSCVOCFF; (d) determined by convoluting the 

spectral response with the AM 2.0 spectrum with an intensity of 75 mW/cm
2
; (e) the

OC is possibly due to the large leakage current; (g) S = J

Made from DOT/PC71BM Blends 

71BM has a significantly higher extinction in the visible region 

from 400 to 600 nm than PC61BM. This is most relevant for photovoltaic

BM is readily soluble in many common solvents. Thus,

42) as well as the four G3-DOTs (45-48), which can be viewed 

were blended with PC71BM for further optimization.
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igher generation dendrimers and consequently resulting in a 

of the photovoltaic cells made from the blends of DOTs and PC61BM 

[λ(nm)] Saturation
 g 

0.06 [370] 2.21 

0.07 [350] 2.13 

0.32 [460] 1.81 

0.23 [470] 2.10 

0.14 [450] 2.20 

0.27 [360] 6.66 

0.27 [440] 1.60 

0.39 [400] 2.69 

0.34 [440] 1.26 

0.43 [440] 2.47 

0.26 [440] 1.49 

0.25 [450] 1.42 

etermined by convoluting the spectral response with the 

determined by convoluting the 

the weight ratio of DOT: 

J(-1.00 V)/JSC. 

significantly higher extinction in the visible region 

BM. This is most relevant for photovoltaic applications. 

Thus, the G2-DOTs 

), which can be viewed 

optimization. The J-V curves 
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under illumination and the EQE spectra of the optimized devices are depicted in Figure 6.12 

and the data are listed in Table 6.2. The layer thickness was between 70 and 100 nm. Due to 

the lack of the solubilizing groups, the weight ratio of the DOTs without TMS groups to 

PC71BM can only be raised to 1:3 (25% in total) in a hot solution (80 
o
C in TCE) which 

causes difficulties on the reproducibility of the device performance. 

In general, the PC71BM blends give a better photovoltaic performance than the PC61BM 

blends. Roughly estimated, JSC increases by about 150% to 200%, VOC remains unchanged, 

FF increases slightly, resulting in a notable enhancement of the PCEs by 150 to 300%. 

Devices from the TMS-deprotected DOTs showed a higher photocurrent and PCE, being 

coincident with the observation in PV devices from 3T-based DOTs.
[44]

 The broad spectral 

response reaches the maximum value mainly at 470 nm, where the absorption maxima of the 

present DOTs are located. The PCE increases partially with expanding the molecular size, the 

G3-dendrimers showed again moderate parameters, similar as in the previous device series 

with PC61BM as acceptor.  

 

Figure 6.12a The J-V curves of device 13-23. 
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Figure 6.12b The EQE spectra under bias of device 13-23. 

 

The best PV performance is obtained for device 18, prepared from G3-dendron 46 (without 

TMS) mixed with PC71BM in a weight ratio of 1:3. It has a good JSC of 7.08 mA/cm
2
, a high 

VOC of 0.95 V and a good FF of 0.46. The J-V curves with and without illumination are shown 

in Figure 6.13. The series and shunt resistances, Rs and Rsh, are estimated to 24.2 and 512.0 

Ω/cm
2
, respectively. These are the reasonable values among the reported good-performing PV 

cells.
[46]

 The saturation value of 1.17 gives a hint of effective charge separation and collection. 

The EQE spectrum is also shown in Figure 6.13. A very broad spectral response from 350 to 

700 nm is found. In the region from 400 to 600 nm, where the terrestrial solar spectrum is 

strongly irradiative, device 18 provided efficiently a photon-to-electron conversion, reaching 

the maximum of 53% at 470 nm. In total, the PCE of device 18 reaches 3.09%, which exceeds 

all other reported values of DOT-based OPVs.
[44, 47]
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Table 6.2 Device performance of the photovoltaic cells made from the blends of G2

and PC71BM as photoactive layers

DOT Device 

Nr.
 

Ratio

(w/w)Symbol Nr. 

 

40 

(H) 

13 1:3 

14 1:4 

 

42 

(H) 

15 1:3 

16 1:4 

 

45
 

(TMS) 

17 1:3 

46
 

(H) 

18 1:3 

19 1:4 

 

47
 

(TMS) 

20 1:3 

21 1:4 

48
 

(H) 

22 1:3 

23 1:4 

(a) The area of the photoactive layer is 0.091 cm

AM 1.5G spectrum with an intensity of 100 mW

Figure 6.13a The J-V curves of device 
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Device performance of the photovoltaic cells made from the blends of G2

BM as photoactive layers
a
. 

