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2  Introduction  

In recent years, organic π-conjugated oligomeric and polymeric materials have raised a lot 

of interest as components in organic electronic material such as Organic Light Emitting Diodes 

(OLEDs), Organic Field Effect Transistors (OFETs) and Organic Solar Cells (OSCs).[1-5] Due to 

their exceptional stability, chemical versatility and applicability in organic electronics, 

thiophenes are one of the most prominent classes of compounds among them.[6,7] Still, 

poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT-PSS) in conducting and hole-

transport layers of OLEDs and OSCs and poly(3-hexylthiophene) (P3HT) in its regioregular form 

as a semiconductor in polymeric OSCs and OFETs are among the best performing materials in 

their respective fields (Fig. 1-1).  

 

Figure 1-1: Structures of poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT-PSS) and 

poly(3-hexylthiophene) (P3HT). 

Not only the polymeric compounds but also their corresponding, structurally well defined 

oligomers have a considerable impact in the field of nanoelectronics.[6] Due to their defined 

molecular structure the relationship with certain properties can be precisely deduced from 

oligothiophenes. Thus they do not only serve as model compounds for polymers, but in many 

cases offer an even improved performance compared to the polymeric counterpart due to less 

structural defects in their structure. As the field of organic electronics has developed over the 

last years, two philosophies have therefore evolved, the polymeric and the oligomeric 

approach.  

For both approaches and in all nanoelectronic devices, a regular arrangement of the 

potentially semiconducting compounds on the surface has been proven to be crucial for their 

performance.[8-10] A multitude of strategies has been proposed in order to obtain control over 



Chapter 1: 

the self-assembly of π-conjugated sytems into regular patterns.

the combination of π-conjugated compounds, in particular oligo

biological moieties such as peptides,

known to have distinct modes of supramolecular interaction at their dispo

Peptides offer the additional advantage of self

secondary structure motifs with distinct geometries such as an α

on the dihedral angles of the peptide bond (

Figure 1- 2: Examples of peptide secondary structure motifs

an α-helical backbone (here: 

sequence); black: carbon, white: hydrogen, blue: nitrogen, red: o

hydrogens were omitted for clarity. Reproduced by permission of the Royal Soc

Chemistry from J. Mater

The main objective of this thesis therefore was to influence the self

oligothiophenes by the attachment of amino acids and peptides in order to investigate the 

interplay of intermolecular interactions such as van der Waals forces, hydrogen bonding, π

interactions, hydrophobic and electrostatic forces etc. The resulting supramolecular structures 

in solution and on surfaces should be investigated by various techniques.  
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2.1 Introduction 

A facile and versatile reaction protocol for the synthesis of peptide- or amino acid-

oligothiophene hybrids needed to be established. For the linking of biological units, especially 

one method has drawn a lot of attention during the last years, so called “click”-chemistry. 

“Click“-chemistry is a collective term for a number of a few nearly perfect and invariably 

reliable chemical transformations.[1,2] These reactions were initially mainly applied in drug 

research and especially combinatorial chemistry for lead structure search. They are 

characterised by a wide scope, high yields, insensitivity towards water and oxygen and 

exceptionally pure products. This class of reactions comprises cycloaddition reactions (1,3-

dipolar and hetero-Diels-Alder), nucleophilic ring-opening reactions (e.g. of epoxides, 

aziridines, cyclic sulfates), additions to carbon-carbon multiple bonds (particularly oxidation 

reactions such as epoxidation, aziridination etc.) and carbonyl chemistry of the non-aldol type 

(formation of e.g. hydrazones and aromatic heterocycles). All of the “click” reactions rely on 

the formation of carbon-heteroatom linkages. Their reactants dispose of a high inherent 

energy content, driving the reactions irreversibly towards the desired bonds.  

The most prominent and versatile among these reactions clearly is the Cu(I)-catalysed 1,3-

dipolar Huisgen cycloaddition[3,4] of terminal alkynes and azides, introduced in 2002 by the 

groups of Meldal[5] and Sharpless[6]. The reaction is highly chemoselective and tolerates a vast 

number of functional groups.[7-9] Whereas the original Huisgen reaction may require elevated 

temperatures, longer reaction times and in addition normally leads to a mixture of 1,4-and 

1,5-regioisomers, these drawbacks can be avoided when using a Cu(I) species as catalyst for 

the reaction (Fig. 2-1).  

 

Figure 2-1:  Regioselectivity of a regular 1,3-dipolar cycloaddition of alkynes and azides and of a 1,3-

dipolar cycloaddition of alkynes and azides under Cu(I)-catalysis.  



Chapter 2:   “Click”-Chemistry 7 

Of further interest for a variety of applications – especially for pharmaceutical research – is 

the similarity of the triazol moiety to the amide bond in terms of molecular dimension (Fig. 2-

2). Although the 1,2,3-triazolyl ring extends the distance between R1 and R2 by approximately 

1.1 Å compared to the amide bond, topology and electron-distribution resemble each other. 

Both moieties are configured rather planar and rigid. The triazolyl rest possesses a larger 

dipole moment than an amide bond (~5 Debye vs. 3.7-4.0 Debye for an amide bond).[2],[10] This 

might in fact even enhance the mimicry of amide bonds by triazoles, since besides having 

hydrogen bond acceptors at N2 and N3 in the ring, the dipole may polarise the C-H bond at 

position 5 to the extent of it acting as a hydrogen-bond donor.[11,12]  

Thus, also the hydrogen-bond accepting and donating pattern of the amide bond is 

mimicked by the triazole.  

 

Figure 2-2:  Steric and electronic similarities between (left) an amide bond and (right) a 1,2,3-triazolyl-

moiety. 

All things considered, the synthetic method of Cu(I)-catalysed azide-alkyne 1,3-dipolar 

Huisgen cycloadditions (CuAAC) proves a very valuable tool in organic chemistry, particularly 

when the linking of biological units is concerned.  

2.2 Mechanism of Cu(I)-Catalysed Alkyne-Azide Coupling 

Mechanistic aspects and details of the Cu(I)-catalysed alkyne-azide cycloaddition  have 

been studied intensely and thoroughly.[7,8],[13,14] The exact mechanistic course of the reaction 

and its superiority concerning regioselectivity and the rate acceleration (seven orders of 

magnitude) over 1,3-dipolar Huisgen cycloadditions could - despite these efforts - not be fully 

resolved yet. From the studies conducted so far it seems clear though, that the mechanism 

mononuclear in Cu(I) initially suggested by Sharpless, Fokin and co-workers[6] is not the most 

likely. Kinetic measurements carried out by Rodionov et al.[13] showed, that with catalytic 

R1

O

N
H

R2

N
N

N

R1
R2

1
3

5

3.9 Å 5.0 Å
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concentrations of Cu(I) under otherwise saturating conditions the kinetics proved to be second 

order in metal. These findings together with other current evidence[13,14] indicate that at least  

two Cu(I) centres, one or two alkyne ligands and other labile ligands that allow for competitive 

azide binding take part in the course of the reaction. Results obtained from comparison of the 

stability of Cu(I) complexes found in the Cambridge Crystal Database[8] or from computational 

investigations[14] even suggest the involvement of tri- and tetranuclear Cu(I) complexes in the 

mechanism of the cycloaddition. In the following, a mechanistic outline for the reaction 

involving binuclear intermediates is given (Fig. 2-3). 

 

Figure 2-3:   Cu(I)-binuclear mechanism for an azide-alkyne cycloaddition.  

 In contrast to 1,3-dipolar cycloadditions of the Huisgen type, the Cu(I)-catalysed version 

has been calculated not to follow a concerted mechanism. Instead a stepwise progress for the 

reaction is proposed. [13],[15] In calculations, stepwise Cu(I)-catalysed cycloaddition lowers the 

activation barrier of the reaction by as much as 11 kcal/mol relative to the thermal Huisgen 

cycloaddition, thus theoretically accounting for the immense increase in reaction rate when 

Cu(I) catalysed.[15]  



Chapter 2:   “Click”-Chemistry 9 

The catalytic cycle is assumed to begin with the insertion of Cu(I) into the terminal alkyne 

via π-complex 2 to form Cu-acetylide 4. For this complexation, a ligand dissociation of the 

original ligands (mostly water or acetonitrile) is necessary (1). Density functional theory (DFT) 

calculations have shown, that the π-complexation of Cu(I) lowers the pKa of the acetylenic C-H 

by about 9.8 units, thus making it accessible for deprotonation in aqueous systems without 

addition of a base. The same kinetic studies cited above, which indicate an involvement of at 

least two Cu(I) centres in the catalytic cycle also suggest, that with increasing concentrations 

of copper, less reactive species such as metal aggregates are formed.[13,14] Thus, a dynamically 

changing system of different Cu(I)-acetylide species is anticipated, making a clear elucidation 

of the mechanism even more challenging. After the copper acetylide has been formed, a 

second ligand dissociation has to take place in order to enable the coordination of the azide to 

the second Cu(I)-centre as in 5. The cyclisation reaction in the next step has been calculated 

for mononuclear copper complexes only,[15] but can be anticipated to proceed in a similar 

manner for polynuclear species.  

Nitrogen atom N3 of the complexed azide attacks the C2 carbon of the acetylide, forming 

metallacycle 6. From there, a ring-contraction occurs, leading to copper-species 7. Protonation 

of 7 and dissociation of the product 9 ends the catalytic cycle and regenerates the catalyst. 

The strict 1,4-regioselectivity under Cu(I) catalysis still remains to be explained. Meldal and 

co-workers think a trinuclear cyclic transition state more likely, rendering perfect regio-

selectivity. A transition state incorporating three copper atoms is additionally supported by 

data from the Cambridge Crystal Database, where in more than 90% of all Cu(I)-alkyne 

complexes each C-C triple bond coordinates three copper-atoms.[8] 

2.3 Examples of the Use of Cu(I)-Catalysed Alkyne-Azide Coupling 

Cu(I)-catalysed azide-alkyne 1,3-dipolar Huisgen cycloadditions (CuAAC) are omnipresent in 

bioconjugation chemistry, drug discovery and materials science. At this point, no attempt will 

be made to give a full account of CuAACs’ prevalence in literature. A few examples will be 

highlighted.  
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“Click”-chemistry initially was developed to facilitate drug discovery and broaden its scope. 

A number of excellent reviews have been published covering this field. [2],[8],[16,17]  

In 2002, Finn, Sharpless and co-workers published one of the first examples of the 

application of CuAAC in target-guided synthesis (TGS).[18] TGS is a novel method for the 

discovery of lead structures, in which the biological target is involved in the actual finding of 

its inhibitory lead structures. In this case, acetylcholinesterase, an enzyme responsible for 

neurotransmitter hydrolysis in the central and peripheral nervous system, was applied. Several 

small molecule inhibitors for both parts of the active site were known. The aim was to connect 

two of the small molecule inhibitors appropriately decorated with complementary azide or 

alkyne functionalities in situ via a triazole link in presence of acetylcholinesterase in TGS in 

order to achieve a new bivalent inhibitor for the active site. Since the reaction between 

tacrine azide and a phenanthridinium had been shown previously to proceed very slowly with 

almost no conversion, it was argued, that any detectable product formation in presence of 

enzyme should account for the templating effect of the enzyme. In 49 reactions between 

sixteen carefully designed building blocks, one combination of tacarine azide and 

phenanthridinium alkyne lead to product in detectable amounts. The triazole-containing 

compound formed by CuAAC in this approach is the most potent non-covalent 

acetylcholinesterase inhibitor found to date. 

Due to its reliability, chemical specificity and ease of performance, CuAAC has gained 

omnipresence in polymer and materials science as well.[19-22] Recently, the groups of Reek and 

van Maarseveen reported the synthesis of new conjugated polymers based on poly(fluorene)s, 

by reacting a 4,4’-diazido-fluorene building block and 4,4’-diacetylenic fluorene under CuAAC 

conditions.[23] Though they could demonstrate the versatility of the click-reaction also in the 

synthesis of conjugated polymers, it has to be noted, that they observed poor electronic 

communication between the individual moieties, leading to low conductivities. Concerning 

polymer chemistry, especially the field of protein-polymer conjugates has largely benefitted 

from CuAAC.[16] For the synthesis of dendrimers CuAAC has been applied successfully as well, 

facilitating access to many rather complex structures such as an unsymmetrical, sugar-

decorated dendrimer (Fig. 2-4).[24] 
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Figure 2-4:  Mannose-decorated unsymmetrical dendrimer by Hawker, Sharpless et al. [24] – 

Reproduced by permission of The Royal Society of Chemistry. 

Both dendrons of the dendrimer were synthesised by anhydride chemistry, one comprising 

a focal azide functionality, the other an acetylene. Coupling by CuAAC and subsequent 

functionalisation – again by CuAAC - with fluorescent coumarin moieties (for visualisation and 

diagnostic purposes) on one side and mannose (for polyvalent binding) on the other yielded 

the unsymmetrical dendrimer. The synthesised structure is an example of highly elaborate 

materials, obtained by rather facile stepwise application of click-chemistry. In the standard 

hemagglutination assay, consisting of rabbit red blood cells and the lecithin concanavalin A, 

the mannosylated dendrimer exhibited 240-fold greater potency for lecithin binding than 

mono-mannose. This corresponds to a 15 fold increase in concanavalin A binding ability for 

each mannose unit in the dendrimer and is clearly due to synergistic effects of the dendritic 

array.  

Even more complex molecular architectures such as rotaxanes have been accomplished by 

CuAAC. For the highly efficient Cu(I)-templated synthesis of rotaxanes, catenanes and knots 

introduced by Sauvage and colleagues, stoichiometric amounts of metal are needed. Leigh et 

al. presented several examples of rotaxanes obtained by substoichiometric use of Cu(I).[25-27] In 

their work, the metal serves both as catalyst for the CuAAC and as templating site in the 

macrocylce for the threading of the axle (Fig. 2-5).  
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Figure 2-5:  Synthesis of a [2]rotaxane by CuAAC according to Leigh et al.[25] 

The use of catalytic amounts of Cu(I), i.e. the turnover of the catalyst becomes possible 

when pyridine is added as an additional ligand, rendering the copper atom mobile. In a follow-

up paper, the group of Leigh also described the synthesis of [3]rotaxanes (two macrocycles on 

the axle) and two station shuttles, in which the switching between the states could be 

controlled by the coordination to different metals (i.e. Pd(II) versus Cu(I)).[26] 

Another field which has immensely profited from CuAAC click-chemistry is the linking of 

biological moieties, so called bioconjugation. [8],[17],[20],[28] The group of Finn has presented the 

functionalisation of Cowpea Mosaic Virus (CPMV) with fluorophores,[29-31] peptides,[29] 

oligosaccharides,[29] glycopolymers[32] and even the large and complex iron carrier protein 

ferritin.[29]  

Carell and co-workers published an example for postsynthetic high-density functional-

isation of acetylene-modified DNA by CuAAC.[33] DNA synthesis was accomplished by standard 

phosphoamidite coupling techniques, incorporating the alkyne-modified uridine nucleosides A 

and B (Fig.2-6). A series of 10 different 16-mer oligodeoxyribonucleotides was synthesised and 

in order to avoid steric hindrance due to the high density of functional groups nucleoside B 

with a longer spacer was designed. After DNA synthesis, it was modified with the azido labels 

C-E, each representing a useful property. Coumarin C only fluoresces after successful linkage 

via triazole, sugar-derivative D is used for selective silver staining and fluorescence staining 

can be carried out using fluorescein azide E. Successful labeling of the DNA with C-D was 

accomplished in the presence of the ligand tris(benzyltriazolyl methyl) amine, which is known 

to stabilize the Cu(I) oxidation state. When CuAAC was carried out without this ligand, 

fragmentation of the DNA could be observed, which is in accordance with earlier reports on 

sensitivity of biomolecules towards aqueous-mediated Cu(I) chemistry,[34,35] leading to e.g. 
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·OH-radical production.[36] In the case of nucleoside B containing a long alkyl spacer, full 

conversion of the DNA strands into fully labeled strands was observed, whereas 

implementation of A frequently resulted in only partial conversion in subsequent CuAAC. In a 

follow-up paper, Carell and colleagues described the extension of their approach by combining 

polymerase chain reaction (PCR) and CuAAC modification.[37]  

 

Figure 2-6: Acetylene-modified uridine nucleosides (A and B) and azido labels (C-E) used for 

postsynthetic decoration of acetylenic DNA by Carell et al.[33] 

CuAAc has also frequently been employed when dealing with oligo-and polypeptides as the 

two next examples will demonstrate. In 2007, Cornelissen et al. described the synthesis and 

spectroscopic properties of a series of acetylene-modified poly(isocyanopeptides).[38] These 

polymers are known to have a well defined 41-helical conformation (4 repeat units per helical 

turn). They ideally serve as rigid scaffolds, since these helices are stabilised by an 

intramolecular hydrogen bonding network between the peptide side chains. Cornelissen and 

co-workers incorporated acetylene moieties into the peptide side chains and subjected them 

to CuAAC with dodecyl azide, thus demonstrating the postfunctionalisation of such a scaffold 

(Fig. 2-7). 
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Figure 2-7: Click functionalisation of a rigid poly(isocyanopeptide) scaffold as reported by Cornelissen 

and colleagues. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permis-

sion from [28]. 

The group of Wennemers recently published the impressive modification of an oligoproline 

16-mer by CuAAC on solid support(Fig. 2-8).[39]  

 

Figure 2-8: Oligoproline postfunctionalised by CuAAC on solid substrate, Wennemers et al.[39] 

The synthesis was accomplished by stepwise coupling of tripeptide fragments, intermit by 

click-reactions of the azide positions at C4 of the proline residue ring. Thus, an oligoproline 

with a different triazolyl-rest in every third position was obtained.  

Though click-chemistry in general and CuAAC in particular have proven to be extremely 

powerful synthetic tools and have been applied in numerous fields, it also suffers severe 

drawbacks. The main disadvantage of the method consists in its incompatibility with living 

systems, caused by the cell toxicity of copper. One approach to address this problem was 
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introduced by Bertozzi and co-workers. [40,41] They developed a cyclooctyne derivative which 

spontaneously reacts with azides. Due to the high ring strain in the system, the activation 

energy of the cycloaddition is lowered and allows it to proceed without catalysis and at lower 

temperatures (Fig. 2-9).  

 

Figure 2-9: Copper-free cycloaddition reaction with cyclooctyn as substrate developed by Bertozzi et 

al.[40,41] 

In the meanwhile, several strategies have been developed to avoid the use of cell toxic 

copper in nevertheless rather mild and fast acetylene-azide cycloadditions.[42] 

2.4 Azide-Alkyne Coupling for the Synthesis of Amino Acid-

Functionalised Oligothiophenes 

2.4.1 Introduction 

As described previously, click-chemistry and especially its premier example, CuAAC, are 

ideal synthetic tools for bioligation.[8],[17],[28] Since the aim of the present work is the 

conjugation of oligomeric organic semiconductors with biological moieties, i.e., peptides and 

amino acids in order to achieve defined suprastructures of the hybrids, the feasibility of this 

approach with oligothiophenes and amino acids or peptides as reactants needed to be 

investigated. Because 2-azidothiophenes have been shown to be unstable,[43,44] whereas 

acetylene groups easily can be introduced into oligothiophenes and azido amino acids are 

readily available, it was chosen to use alkyne-functionalised oligothiophene building blocks 

and an azido amino acid as starting materials for the optimisation of the CuAAC. Because of 

the inherent ability of oligo- and polyprolines to adopt two distinct helical states in solution, 

polyproline I (PPI) and polyproline II (PPII) , 4-azidoproline was selected as biological moiety 

(see chapter 6).[45-47]   
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An additional advantage of 4-azidoproline is the presence of two stereocentres in the 

proline ring, giving rise to diastereomeric configurations. The following building blocks were 

employed for reaction optimisation (Fig. 2-10): 

 

Figure 2-10: Oligothiophene and amino acid building blocks utilised for the optimisation of CuAAC. 

2.4.2 Synthesis of Amino Acid-Functionalised Oligothiophenes 

2.4.2.1 Building Blocks for the Optimisation of CuAAC 

Twofold ethynylated quaterthiophene 4 was obtained from parent didodecyl-quater-

thiophene 8[48] by iodination at both α-positions and subsequent Sonogashira-Hagihara cross-

coupling. Iodination was performed by use of mercury(II)acetate and iodine in dry chloroform 

(Scheme 2-1). The desired diiodinated quaterthiophene 9 was obtained in 94% yield as a 

yellow solid after column chromatography.  
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Scheme 2-1: Synthesis of diiodinated quaterthiophene 9. 

Introduction of two trimethylsilyl-protected acetylenic groups was accomplished by 

Sonogashira-Hagihara cross-coupling of 9 with trimethylsilylacetylene (TMSA) in piperidine 

and bis(triphenylphosphine)palladium(II) chloride [Pd(PPh3)2]Cl2 as catalyst (Scheme 2-2). 

Trimethylsilyl (TMS)-protected diethynylene-functionalised quaterthiophene 10 could be 

synthesised in 79% yield as an intensely yellow oil. Since deprotected bifunctionalised 

quaterthiophene 4 has been found to be rather instable, deprotection of the TMS groups was 

carried out immediately before 4 was used in CuAAC.  

 

Scheme 2-2: Synthesis of TMS-protected diethynylene quaterthiophene 10. 

In order to obtain ethynylated didodecyl quaterthiophene 5, several strategies were 

pursued. First monohalogenation of quaterthiophene 8 was attempted by use of a slightly 

substoichiometric amount (0.9 eq.) of mercury(II)acetate and iodine (scheme 2-3). 
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Scheme 2-3: Mono-iodination of didodecyl quaterthiophene 8. 

A mixture of mono-iodo derivative 11 and diiodinated compound 9 was obtained, which 

could not be separated even by use of high performance liquid chromatography (HPLC). 

Therefore, the mixture of 11 and 9 was directly used in a Pd-catalysed Sonogashira-Hagihara 

reaction in order to introduce the ethynyl groups (scheme 2-4).  

 

Scheme 2-4: Sonogashira-Hagihara reaction of a mixture of 9 and 11. 
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By using Cu(I)I and TMSA in piperidine and bis(triphenylphosphine)palladium(II) chloride 

[Pd(PPh3)2]Cl2 as catalyst, a mixture of mono-ethynylated quaterthiophene 12 and diethynyl-

quaterthiophene 10 was obtained in roughly 20% yield. 

Problems encountered in the separation of 10 and 12 were unexpected. Compounds 10 

and 12 and unsubstituted didodecyl-quaterthiophene 8 could only be separated after 

repeated HPLC chromatography, yielding 10% of quaterthiophene 12 and roughly 10% of 

quaterthiophene 10. In addition, the formation of higher oligomers was observed. Besides the 

iodination of starting material 8, also monobromination[49] was attempted, but this method 

also led to similar problems and unsatisfactory results. The synthetic route to mono-

ethynylated target compound 5 involving halogenation and successive cross-coupling reaction 

thus turned out to be tedious and hardly feasible on a larger scale. For that reason, an 

alternative route of synthesis was chosen. 

This route involved formylation of starting material 8 and subsequent Corey-Fuchs 

conversion into the desired target compound 5. Monoaldehyde 13 was obtained from 

Vilsmeier-Haack formylation of parent quaterthiophene 8 (scheme 2-5).[50] The Vilsmeier-

Haack reagent was freshly generated prior to reaction by addition of phosphorylchloride to 

dry N,N-dimethyl-formamide (DMF). After work-up and purification of the crude product by 

column chromatography, the desired monoaldehyde 13 was obtained as a bright red solid in 

63% yield. Byproducts were the corresponding dialdehyde 13b and unreacted starting 

material 8.  

 

Scheme 2-5: Vilsmeier-Haack formylation to monoaldehyde 13. 

Corey-Fuchs reactions typically consist of two steps. In this case, the first step was 

conversion of monoaldehyde 13 to dibromovinylene-intermediate 14 (scheme 2-6). To begin 

with, the reaction between triphenylphosphine and tetrabromocarbon yields an ylid, which in 

the next step is able to react in a Wittig-like fashion with the aldehyde to give 



20   “Click”-Chemistry  

dibromovinylene compound 14. This reaction proceeded smoothly when using freshly 

sublimated tetrabromocarbon. The orange compound 14 was obtained in 94% yield. 

 

Scheme 2-6: First step of the Corey-Fuchs reaction sequence. 

Second step in the conversion of an aldehyde into an acetylene according to Corey and 

Fuchs is the elimination of the bromines and establishment of the triple bond. For this 

purpose, intermediate 14 was treated with a lithium base such as n-butyl lithium (n-BuLi) or 

lithiumdiisopropylamide (LDA). Initially n-BuLi was employed in this reaction. In the crude 

mixture several products could be detected by matrix assisted laser desorption ionisation-time 

of flight mass spectrometry (MALDI-TOF MS) measurement, some of them corresponded to 

one and twofold alkylation of free α- and β-positions. The occurrence of this problem 

concerning the use of n-BuLi in the second step of the Corey-Fuchs reaction had been 

described before in literature.[51,52] An alternative to n-BuLi consists in the use of LDA (scheme 

2-7).[53-55] Mono ethynyl quaterthiophene 5 could be isolated in approximately 75% yield. The 

yield was calculated from analytical HPLC, which showed the existence of two compounds in 

an approximate ratio of 1:4. With the help of MALDI-TOF MS and 1H NMR spectroscopy it 

could be deduced that besides desired compound 5, corresponding monobrominated species 

15 had been formed, which could not be separated from 5. This phenomenon is frequently 

observed when lithium and other strong bases are employed and is also known as “halogen 

dance”.[56]  
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Scheme 2-7: Lithiation step of the Corey-Fuchs reaction sequence. 

Since the Corey-Fuchs method did not render any viable route to desymmetrised target 

compound 5, a third synthetic strategy was employed, the Ohira-Bestmann variation of the 

Seyferth-Gilbert reaction.[57-61] This synthetic route, similar to the Corey-Fuchs method starts 

from monoaldehyde 13 (scheme 2-8).  

 

Scheme 2-8: Ohira-Bestmann conversion of monoaldehyde 13 to mono-acetylenic compound 5. 

The active reagent in this reaction is a diazo derivative of phosphonic acid ester 16, which is 

synthesised freshly prior to use from dimethyl(2-oxopropyl)-phosphonate 17 and tosylazide 18 

(scheme 2-9). Sodium hydride is used to deprotonate dimethyl(2-oxopropyl)-phosphonate 17 

at its C-H acidic position at C1.  
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Scheme 2-9: Synthesis of Ohira-Bestmann reagent 16.  

The corresponding anion reacts with tosylazide 18 in an azo group transfer according to 

Regitz to give dimethyl-1-diazo-2-oxopropyl-phosphonate 16. Although requiring the same 

intermediate reagent 19 (Fig. 2-11), the Ohira-Bestmann variation proceeds under milder 

conditions than the closely related Seyferth-Gilbert reaction. 

 

Figure 2-11: Reactive agent in both Seyferth-Gilbert reaction and Ohira-Bestmann variation thereof.  

In contrast to the latter method, Ohira-Bestmann reactions require neither inert gas 

techniques nor low temperature conditions. In the case of the Gilbert-Seyferth reaction, the 

corresponding protonated compound of 19 has to be prepared freshly and then isolated 

before its deprotonation with strong metal organic bases such as n-BuLi or potassium-tert-

butanolat (KOtBu). Following the Ohira-Bestmann route, anion 19 is generated in situ by acyl 

cleavage with the help of potassium carbonate (K2CO3) in methanol from dimethyl-1-diazo-2-

oxopropyl-phosphonate 16.[57,58] Once 19 is generated, it reacts in a Wadsworth-Horner-

Emmons-type reaction with aldehyde 13 to give a vinylidenecarbene, which subsequently 

spontaneously rearranges to the final alkyne 5. Since quaterthiophene-monoaldehyde 13 is an 

electron-rich system, yields as high as 90% could only be achieved by the use of a large excess 

of diazo reagent 16 (10 equivalents).[58,59],[62] Full conversion of the aldehyde 13, however, 

could not be observed.  

Desired mono-ethynylated quaterthiophene 5 could be isolated in a very good yield of 90% 

as a bright yellow oil. When stored as a concentrated oil for longer periods (a couple of days) 
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indicated that compound 5 had not decomposed. Still it was observed several times, that if 

concentrated 5 was stored for a couple of hours prior to use in CuAAC, the reaction mixture 

and the crude product turned brown due to a probably polymeric component, which made 

purification by column chromatography and gel permeation chromatography (GPC) impossible 

because of smearing over the whole column. In order to avoid this undesirable side reaction, 5 

was prepared freshly prior to each CuAAC reaction and was only briefly analysed by 1H NMR.  

Branched terthiophene units 6 and 7 were synthesised according to literature.[63] 

Diastereomeric 4-azidoprolines 1, 2 and 3 were obtained from the group of Prof. Helma 

Wennemers in Basel. They were synthesised from corresponding protected 4-hydroxy-amino 

acids via SN2- or Mitsunobu reaction according to literature.[39],[64,65] 

2.4.2.2 Cu(I)-Catalysed Azide-Alkyne Cycloaddition 

From the vast range of solvents and Cu(I) catalysts (e.g. Cu(II)+ascorbate, Cu(I)I, Cu(I)-

complexes)[7,8],[20] applicable for CuAAC, a suitable protocol considering solubility of the 

employed compounds 1-7 had to be adapted. Because of the insolubility of hydrophobic 

oligothiophene compounds in water, aqueous reaction conditions were avoided. Chlorinated 

solvents are compatible with both amino acids 1-3 and oligothiophenes 4-7. Therefore, a 

procedure was chosen from literature which employs dichloromethane as solvent and 

tetrakis(acetonitrile)copper(I) hexafluorophosphate as catalyst.[66] Leigh and co-workers used 

this protocol in combination with in situ deprotection of TMS-protected acetylenes by Ag(I)-

salts.[67,68] This approach could also be utilised for CuAAC reactions between oligothiophenes 

4-7 and amino acids 1-3. Although in situ deprotection is convenient, rather long reaction 

times were observed. For this reason, firstly the TMS-protected acetylene groups were 

cleaved by either caesiumfluoride (compounds 10 and 7) or potassium carbonate (compound 

6) and after a short work-up were used without further purification in subsequent CuAAC 

reactions. In a variation of the protocol given in literature,[66] powdered elemental copper was 

added to the reaction mixture in order to avoid possible oxidation of the Cu(I) catalyst to a 

Cu(II) species. 

Symmetric bisethynylated quaterthiophene 4 was reacted with protected diastereomeric 

amino acids 1 and 2 (scheme 2-10). Twofold amino acid-substituted quaterthiophenes 20 and 

21 were obtained after reaction over night at room temperature in dichloromethane. For the 
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removal of residual copper, the reaction mixture was washed with semi-concentrated 

ammonia. Purification by column chromatography on silica gave proline-functionalised 

quaterthiophenes 20 and 21 as brownish resin-like solids in good yields of 79% and 89%, 

respectively.  

 

Scheme 2-10: Synthesis of diastereomeric amino acid bifunctionalised quaterthiophenes 20 and 21; 

(a): 0.4 eq. [Cu(CH3CN)4]PF6, 0.4 eq. Cu°, DCM, rt, over night. 

Monofunctionalised quaterthiophenes 22-24 were obtained from reaction of mono-

ethynylated quaterthiophene 5 with protected amino acids 1-3 in good to very good yields 

(85-92%, scheme 2-11). Work-up of the monofunctionalised quaterthiophenes involved 

repeated heating of the crude product in water and subsequent removal of the water (product 

does not solve) in order to remove excess amino acid 1-3. Column chromatography gave 

compounds 22-24 as orange brown resin-like solids.  
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Scheme 2-11: Synthesis of diastereomeric amino acid -functionalised quaterthiophenes 22, 23 and 

24; (a) 0.2 eq. [Cu(CH3CN)4]PF6, 0.2 eq. Cu°, DCM, rt, over night. 

In order to demonstrate the versatility and applicability of CuAAC for the ligation of 

oligothiophenes and amino acids, dendritic terthiophene building blocks 6 and 7 were 

employed, too (scheme 2-12). Both mono- and bifunctionalised dendrons 25-27 were 

obtained after column chromatography as pale yellow resin-like solids in good to very good 

yields (80-91%).   

For the dendritic monofunctionalised compounds 25 and 27 - refer to linear monofunction-

alised hybrids 22-24 - removal of excess amino acid by heating in demineralised water was 

necessary prior to column chromatography. 

All 1H NMR spectra of the amino acid-oligothiophene hybrids 20-27 showed a second signal 

for certain protons (e.g. triazole-proton, Boc-protecting group etc.). This second set of signals 

is assigned to the existence of two conformers (cis and trans with respect to the amide bond 

between the amino acid and the Boc-group), which have been observed before in acetyl-

protected azidoprolines.[39],[69]  
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Scheme 2-12: Synthesis of diastereomeric amino acid monofunctionalised quaterthiophenes 22, 23 

and 24; (a) 5 eq. K2CO3, MeOH, rt, 1h; then: 0.2 eq. [Cu(CH3CN)4]PF6, 0.2 eq. Cu°, DCM, 

rt, over night; (b) 6 eq. CsF, MeOH, rt, 1h; then: 0.4 eq. [Cu(CH3CN)4]PF6, 0.4 eq. Cu°, 

DCM, rt, over night.  

In order to better estimate the influence of the biological moiety on the optoelectronic 

properties of hybrids 20-24, reference compounds 29 and 30 were synthesised (scheme 2-13). 

Instead of azido amino acids 1-3, here, azidodecane 28 was employed. For 28, a decyl rest was 

chosen, since shorter alkyl chains might lead to instability (explosiveness) of the azide. Both 

triazolyl-substituted quaterthiophene 29 and its bifunctionalised pendant 30 were obtained in 

good yields (88% and 90% respectively). 
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Scheme 2-13: Synthesis of reference compounds 29 and 30; (a) 0.2 eq. [Cu(CH3CN)4]PF6, 0.2 eq. Cu°, 

DCM, rt, over night; (b) 0.4 eq. [Cu(CH3CN)4]PF6, 0.4 eq. Cu° powder, DCM, rt, over 

night.  

2.4.3 Optoelectronic Properties of Protected Amino Acid-Oligothiophene 

Hybrids 20-27 

2.4.3.1 UV-Vis and Fluorescence Behaviour       

Compounds 20-27 and 29-30 were investigated with respect to their optical properties by 

absorption and emission spectroscopy.  

Absorption and emission spectra of bifunctionalised quaterthiophenes 20 (Fig. 2-12) and 21 

were investigated in dichloromethane.  

The absorption maximum of compound 20 in dichloromethane is located at λmax = 405 nm 

corresponding to the absorption along the transition dipole moment aligned with the long axis 

of the molecule. Another local maximum can be observed at λ = 258 nm with a shoulder at 

λ = 294 nm. These bands correspond to the absorption perpendicular to the long axis of the π-

conjugated backbone.  
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Figure 2-12: Absorption (c ≈ 4x10-5 M) and normalised emission (c ≈ 4x10-7 M; excitation at λ = 410 nm) 

spectra of compound 20 in dichloromethane.  

For the emission measurement, compound 20 was excited at λ = 410 nm. The emission 

band displays a substructure with an emission maximum at λmax = 490 nm a second peak at 

λmax = 521 nm and an additional shoulder at λ = 564 nm, indicative of a more planarised 

arrangement of the conjugated backbone in the excited state than in the ground state. Since 

compounds 20, 21 and 30 dispose of the same π-conjugated backbone and thus similar 

optoelectronic properties, only the spectra for the (2S,4S) diastereomer 20 are shown here. 

The results for all three compounds are given in Table 2-1. 

Table 2-1: Absorption and emission data of compounds 20-21 and 30.  

compound λmax
abs

 [nm]
(a) 

ε [l·mol
-1

·cm
-1

] λmax
em

 [nm]
(b) 

DD4TT2-(S,S-Azp)2 20 405 43100 490, 521, 564 

DD4TT2-(S,R-Azp)2 21 405 43200 489, 521, 564 

DD4TT2-Dec2 30 404 39000 489, 522, 564 

(a) c ≈ 4x10-5 M in dichloromethane; (b) c ≈ 4x10-7 M in dichloromethane 
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From Table 2-1 it becomes clear, that the results obtained for amino acid-functionalised 

compounds 20 and 21 are comparable to those of alkyl-substituted compound 30. Hence, 

neither absorption nor emission spectra do reveal any influence of the amino acid pendant 

groups on the optical properties of hybrids 20 and 21. 

Monofunctionalised compounds 22-24 and 29 also were investigated with respect to their 

optical properties by absorption and emission spectroscopy (Fig. 2-13). 

 

Figure 2-13: Absorption (c ≈ 5x10-5 M) and normalised emission (c ≈ 10-6 M; excitation at λ = 400 nm) 

spectra of compound 22 in dichloromethane.  

For compounds 22-24 and 29, absorption maxima are located at λmax = 393-394 nm, which 

correspond to the excitation of the conjugated π-system along the long axis of the molecule. 

The emission bands show a fine structure which accounts for the more planarised rigidified 

structure of the conjugated system in the excited state. As a result of the vibronic coupling, 

emission maxima are located at λmax = 473-474 nm with a second peak at λmax = 502 nm and an 

additional shoulder at λ = 546 nm. All results for compounds 22-24 and 29 (same conjugated 

system) are displayed below (Table 2-2).  
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Table 2-2: Absorption and emission data of compounds 22-24 and 29.  

compound λmax
abs

 [nm]
(a) 

ε [l·mol
-1

·cm
-1

] λmax
em

 [nm]
(b) 

DD4TT-S,S-Azp 22 393 34600 474, 502, 546 

DD4TT-S,R-Azp 23 394 32300 473, 502, 546 

DD4TT-R,R-Azp 24 393 31700 473, 502, 546 

DD4TT-Dec 29 394 35300 473, 502, 546 

(a) c ≈ 5x10-5 M in dichloromethane; (b) c ≈ 10-6 M in dichloromethane 

Again, for amino acid-functionalised compounds 22-24 the values observed are comparable 

to those of alkyl-substituted compound 29.  

Monofunctionalised dendritic compounds 25 and 27 gave the following absorption and 

emission spectra in dichloromethane (Fig. 2-14). Absorption maxima were observed at 

λmax = 283 nm and at λmax = 340-342 nm. The two absorption maxima originate in the presence 

of both α- and β-conjugation in the dendritic terthiophene scaffold. The extinction coefficient 

at λmax = 283 nm (β-conjugation) is higher than at λmax = 340-342 nm, since in addition to the 

absorption of the β-conjugation path, also the absorption of the thiophene ring perpendicular 

to the extended π-system is located at this wavelength. The maximum of the emission of 25 

and 27 is found at λmax = 460nm. In contrast to the previously presented results for linear 

systems, here, an unstructured emission band is observed with a shoulder at λ = 492 nm. 

 

Figure 2-14: Absorption (c ≈ 5x10-5 M) and normalised emission (c ≈ 10-6 M; excitation at λ = 360 nm) 

spectra of compound 25 in dichloromethane.  
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The twofold substituted amino acid hybrid 26 displays a divergent behaviour in optical 

spectroscopy from 25 and 27, since the conjugated π-systems slightly differ from each other 

(Fig. 2-15).  

 

Figure 2-15: Absorption (c ≈ 5x10-5 M) and normalised emission (c ≈ 10-6 M; excitation at λ = 360 nm) 

spectra of compound 26 in dichloromethane.  

For 26, absorption maxima can be found at λmax = 299 nm and at λmax = 336 nm. The 

emission band does not display any shoulders, the emission maximum is located at 

λmax = 481 nm.  

The extinction coefficients of all three compounds 25-27 account for comparable 

absorption intensities (Table 2-3). 

Table 2-3: Absorption and emission data of compounds 25-27.  

compound λmax
abs

 [nm]
(a) 

ε [l·mol
-1

·cm
-1

] λmax
em

 [nm]
(b) 

3TT-S,S-Azp 25 283, 342 29200, 14900 460, 492 

3TT-S,R-Azp 27 283, 340 25200, 12800 460, 492 

3TT2-(S,S-Azp)2 26 299, 336 25200, 17600 481 

(a) c ≈ 5x10-5 M in dichloromethane; (b) c ≈ 10-6 M in dichloromethane 
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The first absorption maximum for amino acid-functionalised dendron 26 is red-shifted by 

16 nm compared to the absorption maxima of 25 and 27. This is attributable to the extended 

conjugation length in bisubstituted compound 26 with respect to 25 and 27. For the second 

absorption maximum, which is mainly caused by the absorption of the bithiophene-subunit, a 

slight blue shift of approximately 5 nm is observed. Such a phenomenon had been observed 

before for similar dendritic structures equipped with ethynylene groups instead of triazolyl 

rests.[63] This blue shift is probably caused by the triazolyl rest attached to the β-branching of 

the dendron functioning as an acceptor on the α-conjugated pathway and thus decreasing its 

effective conjugation. Another reason for the blue shift observed might be the substitution of 

the dendron with two sterically demanding Boc-protected amino acids and thus a 

perturbation of the π-conjugated backbone. 

2.4.3.2 Electrochemical Behaviour  

Amino acid-oligothiophene hybrids 20-27 and reference compounds 29-30 were 

investigated electrochemically by cyclic voltammetry. 

Compounds 20, 21 and 30 possess the same conjugated backbone. Representatively, the 

cyclic voltamogram of molecule 20 is shown (Fig. 2-16).  

 

Figure 2-16: Cyclic voltammogram of compound 20 in dichloromethane/TBAHFP (0.1 mol/L at 

100 mV/s) vs. ferrocene/ferrocenium. 
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Note that only the oxidative region is considered, since no signals were observed in the 

reductive area. The cyclic voltamogram nicely shows two completely reversible electron 

transfers, as one would expect for a quaterthiophene as electrophore. The first oxidation po-

tential is observed at E°ox1 = 0.38 V, the second at E°ox2 = 0.62 V, indicating stable radical 

cations and dications respectively. The HOMO energy of 20 versus vacuum level was thus 

calculated to be -5.44 eV. The complete results for 20, 21 and 30 are summarised in Table 2-4.  

Table 2-4: Electrochemical data of compounds 20, 21 and 30.  

compound E°ox1 [V] E°ox2 [V] EHOMO [eV]
(a) 

DD4TT2-(S,S-Azp)2 20 0.38 0.62 -5.44 
DD4TT2-(S,R-Azp)2 21 0.38 0.63 -5.44 

DD4TT2-Dec2 30 0.38 0.60 -5.43 

Measured in dichloromethane /TBAHFP (0.1 mol/L at 100 mV/s), c = 1.0 x 10-3 mol/L  vs. Fc/Fc+. (a) Calculated 
from Eonset

ox1, set EHOMO(Fc/Fc+) = -5.1 eV.[70] 

 

In electrochemistry, too, amino acid-functionalised compounds 20 and 21 are comparable 

to alkyl-substituted compound 30. 

For monofunctionalised hybrids 22-24 and reference compound 30 a slightly different 

pattern in cyclic voltammetry was obtained (Fig. 2-17).  
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Figure 2-17: Cyclic voltammograms of compounds 22 and 23 in DCM/TBAHFP (0.1 mol/L at 100 mV/s) 

vs. ferrocene/ferrocenium (second sweep respectively). 

Here, the main oxidation waves represent irreversible redox processes due to the free α-

position at the terminal thiophene ring. In addition, after the first sweep in cyclic voltammetry, 

the appearance of a new small signal at approximately E = 0.3 V in the oxidative sweep and 

E = 0.15 V in the reductive sweep is observed (indicated by arrows in Fig. 2-17). This new signal 

can be assigned to the corresponding octamer of the quaterthiophene, formed because of 

coupling of the radical cations during the oxidation process (Fig. 2-18). This phenomenon can 

be observed for all amino acid-monosubstituted compounds 22-24, including reference 

compound 29.  

 

Figure 2-18: Electrochemically induced dimerisation of monosubstituted quaterthiophenes 22- 24, 29. 
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From Table 2-5 and Fig. 2-17 it can be seen, that diastereomeric compound 23 behaves 

slightly different in electrochemical characterisation than the enantiomeric pair 22 and 24. The 

oxidation potentials are slightly higher for both first and second oxidation. In addition, when 

comparing the shapes of the cyclovoltammetric curves (Fig. 3-17), it is obvious, that the 

irreversible redox behaviour of compounds 22 and 24 becomes less irreversible in the 

diastereomeric compound 23, which is also indicated by the shift in positions of the 

corresponding reductive signals. Hence, the formed radical cations and dications are more 

stable for hybrid 23 than for compounds 22, 24 and 29.  

Table 2-5: Electrochemical data of compounds 22-24 and 29.  

compound E°ox1 [V]
(a) 

E°ox2 [V]
(a) 

EHOMO [eV]
(b) 

DD4TT-S,S-Azp 22 0.41 0.65 -5.45 

DD4TT-S,R-Azp 23 0.43 0.67 -5.46 

DD4TT-R,R-Azp 24 0.41 0.65 -5.45 

DD4TT-Dec 29 0.40 0.60 -5.44 

Measured in dichloromethane /TBAHFP (0.1 mol/L at 100 mV/s), c = 1.0 x 10-3 mol/L  vs. Fc/Fc+. (a) Irreversible 
redox process, E° determined at I° = 0.855·Ip.[71] (b) Calculated from Eonset

ox1, set EHOMO(Fc/Fc+) = -5.1 eV.[70] 

To sum up, cyclic voltammetry clearly indicates differences in electronic behaviour between 

the enantiomerically configured pair 22 and 24 and diastereomeric amino acid-oligothiophene 

hybrid 23. Since the three compounds dispose of the exact same structure except for the 

configuration at the stereocentres in the amino acid, there must be an influence of the spatial 

arrangement of the substituents on electron distribution in the compounds which becomes 

evident in cyclic voltametry. Similar phenomena have been reported by Kraatz and co-

workers.[72,73] They describe the electrochemical behaviour of ferrocene substituted with 

different numbers of proline residues and arrive at the conclusion, that the redox properties 

of the ferrocenyl moiety are sensitive to structural properties of the amino acids/peptides 

attached. Theoretical studies on model systems in their case suggest that a spatial anisotropy 

of the electron distribution in the molecule is created by the directional character of an 

oxygen p-orbital perpendicular to the cyclopentadiene/amide plane. This, in turn, might at 

least partially be responsible for the observed electronic effect.  
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Dendritic hybrids 25-27 were also investigated electrochemically. Attention has to be paid 

to the fact, that monofunctionalised hybrids 25 and 27 feature a slightly different π-

conjugated backbone and substitution pattern than disubstituted compound 26. The 

consequential differences in their electrochemical behaviour can be deduced from their cyclic 

voltamograms (Fig. 2-19).  

 

Figure 2-19: Cyclic voltammograms of compounds 25 (left) and 26 (right) in DCM/TBAHFP (0.1 mol/L at 

100 mV/s) vs. ferrocene/ferrocenium. 

Whereas compound 26 is substituted twofold in the periphery of the dendron and 

accordingly disposes of an unprotected focal α-position, in hybrids 25 and 27, all reactive α-

positions are protected. Thus, in the case of 26 dimerisation of the dendron to the 

corresponding substituted dendrimer takes place (signal arising from the dendrimer is 

indicated by red arrows in Fig. 2-19). This process cannot be observed for 25 and 27. For the 

latter two compounds, the reversible character of the oxidation process in addition is more 

pronounced than for 26.Exact values for the three hybrids are listed in Table 2-6.  
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Table 2-6: Electrochemical data of compounds 25-27.  

compound E°ox1 [V]
(a) 

EHOMO [eV] 

3TT-S,S-Azp 25 0.75 -5.77 

3TT-S,R-Azp 27 0.75 -5.77 

3TT2-(S,S-Azp)2 26 0.73 -5.76 

Measured in dichloromethane /TBAHFP (0.1 mol/L at 100 mV/s), c = 1.0 x 10-3 mol/L  vs. Fc/Fc+. (a) Irreversible 
redox process, E° determined at I° = 0.855·Ip.[71] (b) Calculated from Eonset

ox1, set EHOMO(Fc/Fc+) = -5.1 eV.[70] 

2.5 Summary 

In order to establish an efficient synthetic protocol for the linkage of oligothiophenes and 

amino acids or peptides, Cu(I)-catalysed 1,3-dipolar cycloaddition (CuAAC) was employed. The 

protocol involves the use of tetrakis(acetonitrile)copper(I) hexafluorophosphate as catalyst 

and dichloromethane as solvent. 

By this synthetic route it was possible to synthesise a series of fully protected 4-

azidoproline oligothiophene hybrids, employing both linear and branched oligothiophenes. 

The obtained compounds were characterised spectroscopically and electrochemically and 

showed optoelectronic properties comparable to the corresponding model compounds 29 and 

30, which do not contain proline residues. 

2.6 Experimental Details 

Materials:  

Mercury(II)acetate (Merck), iodine (Merck), copper powder (Merck), piperidine (Merck), 

copper(I)iodide (Merck), tetrakis(acetonitrile)copper(I) hexafluorophosphate (Sigma-Aldrich), 

caesium fluoride (Sigma-Aldrich), phosphoryl chloride (Merck), potassium carbonate (Merck), 

dimethyl(2-oxopropyl)-phosphonate (Merck), trimethylsilylacetylene (ABCR) and sodium 

hydride (Merck, 60% suspension in paraffin oil) were used without further purification.  
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Solvents were purchased from Merck and distilled prior to use. Dry chloroform was obtained 

by filtration over neutral aluminiumoxide 90. Tetrahydrofuran was dried under reflux over 

sodium/benzophenone (Merck), methanol over magnesia turnings (Merck), N,N-

dimethylformamide over calcium hydride (Merck) and dichloroethane over phosphorus 

pentoxide.  

