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1. Introduction 

 

“In Nature, everything is connected to everything else, everything crossed, everything exchanges with 

everything, everything changes, one into the other”    –– Gotthold Ephraim Lessing 

 

Complexity in Nature originates from hierarchical organization of biomolecular components and 

interactions between them. Most of the biological and chemical functions like molecular recognition, 

information storage and catalysis, carried out by biomacromolecules (e.g. proteins and DNA) are 

determined by folding into well-defined three-dimensional structures in solution. To understand the 

meaning of this folding for the functions of biomacromolecules, artificial systems such as synthetic 

nonbiological oligomers, which can adopt those functions by achieving ordered solution conformation, 

has become part of the interest. This subject is known as the field of “foldamers”1, 2. The folding of 

biomacromolecules and also artificial foldamers will be discussed in the following chapters.  

 

1.1 Folding of biomacromolecules  

1.1.1 Organization of proteins 

Proteins are the building blocks of life, therefore they have to fulfill several tasks. They specify shape 

and structure of cells and are involved in the whole living functions despite the fact that they are 

composed of only 20 amino acids. In order to complete the tasks a certain spatial form of the protein is 

necessary thus it is forced to fold in a defined manner (Figure 1.1).  

 
Figure 1.1. Hierarchical structure organization of proteins. (Figure was redrawn according to National 
Human Genome Research Institute)3 
 

The building plan is initially given by the sequence of the amino acids, building the amino acid chain 

(primary structure) which then folds into a local regular structure (secondary structure). These include 

the α-helix, the pleated β-sheet and the β-turn, which all result mainly by the sum of intramolecular 
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hydrogen bonds (attractive forces). Further electrostatic attractions (e.g. dipole-dipole interaction) 

between the side chains, van der Waals interactions (dispersion forces) or even cross linkages of 

covalent disulfide bridges between two cysteine units subsequently lead to the tertiary structure. The 

last level of protein organization which can be reached is the quaternary structure, which is the result 

of aggregation of two or more polypeptide chains. If the folding was correct, active sides are 

generated, thus the proteins can perform their tasks.4  

 

1.1.1.1 Primary and secondary structure of proteins 

 

Figure 1.2. Structure building in proteins. a) primary structure. b) secondary structures. (The drawings 
of the secondary structures α-helix and β-sheet are from Irving Geis and are taken from 
https://scimedia.files.wordpress.com/2011/02/fi6p3.gif.)5 
 

The folding into α-helices, β-sheets and β-turns is important, but why are these secondary structures 

formed and how they are stabilized? As mentioned previously proteins are assembled out of the 

repertoire of 20 natural amino acids. Their basic structure is equal, as they have at the one end the 

active amino residue and at the other end the active carboxylate, which are spaced by a methylene 

group. This methylene group can be functionalized in different ways. Due to this sidechains the amino 

acids differ in their structure and therefore in their size, flexibility and polarity. The single amino acids 

are then linked under formation of a peptide bond building the amino acid chains (primary structure) 

with the protein backbone and the outstanding sidechains. Figure 1.2a shows a schematic section of an 

amino acid chain. In biochemistry the indication is fixed, the chains were drawn from the N-terminus 

to the C-terminus and counted in the way of the first amino acid as equal to “i”, the second to “i+1 etc. 
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Also the torsion angles are defined, “ψ” as the torsion angle between “Cα − C'” and “φ” as torsion 

angle between “N – Cα”. The direction of positive rotation about φ and ψ is given by the arrows 

(clockwise when looking in either direction from the Cα). In a fully stretched-out polypeptide chain 

(like Figure 1.2a) they correspond to φ = ψ = 180°. In contrast, the peptide bond cannot rotate freely as 

the π-electrons are delocalized between “O – C – N” thus this bond has a partial double bond character 

and is planar. As the natural environment of proteins is water the surface of a compact protein is often 

determined by hydrophilic residues, whereas the hydrophobic residues are located in the core region. 

Therefore, the amino acid chains have to arrange and fold in such a manner that the hydrophobic 

residues can assemble in the core. This drives the polar backbone into the interior, where it is forced to 

form secondary structures with internal hydrogen bonds.6, 7 The most frequently encountered regular 

secondary structures are thereby the α-helix and the β-sheet. However, the formed secondary structure 

elements, α-helix, β-sheet and β-turn have to be stabilized (Figure 1.2b). This is mainly carried out by 

hydrogen bonds (in Figure 1.2b red dotted lines) between the C=O (hydrogen bond acceptor) and N-H 

(hydrogen bond donor) of a peptide bond: for an α-helix this noncovalent interaction is along the 

backbone whereas for a β-sheet these stabilizing forces are between adjacent amino acid chains. The 

β-turn holds a niche existence beside the main secondary structure elements, nevertheless it fulfills 

important tasks, as it changes the direction of the amino acid chains and combines β-sheets mostly. 

Again this secondary structure is stabilized by hydrogen bonds.  

 

 
Figure 1.3. Ramachandran plot – a map estimating the abundance of secondary structure elements. 
(The Figure was taken from Biochemistry 3rd Edition)8 
 



1. Introduction 

4 

 

Which secondary structures are formed depends on the sequence of the amino acid chain and on the 

combination of the two torsion angles φ and ψ. The peptide bond of the backbone is fixed and 

therefore not determining the secondary structure. To estimate the abundance of secondary structure 

elements like α-helix and β-sheet the so called “Ramachandran-plot” can be used.9 This diagram 

represents the potential energy distribution for the combination of the torsion angles φ and ψ for given 

proteins with φ and ψ as coordinates. It describes which structures are sterically possible and which 

are not. As basis for the calculation of this map serves the Pauling-Corey dimensions of a peptide 

bond.10, 11 Figure 1.3 shows a schematic representation of a Ramachandran plot using Poly-L-alanine as 

example. The bright areas show the regions of allowed conformations, which generally vary according 

to the bulkiness of the side chains. One region gives the combination of φ and ψ for antiparallel and 

parallel β-sheets, and the collagen helix; another one shows the values for right-handed α-helix and the 

third one marks the region for the left-handed α-helix. Although the left-handed α-helix is sterically 

allowed it does not occur as it is energetically less favored than the right-handed. The colored lines 

across the map correspond to helices with n residues per turn. Remarkable are the line corresponding 

to the flat ribbon (n = 2) bisecting the graph and the values marking closed rings (n = 5). In general the 

helix is right-handed when n is positive (rose regions) and left-handed when n is negative (blue 

region). Important secondary structures are highlighted by the yellow circles, their exact assignment 

can be taken from the legend in Figure 1.3.8 

 

1.1.1.2 Major protein classes 

Depending on their overall shape, i.e. secondary and tertiary structure and the resulting functional 

properties, proteins can be subdivided into two major classes: fibrous proteins and globular proteins. 

Fibrous proteins (structural proteins) are filamentous or elongated molecules with well-defined 

secondary structures. Most of them provide structural stiffness and rigidity together with a certain 

amount of elasticity thus playing structural roles in animal cells and tissues, e.g. keratins in hair and 

fingernails and collagen in the skin. In contrast to the extended, filamentous forms of the fibrous 

proteins the numerous water-soluble globular proteins (spheroproteins) not only fold into secondary 

structure but also into compact tertiary strucures. The globular proteins play an important role in 

chemical processes of a cell such as synthesis, transport and metabolism. A typical example is 

myoglobin, it enables the efficient transport of oxygen from lungs to the respective cells. About 70 % 

of the secondary structure of myoglobin is found to be an α-helix, this helix is bent and folded into a 

compact tertiary structure. A pocket within the compact structure holds the heme group, this 

noncovalently bounded group carries the oxygen binding site of myoglobin. The membrane proteins 

are a special group of globular proteins, as they are often composed of high content of hydrophobic 

amino acids, mainly in the embedded membrane regions. Most of the membrane proteins that span the 

membrane have a bundle of α-helical segments. Other, like two molecules of gramicidin A, form a 
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pore trough the membrane using a helical conformation, thus enabling the transport of K+ and Na+. In 

general membrane proteins have the functions to transport substances or chemical signals through the 

membrane, or serve as receptors.8 

 

1.1.1.3 Protein folding  

Structural analysis of numerous proteins show that the polypeptide backbone folds in order to adopt a 

particular conformation. This process is known as protein folding. Decades ago C. Anfinsen postulated 

that the native structure of a protein is the thermodynamically stable structure. The protein folding 

pattern into three-dimensional structures (secondary and tertiary structure) is determined by the amino 

acid sequence (primary structure) as well as by the solution conditions and not by the kinetic folding 

route.12 In a classical experiment Anfinsen showed that ribonuclease lost its secondary and tertiary 

structure in denaturing solution and after removal of the denaturant it spontaneously refold into its 

original structure. Remarkable thereby is that all disulfide bridges are formed in the correct places 

taking into account that the eight Cysteine units, building the four intrachain bonds, have 105 possible 

combinations. Therefore, weak interactions directing the protein folding and the correct positions of 

the disulfide bridges can be assumed.7  

As Nature always strives for minimal energy the protein folding as thermodynamically favored 

process follows as well the energy minimum. This means that the overall energy change on folding 

must be negative (∆G < 0, free energy equation: ∆G = ∆H-T∆S). On the one hand the folding leads to 

a loss in conformational entropy (∆S < 0), as the protein collapses into its compact native state from its 

open denatured configurations, which works against the folding. On the other hand it gains enthalpy 

from the favorable noncovalent interactions (∆H<<0). The factors for protein folding and stabilization 

will be discussed in the following8, 13-15: 

 

- Hydrogen bonds 

Protein structures are composed of secondary structures such as α-helix, β-sheet and β-turn which are 

mainly stabilized by hydrogen bonds. Furthermore, amide protons (hydrogen bond donor) and 

carbonyls (hydrogen bond acceptor) which are not involved in the formation of secondary structures 

can interact with side chain groups forming a network of internal hydrogen bonds. As single hydrogen 

bonds are relatively weak in aqueous solution, the sum of all hydrogen bonds is decisive for the 

stability. 

- van der Waals interactions 

As the interior of a folded protein is tightly packed, a maximum contact between the side chains will 

take place. These weak interactions between uncharged molecular groups in a close-range are another 

example, that the sum of such weak forces is important for stabilization. 
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- Electrostatic interactions 

Some amino acids are positively or negatively charged at neutral pH and can therefore attract or repel. 

In the case of an electrostatic attractive force between two opposite charged groups so called salt 

bridges within a protein are formed. 

 

- Hydrophobic interactions 

As mentioned previously (formation of secondary structures) the hydrophobic residues endeavor to 

reduce the contact to water while minimizing the surface. Therefore, amino acid chains arrange and 

fold in the way that the hydrophobic residues predominantly assemble in the core region of a protein 

whereas the hydrophilic ones are more commonly on the proteins surface. This driving force is also 

known as hydrophobic effect.  

- Disulfide bonds 

Once the protein folding has occurred, the compact structure can be further stabilized by the formation 

of disulfide bonds between cysteine residues.   

 

One major question in understanding the spontaneous folding of proteins is whether this process is a 

randomly folding over all possible conformations into the energetically most favored conformation. In 

1968, Levinthal refuted this concept in an apparent contradiction – “Levinthal`s paradox”16, 17: 

How long would such a random search of folding take? A small protein with an amino sequence 

containing only 100 units in a random conformation is considered. If each residue can have 10 

different conformations such a protein would be able to adopt 10100 different conformations. If the 

protein folds randomly, by converting one structure into another within 10-13 seconds, it would still 

take 1077 years to randomly search through all conformations. As this time scale is far away of the 

span of life, this randomly folding obviously cannot be the case.7 This together with the observations 

of Anfinsen, that the refolding of a denatured protein into its native folded structure is within seconds 

or less18, lead to another understanding of protein folding.  

Studies showed that the protein folding goes through a series of possible intermediate conformations 

following an ordered path, whereby different pathway models resulted. The hierarchical model, which 

has been demonstrated for a few small proteins, assumes that secondary structures are locally formed 

first. Then longer-range interactions, for example between two α-helices, will take place followed by 

further nucleation until the complete folding is reached.7, 18 The second model – the molten globule 

model – supposed that hydrophobic residues group together and the chain collapsed into a compact 

structure in which secondary and tertiary folding took place whereby the number of possible 

conformations is reduced. As most of the hydrophobic residues are caged in the core, the polar 

backbone atoms have to form hydrogen-bonded secondary structures. Due to the remaining 

hydrophobic residues at the surface, the proteins folds further through multiple conformations over 

subdomains with tertiary structures until the compact, native structure is reached.7, 8 



1. Introduction 

7 

 

 
Figure 1.4. Protein folding following a funnel-shaped, rugged energy landscape with kinetic traps. 
(The Figure was taken from K. A. Dill and J. L. MacCallum)14 
 
The reality probably lies in a combination of both models, instead of the one and only pathway, 

several routes can be considered. Therefore, the protein folding process can be thermodynamically 

viewed as funnel-shaped, rugged energy landscape with kinetic traps (Figure 1.4). The folding process 

starts from the top of the funnel where many high-energetic, unfolded structures rapidly collapse to 

more compact structures, thus the number of possible conformations decreases. Kinetic traps (moats or 

wells) along the sides of the funnel represent semistable intermediates which slow down the folding. 

At the bottom of the funnel only a few low-energy, folded structures left until the final, native 

structure is reached.7, 8, 12, 14 

 

1.1.2 DNA assembly 

Another prominent example of biomacromolecular organization is the deoxyribonucleic acid (DNA) 

as it stores our whole genetic information. In 1953 Watson and Crick published the structure of DNA 

for the first time. Thereby, they found a double helical structure consisting of two biopolymer 

strands.19 Figure 1.5 shows the schematic representation of DNA. The DNA is composed of the 

phosphate-deoxyribose backbone and the four paired nucleobases thymine (T), adenine (A), guanine 

(G) and cytosine (C) (Figure 1.5a). These bases are defined string together along the phosphate-

deoxyribose backbone and are covalently bonded to it. Between two of those complementary strands 

hydrogen bonds are formed. This base pairing follows defined rules given by the hydrogen bonding 

pattern, T – A and G – C always give a base pair respectively. Due to the base pairing between the two 

strands a double strand is formed. As mentioned previously the hydrophobic bases of the DNA avoid 

the contact with surrounding water and therefore they self-assemble into stacks whereas the backbone 
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is exposed to the outside. To enlarge this effect two chains unite via hydrogen bonding between the 

complementary bases – building the double helix (Figure 1.5b).  

 

 
Figure 1.5. Schematic representation of deoxyribonucleic acid (DNA). a) base pairing (hydrogen 
bonding) in DNA and b) double-helix of DNA. (The drawing of the DNA double helix structure is 
taken from Encyclopedia Britannica)20 
 
After the structure of the DNA was clarified scientists wanted to find the dimension of the molecule21-

25, in 1981 Mandelkern et al. combined measurements of rotational and translational friction 

coefficients of rod-like DNA molecules in dilute aqueous solution given the hydrodynamic diameter 

of 22 to 26 Å and the length per base pair of 3.3 Å.26 Indeed the individual repeating units are very 

small, nevertheless DNA polymers can be very large. For instance the DNA of chromosome 1 the 

largest human chromosome is build up from more than 220 million base pairs thus having a length of 

74 mm along the chain.27 

 

1.2 Foldamers  

1.2.1 History and definition of foldamers 

On the one hand scientists want to understand how Nature works, therefore complex systems are 

broken down into simplified models. On the other hand it is a challenge to mimic Nature and its 

properties whereby the field of biomimetics was founded. According to Webster`s dictionary the 

concept is defined as “The study of the formation, structure, or function of biologically produced 
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substances and materials (as enzymes or silk) and biological mechanisms and processes (as protein 

synthesis or photosynthesis) especially for the purpose of synthesizing similar products by artificial 

mechanisms which mimic natural ones.”28  

To limit the large field of biomimetics we focus on the mimicking of biomacromolecules. Going back 

to the example of proteins it should be possible to replace amino acid chains by synthetic chains. The 

design of such a peptide sequence is thereby relatively simple, but the crucial role plays the 

information for further assembly in such blocks.29 The most interesting functions of 

biomacromolecules like molecular recognition, information storage and catalysis are determined by 

the folding into well-defined three-dimensional structures. To understand the meaning of this folding 

for the functions of biomacromolecules, synthetic polymer chains, which can adopt those functions by 

achieving ordered solution conformation, has become part of the interest. This subject is known as the 

field of foldamers.1, 2 Gellman firstly used the term of foldamers for “any polymer with a strong 

tendency to adopt a specific compact conformation”.1 For proteins the term compact is thereby 

referred to the tertiary structure, which is as mentioned previously the assembly of regular repeated 

motifs (secondary structure) like α-helices, β-sheets and β-turns. It was proposed that the first step in 

foldamer design must be the synthesis of new backbones with a conformational preference in solution. 

However, this first, simple definition opens the research field for a lot of different classes of flexible 

macromolecules. In 2001 Hill et al.
2
 gave a more restrictive definition for foldamers. They defined 

foldamers as “any oligomer that folds into a conformationally ordered state in solution, the structures 

of which are stabilized by a collection of noncovalent interactions between nonadjacent monomer 

units.” A uniform definition of the term foldamers is still an open issue. It is mainly used to 

describe artificial oligomers and polymers, which spontaneously and reversibly adopt defined 

secondary structures due to a sum of folding forces. 

 

1.2.2 Driving forces for folding and suitable folded structures 

In general the folding and self-assembly is unusual for synthetic oligomers and polymers, as they 

prefer in melt or in solution a random coil conformation, thus a lot of unfolded states exist. For 

building up compact conformations, e.g. folded structures, driving forces providing the folding are 

necessary. Firstly, steric factors like bulky groups or rigid elements can direct the foldamer into 

preferred conformations. In addition, similar driving forces as known for proteins (see 1.1.1.3) 

contribute the folding. These are as mentioned previously the hydrophobic effect, the tendency of 

hydrophobic residues to assemble in polar/aqueous solution, and the noncovalent interactions, which 

are known in chemistry as supramolecular interactions30, 31 Such supramolecular interactions are 

hydrogen bonding, van der Waals interactions, π-π stacking, π-cation and π-anion interactions, 

electrostatic interactions (attractive or repulsive interactions like ion-ion, ion-dipole, dipole-dipole) 

and metal-donor atom coordination. Again hydrogen bonding is the key interaction for most 
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assemblies, which is in good agreement with the stabilization of natural assemblies (e.g. proteins, 

DNA).32 As single supramolecular interactions are mostly relatively weak in comparison to covalent 

bonds (8 kJ/mol vs. 400 kJ/mol) the combination of a bundle of different forces is suitable, thus 

allowing the link of diverse strengths and dynamics.33  

For the design of the foldamers Hill et al. made clear, that such oligomeric structures are only able to 

build up simple secondary structures as helices or sheets due to their size. Thus, for the folding into 

higher assemblies the tertiary structure larger molecules like polymers will be necessary. As the 

understanding and evidence of tertiary structures of synthesized foldamers is very complex, they 

focused on the understanding of the properties of known foldamers with various different secondary 

structures.2 

 

 
Figure 1.6. Schematic representation of different types of foldamer secondary structures (taken from 
literature2). 
 

Beside the already shown native, folded structures like α-helix (here framed: single-strand helix) and 

double-strand helix (also framed, e.g. DNA) other folding topologies can be adopted, depending on the 

design of the foldamers (e.g. choice of structure of the repeating unit) and the interplay of the different 

folding forces (Figure 1.6). As it can be seen single-strands and single-strand helical conformations 

build the basic folding motives. They can further assemble into higher and more stable structures like 

double-strand helices or double-strands. Also the combination of the two basic types like a helix-

templated strand is possible. Moreover, complexations of metal ions such as single-strand metal 
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coordination lead to folded structures using the host-guest system, which is known from 

supramolecular chemistry. Those systems (e.g. helix-templated strand, single-strand metal 

coordination), which only fold due to the assembly of two or more molecules can be defined as 

foldamer hybrids.34 

 

1.2.3 Foldamer classification 

As the field of foldamers is wide Hill et al.
2
 classified foldamers into two main groups: a) single-

stranded foldamers (peptidomimetics and their abiotic analogues) that only fold and b) multiple-

stranded foldamers (nucleotidomimetic foldamers and multistranded abiotic foldamers), which 

associate and fold. In 2007 Goodman et al. sorted foldamers in two general molecular classes, the 

“aliphatic” foldamers and the “aromatic” foldamers determined by the presence or absence of aromatic 

units.35 The latter typology I will use in the following in addition with a third class – the foldable 

polymers.  

 

1.2.3.1 Peptidomimetic foldamers – aliphatic foldamers 

 
Figure 1.7. Examples of peptidomimetic foldamers.  
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As one would suggest the class of peptidomimetic foldamers is highly oriented towards their parent 

structures – the polypeptides. Peptidomimetic foldamers are synthesized in order to replace peptide 

substrates of enzymes or peptide ligands of protein receptors. Therefore, “peptidomimetic strategies 

include the modification of amino acid side chains, the introduction of constraints to fix the location of 

different parts of the molecule, the development of templates that induce or stabilize secondary 

structures of short chains, the creation of scaffolds that direct side-chain elements to specific 

locations, and the modification of the peptide backbone.”2 Figure 1.7 shows examples of 

peptidomimetic foldamers. They are aliphatic nature and their saturated carbon chains are separating 

amide or urea groups. Moreover, these classes are kinetically and thermodynamically stable, and are 

able to mimic some functions of bioactive peptides.36 The α-peptides occur naturally, however the β-

peptides are more prominent and more thoroughly characterized.1, 37-39 In comparison to α-peptides 

they have an extra methylene group between the amide groups, the side chain can be thereby in 

vicinity to the amine (β3) or in vicinity to the carbonyl group (β2). Rigidified β-peptides where the 

saturated carbon atoms are fixed in a cyclopentyl ring (trans-2-aminocyclopentanecarboxylic acid 

residue, trans-ACPC) or in a cyclohexyl ring (trans-2-aminocyclohexanecarboxylic acid residue, 

trans-ACHC) are also known.1 β-peptides are able to adopt a variety of structures, including helices, 

turns and sheet-like structures.35, 36  

 

 
Figure 1.8. Possible intramolecular H-bonding in β-peptides resulting in helical folding. 

 

Gellman and Hill proposed 6 possible helices available to β-peptides based on intramolecular H-bond 

arrangements; 10-, 12-, 14-, 16-, 18- and 20-helix, whereby the numeral defines the H-bonded ring 

size (Figure 1.8).1, 2 However, five distinct helices using β-peptides were found: a 14-, a 12-, a 10-, the 

12/10 and an 8-helix.40 Thereby, the 14-helix is favored from constrained residues like ACHC or γ-

branched β3-amino acids (e.g. β3hVal). The β-peptidic 12-helix is mostly formed from constrained 

cyclic residues e.g. ACPC and pyrrolidine as well as from heptamers with up to two β3 or β2 residues. 

Using alternating β2- and β3-monosubstituted residues a 10/12-helix conformation consisting of an 

intertwined network of 10- and 12-membered hydrogen-bonded rings were formed (β3/β2-sequence 

giving 12/10 helix respectively). Contrary to the previous conformations the 10-helix and the 8-helix 

have not been observed for oligomers with homologated proteinogenic amino acids, forming an 8-

helix is for example known from (2R,3S)-2-hydroxy-3-aminocarboxylic acid moieties with Val, Ala 
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and Leu side chains.40, 41 γ-petides prefer helix and turn-conformations, for example γ4-peptides form a 

14-helix.2, 40-42  

Whereas in peptides the side chain is connected to the α-carbon, the side chain in peptoids is linked to 

the nitrogen of the backbone, thus they are known as poly-N-substituted glycine.41 As chiral centers in 

the backbone are missing and the amide protons are substituted by mostly aliphatic side chains 

backbone-mediated hydrogen bonding is impossible, thus backbone handedness is not given.36 

Nevertheless, these foldamers prefer helical conformations, moreover their helical handedness 

originates from the α-chiral, aliphatic and aromatic side chains. For example N-(1-

cyclohexylethyl)glycine pentamer shows a helix with cis-amide bonds, ~ 3 residues per turn and a 

pitch of ~ 6.7 Å.43 Beside the helical conformation peptoid nanosheets have been synthesized by 

parallel all-trans peptoids oligomers bearing 2-aminoethyl and 2-carboxyethyl side chains. These 

structures mimic very well β-sheet secondary structures, thus enabling the application in functional 

engineering and as robust lipid-membrane analogs.44, 45 Furthermore, cyclic peptoids are synthesized to 

develop long-range constraints to direct oligomer conformation, thus controlling the overall 

topological characteristics. Such cyclic foldamers promise binding interactions with targeted 

biomolecules, molecular recognition, catalytic activities and the capacity for complex self-assembly.46  

 

 
Figure 1.9. Foldamers with heterogeneous backbones. a) different combinations of α- and β-peptides 
forming α,β-peptides resulting in b) secondary and quaternary structure formation and c) therefore 
different biomedical applications. (Figure was taken from Horne and Gellman47) 
 

Although the previous classes already showed a great structural diversity, mimicking higher ordered 

structures and functions of biomolecules is rare. A general folding code based on the chemical and 

physical rules that control the formation of protein structures is not found. Moreover, the design or 

even the prediction of a folded protein is still challenging.48 Unlike to this previous classes based on 

homogenous backbones the single classes can be mixed and combined resulting in heterogeneous 

foldamers (Figure 1.7), thus expanding the structural and functional repertoire of foldamers. One of 

the first combinations was for example α/β-peptide foldamers, whereby the single classes can be used 
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in blocks forming hybrid oligomers or more or less statistically (Figure 1.9). Thereby, in addition to 

the previous found secondary structures, tertiary as well as helix bundle quaternary structure 

formations were found.47, 49 Likewise, α/γ- and β/γ-hybrids have been synthesized showing different 

conformations like helices; β-sheet like folding; twisted, double reverse turn or C13-turn.42, 50 The use 

of heterogeneous foldamers with higher ordered structure promise the mimicking of larger surface 

structures of proteins and could be efficient inhibitors of protein-protein interactions involved in many 

diseases.49 Further biologically applications can be their interaction with biological systems for 

recognition and inhibition of difficult targets like bacterial cell membrane,51, 52 protein-RNA 

interactions,53 enzymes54 or even receptors.50 Beside the combination of α, β and γ-peptides 

heterogeneous foldamers can be formed from aliphatic-aromatic acid building blocks thus enlarging 

the structural pool.55, 56 These included reverse turn structures57-60 e.g. based on anthranilic acid-proline 

conjugate (Ant-Pro, structure see Figure 1.7)61, helices62, 63, sheet structures64-66 and strand mimics67-69. 

As before due to the number of different folding structures several applications are possible like the 

use as molecular receptors, chemical sensors and actuators and as catalysts.56 Due to the use of 

aromatic foldamer units this class takes up an intermediate position between the aliphatic 

peptidomimetic foldamers and aromatic foldamers. 

 

1.2.3.2 Aromatic foldamers  

The previously described peptidomimetic foldamers are based on a variation of parent chain 

molecules, which are aliphatic nature. Moreover, the resulting higher structures, mainly secondary 

structures, are formed and stabilized by hydrogen-bonding. Thereby the introduction of rigidified, 

cyclic units promotes and enhanced the helical conformation. Due to the use of more rigid, aromatic 

units, folding into helices and sheets is introduced and stabilized by specific geometric constraints as 

well as π-π stacking additionally to hydrogen bonding and hydrophobic interactions.2, 35 Figure 1.10 

shows a small selection of aromatic foldamers. 

 

 
Figure 1.10. Examples of single chain foldamers.  

 

The first class, the 1,4-disubstituted-1,2,3-triazoles are heteroaromatic compounds and can be formed 

by copper mediated azide/alkyne-“click”-reaction (CuAAC, see chapter 4.3.1.1). A direct comparison 
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between amide bond and 1,4-disubstituted-1,2,3-triazole shows their structural (relative planarity) and 

electronic similarity, therefore amide to triazole substitution is possible. For this reason it could be 

count to the peptidomimetic foldamers, too. As this unit is resistant to enzymatic degradation, 

hydrolysis and oxidation it is attractive for replacing more labile moieties in biological compounds.70 

Furthermore, the via CuAAC formed 1,4-disubstituted-1,2,3-triazoles were used to generate double-

stranded DNA by covalently crosslinking of complementary strands71, 72 as well as they generated and 

stabilized helix bundles73 and β-turn mimetics74, 75. Another group, the arylamides and in 3-substituted 

arylamides, form local hydrogen bonds e.g. hydrogen bonds with neighboring amides and therefore 

self assemble into helices76, 77 or linear foldamer conformations78-80. The formation of β-sheet 

foldamers due to π-π aromatic stacking when using aromatic oligoamides was reported, too.81 

Foldamers based on arylamides show antimicrobial activity80, 82 when inserted into bilayer membranes 

as well as they can be applied as preorganized receptors83. The third group, the arylene ethynylenes 

e.g. phenylene ethynylene oligomers84 (Figure 1.10) are composed of hydrophobic ring systems with 

polar side chains, thus the folding is driven by solvophobic and π-stacking interactions. Due to the 

design of this foldamer the rotational freedom is reduced and is only given for each triple bond, thus in 

apolar solvents unfolded, flexible random coils exist. An increase in the solvent polarity leads to a 

helical conformation in order to reduce the unfavorable contact to the solvent.15, 85, 86   

 

1.2.3.3 Foldable Polymers 

Beside all the previously reported foldamers (peptidomimetic, aliphatic foldamers and 

(hetero)aromatic foldamers) based on oligomeric structures, single chain folding of synthetic polymers 

arised in the last years. The single chain folding can be introduced via covalent and noncovalent 

interactions resulting in polymeric nanoparticles and biomacromolecules mimicry.87 In the following I 

will focus on the single chain folding of synthetic polymers similar to biomacromolecules due to 

noncovalent interactions.  

 

 
Figure 1.11. Folding of synthetic polymers into helical conformation. (Figure 1.11b was taken from 
Tew and Lienkamp88) 
 

Figure 1.11 shows synthetic polymers, which fold into helical conformations. One of the first helical 

polymers was polyisocyanide bearing bulky substituents (Figure 1.11a). The folding into the helical 
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conformation is thereby the sum of repulsive electronic interactions of the nitrogen lone pair electrons 

and the steric repulsion of the bulky substituents.89, 90 Other prominent examples of helical polymers 

are polyacetylenes, polyisocyanates, polycarbodiimides and polymethacrylates.91 Additional 

interesting helical polymers are polynorbornene-imides, Figure 1.11b shows one example. Based on 

the knowledge of natural antimicrobial peptides (AMPs) synthetic mimics of antimicrobial peptides 

(SMAMPs) are synthesized (Figure 1.11b from left to right). Studies showed that the AMPs are 

facially amphiphilic molecules with hydrophilic, positively charged groups at one side (blue) and 

hydrophobic groups at the opposite side (green), which direct the conformation of the backbone 

(yellow) and therefore the helical conformation of the molecule.88  

 

 
Figure 1.12. Schematic representation of single-chain folding induced by high dilution. (Figure 1.12a 
was reproduced according to Weck et al.92, Figure 1.12b was taken from Barner-Kowollik et al.

93)  
 

Beside the folding into helical conformations other folding structures are known. Figure 1.12 presents 

polymers, which assemble from their open, unfolded structure to the regular, folded conformation after 

high dilution. Weck et al.92 synthesized triblock copolymers containing styrene (electron-rich), N,N-

dimethylacrylamide and 2,3,4,5,6-pentafluorostyrene (electron-deficient) as blocks (Figure 1.12a). As 

a result of high dilution, this single-chain system folded into β-hairpin mimic, due to quadrupole 

interactions between electron-rich and electron-deficient blocks. Another interesting example, 

mimicking simple natural protein structures by single-chain folding, was the work of Barner-Kowollik 

et al.
93. The synthesized diblock copolymer, containing styrene and n-butyl acrylate blocks with 

orthogonal hydrogen bonding elements, folds under high dilution into a closed ring. This process is 

reversible, as the driving force for the self-association is the noncovalent interaction between the 

orthogonal recognition motifs (thymine-diaminopyridine and cyanuric acid-Hamilton wedge).  
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Figure 1.13. a) Single-chain folding of a triblock copolymer with BTA and UPy moieties. b) chemical 
structure of the triblock copolymers. c) helical self-assembly of chiral BTAs. d) photoinduced 
dimerization of o-nitrobenzyl-protected UPys. (Figure was taken from Meijer et al.

94) 
 

Up to here the previously examples described the mimicry of simple natural protein structures, which 

fold due to different driving forces like noncovalent interactions, steric repulsion and in some cases 

high dilution. The last example in this section mimics a more complex, compact conformation similar 

to natural proteins (Figure 1.13). Therefore, Meijer et al.
94 synthesized ABA triblock copolymers that 

fold into a compact conformation cross-linked via orthogonal self-assembly (Figure 1.13a). The ABA 

triblock copolymer consist of postfunctionalized polymethacrylate as backbone with block A having 

o-nitrobenzyl-protected 2-ureidopyrimidnone (UPy) moieties and block B bearing benzene-1,3,5-

tricaroxamide (BTA) moieties. Under cooling the BTA units self-assemble into helical stacks through 

intramolecular threefold-symmetric hydrogen-bonding. Further, the UV introduced UPy deprotection 

leads to a collapse of the open, partially folded polymer into the compact protein-like conformation, 

which is stabilized by the intramolecular UPy association. Therefore orthogonally self-assembled 

domains were obtained mimicking α-helix and β-sheet. 

 

1.2.4 Foldamers and their interactions with membranes 

As it could be seen a big effort towards foldamers was undertaken in the last years to understand, but 

even more to mimic biomolecules and their functions. In the following I will focus on foldamers and 

their interactions with membranes as this will be part of my own work. 
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1.2.4.1 Folding of oligocholate  

As important features membrane proteins have to transport nutrients in and wastes out. Therefore, 

such biofoldamers have to work in different polar environments like water or in/on lipid membranes. 

However, most of the foldamers in literature fold in homogeneous solution and in the solid state.1, 2, 35 

Thus the groups Zhang and Zhao reported on the synthesis of oligocholate foldamers and their use as 

transporters across lipid membranes.95-100 Initially Cho and Zhang95 investigated the conformations of 

different functionalized oligocholate foldamers in homogeneous solution (Figure 1.14a), ionic and 

nonionic micelles and lipid bilayers. They found out that the folding in homogeneous solutions is 

dominated by the preferential solvation, which is a variation of solvophobic interactions. Instead of 

aggregation to minimize the exposition to the surrounding solvent, direct aggregation of cholates is not 

possible. Due to their rigid backbone it folds into a helix. Thereby the polar solvent (MeOH) is 

microphase separated from the bulk inside the cavity of the helix, where it acts as a bridge to 

hydrogen-bond with the hydroxyl and amide groups favoring the helical folding.95 

 
Figure 1.14. Folding of oligocholates. a) Solvophobic folding in a mixture of polar and nonpolar 
solvents, b) folding in a lipid bilayer and c) possible conformations of the folded 3 and 4 in the lipid 
bilayer. (Pictures were taken from literature95, 96, 100) 
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Based on this knowledge Zhang and Zhao96 designed pyrene-labeled oligocholate foldamers via 

azide/alkyne-”click”-reaction and investigated their ability to transport hydrophilic molecules across 

lipid bilayers using fluorescence and UV/vis spectroscopy. It turns out that a poor folding in solution 

results in faster transport in the membranes, thus making oligocholates attractive as membrane protein 

mimics. The unexpected correlation for the oligocholate carriers they tried to explain by the more 

readily unfolding of less capable folders making the release of the guest easier.96 Driven by the 

promising applications of oligocholates in delivery and controlled release they investigated the 

influence of the rigidity of their foldamers onto the folding and the conformational stability. The 

results showed that the conformation of an intermediate rigidity is highly sensitive to its 

microenvironment, thus making it a good candidate as transporter.97 The synthesis of flexible 

oligocholates enables the transport of different sized hydrophilic molecules across lipid bilayers, 

whereby their transport mechanism is strongly influenced by the guest.99 Beside the use of 

oligocholates where multiple cholates build one chain and fold in lipid membranes into helical 

conformation (Figure 1.14b) the use of bischolate foldamers leads to a turn like folding when 

incorporated into bilayer membranes (Figure 1.14c). Furthermore, these conformationally switchable 

water-soluble fluorescent bischolate foldamers act as membrane-curvature sensors, what is normally 

known for proteins and protein-derived peptides only. Thereby, each component of the bischolate 

perform a certain task: the amphiphilic β-cholate (blue-red) interacts with water and the membrane, 

the glutamic acid part (black) enables the necessary flexibility for the intramolecular interaction of the 

two cholates and the fluorophore (magenta) reports the switch from the water-soluble state to the 

membrane-bound state in dependence on the curvature.100 

 

1.2.4.2 Turn mimetics 

As mentioned previously turns are one of the secondary structure elements in proteins. There they 

fulfill important tasks, as they mostly combine β-sheets and change the direction of the amino acid 

chains, this refolding leads to antiparallel β-sheet formation. The “β-turn” is the most common turn 

beside “α-turn” and “γ-turn”. They differ according to the number of amino acid chains which are 

forming the loop. In Figure 1.15 a natural β-turn is schematically represented, analogously to the 

amino acid sequence (primary structure, Figure 1.2a) the involved amino acid chains are counted as i, 

i+1 etc. The β-turn consist of four amino acids, whereby between the carboxyl group of the first amino 

acid and the amine function of the fourth amino acid (i and i+3) a hydrogen bond is formed, thus this 

bridging is known as 4→1 linkage with an end-to-end distance up to 5.2 Å.102 Corresponding to this 

for α-turns 5→1 linkages are characteristic and for γ-turns 3→1, whereby latter is due the small size 

found in very tight regions.6, 101 As natural turns are stabilized by hydrogen bonding their size and thus 

the spatial end-to-end distance is limited to this value as their strength and range depends on this 

noncovalent force. Beside hydrogen bonding other noncovalent interactions can be used for 
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stabilization in order to mimic turns. Furthermore, the basic structure of β-turn mimetics is mostly 

formed from medium ring heterocycles (e.g. cyclopeptides103), medium ring bicyclic scaffolds, 

macrocyclic turns,101 and aromatic compounds104. 