Ratio 

(w/w) 

JSC 

b 

(mA cm
-2

) 

VOC 

(V) 

FF PCE c  

(%) 

EQEmax

 4.95 0.95 0.38 1.79 0.38 [470]

 4.90 0.97 0.38 1.81 0.35 [470]

 6.32 0.88 0.39 2.17 0.49 [410]

 6.07 0.89 0.38 2.05 0.45 [470]

 5.40 0.92 0.41 2.04 0.41 [460]

 7.08 0.95 0.46 3.09 0.53 [470]

 6.97 0.95 0.42 2.78 0.51 [470]

 3.13 0.84 0.31 0.82 0.29 [430]

 3.44 0.86 0.30 0.89 0.28 [410]

 4.49 0.81 0.30 1.09 0.33 [470]

 3.89 0.81 0.30 0.95 0.29 [470]

The area of the photoactive layer is 0.091 cm
2
; (b) determined by convoluting the spectral response with the 

AM 1.5G spectrum with an intensity of 100 mW/cm
2
; (c) PCE = JSCVOCFF; (d) S = J(-1.00 V)/

 

curves of device 18. 
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Device performance of the photovoltaic cells made from the blends of G2- and G3-DOTs 

max[λ(nm)] Saturation
 d

0.38 [470] 1.41 

0.35 [470] 1.28 

0.49 [410] 1.51 

0.45 [470] 1.33 

0.41 [460] 1.33 

0.53 [470] 1.17 

0.51 [470] 1.20 

0.29 [430] 1.58 

0.28 [410] 1.53 

0.33 [470] 1.40 

0.29 [470] 1.56 

) determined by convoluting the spectral response with the 

1.00 V)/JSC. 
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Figure 6.13b The EQE spectrum under bias of device 18. In the diagram the solar radiation spectrum 

under AM 1.5G conditions is depicted (in blue) for better comparison with the EQE spectrum (in red). 

 

6.3.2.3 Thermal Annealing Post-Treatment 

Thermal annealing is the most widely used method for optimizing the morphology in 

solution-processed BHJ solar cells.
[48]

 By heating the as-casted active layer a better phase 

separation
[49]

 can be afforded and therefore increased charge carrier mobility as well as 

improved carrier collections were observed.
[50]

 The PV devices with two DOTs 42 and 46, 

which  showed the best PV performance among all DOTs in this series, were selected for 

further testing to optimize these through thermal annealing. In Table 6.3 the device 

parameters before and after annealing are summarized and compared, the J-V curves thereof 

are illustrated in Figure 6.14. The optimum annealing condition is found as baking the 

completely fabricated device at 80 °C for 15 min in the inert gas atmosphere of the glove-box. 

Shorter annealing time didn’t make any change in the J-V characteristics, while longer heating 

gave rise to a remarkable decrease of JSC in all devices. In the case of devices based on 42, all 

parameters increase through thermal annealing. As a result, the PCE enhances from 2.05 

(device 24) to 2.30 % (device 25). In contrast, this treatment does not much affect the 

performances of devices with 46 (devices 26-29 in Table 6.3). 
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Figure 6.14 The J-V curves of device

 

Table 6.3 Comparison of the PV

14/PC71BM as photoactive layers

DOT Device 

Nr.
 

Ratio

(w/w)Symbol  Nr. 

 
42

 

(H) 

24 1:4

25 1:4

 

46
 

(H) 

26 1:3

27 1:3

28 1:4

29 1:4

(a) The area of the photoactive layer is 0.091 cm

AM 1.5G spectrum; (c)η = JSCVOCFF; (d)

 

By comparison of the logarithmic 

annealing (shown in Figure

understood: the slope of the curve in the shunt resistance region decreases after annealing. In 

simpler words: the shunt resistance increases. This change might indicate an improved nano

morphology and a reduced charge recombination. The thermal treatment does not affect much 

on the series resistance. The spectral responses before and after annealing are shown in 
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of devices 24-29 under illumination. 

of the PV device performance for devices made from 

as photoactive layers
a
 before and after thermal annealing. 

Ratio
 

(w/w) 

Thermal 

Annealing 

JSC 

b 

(mA cm
-2

) 

VOC 

(V) 

FF 

1:4 As-casted 6.07 0.89 0.38

1:4 80°C, 15 min 6.34
 

0.91 0.40

1:3 As-casted 7.08 0.95 0.46

1:3 80°C, 15 min 7.05 0.94 0.45

1:4 As-casted 6.88 0.95 0.42

1:4 80°C, 15 min 6.94 0.94 0.40

(a) The area of the photoactive layer is 0.091 cm
2
; (b) determined by convoluting the spectral response with the 

; (d) S = J(-1.00 V)/JSC. 

By comparison of the logarithmic J-V plot of the dark current, before and after thermal 

 6.15), the annealing effect on the device can readily be 

understood: the slope of the curve in the shunt resistance region decreases after annealing. In 

simpler words: the shunt resistance increases. This change might indicate an improved nano

and a reduced charge recombination. The thermal treatment does not affect much 

on the series resistance. The spectral responses before and after annealing are shown in 
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made from 10/PC71BM and 

 PCE c  

(%) 

Saturation
d

0.38 2.05 1.47 

0.40 2.31 1.35 

0.46 3.09 1.21 

0.45 3.05 1.20 

0.42 2.75 1.24 

0.40 2.61 1.22 

determined by convoluting the spectral response with the 

plot of the dark current, before and after thermal 

6.15), the annealing effect on the device can readily be 

understood: the slope of the curve in the shunt resistance region decreases after annealing. In 

simpler words: the shunt resistance increases. This change might indicate an improved nano-

and a reduced charge recombination. The thermal treatment does not affect much 

on the series resistance. The spectral responses before and after annealing are shown in Figure 
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6.15 as well. The annealed device 25 exhibit a slightly enhanced efficiency of photon-to-

electron conversion from 350 to 450 nm, indicating the morphological changes taking mainly 

place in the donor domains. 