Bis(triphenylphosphine)palladium(II) chloride Pd(PPh3)Cl2,[74] 3,3’’’-didodecyl-[2,2';5',2'';-

5'',2''']quaterthiophene 8,[48] tosylazide 18
[75] and dendritic terthiophenes 6-7[63] were 

prepared according to literature procedures. Azido-functionalised amino acids 1-3 were 

obtained from the group of Prof. Helma Wennemers in Basel.[39],[64,65]  

Column chromatography was performed using silica gel 60 (0.040-0.063 mm) from Merck.  

Size exclusion chromatography (SEC) was performed using Bio-Beads® S-X-1. 

Instrumentation: 

Nuclear magnetic resonance spectra were recorded on a Bruker AMX 500 (1H NMR: 500 MHz, 

13C NMR: 125 MHz) or an Avance 400 spectrometer (1H NMR: 400 MHz, 13C NMR: 100 MHz) at 

room temperature unless otherwise noted. Chemical shift values (δ) are given in parts per 

million using residual solvent protons (1H NMR: δH = 7.26 for CDCl3, 13C NMR: δC = 77.0 for 

CDCl3) as internal standard. Spectra splitting patterns are assigned as follows: s (singulet), d 

(dublet), t (triplet) and m (multiplet).  

Recycling Gel Permeation Chromatography (recycling GPC) was performed on Shimadzu 

equipment with a SPD-20A UV/Vis detector, a LC-8A pump and a CBM-20A communication bus 

module. A PSS SDV 500 Å and a PSS SDV 1000 Å GPC column connected in series were used as 

stationary phase.  

Matrix-assisted laser desorption ionisation time-of-flight mass spectrometry (MALDI-TOF MS) 

measurements were carried out on a Bruker Daltonik Reflex III mass spectrometer with the 

following matrices: 1,2,3-trihydroxyanthracene (dithranol), 2,5-dihydroxybenzoic acid (DHB), 

α-cyano-4-hydroxy-cinamic acid (HCCA) and T-2-(3-(4-t-Butyl-phenyl)-2-methyl-2-propenyl-

idene) malononitrile (DCTB).  

Elemental analyses were performed on a Elementar Vario EL (University of Ulm) and a Carlo 

Erba 1104 (University of Stuttgart).  
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Melting points are uncorrected and were determined using a Büchi B-545 apparatus. 

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

fluorescence emission spectra on a Perkin Elmer LS 55 spectrometer in 1 cm cuvettes.  

FT-IR spectroscopy was performed on a Perkin Elmer FT-IR Spectrum 2000 spectrometer, using 

KBr pellets.  

Cyclic voltammetry experiments were performed 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. All potentials were 

internally referenced to the ferrocene/ferrocenium couple. 

Nomenclature according to IUPAC was accomplished by use of ACD NamePro Version 12 

software.  

All reactions except for TMS-deprotections were performed in flame-dried glassware under 

argon and were monitored by thin layer chromatography (aluminium plates, pre-coated with 

silica gel, Merck Si60 F254). Compounds were detected by UV and ninhydrin. 

Synthesis:  

3,3’’’-Didodecyl-5,5’’’-diiodo-2,2';5',2'';5'',2'''-quaterthiophene 9: 

 

A solution of 1.7 g (2.6 mmol, 1 eq.) of 3,3’’’-Didodecyl-2,2';5',2'';5'',2'''-quaterthiophene 8 in 

180 mL of dry chloroform was cooled to 0° C. 1.8 g (5.6 mmol, 2.2 eq.) of mercury(II) actetate 

were added under argon. The reaction mixture was allowed to warm to room temperature 

over night. After 14h the intensely yellow thick solution was cooled to 0° C again. 1.4 g 

(5.6 mmol, 2.2 eq.) of iodine were added under argon. The reaction was allowed to warm to 

room temperature. After 6h, the reaction was quenched by addition of saturated NaHCO3-
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solution. The layers were separated and the aqueous layer was repeatedly extracted with 

dichloromethane. The combined organic layers were washed with a saturated NaHSO3 

solution and water. They were dried over Na2SO4. The solvent was removed in vacuo and the 

crude product was put on silica. The compound was subjected to column chromatography 

(eluent: hexane) to yield 2.2 g (2.4 mmol, 94%) of  the desired compound 9 as an intensely 

yellow solid.  

M.p.: 88°C 

1
H NMR (400 MHz, CDCl3, δ): 7.10 (d, 3J(H-3’’,H-4’’);(H-3’,H-4’) = 3.77 Hz, 2H, H- 4’’, H-3’), 7.07 (s, 

2H,H- 4’’’, H-4), 6.96 (d, 3J(H-3’’,H-4’’);(H-3’,H-4’) = 3.78 Hz, 2H, H- 3’’, H-4’), 2.71 (m, 4H, Ha), 1.60 (m, 

4H, Hb), 1.24 (m, 36H, Hc-k), 0.87 (“t“, 3J(H-l,H-k) = 6.82 Hz, 6H, Hl)   

13
C-NMR (100 MHz, CDCl3, δ): 141.7, 139.8, 137.0, 136.2, 134.0, 126.9, 123.9, 99.9, 71.8 , 31.9, 

30.5, 29.6, 29.6, 29.5, 29.3, 29.3, 28.9, 22.6, 14.1 

MS (MALDI-TOF, dithranol):  m/z [M+H]+ = 917.3 (calc. for C40H56I2S4: 918.1), m/z [M-I]+ = 

791.5 

Elemental analysis: calc. (%) for C40H56I2S4: C 52.28, H 6.14, S 13.96; found: C 52.22, H 6.20, S 

13.88 

({3,3’’’-Didodecyl-5’’’-[(trimethylsilyl)ethynyl]-2,2’:5’,2’’:5’’,2’’’-quaterthien-5-yl}ethynyl)-

(trimethyl)silane 10: 

 

To a carefully degassed solution of 500 mg 3,3’’’-Didodecyl-5,5’’’-diiodo-2,2';5',2'';5'',2'''-

quaterthiophene 9 (544 μmol, 1 eq.) in 24 mL of piperidine, 10.36 mg (54.40 μmol, 0.1 eq.) of 

copper(I) iodide and 19.1 mg (27.2 μmol, 0.05 eq.) of Pd(PPh2)Cl2 were added and the solution 

was carefully degassed again. The solution was warmed to 60°C, then 133.6 mg (1.4 mmol, 2.5 

eq.) trimethylsilyl acetylene (TMSA) were added directly into the solution under argon via a 
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canula and septum. The reaction mixture was stirred at 60°C for 2h. Then the reaction was 

quenched with 45 mL of 2N HCl at 0°C. The layers were separated and the aqueous layer was 

extracted with dichloromethane twice. The combined organic layers were washed with 

saturated NaHCO3 solution and water. The organic layer was dried over Na2SO4 and the 

solvent was removed in vacuo to give the crude product. For further purification, the crude 

product was put onto silica gel and column chromatography was performed with 

hexane/dichloromethane 95:5 as eluent to give 370 mg (430 μmol, 79 %) of the desired 

product 10 as an intensely yellow oil.  

1
H NMR (400 MHz, CDCl3, δ): 7.11 (d, 3J(H-4’’,H-3’’);(H-3’,H-4’)= 3.71 Hz, 2H, H-4’’, H-3’), 7.06 (s, 2H, H-

4, H-4’’’), 7.02 (d, 3J(H-3’’,H-4’’);(H-3’,H-4’)= 3.89 Hz, 2H, H-3’’, H-4’), 2.71 (m, 4H, Ha), 1.61 (m, 4H, Hb), 

1.24 (m, 36H, Hc-k), 0.87 (“t”, 3J(H-l,H-k) = 6.82 Hz, 6H, Hl), 0.24 (s, 18H, TMS-H)   

13
C NMR (100 MHz, CDCl3, δ): 139.4, 136.9, 135.5, 134.5, 132.1, 126.8, 124.0, 120.9, 99.8, 

97.5, 31.9, 30.3, 29.6, 29.6, 29.6, 29.5, 29.4, 29.4, 29.3, 29.2, 22.6, 14.1, 0.1 

MS (MALDI-TOF, DHB): m/z [M+H]+ = 858.5 (calc. for C50H74S4Si2: 858.4) 

Elemental analysis: calc. (%) for C50H74S4Si2: C 69.87, H 8.68, S 14.92; found: C 69.84, H 8.69, S 

14.75 

UV-vis (dichloromethane): λmax (ε) = 407 (44700) 

3,3’’’-didodecyl-2,2';5',2'';5'',2'''-quaterthiophene-5-carbaldehyde 13: 

 

For the generation of the Vilsmeier reagent  70 µL dry N,N-dimethylformamide (0.9 mmol, 1.5 

eq.) were dissolved in 1.3 mL of dry dichloroethane and 90 µL (0.9 mmol, 1.5 eq.) of 

phosphoryl chloride were added dropwise. The resulting slightly yellow mixture was stirred for 

two hours at room temperature. In a two-neck flask equipped with a reflux condenser, 400 mg 

of 3,3’’’-Didodecyl-2,2';5',2'';5'',2'''-quaterthiophene 8 (0.6 mmol, 1 eq.) were dissolved in 2 
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mL of dry dichloroethane. The solution was warmed to reflux and the Vilsmeier reagent was 

added dropwise. After 3h reaction under reflux, the mixture was quenched with 20 ml of 

saturated NaHCO3-solution and stirred over night. The layers were separated, the aqueous 

layer was extracted three times with dichloromethane. The combined organic layers were 

washed with water and dried over Na2SO4. The solvent was removed in vacuo. The crude 

product was purified by column chromatography (silica, dichloromethane as eluent) and gave 

261 mg (3.8 mmol, 63%) of 13 as a bright red solid. 

M.p.: 63-64 °C 

1
H NMR (400 MHz, CDCl3): δ = 9.83 (s, 1H, carbonyl-H), 7.59 (s, 1H, H-4), 7.17 (m, 4H, H-

4’,3’,4’’, 5’’’), 7.03 (d, 3J(H-3’’,H-4’’) = 3.78 Hz, 1H, H-3’’), 6.94 (d, 3J(H-5’’’,H-4’’’) = 5.20 Hz, 1H,H- 4’’’), 

2.80 (m, 4H, Ha), 1.67 (m, 4H, Hb), 1.25 (m, 36H, Hc-k), 0.87 (m, 6H, Hl)   

13
C NMR (100 MHz, CDCl3): δ = 182.4, 140.9, 140.4, 140.2, 140.1, 139.1, 138.9, 136.2, 135.9, 

133.6, 130.1, 130.0, 128.2, 126.5, 124.5, 124.0, 124.0, 31.9, 30.6, 30.2, 29.6, 29.6, 29.5, 29.5, 

29.5, 29.4, 29.4, 29.3, 29.2, 22.6, 14.0 

MS (MALDI-TOF, dithranol): m/z [M+H]+ = 695.0 (calc. for C41H58OS4: 694.3) 

Elemental analysis: calc. (%) for C41H58OS4: C 70.84, H 8.41,S 18.45; found: C 70.67, H 8.44, S 

18.19 

FT-IR  (KBr), ν [cm-1]: 3084 (thienyl-H), 2923 and 2847 (H-C=O), 2361, 1648 (C=O), 1426 (C=C 

aromatic), 1390, 1252, 1162, 801, 725 

3,3’’’-Didodecyl-5-ethynyl-2,2';5',2'';5'',2'''-quaterthiophene 5: 

 

A suspension of 115 mg of sodium hydride (2.9 mmol, 10 eq.) in 30 mL of dry tetrahydrofuran 

was cooled to 0 °C. 382 μL of dimethyl(2-oxopropyl)phosphonate (2.8 mmol, 9.6 eq.) were 

added dropwise to the solution. The resulting mixture was stirred at 0 °C for one hour. Then 
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567 mg (2.8 mmol, 10 eq.) of tosylazide 18 were added and the reaction mixture was stirred 

for another 10 min at 0 °C. The reaction mixture then was quickly passed through a short 

filtration column (silica, eluent: ethyl acetate) and the solvent was removed in vacuo. The 

resulting colourless oil was dissolved in 14 mL of dry tetrahydrofuran and was added to a 

previously prepared suspension of 716 mg  of potassium carbonate (5.2 mmol, 18 eq.) and 

200 mg of 3,3’’’-Didodecyl-2,2';5',2'';5'',2'''-quaterthiophene-5-carbaldehyde 13 (287.7 μmol, 

1 eq.) in 8 mL of dry methanol. The resulting intensely yellow mixture was stirred under argon 

over night. The solvent was removed in vacuo and the residue was redissolved in dichlorome-

thane and was washed with a satured solution of ammonium chloride. The layers were 

separated and the aqueous layer was repeatedly extracted with dichloromethane. The 

combined organic layers were dried over Na2SO4 which was filtered off and the solvent was 

removed in vacuo. The crude product was put onto silica gel and was purified by column 

chromatography (eluent: hexane) to yield 178 mg (257.5 μmol, 90%) of the desired product 5 

as a bright yellow oil.  

1
H NMR (400 MHz, CDCl3): δ = 7.18 (d, 3J(H-5’’’,H-4’’’) = 5.14 Hz, 1H,H- 5’’’), 7.12 (m, 3H, H-3’, H-4’, 

H-4), 7.02 (m, 2H, H-3’’, H-4’’), 6.94 (d, 3J(H-5’’’,H-4’’’) = 5.24, 1H, H-4’’’), 3.38 (s, 1H, acetylene-H), 

2.74 (m, 4H, Ha), 1.62 (m, 4H, Hb), 1.25 (m, 36H, Hc-k), 0.88 (“t”, 3J(H-l,H-k) = 6.82 Hz, 6H, Hl).   

13
C NMR (100 MHz, CDCl3): δ = 139.8, 139.3, 137.3, 136.4, 136.0, 135.5, 133.9, 132.4, 130.1, 

130.0, 126.9, 126.4, 124.0, 123.8, 123.7, 119.6, 82.0 (C-B), 76.9 (C-A), 31.9, 30.6, 30.3, 29.6, 

29.6, 29.6, 29.5, 29.5, 29.4, 29.4, 29.3, 29.2, 29.1, 22.6, 14.1 

MS (MALDI-TOF, dithranol): m/z [M+H]+ = 690.3 (calc. for C42H58S4: 690.3), m/z [M-16]+ = 

674.2, m/z [M+dithranol+Na]+ = 940.4 

FT-IR (KBr), ν [cm-1]: 3309 (C≡C-H), 2923, 2852, 2101(C≡C-H), 1645, 1465 (C=C aromatic), 834, 

791, 656, 587 

Analytical HPLC: analytical nitrophenyl-column, eluent: 100 % hexane, 99% purity 

UV-Vis (dichloromethane): λmax (ε) = 390 (29700) 
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1,1'-Di-tert-butyl 2,2'-dimethyl (2S,4S,2'S,4'S)-4,4'-[(3,3'''-didodecyl-2,2':5',2'':5'',2'''-quarter-

thien-5,5'''-diyl)bis(1H-1,2,3-triazole-4,1-diyl)]dipyrrolidine-1,2-dicarboxylate 20, DD4TT2-

(S,S-Azp)2: 

 

To a solution of 60 mg of ({3,3’’’-Didodecyl-5’’’-[(trimethylsilyl)ethynyl]-2,2’:5’,2’’:5’’,2’’’-

quaterthien-5-yl}ethynyl)(trimethyl)silane 10 (70 μmol, 1 eq.) in 0.5 mL THF were added 

63.6 mg  of caesiumfluoride (420 μmol, 6 eq.) in 0.35 mL MeOH. The reaction was stirred for 

one hour at room temperature. The reaction mixture was washed with saturated Na2HCO3-

solution and dried over Na2SO4, which subsequently was filtered off. The solvent was removed 

in vacuo and the resulting yellow oil was redissolved in 3 mL of dichloromethane under argon. 

Then, 1.8 mg of copper powder (28 μmol, 0.4 eq.)  and 75.5 mg of (2S,4S)-1-tert-Butyl 2-

methyl 4-azidopyrrolidine-1,2-dicarboxylate 1 (280 μmol, 4 eq.) were added under argon. 

Last, 10.4 mg (28 μmol, 0.4 eq.) of tetrakis(acetonitrile)copper(I) hexafluorophosphate were 

added. The reaction was stirred at room temperature over night. The reaction mixture was 

poured onto semi-concentrated ammonia. The layers were separated and the aqueous layer 

was repeatedly reextracted with dichloromethane. The combined organic layers were washed 

with demineralised water, and were then dried over Na2SO4. The solvent was removed in 

vacuo. Subsequent purification by column chromatography (hexane/ethylacetate 3:2 as 

eluent) gave 69 mg (60 μmol, 79 %) of 20 as an orange resin-like solid. 

1
H NMR (400 MHz, CDCl3): δ = 7.84 (s, 2H, triazole-H), 7.27 (s, 2H, H-4, H-4’’’, overlaid with 

CHCl3), 7.14 (d, 3J(H-4’’,H-3’’);(H-3’,H-4’)= 3.75 Hz, 2H, H-4’’, H-3’ ), 7.06 (d, 3J(H-3’’,H-4’’);(H-3’,H-4’)= 3.72 Hz, 

2H, H-3’’,H-4’), 5.23 (bs, 2H, Hγ), 4.53 and 4.44 (m, 2H, Hα), 4.19 and 3.91 (m, 4H, Hδ), 3.71 

(bs, 6H, methylester), 2.98, 2.68 and 2.56 (m, 4H, Hβ), 2.77 (m, 4H, Ha), 1.68 (m, 4H, Hb), 1.44 

(bs, 18H, boc), 1.24 (m, 36H,Hc-k), 0.86 (“t”, 3J(H-l,H-k) = 6.43 Hz, 6H, Hl); separated signals of the 
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minor conformer: 3.75 (s, 3H, methylester), 1.49 (s, 9H, boc), ratio minor/ major conformer 

approx 1:1.5 

13
C NMR (125 MHz, CDCl3): δ = 172.1, 153.2, 142.9, 140.3, 136.8, 134.9, 130.2, 130.2, 127.3, 

126.6, 123.9, 117.7, 117.5, 81.1, 58.2, 57.7, 57.4, 52.5, 52.4, 51.7, 51.2, 36.3, 35.4, 31.9, 30.4, 

29.6, 29.6, 29.5, 29.5, 29.4, 29.3, 28.2, 22.6, 14.1 

MS (MALDI-TOF, DHB): m/z [M+H]+ = 1255.7 (calc. for C66H94N8O8S4: 1254.6), m/z [M-tButyl]+ = 

1199.7, m/z [M-Boc]+ = 1159.1 

Elemental analysis: calc. (%) for C66H94N8O8S4: C 63.13, H 7.54, N 8.92; found: C 63.23, H 7.48, 

N 8.68 

1,1'-Di-tert-butyl 2,2'-dimethyl (2S,4R,2'S,4'R)-4,4'-[(3,3'''-didodecyl-2,2':5',2'':5'',2'''-quater-

thien-5,5'''-diyl)bis(1H-1,2,3-triazole-4,1-diyl)]dipyrrolidine-1,2-dicarboxylate 21, DD4TT2-

(S,R-Azp)2: 

 

To a solution of 100 mg of ({3,3’’’-Didodecyl-5’’’-[(trimethylsilyl)ethynyl]-2,2’:5’,2’’:5’’,2’’’-

quaterthien-5-yl}ethynyl)(trimethyl)silane 10 (116.3 μmol, 1 eq.) in 1.3 mL THF were added 

152 mg (698 μmol, 6 eq.) of caesiumfluoride in 0.5 mL of MeOH. The reaction was stirred for 

one hour at room temperature. The reaction mixture was washed with saturated Na2HCO3-

solution and dried over Na2SO4, which subsequently was filtered off. The solvent was removed 

in vacuo and the resulting yellow oil was redissolved in 4 mL of dichloromethane under argon. 

Then, 3 mg of copper powder (46.5 μmol, 0.4 eq.) and 126 mg of (2S,4R)-1-tert-Butyl 2-methyl 

4-azidopyrrolidine-1,2-dicarboxylate 2 (465 μmol, 4 eq.) were added under argon. Last, 17 mg 

(46.5 μmol, 0.4 eq.) of tetrakis(acetonitrile)copper(I) hexafluorophosphate were added. The 

reaction was stirred at room temperature over night. The reaction mixture was poured onto 

semi-concentrated ammonia and the layers were separated. The aqueous layer was 
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repeatedly extracted with dichloromethane. The combined organic layers were washed with 

demineralised water and were dried over Na2SO4. The solvent was removed in vacuo. 

Subsequent purification by column chromatography (first hexane/ethylacetate 3:2, when 

impurities were gone: pure ethylacetate on silica) gave 117 mg (93 μmol, 80%) of 21 as an 

orange resin-like solid. 

1
H NMR (400 MHz, CDCl3): δ = 7.66 (s, 2H, triazole-H), 7.27 (s, 2H, H-4, H-4’’’), 7.15 (d, 3J(H-4’’,H-

3’’);(H-3’,H-4’)= 3.76 Hz, 2H, H-4’’, H-3’ ), 7.06 (d, 3J(H-3’’,H-4’’);(H-3’,H-4’)= 3.72 Hz, 2H, H-3’’, H-4’), 5.31 

and 5.23 (m, 2H, Hγ), 4.63 and 4.55 (m, 2H, Hα), 4.11, 3.96 and 3.87 (m, 4H, Hδ), 3.79 (s, 6H, 

methylester), 2.99, 2.86 and 2.57(m, 4H, Hβ), 2.79 (m, 4H, Ha), 1.68 (m, 4H, Hb), 1.43 (s, 18H, 

boc), 1.25 (m, 36H,Hc-k), 0.86 (“t”, 3J(H-l,H-k) = 6.80 Hz, 6H, Hl); separated signals of the minor 

conformer: 7.65 (s, 1H, triazole), 3.80 (s, 3H, methylester), 1.47 (s, 9H, boc), ratio minor/major 

conformer approx 1:1.5 

13
C NMR (100 MHz, CDCl3): δ = 172.7, 172.5, 153.3, 142.9, 140.4, 136.8, 134.9, 130.3, 130.1, 

127.3, 126.6, 124.0, 117.7, 117.5, 81.2, 81.1, 58.4, 57.9, 57.5, 52.5, 52.3, 51.7, 51.6, 36.5, 35.6, 

31.9, 30.4, 29.6, 29.6, 29.5, 29.5, 29.4, 29.3, 28.3, 28.2, 22.6, 14.1  

MS (MALDI-TOF, HCCA): m/z [M+H]+ = 1254.8 (calc. for C66H94N8O8S4: 1254.6), m/z [M-tButyl]+ 

= 1199.7 

Elemental analysis: calc. (%) for C66H94N8O8S4: C 63.13, H 7.54, N 8.92; found: C 63.16, H 7.54, 

N 8.80 

1-tert-Butyl 2-methyl (2S,4S)-4-[4-(3,3’’’-didodecyl-2,2’:5’,2’’:5’’,2’’’-quaterthien-5-yl)-1H-

1,2,3-triazol-1-yl]pyrrolidine-1,2-dicarboxylate 22, (DD4TT-S,S-Azp): 
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To a solution of 70 mg (101.3 μmol, 1 eq.) of 3,3’’’-Didodecyl-5-ethynyl-2,2';5',2'';5'',2'''-

quaterthiophene 5 in 4 mL of dichloromethane under argon were added 55 mg of (2S,4S)-1-

tert-Butyl 2-methyl 4-azidopyrrolidine-1,2-dicarboxylate 1 (203 μmol, 2 eq.), 1.3 mg of 

copper powder (20.3 μmol, 0.2 eq.)  and 7.6 mg (20.3 μmol, 0.2 eq.) of tetrakis(aceto-

nitrile)copper(I) hexafluorophosphate. The reaction was stirred at room temperature over 

night. The reaction mixture was poured onto semi-concentrated ammonia and the layers were 

separated. The aqueous layer was extracted with dichloromethane twice. The combined 

organic layers were washed with demineralised water, then they were dried over Na2SO4 and 

the solvent was removed in vacuo. The crude product was repeatedly heated to reflux in 

demineralised water and after each heating, the amino acid-containing hot water was 

removed. This procedure was repeated, until the water removed was free of amino acid 

(ninhydrine-test). The crude product was further purified by column chromatography (silica 

gel, hexane/ethyl acetate 3:2) to give 90 mg (94 μmol, 92%), of 22 as an orange brown resin-

like solid.  

1
H NMR (400 MHz, CDCl3): δ = 7.83 (s, 1H, triazole-H), 7.26 (s, 1H, H-4, overlaid with CHCl3), 

7.18 (d, 3J(H-5’’’,H-4’’’) = 5.25 Hz, 1H, H- 5’’’), 7.13 (d, 3J(H-3’,H-4’);(H-4’’,H-3’) = 3.69 Hz, 2H, H-3’, H-4’’), 

7.06 (d, 3J(H-3’, H-4’) = 3.87 Hz, 1H, H-4’), 7.02 (d, 3J(H-3’’, H-4’’) = 3.72 Hz, 1H, H-3’’), 6.94 (d, 3J(H-5’’’,H-

4’’’) = 5.21, 1H, H-4’’’), 5.21 (bs, 1H, Hγ),  4.53 and 4.45 (m, 1H, Hα), 4.19 and 3.91 (m, 2H, Hδ), 

3.71 (s, 3H, methylester), 2.97, 2.68 and 2.56 (m, 2H, Hβ), 2.77 (m, 4H, Ha), 1.66 (m, 4H, Hb), 

1.44 (s, 9H, boc), 1.24 (m, 36H, Hc-k), 0.87 (“t”, 3J(H-l,H-k) = 6.80 Hz, 6H, Hl); separated signals of 

the minor conformer: 3.74 (s, 3H, methylester), 1.48 (s, 9H, boc), ratio minor/major conformer 

approx 1:1.5 

13
C-NMR (100 MHz, CDCl3): δ = 172.1, 153.2, 142.9, 140.3, 139.8,  136.9, 136.5, 135.3, 134.7, 

130.2, 130.1, 130.0, 127.3, 126.5, 126.4, 123.8, 123.8, 117.7, 117.5, 81.1, 58.2, 57.6, 57.4, 

52.6, 52.4, 51.6, 51.1, 36.3, 35.4, 31.9, 30.6, 30.4, 29.6, 29.6, 29.5, 29.5, 29.5, 29.4, 29.3, 29.2, 

28.2, 28.1, 22.6, 14.1 

MS (MALDI-TOF, dithranol): m/z [M+H]+ = 961.7 (calc. for C53H76N4O4S4: 960.4), m/z [M-tButyl]+ 

= 905.6 

Elemental analysis: calc. (%) for C53H76N4O4S4: C 66.21, H 7.97, N 5.83; found: C 66.25, H 7.96, 

N 5.71 
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1-tert-Butyl 2-methyl (2S,4R)-4-[4-(3,3’’’-didodecyl-2,2’:5’,2’’:5’’,2’’’-quaterthien-5-yl)-1H-

1,2,3-triazol-1-yl)pyrrolidine-1,2-dicarboxylate 23, (DD4TT-S,R-Azp): 

 

 

To a solution of 69 mg (100 μmol, 1 eq.) of 3,3’’’-Didodecyl-5-ethynyl-2,2';5',2'';5'',2'''-

quaterthiophene 5 in 4 mL of dichloromethane under argon were added 54 mg (203 μmol, 2 

eq.) of (2S,4R)-1-tert-Butyl 2-methyl 4-azidopyrrolidine-1,2-dicarboxylate 2, 1.3 mg of copper 

powder (20 μmol, 0.2 eq.)  and 7.5 mg  of tetrakis(acetonitrile)copper(I) hexafluorophosphate 

(20 μmol, 0.2 eq.). The reaction was stirred at room temperature over night. The reaction 

mixture was poured onto semi-concentrated ammonia and the layers were separated. The 

aqueous layer was extracted with dichloromethane twice. The combined organic layers were 

washed with demineralised water, then they were dried over Na2SO4 and the solvent was 

removed in vacuo. The crude product was repeatedly heated to reflux in demineralised water 

and after each heating, the amino-acid containing hot water was removed. This procedure 

was repeated, until the water removed was free of amino acid (ninhydrine-test). The crude 

product was further purified by column chromatography (silica gel, hexane/ethyl acetate 3:2) 

to give 83 mg (86.3 μmol, 86%), of the desired product 23 as an orange brown resin-like solid.  

1
H NMR (400 MHz, CDCl3): δ = 7.67 (s, 1H, triazole-H), 7.25 (s, 1H, H-4), 7.17 (d, 3J(H-5’’’,H-4’’’) = 

5.14 Hz, 1H, H-5’’’), 7.13 (d, 3J(H-3’,H-4’);(H-4’’,H-3’) = 3.71 Hz, 2H, H-3’, H-4’’), 7.05 (d, 3J(H-3’, H-4’) = 3.87 

Hz, 1H, H-4’), 7.02 (d, 3J(H-3’’,H-4’’) = 3.84 Hz, 1H, H-3’’), 6.93 (d, 3J(H-5’’’,H-4’’’) = 5.24, 1H, H-4’’’), 5.29 

and 5.22 (m, 1H, Hγ), 4.63 and 4.55 (m, 1H, Hα), 4.11, 3.95 and 3.86 (m, 2H, Hδ), 3.78 (s, 3H, 

methylester), 2.98, 2.85 and 2.56 (m, 2H, Hβ), 2.77 (m, 4H, Ha), 1.65 (m, 4H, Hb), 1.43 (s, 9H, 

boc), 1.24 (m, 36H, Hc-k), 0.86 (“t”, 3J(H-l,H-k) = 6.81 Hz, 6H, Hl); separated signals of the minor 

conformer: 7.66 (s, 1H, triazole), 3.79 (s, 3H, methylester), 1.47 (s, 9H, boc); ratio minor/major 

conformer 1:1.4 
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13
C NMR (100 MHz, CDCl3): δ = 172.7, 172.5, 153.2, 142.8, 140.2, 139.8, 136.9, 136.5, 135.3, 

134.7, 130.2, 130.1, 130.0, 130.0, 129.9, 127.3, 126.5, 126.4, 123.8, 123.8, 117.7, 117.5, 81.1, 

81.0, 58.3, 57.8, 57.4, 52.6, 52.3, 51.6, 36.4, 35.5, 31.8, 30.6, 30.4, 29.6, 29.6, 29.5, 29.4, 29.4, 

29.4, 29.3, 29.2, 28.2, 28.1, 22.6, 14.1 

MS (MALDI-TOF, dithranol): m/z [M+H]+ = 961.5 (calc. for C53H76N4O4S4: 960.4), m/z [M-tButyl]+ 

= 905.4 

Elemental analysis: calc. (%) for C53H76N4O4S4: C 66.21, H 7.97, N 5.83; found: C 65.94, H 7.92, 

N 5.90 

1-tert-Butyl 2-methyl (2R,4R)-4-[4-(3,3’’’-didodecyl-2,2’:5’,2’’:5’’,2’’’-quaterthien-5-yl)-1H-

1,2,3-triazol-1-yl)pyrrolidine-1,2-dicarboxylate 24, (DD4TT-R,R-Azp): 

 

To a solution of 180 mg (260 μmol, 1 eq.) of 3,3’’’-Didodecyl-[2,2';5',2'';5'',2''']quarterthienyl-

5-monoacetylene 5 in 10 mL of dichloromethane under argon were added 141 mg of (2R,4R)-

1-tert-Butyl 2-methyl 4-azidopyrrolidine-1,2-dicarboxylate 3 (521 μmol, 2 eq.), 3.3 mg 

(52.0 μmol, 0.2 eq.) of copper powder and 19.4 mg (52.0 μmol, 0.2 eq.) of tetrakis(aceto-

nitrile)copper(I) hexafluorophosphate. The reaction was stirred at room temperature over 

night. The reaction mixture was poured onto semi-concentrated ammonia and the layers were 

separated. The aqueous layer was extracted with dichloromethane twice. The combined 

organic layers were washed with demineralised water, then they were dried over Na2SO4 and 

the solvent was removed in vacuo. The crude product was repeatedly heated to reflux in 

demineralised water and after each heating, the amino-acid containing hot water was 

removed. This procedure was repeated, until the water removed was free of amino acid 

(ninhydrine-test).   
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The crude product was further purified by column chromatography (silica gel, hexane/ethyl 

acetate 3:2) to give 213 mg (220 μmol, 85%), of 24 as an orange brown resin-like solid.  

1
H NMR (400 MHz, CDCl3): δ = 7.83 (s, 1H, triazole-H), 7.26 (s, 1H, H-4, overlaid with CHCl3), 

7.18 (d, 3J(H-5’’’,H-4’’’) = 5.19 Hz, 1H, H- 5’’’), 7.13 (d, 3J(H-3’,H-4’);(H-4’’,H-3’) = 3.77 Hz, 2H, H-3’, H-4’’), 

7.06 (d, 3J(H-3’,H-4’) = 3.79 Hz, 1H, H-4’), 7.02 (d, 3J(H-3’’,H-4’’) = 3.77 Hz, 1H, H-3’’), 6.94 (d, 3J(H-5’’’,H-4’’’) 

= 5.18, 1H, H-4’’’), 5.21 (bs, 1H, Hγ),  4.53 and 4.45 (m, 1H, Hα), 4.19 and 3.91 (m, 2H, Hδ), 3.71 

(s, 3H, methylester), 2.98, 2.69 and 2.56 (m, 2H, Hβ), 2.78 (m, 4H, Ha), 1.66 (m, 4H, Hb), 1.44 (s, 

9H, boc), 1.24 (m, 36H,Hc-k), 0.86 (“t”, 3J(H-l,H-k) = 6.85 Hz, 6H, Hl); separated signals of the minor 

conformer: 3.75 (s, 3H, methylester), 1.49 (s, 9H, boc), ratio minor/major conformer approx 

1:1.4 

13
C NMR (100 MHz, CDCl3): δ = 172.0, 153.2, 142.7, 140.1, 139.7,  136.8, 136.4, 135.3, 134.7, 

130.1, 130.1, 130.0, 127.2, 126.4, 126.3, 123.8, 123.7, 117.7, 117.5, 81.0, 58.1, 57.6, 57.3, 

52.5, 52.3, 51.6, 51.1, 36.1, 35.2, 31.8, 30.5, 30.4, 29.6, 29.5, 29.5, 29.4, 29.4, 29.4, 29.3, 29.2, 

29.1, 28.2, 28.1, 22.6, 14.0 

MS (MALDI-TOF, DCTB): m/z [M+H]+ = 960.9 (calc. for C53H76N4O4S4: 960.4) 

Elemental analysis: calc. (%) for C53H76N4O4S4: C 66.21, H 7.97, N 5.83; found: C 66.21, H 7.94, 

N 5.77 

1-tert-Butyl 2-methyl (2S,4S)-4-{4-[5,5’’-bis(trimethylsilyl)-2,2’:3’,2’’-terthien-5’-yl]-1H-1,2,3-

triazol-1-yl}pyrrolidine-1,2-dicarboxylate 25, (3TT-S,S-Azp): 

 

To a solution of 50 mg of 2-[5,5“-Bis(trimethylsilyl)-2,2’:3’,2”-terthien-5’-yl]ethynyl-1-

trimethylsilane 6 (102 μmol, 1 eq.) in 0.5 mL of THF were added 71 mg of potassium 

carbonate (512 μmol, 5 eq.) in 0.5 mL methanol plus one drop of water. The reaction was 

stirred for one hour at room temperature. The solvent was removed in vacuo (cold water 

bath!) and dichloromethane was added. The compound was filtered over silica and the 

amount of solvent was reduced. The resulting light yellow oil was redissolved in 1 mL of 

S

S

S

Si

Si

N
N
N

N

O O
O

O

1

2
3

4

5
6



Chapter 2:   “Click”-Chemistry 51 

dichloromethane under argon. Then, 54 mg (200 μmol, 1.9 eq.) of (2S,4S)-1-tert-Butyl 2-

methyl 4-azidopyrrolidine-1,2-dicarboxylate 1 were added, followed by 13 mg of copper 

powder (20 μmol, 0.2 eq.)  and 7.5 mg (20 μmol, 0.2 eq.) of  tetrakis(acetonitrile)copper(I) 

hexafluorophosphate. The reaction was stirred at room temperature over night. The reaction 

mixture was poured onto semi-concentrated ammonia. The layers were separated and the 

aqueous layer was repeatedly extracted with dichloromethane. The combined organic layers 

were washed with demineralised water, and were then dried over Na2SO4. The solvent was 

removed in vacuo. The crude product was repeatedly heated to reflux in demineralised water 

and after each heating, the amino-acid containing hot water was removed. This procedure 

was repeated, until the water removed was free of amino acid (ninhydrine-test). Subsequent 

purification by column chromatography (hexane/ethylacetate 3:2 on silica) gave 56 mg 

(81.5 μmol, 80 %) of  25 as a light yellow resin-like solid. 

1
H NMR (400 MHz, CDCl3): δ = 7.88 (s, 1H, triazole-H), 7.43 (s, 1H, H-2), 7.18 (d, 3J(H-3,H-4) = 3.39 

Hz, 1H, H-3), 7.12 (m, 3H, H-4, H-5, H-6), 5.22 (bs, 1H, Hγ), 4.52 and 4.44 (m, 1H, Hα), 4.18, 

3.96 and 3.89 (m, 2H, Hδ), 3.70 (s, 3H, methylester), 2.97, 2.69 and 2.56 (m, 2H, Hβ), 1.43 (s, 

9H, boc), 0.30 (s, 9H, TMS), 0.30 (s, 9H, TMS, overlaid with each other); separated signals of 

the minor conformer: 3.73 (s, 3H, methylester), 1.48 (s, 9H, boc) 

13
C NMR (100 MHz, CDCl3): δ = 172.0, 153.7, 153.2, 142.5, 142.2, 140.7, 139.7, 134.1, 132.1, 

131.2, 130.8, 128.8, 127.7, 126.9, 117.9, 117.7, 81.1, 58.2, 57.6, 57.4, 52.5, 52.4, 51.6, 51.1, 

36.2, 35.3, 29.6, 28.1, -0.1, -0.1 

MS (MALDI-TOF, dithranol): m/z [M+dithranol]+ = 910.1, m/z [M+H]+ = 687.1 (calc. for 

C31H42N4O4S3Si2: 686.1), m/z [M-tButyl]+ = 631.1 

Elemental analysis: calc. (%) for C31H42N4O4S3Si2: C 54.19, H 6.16, N 8.15; found: C 54.34, H 

6.21, N 7.94 
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1,1'-Di-tert-butyl 2,2'-dimethyl (2S,4S,2'S,4'S)-4,4'-[2,2':3',2''-terthien-5,5''-diylbis(1H-1,2,3-

triazole-4,1-diyl)]dipyrrolidine-1,2-dicarboxylate 26, 3TT2-(S,S-Azp)2: 

 

To a solution of 50 mg (113 μmol) 5,5“-Bis(trimethylsilyl ethynyl)-2,2’:3’,2”-terthiophene 7 in 

1 mL THF were added 152 mg of caesiumfluoride (681 μmol, 6 eq.)  in 0.7 mL of methanol. The 

reaction was stirred for one hour at room temperature. The reaction mixture was washed with 

saturated NaHCO3-solution, the aqueous layer was reextracted with dichloromethane. The 

combined organic layers were washed with brine and dried over Na2SO4, which subsequently 

was filtered off. The solvent was removed in vacuo and the resulting light yellow oil was 

redissolved in 2 mL of dichloromethane under argon. Then, 123 mg of (2S,4S)-1-tert-Butyl 2-

methyl 4-azidopyrrolidine-1,2-dicarboxylate 1 (454 μmol, 4 eq.) were added, followed by 

2.90 mg of copper powder (45.4 μmol, 0.4 eq.) and 16.9 mg  of  tetrakis(acetonitrile)copper(I) 

hexafluorophosphate (45.4 μmol, 0.4 eq.). The reaction was stirred at room temperature over 

night. The reaction mixture was poured onto semi-concentrated ammonia. The layers were 

separated and the aqueous layer was repeatedly extracted with dichloromethane. The 

combined organic layers were washed with demineralised water and were then dried over 

Na2SO4. The solvent was removed in vacuo. Subsequent purification by column 

chromatography (ethylacetate/hexane 4:1 on silica) gave 80 mg (95.6 μmol, 84 %) of 26 as a 

light yellow resin-like solid. 

1
H NMR (400 MHz, CDCl3): δ = 7.82 (s, 1H, triazole-T1), 7.81 (s, 1H, triazole-T2), 7.25 (m, 2H, H-

1, H-3), 7.21 (d, 3J(H-5,H-6) = 3.72 Hz, 1H, H-5), 7.13 (d, 3J(H-2,H-1) = 5.29 Hz, 1H, H-2), 7.06 (d, 3J(H-4,H-

3) = 3.71 Hz, 1H, H-4), 7.00 (d, 3J(H-6,H-5) = 3.72 Hz, 1H, H-6), 5.15 (bs, 2H, Hγ1, Hγ2), 4.46 and 4.39 

(m, 2H, Hα1, Hα2), 4.11 and 3.84 (m, 4H, Hδ1, Hδ2), 3.65 (s, 6H, methylester1, methylester2), 

2.91, 2.63 and 2.53 (m, 4H, Hβ1, Hβ2), 1.38 (bs, 18H, boc); separated signals of the minor 
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conformer: 1.43 (bs, 9H, boc, mainly overlaid with signal at 1.39) 

13
C NMR (100 MHz, CDCl3): δ = 171.9, 171.0, 153.6, 153.1, 142.8, 142.6, 136.8, 134.2, 133.6, 

132.4, 131.7, 131.1, 129.7, 128.4, 127.0, 124.9, 124.4, 118.1, 117.9, 117.8, 80.9, 60.2, 57.9, 

57.5, 57.2, 52.4, 52.2, 51.5, 51.0, 36.0, 35.1, 28.1, 28.0, 20.9, 14.0  

MS (MALDI-TOF, dithranol): m/z [M+K]+ = 875.0 (calc. for C38H44N8O8S3: 836.2) 

Elemental analysis: calc. (%) for C38H44N8O8S3: C 54.53, H 5.30, N 13.39; found: C 54.61, H 5.32, 

N 13.25 

1-tert-Butyl 2-methyl (2S,4R)-4-{4-[5,5’’-bis(trimethylsilyl)-2,2’:3’,2’’-terthien-5’-yl-1H-1,2,3-

triazol-1-yl}pyrrolidine-1,2-dicarboxylate 27, (3TT-S,R-Azp): 

 

To a solution of 50 mg of 2-[5,5“-Bis(trimethylsilyl)-2,2’:3’,2”-terthien-5’-yl]ethynyl-1-

trimethylsilane 6 (102 μmol, 1 eq.) in 0.5 mL THF were added 71 mg of potassium carbonate 

(511 μmol, 5 eq.) in 0.5 mL MeOH plus one drop of water. The reaction was stirred for one 

hour at room temperature. The solvent was removed in vacuo (cold water bath) and 

dichloromethane was added. The compound was filtered over silica and the amount of solvent 

was reduced. The resulting light yellow oil was redissolved in 1 mL of dichloromethane under 

argon. Then, 54 mg of (2S,4R)-1-tert-Butyl 2-methyl 4-azidopyrrolidine-1,2-dicarboxylate 2 

(200 μmol, 1.9 eq.) were added, followed by 1.3 mg of copper powder (20 μmol, 0.2 eq.) and 

7.5 mg of  tetrakis(acetonitrile)copper(I) hexafluorophosphate (20 μmol, 0.2 eq.). The reaction 

was stirred at room temperature over night. The reaction mixture was poured onto semi-

concentrated ammonia. The layers were separated and the aqueous layer was repeatedly 

extracted with dichloromethane. The combined organic layers were washed with 

demineralised water, and were then dried over Na2SO4. The solvent was removed in vacuo. 

The crude product was repeatedly heated to reflux in demineralised water and after each 

heating, the amino acid containing hot water was removed. This procedure was repeated, 

until the water removed was free of amino acid (ninhydrine-test). Subsequent purification by 
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column chromatography (hexane/ethylacetate 3:2 on silica) gave 64 mg (93 μmol, 91 %) of 27 

as a light yellow resin-like solid. 

1
H NMR (400 MHz, CDCl3): δ = 7.71 (s, 1H, triazole-H), 7.42 (s, 1H, H-2), 7.18 (d, 3J(H-3,H-4) = 3.48 

Hz, 1H, H-3), 7.12 (m, 3H, H-4, H-5, H-6), 5.30 and 5.23 (m, 1H, Hγ), 4.64 and 4.55 (m, 1H, Hα), 

4.11, 3.94 and 3.86 (m, 2H, Hδ), 3.78 (s, 3H, methylester), 2.98, 2.85 and 2.57 (m, 2H, Hβ), 1.42 

(s, 9H, boc), 0.30 (s, 9H, TMS), 0.30 (s, 9H, TMS, overlaid with each other); separated signals of 

the minor conformer: 7.70 (s, 1H, triazole-H),  3.79 (s, 3H, methylester), 1.46 (s, 9H, boc) 

13
C NMR (100 MHz, CDCl3): δ = 172.7, 172.5, 153.8, 153.2, 153.2, 142.5, 142.3, 142.2, 140.7, 

139.7, 134.1, 132.1, 131.2, 130.6, 130.6, 128.8, 127.7, 126.9, 117.9, 117.7, 81.1, 81.0, 58.4, 

57.9, 57.8, 57.4, 52.5, 52.3, 51.6, 36.4, 35.5, 28.2, 28.1, -0.1, -0.1 

MS (MALDI-TOF, dithranol): m/z [M+dithranol]+ = 911.3, m/z [M+H]+ = 687.2 (calc. for 

C31H42N4O4S3Si2: 686.2), m/z [M-tButyl]+ = 631.2  

Elemental analysis: calc. (%) for C31H42N4O4S3Si2: C 54.19, H 6.16, N 8.15; found: C 53.96, H 

6.13, N 8.00 

1-Decyl-4-(3,3’’’-didodecyl-2,2’:5’,2’’:5’’,2’’’-quaterthien-5-yl)-1H-1,2,3-triazole 29, (DD4TT-

Dec): 

 

To a solution of 99 mg of 3,3’’’-Didodecyl-5-ethynyl-2,2';5',2'';5'',2'''-quaterthiophene 5 (143 

μmol, 1 eq.) in 7 mL of dichloromethane under argon were added 52.5 mg  of azidodecane 28 

(286.5 μmol, 2 eq.), 1.8 mg of copper powder (29 μmol, 0.2 eq.)  and 11 mg of tetrakis(aceto-

nitrile)copper(I) hexafluorophosphate (29 μmol, 0.2 eq.). The reaction was stirred at room 

temperature over night. The reaction mixture was poured onto semi-concentrated ammonia 

and the layers were separated. The aqueous layer was extracted with dichloromethane twice. 

The combined organic layers were washed with demineralised water, then they were dried 
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over Na2SO4 and the solvent was removed in vacuo. The crude product was further purified by 

column chromatography (silica gel, hexane/ethyl acetate 9:1) to give 109 mg (125 μmol, 88%), 

of the product as an intensely yellow solid.  

M.p.: 78-80 °C 

1
H NMR (400 MHz, CDCl3): δ = 7.63 (s, 1H, triazole-H), 7.26 (s, 1H, H-4, partially overlaid with 

CHCl3), 7.18 (d, 3J(H-5’’’,H-4’’’) = 5.20 Hz, 1H, H- 5’’’), 7.13 (d, 3J(H-3’,H-4’);(H-4’’,H-3’) = 3.77 Hz, 2H, H-3’, 

H-4’’), 7.05 (d, 3J(H-3’, H-4’) = 3.78 Hz, 1H, H-4’), 7.02 (d, 3J(H-3’’, H-4’’) = 3.77 Hz, 1H, H-3’’), 6.94 (d, 

3J(H-5’’’,H-4’’’) = 5.19, 1H, H-4’’’), 4.37 (t, 3J(H-a’,H-b’) = 7.20 Hz, 2H, Ha’ ),  2.78 (m, 4H, Ha), 1.94 (m, 

2H, Hb’), 1.67 (m, 4H, Hb), 1.25 (m, 50H, Hc-k,Hc’-i’), 0.87 (m, 9H, Hl, Hj’)   

13
C NMR (100 MHz, CDCl3): δ = 142.4, 140.3, 139.9, 136.9, 136.7, 135.4, 135.0, 130.8, 130.2, 

130.0, 129.8, 127.0, 126.5, 126.5, 123.8, 123.8, 118.8, 50.5, 31.9, 31.8, 30.6, 30.5, 30.3, 29.6, 

29.6, 29.6, 29.5, 29.5, 29.4, 29.4, 29.3, 29.3, 29.2, 29.2, 28.9, 26.4, 22.6, 22.6, 14.1,14.0. 

MS (MALDI-TOF, DCTB): m/z [M+H]+ = 874.2 (calc. for C52H79N3S4: 873.5)  

Elemental analysis: calc. (%) for C52H79N3S4: C 71.42, H 9.11, N 4.81; found: C 71.35, H 8.99, N 

4.77 

1-Decyl-4-[5’’’-(1-decyl-1H-1,2,3-triazol-4-yl)-3,3’’’-didodecyl-2,2’:5’,2’’:5’’,2’’’-quaterthien-5-

yl-1H-1,2,3-triazole 30, (DD4TT2-Dec2): 

 

To a solution of 77 mg of ({3,3’’’-Didodecyl-5’’’-[(trimethylsilyl)ethynyl]-2,2’:5’,2’’:5’’,2’’’-

quaterthien-5-yl}ethynyl)(trimethyl)silane 10 (89.6 μmol, 1 eq.) in 0.8 mL THF were added 

81.7 mg (540 μmol, 6 eq.) of caesiumfluoride in 0.5 mL of MeOH. The reaction was stirred for 

one hour at room temperature. The reaction mixture was washed with saturated Na2HCO3-

solution and dried over Na2SO4, which subsequently was filtered off. The solvent was removed 

in vacuo and the resulting yellow oil was redissolved in 4 mL of dichloromethane under argon. 
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Then, 2.3 mg of copper powder (36 μmol, 0.4 eq.) and 66 mg of azidodecan 28 (358 μmol, 4 

eq.) were added under argon. Last, 13.4 mg (36 μmol, 0.4 eq.) of tetrakis(acetonitrile)copper(I) 

hexafluorophosphate were added. The reaction was stirred at room temperature over night. 