 
Figure 1.15. Selection of β-turn mimetics and in the center the dimensions of a natural β-turn. 1) 
Purely geometrically constrained β-turns with a fixed β-turn conformation; 2) Carbohydrate based β-
turns, 3) Supramolecular induced β-turns via “click”-reaction and/or addition of salts for stabilization 
and 4) Photoswitchable β-turn.105-111 
 
Figure 1.15 shows a small selection of β-turn mimetics and their classification according to their 

structural features. The first group builds the purely geometrically constrained β-turns, which have a 

fixed β-turn conformation and therefore do not need extra stabilization via supramolecular 

interactions. The so called Freidinger Lactam was the first β-turn mimetics with a restricted β-turn 

conformation synthesized by Freidinger et al.
105, 112 according to a lactam derivative of leucine. They 

successfully demonstrated the incorporation of a conformational constraint dipeptide unit into linear 

bioactive peptides and suggested future applications due to the inference of biological conformation 

and increased biological potency. Another example out of this group is the β-turn dipeptide BTD-2 

from Geyer et al.
107, 113, 114 This purely geometrically constrained β-turn has a fixed conformation. The 

distance between the amine functionality on the one side and the carboxylic moiety on the other side is 

according to the X-ray structure only 7 Å.115 Moreover, its polyol structure is known for membrane 

affinity as well as interaction with membranes.116 Therefore, this highlighted β-turn mimetics will be 

analogously used in my work.  
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The second group corresponds to the carbohydrate based β-turn mimetics. The sugar amino acids 

(SAA) 2 and 3 were synthesized and designed by Graf von Roedern et al. as new non-peptide 

peptidomimetics utilizing carbohydrates as peptide building blocks.108 The only structural difference 

between these both mimetics is the inserted methylene group next to the amine functionality in SAA-

2, making this a flexible turn. Whereas, SAA-3 is due to its structural constraint conformation known 

to be a stable β-turn.108 Furthermore, its calculated distance between the amine functionality on the one 

side and the carboxylic moiety on the other side is only 5 Å,117 which is similar to a natural β-turn. 

Similar to BTD-2 it is a polyol and therefore it should have membrane activities as well, this together 

with other structural features makes this highlighted mimetics another promising candidate for the 

future application in my work.  

In contrast to the previous already fixed β-turns, the third group represents supramolecular induced β-

turns via addition of salts for stabilization. Ziegler et al.
109

 synthesized isophthalamide and pyridine-

2,6-dicarboxamide ligands triazole-linked to two sugar units via CuI mediated azide/alkyne-“click”-

reaction. After addition of ZnCl2 stable tetra and penta-coordinated complexes were formed fixing the 

turn formation.118 Schneider and Kelly investigated the nucleation of β-sheet structures.110 As β-turn 

unit they used a bipyridine-based amino acid due to the addition of CuII they induced a conformational 

change from transoid to cisoid, thus the formed β-turn nucleates a β-sheet structure.  

Last but not least the fourth group - the photoswitchable β-turns - with azobenzene as representative. 

Kräutler et al.
111 investigated the replacement of natural β-turns by a diazobenzene unit. Diazobenzene 

exist in two conformations, the thermodynamically more stable trans-isomer and the cis-isomer. 

Latter, is generated by UV-irradiation at 365 nm giving the turn structure. If this β-turn is not further 

stabilized it spontaneously reverts back via thermal isomerization within seconds to days depending on 

the functionalization at the phenyl rings.111 Based on this work other working groups were inspired for 

further applications of this photoswitchable turn. According to previous work the turn unit can be used 

as nucleating agent for strand sequences, which stabilizes the turn formation due to multiple hydrogen 

bonds between the amino acid chains.111, 119 Furthermore, it should help in understanding Alzheimer`s 

disease. A causative role thereby plays the Amyloid-β (Aβ) self-assembly into cross-β amyloid fibrils. 

Doran et al. incorporated the photoswitchable turn mimetic into the turn region of Aβ42 to control the 

turn nucleation and therefore understanding the role of the turn nucleation in Aβ self-assembly. They 

found out that the trans-type formed fibrils similar to the wild-type, whereas the cis-type formed 

nonfibril aggregates that were nontoxic. Therefore, they proved that β-turn intermediates are not 

strictly required for Aβ fibril or cytotoxic oligomer formation.120 The photoswitchable azobenzene 

derivatives were further used for binding and releasing anions.121 It was also used for the controlled 

reversible recognition of E.coli bacteria using azobenzene mannosides derivatives. While the trans 

form binds E.coli the photoswitch to the cis form leads to a release of these bacteria.  

Instead of using only one turn in secondary structures, multiple turn elements can be incorporated. 

Gobbo et al.
122, 123

 designed two-dimensional turn elements for oligo(alkyl amides) for surface-
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confined foldamers (Figure 1.16). Therefore, they introduced alkoxylated ortho-catechol units as turn 

mimic into oligo(alkyl amides). They varied the length of the carboxylate alkyl spacer length as well 

as the numbers of included turn elements. Thereby, this primary flexible system undergoes 2D folding 

upon adsorption at an organic liquid-solid interface. 

 
Figure 1.16. Preprogrammed 2D folding of conformationally flexible oligo(alkyl amides). (picture 
taken from Gobbo et al.

122)  
 

This in-plane folding and self-assembly behavior was proven via submolecularly resolved scanning 

tunnel microscopy (STM). The 2D folding could be explained by the nucleation of the turn mimic and 

additional stabilization by mainly hydrogen bonding of the oligo(alkyl amides) as well as by favorable 

molecule-substrate interactions (van der Waals interactions). They claimed that “the high spatial 

control over positioning of functional groups coupled with the modular nature of the building blocks 

provides a simple, efficient, and versatile route to surface patterning with nanometer-scale 

precision.”122  

 
Figure 1.17. Structure of trans-benzanilide A and cis-benzanilide B. Schematic depicting insertion of 
cis-benzanilide B with a lipid membrane. (Figure was redrawn according to Dennison et al.

124, 125) 
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Another highly interesting work which aroused our interest towards the incorporation of β-turn mimics 

into polymer strands and the investigation of the interaction of such folded system with lipid 

membranes is the following.
124-126 Since years the antibiotic resistance in medical science is a huge 

problem, therefore it is necessary to understand how membrane-active substances target or disrupt 

membranes, thus causing cell death.126 Dennison et al. 
124, 125 investigated the interaction between 

phospholipid monolayers and the cis- (A) and the trans-benzanilide (B) suggesting a strong 

dependence between conformation and membrane binding driven by amphilicity (Figure 1.17). Thus, 

they used isotherm measurements where they incorporated both substances separately into a composite 

lipid mix monolayer of DOPE (91 %), DOPG (3 %) and E. coli cardiolipin (6 %) that mimic E. coli 

membrane. They found out, that the N-unsubstituted benzanilidine A with its thermodynamically 

stable trans-conformation has a weak interaction with the membrane. However, N-methylation of this 

compound leads to a conformational switch to the cis-form (B, analogously to turn mimic) resulting in 

strong membrane interaction. Although both compounds (A and B) have comparable physicochemical 

properties and similar binding values, the cis-form penetrates stronger into the lipid system, which 

they explained by the enhanced dipole of B. Resulting they suggest that this stronger membrane 

activity makes B to a suitable candidate of novel antibiotics.  
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2. Aim of the work 

 

 

Scheme 2.1. Schematic representation of amphiphilic β-turn mimetic polymer conjugates incorporated 
into a lipid bilayer membrane. 
 

The aim of the work is the synthesis of amphiphilic polymer conjugates containing a β-turn mimetic 

element and the investigation of their organization in lipid bilayer membrane. These conjugates should 

be based on two hydrophobic polymer strands, which are connected onto the same hydrophilic folding 

element. The hydrophilic β-turn mimetic should serve as anchor in the water phase whereas the 

hydrophobic polymer strands should orientate into the hydrophobic region of the bilayer membrane. 

To directly relate differences of membrane behavior to content of incorporated polymer conjugate 

highly defined polymers with defined molecular weights, narrow molecular weight distribution and 

complete end group functionalization are required. Therefore, biocompatible poly(isobutylene) will be 

chosen and synthesized via living carbocationic polymerization. For the hydrophilic folding elements 

the β-turn dipeptide (BTD) and the sugar azido acid (SAA) will be used. Both are purely geometrically 

constrained β-turns with a fixed conformation.  

These amphiphilic polymer conjugates will be inserted into a lipid membrane forming a lipid/hybrid 

mixture, where the interaction between the folding element and the lipids will be investigated. For 

monolayer experiments Langmuir measurements will be coupled with epifluorescence microscopy and 

AFM, and bilayer hybrid membranes will be investigated via fluorescence microscopy and 

fluorescence spectroscopy. 
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3. Concept  

 

 

Scheme 3.1. Retrosynthetic concept towards amphiphilic polymer conjugates containing a β-turn 
mimetic element (BTD or SAA) by the linkage of the different building blocks.  
 

To investigate the organization of amphiphilic polymer conjugates, containing a β-turn mimetic 

element, when incorporated into lipid membranes the synthesized polymer conjugates have to fulfill 

various criteria. The amphiphilic polymer conjugate has to be synthesized on the model of natural 

membranes mainly consisting of phospholipids bearing a small polar head group and two longer 

nonpolar tails – therefore hydrophilic β-turn mimetic elements and hydrophobic polymer chains are 

needed as tailor-made building blocks. For defined linkages of the hydrophobic polymer chains onto 

the β-turn mimetic elements two chemically different reactions are required (Scheme 3.1). These 

linkages can be accomplished by the use of the CuI mediated azide/alkyne-“click”-reaction (further 

used in short form: “click”-reaction) which is known for high conversion, while tolerating several 

functional groups. Thus, azide and alkyne moieties at the (chain) - ends of the building blocks are 

necessary. For the second linkage the amidation reaction known from peptide synthesis can be used 

where amine and carboxylic acid moieties are needed. Both methods are known for their high yield, 

high selectivity and the formation of stable products under mild conditions, thus making them 

essential for the functionalization of polymers and biomolecules. 
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As hydrophilic β-turn mimetic elements the β-turn dipeptide (BTD) and the sugar azido acid (SAA) 

were chosen. BTD is a purely geometrically constrained β-turn with a fixed conformation and SAA is 

a carbohydrate based β-turn also with a fixed conformation. These building blocks can be synthesized 

following the procedures from literature.113, 114, 127-130 Since both β-turn mimetics are functionalized on 

the one end with an azide group and at the other end with a carboxylic acid group hydrophobic 

polymer chains containing an alkyne functionality respectively an amine group are necessary as 

counter parts, therefore the hydrophobic, biocompatible poly(isobutylene) (PIB) was chosen. PIB can 

be synthesized via living carbocationic polymerization using α-methylstyrene epoxide (MSE) as 

initiator and a) 6-phenoxyhexylamine as quencher to achieve α-hydroxymethyl-ω-amino telechelic 

PIB or b) trimethyl(3-phenoxy-1-propynyl)silane as quencher to obtain α-hydroxymethyl-ω-alkyne 

telechelic PIB. The received PIBs are well defined corresponding to narrow molecular weight 

distribution, targeted molecular weights (3000 – 5000 g/mol) and complete end group 

functionalization. Due to the bifunctionality of the synthesized PIBs post modification is feasible. 

 

After successful syntheses of the building blocks, amphiphilic polymer conjugates having one 

hydrophobic poly(isobutylene) strand linked to a β-turn mimetic as well as those bearing two 

poly(isobutylene) chains on one β-turn mimetic should be synthesized. Thus, the influence of the 

number of connected polymer strands onto the same folding element could be investigated. The 

purities of the building blocks and of the final amphiphilic polymer conjugates should be proven by 

NMR spectroscopy, MALDI-ToF-MS measurements and HPLC. Moreover, investigations of the 

interaction of the amphiphilic β-turn mimetic polymer conjugates with lipid mono- and bilayers are 

required. Therefore, mixed lipid/polymer membranes will be constructed from DPPC and the 

amphiphilic polymer conjugates. The formation of mixed/demixed domains as well the folding of the 

amphiphilic polymer conjugates of the monolayers can be investigated using Langmuir-film 

techniques coupled with epifluorescence microscopy and AFM. For the investigation of the effects 

onto bilayers confocal laser microscopy using giant unilamellar vesicles (GUVs) and fluorescence 

spectroscopy using small unilamellar vesicles (SUVs) can be used. 
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4. Results and discussion  

4.1 Synthesis of α,ω-functionalized PIBs 

The common polymerization of isobutylene is the living carbocationic polymerization (LCCP) which 

was developed by J. P. Kennedy et al.
131, 132 in the 1980s. To obtain poly(isobutylenes) (PIB) with 

defined molecular weights (Mn), narrow distributed molecular weights (small polydispersity indices 

(PDI)) and defined end groups133 several criterions have to meet. Therefore, the choice of initiators, 

co-initiators (Lewis acids like BCl3 and TiCl4)132, 134, temperature, solvents (CHCl3, CH2Cl2, n-

hexane/CH2Cl2 v/v 60/40)132, 134 and additives (e.g. 2,6-di-tert-buytlpyridine (DtBP))135, 136 is important 

to avoid side reactions like β-proton elimination from the living chain ends.  

To achieve α,ω-telechelic PIBs a combination of two different approaches a) using an initiator bearing 

a functional group137 and b) quantitative end-quenching of living chain ends with transformation of the 

end groups are necessary. a) The first approach, the use of functional initiators, is strongly limited, due 

to the high sensitivity of LCCP against polar groups. One useful initiator is the α-methylstyrene 

epoxide as reported by Puskas et al.
137, 138 which introduces a hydroxymethyl moiety onto the α-end. 

Although the α-methylstyrene epoxide is difficult to purify and the efficiency is only 20-30 % due to 

the reported side reactions, a livingness of the polymerization was proven. 137, 138 b) The second 

approach is the most common, whereas the number of quenching reagents for direct end group 

functionalization is limited, for example using diphenylethylene139, furane140 or allyltrimethylsilane 

(ATMS)141, lead to only a limited structural variability of the PIBs. One crucial contribution for end 

group functionalization was the work of Morgan and Storey with the use of alkoxybenzene 

compounds which react in an electrophilic aromatic substitution reaction (Friedel-Crafts alkylation) 

with the active chain end.142, 143  

Due to the combination of α-methylstyrene epoxide (1) as initiator137, 138 and alkoxybenzene 

compounds142, 143 as quencher, α,ω-functionalized PIBs could be obtained.144 This method enables fast 

and easy building up of PIBs bearing different end groups. Scheme 4.1 shows the synthetic route 

towards α-hydroxymethyl-ω-amino telechelic PIB (3) and α-hydroxymethyl-ω-alkyne telechelic PIB 

(5). The polymerization conditions are the same for both, only the time for the quenching process 

varies.  

A) For the synthesis of α-hydroxymethyl-ω-amino telechelic PIB (3) 6-phenoxyhexylamine (2) was 

used as quencher. However, the direct quenching with such a nucleophile is per se impossible, due to 

the reaction of the amine with the TiCl4 and the PIB carbenium ion. Latter would lead to a proton 

abstraction from the carbenium ion resulting in endo/exo olefinic PIBs. Therefore, the amine group is 

complexed with an excess of TiCl4 to reduce its nucleophilicity. During the quenching the alkylation 

rate drastically slowed down, as HCl was generated from the alkylation reaction. On the one hand the 

amine was protonated and on the other hand the complex [Ti2Cl9]- was formed, which decreased the 

amount of TiCl4.143  
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Scheme 4.1. Synthetic route towards α-hydroxymethyl-ω-amino telechelic PIB (3) and α-
hydroxymethyl-ω-alkyne telechelic PIB (5).  
 

As the quenching was incomplete after 9 h (quenching time given by literature143) the quenching time 

was extended to 18 h. The achieved PIB was functionalized with a protonated amine group which was 

transformed to the amine functionalized PIB 3 by washing with NaOH. The deprotonation via 

NaHCO3 and Na2CO3 was not successfully as protonated amine was still visible in 1H-NMR 

[resonances at 2.99 ppm (H-13`) and 8.37 ppm (NH3
+)]. The molecular weight was determined by 

SEC and NMR spectroscopy, the results are listed in table 4.1. As it can be seen the calculated and 

experimental determined molecular weights match very well and the PDIs are acceptable.  

Table 4.1. Results for the polymerization of α-hydroxymethyl-ω-amino telechelic poly(isobutylene) 
(3). 
PIB mth [g] Mn(th) [g/mol] Mn(SEC)

a 
[g/mol]

 
PDI Mn(NMR) [g/mol] yield 

3a 3 3000 3400 1.50 4350 2.5 g 
83 % 

3b 3 4000 3800 1.42 4500 2.8 g 
93 % 

3c
 5 5000 5000 1.30 6050 4.4 g 

88 % 
a) Polyisobutylene standards were used for conventional external calibration. 
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B) For the synthesis of α-hydroxymethyl-ω-alkyne telechelic PIB (5) trimethyl(3-phenoxy-1-

propynyl)silane (TMS, 4) was used as quencher. A direct quenching with an alkyne is impossible due 

to the activity of the triple bond for polymerization, resulting in carbocationic addition across the triple 

bond. Therefore, the active group was protected with trimethyl silane.143 This group then could be 

cleaved off easily from the polymer by the use of TBAF to achieve α-hydroxymethyl-ω-alkyne 

telechelic PIB (5, SEC: Mn = 4700 g/mol, PDI = 1.39). 

The complete end group functionalization of the final PIBs (3 and 5) were proven via NMR 

spectroscopy (Figure 4.1) and MALDI-ToF MS (Appendix Figure A4). Figure 4.1a shows the 1H-

NMR spectrum of α-hydroxymethyl-ω-amino telechelic PIB (3). Due to the steric hindrance of the 

phenyl group of the initiator part the rotation of the hydroxyl methyl is hindered, therefore the two 

protons (H-2 and H-2`) of the methylene group in vicinity to the hydroxyl group have different 

chemical environments which is visible in the 1H-NMR spectra by splitting of the signals. By 

comparing the integral values referring to the protons H-2/2` of the initiator unit and H-6 and H-13 of 

the quencher unit which are in the ratio 1:1:2:2 the complete end group functionalization could be 

confirmed. Also all other signals could be assigned, thus evidencing the structure containing a β-turn 

mimetic element.  

 

Figure 4.1. Overlay of the 
1H-NMR spectra (CDCl3, 400 MHz) of a) α-hydroxymethyl-ω-amino 

telechelic PIB (3) and b) α-hydroxymethyl-ω-alkyne telechelic PIB (5).  
 

Figure 4.1b shows the 1H-NMR spectrum of α-hydroxymethyl-ω-alkyne telechelic PIB (5). 

Comparing the integral values of the methylene protons (H-2/2`) related to the initiator part with the 

methylene protons H-7 in vicinity to the alkyne moiety proofs the complete end group 
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functionalization (integral ratio 1:1:2). The signal H-8 of the alkyne group cannot be used for proofing 

complete end group functionalization as this group causes an anisotropic effect, therefore the integral 

values can differ up to 30 %. As the α-hydroxymethyl-ω-amino telechelic PIB (3) and the α-

hydroxymethyl-ω-alkyne telechelic PIB (5) were synthesized successfully and their purities, especially 

the complete end group functionalization, were evidenced these building blocks could be used for the 

synthesis of an amphiphilic polymer conjugate 

 

4.2 Synthesis of the β-turn mimetic building blocks 

As these β-turn mimetic building blocks are later part of the amphiphilic polymer conjugates whose 

folding should be investigated when incorporated into a lipid membrane, the β-turn should be 

anchored in the polar head group region of the lipids. Decisive factors for choosing these β-turn 

mimetic building blocks were beside their hydrophilicity and their fixed β-turn conformation, their 

functionalities on both ends. An azide functionality on the one side and a carboxylic moiety on the 

other side then facilitate the defined linkage of the β-turn mimetics via “click”-reaction respectively 

amidation onto the PIB chains 3 and 5. 

 

4.2.1 Synthesis of the β-turn dipeptide (BTD) 

Scheme 4.2 shows the synthetic route towards the β-turn dipeptide (BTD, 6). This purely 

geometrically constrained β-turn has a fixed conformation, the distance between the azide 

functionality on the one side and the carboxylic moiety on the other side is according to the X-ray 

structure only 7 Å.115 Moreover, its polyol structure is known for membrane affinity as well as 

interaction with membranes.116 

 
Scheme 4.2. Synthetic route towards BTD (6). 

 

The precursor the BTD methyl ester (6a) was synthesized according to literature113, 114 starting with the 

condensation of D-glucurono-3,6- lactone and L-cysteine methyl ester hydrochloride in a solvent 

mixture of water/pyridine (9:1) forming the β-turn dipeptide bearing a hydroxyl functional group on 

the one side and the carboxylic acid methyl ester on the other side. Transformations of the hydroxyl 
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group into the triflate group and then into the azide group followed by the hydrolysis of the methyl 

ester via LiOH yielded the BTD-COOH (6).  

The successful synthesis of the BTD methyl ester (6a) was proven via NMR spectroscopy and ESI-

ToF MS. Figure 4.2a shows the 1H-NMR spectrum of 6a, where all signals could be assigned to the 

structure and the integral values match. Another evidence for the purity is given by the ESI-ToF MS, 

the experimental molecular weight of 341.0571 g/mol agrees with the calculated one of 

341.0532 g/mol according to the sodium adduct. The nearly quantitative hydrolysis of BTD methyl 

ester (6) to BTD-COOH (6) was as well proven via NMR spectroscopy and ESI-ToF MS. Figure 4.2b 

shows the 1H-NMR spectrum of 6, where again all signals could be assigned to the structure and the 

integral values match. 

 

 
Figure 4.2. Overlay of the 

1H-NMR spectra (DMSOd6, 400 MHz) of a) BTD methyl ester (6a) and b) 
BTD-COOH (6). 
 

The shift of the methylene group (H-2) from 3.30 ppm to 3.19 ppm as well from the methine (H-3) 

from 4.77 ppm to 4.58 ppm proofs the hydrolysis. Moreover, the vanishing (just 1 % remaining) of the 

signal for the methyl group from the ester (CO2CH3) at 3.67 ppm shows the successful ester cleavage. 

ESI-ToF MS of 6 shows no peak for the former BTD methyl ester (6a), the molecular weights 

311.0865 g/mol and 317.0944 g/mol agree with the calculated molecular weights 311.0638 g/mol 

[M+Li]+ and 317.0720 g/mol [M-H+2Li]+ respectively. 

 

4.2.2 Synthesis of the sugar azido acid (SAA) 

Scheme 4.3 shows the synthetic route towards the sugar azido acid (SAA, 7). This SAA and its 

analogues were clearly typified as β-turn in literature.108 The conformation of this β-turn mimetic is 
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fixed and the calculated distance between the azide functionality on the one side and the carboxylic 

moiety on the other side is only 5 Å.117 
  

 
Scheme 4.3. Synthetic route towards SAA-COOH (7). 

 

The sugar azido acid (SAA, 7) was synthesized according to literature114, 127-130. In a first step D-

glucurono-3,6- lactone was converted to the methyl ester and then acetylated yielding an α-β anomeric 

mixture of 7a bearing an acetyl moiety on the one side and a carboxylic acid methyl ester on the other 

side.127 The separation of the α-and β-anomers was not necessary as after treatment with hydrobromic 

acid the acetyl group was transformed into a bromide group resulting the α-anomer (7b) only due to 

the anomeric effect.127, 128 Then the bromide group could be easily converted via phase transfer 

catalyzed SN2-reaction into the azido group and so yielding the β-anomer (7c).129, 130 After hydrolysis 

with LiOH114 the SAA 7 having azido and carboxylic acid moieties could be obtained. 

 

 
Figure 4.3. Overlay of the 

1H-NMR spectra of a) SAA methyl ester (7c; CDCl3, 400 MHz) and b) 
SAA (7; DMSOd6, 400 MHz). 
 

The purities of the SAA methyl ester (7c) and the hydrolyzed SAA (7) were proven via NMR 

spectroscopy, ESI-ToF MS and specific rotation. Figure 4.3a shows the 1H-NMR spectrum of the SAA 

methyl ester (7c), where all signals could be assigned to the structure and the integral values match. 

This could be underpinned by the ESI-ToF MS measurement, the experimental determined signal at 
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382.1175 g/mol agrees with the calculated one of 382.0857 g/mol according to the sodium adduct. The 

value of the specific rotation ([α]D
20 (c = 1, MeOH) = – 28.6 °) comparing with the literature value 

([α]D
23 = –29.4 °)145 proofs the β-anomer formation. The successful hydrolysis yielding SAA 7 was 

confirmed via 1H-NMR spectroscopy (Figure 4.3b), showing the disappearance of the methyl group 

corresponding to the former ester (H-7) as well as of the acetyl groups (H-9,11,13). Another evidence 

for the complete hydrolysis is given by ESI-ToF MS, the signal at 218.0535 g/mol matches with the 

calculated molecular weight of 218.0408 g/mol according to the carboxylate of 7. Here again the value 

of the specific rotation ([α]D
20 (c = 1, MeOH) = -25.0 °, Lit.146 [α]D (c = 0.7, acetone) = -23.0 °,) proofs 

the β-anomer formation. 

 

4.3 Synthesis of amphiphilic β-turn mimetic polymer conjugate  

Parts of this chapter were published in: Malke, M.; Barqawi, H.; Binder, W. H., Synthesis of an 

Amphiphilic β-Turn Mimetic Polymer Conjugate. ACS Macro Lett. 2014, 3, (4), 393-397. Copyright 

2015 American Chemical Society.  

4.3.1 Linking methods  

As the syntheses of the different tailor-made building blocks (3, 5, 6 and 7) were successful and their 

purities were proven, they could be linked to achieve the β-turn mimetic amphiphilic polymers. 

Therefore, a) the copper mediated azide/alkyne-”click”-reaction and b) the amidation reaction should 

be used. Both methods are known for their high yield, high selectivity and the formation of stable 

products under mild conditions, thus making them essential for the functionalization of polymers and 

biomolecules. 

4.3.1.1 Copper mediated azide/alkyne-“click”-reaction 

The breakthrough of the azide/alkyne-”click”-reaction acquired Meldal147 and Sharpless148, 149 in 2002. 

Due to the use of copper(I) catalytic system only 1,4-substituted-1,2,3-triazoles were formed 

regioselectively and the reaction was accelerated in such a way allowing the 1,3 dipolar cycloaddition 

at room temperature.150 The azide/alkyne-”click”-reaction between terminal alkynes and azides is 

known to be highly efficient, while tolerating functional groups and different solvents, therefore 

offering a wide scope of linking functional groups onto polymers. 151-156 Beside the numerous 

applications in macromolecular science151, 152, 157, 158 it is adopted in various other fields like biology159, 

medicinal science160 and technological areas161. Moreover, this coupling technique could be used for 

the synthesis of peptide conjugates.162-165 Thereby, the formation of the 1,2,3-triazole linkage plays an 

important role, as this unit is resistant to enzymatic degradation, hydrolysis and oxidation, thus making 

this linking unit attractive for replacing more labile moieties in biological compounds. A direct 
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comparison between amide bond and 1,4-disubstituted-1,2,3-triazole proofs their structural (relative 

planarity) and electronic similarity, therefore amide to triazole substitution is possible.70 

In practice, the copper(I)-catalyst can be generated in situ, or a copper(I)-halide is used together with a 

stabilizing ligand. The ligands are necessary to enhance the rate of reaction and to protect the copper(I) 

from oxidation.166 Additionally, Fokin, Jin and co-workers167 claimed the formation of 1,5-substituted-

1,2,3-triazoles by a reaction of organic azides and alkynes, which is catalyzed by ruthenium(II). This 

Ru-catalyzed process, RuAAC, is highly tolerant towards functional groups and shows a high 

acceptance to both azides and terminal or internal alkynes. However, the reaction needs high 

temperatures (80 °C).167 

 

Table 4.2. Excerpt of possible catalyst systems, solvents and bases for CuAAC/RuAAC.168, 169 

catalyst solvent base (ligand) 

Cu(II)SO4·5 H2O/sodium ascorbate hexane  DIPEA 

Cu(II)SO4·5 H2O/copper toluene  TBTA (29) 

Cu(I)X X = Br, I THF 2,2`-bipyridine 

Cu(I)(PPh3)3Br CH2Cl2/CHCl3 PMDETA 

Cu(I)(MeCN)4PF6 DMF  

copper cluster acetonitrile  

Ru(PPh3)3Cl2 water  

 

Table 4.2 gives an excerpt of possible catalyst-systems, solvents and bases for CuAAC.151, 168 The first 

group of the Cu(I) catalysts can be generated in situ by reduction of Cu(II) salts using sodium 

ascorbate or metallic copper.170 The second group, representing the biggest and most used group in 

practice, are the Cu(I) catalysts which can be Cu(I) halides (e.g. CuBr, CuI) or organosoluble Cu(I) 

species like [CuBr(PPh3)3] and [Cu(MeCN)4PF6]. Whereby the latter are known to be more effective in 

organic solvents than the Cu(I) halides.171 The use of copper clusters of Cu/Cu oxide nanoparticles, 

sized 7-10 nm 172 as well as copper cluster around 2 nm 173 have been described in literature also. To 

stabilize the Cu(I) oxidation state ligands (often amino bases) are used making the “click”-reaction 

less susceptible against oxygen due to the reducing character.151, 166, 169, 174, 175 Furthermore, the ligand 

has an important influence on the rate, thus the correct choice can accelerate the azide/alkyne-“click”-

reaction. For example the effects of amine ligands on the copper(I)-catalyzed azide/alkyne-“click”-

reaction were extensively studied, resulting in TBTA (29) as best ligand.150, 169  

 

4.3.1.2 Amidation reaction 

The amidation is another possibility for easy linkage of building blocks. Therefore, these building 

blocks have to be functionalized with a carboxylic acid group and as counterpart the amine group. 
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Inspired from Nature this reaction is mainly used in the chemical synthesis of peptides. To achieve 

synthetic peptides and proteins with molar masses up to 10,000 Da coupling agents with high coupling 

yields > 99.5 % and without racemisation are necessary. As we are not interested in building-up 

peptides, but in the use of this coupling method for the linkage of a β-turn onto a polymer strand the 

coupling should be fast and quantitative without/easily removable side products. Common to all of the 

different coupling methods is the activation of the carboxylic acid via a coupling agent, forming an 

intermediate which can be a mixed anhydride, an activated ester or an acid halide, which then reacts 

with the amine moiety forming the desired peptide bond. An excerpt of possible coupling agents will 

be discussed in the following. 

 
Figure 4.4. An overview of common coupling agents and bases in peptide chemistry.176-180 

 

Figure 4.4 shows an overview of common coupling agents and bases in peptide chemistry.176-180 As 

classical coupling agents count the carbodiimides reagents like DCC181-183 and EDC184 together with 

the activators HOBt, HOSu and PfpOH. The first reported carbodiimide was DCC185, using this 

coupling agent peptide coupling is fast and with a high yield. Moreover, it is non-sensitive against 

moisture and it even worked under aqueous conditions as well as the product could be easily separated 

from the by-product as the by-product is insoluble in most solvents. The breakthrough using 

carbodiimides was the combination with activators like DCC/HOBt, as the additives could enhance the 
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reaction rate and reduce the racemisation.176, 186Thereby, HOBt avoids a hyperactivation of the 

carboxylic acid, thus side reactions like cyclisation, urea formation and racemisation could be 

suppressed.180 As activators HOSu187 and PfpOH also could be applied for the in situ formation of the 

active esters, which are so stable that they could be isolated and purified via column 

chromatography.179 Based on the promising features of the activated esters other ones were 

synthesized, isolated and used as activating reagent, common to most is the salt structure with the very 

weakly nucleophile PF6
- as counter ion. For example O-/N-HBTU and O-/N-HATU are known as 

excellent coupling reagents, which can be used solely or together with HOBt. Thereby, free aliphatic 

hydroxyl functions are not affected and the harmless by-products can be easily removed.178 Both O- 

and N-HBTU are existent, but O-HBTU is known to be more reactive.180 Moreover, further increase in 

reactivity was achieved by the introduction of nitrogen into the phenyl part to achieve HATU (N-

guanidium salt). 188 Due to this pyridine nitrogen in vicinity to the amine the nucleophilicity is 

increased and thus the reactivity.189  

Furthermore, phosphonium reagents could be used as peptide coupling reagents. One of the first was 

BroP however racemisation was observed in Young`s test.190 Based on the knowledge of the 

application of HOBt, suppressing the racemization, the synthesis of the phosphonium reagents was 

adapted and BOP191 and PyBOP192, 193 were introduced. BOP is stable, non-hygroscopic and good 

soluble in organic solvents, moreover it is more efficient than the combination of DCC/HOBt. But, 

poisonous hexamethylphosphoramide (HMPA) is generated as by-product, due to this reason PyBOP 

(pyrrolidine instead of dimethyl amine moieties) can be used.176, 179  

Beside the coupling reagents the choice of base is also important in peptide coupling reactions. 

Especially non-nucleophilic bases like DIPEA, NMM, DMAP and collidine (tertiary amines) are 

considered as useful bases.176, 194  

 

4.3.2 Linkage of the different building blocks 

Scheme 4.4 shows the synthetic route towards the amphiphilic polymer conjugate containing BTD as 

β-turn mimetic 9 (syntheses and characterization see experimental part). In a first step the synthesized 

building blocks, the α-hydroxymethyl-ω-amino telechelic PIB (3) and the BTD 6 (bearing the azide 

functionality on the one side and the active carboxylic acid group on the other side), were linked via an 

amidation reaction using PyBOP/NMM as coupling reagents resulting the PIB-BTD 8. To this first 

strand the second strand, the α-hydroxymethyl-ω-alkyne telechelic PIB (5), was then coupled via the 

Cu(I)-mediated azide/alkyne-“click”-reaction168 to achieve the final PIB conjugate 9 were two PIB 

strands are connected to the one β-turn mimetic BTD. However, the linkage of the second strand onto 

the same β-turn mimetic is quiet challenging. The β-turn mimetic has a constrained conformation and 

the space between the two reactive linking groups (azide and carboxylic acid group distance: 7 Å)115 is 

reduced, therefore the linking reactions are kinetically hindered and the reactivity especially for the 
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linkage of a second PIB strand onto the β-turn mimetic is drastically reduced for both groups. This 

influence of the steric factors became obviously when PMDETA (bulky base) was used as base, 

resulting in no formation of the PIB conjugate 9. Whereas the use of the less bulky base DIPEA lead 

to the formation of the product 9 with a yield of 64 % determined after column chromatography, but 

with traces of 8. For ultrapure PIB conjugate 9 this crude product was further purified via preparative 

HPLC using HPLC graded, freshly distilled THF. 

 
Scheme 4.4. Synthetic route towards amphiphilic polymer conjugate containing BTD as β-turn 

mimetic. 

 

The synthetic route should be repeated for the use of the SAA (7) as β-turn mimetic, but the first step 

the amidation already failed. Therefore, we tried to start the linkage from the other side. Although the 

“click”-reaction of PIB 5 with the SAA (7c) (OAc protected hydroxyl groups, azide and carboxylic 

acid methyl ester end groups) worked (1H-NMR see Appendix FigureA7), the crucial next step, the 

deprotection/hydrolysis, failed. Even though different bases (LiOH, NaOMe, hydrazine-hydrate) and 

different solvents/-mixtures (THF, MeOH, dioxane and water) were tried and the reaction conditions 

varied from 12 h at room temperature up to 7 d at 50 °C - no hydrolyzed product could be achieved. 

To overcome this problem the already deprotected/hydrolyzed SAA (7) was directly used for the 

“click”-reaction with the PIB strand 5, but no “click” product was formed. 
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4.3.3 Analysis of the intermediates 5 and 8 and the β-turn mimetic PIB conjugate 9 

In the following section the purities of the intermediates 5 and 8 as well as of the final product 9 will 

be discussed in detail, especially as 8 and 9 will be then used for the membrane experiments. 

Therefore, extensive spectroscopic, spectrometric and chromatographic characterizations were 

conducted (additional spectra see Appendix Figure A8-A12). 

Figure 4.5 shows an overlay of the 1H-NMR spectra of a) PIB-BTD 8 and b) PIB-BTD-PIB 9 enabling 

the direct comparison between both structures. With the aid of 2D-NMR spectroscopy (HH-COSY and 

HSQC) together with the 1H/13C spectra of the starting compounds 3, 5 and 6 all peaks could be 

assigned to the structures. The synthesis of the first strand PIB-BTD 8 and therefore the formation of 

the amide bond is given by the shift of the signal of the methylene group in vicinity to the former 

amine (H-9) from 2.70 ppm to 3.27 ppm (Figure 4.4a). Also the appearance of the broad singlet at 

6.69 ppm according to the NH-proton indicates the formation of the amide bond and thus the linkage 

of PIB 3 onto BTD 6. Moreover, the integral values of the PIB initiator (H-2/2`) and the PIB quencher 

(H-6, 7) match with the integral values of the β-turn mimetic BTD. The integration of the region 0.5-2 

ppm of the polymer backbone gives the calculated Mn(NMR) of 5600 g/mol.  

 

 

Figure 4.5. 
1H-NMR overlay of a) PIB-BTD 8 and b) PIB-BTD-PIB 9. 
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The appearance of the singlet of the newly formed triazole moiety at 8.16 ppm (H-17) together with 

the shift of the methine group in vicinity to the former azide to 6.20 ppm (H-16) clearly indicate the 

linkage of the second PIB strand 5 onto the first PIB-BTD strand 8 resulting in the fully linked PIB 

conjugate 9 via Cu(I) mediated azide/alkyne-“click”-reaction (Figure 4.4b). Moreover, the shift of the 

resonance of the methylene group in vicinity to the former alkyne to 5.16 ppm (H-18) as well as the 

vanishing of the methine resonance of the former alkyne group proof the formation of 9. Here again 

the integral values of the PIB initiators (H-2/2`) and the PIB quenchers (H-6,7 and H-18,19) agree 

with the integral values of the β-turn mimetic BTD. The integration of the region 0.5-2 ppm of the 

polymer backbone gives the calculated Mn(NMR) of 10,400 g/mol evidencing the linkage of both PIB 

chains to the BTD. 

 
Figure 4.6. a) Normalized SEC RI traces (1 mL/min, THF) of the single PIB strands and 5 (Mn = 4700 
g/mol, PDI = 1.39) and 8 (Mn = 5300 g/mol, PDI = 1.20) and the fully linked product 9 (Mn = 10,100 
g/mol, PDI = 1.16). MALDI-ToF MS of 9 b) the region from 5000-10,000 Da, c) expanded spectrum 
according to highlighted region in (a) and c) expanded spectrum with a listed view of the simulated 
peaks. Reproduced with permission from Malke, M.; Barqawi, H.; Binder, W. H., Synthesis of an 
Amphiphilic β-Turn Mimetic Polymer Conjugate. ACS Macro Lett. 2014, 3, (4), 393-397. Copyright 
2015 American Chemical Society. 
 