 

 

Figure 6.15 Comparison of the dark J-V curve (up) and EQE spectrum (bottom, under bias) of device 

24 and 25 before and after thermal annealin. In the EQE diagram the solar radiation spectrum under 

AM 1.5G conditions is depicted (in blue) for better comparison with the EQE spectra. 
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6.3.2.4 Application of Solvent Additives 

An alternative to annealing for controlling the active layer morphology is the usage of certain 

solvent additives with very high boiling points, which enables a gradual decline of the 

solvability of the solvent mixture during evaporation and leads to a more thermodynamically 

favored morphology under the standard spin-coating procedures.
[51]

 Chart 6.1 gives a few 

examples of frequently used solvent additives, such as 1,8-octanedithiol (ODT), 1,8-

diiodooctane (DIO), 1-chloronaphthalene (CN) etc., for which highly efficient OPVs have 

been obtained.
[22b, 52]

 Two additives of them, 1,8-diiodooctane (bp. 167-169 
o
C at 6 torr) and 

2,5-dibromotoluene (DBT, bp. 135-136 
o
C at 35 torr) were chosen and applied for further 

optimization of some efficient DOT-based solar cells regarding that they represent aliphatic 

and aromatic compounds, respectively. 

 

Chart 6.1 Frequently used solvent additives in BHJ OPVs: 1,8-octanedithiole (ODT), 1,8-diiodooctane 

(DIO), 1-chloronaphthaline (CN), nitrobenzene (NB), o-/p-xylene and 2,5-dibromo toluene (DBT).
[22b, 52]

 

 

The J-V data for the PV cells prepared from 42/PC71BM and 46/PC71BM blends with addition 

of DIO or DBT to the solution in a volume ratio of 1% are listed in Table 6.4. The J-V curves 

and EQE spectra are shown in Figure 6.16. For better comparison, the reference cells without 

solvent additive treatment are also given. In case of 42/PC71BM, device 31 with DIO has 

dramatically decreased in JSC and slightly in VOC, whereas the FF remains constant. An 

obvious drop of VOC was found for device 32 with DBT. In both cells a decrease in PCE of 

about -0.3% was observed. Similarly, the 46/PC71BM cells with additives showed also a 

decrease in performances. With the DIO additive (device 34), JSC, VOC, and FF reduce 

simultaneously and lead to around 40% loss in PCE, while DBT (device 35) causes only 

subtle drops in JSC and FF, and consequently in PCE. Since no sign for the PCE improvement 

was found here, no further investigations with respect to varying the volume ratio or 

switching to other additives were continued. 
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Figure 6.16 The J-V curves of devices 30-32 (up) and 33-35 (bottom) under illumination. 

 

In summary, 5T-based DOTs have been thoroughly tested as donor materials in the 

photoactive layer of solution-processed BHJ solar cells. It was demonstrated that they are 

promising candidates as materials for the application in organic solar cells. Blending with 

PC71BM gives a remarkable enhancement in every device parameter in comparison to those 

blended with PC61BM. The highest power conversion efficiency of 3.1% was obtained from 

the device made from G3-dendron 46 mixed with PC71BM in a weight ratio of 1:3 in a TCE 

solution at 80 
o
C. This PCE value is the highest among those reported for dendritic 

oligothiophene based solar cells. Thermal annealing and solvent additives didn’t lead to a 

further increase of the PCE of this device. 
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Table 6.4 Device performance comparison of the PV 

photoactive layers
a 
with or without additives.

DOT Device 

Nr.
 

Ratio

(w/w)Symbol  Nr. 

 
42

 

(H) 

30 

31 

32 

 

46
 

(H) 

33 

34 

35 

(a) The area of the photoactive layer is 0.091 

convoluting the spectral response with the AM 1.5G spectrum

 

 

6.3.3 Unsymmetric 5T-Based DOTs as Donor in Solution

Solar Cells 

As demonstrated in Chapter 6.3.2 as well as reported for 

DOTs exhibit an improved device performance 

protected DOTs. For this reason, the TMS

the unsymmetrical 5T-based DOTs, shown in 

applications. The energy levels of 

cells appearing in this section are illustrated in 

The results for the optimized devices for each compound are listed in Table 6.5. Accordin

their J-V curves and EQE spectra are illustrated in 

acceptor showed a significantly lower PV performance than the devices using PC

acceptor, and hence are not included in Table 6.5. For instance, the PCE 

PC61BM devices are only one third of those that were gained from the corresponding PC

devices. Similar to the observation from 

PC71BM is 1:4 for the smaller DOT 

photocurrent steadily increases from 4.36 to 5.59 mA/cm
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Device performance comparison of the PV cells made from 42/PC71BM and 

with or without additives. 