The reaction mixture was poured onto semi-concentrated ammonia and the layers were 

separated. The aqueous layer was repeatedly extracted with dichloromethane. The combined 

organic layers were washed with demineralised water, and were then dried over Na2SO4. The 

solvent was removed in vacuo. Subsequent purification by recycling GPC (eluent: THF) and size 

exclusion chromatography (SEC, eluent: DCM) gave 87 mg (80 μmol, 90%) of 30 as an orange 

solid. 

M.p.: 114-116 °C 

1
H NMR (400 MHz, CDCl3): δ = 7.64 (s, 2H, triazole-H), 7.26 (s, 2H, H-4, H-4’’’, overlaid with 

CHCl3-signal), 7.14 (d, 3J(H-4’’,H-3’’);(H-3’,H-4’)= 3.78 Hz, 2H, H-4’’, H-3’ ), 7.06 (d, 3J(H-3’’,H-4’’);(H-3’,H-4’)= 

3.79 Hz, 2H, H-3’’,H-4’), 4.38 (t, 3J(H-a’,H-b’) = 7.23 Hz, 4H, Ha’ ), 2.78 (m, 4H, Ha), 1.93 (m, 4H, Hb’), 

1.68 (m, 4H, Hb), 1.25 (m, 64H, Hc-k, Hc’-i’), 0.87 (m, 12H, Hl, Hj’)   

13
C NMR (125 MHz, CDCl3): δ = 142.4, 140.3, 136.7, 135.0, 130.7, 129.8, 126.9, 126.4, 123.9, 

118.8, 50.5, 31.9, 31.8, 30.4, 30.3, 29.6, 29.6, 29.5, 29.5, 29.4, 29.4, 29.3, 29.2, 28.9, 26.4, 

22.6, 22.6, 14.1, 14.1  

MS (MALDI-TOF, DCTB): m/z [M+H]+ = 1081.1 (calc. for C64H100N6S4: 1080.6)  

Elemental analysis: calc. (%) for C64H100N6S4: C 71.06, H 9.32, N 7.77; found: C 70.92, H 9.23, N 

7.65 
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3.1 Introduction 

When the formation of (well-) defined supramolecular aggregates is discussed in literature, 

the terms self-organisation and self-assembly often are used synonymously to describe the 

same process. Some authors, however, seek to discriminate between different kinds of 

processes, that is, differing situations which can be assigned to the two terms.[1,2] Thus, self-

assembly occurs in systems, that are at a local or global state of equilibrium. The free energy 

in such closed systems is taken to be minimised. Whitesides et al. define this condition as 

static self-assembly.[1] Self-organisation requires a situation where the system is open and 

dissipates energy, far from thermodynamic equilibrium. This situation is deemed dynamic self-

assembly by Whitesides et al.[1]  

Self-assembly of molecules into defined suprastructures or aggregates has gained great 

influence over the last three decades especially in the field of materials chemistry and 

nanotechnology.[1],[3-9] Self-assembly strongly depends on non-covalent interactions such as 

hydrogen bonds,[10] van der Waals interactions, π-π stacking, Coulomb forces, hydrophobic 

effects, metal coordination and dipole-dipole interactions.[1],[8] Supramolecular structures and 

aggregates are spontaneously formed under conditions of thermodynamic equilibrium. 

Because of the lability of non-covalent forces, supramolecular self-assembly is dynamic in 

nature and thus reversible. This ensures the possibility for self-healing of structures and avoids 

the formation of undesired side products.[1],[7,8] However, since mobility of the components is 

a prerequisite for self-assembly, it usually takes place in either liquids or on smooth surfaces 

and under these circumstances, the modification of the interactions between the components 

has to be considered.[1]  

The archetype for the formation of large and complex structures is biology itself. Since 

larger molecules, aggregates or other forms of organised matter are difficult or even 

impossible to create or to synthesise bond-by-bond, the exploitation of interactions via weak 

intermolecular forces such as hydrogen bonds or electrostatic interactions etc. is the strategy 

employed by biology. All classes of biomolecules (peptides, nucleic acids, sugars, lipids) rely on 

weak non-covalent interactions in order to organise rather simple building blocks into 

sophisticated three-dimensional suprastructures with superior performance in biological 

processes. A very precise hydrogen bonding pattern for example, combined with a simple set 
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of basic building blocks, leads to the storage of immense amounts of genotypic information on 

two strands of nucleic acids (DNA). Another example concerns signalling pathways, where the 

recognition of the most subtle changes in three-dimensional structure of large proteins or 

even only slight alterations at their surfaces are crucial.  

3.2 Self-Assembly of π-Conjugated Systems 

The importance of a preferably regular organisation of organic (semi)conductors in the bulk 

and on surfaces in order to achieve good performance in nanoelectronic devices has been 

known for some years.[11,12]  

Bäuerle and co-workers extensively investigated 2D suprastructures of oligomeric and 

polymeric alkyl-substituted thiophenes at the solution-HOPG (highly oriented pyrolytic 

graphite) interface and 3D self-assembly in the bulk (X-ray structure analyses).[13-17] Subjects of 

the investigations were a family of symmetrically dodecyl-substituted oligothiophenes based 

on quaterthiophene A, head-to-tail coupled deci(3-dodecylthiophene) B and poly(3-

dodecylthiophene) C (Fig. 3-1). 

 

Figure 3-1:  Set of oligo-and polythiophenes investigated with respect to self-assembly by Bäuerle et 

al.[13-17]  

Scanning tunnelling microscopy (STM) investigations at the liquid-solid interface of A on 

HOPG from a 1,2,4-trichlorobenzene solution indicated the formation of several well-ordered 

domains. Within the domains, a very regular lamella-type arrangement of the aromatic 
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backbones is observed. Correlation of the observations from STM with X

theoretical calculations led to a model, in which the thiophene rings are arranged in an all 

conformation. Mainly responsible for the lamella

between the oligothiophene backbones in 2D ordering 

the bulk is the alkyl chain substitution pattern of the thiophenes and the interdigitation of the 

alkyl chains (Fig. 3-2).  
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assembly of thiophene compounds 

chain substitution. In the case of polymer 

performance of the compound in many nanoelectronic devices was deduced.

Figure 3-3: Self-assembly of polythiophene 

right: calculated model.

permission from [16]

Meijer, Schenning and colleagues presented a series of quinque

which were substituted with oligo(ethyleneoxide) groups, carrying a methyl group in the chiral 

α, β, δ or ε position of the chain

Figure 3-4: Series of chirally substituted quinque

hybrids according to 
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bly of thiophene compounds A-C deliver unique insight into the importance of alkyl side 

chain substitution. In the case of polymer C also a possible explanation of the superior 

performance of the compound in many nanoelectronic devices was deduced.

assembly of polythiophene C at the liquid-solid interface, left: STM measurements, 

right: calculated model. Copyright Wiley-VCH Verlag GmbH & Co. K

[16] and [17].  

and colleagues presented a series of quinque-, sexi

which were substituted with oligo(ethyleneoxide) groups, carrying a methyl group in the chiral 

α, β, δ or ε position of the chain (Fig. 3-4).[18-24]  

Series of chirally substituted quinque-, sexi- and septithiophene-oligo(ethyleneoxide) 

to Meijer et al.[18-24] 
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In Fig. 3-4 the series with S-configured stereocentres is depicted. For m = 4 with the 

stereocentre in the β-position also the corresponding R compound was synthesised. The 

compounds were extensively studied with respect to their self-assembly behaviour in 

solution[18-23] and on the surface.[19-21],[24] In solution, especially the sexithiophenes (m = 4) 

with the methyl group’s position gradually varying between the α- and the ε-position have 

been investigated.[21] Meijer, Schenning and colleagues showed, that the magnitude of the 

Cotton effect observed in circular dichroism (CD) spectroscopy at the absorption maximum of 

the oligothiophenes in n-butanol depends on the position of the chiral centre relative to the 

conjugated backbone. The further away, the smaller the effect becomes. In addition, for odd 

numbered positions of the S configured compound, that is, the α- and the ε-position, the low 

energy side of the band has a positive sign, while for the even numbered corresponding 

compounds (β- and δ-position) it has a negative sign. Furthermore, the sign of the Cotton-

effect also inverts when going from a quinque-, to a sexi- to a septithiophene with the chiral 

centre at a constant position. As one would expect, enantiomeric sexithiophene-

oligo(ethyleneoxide) hybrids showed mirror-image effects in CD spectroscopy. The largest 

stability of aggregates was observed for the achiral reference compound, indicating the 

contrary effect of π-π-interaction of the conjugated backbone versus the chiral 

oligo(ethyleneoxide) side chains. For the enantiomeric pair of sexithiophenes with m = 4 

(methyl group in the β-position) and their achiral counterpart, thorough investigations of their 

self-assembly on substrates were conducted by atomic force microscopy (AFM).[24] 

Surprisingly, for both enantiomers fibres with a left-handed helicity were observed on oxidised 

silicon, whereas the achiral analogue did not form any chiral suprastructure under the same 

conditions (Fig. 3-5). These results demonstrate, that the chirality of suprastructures does not 

necessarily have to depend on the stereochemistry of the building blocks. In further 

experiments it was shown, that the helical suprastructure is controlled by surface interactions 

and is influenced by gradually varying the polarity and hydrophilicity of a surface.  
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Figure 3-5: AFM phase images (bars represent  1μm) of (left

on oxidised silicon.

Meijer, Schenning and co-

derivatives equipped with a diaminotr

Figure 3-6: Set of oligo(p-phenylenevinylene)s with hydrogen bonding headgroup.

Compounds A and B equipped with chiral side chains were observed to form

hexameric macrocyclic structures at the so

into tubular structures, as was proven by CD, UV

formation of fibres with a height of 6.4 nm was visualised, the thickness of the fibres 

corresponding to the diameter of the hexameric suprastructure from STM and in accordance 

with results from small angle neutron scattering (SANS).

 Self-Assembly 

AFM phase images (bars represent  1μm) of (left) SS-sexithiophene, right: 

on oxidised silicon. [24] – Reproduced by permission of The Royal Society of Chemistry

-workers also presented a set of oligo(p-phenylenevinylene) (OPV) 

derivatives equipped with a diaminotriazine hydrogen bonding motif (Fig. 3

phenylenevinylene)s with hydrogen bonding headgroup.

equipped with chiral side chains were observed to form

hexameric macrocyclic structures at the solid-liquid interface in STM. The cycles self

structures, as was proven by CD, UV-Vis and fluorescence spectroscopy. In AFM, 

formation of fibres with a height of 6.4 nm was visualised, the thickness of the fibres 

iameter of the hexameric suprastructure from STM and in accordance 

with results from small angle neutron scattering (SANS).[25]  
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sexithiophene, right: RR-enantiomer 

Reproduced by permission of The Royal Society of Chemistry. 

phenylenevinylene) (OPV) 

Fig. 3-6, A and B).[25,26]  

 

phenylenevinylene)s with hydrogen bonding headgroup.[25-29]  

equipped with chiral side chains were observed to form chiral 

liquid interface in STM. The cycles self-assemble 

and fluorescence spectroscopy. In AFM, 

formation of fibres with a height of 6.4 nm was visualised, the thickness of the fibres 

iameter of the hexameric suprastructure from STM and in accordance 
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In an extension of this approach, the hydrogen bonding motif of the OPVs was 

strengthened and made more specific by the incorporation of a self-complementary ureido-

triazine unit.[27] For this new hydrogen bonding pattern, various compounds are equipped with 

either chiral (C, D, E in Fig. 3-6) or achiral side chains (F, G in Fig. 3-6).[26-30] C, D and E were 

found to first form dimers through their self-complementary hydrogen bonding pattern and 

then stack into rigid cylindrical objects governed by π-π-interactions (1H NMR measurements, 

photophysical measurements and calculations). On graphite, single fibres of 125 nm length 

and height of 5.2 nm were observed in AFM.[27] For the achiral trimer F and the chiral tetramer 

D the influence of shaking, stirring and convective flow on the chiroptical properties of the 

compounds’ suprastructure was studied. Especially for F, huge CD-effects could be observed 

originating from clockwise and counterclockwise stirring or shaking of the solution. The 

phenomena were attributed to the alignment of supramolecular assemblies due to convective 

flow and vortex flow patterns.[29] 

Melucci and colleagues recently presented a series of oligothiophenes connected via a 

chiral cyclohexyl diimine/diamine (Fig. 3-7).[31,32]  

 

Figure 3-7: Series of oligothiophenes attached to chiral cyclohexyl diimin/diamine according to 

Melucci et al. [31,32] 

For diimine compounds A, a rather strong negative Cotton effect indicative of a left-handed 

chiral suprastructure in chloroform was observed.[32] The chirality of this suprastructure is 

based on the arrangement of the oligothiophene arms with respect to each other, being 

arranged in an M helical fashion. Compared to diimine compounds A, diamine compounds B 

show a weaker and positive Cotton effect, corresponding to an arrangement of the 

oligothiophenes in the self-assembled suprastructure in a P helical conformation. The weaker 
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CD effects for the diamine series B than for the diimine series A is attributed to the 

conformational rigidity introduced by the C=N group in series A. Thus, compounds A are more 

restricted in their conformation than compounds B, for which a series of isoenergetic 

conformations could be calculated. Based on these and further measurements in the solid 

state Melucci and co-workers conclude, that the stereochemistry of the original cyclohexyl 

diamine, the size of the oligothiophene arms attached and the kind of linker used determine 

suprastructure chirality in both solution and in the solid state.  

An amphiphilic AB-type diblock copolymer which was designed with regard to self-assembly 

was introduced by Scherf and colleagues in 2007.[33,34] The polymer is composed of a nonpolar, 

hydrophobic poly[9,9-bis(2-ethylhexyl)fluorene] block and a polar, hydrophilic poly[3-(6-

diethylphosphonatohexyl)thienyl] block (Fig. 3-8). 

 

Figure 3-8: Amphiphilic diblock copoloymer by Scherf et al.[33,34]  

Optical spectroscopy studies of the behaviour of the polymer in solvent mixtures with 

different polarities (THF/water; THF/hexane) showed the hierarchical assembly of the 

respective polymer parts into differing suprastructures, depending on the solvent system 

chosen. AFM characterisation of drop-cast films from different solvent mixtures indicated the 

formation of micelles or vesicles in solution, the properties of which depended on the solvent 

system employed.  
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3.3 Peptide-Directed Self

Peptides and proteins constitute an interesting class of biomolecules for the enhanced self

assembly of materials. Due to the possible dihedral angles of the amide bond and the amino 

acids’ inherent ability for hydrog

geometries such as α-helices, β-sheets or 

sequence of amino acids (Fig. 3-9). 

Figure 3-9:  Examples of peptide secondary structure 

alanine); B: antiparallel

hydrogen, blue: nitrogen, red:

Reproduced by permission of the Royal Society of Chemistry from 

20, 3563-3578. 

In 2001, Stupp and co-workers presented a class of peptide

functional building blocks (Fig. 3

different purpose (Fig. 3-10A). The alkyl chain 

through its hydrophobic nature. Oligo

once it is assembled, by polymerisation. Triglycine 

phosphorylated serine 4 is designed to strongly 

RGD sequence, responsible for the hybrid’s ability of binding to cells. At pH 8, the amphiphiles 

were perfectly soluble. Going to lower pH, the peptide amphiphiles showed reversible self

assembly into a network of fibres.

stabilised. This type of amphiphilic structure proved very useful in the context of 

biomineralisation. 
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al building blocks (Fig. 3-10).[35-38] The five moieties incorporated each serve a 

). The alkyl chain 1 was incorporated to promote self

through its hydrophobic nature. Oligo-cysteine block 2 should stabilise the suprastructure, 

once it is assembled, by polymerisation. Triglycine 3 serves as a flexible linker, whereas the 

is designed to strongly interact with calcium ions. 5

RGD sequence, responsible for the hybrid’s ability of binding to cells. At pH 8, the amphiphiles 

were perfectly soluble. Going to lower pH, the peptide amphiphiles showed reversible self

ork of fibres. By oxidation of the cysteine moieties, the fibres were 

stabilised. This type of amphiphilic structure proved very useful in the context of 
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Figure 3-10: Peptide-amphiphile according to Stupp et al.; A: chemical structure; B: molecular model; 

C: model of a cylindrical micelle formed by self-assembly. Reprinted with permission from 

AAAS from [35]. 

The first synthesis of self-assembling peptide nanotubes based on cyclic alternating D,L-

peptides was reported in 1993 by Ghadiri et al.[39,40] Cyclic D,L-peptides were shown to adopt a 

flat ring-shaped structure in which the amide groups are oriented perpendicular to the plane 

of the cycle (Fig. 3-11). Thus, rings can self-assemble into stacks promoted by hydrogen 

bonding in a β-sheet like tubular fashion (Fig. 3-11, right). With a hydrophobic exterior and a 

hydrophilic interior, these peptide-nanotubes were shown to serve as artificial membrane 

pores.[41] The ability of the nanotubes has been exploited in the development of new 

antibacterial agents.[42] In addition, cyclic D,L-peptides have been functionalised with for 

example naphthalene derivatives in order to study delocalised electronic states of the self-

assembled peptide nanotubes.[43]  
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Figure 3-11: Cyclic peptides consisting of alternating D- and L-amino acids and their self-assembly into 

peptide nanotubes. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with 

permission from [40]. 

Self-assembling secondary structure motifs of peptides have also been exploited for the 

ordering of various polymers.[44-46] In order to form persistent self-assembled fibres from these 

materials, strong aggregator domains, mostly β-sheets, have to be chosen for the peptide 

moiety. These peptides are so called “difficult sequences” since their synthesis on solid 

support, their handling and analysis are challenging due to unwanted aggregation on the 

support. Börner and colleagues have shown that by incorporation of so called “switch”-

segments the strong aggregation tendency of polymers containing repeats of a threonine-

valine diad known to form β-sheets can be temporarily suppressed.[47-50] The “switch” segment 

gives rise to a kink in the sequence consisting of a β-ester linkage which can be transferred 

into a native amide bond via pH-controlled rearrangement (Fig. 3-12). Going from acidic pH to 

neutral or slightly basic reaction media, the aggregation properties of the peptide segment are 

re-established and the self-assembly process into fibres and tapes is triggered. Both peptide 

poly(ethylene oxide)-[47] and peptide poly(n-butyl acrylate)-polymers[48,49] have been 

investigated in this manner with respect to their self-assembly in solution and on surfaces. 
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Figure 3-12: “Switch” segment controlled suppression of suprastructure formation according to 

et al.; 1): mode of function of the switch segment; 

pH controlled aggregation process; b) SEM micrograph of self

(ethylene oxide) microtapes; c) AFM height image of strictly left

sembled poly(n-butyl

mission from [47] and [48], copyright (2006) American Chemical Society.

duced by permission of The Royal Society of Chemistry

The groups of Frauenrath

of peptide segments for polymerisation of diacetylenes to poly(d

successful conversion into highly conjugated polymers, the diacetylene moieties need to be 

positioned in an almost crystalline

after the reaction which is also known as topoche

described here, the organisation of the peptide

mostly using β-sheet secondary structure motifs, serves as a preorganisation of monomers 

prior to polymerisation. To this end, 

macromonomers consisting of amine

quaterpeptide obtained from sequential peptide couplings, a diacetylene core and finally, 

differing residues R (Fig. 3-13

 Self-Assembly 

“Switch” segment controlled suppression of suprastructure formation according to 

mode of function of the switch segment; 2): a) schematic represent

pH controlled aggregation process; b) SEM micrograph of self-assembled peptide poly

oxide) microtapes; c) AFM height image of strictly left-handed

butyl acrylate)-fibre (spin coating on mica). Reproduced in part

sion from [47] and [48], copyright (2006) American Chemical Society.

duced by permission of The Royal Society of Chemistry. 

Frauenrath,[51-57] Stupp[58]and Tirrell[59] have exploited the organising ability 

of peptide segments for polymerisation of diacetylenes to poly(diacetylene)s. For the 

successful conversion into highly conjugated polymers, the diacetylene moieties need to be 

positioned in an almost crystalline-like lattice which ensures little displacement before and 

after the reaction which is also known as topochemical reaction. Thus, in the approach 

described here, the organisation of the peptide-diacetylene hybrids into suprastructures

sheet secondary structure motifs, serves as a preorganisation of monomers 

prior to polymerisation. To this end, Frauenrath and co-workers designed a set of 

macromonomers consisting of amine-terminated poly(isoprene) units, a tetra

quaterpeptide obtained from sequential peptide couplings, a diacetylene core and finally, 

13).  
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Figure 3-13: Macromonomers for self-assembly and subsequent polymerisation into poly(acetylene)s 

by Frauenrath et al.[53],[55] 

Infrared (IR) spectroscopy experiments showed, that self-assembled samples of A-E 

displayed clear features of parallel β-sheet structures, whereas F and G were found to self-

assemble in an antiparallel β-sheet manner. For H and I, a mixture of β-sheet and other 

secondary structures was deduced. Scanning force microscopy (SFM) images of self-assembled 

samples of A-I shed light on the suprastructure features generated. A-E were found to form 

rigid, many micrometers long fibres with a persistence length well above 100 nm. Compounds 

F and G only gave rise to much shorter and more flexible flat tapes together with a big amount 

of non-fibrillar material, whereas H and I did not display any fibrillar suprastructure at all 

(Fig. 3-14).[53],[55] Successful formation of poly(acetylene) upon UV irradiation was proven by 

UV-Vis spectroscopy, solid state 13C NMR and Raman spectroscopy. [52],[55] 
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Figure 3-14: Representative examples of SFM-images of diacetylene macromonomers according to 

Frauenrath et al.:[53] a) right-handed double helical features were found for A; b) C formed 

left-handed single fibres with a complex periodic fine structure; c) E gave rise to flat tapes. 

Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission from [51], 

[52], [53] and [55]. 

Although mostly β-sheet motifs are exploited for the generation of suprastructures, there 

are also examples of other secondary structure elements used to hierarchically organise 

peptide-polymer hybrids. In 2003, Klok and colleagues presented two diblock hybrids between 

a poly(ethylene glycol) (PEG) polymer and peptides present in a coiled coil motif, consisting of 

a bundle of amphiphilic, right-handed α-helices wrapped around each other at an angle of 

about 20° into a left-handed superhelix.[60] Analytical ultracentrifugation (AUC) and circular 

dichroism (CD) spectroscopic experiments led to the conclusion, that in solution an 

equilibrium prevailed between discrete unimeric, dimeric and tetrameric species. On the basis 

of the experimental results, a model for the self-assembly of the hybrid was developed (Fig. 3-

15). 

 

Figure 3-15: Model for the self-assembly of PEG-peptide hybrids derived from experiments by Klok et 

al. Reproduced with permission from [60], copyright (2003) American Chemical Society. 
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3.4 Peptide-Directed Self-Assembly of π-Conjugated Compounds 

In 2004, our group presented the first example of an oligothiophene directly conjugated to 

a β-sheet peptide.[61] The pentapeptide sequence glycine-L-alanine-glycine-L-alanine-glycine 

(GlyAlaGlyAlaGly, GAGAG) is inspired by Bombyx mori (silk-worm) silk, the regioregularly hexyl 

chain-substituted quaterthiophene is a structurally defined oligomeric model of the well 

known regioregular poly(3-hexyl)thiophene (P3HT, Fig.3-16).  

 

Figure 3-16:   Quaterthiophene-β-sheet peptide-hybrid GAGAG-4T according to Bäuerle et al. [61] 

The hybrid  GAGAG-4T was synthesised by solid phase supported peptide synthesis (SPPS) 

between the peptide and a carboxylic acid functionalised quaterthiophene-precursor.  

Attenuated total reflectance-Fourier transform infrafred spectroscopy (ATR-FTIR) suggested 

an antiparallel orientation of the pentapeptide sequence and thus confirmed that the 

capability of the peptide to form β-sheets could be maintained in the hybrid. The change in 

ability for supramolecular organisation of the hybrid by an extended hydrogen bond pattern in 

comparison to its parent compound, the carboxylic acid-functionalised quaterthiophene, could 

be visualised by scanning tunneling microscopy (STM). For the quaterthiophene precursor, 

well-structured, very regular domains with a lamellar long-range ordering could be oberved, 

whereas GAGAG-4T on a HOPG-surface displayed long linear strands of 3.5 to 4.0 nm in width 

and 3 Å in height. This change in 2D suprastructure has to be attributed to the ability of the 

peptide part of the hybrid to govern self-assembly via hydrogen bonds.  

Recently, three other examples of oligothiophene-peptide hybrids were presented. The 

group of Tovar introduced a compound consisting of a peptide-sequence, in which a 

bithiophene was incorporated by solid phase-supported peptide synthesis (SPPS) (Fig. 3-17).[62]  

  



Chapter 3:   Self-Assembly 77 

 

Figure 3-17: Bithiophene incorporated via SPPS into a peptide sequence by Tovar and coworkers.[62]  

The most intriguing fact about this hybrid was the solubility of the molecule in aqueous 

media and thus the possibility for the formation of suprastructures under physiological 

conditions – an important aspect for the elucidation of the role of β-sheet rich protein fibres 

(amyloids) associated with Alzheimer’s disease or type 2 diabetes. The self-assembly of  the 

hybrid can be triggered by a change in pH (basic: molecular dissolution, acidic: aggregation). 

Upon suprastructure formation (acidic pH), fluorescence which had been present in the 

molecularly dissolved state (basic pH), was efficiently quenched. Along with the fluorescence 

quenching, a bisignate signal in CD spectroscopy with a zero crossing in the range of the 

absorption maximum of the bithiophene at λ = 320 nm occurred. It has to be noted, however, 

that no significant change in shape or position of the absorption curves of the two states 

(molecularly dissolved and assembled) could be detected. The two other examples of 

oligothiophene peptide hybrid were introduced by Stupp and coworkers. Initially they 

investigated a hybrid molecule - so-called TTPL - which represents an extension of a class of 

tripeptide amphiphiles previously investigated by their group (Fig. 3-18).[63]  

 

Figure 3-18: Tripeptide amphiphile-based terthiophene TTPL.[63] 

In contrast to these predecessors, TTPL was modified with a terthiophene moiety, a 

potential semiconductor in the solid state. Transmission electron microscopy (TEM) 

experiments showed the formation of twisted, helical fibers (Fig. 3-19).  

  



78   Self-Assembly  

 

Figure 3-19: TTPL by Stupp et al. shows double helical structures on a nanometer scale.[63] Images b) 

and d) depict the parallel bundling of double helical features. Parameters of the structures 

are given in the panels. Reproduced from [63], copyright (2008) with permission from 

Elsevier. 

Atomic force microscopy (AFM) confirmed the strict left-handedness of the helical twist. In 

addition to single helical fibers also double and triple helices along with parallel bundling of 

multihelices could be observed by TEM. The double and triple nano fibers seemed to consist of 

two or three intertwined single helices respectively.  

Two other examples of oligothiophene-peptide hybrids recently published by the group of 

Stupp consist of symmetrically L-lysine-L-lysine-L-leucine-L-leucine β-sheet quaterpeptide 

substituted quinquethiophenes A and B (Fig. 3-20).[64]  

 

Figure 3-20: Quinquethiophene-oligopeptide hydrogelators according to Stupp et al.[64]  
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In hybrid A an additional pentyl-linker between the quinquethiophene and the peptides 

was introduced to allow for more flexibility between the hybrid’s parts. Both hybrids were 

found to form self-supporting gels in water at low concentrations. By means of AFM and TEM, 

investigations as to the nanostructures present in the gels were conducted. Whereas for A an 

intertwined network of uniformely shaped 1D nanostructures could be visualised, for B very 

short nanostructures were found. The latter are postulated to have formed from longer 

structures present in the gel due to breaking when put on the surface. More evidence for 

differences in supramolecular self-assembly between the two hybrids A and B comes from CD 

spectroscopy, leading to the conclusion, that whereas in A, due to the introduction of the 

alkyl-spacer both π-π stacking and β-sheet formation occur, the driving force for self-

organisation in B can be attributed to π-π stacking.  

De Feyter, Meijer, Schenning and colleagues recently presented conjugates between 

oligo(p-phenylenevinylene)s and two peptide sequences with different secondary structures 

(Fig. 3-21).[65]  

 

Figure 3-21:  Oligo(p-phenylenevinylenes) substitituted with a β-sheet forming peptide GAGAG A and a 

GANPNAAG octapeptide sequence B.[65] 
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They chose a glycinyl-L-alanyl-glycinyl-L-alanyl-glycine (GAGAG) pentapeptide sequence A, 

supposed to form a β-sheet secondary structure and a glycinyl-alanyl-asparagyl-prolyl-

asparagyl-alanyl-alanyl-glycine (GANPNAAG) octapeptide B. In previous investigations the 

GANPNAAG sequence had proven to arrange in a β-sheet, which in turn forms helically twisted 

bilayer ribbons. When investigating self-assembly at the liquid-solid interface by scanning 

tunneling microscopy (STM), A showed very regular domains at the liquid-solid interface (1-

octanoic acid/highly oriented pyrolytic graphite (HOPG)) (Fig. 3-22). The suprastructures 

formed remind of bilayers. A molecular model proposing the antiparallel arrangement of A 

fitted the measurements well, confirming the anticipated formation of a β-sheet secondary 

structure by these OPV-peptide hybrids. B did not show any regular superstructure in STM, 

probably due to aggregation in 1-octanoic acid.  

 

Figure 3-22: a)-c) STM pictures of A at the 1-octanoic acid/HOPG interface (Meijer et al.);[65] d) depicts 

a molecular model of the interactions between A molecules in a monolayer. e) molecular 

model of A superimposed with a zoom of image a). Reproduced  with permission from 

[65], copyright (2008) American Chemical Society. 
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In addition to oligomeric semiconductors, also semiconducting polymers were substituted 

with amino acids and peptides. An example of regioregular polythiophene equipped with an 

amino acid, poly(3-[(S)-5-amino-5-carboxyl-3-oxapentyl]-2,5-thiophenylene hydrochloride), L-

POWT and the corresponding enantiomerically substituted polymer, D-POWT, were 

introduced by Inganäs and co-workers (Fig. 3-23).[66-68]  

 

Figure 3-23: D- and L-serine substituted polythiophenes by Inganäs and co-workers.[66-68] 

Both enantiomers of the polymer showed pH-dependant absorption, emission and CD 

spectra. The stereochemistry of the side chains did not influence this behaviour per se, except 

for the CD spectroscopy where L-POWT and D-POWT showed mirror image Cotton effects, as 

one would expect. The quality of pH-dependant changes in CD spectra remains the same for 

both enantiomers, though. At pH equal to the isoelectronic point (pI) of the employed serine, 

the polymeric backbone is rationalised to adopt nonplanar helical conformations, with isolated 

polymeric backbones prevailing. At lower pH, the backbones are presumed to be planarised, 

but still an aggregation of the conjugated segments seems to be absent. Increasing the pH 

eventually leads to planarisation and aggregation of the polythiophene.[67] Both enantiomers 

were utilised as conformational sensitive optical probes for the sensing of pH induced 

conformational changes in a synthetic peptide.[68] 

Jenekhe, Mezzenga and colleagues reported a series of hybrid triblock copolymers, 

consisting of a poly(9,9-dihexylfluorene-2,7-diyl) (PHF) middle block and two poly(γ-benzyl-L-

glutamate) (PBLG) end blocks (Fig. 3-24).[69,70]  
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Figure 3-24: Triblock copolymers according to Jenekhe, Mezzenga et al.[69,70] 

The PBLG blocks can either adopt an α-helical secondary structure corresponding to a rod-

like behaviour or it can be suppressed, leading to a coil configuration. Thus, for the whole 

polymer, it is possible to switch between a rod-rod-rod or a coil-rod-coil configuration. The 

rod-coil transition of the peptide part can be triggered by either a variation of the temperature 

at a constant solvent composition or by varying the solvent composition at constant 

temperature. Self-assembly and ordering of the copolymers in the bulk were investigated by 

TEM and X-ray scattering, revealing that the coil-rod-coil conformation of the copolymer leads 

to lamellar ordering, whereas the rod-rod-rod arrangement remains in a clusterlike structure.  
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4.1 Introduction 

In the present work, peptide- and amino acid-aided self-assembly of potential organic 

semiconductors, namely dialkyl-substituted quaterthiophenes is investigated. For the 

combination of peptides with π-conjugated oligomers, the compounds in question consist of a 

quaterthiophenic backbone, which is either mono (A-B-system)- or disubstituted (A-B-A-

system) with a β-sheet forming sequence, containing three repeats of L-valine-L-threonine (Fig. 

4-1). In addition, the peptide sequence is equipped with a polydisperse poly(ethylene oxide) 

chain (n = 14-15). 

 

Figure 4-1: Didodecyl-substituted quaterthiophenes with one or two repetitive L-valine-L-threonine 

sequences attached.  

Due to their amphiphilic character and the defined secondary structure of the biological 

moiety, hybrids 31-32 show interesting self-assembly behaviour in as well solution as on solid 

substrates.  

In cooperation with the group of Prof. Hans G. Börner, Humboldt University Berlin, several 

aspects were considered for the design of the hybrids with regard to the properties of the two 

moieties. As an oligothiophene building block, symmetrically didodecyl-substituted 
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quaterthiophene 8 was chosen. As already described (chapter 3.2), this fully conjugated 

backbone self-assembles at the liquid-solid interface into very regular lamellar structures, 

governed by the interdigitating interactions of the long alkyl side chains. With respect to the 

peptide part, a β-sheet forming sequence containing three alternating repeats of L-valine-L-

threonine (Val-Thr)3 was chosen. This sequence is known to adopt a β-sheet secondary 

structure in both aqueous[1,2] and some organic media.[3] In order to be able to realise isolated 

fibrillar structures in self-assembly and enhance solubility, the hybrid was shielded laterally by 

poly(ethylene oxide) in the case of the A-B-A system 31 (peptide-block-semiconductor-block-

peptide), and in the case of the A-B system 32 on one side.  

The (Val-Thr)x sequence is known to be a “difficult” peptide, raising problems due to 

aggregation on the solid support during synthesis and work-up.[4] Hence, and in order to 

temporarily suppress the competing aggregation tendencies of the different parts of the 

hybrid (peptide versus oligothiophene), a strategy was employed utilising both 

pseudoprolines[5,6] and switch ester moieties[7-10] for the synthesis of the peptide moiety. The 

pseudoproline serves as a transient structure-disrupting protecting group for threonine, 

whereas the switch ester segment produces a temporary structural defect in the peptide 

backbone by introducing a β-ester connectivity between Val5 and Thr6 instead of a native α-

amide linkage (Fig. 4-2). 

 

Figure 4-2: Details of the “disturbed” peptide sequence, a): pseudoproline and switch ester segment, 

b): mode of function of the switch ester segment.  

The pseudoproline unit is removed during standard acidic deprotection conditions, while 

the switch ester segment is preserved at low pH. Reestablishment of the native α-amide 

peptide backbone can be achieved, though, by an increase in the pH to neutral or even slightly 
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basic conditions. The deprotonation of the amine function triggers the rearrangement from β-

ester connectivity to α-amide backbone (Fig. 4-2b), thus leading to the fully stretched native 

peptide.  

4.2 Synthesis of β-Sheet Oligothiophene Hybrids 

4.2.1 Synthesis of A-B-A β-Sheet Oligothiophene Hybrid 31 

Synthesis of the symmetrically substituted quaterthiophene-peptide compound 31 was 

accomplished by “click”-chemistry of bis-ethynylated quaterthiophene 4 (see chapter  2.4.2.1) 

and peptide-PEO hybrid 33 (Scheme 4-1). 

 

Scheme 4-1: Synthesis of quaterthiophene-β-sheet-peptide hybrid 31; a): 6 eq. CsF, MeOH/THF, rt, 

2 h; b) 0.4 eq. [Cu(CH3CN)4]PF6, 0.4 eq. Cu°, DCM, rt, 40 h. 

Trimethylsilyl protecting groups of bis-ethynylated quaterthiophene 10 were removed by 

caesium fluoride to give compound 4, which was used without further purification in the 

subsequent Cu(I)-catalysed 1,3-dipolar Huisgen cycloaddition. Peptide-PEO hybrid 33 was 

obtained from the group of Prof. Hans G. Börner, Humboldt University Berlin, and was 

synthesised according to literature procedures.[11] The peptide contains an azido-

phenylalanine amino acid (highlighted in blue in Scheme 4-1) as ligation point for attachment 

at the bis-acetylene. Cu(I)-catalysed 1,3-dipolar Huisgen cycloaddition was accomplished by 

use of a Cu(I)-complex well soluble in organic media, tetrakis(acetonitrile)copper(I) hexa-

fluorophosphate. The reaction protocol applied was adapted from literature,[12] employing 
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dichloromethane as solvent. In a variation of the protocol given in literature,[12] elemental 

copper powder was added to the reaction mixture in order to avoid possible oxidation of the 

Cu(I) catalyst. Both peptide-PEO compound 33 and bis-ethynylated quaterthiophene 4 were 

well soluble in pure dichloromethane.  

After 40 h reaction time, the crude product was purified by size exclusion chromatography 

(SEC) with tetrahydrofuran (THF) and subsequent precipitation with diethyl ether from 

dioxane. After drying in vacuum, fully protected PEO-peptide-quaterthiophene-peptide-PEO 

hybrid 31 was obtained as an orange solid in 57% yield. The compound was characterised by 

1H NMR, confirming the overall composition by showing characteristic resonances of the PEO–

peptide conjugate segments (δ = 3.55 ppm (PEO), δ = 7.63 ppm (peptide, azido phenylalanine) 

and δ = 7.26, 7.12 and 7.04 ppm (quaterthiophene central block)). Integration of resonance 

intensities suggested the existence of two PEO blocks with 14-15 repeating units each and two 

(Val-Thr)3 units per oligothiophene backbone (Fig. 4-3).  

 

Figure 4-3: 
1H NMR spectrum of PEO-peptide-quaterthiophene-peptide-PEO hybrid 31 

(C2D2Cl4/MeOH-d4 3:1, 350 K); δ = 6.00 ppm: tetrachloroethane, δ = 3.26 and 3.19 ppm: 

methanol. 
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Although PEO-peptide-quaterthiophene-peptide-PEO hybrid 31 was well soluble as such in 

different organic media (dichloromethane (DCM), chloroform, tetrahydrofuran (THF), dioxane, 

methanol), 1H NMR investigations had to be carried out in a mixture of deuterated solvents at 

elevated temperatures (C2D2Cl4/MeOH-d4 3:1, 350 K) due to aggregation tendencies of the 

hybrid’s different blocks. Matrix-assisted laser desorption ionisation time-of-flight (MALDI-

TOF) mass spectra revealed a non-resolvable mass distribution with a peak mass of around 

m/z = 5000 (calculated: m/z = 4611.8). In addition, gel permeation chromatography (GPC, 

measured in the group of Prof. Börner) confirmed an increase in hydrodynamic volume when 

PEO-peptide-quaterthiophene-peptide-PEO hybrid 31 (THF, pS-standards; Mn = 3500 g/mol, 

Mw/Mn = 1.34) is compared to PEO-peptide compound 33 (THF, pS-standards; 

Mn = 1400 g/mol, Mw/Mn = 1.16), indicated by a shift of the trace toward higher molecular 

weight (Fig. 4-4). 

 

Figure 4-4: Analytical GPC traces of PEO-peptide-quaterthiophene-peptide-PEO hybrid 31 and PEO-

peptide compound 33 in THF.  

4.2.2 Synthesis of A-B β-Sheet Oligothiophene Hybrid 32 

PEO-peptide-quaterthiophene 32 was prepared analogously to the A-B-A system 31 

(Scheme 4-2). Here, though, as a π-conjugated building block, mono-ethynylated 

quaterthiophene 5 was employed (see chapter 2.4.2.1).  
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Scheme 4-2: Synthesis of quaterthiophene-β-sheet-peptide hybrid 32; a) 0.4 eq. [Cu(CH3CN)4]PF6, 

0.4 eq. Cu°, DCM, rt, 24h. 

Ligation of the potential semiconductor and the biological moiety was accomplished by 

Cu(I)-catalysed 1,3-dipolar Huisgen cycloaddition, again using tetrakis(acetonitrile)copper(I) 

hexafluorophosphate and following the protocol already described for bisubstituted 

compound 31. 

Reaction was complete after 24 h. The crude product was purified by SEC with THF and 

subsequent precipitation with diethyl ether from dioxane. After drying in vacuum, fully 

protected PEO-peptide-quaterthiophene hybrid 32 could be isolated as an orange compound 

in 71% yield. The compound was characterised by 1H NMR, confirming the overall 

stoichiometry of one quaterthiophene building block to one peptide-PEO hybrid by showing 

characteristic resonances of the PEO–peptide conjugate segments (δ = 3.56 ppm (PEO), 

δ = 7.64 and 7.36 ppm (peptide, azido phenylalanine) and δ = 7.26, 7.13, 7.09, 7.03, 6.96 and 

6.87 ppm (quaterthiophene block); Fig. 4-5). Here, too, due to aggregation tendencies of the 

A-B system 32 elevated temperatures and a mixture of deuterated solvents had to be 

employed (350K, C2D2Cl4 / MeOH-d4 3:1). Matrix assisted laser desorption ionisation time-of-

flight (MALDI-TOF) mass spectra revealed two homologous series with 44 Da mass difference 

of the PEO repeat units, each (m/z(max intensity) = 2661.9 and 2678.1, which can be assigned to 

[M + Na]+ and [M + K]+, respectively, with 15 ethylene glycol repeat units and an end group 

mass of 1260.75 Da). 
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Figure 4-5: 
1H NMR spectrum of PEO-peptide-quaterthiophene hybrid 32 (C2D2Cl4/MeOH-d4 3:1, 

350K); δ = 6.00 ppm: tetrachloroethane, δ = 3.28 and 3.06 ppm: methanol. 

GPC in the case of compound 32 (measured in the group of Prof. Börner; THF, pS-standards; 

Mn = 1590 g/mol, Mw/Mn = 1.38) was indicative of higher molecular weight than for the pure 

peptide-PEO hybrid 33 (THF, pS-standards; Mn = 1400 g/mol, Mw/Mn = 1.16) but lower than for 

the bisubstituted A-B-A system 31 (THF, pS-standards; Mn = 3500 g/mol, Mw/Mn = 1.34; Fig. 4-

6). 

 

Figure 4-6: Comparison of the analytical GPC traces of PEO-peptide-quaterthiophene hybrids 31 and 

32 and PEO-peptide 33 in THF. 

17 18 19 20 21 22 23
0

20

40

60

80

100

 

 

 

 

 31
 32
 33

Elution volume [mL]

U
V

 r
el

. i
nt

en
si

ty
 (

λ 
=

 2
60

nm
)



Chapter 4:  β-Sheet Oligothiophene Hybrids 93 

4.3 Self-Assembly of β-Sheet Quaterthiophene Hybrids 

4.3.1 Self-assembly of A-B-A β-Sheet Oligothiophene Hybrid 31 investigated by 

AFM, TEM and FT-IR 

Investigation of the self-assembly properties of A-B-A system 31 on surfaces was conducted 

in the group of Prof. Hans G. Börner. For deprotection, 31 was first treated with 30% trifluoro 

acetic acid (TFA) in dichloromothane. Under these acidic conditions all protecting groups 

present in hybrid 31 (tBoc, pseudoproline, tbutyl-ester, Fig. 4-1) were removed, except for the 

switch ester segment, which is preserved. Thus, the molecule still exhibits a kink in the peptide 

backbone (Fig. 4-7). 

 

Figure 4-7: A-B-A system 31 in deprotected, but still kinked form. 

To investigate self-assembly of 31, several solvents were employed. After deprotection, but 

still in the kinked form, hybrid 31 was solved in water (pH ≈ 4-4.5; c = 1mg/mL).  
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After 5 days on the shaker, the sample was diluted with water (0.2

on mica. Tapping mode AFM pictures r

an average diameter of roughly 60

Figure 4-8: AFM height images of spin

aqueous phosphate buffer, pH

Another sample was prepared, using aqueous phosphate buffer to adjust the pH to 

AFM pictures were taken after 5 days equilibration and spin

clusters on the surface, although this time they were smaller

A third sample was prepared using dichloromethane as solvent with the addition of two 

droplets 30% TFA in dichloromethane for better solubility (pH

equilibration, the sample was diluted and spin

twisted short fibres (length < 1 

(Fig. 4-9). However, no clear suprastructure of these fibres could be observed. 

In hybrid 31, two opposing intramolecular interactions could

process, H-bonding and π-π stacking (hydrophobic). Thus, in addition to the conditions 

mentioned above, a fourth, solvent

over the self-assembly process. Deprotected

dichloromethane, and to this solution methanol was added gradually via syringe pump until a 

ratio of DCM/MeOH of 1:1 was reached (MeOH 0 vol% 

mixture had an apparent pH of about 5, t

were still intact.[3],[7]  
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After 5 days on the shaker, the sample was diluted with water (0.2 mg/mL) and spin

on mica. Tapping mode AFM pictures revealed the presence of large clusters 

an average diameter of roughly 60 nm (Fig. 4-8a). 

AFM height images of spin-coated samples of hybrid 31 on mica; a) water, pH

aqueous phosphate buffer, pH ≈ 6-6.5. 

sample was prepared, using aqueous phosphate buffer to adjust the pH to 

AFM pictures were taken after 5 days equilibration and spin coating on mica, again showing 

on the surface, although this time they were smaller (≈ 30 nm) in diameter 

A third sample was prepared using dichloromethane as solvent with the addition of two 

droplets 30% TFA in dichloromethane for better solubility (pH ≈ 2). After 4 days of 

equilibration, the sample was diluted and spin-coated on mica. From this solvent, irregularly 

 μm) were visualised (width ≈ 20 ± 3 nm, height 

9). However, no clear suprastructure of these fibres could be observed. 

, two opposing intramolecular interactions could dominate the self

π stacking (hydrophobic). Thus, in addition to the conditions 

tioned above, a fourth, solvent-guided strategy was employed in order to gain control 

assembly process. Deprotected, but still kinked compound 31

dichloromethane, and to this solution methanol was added gradually via syringe pump until a 

ratio of DCM/MeOH of 1:1 was reached (MeOH 0 vol% -> 50 vol% in 25

mixture had an apparent pH of about 5, thus the switch segments in the peptide moieties 

 

mg/mL) and spin coated 

clusters and islands with 

 

mica; a) water, pH ≈ 4-4.5; b) 

sample was prepared, using aqueous phosphate buffer to adjust the pH to ≈ 6-6.5. 

on mica, again showing 

in diameter (Fig. 4-8b). 

A third sample was prepared using dichloromethane as solvent with the addition of two 

2). After 4 days of 

solvent, irregularly 

nm, height ≈ 4 ± 0.5 nm) 

9). However, no clear suprastructure of these fibres could be observed.  

dominate the self-assembly 

π stacking (hydrophobic). Thus, in addition to the conditions 

guided strategy was employed in order to gain control 

31 was dissolved in 

dichloromethane, and to this solution methanol was added gradually via syringe pump until a 

> 50 vol% in 25 h). The resulting 

hus the switch segments in the peptide moieties 
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Figure 4-9: AFM height image and cross section profiles of deprotected 

DCM. 

Dichloromethane and methanol were chosen as solvents since dichloromethane is known 

to be a very good solvent for the oligothiophene 

bonding, whereas methanol is a non

hydrogen bonding in the peptide segment.

The dichloromethane/methanol 1:1 solution of 

syringe pump was spin-coated on mica a couple of hours after addition of methanol was 

finished and also after 2 days of further equilibration. In both cases, similar well

microstructures were visualised by means of AFM (Fig. 4

single object widths of about 12

lengths of up to several micrometers.

could be resolved for the fibres, possessing a pitch 
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AFM height image and cross section profiles of deprotected 31 spin

Dichloromethane and methanol were chosen as solvents since dichloromethane is known 

to be a very good solvent for the oligothiophene moiety, but strongly strengthens hydrogen 

bonding, whereas methanol is a non-solvent for the thiophene part

hydrogen bonding in the peptide segment. 

The dichloromethane/methanol 1:1 solution of deprotected compound 

coated on mica a couple of hours after addition of methanol was 

finished and also after 2 days of further equilibration. In both cases, similar well

microstructures were visualised by means of AFM (Fig. 4-10). The fibrillar structure

single object widths of about 12 ± 1 nm (not tip corrected), height maxima of 3

lengths of up to several micrometers. A tightly wound, strictly left-handed 

could be resolved for the fibres, possessing a pitch length of 20 ± 1 nm (Fig. 4
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spin-coated on mica from 

Dichloromethane and methanol were chosen as solvents since dichloromethane is known 

but strongly strengthens hydrogen 

solvent for the thiophene part, but competes with 

deprotected compound 31 prepared by 

coated on mica a couple of hours after addition of methanol was 

finished and also after 2 days of further equilibration. In both cases, similar well-defined 

The fibrillar structures showed 

nm (not tip corrected), height maxima of 3 ± 0.4 nm, and 

handed helical substructure 

Fig. 4-10b).  
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Figure 4-10: AFM height images of PEO

on mica from a DCM/MeOH solution 1:1 prepared by 

network of fibres after 2 days, right

ition of methanol was finished; b) left: zoom of left

image, right: cross section and height profile of helical fibre.