The comparison of the molecular weights of the single PIB strands 5 and 8 with the resulting β-turn 

mimetic PIB conjugate 9 determined via SEC is a further possibility to proof the successful full 

linkage. Figure 4.6a shows the normalized RI response over the retention volume, providing molecular 

weights (Mn) and the molecular weight distribution/polydispersity index (Mw/Mn = PDI) using PIB 
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standards for calibration. The analyses of the traces of the single PIB strands 5 and 8 show nearly 

similar monomodal distribution Mn = 4700 g/mol respectively Mn = 5300 g/mol and relatively narrow 

PDIs of 1.39 respectively 1.20. As a result of the fully linkage of both PIB strands to the β-turn 

mimetic BTD the SEC trace of the PIB conjugate 9 is shifted to shorter retention time. Thus, the 

molecular weight is increased to Mn = 10,100 g/mol, which corresponds to the sum of the single PIB 

strands 5 and 8 and is in good agreement with Mn calculated from 1H-NMR. This together with the 

narrow PDI of 1.16 and no formation of a shoulder evidences the formation and the purity of the final 

product 9. Furthermore, additional information to the molecular weights and much more important to 

clarify the structure, MALDI-ToF MS was carried out. Figure 4.6b shows the MALDI-ToF MS of the 

fully linked β-turn mimetic PIB conjugate 9 with a mass distribution of 5500 to 9000 g/mol and a 

maximum at 7000 g/mol. The chemical identity of 9 could be proven by the distance between two 

peaks indicating the repetitive unit of 56.1 g/mol corresponding to PIB (Figure 4.5c) for all of the 

peaks of the three different series. That these three different series could be assigned to the same 

product 9 with 110 repetitive units of isobutylene and different salts is shown in Figure 4.5d giving an 

expanded spectrum with a listed view of the simulated peaks. The signals at 7057.79 g/mol and 

7074.67 g/mol corresponded with the simulated values of 7058.30 g/mol and 7074.28 g/mol for the Li-

adduct respectively the Na-adduct. Whereas, the signal at 7092.75 g/mol of the third series showed 

different ionization behavior, as three protons of the hydroxyl groups of the β-turn mimetic PIB 

conjugate 9 were exchanged with three Li-ions and one Na-ion (for ionization) giving the calculated 

value of 7092.30 g/mol. Even though the molecular weight determined via MALDI-ToF MS is 

significantly lower than calculated via 1H-NMR spectroscopy and SEC an overlay with the single PIB 

strand 8 (Mn,max = 3500 g/mol, see Appendix Figure A9) demonstrate the shift of the molecular weight 

and the disappearance of 8. Moreover, the maximum at 7000 g/mol is in good accordance with the 

double molecular weight of the single PIB 5 and 8 strands (having similar molecular weights), 

evidencing the linkage of both single PIB strands and thus the formation of 9. The lower molecular 

weights in MALDI-ToF MS could be explained by the challenging polarizability of the nonpolar PIB 

resulting in difficult ionization. The nature of the functional end groups is decisive for the “flying” of 

PIB in MALDI-ToF MS as well as shorter chains with a more favorable ratio of end group to PIB 

backbone can absorb better.  

Concluding the proof of the complete linkage of both PIB strands (3 and 5) onto the central unit BTD 

(6) and the ultimate purity of the final PIB conjugate 9 2D-LC/SEC-(MALDI-ToF)-MS195, 196 should 

be conducted based on the successful application of this method in our group. Barqawi et al. 195 

worked out the separation of telechelic- and block copolymers by a combination of LCCC (liquid 

chromatography under critical conditions, first dimension) and SEC (second dimension) using the 

differences in polarity and hydrodynamic volume. Therefore, this method should be able to distinguish 

between the single strands PIB 5 and 8 and the fully linked PIB 9. At first the LCCC conditions of α-

hydroxymethyl-ω-bromo telechelic poly(isobutylene) 17c-e with molecular weights of 4000 g/mol 
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(PDI = 1.4 ), 8000 g/mol (PDI = 1.3) and 15,000 Da (PDI = 1.2) using a reversed phase column (RP 

C-18, Waters Atlantis©-T3) were found at MTBE/MeOH = 85.2:14.8 (v/v) at a flow rate of 0.1 mL 

and a temperature of 30 °C. Under these conditions all three model PIBs 17c-e show the same 

retention time in the LC trace, because under critical conditions the separation of polymers based on 

their functionality solely, as the effect of their molecular weight is eliminated.195 Then the LC traces of 

5, 8 and 9 were measured at the critical conditions of PIB (Figure 4.7a).  

 
Figure 4.7. LC/MALDI-ToF MS of 9. a) LC trace of 5, 8 and 9 measured at critical conditions of PIB 
(MTBE/MeOH = 85.2:14.8 (v/v)) at a flow rate of 0.1 mL/min, T = 30 °C, b) MALDI-ToF MS spectra 
of the correlated fractions of 9 proving the purity of the final amphiphilic β-turn mimetic PIB 
conjugate. Reproduced with permission from Malke, M.; Barqawi, H.; Binder, W. H., Synthesis of an 
Amphiphilic β-Turn Mimetic Polymer Conjugate. ACS Macro Lett. 2014, 3, (4), 393-397. Copyright 
2015 American Chemical Society. 
 
As a reversed phase column was used the retention time increased with decreasing polarity, therefore 

the single strand PIB-BTD 8 bearing the hydrophilic β-turn mimetic BTD elutes before the less polar 

PIB 5 bearing the alkyne moiety, in between the final product 9 was eluted. Having a deeper look into 

the LC trace of 9 shoulder formation is visible, which might be concluded that the final product 

consists of unremoved 5 and 8. To dissolve this problem the first dimension (LCCC) should be 

directly coupled to a second dimension, the SEC, by collecting the eluents coming out of the first 

dimension in two switching loops and pumping them through the SEC column. But preliminary 

experiments using α-hydroxymethyl-ω-bromo telechelic poly(isobutylene) 17 with molecular weights 

of 4000 g/mol (17c) and 15,000 g/mol (17e) and a SEC column with a range of 1-30 kDa (PSS SDV 

HighSpeed 5 µm 500 Å) showed that this coupling is not useful, as a 50:50 mixture gives in the first 

dimension one trace and in the second dimension one curve with an average molecular weight of 

10,400 g/mol (see Appendix Figure A10). Therefore, experiments using the SEC dimension solely 
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were conducted (see Appendix Figure A11). Mixtures of PIB 17c and 17e were measured in different 

ratios (90:10-10:90) showing a shift of an average molecular weight to higher molecular weights when 

increasing the amount of 17e. Shouldering of the peaks or even two separated peaks could not be 

achieved. This means, that an insufficient separation in the first dimension will not lead to a separation 

in the second dimension when using molecular weights around 4000 g/mol and 15,000 g/mol. As each 

loop for collecting the first dimension fractions has a volume of 200 µL and the flow rate is 0.1 

mL/min the loops switch every 2 min, this means that the LC-information gets lost for peaks within 

these 2 min when their molecular weights are too equal.  

That’s why we modified this method by coupling LC with MALDI-ToF MS to prove the purity of 9 

and clarifying the shoulder formation of the LC trace of 9 in Figure 4.7a. Figure 4.7b shows the 

MALDI-ToF MS spectra of directly correlated fractions of the fully linked PIB 9 showing clearly just 

one series from 6000 Da to 10,000 Da. If there would be traces of unremoved single PIB strands 5 and 

8 additional series smaller than 5000 Da would be observed. To substantiate this hypothesis a control 

experiment using a mixture of 9 and 8 (20:80 = w/w) was conducted, clearly demonstrating the 

separation efficiency of the used LC-technique by showing two separated series for 8 (4000-6000 Da) 

and 9 (6000-9000 Da) (see Appendix Figure A12). Moreover, the correlated MALDI-ToF MS spectra 

Figure 4.6b show a slight shift from higher molecular weights to lower molecular weights according to 

increasing retention time of the first dimension, which indicates SEC behavior.195 Therefore, the 

shoulder formation of the LC trace of the β-turn mimetic PIB conjugate 9 is explainable as SEC effect. 

Due to the linkage of both single strands 5and 8 to achieve 9 the polarity and the molecular weight 

was changed, therefore the LCCC conditions for the model PIBs 17 doesn’t match for the investigated 

PIB conjugate 9. The LC/MALDI-ToF MS also proofed the high purity of the final β-turn mimetic 

PIB conjugate 9. 

4.4 Monolayer experiments of 8 and 9 using DPPC as lipid 

 

Scheme 4.5. Schematic diagram for studying the folding of β-turn mimetic PIB conjugate 9 when 
incorporated into a monolayer membrane (DPPC) using different polymer to lipid ratios and coupling 
to imaging methods like epifluorescence microscopy and AFM.  
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To investigate the folding of β-turn mimetic PIB conjugate 9 when incorporated into a membrane 

Langmuir monolayer measurements were conducted, which serve as model for half a bilayer 

membrane (Scheme 4.5). Therefore, mixed hybrid membranes composed of DPPC and PIB with 

different ratios of DPPC/PIB were extensively investigated. As comparison for folding effects the 

single strand 8 where one PIB strand is connected to the β-turn mimetic BTD was used. Due to the 

amphiphilic structure of 8 and 9 the hydrophilic β-turn mimetic BTD should serve as anchor in the 

water phase whereas the hydrophobic PIB chains should orientate along the water/air interface. To get 

a deeper look into the behavior of the mixed hybrid membranes during the compression of the 

Langmuir measurements imaging methods as epifluorescence microscopy and atomic force 

microscopy (AFM) were used. In the following the compression isotherms of DPPC/8 and DPPC/9, 

the directly correlated epifluorescence microscopy images and AFM images at defined pressures will 

be discussed. 

 

4.4.1 Monolayer compression isotherms of DPPC/8 and DPPC/9 mixtures 

Monolayer compression isotherms were conducted for the pure compounds DPPC, 8 and 9, and for the 

DPPC/polymer mixtures with different molar ratios (Figure 4.8a-c). Figure 4.8a shows the 

compression isotherms for the pure PIB-BTD 8 (black curve) and PIB-BTD-PIB 9 (red curve). The 

first increase of the pressure of the isotherm (lift-off) of 8 was observed at 161 Å2, whereas the lift-off 

of the isotherm of 9 was shifted to 322 Å2. This doubling of the mean molecular area (mma) value is in 

exact agreement with the double molecular weight of 9 in comparison to 8. Then the surface pressures 

increase for both until the films collapse which is indicated by the formation of the plateaus. The small 

tip at the beginning of the plateaus marks a metastable state. For the isotherm of 8 the plateau (π = 37 

mN m-1) starts at a mma value of 73 Å2 and ends at 18 Å2 (measurement stopped at this value as the 

limit for compression of the Langmuir trough was reached). If this plateau would be the from literature 

known roll-over collapse where triple layers are formed then the pressure should increase after 1/3 of 

the starting mma value of the plateau, this means the pressure should increase at approximately 24 

Å2.197, 198 That becomes clearer for the isotherm of 9, the plateau (π = 35 mN m-1) starts at a mma value 

of 145.04 Å2 and ends at 30.05 Å2 (measurement stopped at this value as the limit for compression of 

the Langmuir trough was reached), which is nearly 1/5 → indicating a “five-fold” layer. Therefore we 

assume, that we do not have the defined roll-over, but that we are “losing” material. As PIB is 

insoluble in water the lost material is not going into the water phase. Hysteresis experiments 

substantiate this and show that the amphiphilic PIB conjugates are well spread at the air-water 

interface. Thus, we conclude that “overlayers” are formed at the air-water interface. 199 In Figure 4.7b 

and c the compression isotherm for pure DPPC (black curve) is shown. The lift-off starts at a mma 

value of ~ 90 Å2 followed, due to further compression, by the characteristic plateau at ~ 4 mN m-1 

which is known as the phase transition from the liquid-expanded to the liquid-condensed state (LE/LC 
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coexistence region).200, 201 After this plateau the surface pressure increases strongly confirming the 

liquid-condensed state (LC).  

 
Figure 4.8. Π-A isotherms of (a) the pure PIBs 8 and 9, (b) DPPC/8 mixtures and (c) DPPC/9 
mixtures at 20 °C. The black curve represents the isotherm of the pure DPPC and the different colored 
curves represent the different molar ratios of the DPPC/polymer mixtures. 
 

Figure 4.8b shows the monolayer isotherms of the DPPC/8 mixtures with 1-30 % content of 8. The 

lift-off areas of the mixtures are shifted to higher mean molecular areas with higher content of 8 

however they differ from the calculated values. As the experimental values of the lift-off area are 

smaller than the expected ones attractive lipid/polymer interactions are concluded. This behavior was 

already observed in our group for PIB-PEO copolymers.202 In contrast to this previous work and to the 

isotherms of the pure compounds, two plateaus could be observed during compression, whereby with 

increasing content of 8 the surface pressures for these plateaus increase as well. As the transition state 

of the lipid monolayer (LE/LC, first plateau) is at higher pressure (up to 10 mN m-1) in comparison to 

pure DPPC, the PIB-BTD (8) strengthens the expanded phase. This means that the amphiphilic 

polymer molecules disturb the rearrangement of the lipid molecules at the air-water interface due to 

their partial miscibility with the LE phase of the DPPC, thus hindering the lipid packing. The second 

plateau (up to 15 mN m-1) gives a hint for a second transition, what we believe is the new 

arrangement/ordering of the polymer molecules, meaning that the apolar PIB chains straighten up, but 
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are still tilted. This could be confirmed by further compression due to the existence of the previously 

titled “collapse” plateau (π = 37 mN m-1) where the polymer molecules lift up from the subphase to 

build upper layers or squeeze out, whereby the length of this plateau is directly correlated to the mol 

fraction of 8. After this plateau the behavior of the isotherms is depending on the DPPC molecules. 

The pressure of the isotherms increases drastically up to 58 mN m-1 at which point then the whole 

monolayer collapse. This region is known as the transition of the lipid molecules from the liquid 

condensed state to the solid phase state.201 

Similar isotherm behavior could be observed for the DPPC/9 mixtures with 0.5-20 % content of 9 

(Figure 4.8c). Here again the shift of the lift-off areas to higher values correlates with the used mol 

fraction of 9, but it is smaller than the calculated values, which was explained previously, as well as 

the two plateaus in the low pressure region (0-15 mN m-1) are present as before. As mentioned 

previously the lift-off of the pure 9 was at the double mma value as for 8 due to the doubling of the 

molecular weight, this phenomenon is similar to the shape of the isotherms. For example the shape of 

the curve of DPPC/8 90:10 (pale blue) is similar to the curve of DPPC/9 95:5 (pale blue). At these 

ratios the used PIB is not mol equivalent but mass equivalent. Up to this point it seems that there are 

no perceptible differences whether one PIB chain is linked to the β-turn mimetic BTD or two PIB 

chains are linked to the same BTD molecule. But having a deeper look into the “collapse” plateau 

(π = 35 mN m-1) a step at an area of 45.5 Å2 per molecule within the plateau is visible (see zoom-in 

region Figure 4.7c), this area is in exact agreement with the calculated area (45 Å2) which is occupied 

by one molecule of BTD in a liquid condensed monolayer. Therefore, the third transition can be 

clearly attributed to the presence of the two PIB chains on the same β-turn mimetic BTD and marks a 

transition within the β-turn mimetic PIB conjugate 9 which is the ordering of the chains along one β-

turn mimetic BTD molecule.  

 

4.4.2 Epifluorescence microscopy of DPPC/8 and DPPC/9 mixed monolayers 

To underpin the hypotheses from the compression isotherms and to get more information about the 

behavior of 8 and 9 in mixed monolayers during the compression, the Langmuir measurements were 

directly coupled to epifluorescence microscopy (all epifluorescence images not shown here can be 

found in the Appendix). For visualization the dye Rh-DHPE was used in a very small amount (0.01 

mol %) in order not to influence the properties of the lipid/polymer mixtures at the air/water interface. 

This dye is known to be soluble preferentially in the less ordered LE domains of the monolayer, 

therefore these domains are bright and the ordered LC domains, which are excluded from the dye, are 

dark.203  

Figure 4.9 shows the epifluorescence images of the monolayers of DPPC/8 with different molar ratios 

(a-c) 99:1, (d-f) 98:2, and (g-i) 90:10 in the region of the second transition state (second plateau) at the 

air/water interface at 20°C. For the compression isotherm of DPPC/8 99:1 the image taken at a 
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pressure of 5.6 mN m-1 (Figure 4.8a) is similar to pure L-DPPC (see Appendix Figure A14) with the 

propeller domains (LC domains) having the chirality-dependent curling direction to the left. The 

DPPC is the phase dominating factor, due to the high line tension between the LE and LC phase the 

propeller are compact. With increasing pressure (7.3 mN m-1, Figure 4.9b) a thinning of the propeller 

tips and spiral formation can be observed. This phenomenon was already observed for DPPC cospread 

with cholesterol or perfluorinated PGMA and could be explained by the reduced line tension, due to 

the formation of a new LC DPPC/polymer/LE DPPC boundary. Therefore, a partial miscibility of the 

amphiphilic PIB 8 with the LE phase of DPPC could be concluded.204 Due to further compression 

(Figure 4.9c) the phase boundaries, which were clear before, are vanishing and the dye is forced into 

the LC phase. 

 
Figure 4.9. Epifluorescence microscopy images of monolayers of DPPC/8 with different molar ratios 
(a-c) 99:1, (d-f) 98:2, and (g-i) 90:10 at the air/water interface at 20°C. The images were recorded at 
constant compression of the spread monolayer in the region of the second transition state (second 
plateau) at the following surface pressures: (a) 5.6, (b) 7.3, (c) 11.3, (d) 7.6, (e) 9.1, (f) 11.2, (g) 9.7, 
(h) 11.7 and (i) 14.5 mN m-1. 
 



4. Results and discussion 

47 

 

With increasing content of the amphiphilic PIB 8 (2 mol %) and progressing compression the thinning 

of the propeller tips and the spiral formation is increasing. Furthermore, bridging between the different 

domains could be observed (Figure 4.9d-e). The LC DPPC phase is decreasing, while the newly 

formed LC DPPC/polymer/LE DPPC boundary is increasing. Moreover, the forcing of the dye into the 

LC phase becomes clearer because only grey spirals with small bright dots on a bright background 

instead of black domains are visible (Figure 4.9f). Figure 4.9g-h shows the images of the compression 

isotherm with 10 mol % 8. In contrast to the previous measurements, where just a small content of 8 

was used, no propeller domains are visible (Figure 4.9g, 9.7 mN m-1). The first black domains (LC 

DPPC) appear at the boundaries to the bright round LE domains, which are the polymer rich phase as 

they are increasing with increasing content of 8 (see Appendix). Therefore, the grey background is the 

lipid rich LE phase. With further compression (Figure 4.9h, 11.7 mN m-1) this bright domains are 

clustering like pearls on a string, and the dark LC domains are growing, elongating and are hardly 

visible as spirals or as bridges between different clusters. Within the second plateau (Figure 4.9i, 14.5 

mN m-1) again small bright domains appear from the dark background indicating the constraint of the 

dye into the ordered LC domains.  

In conclusion from the images discussed here, the images in the Appendix and image analyses the 

increase of the content of the amphiphilic polymer 8 is accompanied by the decrease of the contrast 

bright-dark. Therefore, the Rh-dye is soluble in both LE phases, of the DPPC and of the polymer. The 

first plateau shows the transition of the LE phase to the LC phase of the lipid rich domains and the 

second plateau shows the transition of the LE phase to the LC phase of the lipids in the polymer-mixed 

phase as the transitions are located at the newly formed LC DPPC/polymer/LE DPPC boundary. After 

this second plateau an increase of the pressure up to the third plateau could be observed which we 

believe is the diffusion of residual lipids of the polymer rich bright domains (LE phase) into the 

ordered LC phases, which is visible in the shrinkage of these bright domains. 

 

Figure 4.10 shows the epifluorescence images of the monolayers of DPPC/9 with different molar 

ratios (a-c) 99.5:0.5, (d-f) 99:1, and (g-i) 90:10 in the region of the second transition state (second 

plateau) at the air/water interface at 20°C. The first ratio 99.5:0.5 (DPPC/9) is the mass equivalent 

ratio to DPPC/8 99:1, as it could be seen for the compression isotherms the shape of the curves 

(Figure4.8b and c, red curves) is similar, therefore identical behavior of the molecules during the 

compression will be expected. The image taken at a pressure of 5.8 mN m-1 (Figure 4.10a) is relatively 

similar to the equivalent image (Figure 4.9a, using 1 mol % of 8), the black propeller domains (LC 

domains) are as well chirality dependent showing the curling to the left. But in contrast to the propeller 

domains of the pure L-DPPC (see Appendix Figure A50) they are irregular and not so compact. The 

non-uniform size and shape indicates the non-equilibrium behavior in the monolayer201 and 

substantiate the coexistence of different phases within the second plateau. They are thinned out at the 
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propeller tips, which would indicate that the previous mentioned newly formed LC DPPC/polymer/LE 

DPPC boundary already exist with just very small amount of 9 and at low pressures. 

 
Figure 4.10. Epifluorescence microscopy images of monolayers of DPPC/9 with different molar ratios 
(a-c) 99.5:0.5, (d-f) 99:1, and (g-i) 90:10 at the air/water interface at 20°C. The images were recorded 
at constant compression of the spread monolayer in the region of the second transition state (second 
plateau) at the following surface pressures: (a) 5.8, (b) 7.2, (c) 7.6, (d) 6.6, (e) 6.9, (f) 9.7, (g) 9.4, (h) 
10.3 and (i) 29.2 mN m-1. 
 

Due to further compression the thinning of the propeller tips increase and spiral formation together 

with branching at the edges could be observed (Figure 4.10b, 7.2 mN m-1). This indicates a strong 

reduce in the line tension and a stronger dominating LC DPPC/polymer/LE DPPC boundary and 

therefore increased miscibility of the amphiphilic PIB 9 with the LE phase of DPPC in comparison 

with its “one arm” equivalent 8. Then the former clear boundaries are vanishing and the dye is again 

forced into the LC phase (Figure 4.10c). With increasing content of 9 to 1 mol % (mass equivalent to 

DPPC/8 98:2) the black LC domains are getting smaller, more irregular and instead of three arm 

propeller almost all have four propeller blades which are strongly thinned (Figure 4.10d). Again 

proceeding thinning of the propeller tips and spiraling could be observed with increasing pressure 
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(Figure 4.10e). Moreover, the forcing of the dye into the LC phase becomes clearer because only grey 

spirals with small bright dots on a bright background instead of black domains are visible (Figure 

4.10f). Figure 4.10 g-h shows the images of the compression isotherm with 10 mol % of 9. In contrast 

to the previous measurements using just a small content of 9 no propeller domains are visible (Figure 

4.10g, 9.4 mN m-1). The first black domains (LC DPPC) appear at the boundaries to the bright round 

LE domains, which differ in their size and can include smaller round grey domains. Moreover, the 

black LC domains seem to bridge the bright domains. As it was observed for the previous work using 

8 as amphiphilic PIB, with increasing content of 9 (see Appendix) the bright domains increase as well. 

Therefore, they could be assigned to the polymer rich LE phase, and the grey background constitutes 

the lipid rich LE phase. Due to further compression the dark LC domains grow and stronger clustering 

between the bright LE domains and the dark LC domains could be observed (Figure 4.10g, 10.3 mN 

m-1). While continuing compression the previously round shaped domains become oval and the 

contrast between dark and bright increases together with a shrinkage of the single domain size. Even 

here the dye is forced into the ordered LC domain as bright small dots appear out of the dark 

background Figure 4.10h, 29.2 mN m-1).  

It could be shown, that both amphiphilic PIB conjugates 8 and 9 are behaving nearly similar when 

incorporated into a monolayer membrane using DPPC as lipid and varying the mixing ratios, but the 

use of epifluorescence microscopy is only helpful for the phase transitions in the low pressure region. 

As it can be seen from images in the Appendix, with pressures higher than 30 mN m-1 no differences 

according to contrast, shape and size of the single domains could be observed as they are just visible 

as small bright dots on a dark background. But the transitions within the third plateau are at pressures 

around 35 mN m-1 and especially the step within the third plateau using 9 instead of 8 is the only 

difference between their compression isotherms. However, it may also mean that indeed the 

previously mentioned ordering of the two PIB chains linked to one β-turn mimetic BTD takes place at 

this step within the third plateau.  

 

4.4.3 AFM measurements  

Atomic force microscopy is a technique which can directly image the surface structure of samples at 

atomic height scale (here 10 nm AFM tip). Therefore, it can be used as imaging method in regions 

where the epifluorescence microscopy has already reached the resolution limit. To understand the 

molecular organization of mixed DPPC/8 and DPPC/9 monolayers in a ratio of 90:10, we conducted 

AFM measurements using the Langmuir Blodgett (LB) technique. As the region within the third 

plateau is the coexistence of two phases/states, one sample before the plateau (30 mN m-1) and one 

sample after the plateau (40 mN m-1) were measured. Thereby, the pressure at 30 mN m-1 is 

comparable to the internal pressure of biological membranes.205 Figure 4.11 shows the AFM 

topography (a, b, d and e) and topology images (c and f) of mixed monolayer of DPPC/8 90:10 mol% 

transferred at surface pressures of (a-c) 30 mN m-1 and (d-f) 40 mN m-1. As the topography images 
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show no defects a complete transfer from the monolayer onto the Si-wafer can be concluded. At a 

transfer pressure of 30 mN m-1 (Figure 4.11a-b) the image shows randomly distributed cylindrical PIB 

domains mostly dominated with a height of ~ 17 nm out of the plane lipid monolayer (LC domain) or 

out of round shaped plateaus (height ~ 7 nm, due to partial squeeze out of the PIB), thus having three 

different domains. 

 
Figure 4.11. AFM topography (a, b, d and e) and topology images (c and f) of mixed monolayer of 
DPPC/8 90:10 mol% transferred at a surface pressures of (a-c) 30 mN m-1 and (d-f) 40 mN m-1. 
 

These cylindrical structures are in fact disc like domains considering their dimensions, whereby their 

height correlates with a single-folded PIB chain.197, 206 Taking into account the topology image (phase 

image, Figure 4.11c, brown: soft, bright: hard) two different phases/domains are visible; the brown, 

round shaped domains and therefore soft domains (the polymer rich phase) and the surrounding harder 

lipid monolayer (LC phase). Moreover, this plane lipid monolayer is cross cut by a network of small 

paths, together with small dark dots lined up as a string of pearls, which are only visible in the phase 

image. As these network and dots appear dark, they are softer then the surrounding LC phase of the 

lipid and show the previously mentioned newly formed LC DPPC/polymer/LE DPPC boundary, 

which substantiate the previously hypothesis of the partially mixing of the polymer with the lipid at 

this interface. In the image of the sample taken after the third plateau at 40 mN m-1 (Figure 4.11d-f) the 

round PIB plateaus are vanished and just two phases – cone like PIB domains out of the plane lipid 

phase – are visible in the topography image (Figure 4.11d,e). These structures appearing here as 

cylinders ,which are in fact disc like domains as mentioned before, have a mostly dominated height of 

40 nm (maximum height of 60 nm), indicating the further squeeze out of the polymer 8. With 

increasing pressure these domains are decreasing concerning their area, but increasing regarding their 

height. As visible in the phase image (Figure 4.11f) they appear at the dark lines, at the phase 
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boundary, of the above mentioned network. Thus, the amphiphilic PIB 8 is forced stronger into the 

lipid domains and subsequently squeezed out.  

 
Figure 4.12. AFM topography (a, b, d and e) and topology images (c and f) of mixed monolayer of 
DPPC/9 90:10 mol% transferred at a surface pressures of (a-c) 30 mN m-1 and (d-f) 40 mN m-1. 
 

Figure 4.12 shows the AFM topography (a, b, d and e) and topology images (c and f) of mixed 

monolayer of DPPC/9 90:10 mol% transferred at surface pressures of (a-c) 30 mN m-1 and (d-f) 

40 mN m-1. Again the topography images show no defects, thus complete transfers of the monolayers 

onto the Si-wafers could be concluded. Nearly similar to Figure 4.12a,b the height images of DPPC/9 

90:10 mol% transferred at a surface pressures of 30 mN m-1 (Figure 4.12a,b) show three different 

phases, disc like PIB domains (height ~ 15 nm) mostly out of a PIB plateau (height ~ 5 nm) 

surrounded by the plane LC domain of the lipid. Thereby, the height of the PIB discs using 

amphiphilic PIB 9 is in good agreement with the assimilable sample using 8 and correlates with a 

single-folded PIB chain. Also the phase image (Figure 4.12c) shows the three different phases, 

proofing the PIB discs squeezed out (dark: soft) of the PIB rich plateau domains which are surrounded 

by the LC phase of the lipid (bright: hard) whereby the plane lipid domain is again cross cut by a 

softer network – the LC DPPC/polymer/LE DPPC boundary. With increasing transfer pressure to 

40 mN m-1 (Figure 4.12d-f) the PIB plateaus vanished again and cone like PIB domains out of the 

plane lipid LC domains are formed. Thereby their height increased up to 80 nm (mainly dominated 

height ~ 40 nm) together with a clearly decrease of their domain size. For the phase image (Figure 

4.12f) two different phases exist, the softer cone-like PIB domains, which are surrounded by the 

second one, the already condensed and therefore hard LC domain of the lipids. The network lines 

where the cone-like PIB domains are squeezed out are better visible, proofing the deeper penetration 

of the PIB into the LC domains of the lipid followed by the stronger squeeze out of the polymer.  
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Both amphiphilic PIBs, PIB 8 having one PIB chain linked to the β-turn mimetic BTD and PIB 9 

where both PIB chains are linked on one β-turn mimetic BTD, show three phases at a transfer pressure 

of 30 mN m-1, 1) disc like PIB domains out of 2) a PIB plateau which is surrounded by 3) the 

condensed lipid phase. With increasing pressure the PIB plateaus are vanishing and cone-like PIB 

domains out of the plane lipid phase are visible, whereby the maximum height (80 nm) using 9 is 

higher as the maximum height using 8 (60 nm). This can be explained by the better stabilizing effect 

of higher aggregates with elongated chains due to the linkage of two chains onto one β-turn mimetic 

BTD.  

 

4.5 Bilayer experiments of 8 and 9 using DPPC as lipid 

Preliminary Langmuir monolayer measurements, which serve as model for half a bilayer membrane, 

already showed slightly different behavior using β-turn mimetic PIB conjugate 8 (one PIB chain 

linked to β-turn mimetic BTD) or 9 (both PIB chains linked to one β-turn mimetic BTD). To 

investigate the behavior of the conjugates when incorporated into a more natural like membrane, 

mixed giant unilamellar vesicles (GUVs) were prepared as model for bilayer membranes and analyzed 

via confocal microscopy.  

 
Scheme 4.6. Schematic diagram for studying the polymer distribution (PIB rich domains vs. 
homogeneous distributed PIB) of β-turn mimetic PIB conjugate 8 or 9 when incorporated into a 
bilayer membrane (DPPC) using different polymer to lipid ratios and coupling to confocal 
microscopy. 
 
However, this method only enables the investigation of the polymer distribution, whether PIB rich 

domains are built or the PIB is homogenously distributed in the lipid bilayer (Scheme 4.6). The GUVs 

were prepared by electroformation which emerged as method of choice in our group and Rh-DHPE 

was used as fluorescence dye, which is known to be preferentially soluble in the less ordered phase as 

it is squeezed out of the more ordered liquid condensed phase. 202 At first hybrid GUVs using the 

amphiphilic PIB conjugate 8 and DPPC in different molar ratios were investigated. Figure 4.13 shows 
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the confocal microscopy images of mixed DPPC/8 GUVs with different molar ratios and taken after a 

certain time (a-c) 92:8 direct, after 24 h and after 120 h, and (d-e) 84:16 direct and after 48 h.  

 
Figure 4.13. Confocal microscopy images of mixed DPPC/8 GUVs with different molar ratios and 
taken after certain time. (a-c) 92:8 direct, after 24 h and after 120 h, and (d-e) 84:16 direct and after 
48 h. 
 

When using 8 mol% of PIB 8 numerous, homogenous, smooth and spherical GUVs were obtained 

directly after preparation (Figure 4.13a) indicating that the PIB molecules and lipid molecules are well 

mixed. After 24 h the amount of the GUVs decreased and budding at the surface could be observed 

(Figure 4.13b). With proceeding aging time (after 120 h, Figure 4.13c) most of the GUVs are 

destroyed and the remaining ones show budding and worm like protrusion over the whole surface. 

This means that over time the initially intact GUVs decomposed as they break up. Using the double 

amount of PIB 8 (16 mol%) the GUVs are again smooth and spherical, but they show phase separation 

directly after the preparation (Figure 4.13d). However, these dark compact domains cannot be clearly 

assigned to the lipid-rich or polymer-rich phase as already discussed in literature.202 They just mark the 

region of higher ordered liquid-condensed phase of the mixed DPPC/8 bilayer from which the dye is 

excluded. Interestingly after 48 h (Figure 4.13e) the shape of the dark domains changed into dendritic 

structure, which indicates a stronger penetration of the two phases and can be a hint for partial mixing 

over time. Moreover, the previously budding at the surface of the former smooth GUVs could be 

observed again. Measurements using 35 mol% PIB 8 were accomplished and repeated, but always no 

GUVs were formed. This shows that the amphiphilic PIB 8 itself cannot build up GUVs and if its 

amount in the hybrid GUVs is too high, they are not stable anymore. 

A comparison with the monolayer measurements is just roughly possible. In monolayer experiments 

using 10 mol% of 8 well dispersed small round shaped domains (polymer rich LE phase) on a black 

background (lipid LC phase) were visible and with 20 mol% of 8 bigger irregular domains have been 
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observed, which increased with increasing PIB up to 30 mol% (for epifluorescence images see 

Appendix).  

 
Figure 4.14. Confocal microscopy images of mixed DPPC/9 GUVs with different molar ratios and 
taken after certain time. (a) 96:4, (b-c) 92:8 direct and after 24 h, (d) 90:10 and (e) 84:16.  
 
As mentioned previously, the amphiphilic β-turn mimetic PIB conjugate 9, bearing two PIB chains on 

the same BTD molecule, is with regard to the mass the double of 8. If only the mass is the determining 

factor of the behavior inside the membrane, then mass equivalent incorporated PIB conjugates 8 and 9 

should behave similar. The monolayer investigations already showed that the behavior is similar, but 

that there are differences, thus we can conclude that indeed the connection of two PIB chains onto the 

same β-turn mimetic leads two better mixing with the lipid molecules. Figure 4.14a shows the 

confocal microscopy image of mixed GUVs using DPPC/9 96:4 which is the mass equivalent ratio to 

DPPC/8 92:8. Again round shaped homogenous GUVs were obtained. However, they varied in size 

and moreover numerous small GUVs adsorb at the surface of bigger ones. Using the double amount of 

9 numerous, smooth, homogenous and spherical GUVs were formed, also after 24 h they did not 

changed, only a few budding could be observed (Figure 4.14b-c). This means that the doubling of the 

molar amount of 9 led to more regular and stable GUVs. Even an increase to 10 mol% (Figure 4.14d) 

and up to 16 mol% (Figure 4.14e) resulted in the same shape of smooth, homogenous and spherical 

GUVs, in contrast to previous experiments using 8 no phase separation could be observed. Therefore, 

the amphiphilic β-turn mimetic PIB conjugate 9 was over the whole investigated range of different 

molar ratios miscible with the DPPC molecules. This clearly proofs that indeed the linkage of two PIB 

chains on one β-turn unit lead to different membrane interactions than the equivalent structure just 

having one PIB chain.  
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5. Concept to introduce FRET dyes 

 

FRET stands for Fluorescence (Förster)-Resonance-Energy-Transfer and is a common method to 

determine the distance between biomolecules which are labeled e.g. with dyes (donor-acceptor pair). 

Thereby, the distant-dependent interaction between the excited states of the donor and acceptor 

molecules is measured as the excitation energy from the FRET donor is transferred non-radiative to 

the FRET acceptor. This FRET event can take place only if the donor and acceptor molecules are in 

close proximity (10-100 Å), the fluorescence emission spectrum of the donor overlap with the 

absorption or excitation spectrum of the acceptor and both dipoles are oriented parallel.207, 208 In 

practice fluorescence spectroscopy is conducted whereby the donor is excited. At the same time the 

fluorescence of the donor decrease while the fluorescence of the acceptor increase. 

 

 

Scheme 5.1. Retrosynthetic concept towards amphiphilic polymer conjugate containing a β-turn 
mimetic element, α,ω telechelic PIBs and FRET suitable dyes by the linkage of the different building 
blocks. 
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In chapter 4 the syntheses of the amphiphilic β-turn mimetic PIB conjugates using α-hydroxymethyl-

ω-amino telechelic PIB (3) and α-hydroxymethyl-ω-alkyne telechelic PIB (5) as hydrophobic part and 

the β-turn mimetics BTD 6 and SAA 7 as hydrophilic parts were discussed. It became clear that the 

linkage of the single building blocks is quiet challenging due to the close proximity of the two reactive 

groups forming the β-turn structure (BTD: 7 Å115, SAA: 5 Å117). Using BTD 6 as β-turn mimetic the 

complete β-turn mimetic PIB conjugate 9 could be obtained and its purity was extensive discussed, as 

well as mono- and bilayer experiments were conducted. Whereas, the synthesis of a complete β-turn 

mimetic polymer conjugate using SAA as β-turn mimetic failed.  

Therefore, we decided to modify the PIB conjugate 9 with FRET suitable dyes at the α-termini 

(Scheme 5.1). As both termini bear hydroxyl groups, dyes with carboxylic acid groups are needed, 

which should be then connected via esterification onto the single strands. The dye functionalized 

amphiphilic β-turn mimetic PIB conjugate should be then incorporated into a bilayer membrane to get 

a deeper look into the folding of the modified PIB conjugate 9. When both FRET dyes are in close 

proximity the FRET event should take place, proofing the folding of the PIB strands due to the β-turn 

mimetic element. As the selected FRET pair (4-ethynylbenzonitrile and 9-ethynylphenanthrene) 

together with the “click”-reaction for the linkage of these dyes onto proteins is known in literature209, 

we decided to use these dyes in a modified way. Moreover, we have chosen these dyes as they should 

be embedded in the less polar bilayer-water interface (between the polar head group region and the 

hydrophobic core).210 If we would choose more hydrophilic dyes they will be embedded in the polar 

head group region and contrary more hydrophobic dyes will be incorporated in the hydrophobic core 

region, but these pushing/pulling effects of the dyes we wanted to avoid as their sole function should 

be the imaging of the folding process. 