Ratio
 

(w/w) 

Additive 

(v%) 

JSC 

b 

(mA cm
-2

) 

VOC 

(V) 

FF 

1:3 - 6.86 0.92 0.36 

1:3 DIO (1%) 5.86
 

0.88 0.38 

1:3 DBT (1%) 5.98
 

0.82 0.40 

1:3 - 7.08
d 

0.95 0.46 

1:3 DIO (1%) 5.04 0.88 0.39 

1:3 DBT (1%) 7.04 0.95 0.43 

(a) The area of the photoactive layer is 0.091 cm
2
; (b) as measured; (c) PCE =JSCVOC

convoluting the spectral response with the AM 1.5G spectrum; (e) S = J(-1.00 V)/JSC. 

Based DOTs as Donor in Solution-

6.3.2 as well as reported for 3T-based DOTs
[44

DOTs exhibit an improved device performance compared to the corresponding 

protected DOTs. For this reason, the TMS-deprotected species 54, 56, and 

based DOTs, shown in Figure 6.17, were tested for phot

The energy levels of the involved materials in the solution-processed BHJ solar 

cells appearing in this section are illustrated in Figure 6.18. 

The results for the optimized devices for each compound are listed in Table 6.5. Accordin

curves and EQE spectra are illustrated in Figure 6.19. Devices using PC

acceptor showed a significantly lower PV performance than the devices using PC

acceptor, and hence are not included in Table 6.5. For instance, the PCE 

BM devices are only one third of those that were gained from the corresponding PC

devices. Similar to the observation from 5T-based DOTs, the optimal weight ratio of DOT to 

BM is 1:4 for the smaller DOT 54 and 1:3 for the larger DOTs 

increases from 4.36 to 5.59 mA/cm
2
 with increasing molecular size, 
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BM and 46/PC71BM as 

PCE
c
  

(%) 

Saturation
e 

2.28 1.43 

1.96 1.50 

1.98 1.79 

3.09 1.17 

1.71 1.34 

2.88 1.27 

OCFF; (d) determined by 

-Processed BHJ 

44]
, the all-thiophene 

corresponding TMS-

and 58 in the series of 

6.17, were tested for photovoltaic 

processed BHJ solar 

The results for the optimized devices for each compound are listed in Table 6.5. Accordingly, 

6.19. Devices using PC61BM as 

acceptor showed a significantly lower PV performance than the devices using PC71BM as 

acceptor, and hence are not included in Table 6.5. For instance, the PCE values from the 

BM devices are only one third of those that were gained from the corresponding PC71BM 

based DOTs, the optimal weight ratio of DOT to 

DOTs 56 and 58. The 

with increasing molecular size, 
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while the VOC decreases from 0.96 to 0.86 V. The PCE and FF reach simultaneously the 

maximal values of 2.05% and 0.39, respectively, in the G2-DOT (56)-based device. The 

DOT/PC71BM blends showed a very broad spectral response from 350 to 700 nm. Within the 

region of 350-600 nm, the EQE value increases according to the DOT molecular sizes. All 

three devices achieve the quantum efficiency maximum at 470 nm. Devices 37 and 38 have 

lower saturation numbers than device 36 indicating that less field-dependent exciton and 

charge separation and more efficient charge collection at zero bias occurred. This series of 

unsymmetrical 5T-based DOTs showed a comparable PV performance to the series of 

ordinary 5T-based DOTs, implying that for the dendritic oligothiophenes the photovoltaic 

behavior is not a function of the geometry of the building block connectivities. However, the 

unsymmetrical DOTs are much better soluble than the symmetrical analogues, which 

certainly is an advantage for device fabrication. It is worth mentioning that due to timely 

restriction, no further experiments for device optimization could be made, but these first 

comparable results to the symmetrical 5T-series show that these might be promising targets 

for prospective experiments. 

 

 

Figure 6.17 Molecular structures of the unsymmetrical 5T-based DOTs as donor materials for use in 

solution-processed BHJ solar cells in Section 6.3.3. 
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Figure 6.18 The J-V curves (up) and the EQE spectra

 

Table 6.5 Device performance

unsymmetrical DOTs and PC71BM as photoactive 

DOT Device 

Nr.
 

Ratio

(w/w)Symbol Nr. 

 54
 

36 1:4

 
56

 
37 1:3

 
58 38 1:3

(a) The area of the photoactive layer is 0.091 cm

AM 1.5G spectrum; (c) PCE =JSCVOCFF
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) and the EQE spectra under bias (bottom) of device 

Device performances of the photovoltaic cells made from the blends of 

BM as photoactive layers
a
. 

Ratio 

(w/w) 

JSC 

b 

(mA cm
-2

) 

VOC 

(V) 

FF PCE
c
  

(%) 

EQEmax[

1:4 4.36 0.96 0.35 1.46 0.31 [470]

1:3 5.58 0.94 0.39 2.05 0.39 [470]

1:3 5.59 0.86 0.37 1.78 0.43 [470]

(a) The area of the photoactive layer is 0.091 cm
2
; (b) determined by convoluting the spectral response with the 

FF; (d) S = J(-1.00 V)/JSC. 
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) of device 36-38. 

of the photovoltaic cells made from the blends of 5T-based 

[λ(nm)] Saturation
 d

 

[470] 1.47 

0.39 [470] 1.25 

[470] 1.29 

; (b) determined by convoluting the spectral response with the 
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6.3.4 Peripheral Modified 3T-Based DOTs as Donors in Solution-Processed 

BHJ Solar Cells 

The parent molecule 16 and its derivatives 64 and 74 with peripheral π-elongation are 

structurally depicted in Figure 6.19.  