GmbH & Co. KGaA. Repr

The observation of helical self

ester segment (kinked peptide sequence) was surprising, since the efficiency of this structure 

disrupting element in suppressing β

previously.[1],[3],[13] According to this work, the switch ester remained intact at a pH

to protonation of the α-amine.  
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AFM height images of PEO-peptide-quaterthiophene-peptide-PEO hybrid 

on mica from a DCM/MeOH solution 1:1 prepared by syringe pump; a) left: picture of 

network of fibres after 2 days, right: image of fibrillar features found 2 hours after add

ition of methanol was finished; b) left: zoom of left-handed helical fibre from a) right 

image, right: cross section and height profile of helical fibre. Copyright Wiley

GaA. Reproduced with permission from [11]. 

of helical self-assembled fibres for compound 31 with an intact switch 

ester segment (kinked peptide sequence) was surprising, since the efficiency of this structure 

disrupting element in suppressing β-sheet formation had been demonstrated 

According to this work, the switch ester remained intact at a pH

 

 

 

PEO hybrid 31, spin-coated 

syringe pump; a) left: picture of 

: image of fibrillar features found 2 hours after add-

handed helical fibre from a) right 

Copyright Wiley-VCH Verlag 

with an intact switch 

ester segment (kinked peptide sequence) was surprising, since the efficiency of this structure 

t formation had been demonstrated 

According to this work, the switch ester remained intact at a pHapp. ≈ 5 due 
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The more surprising was the finding of distinct fibrillar structures for the hybrid system 

still exhibiting the peptide segment in the disturbed 

these fibres was confirmed by Transmission Electron Microscopy (TE

Figure 4-11: TEM image of compound 

A more precise determination of the width of the fibres based on TEM pictures gave a value 

of approximately 8 ± 2 nm. Selected area electron diffraction

measurement did not reveal any distinct reflexes and was thus indicative of the absence of an 

extended β-sheet secondary structure. In order to transfer the disturbed peptidic backbone 

into its native form, base was added to a solution of PEO

PEO hybrid 31 prepared by syringe pump. Only disrupted fragments could be visualised after 

spin coating on mica (Fig. 4-12

structure is not causal for the observ

Figure 4-12: AFM height image of disrupted fragments of the suprastructure of

addition of base to a 1:1 solution of DCM/MeOH prepared by syringe pump.

β-Sheet Oligothiophene Hybrids 

he more surprising was the finding of distinct fibrillar structures for the hybrid system 

still exhibiting the peptide segment in the disturbed state (‘‘non-switched’’). The presence of 

these fibres was confirmed by Transmission Electron Microscopy (TEM) (Fig. 4

 

TEM image of compound 31 with intact switch ester segments. 

A more precise determination of the width of the fibres based on TEM pictures gave a value 

nm. Selected area electron diffraction 

measurement did not reveal any distinct reflexes and was thus indicative of the absence of an 

sheet secondary structure. In order to transfer the disturbed peptidic backbone 

into its native form, base was added to a solution of PEO-peptide-quaterthiophene

prepared by syringe pump. Only disrupted fragments could be visualised after 

12), giving an additional hint, that an extended β

structure is not causal for the observed fibres.  

 

AFM height image of disrupted fragments of the suprastructure of 

addition of base to a 1:1 solution of DCM/MeOH prepared by syringe pump.
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he more surprising was the finding of distinct fibrillar structures for the hybrid system 31, 

switched’’). The presence of 

(Fig. 4-11). 

A more precise determination of the width of the fibres based on TEM pictures gave a value 

 (SAED) during TEM 

measurement did not reveal any distinct reflexes and was thus indicative of the absence of an 

sheet secondary structure. In order to transfer the disturbed peptidic backbone 

quaterthiophene-peptide-

prepared by syringe pump. Only disrupted fragments could be visualised after 

), giving an additional hint, that an extended β-sheet secondary 

 31, obtained after 

addition of base to a 1:1 solution of DCM/MeOH prepared by syringe pump. 
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Since transformation of the peptidic backbone did prove not to be possib

addition of base to a previously prepared sample, a more controlled approach to re

establishing the native peptide backbone was chosen. To achieve rearrangement of the switch 

ester segment, 0.001 M sodium hydroxide dissolved in methanol was di

syringe pump to a solution of deprotected but still kinked 

and TEM, again, fibrous structures could be observed upon investigation, with lengths up to 1

2 μM (AFM), heights of 2.4 ± 0.4 

respectively (Fig. 4-13). For these fibres, though, helical substructures never could be clearly 

resolved, so it has to be anticipated, that in this state of the peptide, the fibres do not possess 

a chiral substructure.  

Figure 4-13: AFM height and TEM images of the switched PEO

compound 31. a) and b): AFM height images; c) TEM image (unstained

Copyright Wiley-VCH Verlag GmbH & Co. K

The efficient removal of the structure disrupting β

peptide moiety of 31 was confirmed by the finding of distinct reflexes in SAED, leading to a

spacing of 4.8 ± 0.1 Å, which is typical for the in

4-13c).  

Affirmation for the prevalence of extended β

observed in AFM and TEM was obtained from Fourier transform (FT

indicated by an amide I band positioned at ν

structure motif (Fig. 4-14).  
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Since transformation of the peptidic backbone did prove not to be possib

addition of base to a previously prepared sample, a more controlled approach to re

establishing the native peptide backbone was chosen. To achieve rearrangement of the switch 

ester segment, 0.001 M sodium hydroxide dissolved in methanol was di

syringe pump to a solution of deprotected but still kinked 31 in dichloromethane. Both in AFM 

and TEM, again, fibrous structures could be observed upon investigation, with lengths up to 1

 nm (AFM) and widths of 8 ± 2 nm (TEM) and 11

For these fibres, though, helical substructures never could be clearly 

resolved, so it has to be anticipated, that in this state of the peptide, the fibres do not possess 

AFM height and TEM images of the switched PEO-peptide-quaterthiophene

. a) and b): AFM height images; c) TEM image (unstained) with SAED inset.

VCH Verlag GmbH & Co. KGaA. Reproduced with permission from [11].

The efficient removal of the structure disrupting β-ester connectivity in the disturbed 

was confirmed by the finding of distinct reflexes in SAED, leading to a

Å, which is typical for the interstrand distance in an extended β

Affirmation for the prevalence of extended β-sheets in the fibrillar microstructures 

observed in AFM and TEM was obtained from Fourier transform (FT-IR) infrared spectro

I band positioned at ν = 1638 cm-1, characteristic for this secondary 

 

 

Since transformation of the peptidic backbone did prove not to be possible by simple 

addition of base to a previously prepared sample, a more controlled approach to re-

establishing the native peptide backbone was chosen. To achieve rearrangement of the switch 

ester segment, 0.001 M sodium hydroxide dissolved in methanol was directly added via 

in dichloromethane. Both in AFM 

and TEM, again, fibrous structures could be observed upon investigation, with lengths up to 1-

nm (TEM) and 11 ± 2 nm (AFM), 

For these fibres, though, helical substructures never could be clearly 

resolved, so it has to be anticipated, that in this state of the peptide, the fibres do not possess 
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) with SAED inset. 
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ester connectivity in the disturbed 

was confirmed by the finding of distinct reflexes in SAED, leading to a d 

terstrand distance in an extended β-sheet (Fig. 

sheets in the fibrillar microstructures 

IR) infrared spectroscopy, 

, characteristic for this secondary 
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Figure 4-14:  Carbonyl region of the FT-IR spectra of compound 31 before addition of base (black), after 

addition of base (red) and after addition of base via syringe pump (green). 

Also from FT-IR, information concerning the cause of the formation of fibres consisting of 

31 in the disturbed state could be deduced. No evidence as to the presence of extended β-

sheet secondary structures was obtained (as was seen in TEM as well, see above). On the 

contrary, FT-IR spectra showed the presence of the intact switch ester absorption bands at 

ν = 1788 cm-1 and ν = 1746 cm-1. The amide I band in this state of the peptide is located at 

ν = 1673 cm-1, which is not a spectral range associated with extended β-sheet secondary 

structure. Upon addition of base to a sample of 31 previously prepared by the syringe pump 

technique, the characteristic switch ester bands disappeared and the amide I band was found 

to shift to lower wavenumbers, ν = 1643 cm-1, which typically are associated with β-sheet 

motifs. Unfortunately, the amide I band after addition of base is rather broad, therefore it 

could not unambiguously be determined whether an antiparallel (specific band around 

ν = 1690 cm-1) or a parallel (lack of this band) β-sheet arrangement is prevalent.[14]  

The broad shape of the amide I band after addition of base possibly indicates overlap with 

the amide I band of the initial spectrum. This would coincide with the observations of 

disrupted fragmental structures in AFM after direct addition of base to a fibre-containing 

solution, possibly indicating a competition between two strongly opposing forces of self-

assembly, thus leading to a frustrated structure. 
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4.3.2 Self-Assembly of A-B-A β-Sheet Oligothiophene Hybrid 31 investigated by 

UV-Vis, Circular Dichroism and Fluorescence Spectroscopy 

The observed fibrous microstructures of hybrid 31, both in the kinked and the extended 

state could – as described above – be observed on as well mica as carbon coated copper grids. 

In addition, dense networks of fibres were found, when a solution of 31 prepared by syringe 

pump was spin-coated onto highly oriented pyrolytic graphite (HOPG) (images not shown). 

Furthermore, peptide-polymer fibres containing rather similar peptide-sequences had been 

shown before by the group of Börner to already be present in solution by small angle neutron 

scattering (SANS).[15] Thus it is assumed, that the microstructures are formed in solution and 

predominant effects of the substrate on self-assembly of the fibres can be excluded.  

As was described before (chapter 3.2), the symmetrically didodecyl-substituted 

quaterthiophene 8 is able to self-organise by π-π interaction of the conjugated systems or by 

van der Waals interactions of the alkyl side chains.[16-18] To shed more light on the cause of 

self-assembly of hybrid 31 in the defective state of the peptide and especially to elucidate 

whether π-π interactions play a role, UV-Vis and fluorescence spectroscopy were employed. 

In order to be able to compare effects in self-assembled fibres to non-assembled 

compound, two different solutions were prepared for investigation. The first sample (case A), 

was prepared by slow addition of methanol to a DCM solution of the quaterthiophene-peptide 

hybrid 31 by a syringe pump as described above, the second one (case B) by directly dissolving 

the compound in a 1:1 mixture of methanol and DCM. Samples prepared according to case A 

exhibited micrometer-long fibres when spin-coated on mica, whereas in the case of B no such 

features could be found when investigating by AFM after two days, probably due to a higher 

molecular dissolution of compound 31. For both ways of preparing the sample, an alteration in 

dilution over two orders of magnitude did not cause any changes in neither position 

(λmax = 400 nm) nor shape of the π-π* transition band, as can be seen from the normalised 

absorption spectra (Fig. 4-15). Also, a comparison of the shape of the absorption bands for 

case A and case B did not account for significant differences. 
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Figure 4-15: Normalised absorption spectra of PEO-peptide-oligothiophene-peptide-PEO hybrid 31. 

Samples were prepared in two different ways; left (case A): solution was prepared by slow 

addition of methanol to a DCM solution via syringe pump (1:1); right (case B): solution was 

prepared by directly dissolving the compound in a 1:1 mixture of methanol and DCM. 

The occurrence of differences or changes in either shape or position of absorption bands of 

chromophores at differing concentrations is a sign of interacting π-systems (see exciton 

coupling theory, chapter 5.4.1). Since these changes and differences could not be observed for 

the different cases of hybrid 31, the presence of dominant π-π interactions in the self-

assembled fibrillar structures is highly unlikely. Taking a closer look at the spectra, though, it is 

revealed, that in the region of the π-π* transition and the n-π* transition of the peptide 

(λ = 190-220 nm), which is partially overlapped with the region of the excitation of the 

oligothiophene part perpendicular to the long axis of the molecule, an increase in intensity of 

the band with decreasing concentration is obvious. This has to be attributed to the influence 

of the peptide absorption bands, stating that the peptidic moiety of the hybrid at higher 

concentrations are interacting with one another while existing molecularly dissolved at lower 

concentrations. In addition, it has to be considered that the measurements are conducted in a 

1:1 mixture of dichloromethane/methanol. It is known, that dichloromethane absorbs in the 

region of the absorption spectra significant for the transitions of the peptide moiety (λ = 190-

220 nm), so results obtained in this region of the spectra have to be treated with caution.  

Circular dichroism (CD) spectroscopy did not reveal any effect which could be 

unambiguously associated with an aggregation of the π-conjugated backbones neither in case 

A (syringe pump) nor in case B (direct mixing).  
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Fluorescence spectroscopy on the other hand, as a very sensitive method, gave hints for 

aggregation. For both ways of preparing the samples, the emission intensity at a concentration 

of c ≈ 3x10-7 M was higher than in the solutions where the concentration is one order of 

magnitude higher (c ≈ 3x10-6 M). This finding leads to the assumption that in both samples 

certain aggregates of the oligothiophene-β-sheet–peptide 31 are formed, resulting in 

quenching of the emission of the conjugated backbone. Notably, this quenching does not 

necessarily need to stem from π-π interactions, but may also be caused by interaction of the 

π-system with the energy levels of other structural motifs that are shielding this conjugated 

backbone, such as the PEO chains attached to the peptide (see discussion of calculated model 

later on (Fig. 4-16).  

 

Figure 4-16: Emission spectra of PEO-peptide-oligothiophene-peptide-PEO hybrid 31 normalised to 

absorption, excitation at λ = 420 nm, samples were prepared in two different ways; left 

(case A): solution was prepared by slow addition of methanol to a DCM solution via 

syringe pump (1:1); right (case B): solution was prepared by directly dissolving the 

compound in a 1:1 mixture of methanol and DCM. 

When directly comparing the emission spectra for both cases of preparing the sample (via 

syringe pump and via direct mixing) at the same concentration, only very slight differences in 

the emission intensities were observed (Fig. 4-17). 
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Figure 4-17: Comparison of emission spectra for case A (straight line) and B (dotted line) at c ≈ 3x10-6, 

excitation at λ = 420 nm. 

Considering the margin of error these differences cannot be taken as indicative of π-π 

interactions. Furthermore, evidence for the formation of a frustrated structure after the 

addition of base to a solution containing fibres (see above) could also be obtained from 

fluorescence spectroscopy (Fig. 4-18). 

 

Figure 4-18: Emission spectra of PEO-peptide-oligothiophene-peptide-PEO hybrid 31, c ≈ 3x10-6 M, 

samples were prepared in two different ways; left, case A: solution was prepared by slow 

addition of methanol to a DCM solution via syringe pump (1:1); right, case B: solution was 

prepared by directly dissolving the compound in a 1:1 mixture of methanol and DCM; to 

both solutions, 20 μL of a 10mM sodium hydroxide solution in methanol were added and 

the variation of the emission was monitored over time.  
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To samples prepared as well by slow addition of methanol by syringe pump (case A) as by 

directly mixing both solvents (case B) 20 μL of a 10 mM sodium hydroxide solution in 

methanol was added. The alterations in both samples’ emission were monitored over time. 

For case A (Fig. 4-18 left) no significant change in emission intensity could be observed, 

suggesting that the aggregation type in the solution stays more or less the same. In sample B, 

especially after 24h a distinct decrease in emission intensity is observed, indicative of a more 

drastic change in the surroundings of the molecules which is triggered by the addition of base 

and the subsequent transformation of the switch ester segment into the native state of the 

peptide. 

As already reported for AFM investigations, a controlled way of transferring the switch 

ester segment into the native peptide sequence was chosen by use of 0.001 M sodium 

hydroxide dissolved in methanol which was directly added via syringe pump to a solution of 

deprotected but still kinked 31 in dichloromethane (case C). Normalised UV-Vis spectra for this 

case again did not clearly reveal any dominant π-π interactions (Fig. 4-19 left).  

 

Figure 4-19: Normalised absorption (left) and emission spectra (right, excitation at λ = 420 nm) for 

quaterthiophene-peptide-hybrid 31 in the native state of the peptide (case C). 

The effect of band broadening which was observed in the normalised absorption spectra 

for the highest concentration employed can be assigned to interactions between single fibrous 

aggregates in solution which leads to scattering effects and thus unspecific band broadening in 

as well red-shifted as blue-shifted direction. This, however, does not hint at π-π interactions. A 

similar effect for the curve representing the highest concentration can be observed for the 
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region of the spectrum assigned to the peptide absorption (λ = 190-220 nm), which is partially 

overlapped with the region of the excitation of the oligothiophene part perpendicular to the 

long axis of the molecule.  

In the emission spectra (Fig. 4-19 right), again the already described effect for cases A and B 

is displayed, a higher emission for the lower concentration of the sample. Nevertheless, the 

effect is not as pronounced as it is for the two other ways of preparing the sample, thus 

hinting at a different environment of the molecules in the self-assembled suprastructure in the 

case of a fully extended peptidic backbone. This was already accounted for by AFM (no chiral 

suprastructure of the fibres was resolved), TEM (SAED with a d spacing of 4.8 ± 0.1 Å, 

characteristic for extended β-sheets) and IR (amide I band at ν = 1638 cm-1). 

Also for case C, circular dichroism (CD) spectroscopy did not reveal any effect which could 

be unambiguously associated with an aggregation of the π-conjugated backbones and a 

resulting excitonic coupling.  

4.3.3 Models of Suprastructures of Hybrid 31 

4.3.3.1 Model of Suprastructure of Hybrid 31 in the Kinked State of the Peptide 

In cooperation with Dr. Elena Mena-Osteritz from our group, a theoretical molecular model 

has been developed on the basis of the experimental findings, accounting for the unexpected 

formation of helical fibres in the kinked state of hybrid 31 (Fig. 4-20).[11] Quantumchemical 

calculations on the Austin Model 1 (AM1) level were performed on isolated oligothiophene-

peptide molecules and on bundles of two and four of them. To simplify the complexity of the 

calculations, the PEO units were omitted, since they do not contribute to any specific 

interactions in contrast to the oligothiophene and the peptide, while the number of atoms is 

increased dramatically by their presence. Their high flexibility may cause additional problems 

in calculations.  
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Figure 4-20: Calculated energy minimum conformation of oligothiophene

molecule is depicted in the three Cartesia

molecular shape. Calculated model of an ensemble of eight molecules (bottom, left) as 

well as a model cartoon (bottom, right), showing the antiparallel β

of the calculated superstructur

Wiley-VCH Verlag GmbH & Co. K

The calculations gave a minimum of the energy for a conformation of the hybrid with an 

almost planar oligothiophene part and 

both in the same direction (Fig. 4

was employed as basis for the development of a model. Approaching two of the hybrid 
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Calculated energy minimum conformation of oligothiophene-peptide hybrid 

molecule is depicted in the three Cartesian directions for a better representation of the 

molecular shape. Calculated model of an ensemble of eight molecules (bottom, left) as 

well as a model cartoon (bottom, right), showing the antiparallel β-sheet and the helicity 

of the calculated superstructure. White arrow shows the fiber growth direction.

VCH Verlag GmbH & Co. KGaA. Reproduced with permission from [11].

The calculations gave a minimum of the energy for a conformation of the hybrid with an 

almost planar oligothiophene part and peptide blocks pointing out of the conjugated plane 

Fig. 4-20, top panel). This symmetrical optimised conformation 

was employed as basis for the development of a model. Approaching two of the hybrid 

 

 

peptide hybrid 31 (top). The 

n directions for a better representation of the 

molecular shape. Calculated model of an ensemble of eight molecules (bottom, left) as 

sheet and the helicity 

e. White arrow shows the fiber growth direction. Copyright 

GaA. Reproduced with permission from [11]. 

The calculations gave a minimum of the energy for a conformation of the hybrid with an 

peptide blocks pointing out of the conjugated plane 

, top panel). This symmetrical optimised conformation 

was employed as basis for the development of a model. Approaching two of the hybrid 
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molecules to one another with an offset of 7 nm along the molecular axis leads to 8 favourable 

H-bond interactions in each peptide part. Thus, the peptide strands interact in a favourable 

anti-parallel fashion (green arrows in Fig. 4-20). The oligothiophene backbones (yellow boxes 

in Fig. 4-20) are separated by 8 Å. Hence, as was revealed by the photophysical studies, an 

efficient π-π interaction cannot take place. The voids in between the oligothiophenes can be 

filled by the flexible PEO-chains (blue coils in Fig. 4-20).  

This model also accounts for an inherent left-handed suprastructure of the formed fibres, 

arising from the function of the oligothiophene block as a rigid and preorientating spacer 

between the peptide arms. In addition, the antiparallel arrangement of the peptide blocks 

stabilises the fibre in a helical manner and is responsible for fibre growth. The height of the 

suprastructures is predicted to be 3.2 nm, fitting well with the experimental values of 

3 ± 0.4 nm. The calculated angle between the pitch and the fibre growth direction 

(45° ± 2°) corresponds well to the experimental finding (40° ± 5°). The model predicts three 

hybrids to be needed for the completion of one loop, leading to a theoretical pitch length of 

18 ± 1 nm, which is in agreement with the experimental finding from AFM images (20 ± 1 nm). 

The thicknesses of the fibres experimentally determined by AFM and TEM correspond to the 

lateral interaction of 8-12 molecules in the theoretical model.  

4.3.3.2 Model of Suprastructure of Hybrid 31 in the Native State of the Peptide 

For the native state of the peptide moiety in hybrid 31, the following model is proposed for 

the suprastructure (Fig. 4-21). As described before in chapter 4.3.1, the fibres observed in AFM 

and TEM do not display any helical suprastructure. Hence, a flat arrangement of the single 

molecules in a β-sheet structure is most likely. The β-sheet structure itself was corroborated 

by IR spectroscopy and SAED (d spacing of 4.8 ± 0.1 Å).  

Hybrid 31 in its stretched out state is about 10 nm in width (without the flexible PEO 

chains), which fits very well with the experimentally observed widths of the fibre of 11 ± 2 nm 

(AFM) and 8 ± 2 nm (TEM). From FT-IR spectroscopy, it could unfortunately not be 

unambiguously determined, whether a parallel or an anti-parallel β-sheet is prevalent (chapter 

4.3.1), but a hint as to the parallel arrangement can be deduced from fluorescence 

spectroscopy. 
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Figure 4-21: Possible β-sheet superstructures of hybrid 

schematic representation of the quaterthiophene

chains, green arrow: peptide strand, yellow box: quaterthiop

representation of possible parallel β

Whereas for both method A (syringe pump) and method B (direct mixing of the solvents) of 

preparing the sample a minor fluorescence quenching was attributed to the interaction of the 

π-conjugated systems with PEO chains, this effect in fluorescence spectroscopy could not be 

seen for hybrid 32 in its native form (Fig. 4
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sheet superstructures of hybrid 31 in the native state of the 

representation of the quaterthiophene-peptide-PEO hybrid 3

chains, green arrow: peptide strand, yellow box: quaterthiophene; b) sch

representation of possible parallel β-sheet superstructure of hybrid 31.

(syringe pump) and method B (direct mixing of the solvents) of 

preparing the sample a minor fluorescence quenching was attributed to the interaction of the 

conjugated systems with PEO chains, this effect in fluorescence spectroscopy could not be 

in its native form (Fig. 4-19). Thus, a parallel alignment of the molecules in a 
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preparing the sample a minor fluorescence quenching was attributed to the interaction of the 

conjugated systems with PEO chains, this effect in fluorescence spectroscopy could not be 

19). Thus, a parallel alignment of the molecules in a 
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β-sheet structure seems more likely, since in this arrangement, an interaction of the π-

conjugated systems with the PEO chains is not feasible. 

The height of the fibres observed in AFM was 2.4 ± 0.4 nm. From simulations of the 

corresponding A-B hybrid 32 (chapter 4.3.6.2) which incorporates the same peptide structure 

it is known, that the height of a single layer β-sheet with this peptide sequence is 0.9 ± 0.1 nm, 

so a double layer structure of two β-sheets on top of each other would have to be assumed 

based on the geometries observed. Such multi-layer β-sheets are well-known in literature and 

result from interactions of the hydrophilic or hydrophobic sides respectively of two β-

sheets.[19] and references therein In such a manner, unfavourable interactions with the solvent can be 

prevented.  

Two strands of the β-sheet are separated by 4.8 ± 0.1 Å, explaining why in this arrangement 

and in this state of hybrid molecules 31 no clear indication of exciton coupling between the π-

conjugated systems is observed. Nevertheless, at this interstrand distance, long-range 

coupling of the oligothiophene backbones might occur,[20] which unfortunately could not be 

unambiguously determined by spectroscopic means (UV-Vis, CD and fluorescence). 

4.3.4 Self-Assembly of A-B β-Sheet Oligothiophene Hybrid 32 investigated by 

AFM, TEM and FT-IR 

Also for the unsymmetrical mono-β-sheet-peptide-oligothiophene hybrid 32 self-assembly 

on the surface and in solution was investigated in cooperation with the group of Prof. Hans G. 

Börner, Humboldt University Berlin. For deprotection, 32 was treated with 30% trifluoro acetic 

acid (TFA) in dichloromothane. Under these acidic conditions all protecting groups present in 

hybrid 32 (tBoc, pseudoproline, tbutyl-ester, Fig. 4-1) are removed, except for the switch ester 

segment, which is preserved. Thus, the molecule still exhibits a kink in the peptide backbone 

(Fig. 4-22). 
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Figure 4-22: A-B system 32 in deprotected, but still kinked form. 

Taking into account the experimental findings described before for the disubstituted A-B-A 

system 31 (chapter 4.3.1), similar conditions were chosen for A-B system 32. A sample 

prepared by using dichloromethane (DCM) as solvent with the addition of two droplets 30% 

TFA in dichloromethane for better solubility (pH ≈ 2) gave no regular structures after diluting 

and spin coating on mica in AFM (images not shown). 

Secondly, a sample of A-B system 32 which again utilised the solvent-guided strategy also 

employed for the A-B-A system 31 (chapter 4.3.1) was prepared. The PEO-peptide-

quaterthiophene hybrid was dissolved in dichloromethane, and to this solution methanol was 

added gradually via syringe pump until a ratio of DCM/MeOH of 1:1 was reached (MeOH 

0 vol% -> 50 vol% in 12.5 h). It has to be noted, that the speed of addition of methanol was 

doubled, that is, the time given to the A-B system 32 for the self-assembly was reduced to half 

compared to A-B-A system 31. When the same speed of addition of methanol was employed 

for the bifunctionalised system 31, no fibrillar structures could be seen in AFM, suggesting that 

the self-assembly of symmetrical system 31 into helical fibrillar suprastructures requires more 

time, than the one of monofunctionalised system 32. For system 32 though, under the chosen 

conditions, highly regular uniformly left handed helical fibres were observed in AFM (Fig. 4-

23).  
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Figure 4-23: AFM height images of PEO

from a DCM/MeOH solution 1:1 prepare

obtained after 2 days, right: zoom of fibre networks, green arrows: contact points of 

individual fibres ; b) left: zoom

profile of helical fibre.

The fibrillar structures showed single object widths of about 20

corrected) and 12.5 ± 2 nm (TEM) respectively, height maxima of 3

up to several micrometers (Fig. 4

could be resolved for the fibres, possessing a pitch length of 25

several points, contact between the individual fibres can be seen (green arrows in 

right) but there is no evidence for the fibres at these points to intertwine and give multi

helices.  
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t images of PEO-peptide-quaterthiophene-peptide 32, spin

from a DCM/MeOH solution 1:1 prepared by syringe pump; a) left: image of fibres 

obtained after 2 days, right: zoom of fibre networks, green arrows: contact points of 

; b) left: zoom of left-handed helical fibres, right: cross section and height 

profile of helical fibre. 

The fibrillar structures showed single object widths of about 20 ±

(TEM) respectively, height maxima of 3.5 ± 0.4

Fig. 4-23a left). A tightly wound, strictly left

could be resolved for the fibres, possessing a pitch length of 25 ± 2 nm (

several points, contact between the individual fibres can be seen (green arrows in 

right) but there is no evidence for the fibres at these points to intertwine and give multi
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, spin-coated on mica 

d by syringe pump; a) left: image of fibres 

obtained after 2 days, right: zoom of fibre networks, green arrows: contact points of 

handed helical fibres, right: cross section and height 

± 2 nm (AFM, not tip 

0.4 nm, and lengths of 

A tightly wound, strictly left-handed substructure 

nm (Fig. 4-23b, right). At 

several points, contact between the individual fibres can be seen (green arrows in Fig. 4-23a, 

right) but there is no evidence for the fibres at these points to intertwine and give multi-
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On the contrary, all pictures obtained for fibres pr

hybrid 32 in a defective state, clearly show

of the fibrillar microstructures could also be confirmed by TEM (

Figure 4-24: TEM image of compound 

are still intact.  

Based on the results obtained from 

the switch ester segment into native amide bonds was chosen. This was accomplished by 

directly adding 0.001 M sodium hydroxide dissolved in methanol via syringe pump to a 

solution of deprotected but still kinked 

structures could be observed upon investigation, with lengths betwee

(Fig. 4-25a, left), single object widths of about 10

of 3.0 ± 0.4 nm. Again, a tightly wound, strictly left

the fibres, possessing a pitch length of 25

For this way of aggregation sample preparation of 

reflex leading to a d spacing of 4.8

4-25b, right).  

As had been done for PEO

assembled suprastructures based on the different states of the peptide in compou

investigated by FT-IR, too.  
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On the contrary, all pictures obtained for fibres prepared this way, with the peptide part of 

in a defective state, clearly showed the prevalence of singular fibres. The formation 

of the fibrillar microstructures could also be confirmed by TEM (Fig. 4-24). 

 

TEM image of compound 32, showing fibrillar microstructures. The switch ester segments 

d on the results obtained from symmetric system 31, a controlled way of transferring 

the switch ester segment into native amide bonds was chosen. This was accomplished by 

irectly adding 0.001 M sodium hydroxide dissolved in methanol via syringe pump to a 

solution of deprotected but still kinked 32 in dichloromethane. In AFM, again, fibrous 

structures could be observed upon investigation, with lengths between 2 and 3 microme

single object widths of about 10 ± 2 nm (taken from TEM) and height maxima 

a tightly wound, strictly left-handed substructure could be resolved for 

the fibres, possessing a pitch length of 25 ± 2 nm (Fig. 4-25b, middle).  

this way of aggregation sample preparation of 32, SAED during TEM gave a distinct 

spacing of 4.8 ± 0.1 Å, typical for the interstrand distance in a β

been done for PEO-peptide-quaterthiophene-peptide-PEO hybrid

assembled suprastructures based on the different states of the peptide in compou
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handed substructure could be resolved for 

, SAED during TEM gave a distinct 
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PEO hybrid 31, the self-

assembled suprastructures based on the different states of the peptide in compound 32 were 
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Figure 4-25: AFM height and TEM 

mica from a DCM/0.001 M NaOH in MeOH solution 1:1 prepared by syringe pump; 

AFM picture fibre network obtained after 1 day, right: zoom of fibre network

zoom of left-handed helical fibres, middle: 

(unstained) with SAED inset.

Since experiments involving direct addition of base to a previously prepared solution via 

syringe pump were not conducted for system 

direct mixing of the two solvents dichloromethane/methanol 1:1 was investigated. For the 

case of a molecularly dissolved PEO

mixing of the solvents, the intactness of the switch ester segment can be ded

(ν = 1785 cm-1 and ν = 1745 cm

a spectral range associated with extended β

secondary structure motif could be found. A sample of se

peptide hybrid 32 prepared by syringe pump containing

confirmed by FT-IR to still contain the intact switch ester

β-Sheet Oligothiophene Hybrids 

and TEM images of switched PEO-peptide-quaterthiophene 

mica from a DCM/0.001 M NaOH in MeOH solution 1:1 prepared by syringe pump; 

AFM picture fibre network obtained after 1 day, right: zoom of fibre network

handed helical fibres, middle: cross section of helical fibre, right:

(unstained) with SAED inset. 

Since experiments involving direct addition of base to a previously prepared solution via 

syringe pump were not conducted for system 32, as a third sample, a solution obtained by

direct mixing of the two solvents dichloromethane/methanol 1:1 was investigated. For the 

case of a molecularly dissolved PEO-peptide-quaterthiophene hybrid 32

mixing of the solvents, the intactness of the switch ester segment can be ded

cm-1). With the amide I band located at ν = 1671

a spectral range associated with extended β-sheets, no sign for the existence of such a 

secondary structure motif could be found. A sample of self-assembled quaterthiophene

prepared by syringe pump containing large helical fibres (Fig. 4

IR to still contain the intact switch ester segment (ν
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quaterthiophene 32, spin coated on 

mica from a DCM/0.001 M NaOH in MeOH solution 1:1 prepared by syringe pump; a) left: 

AFM picture fibre network obtained after 1 day, right: zoom of fibre network; b) left: 

cross section of helical fibre, right: TEM image 

Since experiments involving direct addition of base to a previously prepared solution via 

, as a third sample, a solution obtained by 

direct mixing of the two solvents dichloromethane/methanol 1:1 was investigated. For the 

32 obtained by direct 

mixing of the solvents, the intactness of the switch ester segment can be deduced from FT-IR 

1671 cm-1, which is not 

sheets, no sign for the existence of such a 

assembled quaterthiophene-

large helical fibres (Fig. 4-23) was 

segment (ν = 1785 cm-1 and 
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ν = 1741 cm-1, Fig. 4-26). Beside the main amide I resonance at ν = 1666 cm-1 (not indicative of 

β-sheet formation), though, a shoulder at ν = 1631 cm-1 could be observed, which is 

characteristic of a β-sheet secondary structure motif. The appearance of such an ill-defined 

band for the amide I resonance in polymer-peptide A-B systems containing a disturbed (VT)5 

repeat unit has been described previously by Börner and co-workers.[13] 

 

Figure 4-26:  Carbonyl region of FT-IR spectra of compound 32, samples prepared: by direct mixing of 

DCM/MeOH 1:1 (black), by syringe pump (red) and by addition of base via syringe pump 

(green). 

Since the resonances for the intact switch ester moieties are present  in the FT-IR spectrum 

and no further hint for the existence of an extended β-sheet secondary structure was obtained 

from SAED during TEM (Fig. 4-24), the shoulder of the amide I band at ν = 1631 cm-1 has to be 

regarded as an indicator of transient β-sheet structures, since already two intact repeat units 

of Val-Thr can exhibit a weak aggregation tendency as described previously in literature.[13] 

Self-assembly samples of 32 prepared in a third way, namely by a controlled switching 

process accomplished by addition of 0.001 M methanolic sodium hydroxide solution to the 

compound solved in dichloromethane gave unexpected results in FT-IR analysis, strongly 

differing from the results obtained for bifunctionalised system 31. In the FT-IR spectrum, 

bands for the intact switch ester moiety were observed (ν = 1785 cm-1 and ν = 1743 cm-1, Fig. 

4-26), alongside resonances for the amide I band corresponding to “non-β-sheet” behaviour 

(ν = 1670 cm-1) and a specific amide I band which implies the presence of extended β-sheet 

secondary structure motifs at ν = 1633 cm-1. For this way of preparing the sample, by SAED 
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during TEM a clear diffraction pattern indicative of a β

observed (Fig. 4-25b, right). Nevertheless, in the self

hybrid 32 seems to co-exist in two defined states of the peptidic backbone: kinked (indicated 

by FT-IR: ν = 1785 cm-1, ν = 1743

β-sheet characteristics in: FT

An explanation for this ambiguous result for PEO

supposedly native state of the peptide can be elucidated when taking into account the rates of 

the different basic processes

Figure 4-27: Schematic representation of the processes relevant for self

both in the kinked and in the extended state. Kinked figures represent the PEO

quaterthiophene hybrids in the defective state of the peptide, the rectangles stand for the 

native peptide backbone; agg: aggregated state; v

corresponding processes.

The observation reported in the beginning concerning the faster rate for self

system 32 in the kinked state compared to bisubstituted hybrid 

bigger v’MeOH for 32 than for 

The rearrangement of the switch ester segment employed proceeds highly selective via a 

five-membered ring.[7],[9],[21] 

to deprotonation of the amine subsequently to rearrange into the native ami

pHapp. ≈  6.0-7.5 (Fig. 4-2).[1],[3]

systems, the transfer of the switch ester segment into the amide bond has been shown to 

proceed within minutes.[3] 
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during TEM a clear diffraction pattern indicative of a β-sheet secondary struct

b, right). Nevertheless, in the self-assembled fibrillar

exist in two defined states of the peptidic backbone: kinked (indicated 

1743 cm-1 and ν = 1670 cm-1, Fig. 4-26) and extended (indicated by 

FT-IR: ν = 1633 cm-1 and SAED during TEM: d spacing of 4.8

An explanation for this ambiguous result for PEO-peptide-oligothiophene hybrid 

supposedly native state of the peptide can be elucidated when taking into account the rates of 

ocesses taking place during self-assembly (vbase, v’MeOH

Schematic representation of the processes relevant for self-assembly of hybrids 

both in the kinked and in the extended state. Kinked figures represent the PEO

quaterthiophene hybrids in the defective state of the peptide, the rectangles stand for the 

backbone; agg: aggregated state; vbase, v’MeOH, v’’MeOH

corresponding processes.  

The observation reported in the beginning concerning the faster rate for self

in the kinked state compared to bisubstituted hybrid 31 would correspond to a 

than for 31.  

rearrangement of the switch ester segment employed proceeds highly selective via a 

 The disruptive defect is known to be stable at pH

to deprotonation of the amine subsequently to rearrange into the native ami

[3] At higher pH (≈ 7.5) and in similar polymer 

systems, the transfer of the switch ester segment into the amide bond has been shown to 

 Following thermodynamically controlled self
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sheet secondary structure had been 

assembled fibrillar suprastructures, 

exist in two defined states of the peptidic backbone: kinked (indicated 

) and extended (indicated by 

spacing of 4.8 ± 0.1 Å).  

oligothiophene hybrid 32 in the 

supposedly native state of the peptide can be elucidated when taking into account the rates of 

MeOH, v’’MeOH; Fig. 4-27).  

 

assembly of hybrids 31 and 32 

both in the kinked and in the extended state. Kinked figures represent the PEO-peptide-

quaterthiophene hybrids in the defective state of the peptide, the rectangles stand for the 

MeOH: rates of the 

The observation reported in the beginning concerning the faster rate for self-assembly of 

would correspond to a 

rearrangement of the switch ester segment employed proceeds highly selective via a 

The disruptive defect is known to be stable at pHapp. ≈ 5 and due 

to deprotonation of the amine subsequently to rearrange into the native amide bond at 

7.5) and in similar polymer - disturbed peptide 

systems, the transfer of the switch ester segment into the amide bond has been shown to 

thermodynamically controlled self-assembly of the 
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extended (Val-Thr)x sequences normally proceeds at much slower rate, also depending on the 

solvent employed (e.g. methanol has been shown to strongly slow down the self-assembly 

process).[22]  

It has to be considered that the PEO-peptide-oligothiophene hybrids presented here form 

the highly regular helical fibres described above only under the conditions of solvent-guided 

strategy, that is, the slow addition of methanol to a suspension of the respective compound in 

dichloromethane. Dichloromethane is a good solvent for oligothiophenes, but strongly 

strengthens H-bonds, whereas methanol is a non-solvent for oligothiophenes, but competes 

with hydrogen bonding in the peptide segments. Thus, the change in solvent mixture gradually 

provides more dynamic in the hybrid’s different parts, hence enabling a thermodynamically 

controlled formation of suprastructures. Also, it has to be mentioned that both compound 31 

and compound 32 do not fully solve in pure dichloromethane at the beginning of sample 

preparation (therefore, experiments concerning the self-assembly of both compounds in 

dichloromethane were only possible when two droplets of 30% TFA were added, see above). 

After all of the methanol is added, the generated solutions are completely clear to the eye. 

Thus, at the beginning of the self-assembly process at a molecular level the molecules of the 

respective compound are in need of an improvement of dynamics and flexibility in their 

adjacencies, which is accomplished by the slow addition of methanol. For the kinked state of 

hybrids 31 and 32 the self-assembly process into highly regular helical fibres triggered by the 

slow addition of methanol proceeds at the rates v’MeOH. v’MeOH of course differs for both 

compounds, depending on the concentration and the nature of the compounds employed. 

During the controlled switching of the defective ester segments by slow addition of 

0.001 M methanolic sodium hydroxide, two processes with different rates compete. The first 

process is the self-assembly of the respective PEO-peptide-quaterthiophene in the kinked 

state, proceeding at v’MeOH. Secondly, switching of the β-ester connectivity into the native 

peptide backbone takes place at vbase. As mentioned above, the switching process has been 

described to proceed on a minute time scale, if pHapp. ≈  7.5. However, if – as is the case here – 

a rather dilute basic solution (0.001 M methanolic sodium hydroxide) is gradually added in 

order to ensure a thermodynamically controlled self-assembly process, vbase is expected to be 

rather small until a threshold value of the pH at which rearrangement commences is reached. 

For bifunctionalised compound 31, under the chosen conditions, v’MeOH must be slower than 
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vbase in order for a controlled transfer of the switch-ester segments at vbase and subsequent 

self-assembly into extended β-sheet secondary structures proceeding at v’’MeOH to be possible 

under the chosen experimental conditions (Fig. 4-27). For 32 on the other hand, according to 

the experimental results obtained for samples containing fibres, a mix of both states of the 

peptide moiety seems to be present. This corresponds to competing rates for the switching 

process and the self-assembly of 32, v’MeOH ≈ vbase, under the conditions employed 

experimentally. 

Eventually, also the rather similar, albeit not perfectly identical appearance and dimen-

sionality of helical fibres of 32 generated by solvent-guided strategy with and without the 

addition of base (Fig. 4-23 and Fig. 4-25) is probably caused by the existence of PEO-peptide-

oligothiophene molecules with disturbed peptide sequence in both suprastructures. 

In order to also be able to investigate the truly fully extended state of the peptide segment, 

experiments differing in concentration of 32 were conducted. The amount of sample 

employed was reduced to approximately half the amount used in previous experiments. Thus, 

changes in two parameters are preassigned: whereas vbase (Fig. 4-27) most likely will 

accelerate, since the local concentration in base now is higher with respect to the number of 

available PEO-peptide-oligothiophene hybrid molecules 32 in solution, v’MeOH for the self-

assembly of 32 in the kinked state due to the concentration dependence of the assembly rate 

will slow down.  

The presence of the fully extended β-sheet sequence was proven by IR spectroscopy (Fig. 4-

28). In the FT-IR spectrum obtained for the sample prepared by addition of base via syringe 

pump at a lower concentration of 32 than previously, the absence of the bands for the intact 

switch ester moiety (ν = 1785 cm-1 and ν = 1743 cm-1) accompanied by a shift of the amide I 

band to a region specific for the β-sheet secondary structure (ν = 1636 cm-1) indicate the 

presence of a fully extended peptide structure engaged in the formation of a β-sheet 

secondary structure (red curve in Fig. 4-28). For a better comparison, also the carbonyl region 

of the FT-IR spectrum of 32 self-assembled in the disturbed state is given in Fig. 4-28 (green 

curve).  
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Figure 4-28: Carbonyl region of the FT-IR spectra of compound 32, samples prepared by syringe pump 

(green) and by addition of base via syringe pump at lower concentration (red). 

In AFM, fibres could be detected in a spin coated sample of the less concentrated self-

assembly solution after 7 days on mica (Fig. 4-29). Here, too, an accumulation of fibres could 

be visualised. The pattern of the self-assembled fibres, though, does not correspond to a 

network but is more reminiscent of bundles or clusters of fibres (Fig. 4-29a, left). Surrounding 

these larger areas of concentrated material, single fibres can be found (Fig. 4-29a, left and 

right). When zooming in it could be shown, that these “single” fibres consist of several smaller 

filaments aligned in parallel (Fig. 4-29b, all images). This also explains the bigger fibres’ 

irregularly frayed appearance. Also from the cross-section it can be seen, that several smaller 

objects, that is, filaments compose the bigger fibre (Fig. 4-29b, middle). Especially in the 

enlarged images (Fig. 4-29b, left: height, right: amplitude) it can clearly be seen, that shorter 

fibrillar structures also are deposited as singular features on the mica surface. These features 

can be considered to represent single filaments which have not been self-assembled into the 

bigger structures (“fibres” or even bundles). 
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Figure 4-29: AFM height and amplitude 

spin-coated on mica from a DCM/0.001 M NaOH in MeOH solution 1:1 prepared by 

syringe pump; a) left: AFM

single fibre; b) left: zoom of single fibre consisting of smaller filaments, middle: cross 

section showing composition of the single fibre, right: amplitude picture corresponding to 

picture b) left, more clearly showing the bigger fibre’s composition.

Because of the composition of the bigger fibres from filaments, it was impossible to 

determine unambiguous values for the height and width of the bigger fibres or even bundles. 

For the bigger fibres, lengths between 1 and 2

Widths ranged mostly between 15 and 48

be found. In order to gain more information on the smallest objects observed

probably the smallest “building blocks”, the filaments seen in the background of the images 

were investigated with respect to their geometry as well. They show

widths of 6-8 ± 2 nm and heights of 0.4

β-Sheet Oligothiophene Hybrids 

and amplitude images of fully switched PEO-peptide-quaterthiophene 

coated on mica from a DCM/0.001 M NaOH in MeOH solution 1:1 prepared by 

pump; a) left: AFM picture fibre bundles obtained after 7 days, right: zoom of 

single fibre; b) left: zoom of single fibre consisting of smaller filaments, middle: cross 

section showing composition of the single fibre, right: amplitude picture corresponding to 

ft, more clearly showing the bigger fibre’s composition.

Because of the composition of the bigger fibres from filaments, it was impossible to 

determine unambiguous values for the height and width of the bigger fibres or even bundles. 

, lengths between 1 and 2 µm and heights ≈ 1 ± 0.2 nm 

idths ranged mostly between 15 and 48 nm but also sporadic widths of up to 

. In order to gain more information on the smallest objects observed

he smallest “building blocks”, the filaments seen in the background of the images 

were investigated with respect to their geometry as well. They showed lengths of 100

nm and heights of 0.4-0.7 ± 0.2 nm. 
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quaterthiophene 32, 

coated on mica from a DCM/0.001 M NaOH in MeOH solution 1:1 prepared by 

picture fibre bundles obtained after 7 days, right: zoom of 

single fibre; b) left: zoom of single fibre consisting of smaller filaments, middle: cross 

section showing composition of the single fibre, right: amplitude picture corresponding to 

ft, more clearly showing the bigger fibre’s composition.  

Because of the composition of the bigger fibres from filaments, it was impossible to 

determine unambiguous values for the height and width of the bigger fibres or even bundles. 

0.2 nm were observed. 

nm but also sporadic widths of up to ≈ 80 nm could 

. In order to gain more information on the smallest objects observed, that is, 

he smallest “building blocks”, the filaments seen in the background of the images 

lengths of 100-200 nm, 
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Compared to the fibres obtained in the kinked 

microstructures found for the fully stretched out peptide seem to be by far less self

and persistent. Not only do they lack the left

latter, but also the filaments containing molecules with fully stretched out peptides seem to 

be more prone to self-assemble into higher structures (fibres and bundles), whereas the 

helical fibres consistent of the kinked state of the hybrid 

seem to merge into any higher order (Fig. 4

observed in AFM are much longer and well confined. These observations lead to the 

assumption that the mode of self

respective states differs profoundly. Whereas the kinked hybrids of 

in a manner in which the intermolecular non

that is, the formed microstructures do

bonding, the stretched out state of the peptide in molecules of 

structures, in which unsaturated sites for intermolecular interactions may be present. 

Another aspect, which could be seen as a confirmation of this assumption can be 

elucidated when comparing images obtained by AFM and TEM techniques, respectively. In 

TEM, for the sample with completely native peptide backbone, structures very similar to the 

ones obtained in AFM were observed, showing a single fi

Figure 4-30: TEM images (unstained) of fibres of 

state of the peptide; left: overview over fibre network, right: zoom of fibre netwo
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tained in the kinked state of the molecule (Fig. 4

for the fully stretched out peptide seem to be by far less self

they lack the left-handed helical suprastructure observed for the 

, but also the filaments containing molecules with fully stretched out peptides seem to 

assemble into higher structures (fibres and bundles), whereas the 

helical fibres consistent of the kinked state of the hybrid 32 are more insulated and do not 

seem to merge into any higher order (Fig. 4-23). Also, fibres from the kinked state of 

observed in AFM are much longer and well confined. These observations lead to the 

assumption that the mode of self-assembly of the individual molecules of 

respective states differs profoundly. Whereas the kinked hybrids of 32 seem to self

in a manner in which the intermolecular non-covalent interacting forces are fully saturated, 

the formed microstructures do not dispose of any unsaturated sites for e.g. hydrogen 

bonding, the stretched out state of the peptide in molecules of 32 seems to form higher 

structures, in which unsaturated sites for intermolecular interactions may be present. 

uld be seen as a confirmation of this assumption can be 

elucidated when comparing images obtained by AFM and TEM techniques, respectively. In 

TEM, for the sample with completely native peptide backbone, structures very similar to the 

ere observed, showing a single fibre width of 6 ± 2 nm (Fig. 4

TEM images (unstained) of fibres of 32, formed by molecules self-assembled in the native 

; left: overview over fibre network, right: zoom of fibre netwo

 

state of the molecule (Fig. 4-23), the 

for the fully stretched out peptide seem to be by far less self-contained 

handed helical suprastructure observed for the 

, but also the filaments containing molecules with fully stretched out peptides seem to 

assemble into higher structures (fibres and bundles), whereas the 

are more insulated and do not 

). Also, fibres from the kinked state of 32 

observed in AFM are much longer and well confined. These observations lead to the 

vidual molecules of 32 in their 

seem to self-assemble 

forces are fully saturated, 

not dispose of any unsaturated sites for e.g. hydrogen 

seems to form higher 

structures, in which unsaturated sites for intermolecular interactions may be present.  

uld be seen as a confirmation of this assumption can be 

elucidated when comparing images obtained by AFM and TEM techniques, respectively. In 

TEM, for the sample with completely native peptide backbone, structures very similar to the 

nm (Fig. 4-30).  