 

5.1 Results and discussion of introduction of FRET dyes 

5.1.1 Synthesis of FRET dyes 

 

Scheme 5.2 shows the synthetic route towards the FRET dyes 11 and 12 bearing carboxylic acid 

groups for the linkage onto the hydroxyl groups at the α-termini of the PIB conjugate 9 via 

esterification. Therefore, at first the linker 10 bearing the azide group on the one end and the 

carboxylic methyl ester group on the other end was synthesized having five methylene groups between 

these moieties as spacer to avoid the explosive character of this azide compound. The linker 10 was 

then “clicked” onto the FRET dyes followed by the hydrolysis of the final “click”-products to achieve 

the FRET dyes 11 and 12 bearing carboxylic acid groups in a good yield. The “click”-reaction with an 

already hydrolyzed linker bearing the carboxylic acid moiety instead of the carboxylic methyl ester 

was carried out analogously but no “click”-product could be obtained. 
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Scheme 5.2. Synthetic route towards FRET dyes 11 (FRET donor) and 12 (FRET acceptor). 

 

 
Figure 5.1. 

1H-NMR overlay of a) FRET donor 11 (CDCl3) and b) FRET acceptor 12 (DMSOd6). 

 

The purity of the FRET dyes 11 and 12 was proven via ESI-ToF MS (see Experimental Part) and 

NMR spectroscopy. Figure 5.1a shows the 1H-NMR spectrum of the FRET donor 11 where all signals 

could be assigned to the structure. Moreover, the appearance of the triazole proton H-8 at 7.86 ppm 

together with the matching of the integral values (ratio 2:2) of the methylene group in vicinity to the 
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former azide (H-7) and the methine group of the “dye-part” (H-11) proof the formation of the “click”-

product. Figure 5.1b shows the 1H-NMR spectrum of the FRET acceptor 12 here again the integral 

values of the methylene group in vicinity to the former azide (H-7) and the methine group of the “dye-

part” (H-12) match. Furthermore, the appearance of the singlet of the newly formed triazole (H-8) at 

8.63 ppm indicates the linkage of the FRET dye onto the linker. Last but not least all the other signals 

could be assigned to the structure and their integral values match very well. 

 

5.1.2 Synthesis of dye labeled amphiphilic polymer conjugate 

 

 
Scheme 5.3. Synthetic route towards dye labeled amphiphilic polymer conjugate containing BTD as 
β-turn mimetic. 
 

For the synthesis of the dye labeled amphiphilic polymer conjugate the dyes have to be connected to 

the single PIB strands before they were linked to build up the complete β-turn mimetic PIB conjugate. 
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Otherwise a controlled labeling of the two strands is impossible as both α-termini are functionalized 

with hydroxyl groups. Scheme 5.3 shows the synthetic route towards the dye labeled amphiphilic 

polymer conjugate containing BTD as β-turn mimetic.  

In a first step of the synthesis of the first strand the amine group of the α-hydroxymethyl-ω-amino 

telechelic PIB 3 has to be protected with a Boc-protecting group. As the reactivity of the amine group 

is higher than of the hydroxyl group it would react with the FRET donor 11 preferred forming a 

peptide bond and therefore blocking this end for the next step the coupling to the β-turn mimetic BTD 

6. Then the FRET donor 11 was activated by generating in situ an acyl chloride via the treatment with 

oxalyl chloride in CH2Cl2 followed by the direct esterification with the Boc-protected α-

hydroxymethyl-ω-amino telechelic PIB 31.211, 212 After deprotection of the amine the PIB 13, 

containing the FRET donor one the one end and the active amine functionality on the other end, could 

be obtained in a yield of 21 %. To complete the synthesis of the first strand the β-turn mimetic BTD 6 

was coupled via amidation in accordance to previous work (see chapter 4.3.1) yielding the first strand 

14 labelled with the FRET donor (yielding 30 % polymer containing 40 % of 14). 

For the synthesis of the second strand 15 the coupling of the FRET acceptor was carried out similar to 

the first strand, the activated FRET acceptor 12 was generated in situ and then directly linked via 

esterification to the α-hydroxymethyl-ω-alkyne telechelic PIB 5. With the knowledge from the 

previous work (chapter 4.3.1) the dye labelled single strands should be then coupled via the Cu(I)-

mediated azide/alkyne-“click”-reaction168 to achieve the final dye labelled PIB conjugate 16 were two 

PIB strands are connected to the one β-turn mimetic BTD. As described previously, the linkage of the 

second strand onto the same β-turn mimetic is quiet challenging and failed at this moment. Due to the 

drastic loss of substance during the single synthesis steps especially for getting rid of unreacted dye 

the last step could be conducted just once. 

 

To proof the purities of the intermediates and the final product SEC, MALDI-ToF MS and NMR 

spectroscopy were conducted. All data and spectra can be found in the Appendix. To clarify the 

structure Figure 5.2 shows the MALDI-ToF MS of 13 and 15. Figure 5.2a shows the MALDI-ToF MS 

of the PIB 13 containing the FRET donor with a mass distribution of 1500 to 5000 g/mol and a 

maximum at 2500 g/mol. The chemical identity of 13 could be proven by the distance between two 

peaks indicating the repetitive unit of 56.1 g/mol corresponding to PIB. Moreover, Figure 5.2b shows 

the expanded spectrum of 13 with a listed view of the simulated peaks. As it can be seen the signal at 

2445.376 g/mol agreed with the calculated value of 2445.413 g/mol as H-adduct and the signal at 

2451.381 g/mol corresponded with the simulated value of 2445.421 g/mol for Li-adduct. 
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Figure 5.2. MALDI-ToF MS of a) 13 with the region from 1500-5000 Da and b) expanded spectrum 
of 50 with a listed view of the simulated peaks; and c) of 15 with the region from 2000-7000 Da and 
d) expanded spectrum of 15 with a listed view of the simulated peaks. 
 

This together with the 1H-NMR spectrum (see Appendix Figure A35) clearly proofs the structure of 

the intermediate 13. Figure 5.2c shows the MALDI-ToF MS of the PIB 15 containing the FRET 

acceptor with a mass distribution of 2000 to 7000 g/mol and a maximum at 3300 g/mol. Again the 

distance between two peaks indicating the repetitive unit of 56.1 g/mol corresponds to PIB for all of 

the peaks of the two different series. That these two different series could be assigned to the same 

product 15 with 46/47 units of isobutylene and different salts is shown in Figure 5.2d giving an 

expanded spectrum with a listed view of the simulated peaks. The signal at 3251.433 g/mol 

corresponded with the simulated value of 3251.248 g/mol and 3251.248 g/mol for the Li-adduct. 

Whereas, the signal at 3217.636 g/mol of the first series showed different ionization behavior, as one 

proton of the PIB 15 was exchanged with one Li-ions and one Na-ion (for ionization) giving the 

calculated value of 3217.167 g/mol. Even though the molecular weight determined via MALDI-ToF 

MS is lower than calculated via 1H-NMR spectroscopy [13 (5200 g/mol) and 15 (5400 g/mol)] and 

SEC [13 (5600 g/mol) and 15 (5200 g/mol)] the MALDI-ToF MS spectra show clearly the successful 

linkage of the FRET dyes to the single strands. The lower molecular weights in MALDI-ToF MS 

could be explained by the challenging polarizability of the nonpolar PIB resulting in difficult 

ionization. The nature of the functional end groups is decisive for the “flying” of PIB in MALDI-ToF 

MS as well as shorter chains with a more favorable ratio of end group to PIB backbone can absorb 

better.  

The PIB-BTD containing the FRET donor (14) could be synthesized successfully as it was proven by 
1H-NMR spectroscopy (see Appendix Figure A36) and MALDI-ToF MS (see Appendix Figure A37), 

but couldn`t be isolated via column chromatography. Therefore, this crude product was used for the 
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last step, the linkage of the two single strands 14 and 15 to build up the complete dye labelled PIB 

conjugate 16. The MALDI-ToF MS of the isolated product (see Appendix Figure A39) shows three 

different series (A 1500-3000, B 3000-5000 and C 5500-8500) especially the last series could lead to 

the assumption of the successful synthesis of 16 as the shift of the MALDI-ToF MS is similar to this 

of the PIB conjugate 9. Therefore, this region was analyzed giving two different structure possibilities 

for the same peak (Mn,exp = 6880.140 g/mol). On the one hand it could be the assumed product 16 

corresponding to the calculated value of 6880.699 g/mol as Li-adduct and on the other hand it could be 

14 with the azide moiety reduced to an amine giving a calculated value of 6880.087 g/mol where one 

proton is exchanged by one Na-ion and one Na-ion is used for ionization. For better clarification of the 

structure 1H-NMR spectroscopy was conducted (see Appendix Figure A40 and A41). The 1H-NMR 

spectrum shows clearly that it cannot be our wanted product 16 as signals which we expect and know 

from 9, particularly the signal of the triazole proton, cannot be found in this spectrum as well as the 

integral values of the single strands do not match. Therefore, we assume that we have a mixture of the 

single strands after column chromatography and the increase of the molecular weight could be 

explained due to the separation of the molecular weights by fractionated column chromatography 

(increasing molecular weight with increasing elution time).  

 

5.2 Fluorescence spectroscopy of mixed DPPC/polymer bilayer membrane 

Originally it was planned to investigate the assumed folding of a dye labelled PIB conjugate (16) when 

incorporated into a bilayer membrane using FRET studies. Even though the product couldn`t be 

achieved preliminary experiments concerning fluorescence spectroscopy should be conducted using 

the dye labelled single strands 13 and 15 to get an idea of the behaviour of these compounds when 

incorporated into a bilayer membrane. As the purity of the single strands 13 and 15 was proven, the 

single strands with the FRET donor respectively FRET acceptor could be investigated via fluorescence 

spectroscopy when incorporated into lipid bilayer membranes using DPPC as lipid. Therefore, 

sonicated, extruded LUVs (2mM in H2O) composed of DPPC/polymer (99:1) were generated. In this 

context, 1 mol % of PIB 13 or 15 are equal to 6 mass %, where FRET between two single chains 

bearing the FRET donor respectively the FRET acceptor could be excluded in mixed vesicles. For 

planned FRET studies fluorescence absorption and emission spectra of the FRET donor 13 and FRET 

acceptor 15 were conducted at 20 °C and at 55 °C [above transition of DPPC (Tm = 41 °C)213] (see 

Appendix Figure A42). As it can be seen the emission spectrum of 13 (red curve, λmax = 336 nm) 

overlapped significantly with the absorption spectrum of 15 (blue curve, λmax = 383 nm), whereas 

contrary to literature209 a selective excitation of the FRET donor 15 at ~ 280 nm is not possible, 

because both FRET dyes absorb concurrently under these conditions. Therefore, “classical” FRET 

studies (selective excitation of the FRET donor, transfer of the energy to the FRET acceptor visible in 

a decrease of the intensity of the emission spectrum of the FRET donor while an increase of the 
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intensity of the emission spectrum of the acceptor will be observed) will not be possible. When 

exciting at this wavelength the FRET donor and the FRET acceptor will be excited at the same time 

but in comparison to single spectra/original spectra a decrease of the intensity of the emission spectra 

of the FRET donor should be observed while the intensity of the emission spectra of the FRET 

acceptor should increase.209 

 

 
Figure 5.3. Fluorescence emission spectra of mixed DPPC/polymer (99:1) bilayer using 13 or 15 
single, 13 and 15 mixed in same membrane and mixture of 13 and 15 in different membranes, as well 
as the calculated curves of the mixtures at a) 20 °C and b) at 55 °C.  
 

Figure 5.3 shows the fluorescence emission spectra of mixed DPPC/polymer (99:1) vesicles using 13 

or 15 single (black curve respectively red curve), 13 and 15 mixed in same vesicle (pale blue curve) 

and mixture of 13 and 15 (magenta curve) in different vesicles, as well as the calculated curves (green 

and blue curve) of the mixtures at a) 20 °C and b) at 55 °C excited at 280 nm. At 20 °C (Figure 5.3a) 

the intensities of the maximum of the emission spectra of 13 and 15 single (black curve respectively 

red curve) are equal, whereas at 55 °C (Figure 5.3b) the intensity of the emission maximum of 13 

increase and of 15 decrease. Based on the single curves of 13 and 15 curves of the mixed vesicles 

could be calculated, which should help for interpretation. There are two different types of mixtures, in 

type I 13 and 15 are incorporated separately in different vesicles and then a 1:1 mixture of the vesicles 

was conducted. Thereby, the initial concentration of the vesicle solutions was 2 mM each and after 

mixing again 2 mM, but the concentration of each dye in the same volume (given by the quartz 

cuvette) is after mixing just half due to the dilution effect. Therefore, the calculated curve for the first 

mixture (green curve) is given by the sum of the intensities of the two single curves divided by 2. The 

second possibility of a 1:1 mixture (type II) is the incorporation of 13 and 15 in the same bilayer 

membrane (DPPC) with the ratio 13/15/DPPC = 1:1:98 (2 mM). Thus the calculation of this mixed 

curve (blue curve) was done by the addition of the single curves. Both calculations were done 

assuming that no FRET takes place under these conditions.  
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As it can be seen in Figure 5.3a at 20 °C the curve of the mixed membrane type I (magenta curve) is 

nearly similar to the calculation of type I (green curve) with an overall decrease of the intensity in 

comparison to calculation. The curve of the mixed membrane type II (pale blue curve) shows similar 

behavior to the calculation type I, but the intensity of the donor part (13) is less than calculated and of 

the acceptor part (15) is higher than calculated, but it is not FRET behavior as the acceptor intensity is 

similar and not higher than the intensity of the single curve of 15. Thus at 20 °C the system is 

relatively stiff and the position of the molecules is nearly fixed.  

At 55 °C (Figure 5.3b) the experimental curve of the mixed membrane type I (magenta curve) is again 

nearly similar to the calculation of type I (green curve) and the intensity over the whole curve 

decreased just slightly. Thus, the mixed vesicles, where the dye labeled polymers are separately 

incorporated into the DPPC bilayer, show similar behavior independently from temperature under (20 

°C) or above (55 °C) the transition temperature of DPPC (Tm = 41 °C)213. Whereas, the curve of the 

mixed membrane type II (pale blue curve) indicates FRET behavior, which is visible by the decrease 

of the intensity of the donor part (13) in comparison to the fluorescence of 13 (black curve). 

Simultaneously the fluorescence intensity of the acceptor part (15) increased comparing to the 

emission of 15 (red curve). As this behavior was not observed at 20 °C it cannot be a problem of the 

sample preparation. We assume that above the transition the system is so fluid that DPPC and PIB are 

demixing and the PIBs bearing the FRET dyes aggregate when mixed in the same membrane. This 

clearly shows that the FRET preliminary experiments are dependent on the type of mixing and the 

measuring temperature. It can be concluded that the 1 mol % of the PIBs 13 and 15 are too high as the 

FRET already takes place by physically mixing of the single strands. Although 1H-NMR spectroscopy 

already shows that the complete dye labelled PIB conjugate 16 couldn`t be obtained, fluorescence 

spectroscopy according to previously conditions was conducted though. Figure A43 (see Appendix) 

shows an overlay of the emission spectra of 13, 15 and “16” at 20 °C and 55 °C excited at 280 nm. If 

“16” will be the complete dye labelled PIB conjugate a similar curve to the mixed membrane type II 

(pale blue curve in Figure 5.3) should be observed but this is not the case. This unfortunately proofs 

again that the synthesis of the complete dye labelled PIB conjugate 16 failed. Thus the final FRET 

studies for investigating the folding of such structure when incorporated into a bilayer couldn`t be 

conducted.  
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6. Concept to elongate the hydrophilic part 

 
Scheme 6.1. Retrosynthetic concept towards amphiphilic block “copolymers” containing a β-turn 
mimetic element (BTD or SAA) by the linkage of the different building blocks. 
 

To investigate the influence of a hydrophilic elongation a hydrophilic part should be placed between 

the hydrophobic PIB and the hydrophilic beta-turn. Therefore, biocompatible tetraethylene glycol 

(TEG) derivatives should be used. For the synthesis of the amphiphilic block “copolymers” containing 

a β-turn mimetic element (BTD or SAA) the different building blocks should be synthesized, 

eventually modified and coupled as it was done previously (Scheme 6.1). These linkages can be 

accomplished again by the use of “click”-reaction and amidation as the reactive groups are alkyne and 

azide moieties as well as amine respectively carboxylic acid functionalities.  

Via living carbocationic polymerization using α-methylstyrene epoxide (MSE) as initiator and 3-

bromopropoxybenzene (BPB) as quencher, following by conversion from the bromine to the azide 

group well defined hydrophobic α-hydroxy-ω-azido telechelic polyisobutylene (PIB, Mn ~ 4000 g/mol, 

PDI = 1.3) can be synthesized.144 For the hydrophilic building blocks tetraethylene glycol (TEG) 

derivatives can be synthesized by the transformation of tetraethylene glycol into the needed structures 

(α,ω-dialkynyl tetraethylene glycol and α-alkynyl- ω-amino tetraethylene glycol). For the last building 

blocks - the β-turn mimetic building blocks - the already synthesized BTD and SAA could be used. 

The purity of the final amphiphilic polymer conjugates should be proven by NMR spectroscopy, 

MALDI-ToF-MS measurements and HPLC. Moreover, investigations of the interaction of the β-turn 

mimetic amphiphilic block “copolymers” with lipid mono- and bilayers are required. The 

lipid/polymer membrane will be constructed from DPPC and the amphiphilic polymer conjugate. The 
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formation of mixed/demixed domains as well the folding of the amphiphilic polymer conjugates of the 

monolayers can be investigated using Langmuir-film techniques coupled with epifluorescence 

microscopy and AFM. For the investigation of the effects onto bilayers a) confocal laser microscopy 

using giant unilamellar vesicles (GUVs) and b) fluorescence spectroscopy using small unilamellar 

vesicles (SUVs) can be applied.  

 

6.1 Results and discussion of the elongation of the hydrophilic part 

6.1.1 Synthesis of α-hydroxymethyl-ω-azido telechelic poly(isobutylene) (18) 

To achieve α,ω-functionalized PIBs a combination of α-methylstyrene epoxide (1) as initiator and 

alkoxybenzene compounds as quenchers can be used.144 Especially the use of 3-bromopropoxybenzene 

(BPB) as quencher yielding a bromide terminated PIB is part of our interest. This can be easily 

converted into the azido-telechelic PIB which we want to use for the azide/alkyne-“click”-reactions.  

 

 
Scheme 6.2. Synthetic route towards α-hydroxymethyl-ω-azido telechelic PIB (18). 

 

Scheme 6.2 shows the synthetic route towards α-hydroxymethyl-ω-azido telechelic PIB (18). The 

polymerization and transformation of α-hydroxymethyl-ω-bromo telechelic poly(isobutylene) (17, Mn 

~ 4000 g/mol) was carried out according to Olubummo et al.
144 by using α-methylstyrene epoxide (1) 

as initiator and subsequently quenching with 3-bromopropoxybenzene (BPB).  

The molecular weight was determined by size exclusion chromatography (SEC) and NMR 

spectroscopy, the results are listed in Table 6.1 showing that the calculated and experimental 

determined molecular weights match very well and the PDIs are narrow. The complete end group 

functionalization was proven via NMR spectroscopy (Figure 6.1a) by comparing the integral values 

referring to the protons H-2/2` of the initiator unit and H-9 of the quencher unit which are in the ratio 

1:1:2. Due to the steric hindrance of the phenyl group of the initiator part the rotation of the hydroxyl 

methyl is hindered, therefore the two protons (H-2 and H-2`) of the methylene group in vicinity to the 
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hydroxyl group have different chemical environments which is visible in the 1H-NMR spectra by 

splitting of the signals. 

 

Table 6.1. Results for the polymerization of α-hydroxymethyl-ω bromo telechelic PIB (17). 

PIB mth [g] Mn(th) [g/mol] Mn(SEC)
a 
[g/mol]

 
PDI Mn(NMR) [g/mol] yield 

17a 3 3000 3400 1.28 3600 2.9 g 
  97 % 

17b 3 3000 3300 1.50 3500 2.8 g 
93 % 

17c
b 3 4000 4200 1.44 4500 2.9 g 

97 % 
a) Polyisobutylene standards were used for conventional external calibration. 

b) Synthesized by Wilton Osim, Martin-Luther-University Halle-Wittenberg. 

 

Afterwards, the α-hydroxymethyl-ω-bromo telechelic PIB (17b) was transformed to the α-

hydroxymethyl-ω-azido telechelic PIB (18) by nucleophilic substitution reaction with sodium azide 

(NaN3) using n-heptane and DMF as solvents in a mixture of 50/50 = v/v, whereby the nonpolar        

n-heptane dissolves the PIB and the polar DMF the NaN3. For optimal mixing of the reagents and 

therefore optimal reaction conditions the mixture was heated to 90 °C at which the biphasic solvent 

mixture gets monophasic. The final α-hydroxymethyl-ω-azido telechelic PIB (18) was analyzed via 

SEC giving Mn of 3600 g/mol and a PDI of 1.26.  

 

 
Figure 6.1. Overlay of the 

1H-NMR spectra (CDCl3, 400 MHz) of a) α-hydroxymethyl-ω bromo 
telechelic PIB (17b) and b) α-hydroxymethyl-ω-azido telechelic PIB (18). 
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Figure 6.1b shows the 1H-NMR spectra of) α-hydroxymethyl-ω-azido telechelic PIB (18). Comparing 

the integral values referring to the protons H-2/2` of the initiator unit and H-9 of the quencher unit 

which are in the ratio 1:1:2 indicates a complete end group functionalization. The shift of the 

methylene group in vicinity to the azide from 3.60 ppm to 3.51 ppm as well as the shift of H-8 from 

2.31 ppm to 2.04 ppm proofs the complete conversion into the azido-telechelic PIB 18.  

 

6.1.2 Synthesis of the tetraethylene glycol derivatives (19 and 21) 

For the synthesis of the tetraethylene glycol derivatives (19 and 21, Scheme 6.3) tetraethylene glycol 

was used as starting material and could be easily transformed into the α,ω-dialkynyl tetraethylene 

glycol (19) by a combined synthesis of Dimonie et al.214 and Mahouche et al215. The direct synthesis of 

the α-alkynyl-ω-amino-tetraethylene glycol would be possible starting from tetraethylene glycol in a 

four step synthesis but just with an overall yield of 12 %. 216 

 

 
Scheme 6.3. Synthetic route towards α,ω-dialkynyl tetraethylene glycol (19) and tetraethylene glycol 
derivative 21. 
 

In this work we decided to use the azide/alkyne-“click”-reaction217 for the synthesis of the α-alkynyl-

ω-amino-tetraethylene glycol (21) using α,ω-dialkynyl tetraethylene glycol (19) and tert-butyl 3-

azidopropylcarbamate (20, Boc-protected 3-azido-propylamine (20a)) as reactants followed by the 

quantitative deprotection of the amine group. Both reactants of the azide/alkyne-“click”-reaction could 

be easily synthesized in a nearly quantitative yield. By using 0.2 equivalents of copper powder and 

CuSO
4
·5H

2
O the yield was with 96 % nearly quantitative, but just 40 % of the α-alkynyl groups 

remained after “click”-reaction. Therefore, we decided to decrease the amount of the copper species to 

0.1 equivalents resulting in a slightly decrease of the yield (88 %) but increasing the proportion of α-

alkynyl groups after the “click”-reaction. The azide/alkyne-“click”-reaction without Boc-protection of 

the amine group of 3-azido-propylamine (20a) was carried out analogously but without formation of 

the click product 21 (see Experimental Part). Figure 6.2 shows the overlayed 1H-NMR spectra of a) 

α,ω-dialkynyl tetraethylene glycol (19) and b) α-alkynyl-ω-amino-tetraethylene glycol (21). a) 
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Comparing the integral values from the tetraethylene glycol backbone of signal H-4 with the 

methylene protons H-3 in vicinity to the alkyne moiety proofs the complete end group 

functionalization. The signal H-1 of the alkyne group cannot be used for proofing complete end group 

functionalization as this group causes an anisotropic effect, therefore the integral values can differ up 

to 30 %. b) A clear proof of the successful linking of α,ω-dialkynyl tetraethylene glycol (19) and tert-

butyl 3-azidopropylcarbamate (20) is given by the appearance of the resonance of the newly formed 

triazole moiety at 8.10 ppm. 

 
Figure 6.2. Overlay of the 

1H-NMR spectra (DMSOd6, 400 MHz) of a) α,ω-dialkynyl tetraethylene 
glycol (19) and b) α-alkynyl-ω-amino-tetraethylene glycol (21). 
 

Moreover, the shift of the methylene group in vicinity to the former alkyne (H-5) to 4.52 ppm together 

with the assignment of all signals evidenced the formation of 21. But comparing the integral values of 

the methylene group in vicinity to the former azide (H-8) with the methylene group in vicinity to the 

alkyne group at the α-terminus (H-3) which are in a ratio of 2:0.7 shows that just 70 % of the “click”-

product 21 are functionalized with the alkyne moiety and the remaining 30 % only bear hydroxyl 

groups at the α-terminus. This could be confirmed via ESI-ToF MS, the main signal at 393.2018 g/mol 

agrees with calculated value of 393.2108 g/mol as sodium adduct [21+Na]+ and the minor signal at 

355.1858 g/mol corresponded with the simulated value of 355.1957 g/mol for the hydroxyl 

functionalized “click”-product as sodium adduct.  

 

6.2 Linkage of the different building blocks 

As the synthesis of the different building blocks (6, 7, 18, 19 and 21) was successful and their purities 

were proven, they could be linked to achieve the β-turn mimetic amphiphilic polymers. Therefore, the 

copper mediated azide/alkyne-”click”-reaction and the amidation reaction should be used.  
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6.2.1 Synthesis of the first strand using BTD as β-turn mimetic 

A lot of possibilities for linking the different building blocks are existent; it can be done either 

sequentially or by the synthesis of two single strands which were coupled together in a last step. 

Scheme 6.4 shows the first attempt for linking the different building blocks, using BTD as β-turn 

mimetic, towards the first strand (experimental details and analysis see Experimental Part). As it can 

be seen two approaches were possible. In approach A) at first the TEG 19 was linked to the BTD 6a 

via “click”-reaction218-220 achieving TEG-BTD 22. This part was then connected via “click”-reaction to 

the azido-telechelic PIB (18) yielding PIB-TEG-BTD 24 in an overall yield of 5 %. Approach B) 

started with the linkage of the azido-telechelic PIB (18) and TEG 19 yielding PIB-TEG 23, followed 

by further “click”-reaction with the BTD 6a resulting in the same end structure PIB-TEG-BTD 24 but 

with an overall yield of 24 %. To increase the yield of the first strand PIB-TEG-BTD the hydroxyl 

groups of 6a were protected by acetylation reaction achieving the BTD 6b, then it was analogously 

linked to PIB-TEG 23 resulting in the acetylated equivalent (34) of 24 with a yield of 90 %. To 

complete the synthesis of the first strand, the PIB-TEG-BTD 24 (or 34) has to be hydrolyzed yielding 

the free carboxylic acid which is necessary for further linking of the second strand bearing the amine 

functionality to achieve the amphiphilic block “copolymer” containing BTD as β-turn mimetic 

element.  

 

 
Scheme 6.4. First attempt for linking the different building blocks, using BTD as β-turn mimetic, 
towards the first strand.  
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Therefore, hydrolysis/deprotection was tried according to previous work (Chapter 4.3.1) with different 

bases (LiOH, NaOMe, hydrazine-hydrate) using different solvents/-mixtures (THF, MeOH, dioxane, 

H2O) and varying reaction conditions from 12 h at room temperature up to 7 d at 50 °C. Unfortunately 

no complete hydrolyzed/deprotected PIB-TEG-BTD bearing the carboxylic acid moiety could be 

obtained, only partial hydrolysis/deprotection could be observed. One big problem was the 

precipitation of the polymer after the partial hydrolysis/deprotection. After redissolving and extension 

of the reaction time and/or further addition of a base, decomposition of the PIB-TEG-BTD was 

observed. Thus BTD was hydrolyzed at the beginning yielding the β-turn with the azide moiety on the 

one side and a carboxylic acid on the other side (6) and the “click”-reactions were analogously 

conducted to the previous ones, but no “click” product was obtained.  

As this first attempt was not successful a new strategy was necessary. Therefore, the PIB-TEG 23 

could serve as first strand and the BTD 6 should be linked to the second strand. 

 

6.2.2 Synthesis of the second strand using BTD as β-turn mimetic and linkage to the 

first strand 

 
Scheme 6.5. Synthesis of the second strand using BTD as β-turn mimetic and linkage to the first 
strand 23.  
 

The synthesis of the second strand using BTD as β-turn mimetic and linkage to the first strand 23 is 

presented in Scheme 6.5 (experimental details and analysis see Experimental Part). As the two reactive 

moieties of the β-turn mimetic BTD (azide group and carboxylic acid group) are in close proximity 

(X-ray structure distance between active moieties 7 Å)115 the linkage of both polymer strands onto the 
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BTD is quiet challenging. Starting with the synthesis of the second strand, at first azido-telechelic PIB 

(18) was “clicked” to TEG 20 followed by the deprotection of the amine group to achieve amino 

functionalized PIB-TEG 25 in a yield of 84 %. Without protection of the amine group and using α-

alkynyl-ω-amino-tetraethylene glycol (20a) for the “click”-reaction, no “click” product 25 was 

obtained. Then BTD 6 was coupled via amidation using PyBOP/NMM as coupling agent resulting in 

PIB-TEG-BTD 26. For further “click”-reaction with the first strand PIB-TEG 23 it was necessary to 

protect the hydroxyl groups of the BTD via Steglich acetylation which were directly deprotected after 

“click”-reaction to achieve the complete β-turn mimetic amphiphilic block “copolymer” 27 in a yield 

of 30 % but with impurity of small molecular weight PIB (for details see MALDI-ToF MS discussion 

below). This “click”-reaction was also carried out analogously to the previous one without protection 

of the hydroxyl groups but no “click” product was obtained. Furthermore, a stepwise building up of 

the complete amphiphilic β-turn mimetic block “copolymer” 27 was carried out. Starting from PIB-

TEG-BTD 26 and the “click”-reaction with α,ω-dialkynyl TEG (19) and further “click”-reaction with 

α-hydroxymethyl-ω-azido telechelic PIB (18) followed by deprotection of the hydroxyl groups the 

complete amphiphilic β-turn mimetic block “copolymer” 27 could be as well achieved but with an 

overall yield of just 4 % for the linking steps. Moreover, the obtained product could not be purified, 

thus unreacted starting material was left. 

 

 
Figure 6.3. MALDI-ToF-MS of 27 of a) the region 1000-6000 Da and b) expanded spectrum with a 
listed view of the simulated peaks. 
 

Matrix-Assisted Laser Desorption/Ionization Time-of-Flight Mass Spectrometry (MALDI-ToF MS) 

was carried out to prove the structure of the complete amphiphilic β-turn mimetic block “copolymer” 
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27 after purification with preparative HPLC. Figure 6.3a shows the region 1000-6000 Da as it can be 

seen two different series the small molecular weight series 1000-3500 Da and higher molecular weight 

series 3500-6000 Da are present. Figure 6.3b shows the expanded spectrum of the region with higher 

molecular weight with a listed view of the simulated peaks. As it can be seen the signal at 4547.703 

g/mol agreed with the calculated value of 4547.057 g/mol as Na-adduct and the signal at 4562.874 

g/mol corresponded with the simulated value of 4563.030 g/mol for K-adduct. Therefore, the structure 

of the complete amphiphilic β-turn mimetic block “copolymer” 27 could be proven. Nevertheless, the 

first series Mn = 2399.610 g/mol can be assigned to the PIB-TEG-OH (equivalent of 23, but hydroxyl 

groups instead of alkyne groups) which matches with the simulated value of 2400.372 Da as lithium 

adduct. The loss of the alkyne groups of the TEG part during the azide/alkyne-“click”-reaction was 

already observed in chapter 6.2 for the synthesis of α-alkynyl-ω-amino-tetraethylene glycol (21). All 

in all 27 could be synthesized successfully, but not purified. As the Rf value of the product 27 and the 

side product PIB-TEG-OH are the same (eluent CHCl3� CHCl3/MeOH = 70:1, Rf = 0.2) purification 

by column chromatography was not successful. Moreover, the further purification via preparative SEC 

and HPLC using THF as eluent lead only to less content of the PIB side product, but no complete 

purification of the product 27.  

 

6.2.3 Synthesis of the two strands using SAA as β-turn mimetic  
 

 
Scheme 6.6. Two different approaches of the synthesis of two strands using SAA as β-turn mimetic. 
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Due to the similarity of the β-turn mimetics BTD and SAA the linkage of the building blocks PIB-

TEG onto the SAA were conducted analogously to the previous work (chapter 6.3.1. and 6.3.2).  

Scheme 6.6 shows the two different approaches of the synthesis of the two strands using SAA as β-

turn mimetic. A) The first approach shows analogue to chapter 6.3.1 B the linkage of the SAA 7a onto 

the PIB-TEG 23 building block via azide/alkyne-“click”-reaction to achieve the click product PIB-

TEG-SAA 28 in a yield of 95 % (NMR and MALDI-ToF MS see Appendix Figure A63 and A64). 

The further step, the deprotection/hydrolysis, was again not successful. As described before (chapter 

6.3.1) the deprotection/hydrolysis was tried under different conditions; varying the amount of LiOH 

(4-120 eq), the temperature (room temperature-50 °C) and the reaction time (14 h – 2 weeks). 

However, no complete hydrolyzed/deprotected PIB-TEG-SAA bearing the carboxylic acid moiety 

could be obtained, only partial hydrolysis/deprotection could be observed. One big problem again was 

the precipitation of the polymer after the partial hydrolysis/deprotection. After redissolving and 

extension of the reaction time and/or further addition of base, decomposition of the PIB-TEG-SAA 

was observed. Likewise the azide/alkyne-“click”-reaction was carried out with SAA 7 with already 

deprotected hydroxyl groups and bearing the carboxylic acid moiety, but equally to the “click”-

reaction with BTD 6 no “click” product could be obtained.  

B) Therefore, in accordance with chapter 6.3.2 the β-turn mimetic SAA should be linked via amidation 

to the second strand (PIB-TEG 25) bearing the amine functionality at the ω-terminus. However, no 

peptide coupling could be obtained. At first according to the previous work PyBOP/NMM114 was used 

as coupling agent, as this was not successful EDC·HCl/HOBt108, 221 was applied. The latter is already 

known in literature where a PIB-amine was coupled with picolinic acid N-oxide to form the amidation 

product the PIB-supported pyridyl N-oxide.221 Also EDC·HCl/HOBt was used for peptide coupling of 

SAA and peptides.108 

 

As amphiphilic block “copolymers” containing a β-turn mimetic element (BTD or SAA) could not be 

purified or even the synthesis of the complete structure failed, further experiments investigating the 

influence of the elongation of the hydrophilic part could not be conducted. 

 

 

 

 

 



7. Experimental Part 

74 

 

7. Experimental Part 

7.1 Materials and Methods 

 

D-Glucurono-3,6-lactone and Trifluormethanesulfonic anhydride were obtained from TCI Europe. 

(Benzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate (PyBOP) was purchased from 

Merck. N-methlymorpholine (NMM) was obtained from VWR. 1,2-Dipalmitoyl-sn-glycero-3-

phosphocholine (L-DPPC) was purchased from Avanti Polar Lipids (Alabaster, AL, USA) and 1,2-

dihexadecanoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (Rh–DHPE) 

was purchased from Invitrogen (Karlsruhe, Germany) and used without further purifications. All other 

chemicals were obtained from Sigma-Aldrich and used without further purification if not mentioned 

otherwise. Dichloromethane (DCM), DMF (N,N-dimethylformamide) and pyridine were predried over 

CaCl2 and freshly distilled over CaH2 under nitrogen atmosphere. N-hexane was refluxed over 

concentrated H2SO4 and oleum for 48 h to remove olefins. The organic layer was washed with a 

NaHCO3 solution and distilled water, dried over Na2SO4 and stored over KOH. Subsequently it was 

freshly distilled over KOH and sodium under dry nitrogen atmosphere before use. Tetrahydrofuran 

(THF) was predried over KOH, toluene over CaCl2 and freshly distilled over sodium and 

benzophenone under dry atmosphere of nitrogen before used. Methanol was freshly distilled over 

CaH2 before use. Isobutylene (Fluka) was dried by passing the gas through a column packed with 

potassium hydroxide and condensed at -80 °C in a two-neck round bottom flask equipped with a 

septum.  

The initiator for LCCP (α-methylstyrene epoxide (MSE, 1)) was synthesized by the epoxidation of 

methyl styrene with 3-chloroperoxybenzoic acid following to literature.222, 223 The synthesis of the 

quencher 6-phenoxyhexylamine (2) was adopted from Morgan et al.143 and was synthesized by B.Sc. 

Enerelt Sanchin. 224 The synthesis of the quenching agent trimethyl(3-phenoxy-1-propynyl)silane 

(TMS, 4) was done according to Morgan et al.143 The synthesis of the 7,5-bicyclic thiazolidine lactam 

methyl ester (6) was carried out according to literature.113, 114 Methyl 6-azidohexanoate (10) was 

synthesized according to Srinivasan225. The α-hydroxymethyl-ω-bromo telechelic poly(isobutylenes) 

(PIBs, 17a-e) with Mn = 3000, 4000, 8000 and 15,000 g/mol were synthesized and transformed to α-

hydroxymethyl-ω-azido telechelic poly(isobutylenes) (18) according to Olubummo et al.144 The 

synthesis of 3-azido-propylamine (20a) was carried out according to Liu et al.226 and the protection of 

the amine group to achieve tert-butyl 3-azidopropylcarbamate (20) was done according to Xiao227. 