 

Figure 6.19 Molecular structures of the3T-based DOTs with a peripheral π-elongation as donor 

materials for use in solution-processed BHJ solar cells in Chapter 6.3.4. 

 

The device parameters from the optimized fabrication conditions are listed in Table 6.6 and 

the plots of their photocurrent versus bias as well as the external quantum efficiency spectra 

are shown in Figure 6.20. Again, PC61BM-based devices gave remarkably lower PCE than the 

corresponding PC71BM-based device and therefore are not listed and discussed below. The 

best weight ratio of DOT to PC71BM is 1:2 in case of 16 (device 39) and 64 (device 40), while 

it was only 1:4 the in case of 71 (device 41) due to the very limited solubility. The VOC 

decreased from 0.97 over 0.92 to 0.86 V by increasing the molecular weight and size from 16 

over 64 to 71, while the JSC slightly varies in the range of 6-7 mAcm
-2

 and the FF is almost 

the same. As a product of JSC, VOC, and FF, the PCE exhibits a gradual decreasing from 2.88% 

for 16 over 2.60% for 64 to 2.41% for 71. Nevertheless, one cannot conclude that 71 is less 

promising than 16 and 64, because the very poor solubility of 71 disables further device 

optimization with respect to the donor/acceptor ratio. The empirical optimal ratio for larger 

DOT to PC71BM lies between 1:3 and 1:2 which is far beyond the solubility of 71 even in hot 

TCE solution at 100 
o
C showing a reduced total concentration of 20 mg/mL. Devices 39 and 

41 showed a very similar profile of the spectral response with the maximum of 0.53 and 0.42 

both at 470 nm, respectively. Device 41 gave a more intense response in the shorter 

wavelength range and consequently the EQE maximum of 0.50 shifts to 400 nm. Device 39 
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had a very small saturation value, which is an indication for an efficient charge collection at 

zero bias, whereas device 40 and 41 had higher saturation numbers which means a higher 

charge recombination and bias-dependent charge separation possibly due to morphological 

reasons. 

 
Figure 6.20 The J-V curves (up) and the EQE spectra under bias (bottom) of device 39-41. 
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Table 6.6 Device performances of the photovoltaic cells made from the blends of the 3T-based DOTs 

with oligothiophene peripheral modification and PC71BM as photoactive layers. 

DOT Device 

Nr.
 

Ratio 

(w/w) 

JSC 

d 

(mA cm
-2

) 

VOC 

(V) 

FF PCE e  

(%) 

EQEmax[λ(nm)] Saturation
f 

16(42-mer)
 

    39 
a,b 

1:2 6.75 0.97 0.44 2.88 0.53 [470] 1.15 

64(58-mer)
 

    40
 c
 1:2 6.15 0.92 0.46 2.60 0.42 [470] 1.23 

71(74-mer)
 

    41
 b

 1:4 6.37 0.86 0.44 2.41 0.50 [400] 1.45 

(a) Data obtained from Dr. Chang-Qi Ma; (b) the area of the photoactive layer is 0.091 cm
2
; (c) the area of the 

photoactive layer is 0.167 cm
2
; (d) determined by convoluting the spectral response with the AM 1.5G 

spectrum; (e) PCE =JSCVOCFF; (f) S = J(-1.00 V)/JSC. 

 

6.3.5 Peripheral Benzothiadiazole (BTDA)-Functionalized 3T-Based DOTs 

as Donor in Solution-Processed BHJ Solar Cells 

The first and second generations of 3T-based DOTs with peripheral functionalization of 

benzothiadiazole 76, 80, 81 and the reference molecule 84 are structurally depicted in Figure 

6.21.  

The photovoltaic performance with the optimized parameters for the peripheral BTDA-

functionalized 3T-based DOTs are given in Table 6.7. Accordingly, the J-V curves and EQE 

spectra are illustrated in Figure 6.22. By selecting the acceptor material, this series of DOTs 

showed a different tendency than the pure DOT-based dendrimers, i.e., the PC61BM based 

devices provided a better power conversion efficiency than the PC71BM based devices. The 

donor/acceptor weight ratio varied from 1:1 to 1:4, and interestingly, all of the DOTs gave the 

best performances at a 1:3 ratio. Among devices 42-45, the photocurrent is commonly low 

lying in the range of 1.80-3.71 mAcm
-2

, whereas the VOC remained very high varying from 

0.89 to 1.04 V. The FF value increased from 0.30 to 0.42 along with the growth of the 

molecular size. The two G1-DOTs, 76 and 80, possessed a much better PCE than the other 

two molecules, mainly because of the much higher generated photocurrent. The higher JSC in 

devices 43 and 44 coincided with their EQE spectra: in general, devices 42-45 exhibited a 

higher and broad spectral response from 350 to 650 nm in the EQE spectra. In the range of 

450-650 nm, the EQE responses of devices 43 and 44 are nearly twice as high as those of 

devices 42 and 45. The saturation numbers of devices 43 and 44 are smaller than those of 

devices 42 and 45 suggesting less charge recombination and less field-dependent charge 
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separation. In total, the highest PCE of 1.28% in this series of DOTs is found for device 44 

made from G1-dendrimer 80 with a EQE maximum of 0.34 at 400 nm. 
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Figure 6.21 Molecular structures of the 3T-based DOTs with peripheral BTDA-functionalizations as 

donor materials for use in solution-processed BHJ solar cells in Chapter 6.3.5. 