 

assembled in the native 

; left: overview over fibre network, right: zoom of fibre network. 
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Here, too, the larger fibres do not show a uniform width distribution due to their formation 

from smaller fibres and filaments. Taking a closer look especially at the enlarged TEM picture 

(Fig. 4-30, right), this can be clearly seen. It is striking, that the fibres visualised in TEM seem to 

have a much longer persistence length than the ones observed in AFM. On the one hand this 

could be attributed to the higher concentration of the self-assembly solution used for TEM 

investigations. On the other, if - as hypothesised - in the suprastructures self-assembled from 

fully extended hybrid 32 unsaturated sites for intermolecular non-covalent interactions are 

present, the suprastructures should be able to interact with a highly hydrophilic surface such 

as freshly cleaved mica. This might lead to the formation of broken and fragmented fibres or 

maybe even bundles as observed in AFM.  

 4.3.5 Self-assembly of A-B oligothiophene-β-sheet hybrid 32 investigated by UV-

Vis, Circular Dichroism and Fluorescence Spectroscopy 

Since also monosubstituted hybrid molecule 32 in the disturbed state of the peptide was 

shown to self-assemble into helical fibrillar superstructures (chapter 4.3.5) which could not be 

attributed to the existence of extended β-sheet secondary structures (missing SAED pattern 

during TEM, incongruous amide I band) the role of π-π interactions was investigated. UV-Vis, 

fluorescence and CD spectroscopy were employed. In order to be able to compare effects in 

self-assembled fibres to non-assembled compound, two different solutions were prepared for 

investigation. The first sample (case A), was prepared by slow addition of methanol to a DCM 

solution of quaterthiophene–peptide hybrid 32 by a syringe pump as described above, the 

second one (case B) by directly dissolving the compound in a 1:1 mixture of methanol and 

DCM. For both ways of preparing the sample, an alteration in dilution over two orders of 

magnitude did not cause any changes in neither position (λmax = 394-395 nm) nor shape of the 

π-π* transition band, as can be seen from the normalised absorption spectra (Fig. 4-31). The 

absorption spectra for case B (Fig. 4-31 right), though, reveal that in the region of the π-π* 

transition and the n-π* transition of the peptide (λ = 190-220 nm), which is partially 

overlapped with the region of the excitation of the oligothiophene part perpendicular to the 

long axis of the molecule, an increase in intensity of the band with decreasing concentration 

occurs. This has to be attributed to the influence of the peptide absorption bands, stating that 
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the peptidic moiety of the hybrid at higher concentrations are interacting with one another 

while existing molecularly dissolved at lower concentrations. 

 

Figure 4-31: Normalised absorption spectra of PEO-peptide-oligothiophene hybrid 32, samples were 

prepared in two different ways; left (case A): solution was prepared by slow addition of 

methanol to a DCM solution via syringe pump (1:1); right (case B): solution was prepared 

by directly dissolving the compound in a 1:1 mixture of methanol and DCM. 

The effect of band broadening which is observed for the highest concentration of 32 in the 

normalised absorption spectra for case A is assigned to interactions between single fibrous 

aggregates at higher concentration. This leads to scattering effects and thus unspecific band 

broadening in as well red-shifted as blue-shifted direction. A similar effect for the curve 

representing the highest concentration can be observed for the region of the spectrum 

assigned to the peptide absorption (λ = 190-220 nm), which is partially overlapped with the 

region of the excitation of the oligothiophene part perpendicular to the long axis of the 

molecule. When comparing the shapes of the normalised absorption bands at the same 

concentration (c = 2.5 x 10-5 M) for both ways of preparing the sample (case A and B), they are 

almost congruent. Apart from the very slight effect of unspecific band broadening due to light 

scattering described earlier for case A, only minimal differences can be found at the lower 

wavelength side of the band, which have to be attributed to the influence of the changes in 

the peptide band (Fig. 4-32).  
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Figure 4-32: Comparison of the band shape for normalised absorption spectra of PEO-peptide-

oligothiophene hybrid 32, samples were prepared in two different ways; case A: solution 

was prepared by slow addition of methanol to a DCM solution via syringe pump (1:1); case 

B: solution was prepared by directly dissolving the compound in a 1:1 mixture of methanol 

and DCM. 

Furthermore, CD spectroscopy did not give any hints of aggregation of the π-systems, 

neither in case A (syringe pump) nor in case B (direct mixing).  

Fluorescence spectroscopy on the other hand, as a very sensitive method, did suggest 

aggregation in general. For both ways of preparing the samples, the emission intensity at a 

concentration of c ≈ 5x10-7 M was higher than in the solutions where the concentration is 

approximately one order of magnitude higher. This finding leads to the assumption that in 

both samples certain aggregates of the oligothiophene-β-sheet–peptide 32 are formed, 

resulting in quenching of the emission of the conjugated backbone. Just as was the case for 

PEO-peptide-quaterthiophene-peptide-PEO hybrid 31, this quenching does not necessarily 

need to stem from π-π interactions, but may also be caused by interaction of the π-system 

with the energy levels of other structural motifs that are shielding this conjugated backbone, 

such as e.g. the PEO chains attached to the peptide (Fig. 4-33).  

  

250 300 350 400 450 500 550 600
0.0

0.2

0.4

0.6

0.8

1.0

1.2

 

 

ab
so

rp
tio

n 
[a

. u
.]

wavelength [nm]

 case A, c = 2.5x10-5 M
 case B, c = 2.5x10-5 M



124  β-Sheet Oligothiophene Hybrids  

 

Figure 4-33: Emission spectra of PEO-peptide-oligothiophene hybrid 32, normalised to the absorption, 

excitation at λ = 410 nm. Samples were prepared in two different ways; left (case A): 

solution was prepared by slow addition of methanol to a DCM solution via syringe pump 

(1:1); right (case B): solution was prepared by directly dissolving the compound in a 1:1 

mixture of methanol and DCM. 

Comparison of the band shapes for the emission spectra recorded for both cases at the 

same concentration (c = 2.5x10-6 M) reveals, that the width of the band for case A (syringe 

pump) is less broad than for the “molecularly dissolved case”, case B. This fact will be 

considered later for further discussion (Fig. 4-34).  

 

Figure 4-34: Normalised emission spectra for comparison at c ≈ 2.5x10-6 M, excitation at λ = 410 nm of 

case A (syringe pump preparation) and case B (direct mixing of solvents). 
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The effect of a raise in pH (addition of base) and a possible subsequent rearrangement of 

the β-ester connectivity was investigated for both ways of preparing samples of 

monosubstituted system 32. First, the effect on the emission of a fibre-containing sample 

(case A) was investigated (Fig. 4-35).  

 

Figure 4-35: Emission spectra of PEO-peptide-oligothiophene system 32, c ≈ 2.5x10-6 M, excitation at 

λ = 410 nm. Solution was prepared by slow addition of methanol to a DCM solution via 

syringe pump (1:1); 20 μL of a 10 mM sodium hydroxide solution in methanol were added 

and the variation of the emission was monitored over time; left: direct comparison of 

emission spectra as obtained from measurements; right: comparison of the obtained 

spectra after normalisation.   

Under the same experimental conditions no significant change in emission intensity could 

be observed for the bifunctionalised sister compound 31, suggesting that the aggregation type 

in the solution stays more or less the same. This finding could be confirmed for the 

monofunctionalised system 32. In Fig. 4-35 on the left side, spectra are shown as they were 

obtained from measurements. The emission intensity seems to increase a bit after 48h, 

though this alleged increase is rather insignificant and most likely stems from the 

inconsistence of the very sensitive optical set-up in the fluorescence spectrometer. For a 

clearer picture, the experimentally obtained bands were normalised in order to better be able 

to compare their shapes (Fig. 4-35, right).  

450 500 550 600 650 700 750
0

100

200

300

400

500

600

700

800

 

 

em
is

si
on

 [a
.u

.]

wavelength [nm]

 10min
 2h
 24h
 48h
 72h

450 500 550 600 650 700 750
0.0

0.2

0.4

0.6

0.8

1.0

 

 

em
is

si
on

 [a
.u

.]

wavelength [nm]

 10 min
 2h
 24h
 48h
 72h



126  β-Sheet Oligothiophene Hybrids  

Experiments carried out under the same conditions with a sample prepared by direct 

mixing of the solvents (case B, “molecularly dissolved”) gave similar results as for compound 

31, albeit not as clear (Fig. 4-36). 

 

Figure 4-36: Emission spectra of PEO-peptide-oligothiophene system 32, c ≈ 2.5x10-6 M, excitation at 

λ = 410 nm. Sample was prepared by direct mixing with MeOH/DCM 1:1; to the solution, 

20 μL of a 10 mM sodium hydroxide solution in methanol were added and the variation of 

the emission was monitored over time; left: direct comparison of emission spectra as 

obtained from measurements; right: comparison of the obtained spectra after normalisa-

tion.   

Both for the directly measured spectra (Fig. 4-36 left) and for the normalised ones (Fig. 4-36 

right), a decrease in band width over time after addition of base, especially after 24h can be 

witnessed. This corresponds to a more drastic change in the surroundings of the molecules 

which is triggered by the addition of base and the subsequent transformation of the switch 

ester segment into the native state of the peptide. What was indicated by a clear decrease in 

emission intensity for symmetric PEO-peptide-quaterthiophene-peptide-PEO 31, for system 32 

leads to a more significant decrease of the width of the band. This change in width of the 

bands for 32 in differing states (aggregated: case A and “molecularly dissolved”: case B) had 

been pointed out before as distinctive feature (Fig. 4-34). 

A third way of preparing the sample, attempting to switch the β-ester segment in a controlled 

way by slow addition of 0.001 M sodium hydroxide dissolved in methanol to a solution of 

deprotected but still kinked 32 in dichloromethane (case C), was also investigated 
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spectroscopically. It has to be noted, that here, the original sample prepared for self-assembly 

is less concentrated in hybrid 32 than the samples prepared for the cases A and B in order to 

avoid unwanted rivalling self-assembly modes of the defective and the stretched out state of 

the molecules of 32 (chapter 4.3.5).  

Normalised UV-Vis spectra for this case again did not clearly reveal any dominant π-π 

interactions (Fig. 4-37 left).  

 

Figure 4-37: Normalised absorption (left) and emission spectra (right, excitation at λ = 410 nm) for 

quaterthiophene-peptide-hybrid 32 in the native state of the peptide (case C). 

The effect of band broadening which was observed in the normalised absorption spectra 

for the highest concentration employed can be - again - assigned to interactions between the 

single fibrous aggregates with growing concentration leading to scattering effects and thus 

unspecific band broadening in as well red-shifted as blue-shifted direction. A similar effect for 

the curve representing the highest concentration can be observed for the region of the 

spectrum assigned to the peptide absorption (λ = 190-220 nm), which is partially overlapped 

with the region of the excitation of the oligothiophene part perpendicular to the long axis of 

the molecule.  

In the normalised emission spectra for case C (Fig. 4-37 right), the previously described 

effect of a higher emission for the lower concentration of the sample (cases A and B), for the 

first time is not detectable. Within the margins of experimental error, the spectra are 

congruent for both concentrations. In chapter 4.3.2 the interaction of the π-system with the 

energy levels of other structural motifs that might shield the conjugated backbone, such as the 

250 300 350 400 450 500 550 600
0.0

0.5

1.0

1.5

2.0

 

 

ab
so

rp
tio

n 
[a

.u
.]

wavelength [nm]

 5x10-5 M
 2.6x10-5 M
 5x10-6 M
 2.6x10-6 M
 5x10-7 M

450 500 550 600 650 700 750
0

2000

4000

6000

8000

 

 

em
is

si
on

 [a
.u

.]

wavelength [nm]

 2.5x10-6 M
 5x10-7 M



128  β-Sheet Oligothiophene Hybrids  

PEO chains attached to the peptide was anticipated in order to explain the partial quenching 

of the fluorescence of the PEO-peptide-oligothiophene-peptide-PEO hybrid 31. For PEO-

peptide-oligothiophene hybrid 32, the feasibility of such an interaction could be suppressed if 

the peptide parts of the hybrids were arranged for example in a parallel β-sheet fashion. This 

could be supported by the absence of a band at ≈ 1690 cm-1 in the FT-IR spectrum (Fig. 4-28) 

which is indicative of a parallel arrangement of peptide backbones in a β-sheet.[14] Since the 

amide I band for the fully stretched out peptide sequence is rather broad in FT-IR, such a 

parallel β-sheet as a secondary structure motif cannot unambiguously be deduced. 

Nevertheless, also other arrangements of the PEO-peptide-quaterthiophene molecules 32 

with respect to one another might lead to the “non-quenching” effect observed in 

fluorescence spectroscopy (Fig. 4-37). 

Again, no indication of an exciton coupling (see chapter 5.4.1 for exciton coupling theory) 

of the conjugated π-systems of the quaterthiophenes could be obtained from CD 

spectroscopy. However, when taking a closer look at the lower energy region of the CD 

spectrum, a signal, which is not bisignate, becomes apparent (Fig. 4-38 left, green circle).  

 

Figure 4-38: CD spectrum for hybrid 32 in its native state (left, case C) and normalised absorption 

spectra of all three cases of 32 for band shape comparison (right). Left: c ≈ 4x10-4 M in 

DCM/MeOH 1:1; right: c ≈ 2.5x10-5 M in DCM/MeOH 1:1.  

In addition, when comparing the normalised absorption bands with respect to their shape 

for all three cases of sample preparation, here, too, a difference in the same region of the 

spectra becomes apparent (green circle in Fig. 4-38, right). The curve for the sample prepared 

250 300 350 400 450 500 550 600
-10

-5

0

5

10

 

 

C
D

 [m
de

g]

wavelength [nm]

250 300 350 400 450 500 550 600
0.0

0.5

1.0
 

 

ab
so

rp
tio

n 
[a

.u
.]

wavelength [nm]

 case A
 case B
 case C



Chapter 4:  β-Sheet Oligothiophene Hybrids 129 

by slow addition of 0.001 M NaOH in methanol to a dichloromethane solution of the 

compound, which yields the native state of the peptide and thus leads to β-sheet formation, 

exhibits a less steep decrease of the absorption in this region (tailing). These two findings are 

most probably indicative of a long range interaction of chromophores, which is detectable for 

a lateral distance of two chromophores up to 41 Å.[20] 

4.3.6 Models of Suprastructures of Hybrid 32 

4.3.6.1 Model of Suprastructure of Hybrid 32 in the Kinked State of the Peptide 

In chapter 4.3.3.1, a theoretical molecular model developed by Dr. Elena Mena-Osteritz for 

the self-assembly of oligothiophene-peptide-PEO hybrid 31 was presented, which accounts for 

the formation of helical fibres in the kinked state of the peptide. Since for the corresponding 

mono peptide-PEO substituted hybrid 32 very similar helical fibres were observed in the 

kinked state of the peptide, and in addition the information gained from other experimental 

data (spectroscopy, TEM) is identical for both hybrids 31 and 32, a model for the self-assembly 

of 32 based on the model calculated for 31 is proposed (Fig. 4-39).  

A depiction of the molecule’s anticipated energy minimum conformation and its schematic 

representation is given in Fig. 4-39a (yellow box: quaterthiophen backbone, green arrow: 

peptide segment, blue coils: PEO chains). When forming dimers of molecules of 32 in the 

kinked state, such as depicted in Fig. 4-39b and 4-39c, an analogon of hybrid 31 in the kinked 

state of the peptide concerning the arrangement of the peptide arms with respect to the 

conjugated backbones is obtained (see also Fig. 4-20). Thus, such dimers should function as 

mimics of single molecules of the corresponding bisubstituted hybrid 31 concerning the 

formation of an inherent left-handed helical fibre as described for 31 (see Fig. 4-20, bottom 

panel). Driving forces for the formation of such proposed dimers could be the compensation 

of dipole moments of the single molecules in addition to a favourable intermolecular 

interaction of hydrophilic (peptide-PEO) and hydrophobic (quaterthiophene) parts of the 

molecules. 
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Figure 4-39: Proposed model for the self

based on calculated energy minimum conformation and model for hybrid 

minimum conformation of 

directions; c) proposed ensemble of four molecules of 

β-Sheet Oligothiophene Hybrids 

Proposed model for the self-assembly of hybrid 32 in the kinked state of the peptide, 

based on calculated energy minimum conformation and model for hybrid 

minimum conformation of 32; b) and c) depiction of dimers of 32 in the three Cartesian 

roposed ensemble of four molecules of 32 in the kinked state.
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in the three Cartesian 

in the kinked state. 
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Furthermore, if – as was calculated for hybrid 31 – the anti-parallel intermolecular 

interaction of two peptide arms is anticipated, the quaterthiophene backbones of two 

adjacent dimers of 32 will be separated by approximately 8 Å (hence, as was revealed by the 

photophysical studies, an efficient π-π interaction cannot take place; cf. Fig. 4-20). In the case 

of the postulated formation of dimers of 32, however, another stabilising contribution of two 

or several adjacing dimers in the suprastructure stems from favourable van der Waals 

interactions of the alkyl side chains, which have been observed before for the quater-

thiophene moiety employed (Fig. 4-39d).[16-18] Eventually, the voids in between laterally 

adjacent molecules can be filled by the PEO-chains due to their high degree of flexibility (cf. 

Fig. 4-20).  

The dimensions of the left-handed helical fibre observed in AFM for the kinked state of the 

peptide in hybrid 32 would fit well with such a proposed model. The experimentally observed 

fibres for hybrid 32 in the kinked state of the peptide are wider than for hybrid 31 (12.5 ± 2 nm 

(TEM) and 20 ± 2 nm (AFM) for 32 versus 8 ± 2 nm (TEM) and 11 ± 2 nm (AFM) for 31). Thus, 

more dimers of 32 interact laterally in the suprastructure, possibly due to favourable van der 

Waals interactions of the alkyl chains, leading to a bigger width of the fibre. The height of the 

fibre was experimentally determined to be 3.5 ± 0.4 nm for hybrid 32, which is comparable to 

the height determined for hybrid 31 (3 ± 0.4 nm). Hence, also the observed angle between the 

pitch and the fibre growth direction, which was determined to be 55° ± 3° for 32 as opposed 

to 45° ± 2° for 31 becomes comprehensible, since for a larger number of laterally interacting 

molecules and a higher resulting width of the fibre, a more obtuse angle between the pitch 

and the fibre growth direction has to be the consequence, if the same overall height of the 

fibre for 31 and 32 is to be maintained (Fig. 4-40). Eventually, for hybrid 31, it was predicted, 

that three hybrids are needed to complete one loop of the helical structure, resulting in an 

experimental pitch length of 20 ± 1 nm (chapter 4.3.3). The length of a single molecule of 31 

amounts to 10 nm, whereas the length of a dimer of 32 is approximately 12 nm. Thus, if acting 

on the assumption that also for 32, three dimers are needed to complete one loop of the 

helix, the bigger pitch length of 32, 25 ± 2 nm, fits very well with the proposed model.  
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Figure 4-40: Dependence of the angle between pitch and fibre growth direction on initial width of the 

assembly.  
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sheet superstructures of hybrid 32 in the native state of the peptide (adapted 

from figures by Alexey Shaytan, group of Prof. A. R. Khokhlov); a) sch

representation of the quaterthiophene-peptie-PEO hybrid 32; blue coils: PEO chains, 

green arrow: peptide strand, calotte model: quaterthiophene; b) sch

representation of possible β-sheet superstructures of hybrid 32. 

The parallel arrangement of the molecules would lead to a theoretical width of the β

41b) not including the flexible and probably coiled PEO segments. The anti

sheet was calculated to be 7-8 nm in width.  

sheets incorporate the same peptide sequence, the computed height of the 

single layer structures is the same, approximately 9 ± 1 Å, which fits well 

Due to a rather broad shape of the amide I band in FT-IR upon addition of base, it cannot 

unambiguously be determined whether an anti-parallel (specific band around ν

sheet arrangement (lack of this band) is prevalent.[14] 

From fluorescence and CD spectroscopy, though, the parallel arrangement of hybrid 

sheet becomes more likely. As was mentioned before, the faint quenching

in fluorescence spectroscopy which was assigned to 

system with the energy levels of other structural motifs that might shield the 
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conjugated backbone, such as the PEO chains attached to the peptide, was not observed in 

the case of native hybrid 32 (chapter 4.3.5). Within the margins of experimental error, the 

spectra were congruent for both concentrations (Fig. 4-37). If the prevalent secondary 

structure motif for native 32 were the parallel β-sheet depicted in Fig. 4-40b left, this absence 

of quenching could be explained by the missing feasibility of an interaction between the PEO 

chains and the π-conjugated segments. In CD spectroscopy, no real exciton coupling was 

observed, consistent with an average distance of about 5 Å between two adjacent 

oligothiophenes along the tape. This distance was derived from statistic analysis of the 

molecular dynamics calculations for the parallel arrangement of hybrid 32. However, this 

distance would be sufficient for a long range interaction of chromophores, which is detectable 

for a lateral distance of two chromophores up to 41 Å.[20] For the anti-parallel arrangement of 

the molecules, these distances between two chromophores would be bigger and less ordered 

than in a parallel geometry.  

Both for the parallel and the anti-parallel β-sheet structure involving hybrid 32, molecular 

dynamics calculations were done. In both cases, the mono-layer β-sheets start to curl and 

twist immediately, albeit this tendency seems to be more distinct for the anti-parallel 

arrangement of the hybrid molecules than for the parallel one (Fig. 4-42). Fig. 4-42 depicts the 

state of the systems after 9 ns. However, it has to be kept in mind, that the molecular 

dynamics simulations presented here were calculated in the gas phase, whereas the fibres 

themselves were observed on a highly polar mica surface. Hence, as a possible consequence of 

strong interactions with the surface, the flattened and uncurled appearance of the fibres 

becomes comprehensible.  

If the parallel arrangement of hybrid molecules 32 was assumed, the multi-filament 

composition of the bigger fibres could be explained by favourable interactions of the different 

β-sheet edges. In a parallel β-sheet, one of the edges is decorated with the polar peptide 

moiety and the PEO chains, whereas the other is dominated by the hydrophobic 

quaterthiophene segments (Fig. 4-41b). This arrangement leads to a dipole moment 

perpendicular to the long axis of the β-sheet, thus promoting the lateral interaction of two or 

several such β-sheets respectively in order to cancel out these dipole moments. A similar 

model for the self-assembly of diacetylene macromonomers based on oligopeptide-polymer 

conjugates has been proposed before.[19],[23]  
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Snapshots of single layer β-sheets consisting of hybrid 32 obtained from molecular 

dynamics simulations after approximately 9 ns; a) anti-parallel arrangement of the 

molecules, b) parallel arrangement of the molecules. Images courtesy of Alexey Shaytan, 

group of Prof. A. R. Khokhlov.   

In addition, the signal observed in CD spectroscopy which is red

absorption maximum of the quaterthiophene could be explained, since in s

filament arrangement consisting of parallel β-sheets, an in-line orientation of the transition 

dipole moments would become feasible. At the same time a true exciton coupling, which 

could be caused by an intercalation of quaterthiophene segments coming from two adjacent 

would not be viable due to a distance of only 5 Å between quaterthiophenes from 

To conclude, it cannot unambiguously be said, whether a parallel or an anti

is the resulting suprastructure after self-assembly of hybrid 32, especially since the ultimate 
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assurance cannot be deduced from IR spectroscopy. Nevertheless there are several hints, that 

the parallel β-sheet may be the favoured structure for hybrid 32 in the native state. 

Additionally it is known from literature, that a number of naturally occurring β-sheet forming 

oligopeptides which are present in so-called “amyloids” (fibrous protein deposits related to 

severe diseases such as e.g. Alzheimer’s and Parkinson’s) prefer parallel β-sheet structures to 

anti-parallel ones.[19] and references therein 

4.4 Summary 

β-Sheet peptide oligothiophene hybrids 31 and 32 were successfully synthesised by Cu(I) 

catalysed 1,3-dipolar cycloaddition (“click”-chemistry). 

The solvent guided self-assembly of a symmetric PEO-peptide-quaterthiophene-peptide-

PEO hybrid 31 (A-B-A system) and the corresponding unsymmetric PEO-peptide-

quaterthiophene hybrid 32 (A-B system) were investigated on surfaces and in solution (for a 

summary of values obtained by experimental investigations see Table 4.1). It is essential to 

note, that based on several observations and also previous investigations of similar systems 

microstructure formation in solution and subsequent deposition of the suprastructures (i.e. 

fibres) on surfaces is presumed.  

Both A-B-A system 31 and A-B system 32 possess a structural defect in the peptide 

sequence (so called switch ester-segment) which can be transferred into an amide bond, thus 

restoring the native peptide backbone. For both systems, regular left-handed helical fibrillar 

microstructures formed in the kinked state of the peptide (visualised in AFM) differ strongly 

from the microstructures observed for the fully extended state of the peptide (Table 4-1). 

Hence, in the two different states of the hybrids non-covalent intermolecular interactions lead 

to different self-assembly motifs on the molecular level. The findings were supported by TEM 

and FT-IR. In chapters 4.3.3.1 and 4.3.6.1, in part calculated models suggest that in the kinked 

state of the peptide, both 31 and 32 assemble in an analoguous, chiral way, leading to similar 

left-handed helical fibres with slightly differing geometries (see Table 4-1). These differences 

in geometry are a consequence of the varying measures of the basic building blocks (see 

calculated and proposed model, chapter 4.3.3.1 and 4.3.6.1).  
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Table 4-1:  Overview of experimental data of hybrids 31 and 32.  

 ABA 31 

kinked 

ABA 31  

native 

AB 32 

kinked 

AB 32 

native
 

AFM     

fibre length several µm 1-2 µm several µm 
1-2 µm /  

100-200 nm(a) 

fibre width [nm] 12 ± 1 11 ± 2 20 ± 2 
15-48 ± 2 / 
6-8 ± 2(a) 

fibre height [nm] 3 ± 0.4 2.4 ± 0.4 3.5 ± 0.4 
1 ± 0.2 /  

0.4-0.7 ± 0.2(a) 

pitch length [nm] 20 ± 1 — 25 ± 2 — 

TEM     

fibre length several µm several µm 1-2 µm several µm 

fibre width [nm] 8 ± 2 8 ± 2 12.5 ± 2 6 ± 2(a) 

IR     

amide I [cm-1] 1673 1638 1666 1636 

ν (O ester) [cm-1] 1788, 1746 — 1785, 1741 — 

UV     

λmax [nm]; dissolved(b) 400 — 394 — 

ε [l·mol-1·cm-1] 26100 — 20800 — 

λmax [nm]; aggregated(c) 400 398 394 392 

Fluorescence     

λmax [nm]; dissolved(d) 491, 523, 567 — 481, 504, 541, 
598 

— 

change with base(e) yes — yes — 

λmax [nm]; aggregated(f) 491, 523, 567 492, 524, 
567 

480, 504, 541, 
598 

477, 504, 542, 
598 

change with base(e) no — no — 

(a) small filaments; (b) sample prepared by directly dissolving the compound in DCM/MeOH 1:1; (c) sample 
prepared by slow addition of methanol to a DCM solution of the respective compound via a syringe pump until 
DCM/MeOH 1:1; in the case of the transformation to the native peptide: MeOH contains NaOH, c ≈ 0.001 M; (d) 
sample prepared by directly dissolving the compound in DCM/MeOH 1:1, c ≈ 3x10-6 M; (e) change in shape and 
intensity of emission band was monitored over time after the addition of 20 µL of 10 mM NaOH in MeOH; (f) 
sample prepared by slow addition of methanol to a DCM solution of the respective compound via a syringe pump 
until DCM/MeOH 1:1; in the case of the transformation to the native peptide: MeOH contains NaOH, c ≈ 0.001 M. 
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In the native state of the peptide, both for A-B-A system 31 and for A-B system 32, no 

helical suprastructure was observed in AFM. Instead, a more ribbon-like structure was found, 

which in case of 32 could be shown to consist of a multi-filament substructure (see chapter 

4.3.4). Whereas for A-B-A system 31 based on geometries obtained from AFM and TEM a 

double-layer parallel β-sheet is proposed (chapter 4.3.3.2), for 32, on the basis of measures 

observed in AFM and TEM and with the help of calculations performed by Alexey Shaytan 

from the group of Prof. Alexei R. Khokhlov, the filaments observed are predicted to be 

composed of most likely parallel single layer β-sheets, which subsequently through lateral 

interactions form the multi-filament fibres observed (chapter 4.3.6.2). 

The calculated and proposed models of suprastructure formation (chapters 4.3.3 and 4.3.6) 

were also based on self-assembly of the fibres investigated in solution (UV-Vis, fluorescence 

and CD-spectroscopy). These experiments did not provide any evidence for an involvement of 

extensive π-π stacking and resulting exciton coupling in the suprastructures formed by A-B-A 

system 31 and A-B system 32 in the kinked state of the peptide. Moreover, a minor 

fluorescence quenching observed in this state of the peptide was for both hybrids assigned to 

interactions of the π-conjugated systems with the PEO chains. The models developed for both 

31 and 32 in the kinked state of the peptide take this observation into account. In the native 

state of the peptide, again, for both systems, no extensive π-π stacking and resulting exciton 

coupling could be deduced from UV-Vis, CD and fluorescence spectroscopy (chapters 4.3.2 and 

4.3.5). This can be explained by the distance of 4.8 Å by which the single strands in a β-sheet 

are separated, which is clearly too much for efficient π-π stacking and resulting excitonic 

coupling (ideally: 3.6-3.8 Å). For A-B hybrid 32, though, hints for a long-range coupling of the 

π-conjugated systems were obtained from UV-Vis and CD spectroscopy (chapter 4.3.5). In 

addition, such a possible long-range interaction cannot unambiguously be excluded for A-B-A 

system 31 in the native state of the peptide either. Due to the lack of the aforementioned 

minor fluorescence quenching observed for both systems in the kinked state of the peptide, 

an assembly of the native hybrids into parallel β-sheet structures is likely, as was discussed 

and proposed for the respective models (chapters 4.3.3.2 and 4.3.6.2). 
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Concerning the future design of peptide-substituted π-conjugated oligomers based on the 

results obtained from experiments and theoretical calculations a number of conclusions can 

be drawn. First of all, both for the symmetric hybrid 31 and for its unsymmetric counterpart, 

A-B system 32, the formation of presumably parallel β-sheets was observed in the native state 

of the peptide. Since 31 carries two peptide sequences, whereas 32 is only equipped with one, 

it was shown, that one peptide sequence and thus the asymmetric design of such hybrids is 

sufficient for the establishment of a β-sheet secondary structure. In addition, from the results 

concerning long-range coupling of the oligothiophene moieties obtained from spectroscopy 

(UV-Vis, CD and fluorescence), it can be deduced, that in A-B system 32 the π-conjugated part 

disposes of more flexibility when incorporated into a β-sheet secondary structure than in 

hybrid 31.  

Furthermore it can be said, that for both examples presented here and in both states of the 

peptide, respectively, hydrogen bonds are the dominating intermolecular interaction. In the 

kinked state of the peptide, the quaterthiophenes function mostly as a pre-orientating spacer 

for the peptide arms (see models), although for hybrid 32 an additional influence of the alkyl 

chains attached to the π-conjugated backbone is suggested. In the native state of the peptide, 

no significant contribution to suprastructure formation coming from an interaction of the π-

conjugated segments could be observed. Stupp and colleagues arrived at rather similar 

conclusions when comparing two hybrids consisting of a quinquethiophene incorporated into 

a β-sheet forming peptide sequence.[24] One of the hybrids was equipped with an additional 

alkyl spacer between the π-conjugated moiety and the two peptide parts, thus leading to 

more flexibility in the system. They arrived at the conclusion, that π-π stacking in their case 

was the dominant driving force for the self-assembly of the hybrid without a linker, 

suppressing β-sheet formation. When a linker was present, both π-π stacking and β-sheet 

formation coexisted.  

Hence, the importance of a linker rendering the hybrid systems more flexible together with 

a well-balanced ratio between the peptide- and the π-conjugated part are the two most 

important design guidelines which can be deduced from the work presented here.  
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4.5 Experimental Details 

Materials:  

Copper powder (Merck), trifluoroacetic acid (Merck), tetrakis(acetonitrile)copper(I) 

hexafluorophosphate (Sigma-Aldrich) and methanol (Merck, HPLC gradient grade) were used 

without further purification.  

Solvents were purchased from Merck and distilled prior to use.  

Size exclusion chromatography (SEC) was performed using Bio-Beads® S-X-1 and THF as 

eluent.   

PEO-β-sheet-peptide 33 was obtained from the group of Prof. Hans G. Börner, Humboldt 

University Berlin (formerly Max Planck Institute of Colloids and Interfaces in Golm).[11] 

Instrumentation: 

Nuclear magnetic resonance spectra were recorded on a Bruker AMX 500 (1H NMR: 500 MHz) 

at room temperature unless otherwise noted. Chemical shift values (δ) are given in parts per 

million using residual solvent protons (1H-NMR: δH = 6.00 for C2D2Cl4 (tetrachloroethane-d2)) 

as internal standard. Spectra splitting patterns are assigned as follows: s (singulet), d (dublet), 

t (triplet) and m (multiplet).  

Matrix-assisted laser desorption ionisation time-of-flight mass spectrometry (MALDI-TOF MS) 

measurements were carried out on a Bruker Daltonik Reflex III mass spectrometer with the 

following matrix: T-2-(3-(4-t-Butyl-phenyl)-2-methyl-2-propenylidene) malononitrile (DCTB).  

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

fluorescence emission spectra on a Perkin Elmer LS 55 spectrometer in 1 cm cuvettes.  

FT-IR spectroscopy was performed on a Perkin Elmer FT-IR Spectrum 2000 spectrometer, using 

KBr pellets.  

Circular dichroism spectroscopy was performed on a JASCO J-810 spectropolarimeter using 

2 mm cuvettes.  

Atomic force microscopy (AFM) was carried out at the Max Planck Institute of Colloids and 

Interfaces in Golm and at the University of Ulm. In Golm, it was performed on a NanoScope IIIa 

device (Veeco Instruments, Santa Barbara, CA) in tapping mode. Commercial silicon tips (Type 

NCR-W) were used with a tip radius < 10 nm, employing a constant force of 42 N/m at a 
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resonance frequency of 285 kHz. The image was recorded on a 10×10 µm e-scanner. In Ulm, it 

was performed on a MultiMode V device (Veeco Instruments, Santa Barbara, CA) in tapping 

mode using standard phosphorus (n) doped silicon-cantilevers (spring constant: 40 N/m, fre-

quency: 280 kHz). The images were recorded on a j-scanner. 

Samples were spin coated (2500-3000 rpm) from solution (0.05-0.5 mg/mL) on freshly cleaved 

mica substrates. Analyses of the aggregate dimension were carried out on a sample exhibiting 

separated structures by averaging over at least 25 values.  

Transmission electron microscopy (TEM) was also performed at the Max Planck Institute of 

Colloids and Interfaces in Golm. It was carried out on a Zeiss EM 912Ω instrument at an 

acceleration voltage of 120kV. The samples were drop-casted an then air-dried on carbon-

coated copper grids (solution 0.2 mg/mL). 

All reactions except for TMS-deprotections were performed in flame-dried glassware under 

argon and were monitored by thin layer chromatography (aluminium plates, pre-coated with 

silica gel, Merck Si60 F254). Compounds were detected by UV and ninhydrin. 

Synthesis: 

PEO-peptide-quaterthiophene-peptide-PEO-hybrid 31: 

 

To a solution of 15 mg (17.5 μmol, 1 eq.) of 5,5’’’-Bis(trimethylsilylethinyl)-3,3’’’-didodecyl-

[2,2';5',2'';5'',2''']quaterthiophene 10 in 500 μL of THF were added 16.0 mg ( 104.7 μmol, 

6 eq.) of caesium fluoride solved in 250 μL of methanol. The reaction was stirred for two hours 

at room temperature. The reaction mixture was then washed with saturated NaHCO3 solution, 

the aqueous layer was extracted with dichloromethane. The combined organic layers were 

dried over Na2SO4 and the solvent was removed in vacuo to yield 4 as a bright yellow oil which 

was directly used without any further purification.  
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1
H NMR (400 MHz, CDCl3, δ): 7.12 (d, 3J(H-4’’,H-3’’);(H-3’,H-4’)= 3.80 Hz, 2H, H-4’’, H-3’), 7.11 (s, 2H, H-

4, H-4’’’), 7.03 (d, 3J(H-3’’,H-4’’);(H-3’,H-4’)= 3.81 Hz, 2H,H-3’’,H-4’), 3.38 (s, 2H, C≡CH), 2.73 (m, 4H, 

Ha), 1.63 (m, 4H, Hb), 1.25 (m, 36H,Hc-k), 0.88 (“t”, 3J(H-l,H-k) = 6.85 Hz, 6H, Hl).  

13
C NMR (100 MHz, CDCl3, δ): 139.5, 137.1, 136.0, 134.3, 132.3, 127.0, 125.4, 124.0, 119.8, 

82.0 (C-A), 76.9 (C-B), 31.9, 30.3, 30.3, 29.6, 29.6, 29.5, 29.4, 29.3, 29.1, 22.6, 14.1.  

MS (MALDI-TOF, DCTB): calculated: m/z = 714.3, found: m/z [M]+ = 714.5 

Deprotected 5,5’’’-Bisethinyl-3,3’’’-didodecyl-[2,2';5',2'';5'',2''']quaterthiophene 4 was solved 

in 2 mL of dichloromethane. To this solution were added 67.2 mg (35.0 μmol, 2 eq.) of the 

PEO-peptide-conjugate 33, 2.6 mg (7.0 μmol, 0.4 eq.) of tetrakis(acetonitrile)copper(I) hexa-

fluorophosphate ([Cu(CH3CN)4]PF6) and 440 μg (7.0 μmol, 0.4 eq.) of copper powder were 

added. The reaction was stirred at room temperature. After 24h, another 2.6 mg (7.0 μmol, 

0.4 eq) of [Cu(CH3CN)4]PF6 were added. After 40h reaction time, the reaction mixture was 

washed with semi-concentrated ammonia and the aqueous layer was repeatedly reextracted 

with dichloromethane. The combined organic layers were washed with Brine, then the solvent 

was removed from the organic layer. The crude product was taken up in dioxane and was 

freeze-dried. For further purification, a SEC column was run (eluent: THF). The product 

containing fractions were combined and THF was removed. The residue was taken up in 

dioxane and the desired product 31 was isolated by precipitation with diethyl ether and 

subsequent filtration as 46 mg (10 μmol, 57%) of an orange solid. 

1
H NMR (500 MHz, C2D2Cl2/MeOH-d4 3:1, 350K): δ = 8.20 and 8.00 (s, triazole-H, 2H + 2 amide-

H), 7.67-7.59 (d, 4H, CarH aPhe), 7.39-7.31 (d, 4H, CarH aPhe), 7.26 (s, 2H, H-4, H-4’’’), 7.12 (d, 

3J(H-4’’,H-3’’);(H-3’,H-4’)= 3.73 Hz, 2H, H-4’’, H-3’), 7.04 (d, 3J(H-3’’,H-4’’);(H-3’,H-4’)= 3.91 Hz, 2H, H-3’’,H-4’), 

5.26-5.24 (m, 2H, CH(CH3)-O-CO Thr), 4.72-3.76 (m, 28H, 24 H α-CH + 2 CH-O-C(CH3)2 + 2 CH-O-

C(CH3)3 Thr), 3.56 (m, 108H, O-CH2-CH2-O), 3.46 (m, 6H, O-CH3 PEG), 2.76 (m, 4H, Ha), 2.45 (m, 

8H, CO-CH2-CH2-CO), 2.13-1.90 (m, 6H, CH(CH3)2 Val), 1.69-0.73 (m, 148H, 36 H, C(CH3)2 Val + 

18H CH(CH3)-O Thr + 18 H O-C(CH3)3 Boc + 18H O-C(CH3)3 
tBu + 12H C(CH3)2 

Me,Me pro, + 4H 

alkyl-Hb + 36H alkyl-Hc-k + 6 H, alkyl-Hl) 

MS (MALDI-TOF, DCTB, linear mode): calculated: m/z = 4611.80, found: broad distribution 

around m/z = 5000 (see comments in the text) 

GPC (THF, pS-standards) Mn = 3500, Mw/Mn = 1.34 

UV-Vis (dichloromethane/methanol 1:1): λmax (ε) = 400 (29000) 
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PEO-peptide-quaterthiophene hybrid 32: 

 

To a solution of 25 mg (36 µmol, 1 eq.) of 3,3’’’-Didodecyl-[2,2';5',2'';5'',2''']quaterthienyl-5-

monoacetylene 5 in 1.5 mL of dichloromethane were added 77 mg (40 µmol, 1.1 eq.) of PEO-

peptide hybrid 33, 5.4 mg (14.5 µmol, 0.4 eq.) of tetrakis(acetonitrile)copper(I) hexafluoro-

phosphate ([Cu(CH3CN)4]PF6) and 0.9 mg (14.5 µmol, 0.4 eq.) of copper powder. The reaction 

was stirred at room temperature for 24h. The reaction mixture was washed with semi-

concentrated ammonia and the aqueous layer was repeatedly reextracted with dichloro-

methane. The combined organic layers were washed with Brine, then the solvent was 

removed from the organic layer. The crude product was taken up in dioxane and was freeze-

dried. For further purification, an SEC column was run (eluent: THF). The product containing 

fractions were combined and THF was removed. The residue was taken up in dioxane and the 

desired product 32 was isolated by precipitation with diethyl ether under ice cooling and 

subsequent collection by centrifugation (washing with diethyl ether) as 68 mg (26 μmol, 72%) 

of an orange solid. 

1
H NMR (500 MHz, C2D2Cl2/MeOH-d4 3:1, 350K): δ = 8.20 (s, triazole-H, 1H), 7.64-7.62 (d, 2H, 

CarH aPhe), 7.36-7.34 (d, 2H, CarH aPhe), 7.26 (s, 1H, H-4), 7.13 (d, 3J(H-5’’’,H-4’’’) = 4.05 Hz 1H, H- 

5’’’), 7.09 (bs, 2H, H-3’, H-4’’), 7.03 (bs, 1H, H-4’), 6.96 (bs, 1H, H-3’’), 6.87 (d, 3J(H-5’’’,H-4’’’) = 4.95, 

1H, H-4’’’), 5.30-5.21 (m, 1H, CH(CH3)-O-CO Thr), 4.74-3.64 (m, 14H, 24 H α-CH + 1 CH-O-

C(CH3)2 + 1 CH-O-C(CH3)3 Thr), 3.56 (m, 54H, O-CH2-CH2-O), 3.46 (m, 3H, O-CH3 PEG), 2.73 (m, 

4H, Ha), 2.46 (m, 4H, CO-CH2-CH2-CO), 2.14-1.94 (m, 3H, CH(CH3)2 Val), 1.69-0.73 (m, 97H, 18H, 

C(CH3)2 Val + 9H CH(CH3)-O Thr + 9H O-C(CH3)3 Boc + 9H O-C(CH3)3 
tBu + 6H C(CH3)2 

Me,Me pro, + 

4H alkyl-Hb + 36H alkyl-Hc-k + 6H, alkyl-Hl) 
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MS (MALDI-TOF, DCTB): calculated: m/z = 2639.42, found: two homologous series with 44 Da 

mass difference of the PEO repeat units, each (m/z(max intensity) = 2661.9 and 2678.1, which can 

be assigned to [M + Na]+ and [M + K]+, respectively with 15 ethylene glycol repeat units and an 

end group mass of 1260.75 Da) 

GPC (THF, pS-standards) Mn = 1590, Mw/Mn = 1.38 

UV-Vis (dichloromethane/methanol 1:1): λmax (ε) = 394 (20800) 

Preparation of aggregation samples:  

Typically, 1 mg of the sample for both 31 and 32 was treated with 500 μL of 30% TFA for 3h. 

Then the solvent was removed and the sample was dried in vacuo. The residue was re-

dissolved in 500 μL of dichloromethane. To this solution, 500 μL of methanol (alternatively: 

0.001 M NaOH in methanol) were added by syringe pump at a speed of 20 μL per hour for 

system 31 and 40 µL per hour for system 32. After the addition was finished, the samples were 

left to stand on a shaker for at least 2d. 

In the case of the fully extended peptide in A-B system 32, 0.5-0.53 mg of the sample were 

used. 
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5.1 Introduction 

Apart from utilising the defined secondary structure of β-sheet forming peptide-sequences 

for the self-assembly of π-conjugated oligomers (chapter 4), also single amino acids have been 

employed to govern self-assembly, leading to amino acid-quaterthiophene hybrids 34-36 (Fig. 

5-1).  

 

Figure 5-1: Diastereomeric monoproline-substituted quaterthiophenes.  

Compounds 34-36 are monosubstituted with a single partially deprotected L-or D-proline 

which is attached to mono-ethynylated quaterthiophene 5 by Cu(I)-catalysed “click”-chemistry 

via an azido moiety in the C4 position of the proline ring.[1,2] Due to two stereocentres in the 

amino acid residue (C1 and C4) three diastereomeric compounds 34-36 are obtained. Having 

these chiral compounds in hand, the influence of their stereochemistry on the self-assembly 

behaviour was investigated in solution and on surface. Similar studies are known in 

literature,[3-5] though a single amino acid containing two stereocentres to control 

supramolecuar arrangement of molecules has to the best of our knowledge never been 

reported before.  

The choice of proline as amino acid evolved since oligo- and polyprolines dispose of a 

special helical secondary structure, which is potentially interesting for the attachment of 

organic π-conjugated compounds (chapter 6). The project was accomplished in cooperation 

with the group of Prof. Helma Wennemers in Basel.  
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5.2 Synthesis of Proline-Oligothiophene Hybrids 34-36 

 (2S,4R) compound 36 was obtained from saponification of fully protected parent 

compound 23 with lithium hydroxide as base (Scheme 5-1). 

 

Scheme 5-1: Saponification of fully protected compound 23 to free acid 36.  

Free acid 36 was obtained in 74% yield after purification by reversed phase-high 

performance liquid chromatography (RP-HPLC). A ternary gradient of water, THF and 

acetonitrile was used, going from water 50%, acetonitrile 45% and THF 5% at t = 0 min to 

water 2%, acetonitrile 60%, THF 38% at t = 17 min (tR=11.5 min). 

For (2S,4S) compound 34 and (2R,4R) compound 35 the same synthetic route was 

attempted as for diastereomer 36, yet, in the cases of 34 and 35 for hitherto unknown reasons 

an epimerisation of the stereocentre at C4 was observed. The epimerisation could not be 

hindered by employing different bases and reaction temperatures either.  

Thus, a different approach had to be chosen for the synthesis of hybrids 34 and 35. Cu(I) 

catalysed 1,3-dipolar Huisgen cycloadditions (“click”-chemistry) are known to be highly 

orthogonal and are often used in combination which natural product synthesis where the 

preservation of stereochemistry does play a role.[6] Therefore, it was decided to first saponify 

the methylester of 4-azidoprolines 1 and 3 and to subsequently perform “click”-chemistry. 

Saponification of 1 and 3 was achieved by standard reaction conditions for ester hydrolysis 

(Scheme 5-2). 
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Scheme 5-2: Methylester hydrolysis of enantiomeric amino acids 1 and 3.  

The free acids were used in “click”-chemistry, applying a protocol adapted from literature 

(chapter 2.4.2.2).[7] Because of dealing with free acids, instead of the usual 0.2 equivalents of 

the Cu(I) catalyst, it was used stoichiometrically since it might form complexes with the free 

acid (Scheme 5-3).  

Compounds 34 and 35 were purified by RP-HPLC and recycling gel permeation 

chromatography (r-GPC). They were obtained in good yields (82% and 92%, respectively).  

In order to confirm the enantiomeric and diastereomeric nature of compounds 34-36, it 

was attempted to determine the optical rotations. Unfortunately, under standard conditions 

(c = 1 g/100 mL, NaD), the transmission of light through the cuvette was zero. When diluting 

the compounds until transmission could be considered tolerable, the determined values 

became very unreliable due to lack of sensitivity of the measurement setup. Another way of 

obtaining information about the chirality of the compounds would have been to conduct chiral 

HPLC – which in the case of 34-36 was not possible, since a chiral RP-HPLC column would have 

been necessary.  

  



Chapter 5:  Proline-Quaterthiophene Hybrids 151 

 

Scheme 5-3: Synthesis of deprotected quaterthiophene amino acid hybrids 34 and 35. (a): 1.2 eq. 

[Cu(CH3CN)4]PF6, 0.2 eq. Cu°, DCM, rt, over night. 

Nevertheless, click-chemistry is known not to interfere with stereochemistry in reactions, 

hence one can also regard the optical rotations of the respective parent amino acids (Fig. 5-2).  

 

Figure 5-2: Fully protected and partially deprotected proline derivatives.  

The exact values are given in the following table (Table 5-1) and are in good agreement 

with literature, although slightly different concentrations and solvents were used.[8] 
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Table 5-1: Optical rotations of compounds 1-3 and 37-38.  

compound 1 2 3 37 38 

[α]D
20

 -29.3 -48.3 +27.4 -32.2 +34.3 

c = 1, dichloromethane 

5.3 Optoelectronic Properties of Proline-Oligothiophene Hybrids 34-

36 

5.3.1 UV-Vis and Fluorescence Behaviour  

Compounds 34-36 were investigated with respect to their properties in absorption and 

emission spectroscopy in n-propanol. As a representative, the absorption and emission 

spectra of (2S,4S)-configured compound 34 (DD4TT-S,S-Azp-OH) are given (Fig. 5-3). 

 

Figure 5-3: Absorption (c ≈ 7x10-5 M) and emission (c ≈ 2x10-6 M, excitation at λ = 410 nm) spectra of 

(2S,4S)-compound 34 in n-propanol. 