Tris-(benzyltriazolylmethyl)amine (TBTA, 29) was synthesized according to Lee et al.228 The starting 

material benzyl azide was synthesized by M.Sc. Philipp Michael (MLU) according to Mourer et al. 229 

and tripropargyl amine was synthesized during my diploma thesis230. The 

iodo(triethylphosphite)copper(I) was synthesized during my diploma thesis, too.230 
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Column chromatography was performed on Kieselgel 60 silica gel. Preparative thin layer 

chromatography (TLC) was carried out on TLC aluminium sheets (silica gel 60 F254) from Merck 

KGaA. Ce(SO4)2·4 H2O (1g), dissolved in concentrated H2SO4 (2.75 ml) and distilled water (47 ml), 

and “blue stain”, consisting of Ce(SO4)2·4 H2O (1 g), (NH4)6Mo7O24·4 H2O, concentrated H2SO4 (6 

ml) and distilled water (90 ml) were used as oxidation agents. Dialysis was performed using 

ZelluTrans (ROTH) regenerated cellulose dialysis tubings with a molecular weight cut-off (MWCO) 

of 1000 Da (nominal), 45 mm width and 27 µl thickness. The polymer was dialyzed (minimum) for 2, 

4 and 12 h in CHCl3. 

 

Spectroscopic Methods  

Nuclear Magnetic Resonance (NMR) Spectroscopy. 
1H-NMR and 13C-NMR spectra were recorded at 

27 °C on a VARIAN GEMINI 400/600 (400/600 MHz) spectrometer in CDCl3 (Armar AG, 99.8 

Atom %D). The chemical shifts were recorded in ppm and referred to the solvent residue peak (CDCl3 

7.26 ppm (1H) and 77.0 ppm (13C)). MestReC (v4.9.9.6)/MestreNova (6.0.2) was used for data 

interpretation. The measurements were conducted by the team of Dr. D. Ströhl and S. Gröger (working 

group Prof. Dr. J. Balbach. 

 

Chromatographic Methods 

Size Exclusion Chromatography (SEC). SEC spectra were recorded on a Viscotek GPCmax VE 2002 

Solvent/Sample Module or on a Viscotek GPCmax VE2002 system combined with a Viscotek 

TDA30L (triple detector array) using a HHRH Guard-17369 and GMHHR-N-18055 column in THF. 

The measurement was performed at constant column and detector (refractive index) temperature at 35 

°C with a flow rate of 1 mL/min. Polyisobutylene standards were obtained from PSS (Polymer 

Standards Service) and used for conventional external calibration. Standards with a molecular weight 

of 320, 1500, 7450, 21500, 40400, 72100, 117000, 247000 367000 and 578000 g/mol were used. The 

investigated samples were dissolved in THF (>99.9%); analyses of the results of the SEC experiments 

were achieved using OmniSec (4.5.6) software. The measurements were conducted by S. Tanner.  

High Performance Liquid Chromatography (HPLC). HPLC spectra were performed on a LaChrom 

Elite by Hitachi VWR equipped with a pump (L2100), an auto sampler (L-2200), a degasser, a diode 

array detector (DAD L-2455) and a column oven (L-2300) with temperature control (temperature set 

limit = 0−70 °C). The measurements were carried out on a reversed phase column (RP C-18) Waters 

Atlantis©-T3, 5 µm, 100 Ǻ, dimension 4.6 × 250 mm. Methyl-tert-butyl ether (MTBE) HPLC grade 

purchased from ROTH and Methanol (MeOH) HPLC grade purchased from Merck were applied as 

the mobile phase system. The critical condition of α-hydroxymethyl-ω-bromo telechelic PIB 

(Mn = 4000, 8000 and 15,000 g/mol) was found at MTBE/MeOH = 85.2:14.8 (v/v) at a temperature of 
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30 °C.195 Temperatures were maintained constant (±0.2 K) throughout all experiments, and the 

injected sample volume was 10 µL. The DAD signals were recorded on EZchrom elite software 

version 3.3.2 SP2 with an operating wavelength from 190 to 900 nm at a sampling width of 800 ms to 

obtain sufficient data points across peaks. 

Preparative High Performance Liquid Chromatography (HPLC). Preparative HPLC for final 

purification were conducted on a modified Medium Pressure Liquid Chromatography together with 

HPLC column system. Therefore, the HPLC column system (precolumn XBridgeTM Prep C18, 5 µm, 

19x10 mm, Guard Holder Assy 19x10 mm and column XBridgeTM Prep C18, 10 µm, 19x100 mm) 

was combined with the BÜCHI pump manager C-615, the BÜCHI pump module C-605, the BÜCHI 

fraction collector C-660, the Agilent Technologies 1260 Infinity RI detector and the Agilent Instant 

Pilot. Tetrahydrofuran (THF) HPLC grade purchased from VWR and Methanol (MeOH) HPLC grade 

purchased from Merck were applied as the mobile phase system. The purification of the final 

poly(isobutylene)-product (9) was performed at constant temperature (35 °C) with a flow rate of 2.5 

mL/min and analyses of the results of the experiments were achieved using BÜCHI Sepacore Record 

1.0 software. 

Spectrometric Methods 

Matrix-Assisted Laser Desorption/Ionization Time-of-Flight Mass Spectrometry (MALDI-ToF MS). 

MALDI-ToF MS measurements were performed on a Bruker Autoflex III system (Bruker Daltonics) 

operating in reflection and linear modes. Data evaluation was carried out on flexAnalysis software 

(3.4). Ions were formed by laser desorption (smart beam laser at 355, 532, 808, and 1064 ± 5 nm; 3 ns 

pulse width; up to 2500 Hz repetition rate), accelerated by a voltage of 19-20 kV and detected as 

positive ions. The matrix solution was prepared by dissolving trans-2-[3-(4-tert-butylphenyl)-2-

methyl-2-propenylidene]malononitrile (DCTB, purchased from Sigma Aldrich) in THF with a 

concentration of 20 mg/mL. Polymer samples were dissolved in THF with a concentration of 20 

mg/mL. The salt Lithiumtrifluoroacetate, (LiTFA, purchased from Sigma Aldrich) was dissolved with 

a concentration of 20 mg/mL in THF. The solutions of the matrix, the polymer, and the salt were 

mixed in a volume ratio of 25:5:1, and 1 µL of each mixture was spotted on the MALDI target. The 

instrument was externally calibrated with a poly(ethylene glycol) monomethyl ether (PEG) standard 

(Mn = 4200 g/mol, Mw/Mn = 1.05) applying a quadratic calibration method. 

Electrospray Ionization Time-of-Flight Mass Spectrometry (ESI-ToF MS). ESI-ToF MS measurements 

were conducted on a Bruker Daltonics micrOTOF II. The samples were dissolved in Methanol with a 

concentration of 1 mg/mL (if necessary NaCl (10 v%, 20 mg/mL in H2O) were added) and measured 

via direct injection, with a flow rate of 180 µL/h. Measurements were done in positive mode with a 

capillary voltage of 4.5 kV. Spectra were analyzed with Bruker DataAnalysis 4.0 software; isotopic 

patterns are simulated with Bruker Compass IsotopePattern. The measurements were conducted by S. 

Tanner. 
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Coupling Technique 

Liquid Chromatography coupled to MALDI-TOF MS (LC/MALDI-TOF MS). The HPLC outlet (first 

dimension) is connected to a liquid chromatography transfer module (LCT, Leap Technologies, 

Carrboro, NC), where sample fractions were mixed with DCTB (20 mg/mL) and lithium 

trifluoroacetate (5 mg/mL) and conveyed to the TM-sprayer. DCTB and LiTFA were premixed in a 

50:1 v/v ratio (matrix:salt) and transferred using an isocratic pump with a flow rate of 2 mL/min. To 

achieve a uniform and consistent coating, the nozzle height was set to 8 cm, nitrogen was used as a 

carrier gas with a pressure of 5 bar, and the fractions were deposited on home-built LCT-MALDI-

target with a spray speed of 9 mm/min at 125 °C in a spray linear mode. This target was then 

transferred to a MALDI-TOF and the fractions were measured as usual. The spraying process was 

monitored using LEAP Technologies control software enabling a direct correlation of the retention 

time with the measured mass spectra.195  

Monolayer experiments 

Surface pressure (π) measurements of the pure compounds and of different binary mixed systems of 

the PIBs and DPPC at the air/water interface via Langmuir film technique were performed using a 

Langmuir trough system (KSV, Helsinki, Finland) with a maximum available surface of 76.800 mm2. 

The used ultrapure water (as subphase and for cleaning of the trough) was purified by a Purelab 

Option system (ELGA Ltd., Celle, Germany; total organic carbon < 5 ppm; conductivity < 0.055 

µS·cm-1). All compression measurements were performed at constant temperature (20 °C). The 

investigated mixture of PIB and DPPC was dissolved in chloroform (HPLC grade, Sigma Aldrich) at a 

concentration of 1 mM. Defined amounts of the prepared solutions (different molar ratios of DPPC to 

PIB) were spread on the subphase using a digital microsyringe (Hamilton). Each surface pressure 

measurement using a compression rate of 5 mm·min-1 was started 15 minutes after spreading to ensure 

the full evaporation of the solvent and a uniform monolayer formation.  

Epifluorescence microscopy. Imaging of monolayers at the air/water interface was performed using an 

‘‘Axio Scope A1 Vario’’ epifluorescence microscope (Carl Zeiss MicroImaging, Jena, Germany) with 

a Langmuir Teflon trough (maximum area 264 cm2, two movable barriers; Riegler & Kirstein GmbH, 

Berlin, Germany). The trough was mounted on an x-y stage (Märzhäuser, Wetzlar, Germany) with x-

y-z motion control (Mac5000 system, Ludl Electronic Products, Hawthorne, NY, USA). The air/water 

surface was imaged by a 100 W mercury arc lamp, a long-distance objective (LD EC Epiplan-

NEOFLUAR 50x) was used and the respective wavelengths were selected with a filter/beam splitter 

combination. An excitation wavelength of 557 nm and an emission wavelength of 571 nm were used 

with the appropriate Zeiss filter set (filter set 20, green light). The fluorescene images were taken 

during compression with a speed of 4 cm2/min and recorded using an EM-CCD camera (ImageEM 

C9100-13, Hamamatsu, Herrsching, Germany). The analysis and data acquisition were done using 
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AxioVision software (Carl Zeiss MicroImaging, Jena, Germany). All presented images show areas of 

individually contrast-adjusted raw data.  

Monolayer films of pure or mixed compounds in different molar ratios were prepared with a total 

spreading concentration of 1 mM in chloroform (HPLC-grade, Carl Roth, Karlsruhe, Germany) and 

fluorescently labeled rhodamine-DHPE (0.01 mol%) was added to the stock solution. A defined 

volume of the solution was then spread on the water surface and after 15 minutes the compression was 

started. 

Langmuir–Blodgett (LB) films. The deposition of polymer films formed at air/water interface was 

carried out on silicon wafer. For this purpose, the surface of silicon wafer was cleaned directly before 

using. They were placed in a Helmanex solution (1 % in H2O) at 50 °C for 10 min using ultrasound, 

rinsed with Helmanex solution and then rinsed with double deionized water. This washing procedure 

was repeated, for using CHCl3 and H2O. In the last step they were cleaned using a plasma-cleaner. 

After treatment, the silicon wafers were immersed into the water subphase of the Langmuir trough. 

The polymer solution was then spread onto the water surface and after 15 min of waiting; the surface 

was compressed using a compression rate of 84 mm/min until the desired transfer surface pressure was 

achieved. After waiting for 5 min at this surface pressure, the film was then transferred onto the silicon 

substrate by vertical uptake through the films using a constant rate of 2 cm/min. Finally, the LB films 

were dried in desiccator at room temperature for 24 h. 

Atomic force microscopy (AFM). The surface morphology of LB films was investigated using AFM 

Multimode V with Nanoscope VII Controller (Bruker, Santa Barbara,USA) coupled with reflected-

light microscopy (Olympus MM10,Olympus Europa Holding GmbH, Hamburg, Germany). The AFM 

was operated in tapping mode using TESPA cantilever (Nano andMore, Wetzlar, Germany) with 

nominal spring constant of 42 N/m, resonance frequencies of about 320 kHz and tip radii smaller 

than10 nm. Pictures were taken at an acquisition speed of 1 Hz with lateral resolution of 512 × 512 

pixels. The measurements were conducted by B.-D. Lechner. 

 

Bilayer experiments 

Electroformation-preparation of GUVs. The giant unilamellar vesicles (GUVs) were prepared by 

applying an alternating low-voltage electric field during the hydration process of a thin lipid/polymer 

film. The DPPC/PIB (8 and 9) mixtures were prepared in HPLC-grade chloroform, dried under a 

continuous N2-stream and dissolved in a defined solvent volume at 10 mg/mL. Optically transparent 

indium-tin-oxide (ITO) coated coverslips (GeSiM, Großerkmannsdorf, Germany), which were used as 

electrodes, were coated with a thin amphiphile film. After the preparation of a thin film on two 

coverslips, these were placed in a capacitor-type configuration at a distance of 2 mm using a home 

built flow-chamber. The chamber was filled with deionized water (~300 ml). Finally, the ITO-slips 

were connected to a pulse generator (Conrad, Germany) and an alternating sinusoidal voltage (Ueff = 
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1.3 V, ν = 10 Hz) was applied for 4 hours. During the whole electroformation process, the coverslips 

were heated to 70 °C, i.e. safely above the main transition temperature of DPPC (Tm = 41.6 °C). 

Confocal microscopy. Confocal microscopy images were obtained on a commercial confocal-laser 

scanning microscope- LSM 710 (Carl-Zeiss, Germany) using a C-Apochromat 40x/1.2 N.A. water 

immersion objective. Rh-DHPE was used as fluorescence dye, which was excited with an Argon-Ion-

laser at 488 or 514 nm. Imaging of all GUV samples was performed after cooling to room temperature 

unless otherwise stated. The measurements were conducted from Dr. M. Schulz. 

Formation of LUVs. The DPPC/PIB (13 and 15) mixtures in a ratio of 1:99 (mol/mol) were prepared 

in HPLC-grade chloroform and dried under a continuous N2-stream. To this thin film H2O (2mM) was 

added and the suspension was heated up to 50 °C, multilamellar vesicles were formed by “vortexing” 

and then ultrasonification for 10 min and these were then extruded via syringes using a membrane 

with 100 nm pores to achieve unilamellar LUVs. 

Fluorescence spectroscopy. Fluorescence spectra were taken using a Jobin-Yvon Fluoromax II 

(Horiba Jobin Yvon Inc., Grasbrunn, Germany) fluorescence spectrometer with a cell holder 

connected to a NESlab RTE 740 thermostat (Thermo Scientific Inc., Schwerte, Germany). For the 

absorption or fluorescence experiments, quartz cuvettes (Hellma Analytics GbmH, Mu �llheim, 

Germany) with a 10 mm path length were used.  

 

7.2 Synthesis 

7.2.1 Synthesis of α-hydroxymethyl-ω-amino telechelic poly(isobutylene) 3 
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A representative procedure for α-hydroxymethyl-ω-amino telechelic PIB 3 with Mn = 5000 g/mol was 

achieved by a combined synthesis of Olubummo et al.144 and Morgan et al.143 The polymerization was 

carried out under dry argon atmosphere. A three-neck flask equipped with a magnetic stir bar, a stop 

cock and a septum was loaded with dry n-hexane and dry DCM (60/40 = v/v). During cooling the 

system to – 60 °C ditertiary-butyl pyridine (DtBP, 5 mmol/L), TiCl4 (120 mmol/L) and MSE (1, 

60 mmol/L) were added and after 5-10 min the polymerization was started by injecting condensed 

isobutylene (1 mol/L). After stirring for 20 minutes the polymerization mixture was cooled to -65 °C 
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(MeOH + CO2 (s) cooling bath), quenched by addition of 5 equivalents of 6-phenoxyhexylamine (2) 

and 1.5 equivalents of TiCl4 (according to 6-phenoxyhexylamine) and allowed to stir for 18 hours at 

this temperature. Finally, the catalyst was destroyed by addition of excess methanol. The 

poly(isobutylene) was isolated by precipitation from n-hexane into methanol, washed with aqueous 

NaOH (10 wt.-%), precipitated again and dried under vacuum. The final PIB 3 was obtained in a yield 

of 93 %. SEC: Mn = 5000 g/mol, Mw/Mn = 1.3. 1H-NMR (400 MHz, CDCl3): δ = 7.34 (m, 5H, H-1), 

7.21 (m, 2H, H-5), 6.80 (d, 2H, 3JH,H = 8.7 Hz, H-6), 3.93 (t, 2H, 3JH,H = 6.5 Hz, H-8), 3.66 (d, 1H, 2JH,H 

= 10.6 Hz, H-2), 3.43 (d, 1H, 2
JH,H = 10.6 Hz, H-2`), 2.70 (t, 2H, 3

JH,H = 6.4 Hz, H-13), 2-0.8 (m, 

polymer backbone). 13C-NMR (400 MHz, CDCl3): δ = 156.5 (C-7), 128.3-127.0 (C-1), 125.9 (C-1,5), 

113.6 (C-6), 74.5 (C-2), 67.4 (C-8), 59.7-59.0 (C-3), 52.8 (C-13), 38.3-37.6 (C-4), 31.6-31.0 (C-4), 

30.6 (C-9), 29.1 (C-12), 26.2 (C-11), 25.1 (C-10). 

7.2.2 Synthesis of α-hydroxymethyl-ω-alkyne telechelic PIB (5) 
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A representative procedure for α-hydroxymethyl-ω-alkyne telechelic PIB (5) with Mn = 4700 g/mol 

was achieved by a combined synthesis of Olubummo et al.144 and Morgan et al.143 The polymerization 

was carried out under dry argon atmosphere. A three-neck flask equipped with a magnetic stir bar, a 

stop cock and a septum was loaded with dry n-hexane and dry DCM (60/40 = v/v). During cooling the 

system to – 60 °C ditertiary-butyl pyridine (DtBP, 5 mmol/L), TiCl4 (120 mmol/L) and MSE (1, 

45 mmol/L) were added and after 5-10 min the polymerization was started by injecting condensed 

isobutylene (1 mol/L). After stirring for 20 minutes the polymerization mixture was cooled to -65 °C 

(MeOH + CO2 (s) cooling bath), quenched by addition of 4 equivalents of 4 and 1.67 equivalents of 

TiCl4 (according to TMS) and allowed to stir for 8 hours at this temperature. Finally, the catalyst was 

destroyed by addition of excess methanol. The poly(isobutylene) was isolated by repeated 

precipitation from n-hexane into methanol and dried under vacuum. The final PIB 5 was obtained by 

treatment with tetrabutylammonium fluoride (TBAF). Therefore, trimethylsiliyl protected α-

hydroxymethyl-ω-alkyne telechelic PIB (0.1 mmol, 500 mg) was dissolved in dry THF (5 mL) under 

an argon atmosphere and 5 equivalents of a 1.0 M solution of TBAF in THF were added. After stirring 

overnight at room temperature the solvent was removed, but not until dryness, the PIB was dissolved 
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in DCM and washed three times with water. The resulting α-hydroxymethyl-ω-alkyne telechelic PIB 5 

was achieved in a yield of 90 %. SEC: Mn = 4700 g/mol, Mw/Mn = 1.39. 1H-NMR (400 MHz, CDCl3): 

δ = 7.34 (m, 5H, H-1), 7.21 (m, 2H, H-5), 6.89 (d, 2H, 3JH,H = 8.8 Hz, H-6), 4.67 (d, 2H, 2JH,H = 2.4 Hz, 

H-7), 3.66 (dd, 1H, 3JH,OH = 3.4 Hz, 2JH,H = 10.4 Hz, H-2), 3.43 (dd, 1H, 3JH,OH = 9.8 Hz, 2JH,H = 9.8 Hz, 

H-2`), 2.50 (s, 1H, H-8), 2-0.8 (m, polymer backbone). 13C-NMR (400 MHz, CDCl3): δ = 156.5, 

142.4, 128.3, 127.0, 125.9, 114.1, 110.0, 77.2, 75.2, 63.9, 59.7-59.0, 52.8, 44.2, 42.5, 38.3-37.6, 32.2, 

31.6-31.0, 30.7. MALDI-TOF MS m/zexp = 2124.48 [M33+Li]+, 2140.37 [M33+Na]+, 2162.15 [M33-

H+2Na]+, m/zcalc = 2124.21 [M33+Li]+, 2140.21 [M33+Na]+, 2162.17 [M33-H+2Na]+. 

7.2.3 Synthesis of (3R,6S,7R,8S,9R,9aR)-6-azido-octahydro-7,8,9-trihydroxy-5-oxothiazolo[3,2-

a]azepine-3-carboxylic acid (BTD-COOH, 6a) 
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The synthesis of BTD-COOH (6) was modelled after Tremmel.114 Therefore, 6a (1.60 mmol, 509 mg) 

was dissolved in 20 mL dioxane and a solution of LiOH (2.26 mmol, 95 mg) in water (10 mL) was 

added at room temperature under stirring. The reaction was allowed to stir overnight, controlled by 

TLC (THF; Rf = 0) and stopped by the addition of 1M HCl until the solution was neutral. Then the 

solvent was evaporated to get the product 6 quantitatively, which was used without further 

purification. 1H-NMR (400 MHz, DMSOd6): δ = 5.62 (bs, 1H, OH), 5.49 (s, 1H, H-9a), 4.58 (t, 1H, 
3
JH,H = 7.1 Hz, H-3), 4.49 (s, 1H, H-6), 3.84 (m, 1H, H-7), 3.80 (m, 1H, H-8), 3.47 (d, 1H, 3

JH,H = 3.1 

Hz, H-9), 3.19 (m, 2 H, H-2). 13C-NMR (400 MHz, DMSOd6): δ = 173.0 (COOH), 165.9 (C-5), 76.1 

(C-9), 75.9 (C-7), 72.1 C-8), 66.3 (C-3), 61.3 (C-6), 61.1 (C-9a), 32.9 (C-2). ESI-TOF MS (MeOH) 

m/zexp. = 311.0865 [M+Li]+, 317.0944 [M-H+2Li]+, m/zcalc. = 311.0638 [M+Li]+, 317.0720 [M-

H+2Li]+. 

7.2.4 Protection of hydroxyl-groups of 11 with Ac2O to achieve 6b 
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The acetylation reaction of 6a was accomplished to literature.231 In a 10 mL round bottom flask 6a 

(0.157 mmol, 50 mg) was dissolved in 2 mL of freshly distilled DMF. Then, DMAP (0.047 mmol, 6 
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mg) and acetic anhydride (0.942 mmol, 89 µL) were added. The suspension was stirred for 1 h at room 

temperature, monitored via TLC (EA/Tol = 5:1, Rf = 0.78) and quenched by addition of MeOH. After 

removing of the solvent, the crude product was purified via column chromatography (EA/Tol = 3:1) to 

yield 97 % (0.152 mmol, 67 mg) of 6b as white solid. 1H-NMR (400 MHz, CDCl3): δ = 5.34 (m, 2H, 

H-6,9), 5.18 (d, 1H, 3
JH,H = 4.6 Hz, H-8), 5.09 (t, 1H, 3JH,H = 6.6 Hz, H-3), 5.01 (d, 1H, 3

JH,H = 3.3 Hz, 

H-7), 4.53 (s, 1H, H-9a), 3.80 (s, 3H, OCH3), 3.36 (dd, 1H, 3
JH,H =6.6 Hz, 3

JH,H =11.4 Hz, H-2), 3.18 

(dd, 1H, 3
JH,H =6.6 Hz, 3

JH,H =11.4 Hz, H-2`), 2.17 (s, 3H, H-11), 2.15 (s, 3H, H-13), 2.10 (s, 3H, H-

15). 13C-NMR (400 MHz, CDCl3): δ = 169.3 (CO2CH3), 169.0 (C-10), 168.3 (C-12), 167.6 (C-14), 

165.0 (C-5), 71.0 (C-7), 71.0 (C-8), 67.3 (C-9), 64.6 (C-3), 60.3 (C-6), 60.2 (C-9a), 52.6 (OCH3), 31.6 

(C-2), 20.8 (C-11), 20.5 (C-13), 20.5 (C-15). ESI-TOF MS (MeOH) m/zexp. = 467.0867 [M+Na]+, 

483.0598 [M+K]+, m/zcalc. = 467.0843 [M+Na]+, 483.0583 [M+K]+. 

7.2.5 (2S,3S,4S,5R)-methyl 3,4,5,6-tetraacetoxy-tetrahydro-2H-pyran-2-carboxylate (7a) 
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The synthesis of 7a was carried out according to literature127 under dry atmosphere of nitrogen. In a 

250 mL one-neck flask D-glucurono-3,6- lactone (0.0615 mol, 10.84 g) was dissolved in 60 mL abs 

MeOH and NaOMe (0.002 mol, 450 µL (25 wt % solution in MeOH) was added. The solution was 

allowed to stir for 5 h at room temperature until everything was dissolved. Then the solvent was 

removed at 40 °C under vacuum and the slurry was dissolved in 42 mL acetic anhydride. Under 

cooling with an ice bath a mixture of 0.250 mL perchloric acid (70 wt %) in 6 mL of acetic anhydride 

was added dropwise. The reaction mixture stirred overnight at room temperature, additional 84 µL of 

perchloric acid were added and the mixture was stored overnight in the refrigerator where crystals 

appeared. The crystals (β-anomer) were washed with diethyl ether and recrystallized once in hot 

ethanol. The mother liquor from the reaction was poured on 200 g crushed ice and neutralized with 

NaHCO3. After extraction of the aqueous phase with CHCl3 the organic phase was dried over Na2SO4, 

filtered and concentrated to a slurry. This slurry was recrystallized in iso-propanol and then in hot 

ethanol. The overall yield (crude) of 7a (α-β anomeric mixture) was 70 % (0.043 mol, 16 g, white 

crystals). β-anomer: 1H-NMR (400 MHz, DMSOd6): δ = 6.02 (d, 1H, 3
JH,H = 8.1 Hz, H-1), 5.51 (t, 1H, 

3
JH,H = 9.5 Hz, H-3), 5.00 (dd, 1H, 3JH,H = 9.0 Hz, 3JH,H = 18.8 Hz, H-4), 4.96 (d, 1H, 3JH,H = 8.1 Hz, H-

2), 4.67 (d, 1H, 3
JH,H = 9.8 Hz, H-5), 3.64 (s, 3H, H-7), 2.08 (s, 3H, H-9), 2.01-1.97 (3s, 9H, H-

11,13,15). 13C-NMR (400 MHz, DMSOd6): δ = 169.3-168.6 (C-8,10,12,14), 166.8 (C-6), 90.5 (C-1), 

71.2 (C-5), 70.7 (C-2), 69.7 (C-4), 68.7 (C-3), 52.5 (C-7), 20.3-20.1 (C-9,11,13,15). ESI-TOF MS 

(MeOH) m/zexp. = 399.1102 [M+Na]+, m/zcalc. = 399.0898 [M+Na]+. 
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7.2.6 (2S,3S,4S,5R,6S)-methyl 3,4,5-triacetoxy-6-bromo-tetrahydro-2H-pyran-2-carboxylate (7b) 
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The synthesis of 7b was carried out according to literature127, 128. In a 100 mL one-neck flask 7a (3.46 

mmol, 1.3 g) was dissolved in 8 mL HBr (33 % in AcOH) under ice cooling. After warming up to 

room temperature the solution was allowed to stir for 4 h. Then, 100 mL CHCl3 were added and the 

mixture was poured into ice water (100 mL). The organic phase was separated and washed with an 

aqueous saturated solution of NaHCO3 (three times 30 mL each, ice cooled), with an aqueous saturated 

solution of NaCl (three times 30 mL each, ice cooled) and with ice cooled water (60 mL). The organic 

layer was dried over MgSO4, filtered and the solvent was removed at 40 °C under reduced pressure to 

yield 73 % (2.5 mmol, 1 g) of 7b. The unstable bromide 7b (α-anomer) was stored in a fridge 

overnight and used immediately for the next reaction. 

7.2.7 (2S,3S,4S,5R,6R)-methyl 3,4,5-triacetoxy-6-azido-tetrahydro-2H-pyran-2-carboxylate (7c) 
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The synthesis of 7c was carried out according to literature129, 130. In a 100 mL flask 7b (2.5 mmol, 1 g) 

was dissolved in 10 mL CH2Cl2 and TBAHS (2.5 mmol, 849 mg), NaN3 (12.5 mmol, 813 mg) and 

10 mL aqueous saturated solution of NaHCO3 were added under stirring. The two phase mixture was 

allowed to stir vigorously at room temperature for 3.5 h. TLC was conducted, but 7b and 7c have the 

same Rf values (Hex/EA = 1:1, Rf = 0.67). Then, 100 mL EA were added, the organic phase separated 

and washed with aqueous saturated solution of NaHCO3 (four times 30 mL each), aqueous saturated 

solution of NaCl (three times 30 mL each) and H2O (three times 30 mL each). The organic phase was 

then dried over Na2SO4, filtered and the solvent was removed under vacuum. The crude product was 

purified by recrystallization in hot ethanol yielding 56 % of 7c (1.4 mmol, 500 mg, white crystals). 1H-

NMR (400 MHz, CDCl3): δ = 5.25 (m, 2H, H-2,4), 4.96 (t, 1H, 3
JH,H = 8.9 Hz, H-3), 4.71 (d, 1H, 3JH,H 

= 8.7 Hz, H-1), 4.12 (d, 1H, 3JH,H = 9.5 Hz, H-5), 3.78 (s, 3H, H-7), 2.08 (s, 3H, H-9), 2.05-2.00 (2s, 

6H, H-11,13). 13C-NMR (400 MHz, CDCl3): δ = 169.3-169.2 (C-8,10,12), 166.5 (C-6), 88.1 (C-1), 

74.3 (C-2), 71.8 (C-5), 70.4 (C-4), 69.0 (C-3), 53.1 (C-7), 20.5-20.4 (C-9,11,13). ESI-ToF MS 

(MeOH) m/zexp. = 382.1175 [M+Na]+, m/zcalc. = 382.0857 [M+Na]+. [α]D
20 (c = 1) = -21.3 °. 
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7.2.8 (2S,3S,4S,5R,6R)-6-azido-tetrahydro-3,4,5-trihydroxy-2H-pyran-2-carboxylic acid (7) – 

deprotection and hydrolysis of 7c 
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The synthesis of 7 was modelled after Tremmel.114 Therefore, 7c (200 mg, 0.56 mmol) was dissolved 

in 10 mL dioxane and a solution of LiOH (2.3 mmol, 97 mg,) in water (1 mL) was added at room 

temperature under stirring. The reaction was allowed to stir at room temperature for 1 h, controlled by 

TLC (THF; Rf = 0) and stopped by the addition of 1M HCl until the solution was neutral. Then the 

solvent was evaporated to get the product 7 quantitatively, which was used without further 

purification. 1H-NMR (400 MHz, DMSOd6): δ = 4.42 (d, 1H, 3JH,H = 8.6 Hz, H-1), 3.34 (d, 1H, 3JH,H = 

9.9 Hz, H-5), 3.18 (t, 1H, 3
JH,H = 8.7 Hz, H-3), 3.08 (dd, 1H, 3

JH,H = 8.7 Hz, 3
JH,H = 9.9 Hz, H-4), 2.97 

(t, 1H, 3JH,H = 8.7 Hz, H-2). 
13C-NMR (400 MHz, DMSOd6): δ = 175.5 (C-6), 90.1 (C-1), 76.6 (C-2), 75.7 (C-5), 73.2 (C-4), 

71.8(C-3). ESI-TOF MS (MeOH) m/zexp. = 218.0535 [M-H]-, m/zcalc. = 218.0408 [M-H]-.[α]D
20 (c = 1) 

= -25.0 °. 

7.2.9 Peptide coupling of 3 with 6 
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The α-hydroxymethyl-ω-amino telechelic PIB 3 (0.093 mmol, 500 mg) was dissolved in 20 mL dry 

toluene and a solution of 6 (0.28 mmol, 85 mg) in 1.5 mL dry DMF was added dropwise while 

vigorously stirring. Then PyBOP (0.134 mmol, 70 mg) was added and the pH was adjusted to 7-8 with 

NMM. The reaction was allowed to stir overnight at 50 °C and stopped after control with TLC 

(CHCl3/MeOH = 50:1, Rf = 0.3) and MALDI-TOF MS. The solvent was removed under vacuum and 

the crude product was purified by column chromatography on silica gel. Therefore, CHCl3 was used as 

eluent to remove non-functionalized PIB followed by CHCl3/MeOH = 50:1 to collect product 8 in a 
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yield of 70 %. SEC: Mn = 5300 g/mol, Mw/Mn = 1.20. 1H-NMR (400 MHz, CDCl3): δ = 7.34 (m, 5H, 

H-1), 7.21 (m, 2H, H-5), 6.80 (d, 2H, 3JH,H = 8.7 Hz, H-6), 6.69 (bs, 1H, NH), 5.51 (s, 1H, H-16), 5.09 

(m, 2H, H-14,OH), 4.53 (s, 1H, H-20), 4.31 (m, 1H, H-19), 4.14 (s, 1H, H-18), 3.93 (t, 2H, 3JH,H = 6.2 

Hz, H-8), 3.84 (s, 2H, H-17,OH), 3.66 (d, 1H, 2JH,H = 10.6 Hz, H-2), 3.40 (m, 2H, H-15,2`), 3.27 (m, 

2H, H-13), 3.18 (m, 2H, H-15`,OH), 1.97 (m, 2H, H-9), 1.9-0.8 (m, polymer backbone). 13C-NMR 

(400 MHz, CDCl3): δ = 156.5 (C-7), 128.3-127.0 (C-1), 125.9 (C1,5), 113.7 (C-6), 75.9 (C-17), 74.5 

(C-2, 19), 69.8 (C-18), 67.4 (C-8), 65.3 (C-14), 61.4 (C-20), 59.7-59.0 (C-3), 58.3 (C-16), 38.3-37.6 

(C-4), 32.6 (C-13), 32.1 (C-15), 31.6-31.0 (C-4), 30.6 (C-9), 29.1 (C-12), 26.2 (C-11), 25.1 (C-10). 

MALDI-TOF MS (THF, DCTB/8/LiTFA = 25:5:1) m/zexp = 3425.409 [M50+Li]+, 3441.383 

[M50+Na]+, 3457.357 [M50+K]+, m/zcalc = 3425.483 [M50+Li]+, 3440.996 [M50+Na]+, 3457.721 

[M50+K]+. 

 

7.2.10 Azide/alkyne-“click”-reactions of 5 with 8 to achieve 9 
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The conjunction of the two PIB strands 5 and 8 was conducted via CuI mediated azide/alkyne-“click”-

reaction168. Therefore, 8 (0.013 mmol, 60 mg) and 5 (0.013 mmol, 67 mg) were dissolved in 2 mL 

absolute toluene. After 30 minutes purging with argon, TBTA (29, 0.1 equiv.), N,N-

diisopropylethylamine (DIPEA, 1 equiv.), CuSO4•5H2O (0.2 equiv.) and sodium ascorbate (0.2 equiv.) 

were added and the solution was purged with argon for another 30 minutes. After stirring for 48 h at 

50 °C the solvent was removed and the crude product was purified by column chromatography on 

silica gel. Therefore, n-hexane/EtOAc = 40:1 was used as eluent to remove non-functionalized PIB 

followed by CHCl3 � CHCl3/MeOH = 50:1 to collect the product 9 with a yield of 64 %. The final 

purification to remove traces of 5 and 8 was done via preparative HPLC using HPLC graded, freshly 

distilled THF. 1H-NMR (400 MHz, CDCl3): δ = 8.16 (s, 1H, H-17), 7.34 (m, 10H, H-1), 7.21 (m, 4H, 

H-5), 6.91 (d, 2H, 3JH,H = 8.5 Hz, H-19), 6.78 (d, 2H, 3JH,H = 8.7 Hz, H-6), 6.51 (bs, 1H, NH), 6.20 (s, 

1H, H-16), 5.76 (s, 1H, H-12), 5.71 (bs, 1H, 14-OH), 5.16 (d, 2H, 2JH,H = 3.9 Hz, H-18), 5.01 (d, 1H, 
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3
JH,H = 5.1 Hz, H-10), 4.39 (m, 2H, H-15, 13-OH), 4.21 (m, 1H, H-14), 3.92 (m, 3H, H-7,13), 3.66 (d, 

2H, 2JH,H = 10.8 Hz, H-2), 3.64 (s, 1H, OH), 3.42 (d, 2H, 2JH,H = 9.5 Hz, H-2`), 3.25 (m, 4H, H-9,11), 

2.96 (bs, 1H, OH), 2-0.8 (m, polymer backbone). 13C-NMR (400 MHz, CDCl3): δ = 156.6, 

145.4,142.5, 128.3, 127.2, 127.0, 126.0, 113.9, 113.6, 74.6, 67.6, 64.7, 59.8-59.4, 59.2, 59.0, 58.3, 

52.8, 44.2, 39.9, 38.3-37.9, 37.8, 37.7, 32.5, 32.2, 32.0, 31.6-31.0, 30.8, 30.7, 29.7 29.4, 29.2, 29.1, 

26.6, 25.8, 25.1, 22.7, 22.4, 14.2. MALDI-TOF MS m/zexp = 7057.79 [M110+Li]+, 7074.67 [M110+Na]+, 

7092.75 [M110-3H+3Li+Na]+, m/zcalc = 7058.30 [M110+Li]+, 7074.28 [M110+Na]+, 7092.30 [M110-

3H+3Li+Na]+. 