 

Table 6.7 Device performances of the photovoltaic cells made from the blends of the 3T-based DOTs 

with peripheral BTDA-functionalization and PC61BM as photoactive layers
a
. 

DOT Device 

Nr.
 

Ratio 

(w/w) 

JSC 

b 

(mA cm
-2

) 

VOC 

(V) 

FF PCE
c
 

(%) 

EQEmax[λ(nm)] Saturation
d 

84
 

42 1:3 1.80 0.89 0.30 0.48 0.18 [360] 1.89 

76
 

43 1:3 3.49 1.04 0.34 1.23 0.28 [520] 1.34 

80 44 1:3 3.71 0.91 0.38 1.28 0.34 [400] 1.31 

81
 

45 1:3 2.05 0.87 0.42 0.75 0.40 [370] 1.59 

(a) The area of the photoactive layer is 0.091 cm
2
; (b) determined by convoluting the spectral response with the 

AM 1.5G spectrum; (c) PCE =JSCVOCFF; (d) S = J(-1.00 V)/JSC. 
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Figure 6.22 The J-V curves (up) and the EQE spectra under bias (bottom) of devices 42-45. 

 

By the virtue of the electron deficiency on the BTDA-subunits compared to the 3T-subunits, 

the BTDA-periphery can be viewed as an electron-accepting unit and the 3T part as an 

electron-donating unit. If plotting the optimized PCE number versus the ratio of the number of 

electron donor subunits to the number of the electron-accepting subunits within a molecule, a 

linear relationship was found (Figure 6.23). Among all four donor materials, 76 and 80 have 

the highest donor/acceptor subunits ratio of 2:1 and the corresponding devices 43 and 44 

showed the highest PCE of 1.2-1.3%. This relationship suggests that by designing such kind 

of D-A small molecules towards the photovoltaic application, the ratio of D/A-subunits may 

play a more important role than the overall molecular size. 
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Figure 6.23 A linear relationship between the PCE and the ratio of the donor/acceptor subunits in 

devices 42-45. 

 

6.3.6 Summary and Outlook 

In this chapter, the modified and functionalized DOTs, whose synthesis, characterization, and 

physical properties are described in Chapter 2 to Chapter 5, were  tested as donor materials in 

the photoactive layers of solution-processed bulk heterojunction solar cells. For the pure 

thiophene-based DOTs, PC71BM is the ideal choice as acceptor material, while for the DOTs 

containing electron withdrawing moieties, PC61BM seems to perform better. The high VOC 

values of approx. 1 V are the most advantageous features of this type of material in 

comparison to PV cells based on polymeric materials. PCEs vary from moderate to good 

values, of which some are even comparable with those of “common” polymer solar cells.
[53]

 

The PCE of 3.1% for DOT 46-based devices is the highest compared to literature known DOT 

based solar cells.
[44, 47]

 DOTs have been demonstrated to be a class of promising candidates 

for photovoltaic application. However, morphological studies for the DOT-based solar cells 

could not be carried out, which prevent a deeper understanding on the fundamental physics of 

solar cells, such as exciton diffusion and charge transport channels, which matters 

significantly for the generation of the photocurrent. Besides that, the miscibility between the 

giant semi-rigid thiophene dendrimers and the small spherical fullerene derivatives should be 

different compared to that between conjugated polymers with a linear rigid backbone and 

fullerene derivatives, also different to that between rod-like small molecules and fullerene 

derivatives. The miscibility can affect the forming of bicontinuous networks of donor and 
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acceptor materials in the BHJ interlayer.
[54]

 Other morphology resulting factors, like charge 

carrier mobility and balance, series and shunt resistance, interfacial recombination can also 

strongly influence the FF, which is relatively low for the DOT-based solar cells compared to 

small molecule or polymer-based solar cells. Building an efficient organic solar cell requires a 

systematic consideration of not only the material design but also the morphology control and 

interface engineering. Although the latter two areas are as crucial as the first one, they are 

beyond the objective and scope of this thesis. Further studies on the device physics together 

with the present know-how on material chemistry will give a systematic and comprehensive 

understanding on the DOT-based organic solar cells and eventually afford an improvement of 

the power conversion efficiency. 
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263 Summary 

Summary 

The objective of the present thesis was the structural modification and functionalization of 

2:2',3':2''-terthiophene (3T)-based dendritic oligothiophenes (DOTs) by enlarging the π-

conjugation system and consequently broadening the absorption spectrum in order to improve 

the light harvesting property for use in the organic photovoltaics. 