For compounds 34-36, the absorption maximum was located at λmax ≈ 389 nm, which 

corresponds to the excitation of the conjugated π-system along the long axis of the molecule. 

The emission band shows a fine structure which accounts for the more planarised structure of 

the conjugated system in the excited state. Emission maxima are located at λmax = 468 nm and 
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λmax ≈ 499 nm with an additional shoulder at λ = 541 nm. All results for compounds 34-36 

(same π-conjugated system) are displayed beneath (Table 5-2).  

Table 5-2: Absorption and emission data of compounds 34-36.  

compound λmax
abs

 [nm]
(a) 

ε [l·mol
-1

·cm
-1

] λmax
em

 [nm]
(b) 

DD4TT-S,S-Azp-OH 34 389 35300 468, 499, 541 

DD4TT-R,R-Azp-OH 35 388 33200 468, 498, 541 

DD4TT-S,R-Azp-OH 36 390 33500 468, 499, 541 

(a) c ≈ 7x10-5 M in n-propanol; (b) c ≈ 2x10-6 M in n-propanol 

5.3.2 Electrochemical Behaviour  

Amino acid quaterthiophene hybrids 34-36 were investigated by cyclovoltammetry. As was 

already described for the fully protected compounds (see chapter 2.4.3.2), differences in the 

electrochemical behaviour between the enantiomeric pair 34-35 and diastereomeric hybrid 36 

was observed (Fig. 5-4). 

 

Figure 5-4: Cyclovoltammograms of compounds 34 and 36 in DCM/TBAHFP (0.1 mol/L at 100 mV/s) 

vs. ferrocene/ferrocenium. 
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For (2S,4S)-compound 34, the main oxidation waves are irreversible redox processes due to 

the free α-position at the terminal thiophene ring. In addition, after the first sweep in 

cyclovoltammetry, the appearance of a new small signal at approximately E = 0.25 V is 

observed (indicated by an arrow in Fig. 5-4). This signal can be assigned to the newly formed 

corresponding octamer of the quaterthiophene (coupling of the radical cations). The same 

phenomenon is observed for compound 35. When comparing the shapes of the cyclovolta-

metric curves (Fig. 5-4), it is obvious, that the irreversible redox behaviour found for 

compounds 34 and 35 becomes less irreversible in the diastereomeric compound 36, which is 

also indicated by the slight shift in positions of the corresponding reductive signals. 

Cyclovoltammetry clearly shows differences in electrochemical behaviour between 

compounds 34 and 35 and diastereomeric amino acid-oligothiophene hybrid 36. All three 

compounds have the exact same structure apart from the stereochemistry at the proline ring. 

Thus, chirality must have an influence on the electronic situation in the hybrids, as was already 

stated for fully protected corresponding compounds 22-24 (see chapter 2.4.3.2 for an 

explanation). The entire electrochemical data for compounds 34-36 is given in Table 5-3.  

Table 5-3: Electrochemical data of compounds 34-36.  

compound E°ox1 [V]
(a) 

E°ox2 [V]
(a) 

EHOMO [eV]
(b) 

DD4TT-S,S-Azp-OH 34 0.42 0.66 -5.45 

DD4TT-R,R-Azp-OH 35 0.42 0.66 -5.45 

DD4TT-S,R-Azp-OH 36 0.42 0.66 -5.45 

Measured in dichloromethane (c = 1.0 x 10-3 mol/L) /TBAHFP (0.1 mol/L at 100 mV/s) vs. Fc/Fc+. (a) irreversible 
redox process, E° determined at I° = 0.855·Ip.[9] (b) Calculated from Eonset

ox1, set EHOMO(Fc/Fc+) = -5.1 eV.[10] 

5.4 Self-Assembly of Proline-Oligothiophene Hybrids 34-36 

5.4.1 Self-Assembly of Proline-Oligothiophene Hybrids 34-36 in Solution 

Self-assembly in solution of molecules containing chromophores – such as oligothiophene 

amino acid hybrids 34-36 – is ideally studied by optical and chiroptical (absorption, emission 

and Circular Dichroism (CD)) spectroscopy. Depending on band shapes and band maxima shifts 
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In the UV-Vis spectrum, this splitting can be seen as two distinct absorption bands, one of 

them blue-shifted (Fig. 5-5, right, corresponding to so-called H-aggregates) from the band of 

the monomeric excitation, the other red-shifted (Fig. 5-5, left, corresponding to so-called J-

aggregates). Both bands are based on one of the two allowed transitions, respectively. Mostly, 

only one broadened band is observed, unless the exciton splitting is very large. When strictly 

only one exciton transition is allowed, a single red-or blue-shifted band may be observed. The 

relative orientation of the relevant transition dipoles determines, whether each of the two 

excition transitions is allowed. If the arrangement of the two transition dipole moments with 

respect to one another is chiral, each of the two possible shifted UV-Vis bands will have 

corresponding CD bands. If both transitions in such an oblique arrangement of the transition 

dipole moments (Fig. 5-5, middle) are equally favoured, both parts of the resulting bisignate 

CD-effect should be equally distinct. Note, that a strictly in-line or parallel orientation of the 

dipole moments will not lead to any bisignate effect in CD spectroscopy. Thus, from optical 

spectroscopy information as to the stereochemistry – even absolute stereochemistry (CD) – of 

supramolecular aggregates of chromophores can be deduced. 

5.4.1.1 UV-Vis and Fluorescence Investigations  

In order to study the self-assembly of compounds 34-36 in solution, a solvent or solvent 

mixture had to be determined, in which the molecules are led to ordered aggregation while 

still being sufficiently solvatised not to precipitate. Hybrids 34-36 are molecularly dissolved in 

n-propanol (shown by dynamic light scattering (DLS) measurements, chapter 5.4.1.2), but by 

mixing n-propanol with water, self-assembly of the oligothiophene amino acid hybrids is 

brought about. From studies concerning the size of the obtained effect in circular dichroism 

(CD) spectroscopy, it was deduced, that a mixture of 5% n-propanol in water would lead to 

best results (chapter 5.3.1.2).  

All three compounds 34-36 were investigated in the self-assembled state utilising UV-Vis 

and fluorescence spectroscopy. Since all three compounds possess the same π-conjugated 

system, in the following spectra are given for hybrid 34 only.  
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To elucidate the influence of aggregation on the shape of the absorption band for the π-π* 

transition, the absorption of the compounds was investigated at different concentrations in 

pure n-propanol and 5% n-propanol in water (Fig. 5-6).  

 

Figure 5-6: Normalised absorption spectra of (2S,4S)-hybrid 34 in: left: 5% n-propanol/water and 

right: n-propanol. 

It can be seen from the normalised curves, that in the case of the aggregated sample in 5% 

n-propanol/water, the absorption bands at different concentrations are not exactly congruent 

(λmax ≈ 395 nm, Fig. 5-6 left), but show subtle differences especially on the side of the 

absorption band located at higher wavelength (λ = 400-500 nm) and in the region of the 

excitation of the conjugated system perpendicular to the long axis of the molecule, which is 

overlaid with the n-π* transition of the carbonyl group (λ = 230-250 nm). For the molecularly 

dissolved case in pure n-propanol, the curves are perfectly congruent (λmax ≈ 389 nm, Fig. 5-6 

right). The most obvious difference for the aggregated and the non-aggregated sample though 

can be seen, when directly comparing the shape of the absorption band for the aggregated 

and the non-aggregated case by overlaying them with each other (Fig. 5-7). It becomes 

obvious, that the shapes of especially the π-π* transition bands differ in width and in 

steepness of the slope at the red-shifted side of the bands. For the aggregated sample (in 5% 

n-propanol/water), the slope is less steep and the absorption onset is shifted towards longer 

wavelength than for the molecularly dissolved case (n-propanol). 
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Figure 5-7: Overlaid absorption spectra of (2S,4S)-compound 34 in 5% n-propanol/water (green curve, 

relates to top x-axis) and n-propanol (blue curve, relates to bottom x-axis); c ≈ 7x10-5 M.  

It has to be taken into account, that although these observed effects most likely stem from 

the aggregation of the sample, there may also be contribution from the differing dielectric 

properties of n-propanol and water. Nevertheless, keeping in mind exciton theory, which was 

explained previously (chapter 5.4.1), this diminutive broadening of the band at its red-shifted 

side corresponds to a slightly favoured low-energy transition. Thus, the arrangement of the 

two chromophores is likely to be somewhat biased towards the formation of J-aggregates.  

Another aspect of interest was to investigate temperature dependence of the absorption 

behaviour of a sample in the aggregated form. To this end, all three compounds 34-36 were 

subjected to UV-Vis-investigations in a temperature range between 10 and 90°C taking steps 

of 10°C (Fig. 5-8). While varying temperature, a continuous shift of the absorption maximum 

to shorter wavelengths could be observed (at 10°C: λmax ≈ 395 nm for 34 and 35, λmax = 393 nm 

for 36; at 90°C: λmax = 390 nm for 34 and 35, λmax = 387 nm for 36). Along with the blue-shift of 

the absorption maximum a decrease in intensity and a slight broadening of the band occurred. 

Upon quickly cooling the sample from 90°C to the starting temperature (10°C), the initially 

obtained absorption spectrum could be recovered. 
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Figure 5-8:  Temperature-dependent absorption spectra of 34, c ≈ 3.5x10-5 M in 5% n-propanol/ water.  

In Fig. 5-9, the band shapes of (2S,4S)-compound 34 in 5% n-propanol/water at 10°C (black 

line), at 90°C (red line) and in pure n-propanol at room temperature are compared. 

 

Figure 5-9: Comparison of the absorption band shapes of 34 in 5% n-propanol/water at 10°C (black 

line) and at 90°C (red line) with the shape of the absorption band in pure n-propanol 

(green line) at rt, c ≈ 3.5x10-5 M. X-axis does only apply for sample in 5% n-propanol/water 

at 10°C.  
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Broadening of the band at 90°C takes only place at its higher energy (shorter wavelength) 

side, indicating that a specific change in aggregation has taken place (see model chapter 5.5). 

Not even at 90°C, however, does the band shape of compounds 34-36 match the band of the 

respective molecularly dissolved compounds in n-propanol, indicating that even at such high 

temperatures aggregates are still present (chapter 5.3.1.2).  

Fluorescence spectroscopy revealed a strong quenching of the π-conjugated system’s 

emission when brought to aggregation in 5% n-propanol/water (Fig. 5-10). Here, a difference 

in the behaviour of the enantiomeric pair 34-35 and diastereomer 36 could be observed. For 

(2S,4S)- and (2R,4R)-compounds 34 and 35 the emission maxima were red-shifted from 

λmax
1 ≈ 468 nm, λmax

2 ≈ 498 nm and a shoulder at ≈ 540 nm in n-propanol to  λmax
1 ≈ 492 nm, 

 λmax
2 ≈ 518 nm and a shoulder at ≈ 561 nm in 5% n-propanol/water (Fig. 5-10 left).  

 

Figure 5-10: Emission spectra of (2S,4S)-compound 34 (left) and (2S,4R)-compound 36 (right) in 

different solvents, excitation at λ = 410 nm. 

In contrast, for the (2S,4R)-hybrid 36, emission maxima are shifted more pronouncedly 

toward lower energies (longer wavelengths, λmax
1 = 468 nm, λmax

2 = 499 nm and a shoulder at 

λ = 540 nm in n-propanol to  λmax
1 ≈ 494 nm (shoulder), λmax

2 = 522 nm in 5% n-

propanol/water). The bathochromic shifts of the emission maxima in 5% n-propanol/water 

compared to pure n-propanol, however, might have to be mainly attributed to the increase in 

solvent polarity.[12-14] More importantly, an almost complete loss of the fine structure of the 

emission band was observed for (2S,4R)-compound 36, whereas this substructure of the bands 

still was visible for compounds 34 and 35. Furthermore, quenching of the fluorescence in 5% 

n-propanol/water was strongest for 36, emission intensity decreased to 11% when compared 
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to the emission intensity in pure n-propanol (calculated from area of the emission bands). For 

34 and 35, the emission intensities in 5% n-propanol/water decreased to 20% and 28% of their 

previous emission intensities in n-propanol, respectively (calculated from area of the emission 

bands). One has to take into account, though, that part of the quenching may be caused by 

water itself.[12-14] 

All in all, emission data suggests, that in the case of (2S,4R)-hybrid 36, the aggregation 

seems to be stronger, i.e., the distance between the conjugated backbones is smaller, thus 

leading to a stronger exciton coupling.  

5.4.1.2 Circular Dichroism Spectroscopy and Dynamic Light Scattering  

Further investigations of the aggregates formed in mostly aqueous solution by 34-36 was 

accomplished by circular dichroism (CD) spectroscopy and dynamic light scattering (DLS). As 

was described above (chapter 5.4.1), CD spectroscopy can be used to determine, whether 

aggregates formed in solution have a chiral suprastructure and if so, in which manner the 

individual molecules arrange into the suprastructure. CD spectroscopic investigations were 

carried out mainly by Dr. Michael Kümin in the group of Prof. Helma Wennemers in Basel. 

Since in all three hybrids 34-36 the π-conjugated backbone is substituted with amino acids 

containing two chiral centres, they should self-assemble into chiral supramolecular 

arrangements. When searching for conditions leading to aggregation of the chiral hybrids 34-

36, several mixtures of n-propanol/water were investigated (e.g. n-propanol/water 1:1, 10% n-

propanol in water, 7% n-propanol in water, 5% n-propanol in water, 1% n-propanol in water), 

leading to the conclusion, that best results, that is, highest values for the observed bisignate 

CD-effect were found in 5% n-propanol/water. Applying these conditions, mirror image 

bisignate Cotton effects were observed for the enantiomeric pair 34 and 35 (Fig. 5-11), as was 

expected and has been described before in literature, e.g. for polythiophenes with amino acid 

functionalised side chains[4] or oligothiophenes equipped with chiral oligo(ethylene oxide) 

chains.[3] (2S,4S)-Hybrid 34 disposes of a negative Cotton effect with a maximum at 

λmax = 368 nm and a minimum at λmin = 427 nm, which is indicative of a left-handed helical 

arrangement of the π-conjugated backbones.[15] The zero-crossing is located at λ = 392 nm, at 

the approximate absorption maximum of the compound in n-propanol (λ = 389 nm). 

Enantiomeric (2R,4R)-compound 35 shows a positive Cotton effect (minimum at λmin = 364 nm 
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and a maximum at λmax =426 nm), corresponding to a right-handed helical arrangement of the 

aromatic systems.[15] Here, the zero-crossing is located at λ = 388 nm (absorption maximum of 

the compound in n-propanol at λ = 388 nm). 

CD spectra for both compounds showed a second set of bisignate CD signals associated 

with the excitation of the quaterthiophene part perpendicular to the long axis of the molecule 

in the region of λ = 240-290 nm (for both compounds: zero crossing at λ ≈ 265 nm). In the case 

of hybrid 34, another negative Cotton effect is observed, whereas for 35, the Cotton effect 

seen is positive. Eventually, in the region between λ = 200 and λ = 220 nm, a third signal is 

seen in CD spectroscopy, albeit this time, it cannot unambiguously be said to be bisignate. 

Therefore, it will be reported here as a maximum for (2S,4S) compound 34 (λmax = 204 nm) and 

a minimum for (2R,4R) hybrid 35 (λmin = 204 nm).  

 

Figure 5-11: Bisignate Cotton effects and lack thereof for chiral (2S,4S)-compound 34, (blue curve), 

chiral (2R,4R)-compound 35 (red curve), (2S,4R)-compound 36 (green curve), c ≈ 7x10-5 M, 

and a 1:1 mixture of 34 and 35 (orange curve), c ≈ 3.5x10-5 M each. 

For both enantiomers, the lower energy part (longer wavelength) of the main bisignate CD 

band is more pronounced than the blue-shifted one. It could be deduced from temperature-

dependent CD spectroscopy (vide infra), that the band actually consists of two overlapping 

contributions.  

The observed CD effects are in fact rather weak, compared to other systems reported 

before in literature, for example, oligothiophenes equipped with chiral oligo(ethylene oxide) 
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chains.[3] This might be due to the high degree of overlap between the conjugated backbones 

in a π-π stack (see model, chapter 5.5). It is known, that the closer the angle between 

interacting electronic dipole moments of aromatic systems come to 0° or 180°, the smaller will 

be the exciton splitting. Hence the strength of the observed bisignate Cotton-effect 

decreases.[16]  

Less foreseen but still plausible was the lack of a bisignate CD effect for the diastereomeric 

(2S,4R)-compound 36. Obviously, the spatial configuration at the chiral carbon atoms C1 and 

C4 of the proline ring enables individual molecules of (2S,4S)-compound 34 and (2R,4R)-hybrid 

35 to self-assemble into chiral suprastructures whereas for 36, the substituents must be 

arranged in such a fashion as not to allow for the supramolecular structures to be chiral (see 

chapter 5.5, model).  

A similar, almost non-existing CD-effect can be observed, when a 1:1 racemic mixture of the 

two enantiomeric compounds 34 and 35 was investigated (the small bisignate signal which is 

apparent in Fig. 5-12 presumably is due to inaccuracies of the weighted samples).  

For (2S,4S)-compound 34 and (2R,4R)-hybrid 35, the concentration dependence of the CD-

effect was investigated (Fig. 5-12). 

 

Figure 5-12: Concentration-dependent CD spectra of (2S,4S)-compound 34 (left) and (2R,4R)-com-

pound 35 (right).  

Varying the concentration over one order of magnitude from c ≈ 5x10-5 M to c ≈ 5x10-6 M, 

the Cotton effect does not vanish completely. The magnitude of the CD effect in the 

concentration range employed can best be correlated linearly with the concentration. It 
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becomes evident, that the two contributions of the bisignated part of the spectra diminish 

differently (Fig. 5-13). The part of the bisignate CD signal at lower energies (longer 

wavelength, blue line) for both hybrids decreases faster with a reduction in concentration 

than the smaller part at higher energies (shorter wavelengths, red line). The inequality of the 

determined slopes might may be attributed to experimental error. Nevertheless, also the 

influence of a slightly different suprastructure for (2S,4S)-compound 34 compared to (2R,4R)-

hybrid 35 might be relevant (see models, chapter 5.5).  

 

Figure 5-13: Correlation between concentration and magnitude of the CD-effect for: left: (2S,4S)-com-

pound 34 and right: (2R,4R)-hybrid 35; blue line: lower energies (longer wavelength) part 

of the bisignate CD- effects, red line: higher energies (shorter wavelength) part of the 

bisignate CD-effects. Negative values of the respective bisignate CD-effect were multiplied 

by -1 to ease direct comparison of the slopes determined.  

Keeping in mind the dimensionality of the aggregates in space, this indicates that the CD 

spectra originally consist of two components, one being of bisignated character originated by 

exciton-coupling and resulting Davydov splitting of stacks of π-conjugated oligothiophenes, 

the other part, which is red-shifted (centred at approximately 425 nm), is attributable to non-

excitonic interactions of the π-conjugated systems along the long axis of an aggregate (exciton 

coupling theory, chapter 5.4.1 and model, chapter 5.5).[11] The latter can be related to the size 

of the aggregates along their long-axis. When the size of the aggregates along this long axis 

diminishes, the contribution of the CD effect resulting from the non-excitonic interaction 

decreases as well. At the smallest concentrations, a nearly symmetrical bisignate signal, 
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caused by pure exciton coupling of the oligothiophene backbones is obtained.  

As was already described for UV-Vis experiments, also changes in CD effect occurring with 

variations in temperature were investigated (Fig. 5-14). 

 

Figure 5-14: Temperature-dependent CD spectra of (2S,4S)-compound 34 (left) and (2R,4R)-compound 

35 (right) at c ≈ 7x10-5 M. 

Temperature was varied between 10°C and 90°C in steps of 10°C. When quickly cooling 

down to 10°C again after measurement at 90°C, the initial spectrum was re-established. As 

already described for UV-Vis investigations, the aggregates are not even fully destroyed at 

90°C. Although the intensity of the CD spectra correlates linearly with temperature, the two 

contributions of the bisignated part of the spectra diminish differently (Fig. 5-15). Again it was 

observed, that the part of the bisignate CD signal at lower energies (longer wavelength) for 

(2S,4S)-compound 34 decreases faster with an increase in temperature than the smaller part 

at higher energies (shorter wavelengths). For the part of the bisignate CD signal at higher 

energies (shorter wavelength, blue line), between 70 and 90°C even a limit seems to be 

reached, and this part of the CD effect will not diminish significantly above 70°C. When 

reaching 90°C an almost pure (+/- equilibrated) exciton coupled signal can be observed for 34. 

The zero-crossing is red-shifted from λ =  390 nm to λ =  403 nm with increasing temperature 

in the case of (2S,4S)-compound 34.  
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Figure 5-15: Correlation between temperature and magnitude of the CD effect for: left: (2S,4S)-com-

pound 34 and right: (2R,4R)-hybrid 35; red line: lower energies (longer wavelength) part of 

the bisignate CD- effects, blue line: higher energies (shorter wavelength) part of the 

bisignate CD-effects. Negative values of the respective bisignate CD-effect were multiplied 

by -1 to ease direct comparison of the slopes determined. 

For (2R,4R)-system 35, however, the part of the bisignate signal at lower energies (longer 

wavelengths, red line) decreases almost similar to or even a little slower  than for the part of 

the bisignate signal at higher energies (shorter wavelengths, blue line). This indicates that the 

aggregates formed for 35 are not so easily destroyed along their long axis as is the case for 

compound 34. This was confirmed by DLS measurements, which showed a smaller decrease in 

size of aggregates of 35 when heating from 10°C to 90°C than for aggregates of 34. For 35, the 

zero-crossing shifts from λ = 390 nm to λ = 379 nm to the blue. The effects described here, 

again, have to be attributed to changes in length of the supramolecular aggregates of the 

chromophores, as was explained before. 

When for (2R,4R)-compound 35 water in the solvent mixture was replaced by phosphate 

buffer solutions, one with pH 7.2 (corresponding to water), the other with pH 2, different 

behaviour of the samples could be observed (Fig. 5-16).  
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Figure 5-16:  CD spectra of 35, c ≈ 2.8x10-5 M in 5% n-propanol/water mixtures with differing pH.  

While Cotton effects in water and at pH 7.2 look alike, in a mixture of 5% n-propanol/buffer 

pH 2, the solution turned turbid and did not show any CD-effect. After standing over the 

weekend, material had precipitated from the solution and the supernatant solvent was clear. 

Since solubility of 34-36 in protonated state should be worse in aqueous media, this explains 

precipitation of 35 from solution. Thus, at pH 7.2, similar to pure water, hybrids 34-36 have to 

be considered to be predominantly present in their deprotonated anionic form. If this is the 

case, the nature and size of the respective counter cations has to play a role for suprastructure 

formation and the resulting observations in spectroscopy. Hence, a series of CD and UV-Vis 

measurements was conducted, replacing water with 15 mM aqueous solutions of the 

following salts: lithium chloride, sodium chloride, potassium chloride, caesium chloride and 

tetrabutylammonium chloride (Fig. 5-17). In order to be able to exclusively compare the 

impact of the cations, the respective chloride-salts were chosen. Starting from pure 

demineralised water as co-solvent, the bisignate CD signal stays the same concerning shape 

and positions of extrema and zero-crossing, but its intensity increases when replacing water 

by a LiCl-solution or even a NaCl-solution (Fig. 5-17, left).  
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Figure 5-17: CD and normalised UV-Vis spectra of (2S,4S)-compound 34 (c ≈ 3.5 x 10-5 M) in solvent 

mixtures of 5% n-propanol/15 mM aqueous solutions of different salts.  

This might be attributable to altered dynamics of the self-assembly process due to the 

presence of different cationic species, that is, larger or more suprastructures are formed on 

the same time-scale. Another reason could be the slightly differing geometries obtained in the 

suprastructure by incorporation of different counterions. In either way, a subtle influence of 

the cationic species depending on its size can be deduced. The intensity of the CD signal stays 

approximately the same for NaCl, KCl and CsCl. When the considerably bigger NBu4
+-cation is 

applied, the bisignate CD signal vanishes almost completely (yellow line in Fig. 5-17, left). The 

sample containing this cation turned turbid immediately when preparing it, but even after 

standing over night, no precipitate had formed and the CD-signal remained the same. In 

absorption spectroscopy measured during CD spectroscopy, pure water and all the salt-

solutions except for NBu4Cl give the same absorption spectrum (Fig. 5-17, right). The 

absorption spectrum for the mixture containing NBu4Cl differs considerably from the others. 

The maximum is red-shifted from λmax = 392 nm to λmax = 410 nm and the band is considerably 

broader. This, however, may be attributable to the turbidity of the solution and resulting light-

scattering. The cation-size-dependence of spectroscopic results obtained will be further 

discussed in connection with theoretical models for the suprastructures (see chapter 5.5). 

For all three chiral oligothiophene amino acid hybrids 34-36, an absence of aggregates in 

pure n-propanol solution was – in addition to CD and UV-Vis spectroscopy – also proven by 

DLS. In a 5% n-propanol/water solution at c = 7x10-5 M, aggregates of 34-36 with an average 

hydrodynamic diameter of approximately 80-90 nm were found at 20°C. For all three 
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compounds, the change in aggregate size with varying temperature was monitored (Fig. 5-18). 

DLS also confirmed what has already been elucidated with the help of UV-Vis- and CD 

spectroscopy: the formed aggregates do still exist at a temperature of 90°C.  

 

Figure 5-18: Temperature dependent DLS measurement of aggregate sizes, left: 34 (2S,4S)-compound, 

right: (2S,4R)-compound 36.  

The aggregate size for all three compounds 34-36 decreases roughly by 35 nm in size when 

gradually going from 10°C to 90°C (Table 5-4).  
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Table 5-4: Average hydrodynamic diameter [nm] of compounds 34-36 determined by DLS.   

T [°C] DD4TT-S,S-Azp-OH 34
 DD4TT-R,R-Azp-OH 35

 DD4TT-S,R-Azp-OH 36
 

10 99.54 81.04 86.19 

20 92.15 75.18 79.53 

30 87.82 70.50 77.35 

40 81.75 66.44 73.08 

50 75.78 61.93 65.96 

60 71.97 58.26 61.79 

70 67.77 55.35 58.46 

80 64.42 52.26 55.76 

90 62.01 49.95 52.52 

Measured in 5% n-propanol/water at c ≈ 7x10-5 M. 

To conclude, all three chiral hybrid molecules 34-36 form aggregates in 5% n-

propanol/water (Table 5-5). For the enantiomers 34 and 35, these aggregates have been 

shown to be chiral, whereas no chirality of the suprastructure could be determined for 

diastereomer 36. Furthermore, the formed aggregates proved to be unusually stable up to 

rather high temperatures.  
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Table 5-5: Collected experimental data concerning self-assembly of 34-36 in solution.   

 DD4TT-S,S-Azp-OH 

34 

DD4TT-R,R-Azp-OH 

35 

DD4TT-S,R-Azp-OH 

36 

UV-Vis    

λmax
abs [nm](a) 389 388 390 

ε [l·mol-1·cm-1](a) 35300 33200 33500 

λmax
abs [nm](b) 395 394 393 

Fluorescence    

λmax
em [nm](c) 468, 499, 541 468, 498, 541 468, 499, 541 

λmax
em [nm](d) 492, 518, 561 492, 518, 561 494, 522 

CD    

Cotton effect(a) negative positive none 

λmax [nm], λmin[nm] 368, 427 426, 364 none 

helicity(a) left-handed right-handed none 

zero-crossing [nm](a) 392 388 none 

DLS    

(a) no aggregates no aggregates no aggregates 

(b) aggregates aggregates aggregates 

(a) c ≈ 7x10-5 M in n-propanol; (b) c ≈ 7x10-5 M in 5% n-propanol/water; (c) c ≈ 2x10-6 M in n-propanol; (d) 
c ≈ 2x10-6 M in 5% n-propanol/water. 

5.4.2 Self-Assembly of Proline-Oligothiophene Hybrids 34-36 on Surfaces 

In addition to self-assembly of quaterthiophene amino acid hybrids 34-36 in solution, their 

self-assembly on surfaces was investigated. It is important to note, that self-assembly of 

molecules on surfaces can differ significantly from their self-assembly in solution, since by 

employing surfaces, additional forces between the surface and the deposited material, the 

surface and the solvent from which the compound is deposited etc. come into play.e.g. [17,18] 

Both atomic force microscopy (AFM) and transmission electron microscopy (TEM) were 

utilised to investigate the self-assembly of compounds 34-36.  
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5.4.2.1 Atomic Force Microscopy 

All three diastereomers 34-36

Alexey Kopyshev from our group). They were spin

toluene (c = 10-4 M). For (2S,4S)

obtained (Fig. 5-19). 

Figure 5-19: AFM height images of (2

freshly cleaved mica from a toluene solution (c

The connecting fibres in the network are about 1

nodes). Both width and height of single fibres were determined to be 2.3

fibre bundles vary between 30 and 80

observed was ≈ 26 nm, for fibre bundles 
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icroscopy of Proline-Oligothiophene Hybrids 34-

36 were investigated by AFM on mica surfaces (in part by Dr. 

om our group). They were spin coated from their respective solutions in 

)-compound 34, a network of left-handed helica

of (2S,4S)-compound 34 deposited by spin coating at 2000

freshly cleaved mica from a toluene solution (c = 10-4 M). 

The connecting fibres in the network are about 1 µm in length (distance between two 

nodes). Both width and height of single fibres were determined to be 2.3 ± 0.2

fibre bundles vary between 30 and 80 nm. The pitch length of the left-handed he

nm, for fibre bundles ≈ 30 nm.  
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In the images shown above, an underlying layer on mica with a uniform thickness of 0.7

was found. For this layer, a semiempirical model was calculated

showing an arrangement of the π

Figure 5-20: Semi-empirical model for an

With this basic layer of chiral hybrid molecules on top of mica it is important to note, 

the surface itsself becomes chiral. 

Under the same conditions as for (2

compound 36 was investigated in AFM (

AFM. Here, though, the network does n

connect clusters consisting of deposited material (

heights of 3.4 ± 0.2 nm and fibre widths of 11

resolution it could not be unambiguously determined, whether real single fibres or bundles 

were visualised. For some of the fibres (

pitch ≈ 52  ± 2 nm is observed. However, some of the fibres in the network do not appear 

have any helicity, some might even be assigned a right

diastereomeric compound 

unequivocally assignable as in the case of 

Proline-Quaterthiophene Hybrids 

In the images shown above, an underlying layer on mica with a uniform thickness of 0.7

For this layer, a semiempirical model was calculated by Dr. Elena Mena

n arrangement of the π-conjugated backbones parallel to the substrate (Fig. 5

empirical model for an underlying layer of 34 observed in AFM.

With this basic layer of chiral hybrid molecules on top of mica it is important to note, 

the surface itsself becomes chiral.  

Under the same conditions as for (2S,4S)-enantiomer 34, the diastereomeric (2

was investigated in AFM (Fig. 5-21). Again, a network of fibres was visualised in 

AFM. Here, though, the network does not merely consist of fibres but 

consisting of deposited material (Fig. 5-21a). Fibre “lengths” of 

nm and fibre widths of 11 ± 3 nm were obtained. Due to insufficient 

not be unambiguously determined, whether real single fibres or bundles 

were visualised. For some of the fibres (Fig. 5-21b) a left-handed helical substructure with a 

nm is observed. However, some of the fibres in the network do not appear 

might even be assigned a right-handed one (Fig. 5

diastereomeric compound 36, chirality of the formed suprastructures is thus not as 

ble as in the case of (2S,4S)-enantiomer 34.  
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In the images shown above, an underlying layer on mica with a uniform thickness of 0.7 nm 

by Dr. Elena Mena-Osteritz, 

llel to the substrate (Fig. 5-20). 

 

observed in AFM. 

With this basic layer of chiral hybrid molecules on top of mica it is important to note, that 

, the diastereomeric (2S,4R)-

). Again, a network of fibres was visualised in 

ot merely consist of fibres but the fibres seem to 

). Fibre “lengths” of ≈ 1 µm, fibre 

nm were obtained. Due to insufficient 

not be unambiguously determined, whether real single fibres or bundles 

handed helical substructure with a 

nm is observed. However, some of the fibres in the network do not appear to 

Fig. 5-21c). In the case of 
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Figure 5-21: AFM height and amplitude images 

mica at 2000 rpm. a) height images; b) left: height image, right: amplitude image; c) 

amplitude image.   

It was not possible to observe any fibrous microstructure 

standard conditions for sample preparation for (2

speed to approximately half, though, again lead to formati

was already described for diastereomeric

Proline-Quaterthiophene Hybrids 

AFM height and amplitude images of (2S,4R)-compound 36 spin coated from toluene on 

a) height images; b) left: height image, right: amplitude image; c) 

It was not possible to observe any fibrous microstructure formation on mica utilising 

standard conditions for sample preparation for (2R,4R)-enantiomer 35. Reducing spin

speed to approximately half, though, again lead to formation of a fibre network (Fig. 5

was already described for diastereomeric compound 36, the fibres in the network serve as 

 

 

coated from toluene on 

a) height images; b) left: height image, right: amplitude image; c) 

formation on mica utilising 

. Reducing spin coating 

on of a fibre network (Fig. 5-22). As 

, the fibres in the network serve as 
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connections between large droplets consisting of deposited material (Fig. 5-22a, left and 

right). The fibres possess a length of 1-2 µm, a height of 2.2 ± 0.2 nm and a width of 35 ± 5 nm. 

Unfortunately, a helical substructure could never be observed for (2R,4R) enantiomer 35. For 

some of the fibres, though, a “doublefibre”-like structure could be imaged (Fig. 5-22b, right, 

right “leg”). When scanning over detailed structures while applying a bigger force, a partial 

breakdown of the fibres in their central part, revealing a ditch, was obtained (Fig. 5-22c). This 

could be a hint that the observed fibres indeed do consist of a double structure or at least 

dispose of a hollow part in their centre.  

The unsatisfactory results concerning missing chirality in the fibres observed for (2R,4R)- 

compound 35 need to be discussed. First of all it has to be said, that self-assembly on surfaces 

is a multi-parameter problem. The preparation of the sample is of crucial importance, as was 

already described previously. Since for (2R,4R)-hybrid 35 different conditions of sample 

preparation had to be chosen in order to obtain fibres than for its corresponding (2S,4S)-

compound 34 and the diastereomer 36 (applying the original conditions did not lead to any 

result at all), the fibres’ differing geometry most likely is a direct consequence. Why the 

originally employed conditions despite multiple attempts did not lead to the observation of 

any microstructure might be explained by the theoretically calculated model (see chapter 5.5). 

Additional hints can be obtained from literature. Meijer, Schenning and colleagues reported 

the surface-controlled self-assembly of chiral sexithiophenes (chapter 3.2).[18] They describe in 

detail, how variation of the surface employed led to fundamental changes in the chirality of 

fibrous microstructures observed. More importantly, for an enantiomeric pair of the chiral 

sexithiophenes, the same left-handed helical substructure was found on the same substrate. 

Similar phenomena of induced chirality have also been observed by other groups, where the 

influence of sample preparation and the influence of surface hydrophobicity is discussed.[18 and 

references therein, 19]  
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Figure 5-22: AFM height and amplitude 

(c = 10-4 M) at 1200 rpm

amplitude image.  

Proline-Quaterthiophene Hybrids 

AFM height and amplitude images of (2R,4R)-hybrid 35 spin coated on mica from toluene 

rpm. a) height images; b) left: height image, right: amplitude image; c)

 

 

 

coated on mica from toluene 

. a) height images; b) left: height image, right: amplitude image; c) 
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An overview of the AFM data obtained for the three hybrids 34-36 is given in Table 5-6. 

Table 5-6: Collected AFM data concerning hybrids 34-36.   

AFM 
DD4TT-S,S-Azp-OH 

34
(a) 

DD4TT-R,R-Azp-OH 

35
(b) 

DD4TT-S,R-Azp-OH 

36
(a) 

fibre length ≈ 1 µm 1-2 µm ≈ 1 µm 

fibre width [nm] 2.3 ± 0.2 2.2 ± 0.2 11 ± 3 

fibre height [nm] 2.3 ± 0.2 35 ± 5 3.4 ± 0.2 

pitch length [nm] ≈ 26  — — 

helicity left-handed none 
not unambiguously 

determinable 

(a) spin coated on mica at 2000 rpm from a c ≈ 10-4 M solution in toluene; (b) spin coated on mica at 1200 rpm 
from a c ≈ 10-4 M solution in toluene.  

In addition to applying compound 35 to the substrate from the same solvent with the same 

concentration as compounds 34 and 36 (toluene, c = 10-4 M), it was also attempted to 

potentially deposit the aggregates obtained from self-assembly in solution onto surfaces for 

AFM investigations. To this end, both mica and highly oriented pyrolytic graphite (HOPG) were 

chosen as substrates. The compound was spin-coated from a 5% n-propanol aqueous solution 

with c ≈ 7x10-5 M (Fig. 5-23), which had been shown previously to contain aggregates 

(chapters 5.4.1.1 and 5.4.1.2). 
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Figure 5-23: AFM images of (2R,4R)-

on HOPG (amplitude image)

Indeed, very sporadic single fibres could be observed on mica (F

The fibres are approximately 300

Some of the bigger clusters which can be seen have a

could be said to be in the same range of size which was observed for aggregates in solution by 

DLS if systematic errors attached to both methods are taken into account (chapter 5.4.1.2). 
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circular microstructures were observed which appear to have a c
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many parameters, such as sample preparation and hydrophobic or hydrophilic character of 
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the chosen surface, a multitude of different microst

comes into play.[20,21]  

5.4.2.2 Transmission Electron M

Another attempt at investigating the aggregates observed in sol

made by transmission electron m

n-propanol aqueous solution with a concentra

Figure 5-24: TEM images of aggregates deposited from an aqueous 5% n

hybrid 35. Left: unstained, right: stained with uranyl acetate; scale bars correspond to 

100 nm.  

In both images, in the unstained as well as the stained state

mostly spherical objects with an approximate diameter of 100

corresponding to diameters obtained from DLS measurements, chapter 5.4.1.2) could be 

observed. Taking a closer look a

cylindrical objects could be hypothesi

improve the contrast). 
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the chosen surface, a multitude of different microstructures can be formed, when a

Transmission Electron Microscopy  

attempt at investigating the aggregates observed in solution more closely was 

made by transmission electron microscopy (TEM). The aggregates were deposited from a 5% 

propanol aqueous solution with a concentration of c ≈ 7x10-5 M (Fig. 5-

TEM images of aggregates deposited from an aqueous 5% n-propanol 

. Left: unstained, right: stained with uranyl acetate; scale bars correspond to 

In both images, in the unstained as well as the stained state (staini

mostly spherical objects with an approximate diameter of 100

corresponding to diameters obtained from DLS measurements, chapter 5.4.1.2) could be 

observed. Taking a closer look at the right picture of Fig. 5-24, a superimposition of several 

cylindrical objects could be hypothesised (objects are stained with uranyl actetate 
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icroscopy (TEM). The aggregates were deposited from a 5% 
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Again, it should be noted that a direct coherence between the shape and size of aggregates 

in solution and on surfaces (here: carbon-coated copper grids) cannot automatically be 

established due to different interactions in solution and when depositing aggregates on a 

surface.  

5.5 Calculated Models of Suprastructures of 34-36 

Semi-empirical models for suprastructures of all three compounds 34-36 were calculated 

by Dr. Elena Mena-Osteritz with the help of INDO method Austin Model 1 (from the 

Hypercube package). First of all, for single molecules of each compound the energy minimum 

conformation was calculated in the gasphase (Fig. 5-25, Fig. 5-26). Up to 11 molecular 

conformations were calculated in order to select the two energetically most stable ones for 

further computations of the suprastructures. It is important to note that the calculated 

conformations of the compounds represent snap-shots of the molecules that definitely 

correspond to an energetically minimised conformation. 

In these conformations, the thiophenes arrange in an all-trans conformation with the alkyl 

chains extended and coplanar to the delocalised π-system. The molecular dimensions are 

calculated to be 2.6 nm along the short axis of the molecules, 3.6 nm along the long axis of the 

molecules and 0.5 nm in height. This corresponds very well to the height of the monolayer 

underneath fibrillar structures observed in AFM for (2S,4S)-hybrid 34 (0.7 ± 0.1 nm, chapter 

5.4.2.1).  

Surprisingly, the calculations clearly show, that the molecules which have enantiomerically 

configured stereocentres (2S,4S)-hybrid 34 and (2R,4R)-hybrid 35 cannot be considered as 

enantiomers when the whole molecule in its energy minimum conformation is considered. 

Whereas in (2S,4S)-compound 34, the amino acid moiety is oriented almost planar with the 

oligothiophene backbone (Fig. 5-25, left column, middle) for (2R,4R)-compound 35 the amino 

acid part protrudes from this plane (Fig. 5-25, right column, middle and bottom). The 

carboxylic acid groups of the amino acids in 34 and 35 which are one of the driving forces of 

suprastructure formation (H-bonds, complexation) hence do not point into exactly opposing 

directions considering the thiophene backbone as the molecular plane for comparison.  
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Figure 5-25: Calculated energy minimum conformations of hybrids 

two molecule parts mainly responsible for self

ylic acid: red and green, indicated by blue arrow). 

This at first glance unexpec

stereocentres is the consequence of free rotation of the oligothiophene attached to the 

stereocentre at C4 of the proline ring (connecting point to the triazole) with respect to its 

transition dipole moment. All of the forces and also transition dipole moments are in balance 

in the calculated models. 

Proline-Quaterthiophene Hybrids 

Calculated energy minimum conformations of hybrids 34-35 and planes going through the 

two molecule parts mainly responsible for self-assembly (oligothiophene: purple, 

ylic acid: red and green, indicated by blue arrow).  

This at first glance unexpected behaviour for molecules containing enantiomeric 

eocentres is the consequence of free rotation of the oligothiophene attached to the 

stereocentre at C4 of the proline ring (connecting point to the triazole) with respect to its 

nt. All of the forces and also transition dipole moments are in balance 
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nt. All of the forces and also transition dipole moments are in balance 
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For compound 36 containing diastereomerically configured stereocentres in the amino 

acid, as expected, a completely different conformation of the molecule is observed (Fig. 5

Figure 5-26: Calculated energy minimum conformations of hybrid 

molecule parts mainly responsible for self

acid: green).  
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For the computation of the intermolecular interactions of (2S,4S)-compound 34, bundles of 

up to four molecules in the gas phase were considered. The model shown in Fig. 5-27c 

corresponds to the most stable, densely packed and highly ordered aggregate on the basis of 

the energy minimised conformation of the single molecule. No stabilisation of the system, 

neither in a chiral nor in an achiral way could be obtained from a front-to-front geometrical 

arrangement of the molecules. In contrast, the antiparallel arrangement of the molecules 

leads to suprastructures with a left-handed helicity along the growth axis of the fibre due to 

amino acid chirality. Main contributions to energetic stabilisation stem from up to three 

intermolecular forces: most importantly H-bonding between the carboxylic acid groups of the 

amino acid moieties and the triazole rings, π-π stacking of the oligothiophene backbones and 

van der Waals interactions of the alkyl chains.  

The molecular dimensions observed for fibrous microstructures in AFM (width and height: 

2.3 ± 0.2 nm, chapter 5.4.2.1) correspond very well to the calculated width of the fibre, when 

considering π-π stacks of eight oligothiophenes with an intermolecular distance of 3.5 Å (Fig. 

5-27c). These stacks play a central role in the decay of the suprastructure with a rise in 

temperature, as was observed in CD spectroscopy (chapter 5.4.1.2). As single stacks are 

removed from the ends of the fibre due to its shortening, the lower energy (longer 

wavelength) part of the bisignate CD signal reduces and the whole signal grows into a nicely 

symmetric pure exciton coupling of the π-π stacks themselves.  

It is important to note, that in this model, there is no hydrogen-bonding between the 

individual stacks of oligothiophenes (Fig. 5-27b). Hydrogen-bonding only takes place between 

molecules in the same stacks. The main driving forces for fibre growth in the described 

manner are phase segregation between the hydrophilic and hydrophobic segments of the π-π 

stacks and packing density, which is very high and which makes the described fibre very 

stable.  
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Figure 5-27: Semi-empirical model of a left

(hydrogens are omitted for clarity)

boxes: oligothiophene, green cylinders: proline

bonded tetramer of 34

light blue arrow indicates lef

Proline-Quaterthiophene Hybrids 

empirical model of a left-handed helical fibrillar suprastructure of (2
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Preliminary calculations performed for (2R,4R)-hybrid 35 gave rise to the formation of a 

right-handed helix in accordance with results obtained from CD spectroscopy (Fig. 5-28). As 

can be seen from the model in Fig. 5-28c, the structure is less densely packed than the 

suprastructure of corresponding (2S,4S)-hybrid 34, which might be a reason for the slightly 

differing behaviour of both suprastructures observed in CD spectroscopy and DLS when 

treated thermally (chapter 5.4.1.2). Also, this could give a reasonable explanation why no 

chiral microstructures were observed for (2R,4R)-hybrid 35 in AFM under the same sample 

preparation conditions as for (2S,4S)-hybrid 34 and for (2S,4R)-compound 36 due to a possible 

instability of the suprastructure when subjected to forces of spin coating and being brought 

into contact with the highly hydrophilic mica surface. 

When comparing the temperature-dependent CD spectroscopy for (2S,4S)-hybrid 34 and 

for (2R,4R)-compound 35 subtle differences in the decrease of the bisignate signal were 

observed (chapter 5.4.1.2). For 34, the signal part at longer wavelengths (lower energies) 

decreased faster than the signal part at shorter wavelength. For 35, this was not observed. 

Considering the models proposed for the two compounds, this might give an additional hint as 

to the non-existence of hydrogen bonds between single stacks of molecules for (2S,4S)-hybrid 

34, whereas these, according to the suggested model, are present for (2R,4R)-compound 35. 

In contrast to the above described model for (2S,4S)-compound 34, here, hydrogen-

bonding is observed between two molecules of adjacent π-π stacks respectively (Fig. 5-28b). 

For diastereomeric (2S,4R)-compound 36 eventually, a model was obtained, which does not 

dispose of any chirality at all (Fig. 5-29c). Here, the π-conjugated backbones are arranged with 

a 90° angle with respect to one another (Fig. 29b), thus no chiral exciton coupling can be 

observed in CD spectroscopy. Interestingly, for (2S,4R)-hybrid 36 also energetically favourable 

left-handed and right handed helical suprastructures could be computed. These findings 

would coincide with the observations from AFM, where both left-handed and right-handed 

helical sections of fibres could be observed. In CD spectroscopy, such a racemic mixture of 

helical suprastructures in solution would not give rise to any bisignate signal either. As in the 

above described model for (2R,4R)-compound 35, hydrogen-bonding is observed between two 

molecules of adjacent π-π stacks respectively (Fig. 5-29b). 
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A final aspect of suprastructure formation needs to be addressed. It was shown, that in 

aqueous solution most likely the deprotonated acid, that is,

prevalent (chapter 5.4.1.2). In the semiempirical models presented here (Fig. 5

Fig. 5-29), though, the protonated acid and the resulting hydrogen

These models reflect the situation encountered when samples prepared in toluene for self

assembly on surfaces are considered. In aqueous surroundings, however, a dependence of the 

spectroscopic results on the size of added cations was observed (chapter 5

crucial role of these ions.  

Previous calculations by Dr. Elena Mena

Thiophene-2-carboxylic acid (Fig. 5

column) do not change drastically, when the protons are substituted by an alkali metal cation 

(here: lithium and potassium).  

Figure 5-30: Geometries of thiophene

(c) as cation. Non-essential hydrogens are 

sulphur, red: oxygen, white: hydrogen/lithium, purple: potassium. 
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Furthermore it was shown, that also the interactions of two carboxylates with alkali-cations 

placed between them led to a minimum in energy, suggesting electrostatic interactions or 

complexation. Taking these theoretical results into account, the formation of self-assembled 

suprastructure similar to the ones presented above based on interactions between 

carboxylates and alkali-cations becomes plausible. In the case of (2S,4S)-hybrid 34, these 

interactions most likely will occur between a carboxylate, an alkali-cation and a triazol-moiety 

as the second part responsible for complexation. 

Also, the dependence of the CD observed on the size of cations used can be explained 

(chapter 5.4.1.2). Whereas the effect is rather subtle going from pure water to aqueous salt 

solutions of LiCl, NaCl, KCl and CsCl, the bisignate CD-signal breaks down completely when the 

large cation NBu4
+ is introduced. Fig. 5-30c illustrates, that even larger alkali-cations such as K+ 

and Cs+ do not lead to drastic changes in the geometries of the molecular arrangement. When 

a pair of carboxylates is considered (Fig. 5-30c, right column), the distances even diminish 

slightly compared to Li+, since the cations now arrange in a plane perpendicular to the one in 

which the carboxylates can be found. However, a large cation such as NBu4
+ can presumably 

not be accommodated in the molecular geometries proposed here, thus preventing the self-

assembly of a superstructure similar to those proposed above. 

5.6 Summary 

Chiral mono-proline quaterthiophene hybrids 34-36 were successfully synthesised by 

saponification of the amino acid and subsequent Cu(I)-catalysed 1,3-dipolar Huisgen 

cycloaddition - (2S,4S)-compound 34 and (2R,4R)-compound 35 - or vice versa - (2S,4R)-

compound 36.  

Self-assembly of chiral single amino acid-quaterthiophene hybrids 34-36 was investigated in 

solution and on the surface. It could be shown by optical and chiroptical spectroscopy and 

DLS, that enentiomerically pure compounds 34 and 35 arrange into supramolecular aggregates 

in solution consisting of mirror-image helices. Diastereomeric compound 36 does form achiral 

aggregates in solution.  
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On the surface, self-assembly of hybrids 34 and 35 did not lead to macroscopically mirror 

image chiral arrangements. Whereas for 34 left-handed helical fibres were observed in AFM, 

for 35, under the same sample preparation conditions no fibres could be obtained at all. 