 

7.2.11 Azide/alkyne-“click”-reactions of 5 with 7c to achieve 30 
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The azide/alkyne-“click”-reactions were accomplished following an already known synthetic 

approach.168 In a Schlenk flask 5 (1 eq, 0.02 mmol, 92 mg) was dissolved in 6 mL abs toluene and a 

solution of 7c (1.5 eq, 0.03 mmol, 11 mg) in 0.1 mL abs DMF as well as TBTA (29, 0.1 eq, 0.002 

mmol, 1 mg) and PMDETA (1 eq, 0.02 mmol, 4.2 µL) were added. After degassing with argon for 1 h 

CuSO4·5H2O (0.2 eq, 0.004 mmol, 1 mg) and sodium ascorbate (0.2 eq, 0.004 mmol, 0.8 mg) were 

added and again the solution was degassed for 1 h with argon. The solution was allowed to stir at 80 

°C for 2 d and the reaction was monitored via TLC (CHCl3, Rf = 0.2). For working up the solvent was 

removed under vacuum and n-hexane was added and the polymer isolated by precipitation into 

MeOH. To remove the copper-catalyst and unreacted PIB a column chromatography over SiO2 was 

conducted (eluent n-hexane/EA = 40:1 � CHCl3) yielding 74 % of 30 (0.015 mmol, 68 mg). 1H-NMR 

(400 MHz, CDCl3): δ = 7.90 (s, 1H, H-8), 7.34 (m, 5H, H-1), 7.21 (m, 2H, H-5), 6.89 (d, 2H, 3JH,H = 

8.8 Hz, H-6), 5.93 (d, 1H, 3JH,H = 9.1 Hz, H-9), 5.51-5.45 (m, 2H, H-10,12), 5.37 (t, 1H, 3JH,H = 9.6 Hz, 

H-11), 5.17 (s, 2H, H-7), 4.31 (d, 1H, 3
JH,H = 9.8 Hz, H-5), 3.75 (s, 3H, H-14), 3.66 (d, 1H, 2JH,H = 10.7 

Hz, H-2), 3.42 (d, 1H, 2
JH,H = 9.4 Hz, H-2`), 2.09-2.01 (3s, 9H, H-15-17), 2-0.8 (m, polymer 

backbone). MALDI-TOF MS m/zexp = 2538.704 [M34+Li]+, m/zcalc = 2539.375 [M34+Li]+. 
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7.2.12 Azide/alkyne-“click”-reactions of 10 with 4-ethynylbenzonitrile to achieve 11a 
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The azide-alkyne “click”-reaction was accomplished regarding to Bag et al.209 A two-neck flask 

equipped with a magnetic stir bar, a gas tap and a septum was heated under vacuum and flushed with 

nitrogen several times. The azide 10 (1 eq, 1.84 mmol, 315 mg) and 4-ethynylbenzonitrile (1 eq, 1.84 

mmol, 234 mg) were dissolved in 15 ml abs THF. The solution was sparged for 30 min with argon. 

Then PMDETA (0.4 eq, 0.736 mmol, 153.7 µL), CuSO4·5H2O (0.2 eq, 0.37 mmol, 92 mg) and sodium 

ascorbate (0.2 eq, 0.37 mmol, 73 mg) were added under a stream of argon. Afterwards the reaction 

mixture was again degassed with argon for 30 min. After stirring overnight at 50 °C and monitoring 

via TLC (Hex/EA = 1:1, Rf =  0.29) the solvent was removed under vacuum. The crude product was 

purified by column chromatography starting with n-hexane/EA = 8:2 and changing the eluent to n-

hexane/EA = 1:1 to collect the product 11a (75 %, 1.38 mmol, 412 mg) as pale yellow solid. 1H-NMR 

(400 MHz, CDCl3): δ = 7.95 (d, 2H, 3JH,H = 8.3 Hz, H-12), 7.87 (s, 1H, H-8), 7.70 (d, 2H, 3JH,H = 8.3 

Hz, H-11), 4.43 (t, 2H, 3JH,H = 7.1 Hz, H-7), 3.65 (s, 3H, H-1), 2.32 (t, 2H, 3JH,H = 7.3 Hz, H-3), 2.04-

1.95 (m, 2H, H-6), 1.75-1.65 (m, 2H, H-4), 1.45-1.35 (m, 2H, H-5).  13C-NMR (400 MHz, CDCl3): δ = 

173.7 (C-2), 145.9 (C-9), 135.0 (C-10), 132.7 (C-12), 126.0 (C-11), 120.7 (C-8), 118.8 (C-14), 111.4 

(C-13), 51.5 (C-1), 50.2 (C-7), 33.6 (C-3), 29.9 (C-6), 25.8 (C-5), 24.1 (C-4). ESI-TOF MS 

(MeOH/NaCl) m/zexp. = 321.1728 [M+Na]+, m/zcalc. = 321.1322 [M+Na]+. 

7.2.13 Azide/alkyne-“click”-reactions of 10 with 9-ethynylphenanthrene to achieve 12a 

CuSO4/Na-asc

THF, PMDETA
50 °C, 12 h

O
N3

O

10

+

O

O

N
N

N

12a

1

19

18

17
16 15

14

1312

11
109

8

7

6

5

4

32

23

22

21

20

 
The azide-alkyne “click”-reaction was accomplished regarding to Bag et al.209 A microwave tube was 

equipped with a gas tap and was heated under vacuum and flushed with nitrogen several times, then 

the gas tap was changed by a septum. The azide 10 (1 eq, 0.60 mmol, 102 mg) and 9-

ethynylphenanthrene (1 eq, 0.60 mmol, 120.5 mg) were dissolved in 4 ml abs THF. The solution was 

sparged for 30 min with argon. Then PMDETA (0.4 eq, 0.24 mmol, 49.8 µL), CuSO4·5H2O (0.2 eq, 
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0.12 mmol, 29.7 mg) and sodium ascorbate (0.2 eq, 0.12 mmol, 23.6 mg) were added. Afterwards the 

reaction mixture was again degassed with argon for 30 min. After stirring overnight at 50 °C and 

monitoring via TLC (Hex/EA = 1:1, Rf =  0.47) the solvent was removed under vacuum. The crude 

product was purified by column chromatography starting with n-hexane/EA = 8:2 and changing the 

eluent to n-hexane/EA = 1:1 to collect the product 12a (70 %, 0.42 mmol, 155 mg) as pale yellow 

solid. 1H-NMR (400 MHz, CDCl3): δ = 8.78 (d, 1H, 3JH,H = 8.6 Hz, H-15), 8.71 (d, 1H, 3JH,H = 8.2 Hz, 

H-18), 8.40 (d, 1H, 3JH,H = 8.1 Hz, H-12), 8.01 (s, 1H, H-23), 7.92 (d, 1H, 3JH,H = 7.8 Hz, H-21), 7.85 

(s, 1H, H-8), 7.72-7.59 (m, 4H, H-13,14,19,20), 4.50 (t, 2H, 3
JH,H = 7.2 Hz, H-7), 3.67 (s, 3H, H-1), 

2.36 (t, 2H, 3JH,H = 7.3 Hz, H-3), 2.10-2.02 (m, 2H, H-6), 1.74 (td, 2H, 3
JH,H = 7.4 Hz, 2

JH,H = 15.2 Hz, 

H-4), 1.52-1.43 (m, 2H, H-5). 13C-NMR (400 MHz, CDCl3): δ = 173.8 (C-2), 146.8 (C-9), 131.3 (C-

10), 130.7 (C-22), 130.4 (C-17), 130.2 (C-16), 128.9 (C-21), 128.3 (C-12), 127.1 (C-20), 126.9 (C-

19), 126.9 (C-13), 126.7 (C-14), 126.2 (C-23), 123.0 (C-15), 122.7 (C-8), 122.6 (C-18), 51.6 (C-1), 

50.2 (C-7), 33.7 (C-3), 30.1 (C-6), 26.1 (C-5), 24.2 (C-4). ESI-TOF MS (MeOH/NaCl) m/zexp. = 

374.2231 [M+H]+, 396.2093 [M+Na]+, m/zcalc. = 374.1863 [M+H]+, 396.1682 [M+Na]+. 
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The synthesis of 11 was modelled after Tremmel.114 Therefore, 11a (1 eq, 0.53 mmol, 157 mg) was 

dissolved in 7 mL dioxane and a solution of LiOH (2 eq, 1.05 mmol, 44.16 mg) in water (2 mL) was 

added at room temperature under stirring. The reaction was allowed to stir overnight, controlled by 

TLC (n-hexane/EA = 1:1, Rf = 0) and stopped by the addition of 1M HCl until the solution was 

neutral. Then the solvent was evaporated to get the product 11 quantitatively, which was used without 

further purification. 1H-NMR (400 MHz, CDCl3): δ = 7.95 (d, 2H, 3JH,H = 8.5 Hz, H-12), 7.86 (s, 1H, 

H-8), 7.70 (d, 2H, 3JH,H = 8.5 Hz, H-11), 4.45 (t, 2H, 3JH,H = 7.1 Hz, H-7), 2.38 (t, 2H, 3JH,H = 7.2 Hz, 

H-3), 2.04-1.95 (m, 2H, H-6), 1.75-1.65 (m, 2H, H-4), 1.45-1.35 (m, 2H, H-5). 13C-NMR (400 MHz, 

CDCl3): δ = 177.9 (C-2), 145.1 (C-9), 135.8 (C-10), 133.4 (C-12), 126.1 (C-11), 123.5 (C-8), 118.8 

(C-14), 110.4 (C-13), 50.2 (C-7), 38.5 (C-3), 30.0 (C-6), 26.6 (C-5), 26.0 (C-4). ESI-TOF MS 

(MeOH) m/zexp. = 297.1956 [M-H+2Li]+, m/zcalc. = 297.1510 [M-H+2Li]+. 
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7.2.15 Hydrolysis of 12a to achieve 12 
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The synthesis of 12 was modelled after Tremmel.114 Therefore, 12a (1 eq, 0.37 mmol, 137 mg) was 

dissolved in 7 mL dioxane and a solution of LiOH (2 eq, 0.74 mmol, 31.05 mg) in water (1 mL) was 

added at room temperature under stirring. The reaction was allowed to stir overnight, controlled by 

TLC (n-hexane/EA = 1:1, Rf = 0) and stopped by the addition of 1M HCl until the solution was 

neutral. Then the solvent was evaporated to get the product 12 quantitatively, which was used without 

further purification. 1H-NMR (400 MHz, DMSOd6): δ = 8.91 (d, 1H, 3
JH,H = 8.1 Hz, H-15), 8.85 (d, 

1H, 3
JH,H = 8.0 Hz, H-18), 8.63 (s, 1H, H-8), 8.49 (d, 1H, 3

JH,H = 8.1 Hz, H-12), 8.08 (s, 1H, H-23), 

8.02 (d, 1H, 3JH,H = 7.6 Hz, H-21), 7.77-7.63 (m, 4H, H-13,14,19,20), 4.46 (t, 2H, 3JH,H = 7.2 Hz, H-7), 

2.01-1.87 (m, 4H, H-3,6), 1.57-1.49 (m, 2H, H-4), 1.36-1.27 (m, 2H, H-5). 13C-NMR (400 MHz, 

DMSOd6): δ = 177.2 (C-2), 145.8 (C-9), 131.4 (C-10), 130.7 (C-22), 130.1 (C-17), 129.9 (C-16), 129.2 

(C-21), 128.1 (C-12), 127.8 (C-20), 127.6 (C-19), 127.5 (C-13), 127.3 (C-14), 126.7 (C-23), 124.7 (C-

15), 123.8 (C-8), 123.3 (C-18), 50.1 (C-7), 39.3 (C-3), 30.2 (C-6), 26.6 (C-5), 25.8 (C-4). ESI-TOF 

MS (MeOH) m/zexp. = 358.1712 [M-H]-, 394.1459 [M+Cl]-, m/zcalc. = 358.1550 [M-H]-, 394.1317 

[M+Cl]-. 

7.2.16 Boc-protection of 3 to achieve 31 
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Boc-protected α-hydroxymethyl-ω-amino telechelic PIB 31was synthesized according to Tremmel114. 

In a 250 mL two-neck flask equipped with magnetic stir bar, reflux condenser, gas tap and septum 3 (1 

eq, 0.33 mmol, 1.267 g) was dissolved in 40 mL dry CH2Cl2. Then Boc2O (1.5 eq, 0.49 mmol, 108 

mg) and DIPEA (1 eq, 0.33 mmol, 59.2 µL) were added and the solution was refluxed for 48 h while 

monitoring via TLC (CHCl3, Rf = 0.80). Afterwards the solvent was removed under reduced pressure 
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and the crude product was purified via column chromatography (n-hexane/EA = 40:1) achieving 31 in 

a yield of 48 % (0.16, 602 mg). SEC: Mn = 5000 g/mol, Mw/Mn = 1.3. 1H-NMR (400 MHz, CDCl3): δ 

= 7.34 (m, 5H, H-1), 7.21 (m, 2H, H-5), 6.79 (d, 2H, 3JH,H = 8.8 Hz, H-6), 4.49 (bs, 1H, NH), 3.92 (t, 

2H, 3JH,H = 6.5 Hz, H-8), 3.66 (dd, 1H, 3JH,H = 4.4 Hz 2
JH,H = 10.8 Hz, H-2), 3.43 (dd, 1H, 3JH,H = 9.5 

Hz, 2
JH,H = 10.4 Hz, H-2`), 3.12 (q*, 2H, 3

JH,H = 6.4 Hz, H-13), 2-0.8 (m, polymer backbone). 13C-

NMR (400 MHz, CDCl3): δ = 156.5 (C-7), 128.3-127.0 (C-1), 125.9 (C-1,5), 113.6 (C-6), 74.5 (C-2), 

67.7 (C-8), 59.7-59.0 (C-3), 52.8 (C-13), 38.3-37.6 (C-4), 31.6-31.0 (C-4), 30.6 (C-9), 29.1 (C-12), 

28.4 (C-14), 26.2 (C-11), 25.1 (C-10). MALDI-TOF MS m/zexp = 2510.916 [M37+Li]+, m/zcalc = 

2510.615 [M37+Li]+. 
 

*In CHCl3 NH-protons show broad signals in comparison to protons which are bonded to carbons, 

therefore determination of coupling is difficult. The only coupling which could be observed is with the 

methylene group in vicinity. The theoretical coupling should be a doublet of triplets (dt), but the 1H-

NMR shows a pseudo quartet. 

7.2.17 Esterification of 11b with 31 to achieve 32 

HO

n
O

H
N O

O

Cl

O

N
N

N

N

O

n
O

H
N O

O

O

+

11b

31

32

DMAP
EDC  HCl
CH2Cl2
40 °C, 72 h

10 16

15

1413

12

11

9
NN

N

N
1

2
3 4

5

6

7

8

 
The synthesis of 32 was accomplished according to literature.211, 212 A 100 mL two-neck flask 

equipped with magnetic stir bar, reflux condenser, gas tap and septum was heated out under vacuum 

and flushed with nitrogen, this procedure was repeated for three times.  

In the first reaction step the acyl chloride 11b was generated in situ. Therefore, the acid 11 (10 eq, 1.03 

mmol, 293 mg) was dissolved in 20 ml abs CH2Cl2 and oxalyl chloride (10 eq, 1.03 mmol, 87.2 µL) 

was added via Eppendorf pipette. The suspension was stirred at 45 °C for 5 h. In the second reaction 

step the reaction mixture was cooled with an ice bath to 0 °C and 31 (1 eq, 0.103 mmol, 528 mg) 

dissolved in 10 mL abs CH2Cl2 was added via syringe. Then DMAP (0.6 eq, 0.062 mmol, 7.55 mg) 

and EDC·HCl (1.6 eq, 0.165 mmol, 31.6 mg) were added to the reaction mixture under a stream of 
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nitrogen. The mixture was allowed to stir for 5 d at 45 °C and was monitored via TLC (CHCl3, 

Rf = 0.20). For purification dialysis in CHCl3 was conducted, followed by column chromatography (n-

hexane/EA = 40:1 � CHCl3) and again dialysis in CHCl3 to achieve 32 in a yield of 67 %* (354 mg). 

SEC: Mn = 5400 g/mol, Mw/Mn = 1.21.1H-NMR (400 MHz, CDCl3): δ = 7.95 (d, 2H, 3JH,H = 8.2 Hz, H-

1), 7.87 (s, 1H, H-3), 7.71 (d, 2H, 3JH,H = 8.5 Hz, H-2), 7.34 (m, 5H, H-10), 7.21 (m, 2H, H-13), 6.79 

(d, 2H, 3JH,H = 8.8 Hz, H-14), 4.37 (t, 2H, 3
JH,H = 7.1 Hz, H-4), 4.24 (d, 1H, 2JH,H = 10.7 Hz, H-9), 4.01 

(d, 1H, 2
JH,H = 10.8 Hz, H-9`), 3.92 (t, 2H, 3JH,H = 6.5 Hz, H-15), 3.12 (m, 2H, H-16), 2.23 (t, 2H, 3

JH,H 

= 7.2 Hz, H-8), 1.95-1.85 (m, 2H, H-5), 2-0.8 (m, polymer backbone). MALDI-TOF MS m/zexp = 

3785.945 [M55+Li]+, 3801.119 [M55+Na]+, m/zcalc = 3785.854 [M55+Li]+, 3801.828 [M55+Na]+. 

* in 1H-NMR excess 11 is left 

 

7.2.18 Deprotection of 32 to achieve 13 
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The deprotection of 32 to achieve 13 was accomplished to Xiao227. In a 50 mL one-neck flask 32 

(0.062 mmol, 330 mg) was dissolved in 9 mL abs DCM and cooled with an ice bath, then TFA (4.65 

mmol, 470 µL) was added. The solution was allowed to stir at room temperature overnight and 

monitored via TLC (CHCl3, Rf = 0-0.1). The pH-value was adjusted to 7-8 with NMM. After 

removing of the solvent under vacuum the polymer was dissolved in n-hexane and precipitated in 

MeOH/acetone = 1:1 for three times yielding 13 (65 %, 215.8 mg). SEC: Mn = 5600 g/mol, Mw/Mn = 

1.14. 1H-NMR (400 MHz, CDCl3): δ = 7.95 (d, 2H, 3
JH,H = 8.1 Hz, H-1), 7.83 (s, 1H, H-3), 7.71 (d, 

2H, 3JH,H = 8.1 Hz, H-2), 7.34 (m, 5H, H-10), 7.21 (m, 2H, H-13), 6.79 (d, 2H, 3JH,H = 8.3 Hz, H-14), 

4.37 (t, 2H, 3JH,H = 7.1 Hz, H-4), 4.24 (d, 1H, 2JH,H = 10.7 Hz, H-9), 4.01 (d, 1H, 2JH,H = 10.7 Hz, H-9`), 

3.93 (t, 2H, 3JH,H = 5.9 Hz, H-15), 3.05-2.85 (m, 2H, H-16), 2.23 (t, 2H, 3
JH,H = 7.1 Hz, H-8), 1.95-1.85 

(m, 2H, H-5), 2-0.8 (m, polymer backbone). MALDI-TOF MS m/zexp = 2445.376 [M33+H]+, 2451.381 

[M33+Li]+, m/zcalc = 2445.413 [M33+H]+, 2451.421 [M33+Li]+. 
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7.2.19 Peptide coupling of 6 with 13 to achieve 14 
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In a 50 mL one-neck flask 13 (1 eq, 0.04 mmol, 215.8 mg) was dissolved in 8 mL dry toluene. 6 (3 eq, 

0.12 mmol, 36.5 mg) and PyBOP (1.44 eq, 0.06 mmol, 30 mL) were dissolved in 1 mL dry DMF and 

added under stirring to the solution. Then the pH-value was adjusted to 7 by the use of a view droplets 

of NMM. The reaction mixture was allowed to stir at 50 °C for 5 d while controlling via TLC 

(CHCl3/MeOH = 50:1, Rf = 0.28) and MALDI-ToF MS. Afterwards the solvent was removed under 

reduced pressure, the polymer was dissolved in n-hexane and precipitated into MeOH. For further 

purification a column chromatography (CHCl3 � CHCl3/MeOH = 50:1) was conducted yielding 30 % 

polymer (66 mg, Mn,NMR= 5200 g/mol) containing 40 % of 14. 1H-NMR (400 MHz, CDCl3): δ = 7.95 

(d, 2H, 3JH,H = 8.3 Hz, H-1), 7.83 (s, 1H, H-3), 7.71 (d, 2H, 3JH,H = 8.3 Hz, H-2), 7.34 (m, 5H, H-10), 

7.21 (m, 2H, H-13), 6.80 (d, 2H, 3JH,H = 8.3 Hz, H-14), 5.52 (s, 1H, H-19), 5.09 (m, 1H, H-17), 5.00 

(bs, 1H, OH), 4.53 (s, 1H, H-23), 4.37 (t, 2H, 3JH,H = 7.1 Hz, H-4), 4.31 (m, 1H, H-22), 4.24 (d, 1H, 

2
JH,H = 10.7 Hz, H-9), 4.15 (m, 1H, H-21), 4.01 (d, 1H, 2

JH,H = 10.8 Hz, H-9`), 3.93 (t, 2H, 3JH,H = 6.2 

Hz, H-15), 3.84 (m,1H, H-20), 3.39 (m, 1H, H-18), 3.27 (q*, 2H, 3
JH,H = 6.2 Hz, H-16), 3.00 (s, 1H, H-

18`), 2.23 (t, 2H, 3
JH,H = 6.8 Hz, H-8), 1.95-1.85 (m, 2H, H-5), 2-0.8 (m, polymer backbone). MALDI-

TOF MS m/zexp = 3954.428 [M54-H+2Na]+, m/zcalc = 3954.732 [M54-H+2Na]+. 
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7.2.20 Esterification of 12b with 5 to achieve 15 
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The synthesis of 15 was accomplished according to literature.211, 212 A 100 mL two-neck flask 

equipped with magnetic stir bar, reflux condenser, gas tap and septum was heated out under vacuum 

and flushed with nitrogen, this procedure was repeated for three times.  

In the first reaction step the acyl chloride 12b was generated in situ. Therefore, the acid 12 (10 eq, 

1.064 mmol, 382.4 mg) was dissolved in 20 ml abs CH2Cl2 and oxalyl chloride (10 eq, 1.064 mmol, 

90.0 µL) was added via Eppendorf pipette. The suspension was stirred at 45 °C for 5 h. In the second 

reaction step the reaction mixture was cooled with an ice bath to 0 °C and 5 (1 eq, 0.106 mmol, 500 

mg) dissolved in 10 mL abs CH2Cl2 was added via syringe. Then DMAP (0.6 eq, 0.064 mmol, 7.8 mg) 

and EDC·HCl (1.6 eq, 0.17 mmol, 32.6 mg) were added to the reaction mixture under a stream of 

nitrogen. The mixture was allowed to stir for 5 d at 45 °C and was monitored via TLC (CHCl3, Rf = 

0.19). For purification the crude product was dissolved in n-hexane and washed with saturated NH4Cl 

solution (three times, 50 mL each). Then, the organic phase was concentrated in vacuum and 

precipitated into MeOH. For further purification column chromatography (n-hexane/EA = 40:1 � 

CHCl3) was conducted to achieve 15 in a yield of 19 % (96 mg, Mn,NMR = 5400 g/mol). SEC: Mn = 

5200 g/mol, Mw/Mn = 1.22. 1H-NMR (400 MHz, DMSOd6): δ = 8.78 (d, 1H, 3JH,H = 8.2 Hz, H-6), 8.72 

(d, 1H, 3JH,H = 8.1 Hz, H-5), 8.40 (d, 1H, 3JH,H = 8.1 Hz, H-9), 8.01 (s, 1H, H-1), 7.92 (d, 1H, 3JH,H = 

7.9 Hz, H-2), 7.83 (s, 1H, H-10), 7.74-7.60 (m, 4H, H-7,8,3,4), 7.34 (m, 5H, H-17), 7.21 (m, 2H, H-

20), 6.88 (d, 2H, 3JH,H = 8.8 Hz, H-21), 4.66 (d, 2H, 4JH,H = 2.4 Hz, H-22), 4.45 (t, 2H, 3JH,H = 7.2 Hz, 

H-11), 4.26 (d, 1H, 2JH,H = 10.7 Hz, H-16), 4.02 (d, 1H, 2JH,H = 10.7 Hz, H-16`), 2.50 (t, 2H, 4JH,H = 2.4 

Hz, H-23), 2.27 (t, 2H, 3JH,H = 7.2 Hz, H-15), 2-0.8 (m, polymer backbone). MALDI-TOF MS m/zexp = 

3217.636 [M46-H+Li+Na]+, 3251.433 [M47+Li]+, m/zcalc = 3217.167 [M46-H+Li+Na]+, 3251.248 

[M47+Li]+. 
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7.2.21 Azide/alkyne-“click”-reaction of 14 with 15 to achieve 16 
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The conjunction of the two PIB strands 14 and 15 was conducted via CuI mediated azide/alkyne-

“click”-reaction168. Therefore, 14 [1 eq, 0.005 mmol, 26.4 mg (66 mg PIB containing 40 % 14)] and 

15 (1.2 eq, 0.006 mmol, 33 mg) were dissolved in 4 mL absolute toluene. After three times freeze-

pump-thaw-cycles, TBTA (29, 0.1 eq, 0.0012 mmol, 1 mg), DIPEA (1 eq, 0.012 mmol, 2 µL), 

(CuSO4•5H2O (0.2 eq, 0.0024 mmol, 1 mg) and sodium ascorbate (0.2 eq, 0.0024 mmol, 1 mg) were 

added and again freeze-pump-thaw-cycles were conducted for three times. After stirring for 5 d at 50 

°C the solvent was removed and the crude product was purified by column chromatography on silica 

gel. Therefore, n-hexane/EtOAc = 40:1 was used as eluent to remove non-functionalized PIB followed 

by CHCl3 � CHCl3/MeOH = 50:1 to collect assumed product 16 (CHCl3/MeOH = 50:1, Rf = 0.29) 

with a yield of 10 %. The final purification to remove traces of 14 and 15 was done via preparative 

HPLC using HPLC graded, freshly distilled THF. SEC: Mn = 7000 g/mol, Mw/Mn = 1.43.MALDI-TOF 

MS m/zexp = 6880.140, 6895.757 a) m/zcalc = 6880.699 [M93+Li]+, 6896.672 [M93+Na]+, b) m/zcalc = 

6880.087 [14-N2+2H+Na]+, 6896.061 [14-N2+2H+K]+. 
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7.2.22 Synthesis of α,ω-dialkynyl tetraethylene glycol (19) 

O
O

4
HO

O
H

4

Br

NaOH
toluene
50 °C, 15 h 19  

A representative procedure for α,ω-dialkynyl tetraethylene glycol (19) was achieved by a combined 

synthesis of Dimonie et al.214 and Mahouche et al.215. In a 50 mL one-neck flask tetraethylene glycol 

(10.3 mmol, 2 g) was dissolved in 10 mL toluene and powdered NaOH (103 mmol, 10 eq, 4.12 g,) as 

well as propargylbromide (103 mmol, 80 wt%, 10 eq, 13.85 mL) were added. The reaction mixture 

was stirred for 15 h at 50 °C and was controlled via TLC (EA/n-Hex = 3:1, Rf = 0.5). Then 50 mL 

brine/water = 3:1 were added and the organic phase was extracted with 50 mL brine/water = 1:1, 50 

mL brine and 50 mL H2O. The aqueous phase was extracted with 30 mL EA five times and the 

combined organic phases were dried over NaSO4, filtered and the solvent was removed under vacuum. 

The product 19 was separated by column chromatography (EA/Hex = 3:1, Rf = 0.5) yielding 2.8 g (97 

%) of yellow oil. 1H-NMR (400 MHz, CDCl3): δ = 4.18 (d, 4H, 3
JH,H = 2.4 Hz, H-3), 3.69-3.63 (m, 

16H, H-4-7), 2.41 (t, 1H, 3
JH,H =2.4 Hz, H-1). 13C-NMR (400 MHz, CDCl3): δ = 79.6 (C-2), 74.5 (C-

1), 70.5-70.3 (C-4-6), 69.0 (C-7), 58.3 (C-3). 

 

7.2.23 Azide/alkyne-“click”-reactions of 19 with 20 to achieve 21a 
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The azide/alkyne-“click”-reactions were accomplished following an already known synthetic 

approach.217 For experimental details see Table EP1. Into a Schlenk flask solvent, 19 (2 eq), 20 (1 eq) 

as well as a base were added. The reaction mixture was purged for 30 min with argon or three freeze-

pump-thaw-cycles were performed. The copper(I)-catalyst (0.1 eq-0.2 eq) was added and the solution 

was stirred at room temperature. The reaction was monitored via TLC [EA, Rf = 0.1 (7)] and ATR-IR. 

For working up the solvent was removed under vacuum and EA was added and the crude product was 

purified via column chromatography. Therefore, EA was used as eluent and after removing of excess 

19 changed to MeOH yielding the “click” product 21a. 1H-NMR (400 MHz, DMSOd6): δ = 8.08 (d, 

1H, 3
JH,H =1.6 Hz, H-7), 6.92 (t, 1H, 3

JH,H =4.6 Hz, NH), 4.51 (d, 2H, 3JH,H =2.9 Hz, H-5), 4.33 (t, 2H, 
3
JH,H =6.9 Hz, H-8), 4.13 (d, 1H, 3

JH,H =2.4 Hz, H-3), 3.58-3.47 (m, 16H, H-4), 3.40 (t, 1H, 3
JH,H =2.4 

Hz, H-1), 2.92 (q, 2H, 3
JH,H =6.3 Hz, H-10), 1.91 (p, 2H, 3

JH,H =6.8 Hz, H-9), 1.38 (s, 9H, H-13). 13C-

NMR (400 MHz, DMSOd6): δ = 155.6 (C-11), 143.8 (C-6), 123.9 (C-7), 80.3 (C-2), 77.6 (C-12), 77.0 

(C-1), 69.7-68.5 (C-4), 63.5 (C-5), 57.4 (C-3), 47.1 (C-8), 37.1 (C-10), 30.2 (C-9), 28.2 (C-13).  
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Table EP1. Experimental conditions for azide/alkyne-“click”-reactions of 19 with 20. 

entry amount 

of 19 

amount 

of 20 

amount 

of Cu
I 

amount 

of additive 

yield 

of 21a
a 

1
b 2 eq 

2 mmol,  
540.64 mg 

1 eq,  
1 mmol,  
200 mg 

CuI·P(OEt)
3
 

0.2 mmol, 71.32 mg 

PMDETA  
0.2 mmol, 34.66 mg 

90 %c 

2
d 2 eq 

1.35mmol,  
385 mg 

1 eq,  
0.67 mmol,  
135 mg 

Cu-powder, 0.2 eq 
0.13 mmol, 8.6 mg 

CuSO
4
·5H

2
O, 0.2 eq 

0.13 mmol, 33.71 mg 

– 96 %e 

3
f 2 eq 

5.44 mmol,  
1.46 g 

1 eq,  
2.72 mmol,  
544 mg 

Cu-powder, 0.1 eq,  
0.27 mmol, 17 mg 

CuSO
4
·5H

2
O, 0.1 eq 

0.27 mmol, 67.4 mg 

– 88 %g 

a) isolated yield of “click” product 21a; b) 5 mL abs THF, three times freeze-thaw cycle, overnight at room temperature; c) 
fully “clicked”, but just 20 % of alkyne group; d) 5 mL THF/H2O = 1:1, 30 min degassed with argon, overnight at room 
temperature; e) fully “clicked”, but just 40 % of alkyne group; f) 25 mL THF/H2O = 4:1, 30 min degassed with argon, 2h at 
room temperature; g) fully “clicked”, but just 70 % of alkyne group. 
 

7.2.24 Deprotection of 21a to achieve 21 
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The deprotection of 21a to achieve 21 was accomplished to Xiao227. In a 25 mL one-neck flask 21a 

(0.38 mmol, 179 mg) was dissolved in 5 mL DCM and cooled with an ice bath, then TFA (3.8 mmol, 

283.2 µL) was added. The solution was allowed to stir at room temperature overnight. NaHCO3-

solution (10 wt%) was added and the aqueous phase extracted with DCM. After removing of the 

solvent no product was found in the organic phase, therefore the aqueous phase was dried achieving a 

yellow-orange, glassy solid in quantitative yield which was analyzed via NMR spectroscopy proving 

the deprotection of 21a. 1H-NMR (400 MHz, DMSOd6): δ = 8.10 (s, 1H, H-7), 4.52 (s, 2H, H-5), 4.45 

(t, 2H, 3JH,H =6.9 Hz, H-8), 4.13 (d, 1H, 3JH,H =2.4 Hz, H-3), 3.58-3.48 (m, 16H, H-4), 3.41 (t, 1H, 3JH,H 

=2.4 Hz, H-1), 2.92 (m, 2H, H-10), 2.08 (p, 2H, 3JH,H =6.9 Hz, H-9). 13C-NMR (400 MHz, DMSOd6): δ 

= 143.9 (C-6), 123.9 (C-7), 80.8 (C-2), 77.0 (C-1), 69.7-68.4 (C-4), 63.4 (C-5), 57.9 (C-3), 46.5 (C-8), 

36.4 (C-10), 30.7 (C-9). ESI-TOF MS (MeOH) m/zexp. = 393.2018 [M+Na]+, m/zcalc. = 393.2108 

[M+Na]+. 
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7.2.25 Azide/alkyne-“click”-reactions of 19 with 6a to achieve 22 
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The azide/alkyne-“click”-reactions were accomplished following an already known synthetic 

approach218-220. For experimental details see Table EP2. In a Schlenk tube azide-functionalized BTD 

(6a, 1 eq) was dissolved in THF or DMF and α,ω-dialkynyl tetraethylene glycol [19, 1 eq (entries 1-

12) or 3eq (entry 13)] as well as a base were added. The reaction mixture was purged for 30 min with 

nitrogen or three freeze-pump-thaw-cycles were performed. The copper(I)-catalyst (0.1 eq) was added 

and the solution was stirred at certain reaction conditions. For working up the solvent was removed 

under vacuum and CHCl3 was added. The organic phase was washed one time with saturated NH4Cl-

solution, three times with distilled water, and dried over Na2SO4 and filtered. Chloroform was 

removed in vacuum and the product was analyzed via NMR-spectroscopy (entries 1-10, Table EP2). 

For entries 11 and 12 of Table XX the crude product was purified via column chromatography (SiO2, 

TLC: EA/MeOH = 5:1, Rf (22) = 0.22-0, eluent: EA � EA/MeOH = 9:1 � MeOH ), whereby the 

unreacted starting material and byproducts were eluted first, before changing the solvent to a more 

polar mixture to elute the desired product 22. Finally, the product was dried in vacuum to yield 22 as a 

clear, slightly orange solid. 1H-NMR (400 MHz, DMSOd6): δ = 8.01 (s, 1H, H-10), 6.31 (s, 1H, H-6), 

5.90-5.85 (m, 2H, OH-7, OH-8), 5.81 (s, 1H, H-9a), 4.76 (t, 1H, 3
JH,H = 7.5 Hz, H-3), 4.67 (d, 1H, 

3
JOH,H =10.2 Hz, OH-9), 4.56 (s, 2H, H-12), 4.14 (d, 2H, 3JH,H = 2.4 Hz, H-14), 3.96 (m, 2H, H-7, H-8), 

3.66 (m, 3H, OCH3), 3.60-3.49 (m, 17H, H-9, H-13), 3.40 (t, 1H, 3JH,H = 2.3 Hz, H-16), 3.30 (m, 2H, 

H-2). 13C-NMR (400 MHz, DMSOd6): δ = 170.3 (CO2CH3), 165.0 (C-5), 143.6 (C-11), 124.2 (C-

10),76.6 (C-15), 76.4 (C-9), 74.7 (C-7), 72.3 (C-16), 70.7 (C-8), 69.8-68.8 (C-13), 64.1 (C-3), 63.5 (C-

12), 62.4 (C-6), 61.3 (C-9a), 59.7 (C-14), 52.3 (OCH3), 31.5 (C-2). ESI-TOF MS (MeOH/NaCl) m/zexp. 

= 611.2170 [M+Na]+, m/zcalc. = 611.1999 [M+Na]+. 
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Table EP2. Experimental conditions for azide/alkyne-“click”-reactions of 6a with 19. 

entry amount  

of 6a 

amount  

of 19 

amount  

of Cu
I 

amount 

of base 

yield of  
22 

1
a  

0.063 mmol 
17.2 mg 

 
0.063 mmol 
20.0 mg 

CuI 
0.0063 mmol 
1.2 mg 

TBTA (29) 
0.0063 mmol 
3.6 mg 

– 

2
b  

0.067 mmol 
18.2 mg 

 
0.067 mmol 
21.2 mg 

CuSO4·5H2O/Na-asc 
0.0067 mmol 
1.6 mg/1.3 mg 

TBTA (29) 
0.0067 mmol 
3.7 mg 

– 

3
c  

0.070 mmol 
18.8 mg 

 
0.070 mmol 
21.9 mg 

CuBr(PPh3)3 

0.0070 mmol 
6.5 mg 

TBTA (29) 
0.0070 mmol 
3.9 mg 

– 

4
d  

0.036 mmol 
9.8 mg 

 
0.036 mmol 
11.4 mg 

CuI·P(OEt)3 
0.0036 mmol 
1.3 mg 

DIPEA 
0.072 mmol 
9.3 mg 

– 

5
e  

0.072 mmol 
19.4 mg 

 
0.072 mmol 
22.6 mg 

CuBr(PPh3)3 

0.0072 mmol 
3.7 mg 

PMDETA 
0.022 mmol 
3.7 mg 

40 %f 

6
e  

0.072 mmol 
19.5 mg 

 
0.072 mmol 
22.7 mg 

CuI 
0.0072 mmol 
1.4 mg 

PMDETA 
0.022 mmol 
3.7 mg 

54 %f 

7
e  

0.076 mmol 
20.6 mg 

 
0.076 mmol 
24.1 mg 

CuI·P(OEt)3 
0.0076 mmol 
2.7 mg 

PMDETA 
0.023 mmol 
4.0 mg 

53 %f 

8
e  

0.057 mmol 
15.4 mg 

 
0.057 mmol 
18.0 mg 

Cu(MeCN)4PF6 
0.0057 mmol 
2.1 mg 

PMDETA 
0.017 mmol 
3.0 mg 

47 %f 

9
g  

0.095 mmol 
25.8 mg 

 
0.095 mmol 
30 mg 

CuBr 
0.0095 mmol 
1.4 mg 

PMDETA 
0.029 mmol 
4.9 mg 

54 %f 

10
h  

0.093 mmol 
25.1 mg 

 
0.093 mmol 
29.3 mg 

CuBr 
0.0093 mmol 
1.3 mg 

PMDETA 
0.028 mmol 
4.8 mg 

42 %f 

11
i
  

0.31 mmol 
83.7 mg 

 
0.31 mmol 
97.7 mg 

CuBr 
0.031 mmol 
4.5 mg 

PMDETA 
0.093 mmol 
16.1 mg 

27 %k 

12
l  

0.634 mmol 
171.5 mg 

 
0.634 mmol 
200 mg 

CuBr 
0.0634 mmol 
9.1 mg 

DIPEA 
0.190 mmol 
24.6 mg 

38 %k 

13 3 eq 
4.41 mmol 
1.2 g 

1 eq 
1.47 mmol 
462.5 mg 

CuBr 
0.441 mmol 
63.3 mg 

DIPEA 0.3 eq, 57 mg 
TBTA 0.3 eq, 247 mg 

41 %k 

a)1 mL abs THF, degassed with N2, 24 h at room temperature, then overnight at 50 °C, then microwave for 30 min + 6 h (50 
W, 50 °C); b) 1 mL abs THF, degassed with N2, microwave for 5 h + 15 h (50 W, 50 °C); c) 1 mL abs THF, degassed with 
N2, microwave for 20 h (50 W, 50 °C); d) 1.5 mL abs DMF, degassed with N2, overnight at 70 °C, then 1 h at 80 °C, then 3 h 
at 100 °C; e) 1 mL abs DMF, degassed with N2, overnight at 80 °C; f) percentage of “click”-product 22 calculated via 1H-
NMR of crude products; g) 1 mL abs DMF, freeze-thaw cycle (3 times), 48 h at 50 °C; h) 1 mL abs DMF, freeze-thaw cycle 
(3 times), 48 h at room temperature; i) 3 mL abs DMF, freeze-thaw cycle (3 times), 48 h at 50 °C; k) isolated yield of “click”-
product 10; l) 5 mL abs THF, degassed with N2, 18 h at 50 °C; m) 12 mL DMF, degassed with N2, 7d at 80 °C. 
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7.2.26 Azide/alkyne-“click”-reactions of 18 with 22 to achieve 24 

 

 

 

 

 

 

 

 

 

 

 

The azide/alkyne-“click”-reactions were accomplished following an already known synthetic 

approach218-220. For experimental details see Table EP3. In a Schlenk tube azide-functionalized PIB 

(18, Mn = 3400 g/mol, 1 eq) was dissolved and 22 (1 eq) as well as the bases were added. The reaction 

mixture was purged for 30 min with argon and the copper(I)-catalyst [0.1 eq (entries 1-3) or 0.3 eq 

(entries 4-6)] was added and the solution was stirred at certain reaction conditions. For working up the 

solvent was removed under vacuum and CHCl3 was added. The organic phase was washed three times 

with saturated NH4Cl-solution, three times with distilled water, and dried over Na2SO4 and filtered. 