The first modification was made on the building block of 3T. It was structurally elongated  

with additional thiophene units on each branch of 3T, forming a new building block of 

2:2',5':2'',3'':2''',5''':2''''-quinquethiophene (5T). 5T-based DOTs possess an expanded π-

conjugation system and reduced steric crowdedness, especially in higher generations. The 

structural alteration gave rise to several synthetic challenges, which were not encountered for 

the 3T-based DOTs:  

• The first one was found during the preparation of the third generation 5T-based DOTs. The 

conventional borylation for synthesizing 3T-based DOTs, namely, a lithiation by 

organolithium species followed by subsequent quenching with a borate ester, was not 

suitable to provide an accurate and precise mono-borylation of the second generation of 

5T-based dendron 39. Moreover, the target molecule 44 was not separable from other side 

products by common laboratory methods (e.g. column chromatography, crystallization) 

due to the chemical instability of the borylated DOTs. Therefore, catalytic borylation 

reactions were considered as alternatives. A highly reactive Ir-catalyst was chosen and the 

reaction conditions were optimized to efficiently yield a regiospecific borylation of 

dendron 39. This method was demonstrated to be broadly applicable for monoborylation of 

thiophene dendrons of various sizes. This reaction showed superiority in comparison to the 

lithiation method, because of the mild and well-controllable reaction conditions and easy 

work-up procedure.  
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• The second challenge appeared by purifying the third generation dendron 45. The size-

exclusive chromatography as a routine principle purification method was successful in all 

cases of 3T-based DOTs. However, it became powerless to isolate the 35-mer 45 from the 

30-mer dendrimer 41 which resulted from a homo-coupling side-reaction. The subtle 

difference between 45 and 41 in term of the solvated dynamic volume was below the 

separation capability of the size-exclusive chromatographical equipement employed. Even 

the more powerful tool of recycling-gel permeation chromatography was not suitable to 

separate them. Recrystallization was unsuccessful either. Surprisingly, Soxhlet extraction, 

which has not used in dendrimer chemistry before, was the unique practical solution to this 

problem. Although 45 and 41 had a very similar solubility in common organic solvents, 45 

could be isolated by carefully choosing a solvent sequence of eluents. This approach was 

later also successfully used to purify the benzothiadiazole-containing DOTs with largely 

reduced solubility and therefore insufficient to be purified by liquid chromatography. 

• Another unexpected characteristic was that the TMS-deprotected 5T-based DOTs showed 

very low solubility. The larger all-thiophene DOTs 35-mer 46 and 70-mer 48 were 

insoluble in common organic solvents and very low soluble in hot 1,1,2,2-

tetrachloroethane. This feature resulted in a series of difficulties during solution-processed 

synthesis, purification, characterization and photovoltaic device fabrication.  

Compared to the corresponding 3T-based DOTs, the absorption spectra of the 5T-based DOTs 

showed notably broadened and strengthened peaks and their onset values bathochromically 

shifted about 30-80 nm. With increasing molecular size, the emission maxima gradually 

shifted from 426 nm to 588 nm, the HOMO levels went steadily up while the LUMO level 

remain substantially constant, and the HOMO/LUMO band gap consequently narrowed from 

2.9 eV to 2.1 eV.  A "1/n" rule was valid for the 5T-based DOTs in terms of absorption onset, 

band gap and emission maximum. Photovoltaic devices using 5T-based DOTs as donor and 

PC61BM or PC71BM as acceptor with a device structure of ITO/PEDOT:PSS/donor:acceptor/ 

LiF/Al were systematically investigated. The DOT-based devices generally showed high VOC, 

moderate JSC and FF. The generation two (G2-) and G3-DOTs gave better performances than 

G1-DOTs. The best device was the one using 46 as donor PC71BM as acceptor in a ratio of 

1:3 giving a performance of JSC =  7.08 mA/cm
2
, VOC = 0.95 V, FF = 0.46, PCE = 3.09 % and 

EQEmax = 0.53. This is the highest performance among dendrimer based organic photovoltaics. 
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Single crystals of two synthetic intermediates 49 and 51 were analyzed through X

revealed  C-I···S interactions and face-to-face π-stacking.

 
    

Despite consisting of much fewer thiophene units, the unsymmetrical 5T-based DOTs showed 

very similar absorption spectra and electronic energy levels compared to the regular 

dendrimers. With increasing molecular size, the absorption onset gradually shifted from 499 

nm to 564 nm, the corresponding HOMO/LUMO band gaps from 2.5 eV to 2.2 eV, and the 
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based DOTs. This ‘small’ structural modification enhanced the 

solubility significantly without attaching any solubilizing group, which simplified the 

exclusive chromatography was therefore 

efficient to purify the target DOTs up to the third generation of this dendrimer series (53-58). 

were analyzed through X-ray 
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very similar absorption spectra and electronic energy levels compared to the regular 5T-based 
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from 2.5 eV to 2.2 eV, and the 
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emission maxima from 552 nm to 590 nm. The HOMO levels went slightly up while the 

LUMO level stayed substantially constant. "1/n" Rule was also true for the unsymmetric 5T-

based DOTs in terms of absorption onset, band gap and emission maximum. The photovoltaic 

devices using the TMS-free DOTs as donor and PC71BM as acceptor with a device structure 

of ITO/PEDOT:PSS/donor:acceptor/LiF/Al have been systematically studied. The best device 

was obtained from the medium-sized DOT 56 giving a performance of JSC = 5.58 mA/cm
2
, 

VOC = 0.94 V, FF = 0.39, PCE = 2.05 % and EQEmax = 0.39.  
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The third modification took place at the periphery of the 3T-based DOTs as a strategy to 

broaden the absorption spectrum. The third generation 42-mer dendrimer was extended in size 

by elongating each branch on the outermost 3T-building blocks with one or two additional 

thiophene units, resulting in the G3-DOTs 58-mers 63 and 64 or 74-mers 70 and 71. Ir-

catalyzed borylation reaction was successfully applied for constructing the target DOTs. 