Modification of the preparation procedure led to achiral fibres with different geometries. For 

diastereomeric compound 36, a chiral substructure could be resolved, though the helicity is 

not continuously attributable to either one or the other handedness.   

The experimental findings were supported by semi-empirical calculated models for 

suprastructures of compounds 34-36. These models suggest, that 34 and 35 in their minimum 

energy conformation do not behave like enantiomers, thus leading to different fibrous helical 

suprastructures and possibly explaining the different experimental observations for the two 

enantiomers. 

In addition, it was attempted to visualise aggregates formed in solution by deposition on 

different surfaces and AFM and TEM techniques.  

Concerning the future design of amino acid-substituted π-conjugated oligomers, based on 

the results obtained from experiments and theoretical calculations, a number of conclusions 

can be drawn. First of all, substitution of the oligothiophene backbone with a single amino 

acid containing two stereocentres led to three enantiomeric or diasteremoeric compounds 

respectively. The enantiomeric compounds 34 and 35 macroscopically displayed mirror-image 

helicity in solution, whereas for diastereomeric 36 macroscopically no chirality was observed 

when self-assembly in solution was studied. Thus it is possible to control suprastructure 

chirality of an unsymmetric molecule by the application of a single enantiomeric moiety, here 

4-azidoproline.  

Furthermore it has been shown, that directed hydrogen bonding is an essential driving 

force for self-assembly together with other intermolecular forces such as π-π interactions, 

electrostatic interactions, hydrophobic and hydrophilic interactions etc. By employing a 

relatively small biological moiety, an efficient interaction of the π-conjugated backbones was 

facilitated, leading to well-balanced suprastructures in which both hydrogen-bonding/ 

electrostatic interactions and π-π interactions considerably contribute to self-assembly (see 

chapter 5.5).  

In addition it can be deduced from the experiments presented here, that a clear 

differentiation has to be made between self-assembly in solution and on surface. When 
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surfaces come into play, additional forces and effects have to be considered, which might lead 

to completely different modes of self-assembly.   

For a comparison of monoproline-quaterthiophene hybrids 34-36 to oligoproline-quater-

thiophene hybrids 39 and 41 see chapter 6.5. 

5.7 Experimental Details 

Materials:  

Copper powder (Merck), lithium hydroxide (Merck) and tetrakis(acetonitrile)copper(I) 

hexafluorophosphate (Sigma-Aldrich) were used without further purification.  

Solvents were purchased from Merck and distilled prior to use.  

Size exclusion chromatography (SEC) was performed using Bio-Beads® S-X-1 and DCM as 

eluent.   

Fully protected 4-azidoprolines 1-3 were obtained from the group of Prof. Helma Wennemers 

in Basel.[2],[8],[22]  

Instrumentation: 

Nuclear magnetic resonance spectra were recorded on a Bruker AMX 500 (1H NMR: 500 MHz, 

13C NMR: 125 MHz) or an Avance 400 spectrometer (1H NMR: 400 MHz, 13C NMR: 100 MHz) at 

room temperature unless otherwise noted. Chemical shift values (δ) are given in parts per 

million using residual solvent protons (1H NMR: δH = 7.26 for CDCl3, 13C NMR: δC = 77.0 for 

CDCl3) as internal standard. Spectra splitting patterns are assigned as follows: s (singulet), d 

(dublet), t (triplet) and m (multiplet).  

Reversed phase high performance liquid chromatography (RP-HPLC) was performed on Merck-

Knauer equipment, consisting of a UV-detector K-2501, a K-1800 preparative pump and a 

Waters XTerra RP18 7μm 19x150 mm column.  

Recycling gel permeation chromatography (r-GPC) was performed on Shimadzu equipment 

with a SPD-20A UV/Vis detector, a LC-8A pump and a CBM-20A communication bus module. A 

PSS SDV 500 Å and a PSS SDV 1000 Å GPC column connected in series were used as stationary 

phase.   
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Matrix-assisted laser desorption ionisation time-of-flight mass spectrometry (MALDI-TOF MS) 

measurements were carried out on a Bruker Daltonik Reflex III mass spectrometer with the 

following matrices: 1,2,3-trihydroxyanthracene (dithranol) and T-2-(3-(4-t-Butyl-phenyl)- 2-

methyl- 2-propenylidene) malononitrile (DCTB).  

Electrospray ionisation (ESI) mass spectrometry was performed on a micromass ZMD.  

Elemental analyses were performed on a Elementar Vario EL (University of Ulm) and a Carlo 

Erba 1104 (University of Stuttgart). 

Optical rotations were obtained by using a Perkin Elmer 241 polarimeter. 

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

fluorescence emission spectra on a Perkin Elmer LS 55 spectrometer in 1 cm cuvettes.  

Circular dichroism spectroscopy was conducted in the group of Prof. Helma Wennemers at the 

University of Basel using an Applied Biophysics Chirascan spectrometer (spectral bandwith 1 

nm, time constant 3s, step resolution 1 nm) in 1 cm cuvettes and in Ulm on a JASCO J-810 

Spectropolarimeter using 1 cm cuvettes.  

Dynamic light scattering (DLS) was performed on a Malvern Zetasizer Nano ZS (angle: 173°, 

l = 633 nm) at 20°C unless otherwise noted. 

Cyclic voltammetry experiments were performed 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. All potentials were 

internally referenced to the ferrocene/ferrocenium couple. 

Atomic force microscopy (AFM) was performed on a Nanoscope IIIa (Veeco Instruments, Santa 

Barbara, CA) and a MultiMode V device (Veeco Instruments, Santa Barbara, CA) in tapping 

mode using standard phosphorus (n) doped silicon-cantilevers (spring constant: 40 N/m, 

frequency: 280 kHz). The images were recorded on a j-scanner. Samples were spin coated 

from solution on freshly cleaved Mica or HOPG substrates. Analyses of the aggregate 

dimension were carried out on a sample exhibiting separated structures by averaging over at 

least 25 values. Sample preparation conditions for (2S,4S)-compound 34 and (2S,4R)-

compound 36: one droplet of a 10-4 M solution in toluene was deposited onto a freshly 

cleaved rotating mica substrate. The substrate was spin coated at 2000 rpm for 3 min, then it 

was dried in an argon flux for 10 min. Samples of (2R,4R)-compound 35 were prepared by 

dropping one droplet of a 10-4 M solution in toluene onto a freshly cleaved resting mica 
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substrate. After waiting for 1 s, the sample was spin coated at 1200 rpm for 30 s and was then 

dried in an argon flux for 10 min. Samples of (2R,4R)-compound 35 from a 7x10-5 M aqueous 

5% n-propanol solution on mica and HOPG were prepared as follows: mica: 2 droplets on 

freshly cleaved resting mica, after 1 s spin coating at 1000 rpm for 1 min, drying for 15 min; 

HOPG: 1 droplet on resting freshly cleaved HOPG, after 2 min spin coating at 1000 rpm for 1 

min, drying for 15 min. 

Transmission electron microscopy (TEM) was performed on a Philips Em400 instrument at an 

acceleration voltage of 80kV. The samples were air-dried on carbon-coated copper grids 

(c = 7x10-5 M from 5% n-propanol/water). 

Nomenclature according to IUPAC was accomplished by use of ACD NamePro Version 12 

software.  

All reactions except for saponifications were performed in flame-dried glassware under argon 

and were monitored by thin layer chromatography (aluminium plates, pre-coated with silica 

gel, Merck Si60 F254). Compounds were detected by UV and ninhydrin. 

Preparation of aggregation samples:  

For the preparation of aggregation samples of 34-36 in 5% n-propanol/water, corresponding 

equivalents of a stem solution (c ≈ 7x10-3 M) of the respective compound in n-propanol were 

added to previously prepared mixtures of n-propanol/water. After mixing the sample for 30 s 

with the help of a pipette, measurements were conducted. 

For temperature-dependent measurements, the sample was equilibrated for 5 minutes at the 

respective temperature before measurement.  
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Synthesis:  

(4R)-1-Tert-butoxycarbonyl)-4-[4-(3,3’’’-didodecyl-2,2’:5’,2’’:5’’,2’’’-quaterthien-5-yl)-1H-

1,2,3-triazol-1-yl]-L-proline 36 (DD4TT-R,S-Azp-OH): 

 

To a solution of 41 mg (43 μmol, 1 eq.) of 1-Tert-butyl 2-methyl (2S,4R)-4-[4-(3,3’’’-didodecyl-

2,2’:5’,2’’:5’’,2’’’-quaterthien-5-yl)-1H-1,2,3-triazol-1-yl)pyrrolidine-1,2-dicarboxylate 23 in 2 

mL of aqueous dioxane/methanol 1:1 were added 9 mg (213 μmol, 5 eq.) of lithium hydroxide 

monohydrate. The reaction was stirred for 2.5h at 40°C. The solvent was removed in vacuo 

and the residue was taken up in dichloromethane. 5% Acetic acid (pH 2) was added, and the 

two phase system was stirred vigorously for 30 minutes. The layers were separated and the 

aqueous layer was repeatedly extracted with dichloromethane. Then the solvent was removed 

in vacuo. The crude product was purified by RP-HPLC using a ternary gradient of THF, 

acetonitrile and water (t = 0 min: water 50%, acetonitrile 45%, THF 5%; t = 17 min: water 2%, 

acetonitrile 60%, THF 38%; tR = 11.5 min). After lyophylisation from dioxane, 30 mg (31.7 

μmol, 74%) of the desired product 36 were obtained as a bright yellow solid.   
1
H NMR (400 MHz, CDCl3/MeOD 1:1): δ = 7.76 (s, 1H, triazole-H), 6.93 (s, 1H, H-4), 6.87 (d, 3J(H-

5’’’,H-4’’’) = 5.18 Hz, 1H,H- 5’’’), 6.82 (d, 3J(H-3’,H-4’);(H-4’’,H-3’) = 3.71 Hz, 2H, H-3’, H-4’’), 6.74 (d, 3J(H-

3’,H-4’) = 3.79 Hz, 1H, H-4’), 6.69 (d, 3J(H-3’’,H-4’’) = 3.78 Hz, 1H, H-3’’), 6.60 (d, 3J(H-5’’’,H-4’’’) = 5.21, 1H, 

H-4’’’), 4.96 (m, 1H, Hγ), 4.21 (m, 1H, Hα), 3.72 and 3.59 (m, 2H, Hδ), 2.64 (m, 1H, Hβ), 2.46 (m, 

4H, Ha), 2.30 (m, 1H, Hβ), 1.32 (m, 4H, Hb), 1.11 (s, 9H, boc), 0.90 (m, 36H,Hc-k), 0.51 (t, 3J(H-

l,H-k) = 6.76 Hz, 6H, Hl); separated signals of the minor conformer: 7.75 (s, 1H, triazole-H), 1.12 

(s, 9H, boc)  
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13
C NMR (125 MHz, CDCl3/MeOD 1:1): δ = 173.9, 173.6, 153.9, 153.6, 142.1, 139.9, 139.3, 

136.5, 136.0, 134.9, 134.0, 129.8, 129.5, 129.4, 129.4, 127.0, 126.1, 125.9, 123.3, 123.3, 123.2, 

118.6, 118.4, 80.7, 80.6, 58.2, 57.8, 57.7, 57.3, 51.3, 51.1, 35.7, 34.9, 31.3, 30.0, 29.8, 29.0, 

29.0, 28.9, 28.7, 28.7, 28.5, 27.4, 27.2, 22.0, 13.1 

MS (MALDI-TOF, DCTB): m/z [M+H]+ = 946.7 (calc. for C52H74N4O4S4: 946.4) 

Elemental analysis: calc. (%) for C52H74N4O4S4: C 65.92, H 7.87, N 5.91; found: C 65.92, H 7.88, 

N 5.75 

(4S)-4-Azido-1-tert-butoxycarbonyl)-L-proline 37: 

 

To a solution of 1.90 g (7 mmol, 1 eq.) of (2S,4S)-1-Tert-butyl 2-methyl 4-azidopyrrolidine-1,2-

dicarboxylate 1 in 370 mL of THF/water/MeOH 2:1:1 were added 0.59 g (14.8 mmol, 2.1 eq.) 

of sodium hydroxide. The reaction was stirred at room temperature over night. The solvents 

were removed and the resulting solid was taken up in water. The aqueous layer was brought 

to pH 3 by addition of 2N HCl and was extracted with ethyl acetate. The combined organic 

layers were dried over Na2SO4. The solvent was removed in vacuo. The crude product was 

purified by column chromatography (silica gel, ethyl acetate/methanol 1:1) to give 1.2 g (4.7 

mmol, 67%), of the product as a colourless oil.  

1
H NMR (400 MHz, CDCl3): δ = 8.85 (bs, 1H, -OH), 4.44 (bs, 1H, Hα), 4.18 (bs, 1H, Hγ), 3.81-3.36 

(m, 2H, Hδ), 2.60-2.18 (m, 2H, Hβ), 1.48 (s, 9H, boc); separated signals of the minor conformer: 

4.36 (bs, 1H, Hα), 1.43 (s, 9H, boc), ratio minor/ major approx 1:1.3 

13
C NMR (100 MHz, CDCl3): δ = 176.5, 176.4, 154.9, 153.7, 81.0, 80.5, 58.8, 58.6, 58.2, 57.9, 

51.3, 50.6, 35.9, 34.5, 28.2, 28.1 

MS (ESI): m/z = 279.1 [M+Na]+ (calc. for C10H16N4O4xNa+: 279.1); m/z = 223.0 [M-tBu+Na]+, m/z 

= 179.0 [M-Boc+Na]+ 

The analytics obtained correspond to literature.[23] 

Optical rotation: [α]D
20 = -32.2 (c=1.0; dichloromethane) 
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 (4R)-4-Azido-1-(tert-butoxycarbonyl)-D-proline 38: 

 

To a solution of 200 mg (739 μmol, 1 eq.) of the corresponding ester (2R,4R)-1-Tert-butyl 2-

methyl 4-azidopyrrolidine-1,2-dicarboxylate 3 in 40 mL of THF/water/MeOH 2:1:1 were 

added 62.2 mg (1.6 mmol, 2.1 eq.) of sodium hydroxide. The reaction was stirred at room 

temperature over night. The solvents were removed and the resulting solid was taken up in 

water. The aqueous layer was brought to pH 3 by addition of HCl and was extracted with ethyl 

acetate. The combined organic layers were dried over Na2SO4. The solvent was removed in 

vacuo. The crude product was purified over a short column (silica gel, ethyl acetate/methanol 

1:1) to give 184 mg (720 μmol, 97%), of the product as a colourless oil.  

1
H NMR (400 MHz, CDCl3): δ = 9.40 (bs, 1H, -OH),  4.38 (bs, 1H, Hα), 4.14(bs, 1H, Hγ), 3.73-3.31 

(m, 2H, Hδ), 2.57-2.18 (m, 2H, Hβ), 1.44 (s, 9H, boc); separated signals of the minor conformer: 

4.31 (bs, 1H, Hα), 1.41 (s, 9H, boc), ratio minor/ major approx 1:1.1 

13
C NMR (100 MHz, CDCl3): δ = 176.7, 175.2, 155.2, 153.6, 81.5, 80.8, 58.9, 58.2, 58.0, 57.6, 

51.5, 50.7, 35.9, 34.1, 28.2, 28.1 

MS (ESI): found m/z = 279.1 [M+Na]+ (calc. for C10H16N4O4xNa+: 279.1); m/z = 223.0 [M-

tBu+Na]+, m/z = 179.1 [M-Boc+Na]+ 

The analytics obtained correspond to literature.[23] 

Optical rotation: [α]D
20 = +34.3 (c=1.0; dichloromethane) 

(4S)-1-Tert-butoxycarbonyl)-4-[4-(3,3’’’-didodecyl-2,2’:5’,2’’:5’’,2’’’-quaterthien-5-yl-1H-

1,2,3-triazol-1-yl]-L-proline 34 (DD4TT-S,S-Azp-OH) and (4R)-1-Tert-butoxycarbonyl)-4-[4-

(3,3’’’-didodecyl-2,2’:5’,2’’:5’’,2’’’-quaterthien-5-yl-1H-1,2,3-triazol-1-yl]-D-proline 35  

(DD4TT-R,R-Azp-OH): 

 

A representative synthetic procedure is given for both enantiomers: 

To a solution of 86 mg (124 μmol, 1 eq.) of 5-Ethinyl-didodecyl-[2,2';5',2'';5'',2'''] quater-

thiophene 5 in 5 mL of dichloromethane under argon were added 64 mg (249 μmol, 2 eq.) of 

the respective amino acid 37 or 38, 1.6 mg (25 μmol, 0.2 eq.) of copper powder and 56 mg 
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(149 μmol, 1.2 eq.) of tetrakis(acetonitrile)copper(I) hexafluorophosphate.* The reaction was 

stirred at room temperature over night. After 20h, another 0.2 eq. of the catalyst were added 

(9 mg, 25 μmol). After 25h at room temperature, the reaction mixture was poured onto semi-

concentrated ammonia and the layers were separated. The aqueous layer was repeatedly 

extracted with dichloromethane. The organic layers were combined and the solvent was 

removed in vacuo. The crude product was purified by RP-HPLC using a ternary gradient of THF, 

acetonitrile and water (t = 0 min: water 50%, acetonitrile 45%, THF 5%; t = 17 min: water 2%, 

acetonitrile 60%, THF 38%; tR = 11.2 min). For further purification the product was submitted 

to r-GPC with THF as eluent and subsequent SEC with dichloromethane. The desired product 

was lyophilised from dioxane and was obtained as intensely yellow solid.  

*Note: the Cu(I) complex is not used as a catalyst here, but in stoichiometric amounts due to 

possible complexation of Cu(I) by the carboxylic acid group.  

(4S)-1-Tert-butoxycarbonyl)-4-[4-(3,3’’’-didodecyl-2,2’:5’,2’’:5’’,2’’’-quaterthien-5-yl-1H-

1,2,3-triazol-1-yl]-L-proline 34 (DD4TT-S,S-Azp-OH): 

 

yield: 97 mg (102.4 μmol, 82%) 

1
H NMR (400 MHz, CDCl3/MeOD 1:1): δ = 7.88 (s, 1H, triazole-H), 6.92 (s, 1H, H-4), 6.88 (d, 3J(H-

5’’’,H-4’’’) = 5.20 Hz, 1H, H- 5’’’), 6.82 (d, 3J(H-3’,H-4’);(H-4’’,H-3’) = 3.73 Hz, 2H, H-3’, H-4’’), 6.74 (d, 3J(H-

3’,H-4’) = 3.78 Hz, 1H, H-4’,), 6.69 (d, 3J(H-3’’,H-4’’) = 3.77 Hz, 1H, H-3’’), 6.61 (d, 3J(H-5’’’,H-4’’’) = 5.18, 1H, 

H-4’’’), 4.92 (m, 1H, Hγ), 4.10, 3.86 and 3.57 (m, 3H, Hα, Hδ), 2.70 (m, 1H, Hβ), 2.45 (m, 4H, 

Ha), 2.33 (m, 1H, Hβ), 1.33 (m, 4H, Hb), 1.13 (s, 9H, boc), 0.90 (m, 36H,Hc-k), 0.52 (t, 3J(H-l,H-k) = 

6.77 Hz, 6H, Hl); separated signals of the minor conformer: 7.86 (s, 1H, triazole-H), 1.15 (s, 9H, 

boc)  
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13
C NMR (125 MHz, CDCl3/MeOD 1:1): δ = 173.3, 173.1, 153.8, 153.5, 142.1, 139.8, 139.3, 

136.5, 136.0, 134.9, 134.0, 129.8, 129.5, 129.4, 126.9, 126.1, 125.9, 123.3, 123.2, 123.2, 118.5, 

80.8, 80.7, 57.7, 57.7, 57.3, 57.0, 51.0, 50.4, 35.3, 34.5, 31.3, 30.0, 29.8, 29.0, 29.0, 28.9, 28.7, 

28.7, 28.7, 28.5, 27.3, 27.3, 22.0, 13.1 

MS (MALDI-TOF, DCTB): m/z [M+H]+ = 946.6 (calc. for C52H74N4O4S4: 946.4) 

Elemental Analysis calc. (%) for C52H74N4O4S4: C 65.92, H 7.87, N 5.91; found: C 66.20, H 8.00, 

N 5.85 

(4R)-1-Tert-butoxycarbonyl)-4-[4-(3,3’’’-didodecyl-2,2’:5’,2’’:5’’,2’’’-quaterthien-5-yl-1H-

1,2,3-triazol-1-yl]-D-proline 35 (DD4TT-R,R-Azp-OH): 

 

yield: 149 mg (157 μmol, 92%) 

1
H NMR (400 MHz, CDCl3/MeOD 1:1): δ = 7.87 (bs, 1H, triazole-H), 6.92 (s, 1H, H-4), 6.87 (d, 

3J(H-5’’’,H-4’’’) = 5.19 Hz, 1H,H- 5’’’), 6.81 (d, 3J(H-3’,H-4’);(H-4’’,H-3’) = 3.76 Hz, 2H, H-3’, H-4’’), 6.73 (d, 

3J(H-3’,H-4’) = 3.79 Hz, 1H, H-4’), 6.68 (d, 3J(H-3’’,H-4’’) = 3.77 Hz, 1H, H-3’’), 6.60 (d, 3J(H-5’’’,H-4’’’) = 5.18, 

1H, H-4’’’), 4.91 (m, 1H, Hγ), 4.10, 3.87 and 3.58 (m, 3H, Hα, Hδ), 2.68 (m, 1H, Hβ), 2.45 (m, 4H, 

Ha), 2.32 (m, 1H, Hβ), 1.33 (m, 4H, Hb), 1.14 (bs, 9H, boc), 0.92 (m, 36H,Hc-k), 0.53 (t, 3J(H-l,H-k) = 

6.83 Hz, 6H, Hl)   

Note: signals for the triazole and the BOC-group are broad, a second signal of the minor 

conformer can be anticipated but is not clearly separated.  
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13
C NMR (125 MHz, CDCl3/MeOD 1:1): δ = 173.5, 173.2, 153.8, 153.5, 142.1, 139.8, 139.3, 

136.5, 136.0, 134.9, 134.1, 129.7, 129.5, 129.4, 126.9, 126.1, 125.9, 123.3, 123.3, 123.2, 118.4, 

118.4, 80.8, 80.6, 57.8, 57.5, 57.0, 51.0, 50.4, 35.4, 34.6, 31.3, 30.0, 29.8, 29.0, 29.0, 28.9, 

28.9, 28.8, 28.7, 28.7, 28.5, 27.4, 27.2, 22.0, 13.1 

MS (MALDI-TOF, DCTB): m/z [M+H]+ = 946.6 (calc. for C52H74N4O4S4: 946.4) 

Elemental Analysis calc. (%) for C52H74N4O4S4: C 65.92, H 7.87, N 5.91; found: C 65.93, H 7.93, 

N 5.81 
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6.1 Introduction 

In biology, peptides do not only serve as building blocks for supramolecular self-assembly 

into secondary structure motifs (chapter 1 and 3) but perform a large variety of functions. One 

of them, which is also based on the ability of peptides to self-assemble into defined structures, 

but with an additional task to it, is the use of (mostly helical) peptides to control distances 

between moieties crucial to certain processes, e.g. electronically active moieties. The most 

impressive example of exquisite control over the intermolecular distance between 

chromophores is given in the light-harvesting photosynthetic apparatus. Crystal structures of 

photosystem I and II prove, that pigments are held at intermolecular distances that optimise 

electronic coupling, photon capture and energy transfer.[1-3]  

Hence, over the last years, conformationally well-defined molecular scaffolds of biological 

origin utilised for various purposes have attracted a lot of interest.[4,5] In 2005, Åkerfeldt, de 

Paula and colleagues presented synthesis and characterisation of a hybrid compound 

consisting of two porphyrine derivatives covalently attached to glutamine side chains of a 

decapeptide (Fig. 6-1).[6]  

 

Figure 6-1: Porphyrine-peptide hybrid according to Åkerfeldt, de Paula et al. Reproduced with 

permission from [6], copyright (2005) American Chemical Society. 

The sequence of the peptide consisted mainly of helix-promoting residues such as alanine  

(Ala) and glutamine (Glu). The Glu residues were incorporated in such a way as to position the 

porphyrine rests attached to their side chains on the same face of the peptide’s secondary 

structure. The compound was shown by optical and chiroptical spectroscopy to form 
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organised extended chromophore arrays, in which the interactions between the porphyrine 

moieties even seemed to organise the peptide into a helix. 

A similar approach was chosen by Kiick and co-workers.[7] They attached oxadiazole-

containing oligo(phenylenevinylene)s (Oxa-OPV) to specific positions on an α-helical peptide 

scaffold. The Oxa-OPVs were presented at distances of approximately 6 Å and 11 Å from each 

other at the same face of the helix or 7 Å apart on opposite sides (Fig. 6-2).   

 

Figure 6-2: Oxa-PPV oligomers attached at different sites of an α-helical peptide scaffold; top left: 6 Å 

distance between chromophores, top right: 11 Å distance, bottom: 7 Å distance. [7] – Re-

produced by permission of The Royal Society of Chemistry. 

It was shown, that with this approach, control could be gained over spacing and orientation 

of the π-conjugated side chains. When both Oxa-OPVs are presented on the same side, an 

interaction of the π-systems can be observed by optical and chiroptical spectroscopy. When 

positioned at opposing faces of the helical backbone, the π-conjugated oligomers behave as 

isolated chromophores. In addition it was reported, that slight changes in spacing and 

orientation of the chromophores on the scaffolds cause distinct changes in their photophysical 

behaviour.  

Apart from α-helical peptide scaffolds, polyproline helices - which are common secondary 

structures within natural proteins - are promising rigid peptidic backbones for the attachment 

of various functional moieties.[8-10] Oligo- and polyproline are known to exist in two different 

conformations depending on the solvent, the naturally occurring polyproline II (PPII) helix 
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within aqueous media and the polyproline I (PPI) helical conformation in less polar solvents 

such as aliphatic alcohols.[11-13] 

The two conformations essentially differ in handedness and geometric dimensions. 

Whereas PPII is a left-handed he

helix is right-handed and the amide bonds possess a 

Figure 6-3: Oligoproline in the conformations PPI and PPII; a) and b) left: view along the helix axis; a) 

and b) right: side view.[14]

The PPII helix has every third residue stacked on top of one another with a helical pitch of 

9.4 Å per turn (Fig. 6-3b). PPI in contrast is much more compact. In this conformat
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They could confirm a dramatic increase in uptake with MCF-7 cells when up to six 

guanidinium groups were presented on the rigid scaffold, which allows for creation of a 

hydrophobic and a hydrophilic face of the helix. The amphiphilic character of a compound 

plays a key role in cell penetration. 

 

Figure 6-4:  Amphiphilic proline helix (PPII) containing cationic (red) and hydrophobic (blue) side 

chains. Reproduced with permission from [15], copyright (2005) American Chemical 

Society. 

In an approach by Vinogradov and colleagues an insulating decaproline spacer was used to 

keep the components of a Rhodamine B–Pt tetrabenzoporphyrin dyad in a two-photon-

absorbing system at a defined distance.[16] Thus, it was possible to suppress electron transfer 

rates, while long-range Förster energy transfer still occurred with high efficiency. 

Wennemers and colleagues presented investigations on the stability of oligoproline helices 

built up from (4R)- or (4S)-azidoproline residues (Fig. 6-5).[17] 

 

Figure 6-5: Oligoproline in PPII conformation functionalised with azidogroups on every third proline 

residue according to Wennemers et al. Reproduced  with permission from [17], copyright 

(2007) American Chemical Society. 

In addition to using the azido substitution as conformation-directing elements (4R)-

azidoproline was found to stabilise, (4S)-azidoproline to destabilise PPII, it was demonstrated, 
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that azido groups also serve as valuable reaction sites for functionalisation of the peptide 

scaffold by various reaction methods, for example, Cu(I)-catalysed 1,3-dipolar Huisgen 

cycloadditions (“click”-chemistry). Because the PPII conformation was retained in the peptides 

with “clicked” side chains, it was possible to place functional groups at well defined distances 

and sites. 

By virtue of these results in cooperation with the group of Prof. Helma Wennemers, 

University of Basel, we decided to attach quaterthiophene moieties to the proline-peptide 

scaffold in order to study the behaviour of the hybrids, especially with regard to possible 

interactions of the conjugated π-systems in either of the two possible conformations (Fig. 6-6).   

 

Figure 6-6:  Nonaproline scaffold equipped with three quaterthiophene substituents.  

6.2 Synthesis of Oligoproline-Oligothiophene Hybrids 41 and 39 

For a stepwise approach to the more complex nonaproline-tris(quaterthiophene) hybrid 39 

shown in Fig. 6-6, ethynylated quaterthiophene 5 was first reacted with triproline 40, which 

was obtained from the group of Prof. Helma Wennemers (Scheme 6-1).   



Chapter 6:  Oligoproline-Quaterthiophene Hybrids 207 

 

Scheme 6-1: Cu(I)-catalysed cycloaddition of azido-functionalised triproline segment 40 to mono-

ethynylated quaterthiophene 41; a) 0.2 eq. [Cu(CH3CN)4]PF6, 0.2 eq. Cu°, DCM, rt, over 

night. 

The tripeptide moiety 40 consisted of two proline residues flanking a (4S)-azidoproline unit. 

The “click”-reaction between ethynylated quaterthiophene 5 and triproline 40 proceeded 

without any complications using 0.2 eq. of tetrakis(acetonitrile)copper(I) hexafluorophosphate 

in dichloromethane. Purification, though, turned out to be challenging. Due to the strongly 

differing polarities of hybrid 41, conventional chromatography with different stationary (silica, 

aluminium oxide, sephadex) and mobile phases was not possible. Neither did reversed phase-

high performance liquid chromatography (RP-HPLC) lead to any success. Several attempts 

were made at recrystallisation and precipitation from various solvents. Size exclusion 

chromatography (SEC) did only in part lead to purer material. After all the aforementioned 

methods of purification, 1H NMR spectroscopy did always indicate a large excess of protons in 

the aliphatic region. At last, purification by recycling gel permeation chromatography (r-GPC, 

eluent: THF) and subsequent use of a SEC column (eluent: dichloromethane) was successful. 

Triproline-quaterthiophene hybrid 41 was obtained in 82% yield.  

To begin with, synthesis of nonaproline-tris(quaterthiophene) hybrid 39 was approached in 

a slightly different way. Nonaproline peptide scaffold 42 was obtained by solid phase-

supported peptide synthesis (SPPS) in the Wennemers group. First attempts to synthesise 

hybrid 39 involved “click”-chemistry performed with the peptide still being bound to Rink 

Amide resin. These attempts displayed their severe drawback already when – after reaction 

was completed – the newly formed hybrid 39 was cleaved from the resin. Despite repeatedly 

treating the resin with the cleavage mixture trifluoroacetic acid/DCM 2:1, only 30-50% of the 

theoretically expected yield could be isolated as crude product. In addition, further 

purification and especially mass spectrometry of nonaproline-hybrid 39 proved even more 
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challenging than for triproline-quaterthiophene hybrid 41. Finally, problems arising from 

matrix-assisted laser desorption ionisation – time of flight mass spectrometry (MALDI-TOF MS) 

could be solved by use of T-2-(3-(4-t-butyl-phenyl)-2-methyl-2-propenylidene) malononitrile 

(DCTB) as matrix. On the synthetic side, first cleaving peptide 42 from the resin and then 

performing the “click”- reaction in solution led to a considerable improvement in the crude 

yield of the desired product 39 (Scheme 6-2).  

 

Scheme 6-2: Solution-phase synthesis of nonaproline-tris(quaterthiophene)-hybrid 39; a) 0.6 eq. 

[Cu(CH3CN)4]PF6, 0.6 eq. Cu°, DCM, rt, over night. 

Purification could only be achieved by recycling-GPC with THF and subsequent SEC with 

dichloromethane and gave nonaproline-tris(quaterthiophene) hybrid 39 in 30% yield. In 

recycling-GPC a second band became visible, which had almost the same size as the one for 

the desired product 39. According to MALDI-TOF MS analysis, this fraction contained a mixture 

of fragments of nonaproline-tris(quaterthiophene) hybrid 39 corresponding to one quater-

thiophene substituted with four, three or two proline residues, resulting from initial defective 

coupling of the peptide on the resin. 
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It has to be noted, that when repeatedly performing the reaction described in scheme 6-2, 

sometimes the formation of an additional brownish side product was observed, which tended 

to smear over the GPC column and made purification of 39 impossible.  

6.3 Optoelectronic Properties of Triproline-Quaterthiophene Hybrid 

41 and Nonaproline-Tris(quaterthiophene) Hybrid 39 

6.3.1 UV-Vis and Fluorescence Behaviour  

Both compounds 41 and 39 were investigated with respect to their absorption and 

emission behaviour in the molecularly dissolved state in n-propanol.  

Absorption and emission spectra of 41 are given in Fig. 6-7. 

 

Figure 6-7: Absorption (c ≈ 7x10-5 M) and normalised emission (c ≈ 2x10-6 M; excitation at λ = 410 nm) 

spectra of compound 41 in n-propanol. 

The absorption maximum of 41 is located at λmax = 388 nm, which corresponds to the 

excitation of the conjugated π-system along the long axis of the molecule. Another maximum 

could be found at λmax = 257 nm, originating from the excitation perpendicular to the long axis 

of the molecule. The emission band showed a fine structure which accounts for the more 

planarised structure of the conjugated system in the excited state. Emission maxima were 

located at λmax = 468 nm and λmax = 498 nm with an additional shoulder at λ = 541 nm.  
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These values correspond to the previously observed for amino acid-quaterthiophene 

hybrids 34-36, which dispose of the same π-conjugated backbone (chapter 5.3.1).  

The absorption and emission spectra of nonaproline-tris(quaterthiophene) hybrid 39 are 

given in Fig. 6-8.  

 

Figure 6-8: Absorption (c ≈ 2x10-5 M) and normalised emission (c ≈ 5x10-7 M; excitation at λ = 410 nm) 

spectra of compound 39 in n-propanol. 

Here, although the same oligothiophene backbone was employed as in hybrids 34-36 

(chapter 5.3.1) and in triproline-quaterthiophene compound 41, the absorption maximum is 

located at λmax = 395 nm, corresponding to a red-shift. In addition, the extinction coefficient 

for the larger hybrid containing three chromophores 39 is 79000 L·cm-1·mol-1, whereas the one 

for the corresponding single chromophore species 41 amounts to 31300 L·cm-1·mol-1. If the 

three chromophores on the nonaproline scaffold of 39 acted as isolated species, one would 

expect the extinction coefficient of hybrid 39 to amount to the threefold value of that for 

single species 41. Since this is not the case, together with the red-shift observed in absorption, 

this is an indication of interaction between the chromophores on the scaffold, provided that 

both compounds after repeated purification by SEC and recycling GPC were obtained in 

sufficient purity.[18]  
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The emission band showed a fine structure, which in comparison to system 41 slightly 

differs in shape (less pronounced first peak). Again, this is indicative of an altered excited 

state, from which the emission occurs. Emission maxima are located at λmax = 483 nm and 

λmax = 506 nm with an additional shoulder at λ = 554 nm. Thus, in emission too, a red shift is 

observed. 

When directly comparing the band shapes of triproline-quaterthiophene 41 and 

nonaproline-tris(quaterthiophene) 39 in n-propanol by exactly overlaying them with each 

other, a slight broadening of the absorption band for the larger system 39 can be seen (Fig. 6-

9). This can be associated with a presumably long range interaction between the conjugated 

π-systems even in the molecularly dissolved state of the hybrid 39.  

 

Figure 6-9: Overlaid normalised absorption spectra of triprolin-quaterthiophene 41 (blue curve, 

related to bottom x-axis) and nonaprolin-tris(quaterthiophene) 39 (red curve, related to 

top x-axis).  

6.3.2 Electrochemical Behaviour  

Triproline-quaterthiophene hybrid 41 and nonaproline-tris(quaterthiophene) hybrid 39 

were investigated by cyclic voltammetry. The cyclic voltammogram (CV) of 41 showed two 

irreversible electron transfers in the oxidative region (Fig. 6-10). The first oxidation potential is 

observed at E°ox1 = 0.41 V, the second at E°ox2 = 0.68 V, indicating stable radical cations and 

dications respectively. The HOMO energy of hybrid 41 versus vacuum level was calculated to 
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be -5.46 eV. These values are comparable to those for the monoproline substituted (2S,4S)-

compound 34 (E°ox1 = 0.42 V, E°ox2 = 0.66 V, EHOMO = -5.45 eV, chapter 5.3.2), which disposes of 

the same stereochemistry at the chiral centres like tripeptide 40.  

It was already described for fully protected amino acid-quaterthiophene hybrids 22-24 and 

their partially deprotected counterparts 34-36, that the irreversibility of the electron transfers 

was more pronounced for the enantiomeric pairs 22/24 and 34/35 than for the respective 

compounds bearing the (2S,4R)-configured amino acid (23 and 36, chapters 2.4.3.2 and 5.3.2). 

As a reason for this, the compounds’ differing stereochemistry was discussed. In the case of 

triproline-quaterthiophene 41, again more pronounced electron transitions can be observed. 

Undoubtedly, this also must be assigned to stereochemical effects and spatial demand in the 

peptide substituent.[19,20]  

 

Figure 6-10: Cyclic voltammogram of compound 41 in DCM/TBAHFP (0.1 mol/L at 100 mV/s) vs. ferro-

cene/ferrocenium. 

As is known from the other monosubstituted quaterthiophenic backbones (chapters 2.4.3.2 

and 5.3.2) after the first sweep in the cyclovoltametric measurement, the appearance of a 

new small signal at approximately E = 0.25 V is observed (indicated by an arrow in Fig. 6-10). 

This signal is assigned to the newly formed corresponding octamer of the quaterthiophene 

(coupling of the radical cations). 
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The cyclic voltammogram of nonaproline-tris(quaterthiophene) hybrid 39 shows two 

irreversible electron transitions in the oxidative region (Fig. 6-11). It has to be noted, that the 

concentration with respect to hybrid 39 (c ≈ 2x10-4 M) was lower than for 41 (c ≈ 10-3 M) due 

to compound availability reasons. However, if one takes the amount of oligothiophenes in 39 

into account, their concentration would amount to c ≈ 6x10-4 M. 

Whereas the first oxidation wave was nicely reproducible after several scans, when going to 

higher oxidation potentials (i.e. over the second oxidation peak), after each scan the signals in 

the reductive region became weaker, while in the oxidative sweep, after each scan, the 

potentials slightly moved towards higher values.   

 

Figure 6-11: Cyclic voltammogram of compound 39 in DCM/TBAHFP (0.1 mol/L at 20 mV/s) vs. 

ferrocene/ferrocenium. 

Eventually, after approximately 15 scans, no more electroactivity could be recorded. At the 

same time, the deposition of a film on the electrode was observed. Thus, the compound 

probably decomposes at higher potentials applied and becomes electrochemically inactive. 

Similar behaviour had been observed previously for hybrid 41, although in the case of the 

nonaproline-tris(quaterthiophene) hybrid 39 the effects observed were more pronounced. It 

has to be mentioned, that the observed film formation of 39 and its assumed decomposition 

made cyclovoltammetric investigation of 39 rather difficult.  

Electrochemical data of monoproline substituted (2S,4S)-compound 34,  triproline-quater-

thiophene 41 and nonaproline-tris(quaterthiophene) hybrid 39 is compared in Table 6-1.  
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Table 6-1: Electrochemical data of compounds 41 and 39.  

compound E°ox1 [V]
(a) 

E°ox2 [V]
(a) 

EHOMO [eV]
(c) 

DD4TT-S,S-Azp-OH 34 0.42 0.66 -5.45 

DD4TT-Pro3 41 0.41 0.68 -5.46 

 Pro9-(DD4T)3 39 0.39(b) 0.75(b) -5.41(b) 

Measured in dichloromethane (c = 1.0 x 10-3 mol/L) /TBAHFP (0.1 mol/L at 100 mV/s) vs. Fc/Fc+. (a) Irreversible 
redox process, E° determined at I° = 0.855·Ip.[21] (b) Measured at c = 2x10-4 mol/L and 20 mV/s. (c) Calculated 
from Eonset

ox1, set EHOMO(Fc/Fc+) = -5.1 eV.[22] 

Whereas the values obtained for 34 and 41 are almost identical, values for 39 differ slightly. 

With the earlier described complications during measurement of 39 (film formation, 

decomposition etc.) in mind, it is not possible to say, whether the variations of the oxidation 

potentials obtained for 39 compared to 34 and 41 are significant and related to the length of 

the oligopeptide and the number of electrophores present in the respective molecule.  

However, hypothetically an intermolecular interaction of the electrophores could be a reason 

for the experimental findings. In literature, there are examples of peptides being capable of 

long-range electron transfer.[23] and references therein Schlag and colleagues developed a model for 

action at a distance, in which excitation happens at one end of the peptide and the charge is 

transferred to a distant point to subsequently take part in a reaction.[23] They based their 

model on very fast facile molecular dihedral motions of neighbouring amino acid sites.  

In addition, one has to keep in mind, that cyclic voltammetry was conducted in dichloro-

methane. Thus it is not known, which conformation the nonaproline scaffold does possess and 

furthermore, even  intermolecular aggregation might play a role. The fact, that the formation 

of a film was observed on the electrode, supports the possibility of intermolecular 

aggregation. 
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6.4 Self-assembly of Triproline-Quaterthiophene Hybrid 41 and 

Nonaproline-Tris(quaterthiophene) Hybrid 39 

6.4.1 Self-Assembly of Triproline-Quaterthiophene Hybrid 41 in Solution 

As was already lined out in chapter 5.4.1, self-assembly in solution of molecules containing 

chromophores is ideally studied by optical and chiroptical methods such as UV/Vis, 

fluorescence and circular dichroism (CD) spectroscopy.  

Self-assembly behaviour of quaterthiophene-triproline hybrid 41 was studied in the same 

solvents as monoproline quaterthiophene hybrids 34-36 (chapters 5.4.1.1 and 5.4.1.2). In a 

first CD spectroscopic experiment, the ideal solvent ratio between n-propanol and water was 

elucidated to again be 5% n-propanol in water (chapter 6.4.1.2).  

6.4.1.1 UV-Vis and Fluorescence Investigations  

The influence of aggregation on the shape of the absorption band for the π-π* transition of 

compound 41 was investigated at different concentrations in pure n-propanol and 5% n-

propanol in water (Fig. 6-12).  

 

Figure 6-12: Normalised absorption spectra of hybrid 41 in: left: 5% n-propanol/water and right: n-

propanol. 

It can be seen from the normalised curves, that in both cases in the chosen range of 

concentration the absorption bands at different concentrations are congruent in the region of 

250 300 350 400 450 500 550 600
0.0

0.2

0.4

0.6

0.8

1.0

1.2

 

 

ab
so

rp
tio

n 
[a

.u
.]

wavelength [nm]

 7x10-5 M
 3.5x10-5 M
 1.8x10-5 M

 8.8x10-6 M
 4.4x10-6 M

250 300 350 400 450 500 550 600
0.0

0.2

0.4

0.6

0.8

1.0

1.2
 

 

ab
so

rp
tio

n 
[a

.u
.]

wavelength [nm]

 7x10-5 M
 3.5x10-5 M

 1.8x10-5 M

 8.8x10-5 M
 4.4x10-5 M



216  Oligoproline-Quaterthiophene Hybrids  

the π-π* transition. In the case of the aggregated sample in 5% n-propanol in water 

(λmax = 393 nm, Fig. 6-12 left), the curves show subtle differences in the region characteristic 

for the excitation of the conjugated system perpendicular to the long axis of the molecule, 

which is overlaid with the n-π* transition of the carbonyl group and the π-π* transition of the 

amide bond in the proline ring (λ = 230-250 nm). For the molecularly dissolved molecules in 

pure n-propanol (λmax = 388 nm, Fig. 6-12 right), the curves are perfectly congruent.  

The most obvious difference for the aggregated and the non-aggregated sample though 

can be seen, when directly comparing the shapes of the absorption bands for the aggregated 

and the non-aggregated hybrids by overlaying them with each other (Fig. 6-13).  

 

Figure 6-13: Overlaid normalised absorption spectra of 41 in 5% n-propanol/water (red curve, related 

to top x-axis) and n-propanol (black curve, related to bottom x-axis).  

It becomes obvious, that the shapes especially of the π-π* transition differ in width and in 

steepness of the slope at the low energy side of the band. For the aggregated sample (in 5% n-

propanol/water), the slope is less steep and the absorption onset is shifted towards longer 

wavelength than for the sample containing molecularly dissolved molecules (n-propanol). 

Thus, an asymmetry of the band is induced by the formation of aggregates. 

It has to be taken into account, that although these observed effects most likely stem from 

the aggregation of the sample, there may also be contribution from the differing dielectric 

properties of n-propanol and water. Nevertheless, keeping in mind exciton-coupling theory, 

which was explained previously (chapter 5.4.1) this diminutive broadening of the band at its 
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lower energy (longer wavelength) side corresponds to a slightly favoured low-energy 

transition. Thus, the arrangement of the chromophores is likely to be slightly biased towards 

the formation of J-aggregates.  

As was the case for mono proline-quaterthiophene hybrids 34-36, fluorescence spectro-

scopy revealed a strong quenching of the π-conjugated system’s emission when brought to 

aggregation in 5% n-propanol/water (Fig. 6-14). 

 

Figure 6-14: Emission spectra of 41 in different solvents, excitation at λ = 410 nm, normalised to the 

absorption at λ = 410 nm. 

Once again it has to be mentioned, that this quenching also may be caused by water itself 

(chapter 5.4.1.1). Nevertheless, the almost complete loss of the fine structure of the emission 

band was observed before for the (2S,4R) monoproline-quaterthiophene hybrid 36 (chapter 

5.4.1.1). The quenching again – as was the case for (2S,4R) monoproline-quaterthiophene 

hybrid 36 – is rather strong, emission intensity decreased to 9% when compared to the 

emission intensity in pure n-propanol (calculated from area of the emission bands). It is 

assumed, that these strong quenching effects for both compound 36 and 41 are the 

consequence of the stereochemistry of the amino acid and peptide rest and the resulting 

spatial arrangement of both hybrids in their respective suprastructure.  
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6.4.1.2 Circular Dichroism Spectroscopy and Dynamic Light Scattering  

It was pointed out in chapter 6.4.1, that samples of 41 containing aggregates were 

investigated in n-propanol/water mixtures with different solvent ratios. In the case of 

triproline-quaterthiophene 41 this is of special interest, since oligo- and polyproline helices are 

known to adopt different conformations (PPI and PPII, chapter 6.1) depending on whether 

they are solved in aqueous media (PPII) or aliphatic alcohols (PPI).  

Both helix forms can be discerned by their characteristic signature in CD spectroscopy 

(region at λ = 190-250 nm).[11] CD spectra of hybrid 41 in solvent mixtures with varying 

composition of n-propanol and water are shown in Fig. 6-15.  

 

Figure 6-15:  CD-spectra of compound 41 in different ratios of n-propanol/water (c ≈ 7x10-5 M). 

Samples were prepared and left to equilibrate for at least 12 hours prior to measurement. 

It can be seen from Fig. 6-15, that only the samples prepared in 5% n-propanol in water (black 

curve) and in 20% n-propanol in water (red curve) showed bisignate Cotton effects in the 

region of the π-π* transition (λ = 400 nm) as a sign of real exciton coupling. In the other 

solvent mixtures, the CD curve mimics the absorption curve, an effect, which was always 

observed when no aggregation had taken place. This means, that only in 5% n-propanol in 

water (black curve) and in 20% n-propanol in water (red curve) chiral aggregates based on π-π 

interactions had formed.  
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However, though the same concentration of the compounds as for monoproline-

quaterthiophene hybrids 34-35 had been used, the CD effects observed were very small.  

Of special interest in the case of triproline-quaterthiophene hybrid 41 is the characteristic 

signature region (λ = 190-250 nm) for oligo-and polyprolines. As can be seen from Fig. 6-15, 

the signature for all solvent mixtures, even pure n-propanol, is indicative of a PPII 

conformation (minimum at 210 nm, maximum at 223 nm). This is not very surprising, since for 

the finalisation of one helical turn in the PPI conformation at least 3.3 residues are necessary 

(chapter 6.1). In addition, it has to be stated, that even if indicated by CD spectroscopy, merely 

3 amino acid residues are not very likely to form a stable PPII helix. Thus, the suprastructure of 

the formed aggregates is dominated by the mutual interactions of the π-conjugated systems 

and the hydrogen bonding of the triproline moiety and not by a potential helicity of the 

peptide moiety.  

For a 5% n-propanol aqueous solution of 41 at a concentration of c ≈ 7x10-5 M, the 

existence of aggregates with an average hydrodynamic diameter of approximately 50 nm 

could be confirmed by dynamic light scattering (DLS). This is less in size than what was 

reported for monoproline-quaterthiophene hybrids 34-36 and might thus also explain, why 

the magnitude of the bisignate CD effect was smaller for 41 than for 34-35. 

6.4.2 Investigation of Nonaproline-Tris(quaterthiophene) Hybrid 39 in Solution 

For the study of the influence of the three quaterthiophene moieties on the possible 

conformations of the oligoproline backbone and especially for the study of possible 

interactions of the three π-conjugated systems, the molecular dissolution of compound 39 is a 

prerequisite. Since the two potential conformations of nonaproline, PPI and PPII, are solvent 

dependent, water (PPII), n-propanol as an aliphatic alcohol (PPI) and their mixtures were 

chosen as appropriate solvents for spectroscopic investigations on the basis of previous results 

from the Wennemers group.[17] 
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6.4.2.1 Circular Dichroism Spectroscopy and Dynamic Light Scattering  

First of all, CD spectroscopy was carried out in order to investigate interactions of the 

quaterthiophene chromophores (see chapter 6.4.1). These investigations were accompanied 

by dynamic light scattering experiments in order to confirm the absence or presence of 

aggregates in the chosen solvent mixtures. 