Chloroform was removed in vacuum and the product was analyzed via NMR-spectroscopy. For entry 

3 of Table EP3 the crude product was purified via column chromatography (SiO2, TLC: CHCl3/MeOH 

= 50:1, Rf (24) = 0.27, eluent: CHCl3 � CHCl3/MeOH = 70:1), whereby the unreacted azide-

functionalized PIB 18 was eluted first, before changing the solvent to a more polar mixture to elute the 

desired product 24. Finally, the polymer was dried in vacuum to yield 24 as a viscous, slightly yellow 

substance. 1H-NMR (400 MHz, CDCl3): δ = 8.09 (s, 1H, H-16), 7.59 (s, 1H, H-10), 7.40-7.27 (m, 5H, 

H-1), 7.25-7.18 (m, 2H, H-5), 6.79 (d, 2H, 3
JH,H =8.8 Hz, H-6), 6.27 (s, 1H, H-17), 5.72 (s, 1H, H-21), 

5.50 (s, 1H, OH), 5.36 (s, 1H, OH), 5.05 (s, 1H, OH), 4.96 (t, 1H, 3JH,H =6.6 Hz, H-23), 4.68 (s, 2H, H-

12), 4.55 (m, 2H, H-9), 4.46 (d, 2H, 3
JH,H =9.8 Hz, H-14), 4.36 (s, 1H, H-18), 4.22 (s, 1H, H-19), 4.00-

3.92 (m, 3H, H-7,20), 3.77 (s, 3H, H-24), 3.70-3.55 (m, 17H, H-2,13), 3.45 (m, 2H, H-22), 3.24 (dd, 

1H, 3
JH,OH =7.1 Hz, 2

JH,H =11.5 Hz, H-2`), 2.36 (m, 2H, H-8), 2.00-0.70 (PIB backbone). MALDI-TOF 

MS m/zexp = 2381.641 [M26+Na]+, 2397.085 [M26+K]+, 2414.590 [M27+H]+, m/zcalc = 2380.994 

[M26+Na]+, 2396.968 [M26+K]+, 2415.074 [M27+H]+. 
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Table EP3. Experimental conditions for azide/alkyne-“click”-reactions of 18 with 22. 

entry amount 

of 18 

amount 

of 22 

amount 

of Cu
I 

amount 

of base 

yield 

of 24 

1
a  

0.033 mmol 
112 mg 

 
0.033 mmol 
19.3 mg 

CuBr 
0.003 mmol 
0.5 mg 

DIPEA 
0.01 mmol 
1.3 mg 

–b 

2
c  

0.031 mmol 
103.3 mg 

 
0.031 mmol 
18.33 mg 

CuI 
0.003 mmol 
0.6 mg 

DIPEA (0.009 mmol, 1.2 mg) 
TBTA (29, 0.009 mmol, 5.3 mg) 

–b 

3
d  

0.033 mmol 
110 mg 

 
0.033 mmol 
19.6 mg 

CuI 
0.003 mmol 
0.6 mg 

DIPEA (0.009 mmol, 1.3 mg) 
TBTA (29, 0.009 mmol, 5.6 mg) 

9 %e 

4
f  

0.021 mmol 
70.5 mg 

 
0.021 mmol 
12.5 mg 

CuBr 
0.006 mmol 
1 mg 

DIPEA (0.006 mmol, 0.8 mg) 
TBTA (29, 0.006 mmol, 3.6 mg) 

–b 

5
f  

0.016 mmol 
54.3 mg 

 
0.016 mmol 
9.6 mg 

CuI·P(OEt)3 
0.005 mmol 
1.7 mg 

DIPEA (0.005 mmol, 0.6 mg) 
TBTA (29, 0.005 mmol, 2.7 mg) 

–b 

6
f  

0.021 mmol 
70.5 mg 

 
0.021 mmol 
12.5 mg 

CuBr(PPh3)3 
0.008 mmol 
7.3 mg 

DIPEA (0.008 mmol, 1 mg) 
TBTA (29, 0.008 mmol, 4.4 mg) 

–b 

a) 3 mL abs THF, 7 h at 50 °C, then overnight at 80 °C; b) no change on TLC (CHCl3/MeOH = 50:1); c) 5 mL tol/DMF = 
50:50, 4 d at 80 °C; d) 5 mL abs THF, microwave for 20 h at 75 °C (25 W); e) isolated yield of “click”-product 24; f) 5 mL 
tol/THF = 1:1, 7 d t 80 °C. 
 

7.2.27 Azide/alkyne-“click”-reactions of 3 with 4 
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The azide/alkyne-“click”-reactions were accomplished following an already known synthetic 

approach218-220. For experimental details see Table EP4. In a Schlenk tube azide-functionalized PIB 

(18, Mn = 3400 g/mol, 1 eq) was dissolved in toluene and 19 (1 eq/3 eq) as well as the bases were 

added. The reaction mixture was purged for 30 min with argon or three freeze-pump-thaw-cycles were 

performed. The copper(I)-catalyst (0.1 eq) was added and the solution was stirred at 80 °C. For 

working up the solvent was removed under vacuum and CHCl3 was added. The organic phase was 

washed three times with saturated NH4Cl-solution, three times with distilled water, and dried over 

Na2SO4 and filtered. Chloroform was removed in vacuum and the product was dissolved in n-hexane 

and precipitated in MeOH. The crude product was purified via column chromatography (SiO2, TLC: 

CHCl3/MeOH = 70:1, Rf (23) = 0.19, eluent: CHCl3 � CHCl3/MeOH = 70:1), whereby the unreacted 
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azide-functionalized PIB was eluted first, before changing the solvent to a more polar mixture to elute 

the desired product 23. Finally, the polymer was dried in vacuum to yield 23 as a viscous, slightly 

yellow substance. 1H-NMR (400 MHz, CDCl3): δ = 7.59 (s, 1H, H-10), 7.40-7.27 (m, 5H, H-1), 7.25-

7.18 (m, 2H, H-5), 6.80 (d, 2H, 3
JH,H =8.7 Hz, H-6), 4.68 (s, 2H, H-12), 4.57 (t, 2H, 3

JH,H =7.0 Hz, H-

9), 4.20 (d, 2H, 3
JH,H =2.4 Hz, H-14), 3.97 (t, 1H, 3

JH,H =5.7 Hz, H-7), 3.72-3.61 (m, 17H, H-2,13), 

3.43 (m, 1H, H-2`), 2.46 (m, 1H, H-16), 2.38 (m, 2H, H-8), 2.00-0.70 (PIB backbone). 13C-NMR (400 

MHz, CDCl3): δ = 143.1 (C-11), 128.3-127.0 (C-1), 125.9 (C-1,5), 123.0 (C-10), 113.7 (C-6), 74.6 (C-

16), 74.5 (C-2), 70.6-70.4 (C-13), 69.7 (C-13), 69.2 (C-13), 64.6 (C-7), 64.0 (C-12), 59.8-59 (C-3), 

58.3 (C-14), 47.2 (C-9), 38.5-37.5 (C-4), 31.5-31 (C-4), 30.7 (C-8). MALDI-TOF MS m/zexp = 

2494.820 [M34+Li]+, 2528.882 [M35-C3H2+Na]+, m/zcalc = 2494.458 [M34+Li]+, 2528.478 [M35-

C3H2+Na]+. 

 

Table EP4. Experimental conditions for azide/alkyne-“click”-reactions of 18 with 19. 

entry amount 

of 18 

amount 

of 19 

amount 

of Cu
I 

amount 

of base 

yield 

of 23
a 

1
b 1 eq 

0.04 mmol 
130 mg 

1 eq 
0.04 mmol 
10.8 mg 

CuI 0.1 eq 
0.004 mmol 
0.8 mg 

DIPEA 0.3 eq 
0.012 mmol, 1.6 mg 
TBTA (29) 0.3 eq 
0.012 mmol, 6.7 mg 

60 % 

2
c 1 eq 

0.15 mmol 
510 mg 

3 eq 
0.45 mmol 
125 mg 

CuI 0.1 eq 
0.015 mmol 
3 mg 

DIPEA 0.3 eq 
0.045 mmol, 6 mg 
TBTA (29) 0.3 eq 
0.045 mmol, 26 mg 

62 % 

4
d 1 eq 

0.588 mmol 2 
g 

3 eq 

476.8 mg 

CuI 0.12 eq,  
0.071 mmol 
13.44 mg 

CuBr 0.12 eq 

0.071 mmol 
10.12 mg 

DIPEA 1 eq 

0.588 mmol, 75.9 mg 

TBTA (29) 0.1 eq  
0.0588 mmol, 31.2 mg 

92 % 

5
e
 1 eq 

0.281 mmol 
955 g 

3.8 eq 

289 mg 

CuI 0.12 eq,  
0.034 mmol 
6.5 mg 

CuBr 0.12 eq 

0.034 mmol 
4.8 mg 

DIPEA 1 eq 

0.281 mmol, 36.3 mg  
TBTA (29) 0.1 eq  
0.0281 mmol, 15 mg 

96 % 

 

a) isolated yield of “click”-product 23; b) 5 mL toluene , 3 d at 80 °C; c) 50 mL toluene, 4 d at 80 °C; d) 30 mL abs toluene, 
three times freeze-thaw cycle, protected with aluminium foil, 3 d at 80 °C; e) 6 mL abs Tol, three times freeze-thaw cycle, 
CuI added, again two times freeze-thaw cycle, protected with alu foil, 3d at 90°C. 
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7.2.28 Azide/alkyne-“click”-reactions of 6a with 23 to achieve 24 
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The azide/alkyne-“click”-reactions were accomplished following an already known synthetic 

approach218-220. For experimental details see Table EP5. In a Schlenk tube 23 (Mn = 3600 g/mol, 1 eq, 

0.0022mmol, 76 mg) was dissolved in 11 mL toluene/THF (v/v = 10:1) and 6a (1 eq, 0.022 mmol, 6.8 

mg) as well as the bases DIPEA (0.3 eq, 0.007 mmol, 0.9 mg) and TBTA (29, 0.3 eq, 0.007 mmol, 3.7 

mg) were added. The reaction mixture was purged for 30 min with argon and the CuI (0.3 eq, 0.007 

mmol, 0.9 mg) was added and the solution was stirred at 80 °C for 7 d. For working up the solvent was 

removed under vacuum and CHCl3 was added. The organic phase was washed one time with saturated 

NH4Cl-solution, three times with distilled water, and dried over Na2SO4 and filtered. The crude 

product was purified via column chromatography (SiO2, TLC: CHCl3/MeOH = 50:1, Rf (24) = 0.27, 

eluent: CHCl3 � CHCl3/MeOH = 50:1), whereby the unreacted 23 (TLC: CHCl3/MeOH = 50:1, Rf 

(23) = 0.44) was eluted first, before changing the solvent to a more polar mixture to elute the desired 

product 24. Finally, the polymer was dried in vacuum to yield 25 % of 24 as a viscous, slightly yellow 

substance. 

(NMR data and MALDI-ToF MS data see 7.2.26) 

7.2.29 Hydrolysis of 22 to 33 
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The synthesis of 33 was modelled after Tremmel.114 Therefore, 22 (186 mg, 0.316 mmol) was 

dissolved in 7 mL dioxane and a solution of LiOH (18 mg, 0.429 mmol) in water (1 mL) was added at 

room temperature under stirring. The reaction was allowed to stir overnight, controlled by TLC 

(EA/MeOH = 5:1; Rf = 0) and stopped by the addition of 1M HCl until the solution was neutral and 

becomes clear. Then the solvent was evaporated to get the product 33 quantitatively, which was used 
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without further purification. 1H-NMR (400 MHz, DMSOd6): δ = 8.00 (s, 1H, H-10), 6.19 (s, 1H, H-6), 

5.85-5.80 (m, 3H, 9a, OH), 4.70 (m, 1H, H-3), 4.58 (m, 1H, OH), 4.55 (s, 2H, H-12), 4.13 (dd, 2H, 
3
JH,H = 1.1 Hz,  3

JH,H = 2.4 Hz, H-14), 3.95 (dd, 1H, 3
JH,H = 3.9 Hz,  3

JH,H = 7.8 Hz, H-7), 3.85 (d, 1H, 
3
JH,H = 3.8 Hz, H-8), 3.60 (d, 2H, 3

JH,H = 2.2 Hz, H-9), 3.58-3.49 (m, 16H, H-13), 3.40 (m, 1H, H-16), 

3.25 (m, 2H, H-2). ESI-TOF MS (MeOH/NaCl) m/zexp. = 573.1767 [M-H]-, m/zcalc. = 573.1861 [M-H]-. 

7.2.30 Azide/alkyne-“click”-reactions of 6b with 23 to achieve 34 
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The azide/alkyne-“click”-reactions were carried out according to literature.168 For experimental details 

see Table EP5. In a Schlenk flask 23 (1 eq) and 6b (2 eq) were dissolved in THF and TBTA (29, 0.2 

eq) and DIPEA (0.4 eq) were added. Three freeze-pump-thaw-cycles were performed and the copper 

catalyst was added. The solution was stirred at certain reaction conditions and was controlled via TLC 

(CHCl3/MeOH = 50:1). After removing the solvent the crude product was dissolved in n-hexane and 

precipitated in MeOH for three times, then a column chromatography was conducted (eluent CHCl3 � 

CHCl3/MeOH = 50:1, Rf = 0.1-0). For entry 3 of table EP6 34 could be obtained as pale yellow, 

viscous polymer. Yield 90 % (0.141 mmol, 640 mg). 1H-NMR (400 MHz, CDCl3): δ = 8.11 (s, 1H, H-

16), 7.61 (s, 1H, H-10), 7.40-7.27 (m, 5H, H-1), 7.25-7.18 (m, 2H, H-5), 6.79 (d, 2H, 3
JH,H =8.8 Hz, H-

6), 6.35 (s, 1H, H-17`), 6.10 (s, 1H, OH), 5.63 (s, 1H, H-17), 5.53 (m, 1H, H-20), 5.13 (m, 2H, H-

18,19), 5.05 (m, 1H, H-23), 4.74-4.56 (m, 6H, H-12,14,9), 4.49 (s, 1H, H-21), 4.26 (s, 1H, H-18`), 

3.97 (m, 2H, H-7), 3.79 (s, 3H, H-24), 3.70-3.55 (m, 18H, H-13,2), 3.43 (d, 2H, 2
JH,H =10.7 Hz, H-2`), 

3.36 (m, 1H, H-22), 3.22 (m, 1H, H-22`), 2.38 (m, 2H, H-8), 2.25-2.13 (m, 9H, H-25,26,27), 2.00-0.70 

(PIB backbone). MALDI-TOF MS m/zexp = 2715.430 [M30+Li]+, 2729.421 [M31-OAc+Li]+, 2749.375 

[M32-2OAc-H+Li]+, m/zcalc = 2715.302 [M30+Li]+, 2729.354 [M31-OAc+Li]+, 2749.415 [M32-2OAc-

H+Li]+. In NMR and MALDI-ToF MS product 34 partially without OAc as protecting groups, 

therefore H-17` in the case, that “18” is with OH group instead of OAc. 
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Table EP5. Experimental conditions for azide/alkyne-“click”-reactions of 23 with 6b. 

entry amount 

of 23 

amount 

of 6b 

amount 

of Cu
I 

amount 

of base 

yield 

of 34
 

1
a 1 eq 

0.024 mmol 
100 mg 

1.8 eq 

0.045 mmol 
20 mg 

CuI 0.1 eq  
0.0024 mmol, 0.5 mg 

CuBr 0.1 eq 

0.0024 mmol, 0.4 mg 

DIPEA 0.4 eq 

0.0096 mmol, 1.24 mg 

TBTA (29) 0.2 eq   
0.0048 mmol, 2.5 mg 

– 

2
a 1 eq 

0.024 mmol 
100 mg 

1.5 eq 

0.045 mmol 
20 mg 

CuI·P(OEt)
3
 0.2 eq 

0.0048 mmol, 1.7 mg 

DIPEA 0.4 eq 

0.0096 mmol, 1.24 mg 

TBTA (29) 0.2 eq  
0.0048 mmol, 2.5 mg 

– 

3
b 1 eq 

0.157mmol 
660 mg 

2 eq 

0.314 mmol 
139.6 mg 

CuSO
4
·5H

2
O 0.2 eq 

0.0314 mmol, 7.8 mg 

Na-asc 0.2 eq 

0.0314 mmol, 6.22 m 

DIPEA 0.4 eq 

0.0628 mmol, 8.1 mg 

TBTA (29) 0.2 eq  
0.0314 mmol, 16.7 mg 

90 % 

a) 4 mL THF, 3 d at 50 °C, 3 d; b) 5 mL THF, 4 d at 60 °C. 

 

7.2.31 Azide/alkyne-“click”-reactions of 18 with 21a to achieve 35 
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The azide/alkyne-“click”-reactions were accomplished following an already known synthetic 

approach.217, 232, 233 For experimental details see Table EP6. Into a Schlenk flask solvent, 18 (1 eq), 21a 

(3-4 eq) as well as bases were added. The reaction mixture was purged for 30 min with argon or three 

freeze-pump-thaw-cycles were performed. The copper(I)-catalyst (0.12 eq-0.3 eq) was added and the 

solution was stirred at room temperature. The reaction was monitored via TLC [CHCl3/MeOH = 50:1, 

Rf = 0.38 (35)]. For working up the solvent was removed under vacuum and CHCl3 was added and the 

crude product was purified via column chromatography. Therefore, CHCl3 was used as eluent and 

after removing of unreacted 18 the eluent was changed to CHCl3/MeOH = 50:1 yielding the “click” 

product 35. 1H-NMR (400 MHz, CDCl3): δ = 7.66 (s, 1H, H-15), 7.59 (s, 1H, H-10), 7.40-7.27 (m, 5H, 

H-1), 7.25-7.18 (m, 2H, H-5), 6.79 (d, 2H, 3
JH,H =8.8 Hz, H-6), 4.68 (s, 2H, H-12), 4.67 (s, 2H, H-14), 

4.57 (t, 2H, 3
JH,H =7.1 Hz, H-9), 4.40 (t, 2H, 3

JH,H =6.8 Hz, H-16), 3.97 (t, 1H, 3
JH,H =5.8 Hz, H-7), 

3.71-3.61 (m, 17H, H-2,13), 3.43 (m, 1H, H-2`), 3.13 (q, 2H, 3
JH,H =6.2 Hz, H-18), 2.38 (m, 2H, H-8), 

2.08 (m, 2H, H-17), 2.00-0.70 (PIB backbone). 13C-NMR (400 MHz, CDCl3): δ = 156.0 (C-19), 143.1 
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(C-11), 128.3-127.0 (C-1), 125.9 (C-1,5), 123.0 (C-10,15), 113.7 (C-6), 77.2 (C-20), 74.5 (C-2), 70.6-

70.4 (C-13), 69.7 (C-13), 69.2 (C-13), 64.7 (C-7), 64.0 (C-12), 59.8-59 (C-3), 58.3 (C-14), 47.5 (16), 

47.2 (C-9), 44. 2 (C-18), 38.5-37.5 (C-4), 31.5-31 (C-4), 30.7 (C-8), 28.4 (C-17, 21). MALDI-TOF 

MS m/zexp = 2359.288 [M28+Li]+, 2388.974 [M28-Boc+TFA+Na]+, m/zcalc = 2359.209 [M28+Li]+, 

2389.123 [M28-Boc+TFA+Na]+. 

Table EP6. Experimental conditions for azide/alkyne-“click”-reactions of 18 with 21a. 

entry amount 

of 18 

amount 

of 21a 

amount 

of Cu
I 

amount 

of additive 

yield 

of 35
a 

1
b 1 eq 

0.03 mmol, 
102 mg 

3 eq,  
0.09 mmol, 
42.35 mg 

Cu-powder 
0.01 mmol, 0.6 mg 

CuSO
4
·5H

2
O 

0.01 mmol, 2.3 mg 

– – 

2
c 1 eq 

0.03 mmol, 
110 mg 

3 eq,  
0.09 mmol, 
42.35 mg 

CuI  
0.01 mmol, 1.7 mg 

TBTA (29) 
0.003 mmol, 1.6 mg 

DIPEA  
0.003 mmol, 4 mg 

64 % 

3
d 1 eq 

0.23 mmol, 
800 mg 

4 eq,  
0.91 mmol, 
430 mg 

CuI 
0.027 mmol, 5.3 mg 

CuBr 
0.027 mmol, 3.9 mg 

TBTA (29) 
0.023 mmol, 12.1 mg 

DIPEA 
0.023 mmol, 29.5 mg 

88 % 

a) isolated yield of “click” product 35; b) 4 mL THF, 30 min degassed with argon, overnight at 50 °C; c) 5 mL THF/i-prop = 
4:1, 30 min degassed with argon, 4 d at 90 °C; d) 7 mL Tol/H2O = 6:1, three times freeze-thaw cycle, 2 d at 80 °C. 
 

7.2.32 Deprotection of 35 to achieve 36 
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The deprotection of 35 to achieve 36 was accomplished to Xiao227. In a 25 mL one-neck flask 35 (0.09 

mmol, 412 mg) was dissolved in 6 mL DCM and cooled with an ice bath, then TFA (6.75 mmol, 500 

µL) was added. The solution was allowed to stir at room temperature overnight and monitored via 

TLC (CHCl3/MeOH = 50:1, Rf = 0-0.1). The pH-value was adjusted to 7-8 with NMM. After 

removing of the solvent under vacuum the polymer was dissolved in n-hexane and precipitated in 

MeOH for three times yielding 36 (96 %, 395 mg). MALDI-TOF MS m/zexp = 3157.147 [M44+Li]+, 

3196.678 [M44-H+2Na]+, m/zcalc = 3157.162 [M44+Li]+, 3196.125 [M44-H+2Na]+. 
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7.2.33 Peptide coupling of 6a with 20a to achieve 37  
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The peptide coupling of 6 with 20a was accomplished to Tremmel114. In a round bottom flask 

equipped with magnetic stir bar 6 (0.16 mmol, 50 mg) was dissolved in 5 mL DMF. Then, 20a [0.16 

mmol, 16.2 mg (as 46.1 mg stock solution in Et2O)] and PyBOP (1.44 eq, 0.23 mmol, 120 mg) were 

added. With NMM the pH-value was adjusted to 7-8. The solution was allowed to stir at room 

temperature overnight and monitored via TLC (EA/MeOH = 1:1, Rf = 0.88). For working up the 

solvent was removed under vacuum and EA was added and a column chromatography (EA, Rf = 0.20) 

was conducted to yield 80 % (0.12 mmol, 46.3 mg) of 37 obtained as colourless, glassy solid. 1H-

NMR (400 MHz, DMSOd6): δ = 8.09 (t, 1H, 3
JH,H = 5.6 Hz, NH), 5.90 (d, 1H, 3

JH,H = 6.5 Hz, OH-10), 

5.72 (d, 1H, 3JH,H = 5.0 Hz, OH-8), 5.57 (d, 1H, 3JH,H = 3.8 Hz, OH-9), 5.48 (s, 1H, H-11), 4.66 (s, 1H, 

H-7), 4.53 (t, 1H, 3
JH,H = 7.8 Hz, H-5), 3.90 (t, 1H, 3

JH,H = 4.8 Hz, H-8), 3.79 (dd, 1H, 3JH,H = 3.8 Hz, 

3
JH,OH = 7.8 Hz, H-9), 3.61 (dd, 1H, 3JH,H = 3.0 Hz, 3JH,OH = 6.4 Hz, H-10), 3.26 (m, 2H, H-1), 3.17 (m, 

2 H, H-12), 3.01 (s, 2H, H-3), 1.60 (p, 2H, 3
JH,H = 6.9 Hz, H-2). 13C-NMR (400 MHz, DMSOd6): δ = 

169.5 (COOH), 166.9 (C-6), 76.2 (C-10), 74.9 (C-8), 72.1 (C-9), 66.1 (C-5), 61.4 (C-7), 61.3 (C-11), 

48.1 (C-1), 35.6 (C-3), 32.6 (C-12), 27.9 (C-2). ESI-TOF MS (MeOH/NaCl) m/zexp. = 409.0861 

[M+Na]+, m/zcalc. = 409.1013 [M+Na]+. 

 

7.2.34 Peptide coupling of 6 with 21 to achieve 38 
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The peptide coupling of 21 with 6was accomplished to Tremmel114. In a round bottom flask equipped 

with magnetic stir bar 6 (0.467 mmol, 142 mg) was dissolved in 5 mL DMF. Then, 21 (0.467 mmol, 

172.4 mg) and PyBOP (1.44 eq, 0.672 mmol, 350.3 mg) were added. With NMM the pH-value was 

adjusted to 7-8. The solution was allowed to stir at room temperature overnight and monitored via 

TLC (EA/MeOH = 1:1, Rf = 0.78). For working up the solvent was removed under vacuum and EA 

was added and a column chromatography (EA, Rf = 0.20) was conducted to yield 78 % (0.36 mmol, 
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239 mg) of 38 obtained as orange-brown, glassy solid. ESI-TOF MS (MeOH/NaCl) m/zexp. = 679.2255 

[M+Na]+, m/zcalc. = 679.2480 [M+Na]+. 

 

7.2.35 Peptide coupling of 6 with 36 to achieve 39  
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The peptide coupling of 6 with 36 was accomplished to Tremmel114. In a round bottom flask equipped 

with magnetic stir bar 36 (0.016 mmol, 57 mg) was dissolved in 3 mL dry toluene and 6 (3 eq, 0.049 

mmol, 15 mg) dissolved in 0.3 mL DMF was added under stirring. Then, PyBOP (4.32 eq, 0.06 mmol, 

31.5 mg) was added and the pH-value was adjusted to 7-8 with NMM. The solution was allowed to 

stir at 50 °C for 2 d while monitoring via TLC (CHCl3/MeOH = 25:1, Rf = 0.1-0). Due to the small 

amount, the polymer couldn`t be precipitated, thus the solvent was removed under vacuum and MeOH 

was added to the thin film of polymer. Then the MeOH was decanted, the polymer dissolved in 

CHCl3, the solvent removed under vacuum generating again a thin film of polymer and MeOH was 

added. This “washing” procedure was repeated five times yielding quantitative polymer with 55 % of 

39 determined by 1H-NMR spectroscopy. Due to the low Rf value for this product and the insolubilty 

of PIB in MeOH column chromatography was not successful as the polymer sticked/precipitated in the 

column. 1H-NMR (400 MHz, CDCl3): δ = 7.66 (s, 1H, H-15), 7.59 (s, 1H, H-10), 7.40-7.27 (m, 5H, H-

1), 7.25-7.18 (m, 2H, H-5), 6.79 (d, 2H, 3
JH,H =8.8 Hz, H-6), 5.46 (s, 1H, H-22), 5.12 (bs, 1H, NH), 

4.93 (t, 1H, 3
JH,H =6.4 Hz, H-20), 4.75-4.65 (m, 3H, H-24-26), 4.67 (m, 4H, H-12,14), 4.57 (m, 2H, H-

9), 4.40 (m, 2H, H-16), 3.96 (t, 1H, 3
JH,H =5.6 Hz, H-7), 3.71-3.61 (m, 17H, H-2,13), 3.43 (d, 1H, 2

JH,H 

=10.8 Hz, H-2`), 3.20-3.30 (m, 2H, H-21), 3.13 (m, 2H, H-18), 2.38 (m, 2H, H-8), 2.08 (m, 2H, H-17), 

2.00-0.70 (PIB backbone). MALDI-TOF MS m/zexp = 2601.504 [M29+Li]+, 2624.850 [M29-H+Na+Li]+, 

2634.171 [M29+K]+, m/zcalc = 2601.256 [M29+Li]+, 2624.246 [M29-H+Na+Li]+, 2634.212 [M29+K]+. 
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7.2.36 Protection of hydroxyl-groups of 39 with Ac2O to achieve 40 
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In a 100 mL two-neck flask equipped with magnetic stir bar, reflux condenser, gas tap and septum 39 

(0.06 mmol, 250 mg) was dissolved in 15 mL of freshly distilled CH2Cl2. Then, DMAP (0.19 mmol, 

23 mg) dissolved in 0.1 mL abs DMF, acetic anhydride (1.13 mmol, 104 µL) and 0.15 mL pyridine 

were added. The solution was stirred for 18 h at 40 °C, monitored via TLC (CHCl3/MeOH = 70:1, Rf = 

0.14) and quenched by addition of MeOH. After removing of the solvent, the crude product was 

purified via column chromatography (CHCl3/MeOH = 70:1) to yield 65 % (0.039 mmol, 164 mg) of 

40. MALDI-TOF MS m/zexp = 3386.539 [M40+Li]+, 3402.436 [M40+Na]+, 3418.100 [M40+K]+, m/zcalc = 

3386.990 [M40+Li]+, 3402.964 [M40+Na]+, 3418.938 [M40+K]+. 

7.2.37 Azide/alkyne-“click”-reactions of 19 with 40 to achieve 41 
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The azide/alkyne-“click”-reactions were accomplished following an already known synthetic 

approach.168 In a microwave tube 40 (1 eq, 0.011 mmol, 50 mg) was dissolved in 3 mL abs toluene 

and 19 (4 eq, 0.044 mmol, 12 mg), TBTA (0.2 eq, 0.0022 mmol, 1.2 mg) and DIPEA (1 eq, 0.011 

mmol, 2 µL) were added. After 30 min degassing with argon CuSO4·5H2O (0.2 eq, 0.0022 mmol, 0.6 

mg) and sodium ascorbate (0.2 eq, 0.022 mmol, 0.5 mg) were added and again the solution degassed 

for 30 min with argon. Then, the microwave tube was placed into the microwave and irradiation was 

started (80 °C, 25 W, 18 h). The reaction was monitored via MALDI-ToF MS showing that all 40 was 

consumed. For working up the solution was washed with NH4Cl, the organic layer was separated and 

the aqueous phase extracted against CH2Cl2. The combined organic phases were dried over Na2SO4, 

filtered and the solvent was removed under vacuum. For further purification a column chromatography 

was conducted (eluent CHCl3� CHCl3/MeOH = 50:1, Rf = 0.1) to achieve 36 %* (0.0048 mmol, 10 

mg) of 41 as viscous polymer. MALDI-TOF MS m/zexp = 2484.542 [M19-H+2Li]+, 2532.703 [M20-

OAc-H+2Na]+, m/zcalc = 2484.843 [M19-H+2Li]+, 2532.843 [M20-OAc-H+2Na]+. 
*determined yield assuming that the purity of 41 was 55 %  

 

7.2.38 Azide/alkyne-“click”-reactions of 18 with 41 following by deprotection/hydrolysis to 

achieve 42 
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A) For the first part of the synthesis of 42 an azide-alkyne-“click”-reaction was accomplished. In a 

Schlenk flask 30 (1 eq, 0.0026 mmol, 13 mg) and 18 (1 eq, 0.0026 mmol, 9 mg) were dissolved in 3 

mL abs toluene and TBTA (1 eq, 0.0026 mmol, 1.3 mg) as well as DIPEA (1 eq, 0.0026 mmol, 1 µL) 

were added. After three freeze-pump-thaw-cycles CuBr (1 eq, 0.0026 mmol, 0.6 mg) and CuI (1 eq, 

0.0026 mmol, 0.5 mg) were added and again three freeze-pump-thaw-cycles were performed. The 
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reaction was monitored via MALDI-ToF MS. showing that all 41 was consumed. For working up the 

solution was washed with NH4Cl, the organic layer was separated and the aqueous phase extracted 

against CH2Cl2. The combined organic phases were dried over Na2SO4, filtered and the solvent was 

removed under vacuum. B) The second part of the synthesis is the deprotection/hydrolysis of the 

“click”-product. Therefore, crude product 42 (0.0026 mmol, 22 mg) was dissolved in 4 mL THF and 

NaOMe (0.26 mmol, 6 µL, 25 wt% solution) as well as 200 µL MeOH were added. The solution 

stirred 5 d at room temperature and was neutralized with 1M HCl. For purification a column 

chromatography was conducted (eluent CHCl3� CHCl3/MeOH = 70:1, Rf = 0.2) to achieve 11 %* 

(0.00028 mmol, 2.5 mg) of 42 as viscous polymer. *determined yield after column chromatography, 

but not pure. MALDI-TOF MS m/zexp = 4054.736 [M46+Na]+, 4075.022 [M46+AcO+H]+, 4097.853 

[M46+AcO+Na]+, m/zcalc = 4054.548 [M46+Na]+, 4075.580 [M46+AcO+H]+, 4097.562 

[M46+AcO+Na]+. 

 

7.2.39 Azide/alkyne-“click”-reactions of 23 with 40 
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A) The azide/alkyne-“click”-reactions were accomplished following an already known synthetic 

approach.168 For experimental conditions see Table EP7. In a microwave tube/Schlenk flask 23 (1eq) 

and 40 (1 eq) were dissolved in absolute toluene and TBTA (29, 0.1 eq) and DIPEA (1 eq) were 

added. After degassing with argon or conducting freeze-thaw cycles CuSO4·5H2O (0.2 eq/3 eq) and 

sodium ascorbate (0.2 eq/3eq) were added and again the solution degassed for 30 min with argon or 

freeze thaw cycles were conducted. The reaction run at certain reaction conditions and was monitored 
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via MALDI-ToF MS showing the consumption of 23. For working up the solution was washed with 

NH4Cl, the organic layer was separated and the aqueous phase extracted against CH2Cl2. The 

combined organic phases were dried over Na2SO4, filtered and the solvent was removed under 

vacuum. For further purification a column chromatography was conducted (eluent CHCl3� 

CHCl3/MeOH = 70:1, Rf = 0.2) to 42` as viscous polymer. 
 

Table 7. Experimental conditions for azide/alkyne-“click”-reactions of 23 with 40. 

entry amount 

of 23 

amount 

of 40 

amount 

of Cu
I 

amount 

of additive 

yield 

of 42
 

1
a 1 eq 

0.0038 mmol 
20 mg 

1 eq,  
0.0038 mmol 24 
mg 

CuSO
4
·5H

2
O 3 eq 

0.004 mmol, 1 mg 
Na-asc 3 eq 
0.004 mmol, 0.8 mg 

TBTA (29) 0.1 eq 
0.0004 mmol, 0.2 mg 
DIPEA 1 eq 
0.0038 mmol, 0.5 mg  

30 %b 

2
c 1 eq 

0.01 mmol, 50 
mg 

1 eq,  
0.01 mmol, 50 
mg 

CuSO
4
·5H

2
O 0.2 eq 

0.002 mmol, 0.5 mg 
Na-asc 0.2 eq 
0.002 mmol, 0.4 mg 

TBTA (29) 0.1 eq 
0.001 mmol, 0.5 mg 
DIPEA 1 eq 
0.01 mmol, 1.7 µL 

16 %b 

a) 2.8 mL abs toluene, three times freeze-thaw cycle, addition Cu, then again three times freeze-thaw cycles, 4 d at 80 °C; b) 
isolated yield but not pure; c) 5 mL abs toluene, microwave tube, 30 min degassing with argon, addition Cu, again degassing 
with argon for 30 min, microwave conditions: 80 °C, sps, 25 watt, 72 h. 
 