Single crystal X-ray diffraction analysis of the peripheral moieties 33 and 66 implied the 
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periphery, especially for the TMS-free DOTs without groups. The experimental experiences 

based DOTs helped to overcome the low-solubility-induced difficulties 

synthesis, purification, characterization and device fabrication). 

With the elongation of the periphery from 3T to 5T and 7T, the absorption onset shifted from 

544 nm to 564 nm and 582 nm, the corresponding HOMO/LUMO band gap reduced from 2.3 

eV to 2.2 eV and 2.1 eV, and the emission maximum shifted from 566 nm to 606 nm and 616 

nm. The HOMO and LUMO levels increased in energy, but the shifts of the HOMO levels 

were more significantly than for the LUMO levels. Again, the "1/n" rule was valid for 

based G3-DOTs in terms of absorption onset, band gap and 
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stacking and C-H···π 
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mA/cm
2
, VOC = 0.92 V, FF = 0.46, PCE = 2.60 % and EQEmax = 0.42  with a 1:2 blend ratio of 

64 with PC71BM, while the best 71-based device showed a performance of JSC = 6.37 mA/cm
2
, 

VOC = 0.86 V, FF = 0.44, PCE = 2.41 % and EQEmax = 0.50 with the same blend ratio to 

PC71BM. 
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The last modification was more straightforward. An electronic push-pull system was 

introduced into the 3T-based DOTs in order to broaden the absorption and lower the band gap. 

Benzothienyl  benzothiadiazole as an electron-accepting moiety functionalized the periphery 

of the 3T-based DOTs. The high degree of planarity of the peripheral unit was proved by 

single crystal X-ray diffraction analysis of the synthetic intermediates 75 and 79 favoring a 

strong intermolecular face-to-face π-stacking. Limited solubility enabled only the synthesis up 

to the second generation, which could be purified exclusively by means of repetitive Soxhlet 

extraction. Compared to the non-functionalized aal-thiophene dendrimers, the absorption 

onset was red-shifted about 80-160 nm and the HOMO/LUMO band gap was consequently 

reduced about 0.3-0.7 eV. The band gap was determined by internal charge transfer and did 

not obey the "1/n" rule any more. Photovoltaic investigations on G1- and G2-DOTs 76, 80 

and 81 showed that PC61BM was more suitable than PC71BM for this series of DOTs. The 

best donor/acceptor ratio was found to be 1:3 and a PCE of up to 1.3% was obtained in this 

series. The very low solubility restricted the choice of solvent and processing temperature. 

Only solvents with high boiling point were suitable to fabricate the devices at quite high 

temperature. Replacing of the hexyl chain with some branched alkyl chain would increase the 

solubility and might offer a better photovoltaic performance. 
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In this work, four novel series of dendritic oligothiophenes have been successfully 

synthesized. An Ir-catalyzed borylation reaction has played an important role for a efficient 

preparation of regiospecific G2

G3-DOTs. As expected, the novel DOTs possessed broadened adsorption properties and 

reduced HOMO/LUMO band gaps. The photovoltaic tests demonstrated that the 

modified/functionalized DOTs were promising candidates as donor material for use in o

photovoltaics achieving PCEs of up to 3.1%. Additionally, valuable insights into structure

property relationships have been gained not only for photophysical and electrochemical 

properties, but also for solubility and device processability. These ar
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In this work, four novel series of dendritic oligothiophenes have been successfully 

catalyzed borylation reaction has played an important role for a efficient 

preparation of regiospecific G2-dendrons, which was essential for convergently

DOTs. As expected, the novel DOTs possessed broadened adsorption properties and 

reduced HOMO/LUMO band gaps. The photovoltaic tests demonstrated that the 

modified/functionalized DOTs were promising candidates as donor material for use in o

photovoltaics achieving PCEs of up to 3.1%. Additionally, valuable insights into structure
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In this work, four novel series of dendritic oligothiophenes have been successfully 

catalyzed borylation reaction has played an important role for a efficient 

dendrons, which was essential for convergently synthesizing 

DOTs. As expected, the novel DOTs possessed broadened adsorption properties and 

reduced HOMO/LUMO band gaps. The photovoltaic tests demonstrated that the 

modified/functionalized DOTs were promising candidates as donor material for use in organic 

photovoltaics achieving PCEs of up to 3.1%. Additionally, valuable insights into structure-

property relationships have been gained not only for photophysical and electrochemical 

properties, but also for solubility and device processability. These are all important 
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parameters towards a more rational design of compounds to understand photovoltaic devices 

at the molecular and supramolecular level. 
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