Samples of 39 were prepared and left to equilibrate for at least 12 hours prior to 

measurement (Fig. 6-16). Solvent mixtures employed range from pure n-propanol (dark blue 

curve) to 2% n-propanol in water (purple curve). Unfortunately, compound 39 could not be 

dissolved in pure water. First of all it is important to note, that in the signature region, in all 

solvent mixtures employed, the signal shapes are characteristic for oligoproline in its PPII 

conformation. In all solvent mixtures a weak positive band is observed at λ = 226-233 nm and 

a strong negative band at λ = 210-217 nm. 

 

Figure 6-16:  CD spectra of nonaproline-tris(quaterthiophene) 39 in n-propanol/water mixtures of 

different ratio (c ≈ 2x10-5 M). 

This is comparable to literature values for PPII, giving λmax = 226-229 nm and λmin = 204-

207 nm.[11] The deviation in the numerical value of the respective wavelength can possibly be 

attributed to the substitution of the proline scaffold by three sterically demanding 

quaterthiophenes, making slight distortions of the peptide conformation likely. As was 
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described before, the respective conformation of the oligoproline scaffold depends on the 

solvent. The PPII conformation is favoured by aqueous environment, whereas the PPI 

conformation is adopted in more hydrophobic media such as aliphatic alcohols.[11-13] 

Nevertheless, even in pure n-propanol a signal indicative of a PPII backbone conformation was 

observed in CD spectroscopy for nonaproline-tris(quaterthiophene) compound 39, thus a 

change between PPI and PPII conformations had not taken place. This can be explained in the 

light of the most recent joined experimental and theoretical approach investigating the 

influence of charged and neutral functional groups at the N- and C-termini of oligoprolines on 

the conformational stability of both helix forms.[24]
 In this study it was shown, that the PPII 

helix is stabilised by completely capped termini, whereas it is destabilised by a positively 

charged N-terminus and a negatively charged C-terminus, so that a transfer into the PPI helix 

becomes easier. Especially the negative charge at the C-terminus (carboxylate) destabilises 

PPII and favours PPI. The effect of charged termini is mainly attributed to the interactions of 

the charged termini with the amide dipoles within the helices which differ in PPI and PPII. 

Since the nonaproline scaffold utilised for the synthesis of compound 39 disposes of two fully 

capped termini, the results obtained are in agreement with literature. Furthermore, an 

additional effect of the quaterthiophenes attached possibly stabilising the PPII conformation 

cannot be excluded. In order to elucidate this possibility, investigation of hybrids 

corresponding to 39 but possessing charged termini would be interesting. 

In the second interesting region of the CD spectra, which concerns the spectral area 

characteristic for the π-π* transition of the quaterthiophene, different spectra depending on 

the solvent mixtures employed are displayed (Fig. 6-16). For pure n-propanol (dark blue curve) 

and 90% n-propanol in water (grey curve), the CD effects are almost identical, indicating that 

the chromophores in these two solutions are arranged similarly with respect to one another. 

In these cases, no aggregation could be observed in neither DLS nor UV-Vis measurements. 

Thus, the CD effect observed can be attributed to single-molecule phenomena and hence it is 

also understandable, why no bisignated CD effect originating from exciton coupling becomes 

apparent. 

Going to higher contents of water, i. e. 80% n-propanol in water (yellow curve) and 60% n-

propanol in water (pink curve), the bisignate CD effect increases in intensity, reaching its 

maximum in the 60% n-propanol/water mixture. DLS measurements for both cases could not 
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be conducted, since in both solutions the aggregates were big enough to see by eye (turbid 

solution in the case of 60% n-propanol/water, large clouds of precipitate in the case of 80% n-

propanol/water). The formation of precipitate also explains, why the negative CD effect 

observed is less for 80% n-propanol/water than for 60% n-propanol/water.  

For 45% n-propanol in water (light blue curve), 30% n-propanol in water (orange curve) and 

15% n-propanol in water (green curve), the intensitity of the negative bisignate CD effect 

decreased further, which is corroborated by a decrease in average hydrodynamic diameter for 

the aggregates measured in DLS from approximately 450 nm in 45% n-propanol/water via 

roughly 250 nm in 30% n-propanol/water to approximately 130 nm in 15% n-propanol/water.  

When the ratio of the two co-solvents is gradually varied from 15% n-propanol/water to 5% 

n-propanol/water and finally 2% n-propanol/water, a change in the bisignate CD effect occurs, 

going from negative to positive sign. In addition, it decreases in intensity and the zero-crossing 

(λ = 427 nm) is significantly red-shifted from the absorption maximum in 2% n-propanol/water 

at λmax = 392 nm (chapter 6.4.2.2). At the same time, the positive part of the bisignate Cotton-

effect at longer wavelengths is significantly smaller than the negative part at shorter 

wavelength. DLS indicated aggregates in both solutions with roughly 140 nm (5% n-

propanol/water) and 95 nm (2% n-propanol/water) average hydrodynamic diameter 

respectively.  

The results presented here for the behaviour of nonaproline-tris(quaterthiophene) hybrid 

39 in mixtures of n-propanol/water with different ratios can be explained by the theory of 

exciton-coupled circular dichroism (EC-CD) spectroscopy (chapter 5.4.1). In all solvents, the 

predominant conformation seems to be PPII. As described previously (chapter 6.1), this 

corresponds to a left-handed helix with 3 residues per turn and a helical pitch of 9.4 Å. This 

distance is too large for efficient exciton coupling and resulting Davydov-splitting (ideal 

distance: 3.6-3.8 Å). Nevertheless, in EC-CD, interactions of chromophores with a lateral 

distance of up to 41 Å are detectable.[25] The CD effect observed for 39 in n-propanol is not 

very strong. Since it has to be attributed to a single molecule effect, the rather long distance 

between two chromophores (≈ 9.4 Å) has to be the reason for the low intensity of the signal. 

Going to higher contents of water in the solvent mixtures used, DLS measurements confirmed 

the presence of aggregates, thus the observed bisignate Cotton effects have to be attributed 

to lateral interactions of the oligothiophene pendants of two or more molecules (Fig. 6-17). 
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Figure 6-17: Schematic representation for lateral interaction of two nonaproline-tris(quaterthiophene) 

hybrids 39 in the PPII conformation. Green helices represent the oligoproline scaffold in 

the PPII conformation, red rectangles represent the oligothiophene moieties. 

For a n-propanol percentage ranging from 15-80% in the aqueous mixture, the mode of 

aggregation seems to remain mainly the same, indicated by a negative bisignate Cotton-effect, 

which in turn stands for a left-handed helical arrangement of the chromophores.[26] Differing 

intensities observed for varying solvent mixtures originate from the size of the formed 

aggregates which were obtained from DLS measurements or even seen by eye and their 

solubility.   

Considering the exact threefold symmetry of oligoprolines in the PPII conformation as 

proposed in Fig. 6-3b, such a helical arrangement of the chromophores themselves with 

respect to one another may seem surprising. However, one should keep in mind the relative 

flexibility of the oligothiophenes themselves and thus their ability to anyway arrange with a 

slight offset with respect to one another. Similar phenomena have been observed before in 

de-novo designed peptides furnished with oxa-OPVs (chapter 6.1).[7]
  

Since EC-CD spectroscopy is sensitive to both the distance and the relative spatial 

arrangement of the chromophores, that is, their dihedral angle,[27] it must be assumed that 

when going from 15% n-propanol/water to 5% n-propanol/water, the relative arrangement of 

the quaterthiophene moieties changes drastically, since the previously observed negative CD 

effect (left-handed helical arrangement of chromophores) is inverted to a positive CD effect 

(right-handed helical arrangement of the π-conjugated systems) with a red-shifted zero-

crossing, while the given conformation of the nonaproline backbone remains the same.  

In this respect, it is important to note, that when investigating a freshly prepared sample of 

39 in 2% n-propanol/water, the bisignate Cotton effect was similar albeit smaller than the 



224  Oligoproline-Quaterthiophene Hybrids  

ones obtained for n-propanol shares of 15-80%, i.e., a negative Cotton effect was observed 

(Fig. 6-18, orange curve). After 12h of equilibration, the shape of the curve had changed (Fig. 

6-18, green curve), now giving a positive Cotton effect at lower energies and thus indicating a 

rearrangement in the mutual orientation of the chromophores attached to the proline scaffold 

within 12h.  

 

Figure 6-18: CD spectra of nonaproline-tris(quaterthiophene) hybrid 39 in 2% n-propanol/water 

(c ≈ 2x10-5 M). 

For three solvents, 2% n-propanol in water, 45% n-propanol in water and pure n-propanol, 

the concentration dependence of the bisignate Cotton effects was investigated in the range of 

c ≈ 2x10-5 M to c ≈ 5x10-7 M. At the lowest concentration, the CD effect had vanished in all 

three cases. This vanishing of the CD effect for the 2% n-propanol/water and the 45% n-

propanol/water solution can be attributed to dilution effects of the original aggregates rather 

than their decomposition.  

Absorption spectra for all solvent mixtures employed in CD spectroscopy were mainly 

dividable in two similar fractions: the ones obtained for pure n-propanol and 90% n-propanol 

in water and the rest of the solvent mixtures. Hence, compound 39 was further investigated in 

absorption and emission spectroscopy for three different solvent mixtures (n-propanol, 45% n-

propanol/water and 2% n-propanol/water). 
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6.4.2.2 UV-Vis and Fluorescence Spectroscopy 

For three of the solvents, pure n-propanol, 45% n-propanol/water and 2% n-

propanol/water, UV-Vis and fluorescence spectroscopic investigations were conducted. The 

samples were left to equilibrate 12h prior to measurement. The influence of aggregation on 

the shape of the absorption band for the π-π* transition was elucidated by comparing the 

normalised absorption spectra at different concentrations (Fig. 6-19).  

 

 

Figure 6-19: Normalised concentration-dependent UV-Vis spectra of 39 in: top left: 2% n-propanol/ 

water, top right: 45% n-propanol/water, bottom: n-propanol.  

In all three cases, the shape of the absorption bands does not change due to dilution, 

indicating that the aggregates formed in 2% n-propanol/water and 45% n-propanol/water are 

rather stable. This corroborates the results previously obtained in CD spectroscopy (chapter 

6.4.2.1). Anyway, when comparing the band shapes for the aggregated samples (in 2% n-
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propanol/water and in 45% n-propanol/water) with the one for n-propanol, a difference 

becomes obvious (Fig. 6-20). 

 

Figure 6-20: Comparison of the band shapes of normalised absorption spectra of 39 in 2% n-prop-

anol/water (black curve), 45% n-propanol/water (red curve) and pure n-propanol (green 

curve).  

Compound 39 dissolved in 2% n-propanol/water (λmax = 392 nm) and in 45% n-prop-

anol/water (λmax = 395 nm) gives very similar absorption spectra, whereas the spectrum in 

pure n-propanol differs from 2% n-propanol/water in λmax (λmax = 395 nm, change indicated by 

orange arrow in Fig. 6-20) and from both mixtures in the region of λ = 430-500 nm (indicated 

by orange arrow in Fig. 6-20). These two facts lead to asymmetry in the bands for compound 

39 in the solvent mixtures, which is indicative of the formation of aggregates and coherent 

with the exciton-coupling observed in CD spectra. For a solution of hybrid 39 in pure n-

propanol, the formation of aggregates is not evident, neither from UV-Vis nor from CD 

spectroscopy. 

Additional hints for aggregation of hybrid 39 were obtained from fluorescence 

spectroscopy. The emission spectra normalised to the absorption at the excitation wavelength 

in all three solvent systems were compared (Fig. 6-21). 
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Figure 6-21: Comparison of emission spectra normalised to the absorption in different solvents 

(excitation: λ = 410 nm, c ≈ 5x10-7 M). 

A distinct fluorescence quenching was observed in samples of 39 both in 45% n-

propanol/water (decrease to 21% when compared to the emission intensity in pure n-

propanol; calculated from area of the emission bands) and in 2% n-propanol/water (decrease 

to 9% when compared to the emission intensity in pure n-propanol; calculated from area of 

the emission bands). This is accompanied by a pronounced red-shift of the emission band for 

2% n-propanol/water and a complete loss of the fine structure of the band. In pure n-

propanol, the emission bands can be found at λmax = 481 nm, λmax = 506 nm and a shoulder at 

λ = 549 nm. In 45% n-propanol/water, the position of the bands has stayed mainly the same 

(λmax = 478 nm, λmax = 506 nm and a shoulder at λ = 545 nm) but an additional shoulder at 

higher wavelength is observed (λ = 604 nm). Going to 2% n-propanol in water, an almost 

complete loss of the fine structure can be detected. A small peak at λ = 479 nm and the 

maximum at λmax = 560 nm are found. These results would indicate, that the π-π interaction in 

the aggregates present in 2% n-propanol/water is stronger than in the aggregates formed in 

45% n-propanol/water.  

However, one has to keep in mind, that water, too, may play a role in the quenching of 

chromophore fluorescence and certainly is a cause for the bathochromic shift of the emission 

maxima (see chapter 5.4.1.1).  
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6.5 Summary 

Synthesis and characterisation of oligoproline-oligoquaterthiophene systems 39 and 41 has 

been reported. Their behaviour and self-assembly was investigated in solution by optical and 

chiroptical spectroscopy. Although triproline-quaterthiophene hybrid 41 can be seen as a 

“monomeric” model-compound for nonaproline-tris(quaterthiophene) hybrid 39, their 

(chir)optical behaviour differs significantly due to the influence of the helicity of the 

nonaproline backbone in 39 and resulting interactions of the oligothiophene subunits. 

When comparing self-assembly of monoproline-functionalised quaterthiophenes 34-36 to 

results obtained for oligoproline compounds 39 and 41, it has to be kept in mind, that the 

objective for the investigation of these two classes of systems were different. Whereas for 34-

36 the study of biomotif-mediated self-assembly of suprastructures of oligothiophenes was 

the aim, in the case of 41 and especially 39, it was intended to investigate single-molecule 

phenomena by using the peptide as a molecular scaffold for up to three oligothiophene 

moieties. Nevertheless, for both monoproline-quaterthiophenes and oligoproline-

quaterthiophene hybrids the formation of aggregates in solution was observed, which was 

initially unwanted for 39. However, when 39 was investigated in molecularly dissolved form in 

pure n-propanol, evidence for an interaction of the oligothiophene subunits could be gained 

from CD spectroscopy.  

Concerning the future design of monoproline- and oligoproline-substituted π-conjugated 

oligomers, the major difference of these two biological moieties should be considered. 

Whereas monoproline-functionalised quaterthiophenes 34-36 and also tripeptide hybrid 41 

were shown to self-assemble due to the multitude of intermolecular interactions possible such 

as π-π stacking, hydrophilic and hydrophobic interactions and most prominently hydrogen 

bonding, the nonaproline moiety employed for the synthesis of 39 was meant to serve as a 

scaffold for π-conjugated oligomers. The different conformations of this scaffold, PPI and PPII, 

are completely independent of hydrogen bonding and rely on different angles of the peptide-

bonds, eventually leading to two helical suprastructures with different geometries. These 

helices solely depend on the nature of the solvent employed and – as was shown recently – on 

the presence or absence of charges at the termini of the oligopeptide.[24] As a direct 

consequence this also means, that in the helical oligoproline conformation, the distances 
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between functional side chains incorporated are predominantly defined by the peptide-

backbone. If only single prolines are attached to the π-conjugated oligomer, no such 

geometric confinements are encountered, thus rendering a multitude of suprastructures 

possible.  

6.6 Experimental Details 

Materials:  

Copper powder (Merck) and tetrakis(acetonitrile)copper(I) hexafluorophosphate (Sigma-

Aldrich) were used without further purification.  

Solvents were purchased from Merck and distilled prior to use.  

Size exclusion chromatography (SEC) was performed using Bio-Beads® S-X-1 and DCM as 

eluent.   

Triproline derivative 40 and azido-functionalised nonaproline 42 were obtained from the 

group of Prof. Helma Wennemers in Basel.[17]  

Instrumentation: 

Nuclear magnetic resonance spectra were recorded on a Bruker AMX 500 (1H NMR: 500 MHz, 

13C NMR: 125 MHz) or an Avance 400 spectrometer (1H NMR: 400 MHz, 13C NMR: 100 MHz) at 

room temperature unless otherwise noted. Chemical shift values (δ) are given in parts per 

million using residual solvent protons (1H NMR: δH = 7.26 for CDCl3, 13C NMR: δC = 77.0 for 

CDCl3) as internal standard. Spectra splitting patterns are assigned as follows: s (singulet), d 

(dublet), t (triplet) and m (multiplet).  

Recycling Gel Permeation Chromatography (r-GPC) was performed on Shimadzu equipment 

with a SPD-20A UV/Vis detector, a LC-8A pump and a CBM-20A communication bus module. A 

PSS SDV 500 Å and a PSS SDV 1000 Å GPC column connected in series were used as stationary 

phase.  

Matrix-assisted laser desorption ionisation time-of-flight mass spectrometry (MALDI-TOF MS) 

measurements were carried out on a Bruker Daltonik Reflex III mass spectrometer with T-2-(3-

(4-t-Butyl-phenyl)-2-methyl- 2-propenylidene) malononitrile (DCTB) as matrix.  

High resolution mass spectrometry (HRMS) was performed on a Bruker Daltonics micrOTOF-Q 
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with electro spray ionisation (ESI) at the University of Stuttgart. 

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

fluorescence emission spectra on a Perkin Elmer LS 55 spectrometer in 1 cm cuvettes.  

Circular dichroism spectroscopy was performed on a JASCO J-810 Spectropolarimeter using 

1 cm cuvettes.  

Dynamic light scattering (DLS) was performed on a Malvern Zetasizer Nano ZS (angle: 173°, 

l = 633 nm) at 20°C. 

Cyclic voltammetry experiments were performed 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. All potentials were 

internally referenced to the ferrocene/ferrocenium couple. 

Nomenclature according to IUPAC was accomplished by use of ACD NamePro Version 12 

software.  

All reactions were performed in flame-dried glassware under argon and were monitored by 

thin layer chromatography (aluminium plates, pre-coated with silica gel, Merck Si60 F254). 

Compounds were detected by UV and ninhydrin. 

Preparation of aggregation samples:  

For the preparation of aggregation samples of 41 and 39 in n-propanol/water mixtures, 

corresponding equivalents of a stem solution (c ≈ 7x10-3 M for 41 and c ≈ 2x10-3 M for 39) of 

the respective compound in n-propanol were added to previously prepared mixtures of n-

propanol/water. After mixing the sample for 30 s (unless otherwise stated), measurements 

were conducted.  
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Synthesis:  

1-Acetyl-L-prolyl-(4S)-4-[4-(3,3’’’-didodecyl-2,2’:5’,2’’:5’’,2’’’-quaterthien-5-yl)-1H-1,2,3-

triazol-1-yl]-L-prolyl-L-prolylamide 41 (triproline-quaterthiophene hybrid): 

 

To a solution of 45 mg (65 µmol, 1 eq.) of 5-Ethinyl-didodecyl-[2,2';5',2'';5'',2''']-

quaterthiophene 5 in 3 mL of dichloromethane under argon were added 38 mg (97 µmol, 

1.5 eq.) of Pro-(4S)-azidoproline-Pro 40, 4.9 mg (13 µmol, 0.2 eq.) of tetrakis(acetonitrile)-

copper(I) hexafluorophosphate and 0.8 mg (13 µmol, 0.2 eq.) of copper powder. The reaction 

was stirred at room temperature. After 25h, the reaction mixture was washed with semi-

concentrated ammonia, the aqueous layer was reextracted with DCM twice. The combined 

organic layers were washed with demineralised water. The solvent was removed in vacuo and 

the crude product was taken up in dioxane and was freeze-dried. Further purification was 

achieved by r-GPC with THF as eluent and subsequent SEC with dichloromethane. After freeze 

drying from dioxane, 58 mg (82%) of product 41 were available as yellow solid. 

1
H NMR (400 MHz, CDCl3): δ = 7.95 and 7.91 (s, 1H, triazole-H), 7.86, 6.63, 6.01, 5.51 (bs, 2H, 

CO-NH2), 7.26 and 7.23 (s, 1H, H-4), 7.16 (d, 3J(H-5’’’,H-4’’’) = 5.17 Hz, 1H, H- 5’’’), 7.10 (d, 3J(H-3’,H-

4’);(H-4’’,H-3’) = 3.77 Hz with an additional splitting of 0.75 Hz, 2H, H-3’, H-4’’), 7.03 (d, 3J(H-3’, H-4’) = 

3.79 Hz, 1H, H-4’), 7.00 (d, 3J(H-3’’, H-4’’) = 3.77 Hz, 1H, H-3’’), 6.92 (d, 3J(H-5’’’,H-4’’’) = 5.18, 1H, H-4’’’), 

5.35 (m, 1H, Hγ’), 4.90 (m, 1H, Hα’), 4.74 (m, 1H, Hδ’), 4.67-4.57 (m, 2H, Hα, Hα’’), 4.04 (m, 1H, 

H δ’), 3.78 and 3.69-3.46 (m, 4H, Hδ, Hδ’’), 2.96 (m, 1H, Hβ’), 2.76 (m, 4H, Ha), 2.55 (m, 1H, 

Hβ’), 2.31-1.87 (m, 11H, Hβ, Hβ’’, Hγ, Hγ’’, CO-CH3), 1.63 (m, 4H, Hb), 1.23 (m, 36H, Hc-k), 0.85 

(t, 3J(H-l,H-k) = 6.78 Hz, 6H, Hl)   
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13
C NMR (125 MHz, CDCl3): δ = 173.3, 173.3, 171.2, 171.2, 170.9, 170.5, 169.7, 169.6, 169.1, 

142.9, 142.8, 140.3, 139.8, 137.0, 137.0, 136.6, 135.4, 134.7, 134.7, 130.3, 130.2, 130.2, 130.0, 

130.0, 130.0, 127.5, 127.4, 126.5, 126.4, 123.9, 123.8, 118.4, 118.2, 65.4, 60.8, 59.7, 58.5, 

58.0, 57.7, 57.5, 56.8, 52.1, 51.9, 48.2, 48.1, 47.4, 47.3, 47.2, 46.9, 33.7, 33.6, 31.9, 31.5, 30.6, 

30.5, 30.4, 29.6, 29.6, 29.6, 29.6, 29.6, 29.5, 29.5, 29.5, 29.4, 29.4, 29.3, 29.3, 29.2, 29.2, 28.5, 

28.5, 27.4, 27.0, 25.8, 25.1, 24.9, 22.6, 22.2, 22.1, 14.09  

MS (MALDI-TOF, DCTB): m/z [M+H]+ = 1082.6 (calc. for C59H83N7O4S4: 1081.5) 

HRMS (ESI): m/z [M+Na]+ = 1104.5288 (calc. for C59H83N7O4S4+Na+: 1104.5282) 

1-Acetyl-L-prolyl-(4S)-4-[4-(3,3’’’-didodecyl-2,2’:5’,2’’:5’’’,2’’’-quaterthien-5-yl)-1H-1,2,3-

triazol-1-yl]-L-prolyl-L-prolyl-L-prolyl-(4S)-4-[4-(3,3’’’-didodecyl-2,2’:5’,2’’:5’’,2’’’-quaterthien-

5-yl)-1H-1,2,3,triazol-1-yl]-L-prolyl-L-prolyl-L-prolyl-(4S)-4-[4-(3,3’’’-didodecyl-2-2’:5’,-

2’’:5’’,2’’’-quaterthien-5-yl)-1H-1,2,3-triazol-1-yl]-L-prolyl-L-prolinamide 39 (nonaproline-

tris(quaterthiophene) hybrid): 

 

The peptide was cleaved by treatment of the resin with 3 mL TFA/DCM 2:1 for 40 min while 

standing on a shaker. The eluate was collected and the resin was washed carefully with DCM. 

Then another 3 mL of TFA/DCM 2:1 were added, the vessel was shaken for 20 min. The eluate 

was collected and the resin was washed carefully with DCM. The solvent was removed in 

vacuo and the crude peptide was freeze-dried from dioxane.  
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68 mg (98 µmol, 3.6 eq.) of 5-Ethinyl-didodecyl-[2,2';5',2'';5'',2''']quaterthiophene 5 were 

solved in 3 mL of dichloromethane, 40 mg (27 µmol, 1 eq.) of azido-functionalised nonaproline 

40, 6 mg (16 µmol, 0.6 eq.) of tetrakis(acetonitrile)copper(I) hexafluorophosphate and 1 mg 

(16 µmol, 0.6 eq.) of copper powder were added. The reaction mixture turned dark red. The 

reaction was stirred at room temperature for 20h and was then poured onto semi-

concentrated ammonia and was washed with it. The layers were separated and the aqueous 

layer was repeatedly extracted with dichloromethane. The combined organic layers were 

carefully washed with demineralised water, the solvent was removed in vacuo and the crude 

product was lyophilised from dioxane. Repeated r-GPC (eluent: THF), subsequent SEC with 

dichloromethane and finally lyophilisation from dioxane gave 26 mg (30%) of 39 as an 

intensely yellow solid.  

1
H NMR (400 MHz, CDCl3/MeOD 1:1):  

In the following, the 1H NMR spectrum of nonaproline-tris(quaterthiophene) 39 is depicted. 

Due to the existence of multiple conformers in the solvents utilised for solubility reasons for 

NMR, an assignment of the protons, including thienyl-Hs, cannot be given. Similar problems 

have been reported in literature.[28] For the same reasons, a satisfactory 13C NMR could not be 

obtained (severe signal broadening).  
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MS (MALDI-TOF, DCTB): m/z [M+H]+ = 3127.5 (calc. for C173H239N19O10S12: 3126.5), m/z [M-

24.7]+ = 3102.8 (typical fragmentation always observed), m/z [M+Na]+ = 3150.3 (calc. for 

C173H239N19O10S12+Na+: 3149.5) 

HRMS (ESI): m/z [M+Na]2+ = 1587.2645 (calc. for [C173H239N19O10S12+Na]2+: 1587.2625) 
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Figure 2: Series of fully protected proline-quaterthiophene hybrids synthesised by Cu(I)-catalysed 

1,3-dipolar Huisgen cycloaddition.  

For synthetic, but also self-assembly reasons, the peptide sequence employed is protected 

during synthesis by a pseudo-proline unit and a structural defect, a so-called switch-ester 

segment. While the pseudo-proline unit is deprotected after synthesis, the switch-ester 

segment stays intact at low pH and gives a kink in the peptide backbone which is thus no 

longer able to form a β-sheet secondary structure. Surprisingly, both for system 31 and also 

system 32, suprastructure formation was observed in the kinked state of the peptide, leading 

to left-handed helical fibres observable in atomic force microscopy (AFM) and transmission 

electron microscopy (TEM). Both Fourier transform-infrared spectroscopy (FT-IR) and selected 

area electron diffraction (SAED) during TEM confirmed the absence of extended β-sheets in 

this state of the molecule. 
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Figure 3: Bi-and mono PEO-peptide quaterthiophenes synthesised by “click”-chemistry. 

A semiempirical model calculated for 31 indicated, that the peptide arms of the hybrid 

interact in the kinked state via hydrogen bonding, whereas the oligothiophene in the centre of 

the molecule serves as a rigid linker which preorients the two arms with respect to one 

another, giving rise to the helicity of the fibre. For both systems also the native state of the 

peptide was investigated. Again, fibres were found in both cases, although not displaying any 

helicity. Optical and chiroptical spectroscopy conducted in both states of the peptide for 

hybrids 31 and 32 did not give any clear evidence of exciton-coupled π-π interactions.  

Going to less complex systems (chapter 5), it could be shown, that a single amino acid 

containing two stereocentres – 4-azidoproline – is enough to influence the self-assembly 

behaviour of oligothiophene-amino acids 34-36 in solution and on the surface (Fig. 4). 
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Figure 4: Diastereomeric monoproline-substituted quaterthiophenes 34-36.  

Due to the stereocentres present at C1 and C4 in the proline ring, three different 

diastereomers were synthesised – (2S,4S)-compound 34, (2R,4R)-compound 35 and (2S,4R)-

compound 36. In solution, all three compounds were found to form aggregates. For the 

enantiomeric pair - (2S,4S)-compound 34 and (2R,4R)-compound 35 – chiral enantiomeric 

suprastructures were detected in solution, whereas the (2S,4R)-compound 36 did not exhibit 

any chirality in its suprastructure. On the surface, chiral left-handed helical networks were 

found for (2S,4S)-compound 34. (2S,4R)-Hybrid 36 equally showed fibres, which in part were 

chiral. However, no clearly predominant handedness of the helicity could be found. For 

(2R,4R)-compound 35, fibres were obtained that did not show any chirality at all. These fibres 

also differ in dimension from the previously described, which in this case is attributable to 

different methods employed for sample preparation. Models for the suprastructures of 

compounds 34-36 derived from semi-empirical calculations support the experimental findings. 

The interest in proline for this thesis was rooted in its ability in oligomeric or polymeric 

form to exist in two solvent-dependent well defined helical conformations, PPI and PPII. These 

differ fundamentally in handedness, residues per helical turn and helical pitch length. The 

attachment of π-conjugated oligomeric substituents to such a scaffold leads to new hybrids 

which promise interesting results with respect to their spectroscopic behaviour. Two such 

compounds were synthesised and investigated, triproline-quaterthiophene compound 41 and 

nonaproline-tris(quaterthiophene) hybrid 39 (Fig. 5).  



   Summary 241 

 

Figure 5: Triproline-quaterthiophene compound 41 and nonaproline-tris(quaterthiophene) hybrid 

39. 

Triproline-quaterthiophene compound 41 showed similar self-assembly properties in 

(chir)optical spectroscopy investigations as mono-amino acid quaterthiophene hybrids 34-36. 

For nonaproline scaffold 39 equipped with three quaterthiophenes, a deviating behaviour 

from 41 was observed. Apart from the formation of aggregates, in molecularly dissolved 

hybrid 39, methods such as UV/Vis, fluorescence and CD spectroscopy indicated an interaction 

of the π-conjugated systems, thus confirming the influence of the helical peptidic scaffold as a 

rigid, yet convertible spacer.  

To sum up the experimental work in this thesis, oligothiophenes as π-conjugated building 

blocks were attached to various amino acids and peptide sequences with different secondary 

structures. The properties of the thus obtained compounds were investigated, especially with 

respect to their self-assembly. It was shown, that by the attachment of peptides and amino 

acids to the π-conjugated oligomer, its self-assembly into regular (chiral) suprastructures on 

surfaces and in solution can be influenced.  
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Comparing the different biological motifs used in this work, the following important aspects 

of peptide-and amino acid-directed self-assembly can be deduced and should be considered 

for the future design of peptide- or amino acid-functionalised π-conjugated oligomers.  

Peptides such as the (valine-threonine)3 sequence utilised in chapter 4, which in their 

native state have a high propensitiy to adopt very regular secondary structures, in this case a 

β-sheet, are useful tools for the controlled self-assembly of π-conjugated oligomers. As was 

shown in chapter 4, the predetermined secondary structure of the peptide moiety, which is 

held together by a strong directed hydrogen-bonding pattern, is preserved, although a π-

conjugated oligothiophene was attached. Due to the fixed geometry of the β-sheet secondary 

structure and its inter peptide strand distances of 4.8 Å, though, an efficient π-π stacking and 

thus exciton-coupled interaction of the π-conjugated backbones was not observed. However, 

in the case of the AB system 32, in which the oligothiophene is incorporated in a less rigid 

fashion into the β-sheet secondary structure compared to ABA system 31, hints for long-range 

coupling of the oligothiophenes could be deduced from UV-Vis and CD spectroscopy. Thus, in 

order to be able to efficiently exploit π-π interactions and the predefined β-sheet secondary 

structure motif of such hybrids at the same time, the importance of a linker rendering the 

hybrid systems more flexible must be stressed (see also summary, chapter 4.4).  

More flexible hybrids than symmetric and unsymmetric PEO-peptide-oligothiophene 

systems 31 and 32 were obtained by the attachment of single amino acids, that is, prolines 

containing two stereocentres, to the quaterthiophene backbone. Diastereomeric monoproline 

hybris 34-36 were proven to form in part chiral suprastructures in solution and on surface. 

These self-assembled suprastructures are based on a well-balanced interplay of intermolecular 

interactions such as π-π stacking, van der Waals forces, hydrogen bonding and complexation 

together with hydrophobic and hydrophilic interactions in general. The employment of a 

smaller biological moiety renders the system considerably more flexible, even without a linker. 

The suprastructures of enantiomeric compounds 34 and 35 macroscopically displayed mirror-

image helicity in solution , whereas for diastereomeric 36 no chirality was observed when self-

assembly in solution was studied. Hence it is possible to control suprastructure chirality of an 

unsymmetric molecule by the application of a single enantiomeric amino acid. In addition, for 

the monoproline-functionalised π-conjugated oligomers 34-36 it was observed, that a clear 

differentiation has to be made between self-assembly in solution and on surface. When 
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surfaces come into play, additional forces and effects have to be considered, which might lead 

to completely different modes of self-assembly. In comparison to β-sheet systems 31 and 32 it 

has to be declared, that the attachment of a single amino acid renders the obtained 

compounds much more flexible concerning the interactions and polarities of the moieties 

within the hybrids with respect to one another. This enables all the hybrids’ parts to 

contribute to suprastructure formation. On the other hand, though, the suprastructures 

formed are not as predictable as in the case of a native β-sheet peptide strand, utilised in 

hybrids 31 and 32.  

The use of conformationally rigid oligoproline peptides as convertible scaffolds for the 

attachment of several chromophores is another interesting approach in the field of hybrids 

between peptides and π-conjugated oligomers. In this respect it is important to be able to 

spectroscopically study single molecule phenomena, which was accomplished for hybrid 39 in 

n-propanol. In other solvent mixtures between water and n-propanol, 39 showed aggregation. 

This is an interesting aspect, since again a peptide secondary structure with defined 

geometries – in this case helical – is utilised. Compared to the β-sheet secondary structure 

motif, the helical conformations of oligo-and polyprolines do not depend on hydrogen-

bonding as a major structure stabilising force, but solely on the solvent employed. Thus they 

provide a versatile alternative to investigations of π-conjugated oligomer peptide hybrids 

depending on hydrogen-bonding as driving force.  

In summary, the efficiency of peptides and amino acids in mediating suprastructure 

formation of oligomeric π-conjugated molecules of potential interest in (nano)electronic 

devices has been demonstrated in this thesis. The delicate balance of intermolecular forces in 

the different kinds of hybrids constitutes a major issue. In this respect, it is favourable in many 

cases to render the systems’ moieties more flexible with respect to another, e.g. by the 

employment of smaller biological moieties or the incorporation of a linker. Regarding self-

assembly on surfaces and in solution, the influence of the surface and the solvent should not 

be underestimated. 
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Ziel der vorliegenden Arbeit war 

Aminosäuren oder Peptiden und Oligothiophenen und deren Untersuchung speziell im 

Hinblick auf ihr Selbstorganisationsverhalten in Lösung und auf der Oberfläche 
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Abbildung 2: Geschützte Prolin-Oligothiophen Hybride, synthetisiert durch Cu(I)-katalysierte 1,3-

dipolare Huisgen Cycloaddition.  

Eine der verwendeten biologischen Einheiten ist ein Oligopeptid mit drei alternierenden 

Wiederholungseinheiten der Aminosäuren Valin und Threonin als Kern. Dieses Oligopeptid 

bildet bekanntermaßen ein stabiles β-Faltblatt als Sekundärstruktur (Kapitel 4).  Das Peptid 

wurde mit einer polydispersen Polyethylenoxid (PEO)-Kette versehen um mögliche 

Suprastrukturen lateral abzuschirmen und um die Löslichkeit zu erhöhen. Sowohl mono- als 

auch bifunktionalisierte Ethinyl-Quaterthiophene wurden für die Synthese zweier PEO-Peptid-

Quaterthiophen Hybride durch „Click“-Chemie eingesetzt (Abb. 3). Aus Gründen der 

erleichterten Synthese aber auch der Selbstorganisation wurde die verwendete Peptidsequenz 

während der Synthese durch eine Pseudoprolin-Einheit und einen strukturellen Defekt, eine 

sogenannte Switch-Ester-Einheit, geschützt.  
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Abbildung 3: Bi-und Mono-PEO-Peptid Quaterthiophene, synthetisiert durch „Click”-Chemie. 

Während der Pseudoprolin-Baustein nach erfolgter Synthese entschützt wurde, verblieb 

das Switch-Ester-Segment bei niedrigen pH Werten intakt und führte zu einem Knick in der 

Peptidsequenz, die somit nicht mehr in der Lage ist, sich zu einem β-Faltblatt selbst zu 

organisieren. Überrachsenderweise wurden sowohl für die Verbindung 31 als auch das System 

32 die Bildung von Überstrukturen beobachtet, obwohl das Peptid in seiner gewinkelten Form 

vorlag. In der Rasterkraftmikroskopie (AFM) sowie in der Transmissionselektronenmikroskopie 

(TEM) wurden linksgängig helikale Fasern beobachtet. Sowohl die Fourier-Transformations-

Infrarot-Spektroskopie (FT-IR) als auch Elektronenbeugung an einem ausgewählten Bereich 

der Probe (SAED) während der TEM bestätigten, dass in diesem Zustand des Peptids kein β-

Faltblatt gebildet worden war. Ein semiempirisch berechnetes Modell von 31 zeigt, dass die 

Peptid-Arme des Hybrids im gewinkelten Zustand mittels Wasserstoffbrückenbindungen 

wechselwirken, wohingegen das im Zentrum des Moleküls befindliche Oligothiophen als 

formtreues, die Peptid-Arme vororientierendes Verbindungsstück dient. Dies führt zur 

beobachteten Helizität der Fasern. Für beide Verbindungen wurde auch die aus dem 

natürlichen Zustand des Peptidrückgrats resultierende Selbstorganisation untersucht. Es 

wurde wiederum für beide Verbindungen die Bildung von Fasern beobachtet, die allerdings 
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keine Helizität zeigten. Optische und chiroptische Spektroskopie beider Systeme 31 und 32 

ergaben keine Hinweise auf das Vorliegen von Exziton-gekoppelten π-π Wechselwirkungen.  

Zu weniger komplexen Systemen übergehend (Kapitel 6) konnte gezeigt werden, dass eine 

einzige, zwei Stereozentren beinhaltende Aminosäure - 4-Azidoprolin - ausreicht, um das 

Selbstorganisationsverhalten der Oligothiophen-Aminosäure Verbindungen 34-36 in Lösung 

und auf der Oberfläche zu beeinflussen (Abb. 4).  

 

Abbildung 4: Diastereomere Monoprolin-substituierte Quaterthiophene 34-36.  

Aufgrund der im Prolinring an C1 und C4 vorhandenen Stereozentren, konnten drei 

unterschiedliche Diastereomeren synthetisiert werden: die (2S,4S)-Verbindung 34, die (2R,4R)-

Verbindung 35 und (2S,4R)-Verbindung 36. In Lösung aller dreier Verbindungen konnte die 

Bildung von Aggregaten beobachtet werden. Für das enantiomer konfigurierte Paar - die 

(2S,4S)-Verbindung 34 und die (2R,4R)-Verbindung 35 - wurden in Lösung chirale, zueinander 

enantiomere Überstrukturen gefunden, wohingegen die (2S,4R)-Verbindung 36 keine 

Chiralität in ihrer Überstruktur zeigte. Auf der Oberfläche wurden für die (2S,4S)-Verbindung 

34 chirale linksgängig helikale Fasernetzwerke gefunden. Auch das (2S,4R)-Hybrid 36 zeigte 

Faserbildung. Zum Teil waren die beobachteten Fasern chiral, es konnte jedoch keine 

vorherrschende Händigkeit beobachtet werden. Für die (2R,4R) Verbindung 35 wurden auf der 

Oberfläche Fasern erhalten, die keinerlei Chiralität aufwiesen. Diese Fasern wichen auch in 

ihren Dimensionen deutlich von den zuvor beschriebenen ab, was auf unterschiedliche 

Methoden der Probenvorbereitung zurückzuführen ist. Semiempirisch berechnete Modelle 

von Überstrukturen der Verbindungen 34-36 bestätigen die experimentellen Ergebnisse.  
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Das Interesse an Prolinen im Rahmen der vorliegenden Arbeit liegt in den zwei möglichen 

solvensabhängigen wohldefinierten helikalen Konformationen von Oligo- und Polyprolinen, 

PPI und PPII, begründet. Diese unterscheiden sich grundsätzlich bezüglich ihrer Händigkeit, der 

Zahl der Reste pro helikaler Windung und der Ganghöhe der Helix. Die Anbindung π-

konjugierter oligomerer Substituenten an solch ein Gerüst führt zu neuen Hybriden, die im 

Hinblick auf ihr Verhalten in der Spektroskopie sehr interessant sind. Zwei derartige 

Verbindungen wurden synthetisiert und untersucht, Triprolin-quaterthiophen 41 und 

Nonaprolin-tris(quaterthiophen)-Hybrid 39 (Abb. 5).  

 

Abbildung 5: Triprolin-Quaterthiophen Verbindung 41 und Nonaprolin-tris(quaterthiophen) Hybrid 39. 

Triprolin-Quaterthiophen Verbindung 41 verfügte in (chir)optischen spektroskopischen 

Untersuchungen über ähnliche Eigenschaften wie die Aminosäure-Quaterthiophen-Hybride 

34-36. Ein abweichendes Verhalten wurde für das mit drei Quaterthiophenen versehene 

Nonaprolingerüst 39 beobachtet. Von der Bildung von Aggregaten abgesehen, deuten 

Untersuchungen mittels UV-Vis-, Fluoreszenz- und CD-Spektroskopie auf eine Wechselwirkung 

der π-konjugierten Untereinheiten im molekular gelösten Zustand der Hybride hin. Somit 
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wurde der etwaige Einfluss des helikalen Peptidgerüsts als formtreuem, jedoch wandelbarem 

Abstandhalter bestätigt. 

Die experimentellen Befunde dieser Arbeit zusammenfassend konnten durch die 

Verknüpfung von Oligothiophenen als π-konjugierten Bausteinen mit Aminosäuren und 

Peptidsequenzen mit unterschiedlichen Sekundärstrukturen die Eigenschaften der erhaltenen 

Verbindungen speziell im Hinblick auf ihr Selbstorganisationsverhalten untersucht werden. Es 

konnte gezeigt werden, dass durch die Verbindung von Peptiden und Aminosäuren mit dem π-

konjugierten Oligomer dessen Selbstorganisation zu (chiralen) Überstrukturen auf Oberflächen 

und in Lösung beeinflusst werden kann.  

Durch einen Vergleich der in der vorliegenden Arbeit verwendeten unterschiedlichen 

biologischen Motive können die folgenden wichtigen Aspekte der Peptid- und Aminosäure-

vermittelten Selbstorganisation abgeleitet werden. Diese sollten bei der zukünftigen 

Gestaltung von Peptid- und Aminosäure-funktionalisierten π-konjugierten Oligomere 

berücksichtigt werden.  

Peptide wie die verwendete (Valine-Threonin)3-Sequenz, welche in ihrem natürlichen 

Zustand einen großen Hang zur Bildung geordneter Sekundärstrukturen  - hier einem β-

Faltblatt – zeigen, sind nützliche Instrumente für die kontrollierte Selbstorgansiation π-

konjugierter Oligomere. Wie in Kapitel 4 gezeigt wurde, konnte die vorherbestimmt 

Sekundärstruktur des Peptidteils trotz der Verknüpfung mit einem π-konjugierten 

Oligothiophen aufrecht erhalten werden. Diese Sekundärstruktur wird durch ein starkes, 

gerichtetes Muster aus Wasserstoffbrückenbindungen aufrecht erhalten. Aufgrund der 

festgelegten Geometrie der β-Faltblatt-Sekundärstruktur und dem Abstand von 4.8 Å zwischen 

den einzelnen Peptidsträngen, konnte jedoch eine effiziente π-π Wechselwirkung und die 

daraus abgeleitete exzitonische Kupplung zwischen den π-konjugierten Rückgraten nicht 

beobachtet werden. Im Falle des AB-Systems 32 jedoch, in dem die Oligothiophene auf eine 

weniger starre Art in die β-Faltblatt-Sekundärstruktur eingebunden sind als im ABA-System 31, 

konnten Hinweise für eine Kopplung der Oligothiophene über lange Distanzen aus der UV-Vis- 

und CD-Spektroskopie abgeleitet werden. Für die effiziente gelichzeitige Nutzung von sowohl 

π-π Wechselwirkungen als auch der vorgegebenen β-Faltblatt-Sekundärstruktur muss daher 

die Wichtigkeit einer flexiblen Verknüpfung der jeweiligen Teile der Verbindungen betont 

werden (siehe auch Zusammenfassung, Kapitel 4.4). 
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Flexiblere Systeme als die symmetrischen und unsymmetrischen PEO-Peptid-Oligothiophen 

Hybride 31 und 32 konnten durch die Verknüpfung von Oligothiophenen mit einzelnen 

Aminosäuren, in diesem Fall das zwei Stereozentren enthaltende Prolin, gewonnen werden. 

Für die diastereomeren Monoprolin-Verbindungen 34-36 konnte die Bildung von zum Teil 

chiralen Suprastrukturen in der Lösung und auf der Oberfläche gezeigt werden. Diese 

selbstorganisierten Suprastrukturen basieren auf einem ausgeglichenen Wechselspiel 

verschiedener intermolekularer Kräfte wie π-π Wechselwirkungen, van der Waals-Kräften, 

Wasserstoffbrückenbindungen und Komplexierungen sowie hydrophoben und hydrophilen 

Wechselwirkungen im Allgemeinen. Die Nutzung einer kleineren biologischen Einheit macht 

das System sogar ohne Verbindungsstück flexibler. Die Überstrukturen der einander 

enantiomeren Verbindungen 34 und 35 zeigten in der Lösung spiegelbildliche Helizität. Für die 

diastereomere Verbindung 36 wurde in Lösung keine chirale  Überstruktur beobachtet. 

Folglich ist es möglich, die Chiralität der Überstruktur eines unsymmetrischen Moleküls durch 

die Verknüpfung mit einer einzigen enantiomeren Aminosäure zu kontrollieren. Zusätzlich 

wurde für die Monoprolin-funktionalisierten π-konjugierten Oligomere 34-36 beobachtet, 

dass zwischen der Selbstorganisation in der Lösung und auf Oberflächen klar unterschieden 

werden muss. Sobald eine Oberfläche ins Spiel kommt, müssen zusätzliche Kräfte und Effekte 

berücksichtigt werden, die zu vollständig anderen Arten der Selbstorganisation führen können. 

Im Vergleich zu den β-Faltblatt-Systemen 31 und 32 muss festgestellt werden, dass die 

Verknüpfung mit einer einzelnen Aminosäure sehr viel flexiblere Verbindungen bezüglich der 

Wechselwirkungen und Polaritäten der jeweiligen Einheiten hervorbringt. Dies ermöglicht es 

allen Molekülteilen der Hybride zur Bildung der Überstruktur beizutragen. Andererseits sind 

die gebildeten Überstrukturen nicht in dem Grade vorhersagbar, wie im Falle eines natürlichen 

β-Faltblatt-Peptid-Stranges, welcher in den Hybriden 31 und 32 verwandt wurde.  

Der Einsatz konformationell starrer Oligoprolin-Peptide als wandelbarer Gerüste zur 

Anbringung mehrerer Chromophoren ist ein weiteres interessantes Gebiet im Bereich der 

Verknüpfungen von Peptiden mit π-konjugierten Oligomeren. Diesbezüglich ist die 

Untersuchung von Einzelmolekülphänomenen von Bedeutung, was im Falle der Verbindung 39 

in n-Propanol gelang. In anderen Lösemittelgemischen von Wasser und n-Propanol aggregierte 

die Verbindung 39. Dies ist ein weiterer interessanter Gesichtspunkt, da wiederum eine Peptid 

mit einer definierten Sekundärstruktur – in diesem Fall helikal – eingesetzt wurde. Verglichen 



   Zusammenfassung 251 

mit dem β-Faltblatt Sekundärstrukturmotiv sind die helikalen Konformationen von Oligo- und 

Polyprolinen nicht bedingt durch Wasserstoffbrückenbindungen, sondern sind alleine vom 

verwendeten Lösungsmittel abhängig. Daher stellen sie eine vielseitige Alternative zur 

Untersuchung der Überstrukturen π-konjugierter Oligomer-Peptid-Hybride basierend auf 

Wasserstoffbrückenbindungen dar.  

Zusammenfassend lässt sich sagen, dass im Rahmen der vorliegenden Arbeit die effiziente 

Peptid- und Aminosäurevermittelte Bildung von Überstrukturen oligomerer π-konjugierter 

Moleküle gezeigt werden konnte. Diese Peptid- und Aminosäurehybride sind von potentiellem 

Interesse in (nano)elektronischen Bauteilen. Das empfindliche Gleichgewicht der 

intermolekularen Kräfte in den unterschiedlichen Arten von Hybriden stellen einen wichtigen 

Punkt dar. Es ist in vielen Fällen vorteilhaft, die Bestandteile der Systeme bezüglich einander 

flexibel zu gestalten, z.B. durch Verwendung kleinerer biologischer Einheiten oder eines 

flexiblen Verbindungsstückes. Die Selbstorganisation auf Oberflächen und in Lösung 

betreffend, sollte der Einfluss der Oberfläche und des Lösemittels nicht außer Acht gelassen 

werden.  
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