B) The second part of the synthesis is the deprotection/hydrolysis of the “click”-product. Therefore, 

crude product 42` (0.004 mmol, 12 mg) was dissolved in 3 mL THF and NaOMe (3 eq, 0.006 mmol, 

1.5 µL, 25 wt% solution) as well as 100 µL MeOH were added. The solution stirred 5 d at room 

temperature and was neutralized with 1M HCl. Due to the small amount, the polymer could not be 

precipitated, thus the solvent was removed under vacuum and MeOH was added to the thin film of 

polymer. Then the MeOH was decanted, the polymer dissolved in CHCl3, the solvent removed under 

vacuum generating again a thin film of polymer and MeOH was added. This “washing” procedure was 

repeated for five times. For further purification preparative SEC and HPLC using THF as eluent were 

conducted, but no separation of the product 42 from the starting material 23 could be 

observed.MALDI-TOF MS m/zexp = 4547.703 [M53+Na]+, 4562.874 [M53+K]+, m/zcalc = 4547.057 

[M53+Na]+, 4563.030 [M53+K]+.  
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7.2.40 Azide/alkyne-“click”-reaction of 23 with 7c to achieve 43 
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The azide/alkyne-“click”-reaction was accomplished following an already known synthetic 

approach.168 In a Schlenk flask 23 (1 eq, 0.056 mmol, 290 mg) was dissolved in 7 mL abs toluene and 

a solution of 7c (1.5 eq, 0.084 mmol, 30.2 mg) in 0.3 mL abs DMF as well as TBTA (29, 0.1 eq, 

0.0056 mmol, 3 mg) and DIPEA (1 eq, 0.056 mmol, 7.3 mg) were added. After three freeze-pump-

thaw-cycles CuSO4·5H2O (0.2 eq, 0.011 mmol, 3 mg) and sodium ascorbate (0.2 eq, 0.011 mmol, 2.4 

mg) were added and again three freeze-pump-thaw-cycles were performed. The solution was allowed 

to stir at 80 °C for 2 d and the reaction was monitored via TLC (CHCl3/MeOH = 25:1, Rf = 0.18). For 

working up the solvent was removed under vacuum and n-hexane was added and the polymer isolated 

by precipitation into MeOH. For further purification a column chromatography was conducted (eluent 

CHCl3� CHCl3/MeOH = 50:1) to achieve 95 % (0.053 mmol, 275 mg) of 43 as viscous polymer.1H-

NMR (400 MHz, CDCl3): δ = 7.86 (s, 1H, H-16), 7.59 (s, 1H, H-10), 7.40-7.27 (m, 5H, H-1), 7.25-

7.18 (m, 2H, H-5), 6.80 (d, 2H, 3
JH,H =8.7 Hz, H-6), 5.91 (d, 1H, 3

JH,H =9.1 Hz, H-17), 5.50-5.45 (m, 

2H, H-18,20), 5.37 (t, 1H, 3
JH,H =9.6 Hz, H-19), 4.68-4.66 (m, 4H, H-12,14), 4.57 (t, 2H, 3

JH,H =7.1 

Hz, H-9), 4.31 (d, 2H, 3
JH,H =9.8 Hz, H-21), 3.97 (t, 1H, 3

JH,H =5.7 Hz, H-7), 3.75 (s, 3H, H-23), 3.72-

3.61 (m, 17H, H-2,13), 3.43 (m, 1H, H-2`), 2.38 (m, 2H, H-8), 2.07-2.03 (2s, 6H, H-25,26), 1.87 (s, 

1H, H-24), 2.00-0.70 (PIB backbone). MALDI-TOF MS m/zexp = 2406.130 [M26+Li]+, 2422.107 

[M26+Na]+, 2439.208 [23+Li]+, m/zcalc = 2406.053 [M26+Li]+, 2422.027 [M26+Na]+, 2439.395 

[23+Li]+. 
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8. Summary 

  
Scheme 8.1. Retrosynthetic concept towards an amphiphilic polymer conjugate, containing a β-turn 
mimetic element (BTD), by the linkage of the different building blocks. 
 

The aim of the work was the synthesis of an amphiphilic polymer conjugate containing a β-turn 

mimetic element and the investigation of its organization in a lipid bilayer membrane. This conjugate 

was based on two hydrophobic PIB chains (3 and 5), which are connected onto the same hydrophilic 

β-turn mimetic element BTD (6). For defined linkages of the hydrophobic PIB chains onto the β-turn 

mimetic element two chemically different reactions were required (Scheme 8.1). These linkages were 

on the one hand accomplished by the amidation reaction known from peptide synthesis thus amine and 

carboxylic acid moieties are needed. The CuI mediated azide/alkyne-“click”-reaction was also used, 

consequently azide and alkyne moieties at the (chain) - ends of the tailor-made building blocks were 

necessary.  

For the hydrophilic β-turn mimetic element the β-turn dipeptide (BTD) was chosen and synthesized 

following the procedure from literature.113, 114 PIB was synthesized via living carbocationic 

polymerization using α-methylstyrene epoxide (MSE) as initiator and a) 6-phenoxyhexylamine (2) as 

quencher to achieve α-hydroxymethyl-ω-amino telechelic PIB (3) or b) trimethyl(3-phenoxy-1-

propynyl)silane (4) as quencher to obtain α-hydroxymethyl-ω-alkyne telechelic PIB (5). The received 

PIBs are well defined corresponding to narrow molecular weight distribution, targeted molecular 

weights (3000 – 5000 g/mol) and complete end group functionalization. As the synthesis of the single 
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building blocks was successful and their purity was proven via NMR spectroscopy and ESI-ToF 

MS/MALDI-ToF MS the linkage of the different tailor-made building blocks towards the polymer 

conjugates was accomplished (Scheme 8.1). In a first step the synthesized building blocks, the α-

hydroxymethyl-ω-amino telechelic PIB (3) and the BTD 6 (bearing the azide functionality on the one 

side and the active carboxylic acid group on the other side), were linked via an amidation reaction 

using PyBOP/NMM as coupling reagents resulting the PIB-BTD 8. To this first strand the second 

strand, the α-hydroxymethyl-ω-alkyne telechelic PIB (5), was then coupled via the Cu(I)-mediated 

azide/alkyne-“click”-reaction168 to achieve the final PIB conjugate 9 were two PIB strands are 

connected to the one β-turn mimetic BTD in a yield of 64 % (determined after column 

chromatography, but with traces of 8). For ultrapure PIB conjugate 9 this crude product was further 

purified via preparative HPLC using HPLC graded, freshly distilled THF. The purity of the final 

amphiphilic polymer conjugate (9), having two PIB strands connected to the one β-turn mimetic BTD, 

as well as of the intermediate 8, where one PIB chain is linked to the β-turn mimetic BTD, was proven 

by NMR spectroscopy, SEC, MALDI-ToF-MS measurements and LC/MALDI-ToF MS. 

The synthetic route was repeated and modified for the use of SAA (7) as β-turn mimetic, but no 

equivalent amphiphilic polymer conjugate to 9 using SAA instead of BTD could be obtained. 

 

To investigate the folding of the β-turn mimetic PIB conjugate 9 when incorporated into a membrane 

Langmuir monolayer measurements were conducted, which serve as model for half a bilayer 

membrane (Scheme 8.2). Therefore, mixed hybrid membranes composed of DPPC and PIB with 

different ratios of DPPC/PIB were extensively investigated. As comparison for folding effects the 

single strand 8, where one PIB strand is connected to the β-turn mimetic BTD, was used. Due to the 

amphiphilic structure of 8 and 9 the hydrophilic β-turn mimetic BTD should serve as anchor in the 

water phase whereas the hydrophobic PIB chains should orientate along the water/air interface. To get 

a deeper look into the behavior of the mixed hybrid membranes during the compression of the 

Langmuir measurements imaging methods as epifluorescence microscopy and atomic force 

microscopy (AFM) were used.  

The Π-A isotherms of the pure polymer compounds 8 and 9 showed the first increase of the pressure 

of the isotherm (lift-off) at 161 Å2 respectively 322 Å2. This doubling of the mean molecular area 

(mma) value was in exact agreement with the double molecular weight of 9 in comparison to 8. Then 

the surface pressures increase for both until the films collapse which was indicated by the formation of 

the plateaus. If these plateaus would be from literature known roll-over collapse where triple layers are 

formed then the pressure should increase after 1/3 of the starting mma value of the plateau, which is 

not the case.197, 198 Therefore we assume, that we don`t have the defined roll-over, but that we are 

“losing” material. As PIB is insoluble in water the lost material is not going into the water phase. 

Hysteresis experiments substantiate this and show that the amphiphilic PIB conjugates are well spread 

at the air-water interface. Thus, we conclude that “overlayers” are formed at the air-water interface. 199  
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Scheme 8.2. Langmuir monolayer measurements. (a) folding possibilities of 9 when incorporated into 
a monolayer; Π-A isotherms of (b) DPPC/8 mixtures and (c) DPPC/9 mixtures at 20 °C. The black 
curve represents the isotherm of the pure DPPC and the different colored curves represent the different 
molar ratios of the DPPC/polymer mixtures. 
 

As it can be seen in Scheme 8.2b and c the lift-off areas of the DPPC/polymer mixtures were shifted to 

higher mean molecular areas with higher content of 8 or 9 however they differ from the calculated 

values. As the experimental values of the lift-off area were smaller than the expected ones attractive 

lipid/polymer interactions were concluded. This behavior was already observed in our group for PIB-

PEO copolymers.202 In contrast to this previous work and to the isotherms of the pure compounds, two 

plateaus could be observed during compression, whereby with increasing content of 8 or 9 the surface 

pressures for these plateaus increase as well. As the transition state of the lipid monolayer (LE/LC, 

first plateau) is at higher pressure (up to 10 mN m-1) in comparison to pure DPPC, the amphiphilic 

polymer conjugates 8 or 9 strengthen the expanded phase. This means that the amphiphilic polymer 

molecules disturbed the rearrangement of the lipid molecules at the air-water interface due to their 

partial miscibility with the LE phase of the DPPC, thus hindering the lipid packing. The second 

plateau (up to 15 mN m-1) gave a hint for a second transition, what we believe is the new 

arrangement/ordering of the polymer molecules, meaning that the apolar PIB chains straighten up, but 
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are still tilted. This could be confirmed by further compression due to the existence of the previously 

titled “collapse” plateau [π = 37 mN m-1 (for 8) and π = 35 mN m-1 (for 9)] where the polymer 

molecules lift up from the subphase to build upper layers or squeeze out, whereby the length of this 

plateau was directly correlated to the mol fraction of 8 or 9. As mentioned previously the lift-off of the 

pure 9 was at the double mma value as for 8 due to the doubling of the molecular weight, this 

phenomenon is similar to the shape of the isotherms. For example the shape of the curve of DPPC/8 

90:10 (pale blue) is similar to the curve of DPPC/9 95:5 (pale blue). At these ratios the used PIB is not 

mol equivalent but mass equivalent. Up to this point it seemed that there are no perceptible differences 

whether one PIB chain is linked to the β-turn mimetic BTD (polymer 8) or two PIB chains are linked 

to the same BTD molecule (polymer 9). But having a deeper look into the “collapse” plateau 

(π = 35 mN m-1) a step at an area of 45.5 Å2 per molecule within the plateau is visible (see zoom-in 

region Figure 8.2c), this area is in exact agreement with the calculated area (45 Å2) which is occupied 

by one molecule of BTD in a liquid condensed monolayer. Therefore, the third transition could be 

clearly attributed to the presence of the two PIB chains on the same β-turn mimetic BTD and marked a 

transition within the β-turn mimetic PIB conjugate 9 which is the ordering of the chains along one β-

turn mimetic BTD molecule.  

To substantiate the hypotheses from the compression isotherms and to get more information about the 

behavior of 8 and 9 in mixed monolayers during the compression, the Langmuir measurements were 

directly coupled to epifluorescence microscopy using the dye Rh-DHPE for visualization. The 

increase of the content of the amphiphilic polymer 8 or 9 was accompanied by the decrease of the 

contrast bright-dark. Therefore, the Rh-dye was soluble in both LE phases, of the DPPC and of the 

polymer. The first plateau showed the transition of the LE phase to the LC phase of the lipid rich 

domains (appearance of black propeller domains) and the second plateau showed the transition of the 

LE phase to the LC phase of the lipids in the polymer-mixed phase as the transitions are located at the 

newly formed LC DPPC/polymer/LE DPPC boundary (proceeding thinning of the propeller tips and 

spiraling, indicating a strong reduce in the line tension). Therefore, a partial miscibility of the 

amphiphilic PIB 8 or 9 with the LE phase of DPPC could be concluded.204 Whereby, the phenomenon 

could be stronger observed using 9 which indicated increased miscibility of the amphiphilic PIB 9 

with the LE phase of DPPC in comparison with its “one arm” equivalent 8. After the second plateau 

an increase of the pressure up to the third plateau could be observed which we believed was the 

diffusion of residual lipids of the polymer rich bright domains (LE phase) into the ordered LC phases, 

which was visible in the shrinkage of these bright domains.  

It could be shown, that both amphiphilic PIB conjugates 8 and 9 were behaving nearly similar when 

incorporated into a monolayer membrane using DPPC as lipid and varying the mixing ratios, but the 

use of epifluorescence microscopy was only helpful for the phase transitions in the low pressure 

region. As it could be seen from images in the Appendix, with pressures higher than 30 mN m-1 no 

differences according to contrast, shape and size of the single domains could be observed as they were 
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just visible as small bright dots on a dark background. But the transitions within the third plateau were 

at pressures around 35 mN m-1 and especially the step within the third plateau using 9 instead of 8 was 

the only difference between their compression isotherms. However, it may also mean that indeed the 

previously mentioned ordering of the two PIB chains linked to one β-turn mimetic BTD took place at 

this step within the third plateau.  

To overcome the resolution limit AFM measurements using the Langmuir Blodgett technique were 

conducted, as this method could directly image the surface structure of samples at atomic height scale 

(here 10 nm AFM tip). Both amphiphilic PIBs, PIB 8 having one PIB chain linked to the β-turn 

mimetic BTD and PIB 9 where both PIB chains are linked on one β-turn mimetic BTD, show three 

phases at a transfer pressure of 30 mN m-1, 1) disc like PIB domains out of 2) a PIB plateau which is 

surrounded by 3) the condensed lipid phase. With increasing pressure the PIB plateaus are vanishing 

and cone-like PIB domains out of the plane lipid phase are visible, whereby the maximum height (80 

nm) using 9 is higher as the maximum height using 8 (60 nm). This could be explained by the better 

stabilizing effect of higher aggregates with elongated chains due to the linkage of two chains onto one 

β-turn mimetic BTD.  

 

 
Scheme 8.3. Bilayer experiments. (a) possible polymer distribution of 9 when incorporated into a 
bilayer; Mixed GUVs analyzed via confocal microscopy using DPPC/PIB mixtures (b) DPPC/8 
(84:16), (c) DPPC/9 (92:8) and (d) DPPC/9 (84:16).  
 

As the preliminary Langmuir monolayer measurements, which served as model for half a bilayer 

membrane, already showed slightly different behavior using β-turn mimetic PIB conjugate 8 (one PIB 

chain linked to β-turn mimetic BTD) or 9 (both PIB chains linked to one β-turn mimetic BTD), bilayer 
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experiments using these polymer conjugates should be conducted, too. To investigate the behavior of 

the conjugates (8 or 9) when incorporated into a more natural like membrane, mixed giant unilamellar 

vesicles (GUVs) were prepared as model for bilayer membranes and analyzed via confocal 

microscopy. However, this method only enables the investigation of the polymer distribution, whether 

PIB rich domains are built or the PIB is homogenously distributed in the lipid bilayer (Scheme 8.3a). 

The GUVs were prepared by electro formation which emerged as method of choice in our group and 

Rh-DHPE was used as fluorescence dye, which is known to be preferentially soluble in the less 

ordered phase as it is squeezed out of the more ordered liquid condensed phase. 202 

As mentioned previously, the amphiphilic β-turn mimetic PIB conjugate 9, bearing two PIB chains on 

the same BTD molecule, is with regard to the mass the double of 8. If only the mass is the determining 

factor of the behavior inside the membrane, then mass equivalent incorporated PIB conjugates 8 and 9 

should behave similar. The monolayer investigations already showed that the behavior is similar, but 

there are differences, thus we can conclude that indeed the connection of two PIB chains onto the 

same β-turn mimetic leads two better mixing with the lipid molecules. This could be confirmed by the 

GUV experiments. Scheme 8.3b shows the confocal microscopy image of DPPC/8 with a molar ratio 

of 84:16, clearly showing smooth and spherical GUVs with phase separation. However, these dark 

compact domains cannot be clearly assigned to the lipid-rich or polymer-rich phase as already 

discussed in literature.202 They just mark the region of higher ordered liquid-condensed phase of the 

mixed DPPC/8 bilayer from which the dye is excluded. In contrast to this, using DPPC/9 in a molar 

ratio of 92:8 (Scheme 8.3c), which is the mass equivalent to DPPC/8 84:16, or even the same molar 

ratio of 84:16 (Scheme 8.3d); smooth, homogenous and spherical GUVs were formed and no phase 

separation could be observed. It could be shown that the amphiphilic β-turn mimetic PIB conjugate 9 

led to more regular and stable GUVs and over the whole investigated range of different molar ratios it 

was miscible with the DPPC molecules as no phase separation was observed. This clearly proofs that 

indeed the linkage of two PIB chains on the same β-turn unit (9) led to different membrane 

interactions than the equivalent structure just having one PIB chain (8). 

Introduction of FRET dyes 

However, the investigation of the folding behavior within one β-turn mimetic PIB conjugate 9 when 

incorporated into a mono-/bilayer membrane was with the previous methods not possible thus the 

sophisticated and promising FRET method should be conducted. Therefore, the structure of 9 had to 

be adapted in such a way that both PIB chains connected to the same β-turn mimetic unit should bear 

FRET suitable dyes at the α-termini. As both termini beared hydroxyl groups, dyes with carboxylic 

acid groups were necessary, which should be then connected via esterification onto the single strands. 

The dye functionalized amphiphilic β-turn mimetic PIB conjugate should be then incorporated into a 

bilayer membrane to get a deeper look into the folding of the modified PIB conjugate 9. When both 

FRET dyes are in close proximity the FRET event should take place, proofing the folding of the PIB 
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strands due to the β-turn mimetic element. As the selected FRET pair (4-ethynylbenzonitrile and 9-

ethynylphenanthrene) together with the “click”-reaction for the linkage of these dyes onto proteins was 

known in literature209, we decided to use these dyes in a modified way. Moreover, we have chosen 

these dyes as they should be embedded in the less polar bilayer-water interface (between the polar 

head group region and the hydrophobic core).210 If we would have chosen more hydrophilic dyes they 

would be embedded in the polar head group region and contrary more hydrophobic dyes would be 

incorporated in the hydrophobic core region, but these pushing/pulling effects of the dyes we wanted 

to avoid as their sole function should be the imaging of the folding process.  

As the syntheses of the FRET donor (11) and the FRET acceptor (12) turned out well (analyzed via 

ESI-ToF MS and NMR) they were linked via esterification to the single PIB chains 3 respectively 5 

achieving the single strands 13 (FRET donor labeled PIB) and 15 (FRET acceptor labeled PIB). The 

successful linkage and their purities were proven via SEC, MALDI-ToF MS and NMR. Although the 

synthesis of the equivalent to 8 (14), the FRET donor labeled PIB chain connected to the β-turn 

mimetic BTD via amidation, was successful, 14 could not be isolated. Moreover, the last step, the 

“click”-reaction of the single strands 14 and 15 to build up the dye labeled amphiphilic polymer 

conjugate containing BTD as β-turn mimetic (16, FRET dye labeled equivalent to 9) unfortunately 

failed. This evidenced again that the linkage on such constrained structure (14) is not trivial. 

Therefore, only preliminary experiments concerning fluorescence spectroscopy could be conducted 

using the dye labeled polymeric intermediates 13 and 15 in mixed DPPC/polymer vesicles. Such 

prelimary FRET experiments clearly showed that they are strongly dependent on the type of mixing of 

the vesicles (mixing vesicles containing 13 and 15 in the same vesicle or mixing of vesicles containing 

separately 13 or 15) as well as on the temperature (below or above the transition temperature of 

DPPC). 

Elongation of the hydrophilic part 

Beside the introduction of FRET suitable dyes we were interested in a variation of the amphiphilic 

polymer conjugate 9 by elongation of the hydrophilic part. This hydrophilic part should be placed 

between the hydrophobic PIB and the hydrophilic beta-turn. Via living carbocationic polymerization 

using α-methylstyrene epoxide (MSE, 1) as initiator and 3-bromopropoxybenzene (BPB) as quencher, 

followed by conversion from the bromine to the azide group well defined hydrophobic α-hydroxy-ω-

azido telechelic PIB (18, Mn ~ 4000 g/mol, PDI = 1.3) was synthesized.144 For the hydrophilic building 

blocks biocompatible tetraethylene glycol (TEG) derivatives were synthesized by the transformation 

of tetraethylene glycol into the needed structures [α,ω-dialkynyl tetraethylene glycol (19) and α-

alkynyl- ω-amino tetraethylene glycol (21)]. For the last building blocks - the β-turn mimetic building 

blocks - the already synthesized BTD (6) and SAA (7) could be used. As the synthesis of the different 

building blocks (6, 7, 18, 19 and 21) was successful and their purities were proven via NMR, ESI-ToF 

MS or SEC, they could be linked to achieve the β-turn mimetic amphiphilic block “copolymers”. 
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Therefore, the copper mediated azide/alkyne-”click”-reaction and the amidation reaction should be 

used. A lot of possibilities for linking the different building blocks were existent; it could be done 

either sequentially or by the synthesis of two single strands which were coupled together in a last step. 

Finally, the synthesis of the complete β-turn mimetic amphiphilic block “copolymer” (27) using BTD 

(6) as β-turn mimetic was successful, but with an overall yield of just 4 % for the linking steps. 

Moreover, the obtained product could not be purified, thus unreacted starting material was left. Also 

here again the synthesis of a complete β-turn mimetic amphiphilic block “copolymer” using SAA (7) 

as β-turn mimetic failed. Therefore, further experiments investigating the influence of the elongation 

of the hydrophilic part could not be conducted.  

 

 

In this work it could be shown that the linkage of polymer chains onto constrained structures as the β-

turn mimetic elements [BTD (6) or SAA (7)] is quiet challenging. Even small variations at the 

structures a) the use of 6 instead of 7 as β-turn mimetic, b) the introduction of FRET suitable dyes (11 

and 12) at the α-termini of the PIB strands or c) elongation of the hydrophilic part using TEG 

derivatives (19 and 21) lead to problems of purification of the final products or even the synthesis of 

the complete structure failed. However, the incorporation of PIB 8 having one PIB chain linked to the 

β-turn mimetic BTD and PIB 9 where both PIB chains are linked on one β-turn mimetic BTD into 

DPPC mono- and bilayers reveal a deeper insight into the behavior of amphiphilic β-turn mimetic 

polymer conjugates and their folding. Moreover, this work opens the possibility for further 

investigations and questions.  
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Table A1. Experimental conditions for polymerization of α-hydroxymethyl-ω-bromo telechelic poly(isobutylene) (17). 

PIB mth 

[g] 

Mn(th) 

[g/mol] 

IB V (n-Hex) 

V(DCM) 

[mL] 

MSE DtBP TiCl4 BPB Mn(SEC)
a 

[g/mol] 

PDI Mn(NMR) 

[g/mol] 

yield 

17a 3 3000 53 mmol 

4.4 mL 

1 mol/L 

32 

21 

3.83 mmol 

494 µL 

71 mmol/L 

0.27 mmol 

60 µL 

5 mmol/L 

6.39 mmol 

0.71 mL 

120 mmol/L 

3.40 mmol 

0.54 mL 

63 mmol/L 

3400 1.28 3600 2.9 g 

97 % 

17b 3 3000 53 mmol 

4.4 mL 

1 mol/L 

32 

21 

3.83 mmol 

494 µL 

71 mmol/L 

0.27 mmol 

60 µL 

5 mmol/L 

6.39 mmol 

0.71 mL 

120 mmol/L 

3.40 mmol 

0.54 mL 

63 mmol/L 

3300 1.50 3500 2.8 g 

93 % 

17c 3 4000 53 mmol 

4.4 mL 

1 mol/L 

32 

21 

2.74 mmol 

353 µL 

51 mmol/L 

0.27 mmol 

60 µL 

5 mmol/L 

6.39 mmol 

0.71 mL 

120 mmol/L 

2.46 mmol 

0.39 mL 

46 mmol/L 

4200 1.44 4500 2.9 g 

97 % 

17d 3 8000 53 mmol 

4.4 mL 

1 mol/L 

32 

21 

1.31 mmol 

169 µL 

24 mmol/L 

0.27 mmol 

60 µL 

5 mmol/L 

6.39 mmol 

0.71 mL 

120 mmol/L 

1.18 mmol 

0.19 mL 

22 mmol/L 

8000 1.29 8300 3 g 

100 % 

17e 3 15,000 53 mmol 

4.4 mL 

1 mol/L 

32 

21 

0.68 mmol 

88 µL 

13 mmol/L 

0.27 mmol 

60 µL 

5 mmol/L 

6.39 mmol 

0.71 mL 

120 mmol/L 

0.61 mmol 

0.10 mL 

12 mmol/L 

15,300 1.23 15,500 3 g 

100 % 

a) Polyisobutylene standards were used for conventional external calibration. 
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Figure A1. 

1H-NMR spectrum (CDCl3, 400 MHz) α-methylstyrene epoxide (MSE, 1). 
 

 
Figure A2. 

1H-NMR spectrum (CDCl3, 400 MHz) of 2. 

 

 
Figure A3. 

1H-NMR spectrum (CDCl3, 400 MHz) of 4.  
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Figure A4. MALDI-TOF MS of α-hydroxymethyl-ω-alkyne telechelic PIB 5. (a) Full spectrum of 5, 
(b) expanded view of mass spectra of 5 with simulated peaks. 
 

 
Figure A5. 

1H-NMR spectrum (CDCl3, 400 MHz) of 6b. 
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Figure A6. 

1H-NMR spectrum (DMSOd6, 400 MHz) of 7a. 

 

 
 

Figure A7. MALDI-ToF-MS of 30 of a) the region 1600-7000 Da and b) expanded spectrum with a 
listed view of the simulated peak. 
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Figure A8. MALDI-TOF MS of PIB strand 8. (a) Full spectrum of 8, (b) expanded view of mass 
spectra of 8 with simulated peaks. 
 

 
Figure A9. MALDI-TOF MS overlay of (a) PIB strand 8 and (b) beta-turn mimetic PIB-conjugate 9. 
“Reprinted with permission from Malke, M.; Barqawi, H.; Binder, W. H., Synthesis of an Amphiphilic 
β-Turn Mimetic Polymer Conjugate. ACS Macro Lett. 2014, 3, (4), 393-397. Copyright 2015 
American Chemical Society.”  
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Figure A10. SEC experiments using α-hydroxymethyl-ω-bromo telechelic poly(isobutylene) 17 a ,c 
with molecular weights of 4000 g/mol and 15,000 g/mol and a SEC column with a range of 1-30 kDa 
(PSS SDV HighSpeed 5 µm 500 Å) a) graphical overlay of single measurements 1 � Mn= 4000 g/mol 
and 2 � Mn = 15,000 g/mol and b) 50:50 mixture of Mn = 4000 and 15,000 g/mol resulting in an 
average Mn of 10,400 g/mol. 
 

 
Figure A11. SEC experiments using mixtures of α-hydroxymethyl-ω-bromo telechelic 
poly(isobutylene) 17 a ,c with molecular weights of 4000 g/mol and 15,000 g/mol and a SEC column 
with a range of 1-30 kDa (PSS SDV HighSpeed 5 µm 500 Å). 
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Figure A12. LC/MALDI-TOF MS of the beta-turn mimetic PIB-conjugate 9 and the mixed beta-turn 
mimetic PIB-conjugate 9/PIB 8 = 80:20 (w/w). A) overlay of the LC traces of 9, and the mixture 9 and 
8, measured at critical conditions of PIB at a flow rate of 0.3 mL/min, T = 30 °C; 1) full spectrum, 2) 
expanded view of the chromatogram; B) MALDI-TOF MS spectra of the correlated fractions of the 
mixture 9 and 8 (left spectra) and of 9 (right spectra) proving the purity of the final amphiphilic 
hybrid-molecule 9. “Reprinted with permission from Malke, M.; Barqawi, H.; Binder, W. H., 
Synthesis of an Amphiphilic b-Turn Mimetic Polymer Conjugate. ACS Macro Lett. 2014, 3, (4), 393-
397. Copyright 2015 American Chemical Society.” 

 
Figure A13. 

1H-NMR spectrum (CDCl3, 400 MHz) of TBTA (29). 
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Figure A14. Epifluorescence microscopy images of L-DPPC monolayer at the air/water interface at 
20°C. The images were recorded at constant compression of the spread monolayer at the following 
surface pressures: (a) 1.1, (b) 4.5, (c) 5.3, (d) 6.1 and (e) 8.4 mN m-1. 
 
 

 
 
Figure A15. Epifluorescence microscopy images of mixed DPPC/8 99:1 monolayer at the air/water 
interface at 20°C. The images were recorded at constant compression of the cospread monolayer at the 
following surface pressures: (a) 0, (b) 4.6, (c) 5.6, (d) 6.8, (e) 7.3, (f) 7.9, (g) 11.2, (h) 15.3 mN m-1. 
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Figure A16. Epifluorescence microscopy images of mixed DPPC/8 98:2 monolayer at the air/water 
interface at 20°C. The images were recorded at constant compression of the cospread monolayer at the 
following surface pressures: (a) 5.1, (b) 6.5, (c) 7.6, (d) 9.1, (e) 11.2, (f) 12.5, (g) 15.4 and (h) 39.8 mN 
m-1. 
 

 
Figure A17. Epifluorescence microscopy images of mixed DPPC/8 95:5 monolayer at the air/water 
interface at 20°C. The images were recorded at constant compression of the cospread monolayer at the 
following surface pressures: (a) 4.8, (b) 8.1, (c) 9.1, (d) 9.7, (e) 10.8, (f) 12.3, (g) 13.4, (h) 13.7, (i) 
14.3, (k) 26.9 and (l) 52.1 mN m-1. 
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Figure A18. Epifluorescence microscopy images of mixed DPPC/8 90:10 monolayer at the air/water 
interface at 20°C. The images were recorded at constant compression of the cospread monolayer at the 
following surface pressures: (a) 2.7, (b) 8.9, (c) 9.7, (d) 10.8, (e) 11.7, (f) 14.5, (g) 17.2 and (h) 48.4 
mN m-1. 
 

 
 
Figure A19. Epifluorescence microscopy images of mixed DPPC/8 80:20 monolayer at the air/water 
interface at 20°C. The images were recorded at constant compression of the cospread monolayer at the 
following surface pressures: (a) 0.3, (b) 8.9, (c) 12.3, (d) 12.8, (e) 13.8, (f) 16.9, (g) 27.5 and (h) 40.1 
mN m-1. 
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Figure A20. Epifluorescence microscopy images of mixed DPPC/8 70:30 monolayer at the air/water 
interface at 20°C. The images were recorded at constant compression of the cospread monolayer at the 
following surface pressures: (a) 0.6, (b) 6.7, (c) 10.8, (d) 12.9, (e) 18.8, (f) 39.3, (g) 39.9 and (h) 49.1 
mN m-1. 
 

 
 
Figure A21. Epifluorescence microscopy images of mixed DPPC/9 99.5:0.5 monolayer at the 
air/water interface at 20°C. The images were recorded at constant compression of the cospread 
monolayer at the following surface pressures: (a) 4.1, (b) 5.3, (c) 5.8, (d) 6.7, (e) 7.2, (f) 7.6, (g) 10.9 
and (h) 35.4 mN m-1. 
 



 
Appendix 

143 

 

 
 
Figure A22. Epifluorescence microscopy images of mixed DPPC/9 99:1 monolayer at the air/water 
interface at 20°C. The images were recorded at constant compression of the cospread monolayer at the 
following surface pressures: (a) 0.1, (b) 6.3, (c) 6.6, (d) 6.9, (e) 7.1, (f) 8.1, (g) 9.7 and (h) 35.8  mN m-

1. 
 

 
 
Figure A23. Epifluorescence microscopy images of mixed DPPC/9 98:2 monolayer at the air/water 
interface at 20°C. The images were recorded at constant compression of the cospread monolayer at the 
following surface pressures: (a) 4.1, (b) 6.8, (c) 7.6, (d) 8.1, (e) 9.2, (f) 10.7, (g) 11.6 and (h) 
30.3 mN m-1. 
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Figure A24. Epifluorescence microscopy images of mixed DPPC/9 95:5 monolayer at the air/water 
interface at 20°C. The images were recorded at constant compression of the cospread monolayer at the 
following surface pressures: (a) 2.9, (b) 8.6, (c) 9.1, (d) 10.4, (e) 13.2, (f) 13.7, (g) 15.3 and (h) 
31.3 mN m-1. 
 

 
 
Figure A25. Epifluorescence microscopy images of mixed DPPC/9 90:10 monolayer at the air/water 
interface at 20°C. The images were recorded at constant compression of the cospread monolayer at the 
following surface pressures: (a) 5.0, (b) 9.4, (c) 10.3, (d) 12.4, (e) 14.5, (f) 29.2, (g) 36.3 and (h) 
39.0 mN m-1. 
 



 
Appendix 

145 

 

 
 
Figure A26. Epifluorescence microscopy images of mixed DPPC/9 80:20 monolayer at the air/water 
interface at 20°C. The images were recorded at constant compression of the cospread monolayer at the 
following surface pressures: (a) 2.4, (b) 6.0, (c) 9.8, (d) 12.1, (e) 14.0, (f) 36.0, (g) 36.2 and (h) 
39.9 mN m-1. 
 
 

 
Figure A27. 

1H-NMR (CDCl3, 400 MHz) of 11a. 
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Figure A28. 

1H-NMR spectrum (CDCl3, 400 MHz) of 12a. 

 
Figure A29. 

1H-NMR spectrum (CDCl3, 400 MHz) of 11. 
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Figure A30. 

1H-NMR spectrum (DMSOd6, 400 MHz) of 12. 

 

 
Figure A31. 

1H-NMR spectrum (CDCl3, 400 MHz) of 17. 
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Figure A32. MALDI-ToF-MS of 17 of a) the region 1800-6000 Da and b) expanded spectrum with a 
listed view of the simulated peak.  
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Figure A33. 

1H-NMR spectrum (CDCl3, 400 MHz) of 32. *excess 11 is left 
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Figure A34. MALDI-ToF-MS of 32 of a) the region 2500-7000 Da and b) expanded spectrum with a 
listed view of the simulated peaks.  
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Figure A35. 

1H-NMR spectrum (CDCl3, 400 MHz) of 13.  



 
Appendix 

150 

 

O

n
O

H
N

O

10 16

15

1413

12

11

9
NN

N

N
1

2
3 4

5

6

7

8

O

N
S

O

N3

OH

O
H

OH

20

19

1817

23

22 21

 

 

Figure A36. 
1H-NMR spectrum (CDCl3, 400 MHz) of 14.  

 
Figure A37. MALDI-ToF-MS of 14 of a) the region 2500-6000 Da and b) expanded spectrum with a 
listed view of the simulated peaks.  
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Figure A38. 

1H-NMR spectrum (CDCl3, 400 MHz) of 15. 

 

 

Figure A39. MALDI-ToF-MS of “16” of a) the region 1000-6000 Da and b) expanded spectrum with 

a listed view of the simulated peaks. 
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Figure A40. 

1H-NMR spectrum (CDCl3, 400 MHz) of “16”. 

 
Figure A41. Overlay of 1H-NMR spectra (CDCl3, 400 MHz) of a) “16”, b) 14 and c) 15. The Circles 

indicate characteristic peaks of the single strands and the red arrows show the position of the expected 

signals of 16. 
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Figure A42. Fluorescence absorption and emission spectra of mixed DPPC/13 or DPPC/15 (99:1) 

bilayer at 20 °C and 55 °C.  

 

 
Figure A43. Fluorescence emission spectra of mixed DPPC/13 (99:1), DPPC/15 (99:1) and DPPC/16 

(99:1) bilayer at 20 °C and 55 °C excited at 280 nm. 

 

 
Figure A44. 

1H-NMR spectrum (CDCl3, 400 MHz) of α,ω-dialkynyl tetraethylene glycol (19). 
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Figure A45. 

1H-NMR spectrum (CDCl3, 400 MHz) of 3-azido-propylamine (20a). 
 

 
Figure A46. 

1H-NMR spectrum (CDCl3, 400 MHz) of 20. 

 

 
Figure A47. 

1H-NMR spectrum (DMSOd6, 400 MHz) of 21a. 
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Figure A48. 

1H-NMR spectrum (DMSOd6, 400 MHz) of 22. 
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Figure A49. 
1H-NMR spectrum (CDCl3, 400 MHz) of 24. 
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Figure A50. MALDI-ToF-MS of 24 of a) the region 1600-6000 Da and b) expanded spectrum with a 
listed view of the simulated peaks. 
 

 
Figure A51. MALDI-ToF-MS of 23 of a) the region 1300-5000 Da and b) expanded spectrum with a 
listed view of the simulated peaks. (Small series Mn, exp = 1744.881 g/mol for PIB-TEG-OH +Na+ (n = 
21) � Mn,calc = 1744.602 g/mol). 
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Figure A52. 

1H-NMR spectrum (DMSOd6, 400 MHz) of 33. 
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Figure A53. 

1H-NMR spectrum (CDCl3, 400 MHz) of 34. 
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Figure A54. MALDI-ToF-MS of 34 of a) the region 1300-5000 Da and b) expanded spectrum with a 
listed view of the simulated peaks.  
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Figure A55. 
1H-NMR spectrum (CDCl3, 400 MHz) of 35. 
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Figure A56. MALDI-ToF-MS of 35 of a) the region 1000-5000 Da and b) expanded spectrum with a 
listed view of the simulated peaks. (Small series Mn, exp = 1663.556 g/mol for PIB-N3 (18) +Li+ (n = 
24) � Mn,calc = 1663.681 g/mol). 
 

 
Figure A57. MALDI-ToF-MS of 36 of a) the region 1000-8000 Da and b) expanded spectrum with a 
listed view of the simulated peaks. 
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Figure A58. 

1H-NMR spectrum (CDCl3, 400 MHz) of 39. 

 

 
Figure A59. MALDI-ToF-MS of 39 of a) the region 1000-5000 Da and b) expanded spectrum with a 
listed view of the simulated peaks.  
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Figure A60. MALDI-ToF-MS of 40 of a) the region 1500-6000 Da and b) expanded spectrum with a 
listed view of the simulated peaks. (Small series Mn, exp = 2328.228 g/mol for PIB-NH2  +Li+ (n = 29) 
� Mn,calc = 2329.190 g/mol). 
 

 
Figure A61. MALDI-ToF-MS of 41 of a) the region 1300-5000 Da and b) expanded spectrum with a 
listed view of the simulated peaks.  
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Figure A62. MALDI-ToF-MS of 42 of a) the region 2000-7000 Da and b) expanded spectrum with a 
listed view of the simulated peaks. (Small series Mn, exp = 2685.199g/mol for 30 + OAc –H+Li+Na+ � 
Mn,calc = 2685.144 g/mol). 
 

HO

n-1
O N

1

2

3

4 5 6 7

8

9

N N N N
N

O
O

13
14 16

15
4

10

11

12

43

23

21

20

19

17

24

18

22 26

25

O

O
O

O
O

O

O

O

O

 

 
Figure A63. 

1H-NMR spectrum (CDCl3, 400 MHz) of 43. 
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Figure A64. MALDI-ToF-MS of 43 of a) the region 2000-7000 Da and b) expanded spectrum with a 
listed view of the simulated peaks.  
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