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Summary

The thesis starts with a general introduction about supramolecular polymers, energy transfer in

light-harvesting systems, and electrostatic layering. Thereafter follows the experimental work which

is outlined in �ve chapters.

The �rst chapter focuses on the electrostatic interaction of positively- and negatively-charged

supramolecular polymers. Positively charged phenanthrene vesicles and negatively charged pyrene

sheets were alternately deposited on the substrate mica. The challenges and limitations of electro-

static layering with oppositely charged supramolecular polymers will be discussed.

Chapter 2 concentrates on the synthesis and analysis of new cationic supramolecular polymers,

oligoamines, respectively. The following oligoamines were synthesized: 3,6-dialkynyl phenanthrene-

pyrene-phenanthrene trimer, 2,7-dialkynyl phenanthrene trimer, 1,6-dialkynyl pyrene trimer, 1,6-

dialkynyl pyrene trimer with dimethylated amine-bridges, 1,6-dialkynyl pyrene monomer and 4,4'-

dialkynyl stilbene trimer. The goal was to �nd an oligoamine that self-assembles into sheets and

could be used for the electrostatic layering, described in the previous chapter. Therefore, atomic

force spectroscopy was measured to study the formed assemblies. It was shown that the synthe-

sized molecules tend to self-assemble into various, unreproducible structures. Nevertheless, �ndings

showed that linear structures tend to self-assemble into sheets, but are barely soluble in water-

miscible solvents.

In chapter 3, the ideas of the previous two chapters will be combined. A novel linearly-linked

stilbene-oligomer is synthesized in which the linkers were changed from dialkynyl to dialkoxy to

improve the solubility. The formation of supramolecular polymer sheets was observed. Its synthesis

and self-assembly behavior are described.

The last two chapters 4 and 5 are devoted to investigations in supramolecular and DNA based

light-harvesting systems using a cationic supramolecular polymer. Di�erent types of chromophore

acceptors are tested in both systems, non-covalently- and covalently-linked ones. It will be shown

that the oligoamines can be used as donors and acceptors in light-harvesting structures.

1



1. General Introduction

1.1. Supramolecular Polymers

In contrast to their classical counterparts, the covalent polymers, supramolecular polymers are

linked together by highly directional non-covalent interactions of monomeric units.1,2 Meijer et.

al. proposed the following de�nition: "Supramolecular polymers are de�ned as polymeric arrays of

monomeric units that are brought together by reversible and highly directional secondary interactions,

resulting in polymeric properties in dilute and concentrated solutions, as well as in the bulk. The

monomeric units of the supramolecular polymers themselves do not possess a repetition of chemical

fragments. The directionality and strength of the supramolecular bonding are important features of

systems that can be regarded as polymers and that behave according to well-established theories of

polymer physics."3

The non-covalent interactions range from hydrogen bonding, hydrophobic interaction, π − π in-

teraction, metal-ligand coordination to electrostatic interaction. Since non-covalent interactions

lead to reversible and stimuli-responsive systems, materials based on supramolecular polymers are

adaptive and dynamic.4�11 The advantages of these properties are that such materials are self-

healing, recyclable, controllably modularized constructed, and so forth.1,3,12�15

As water is the environment of all biological processes, the interest in supramolecular polymers

in aqueous medium increased in recent years. The self-assembly of supramolecular polymers in

aqueous medium is based on hydrophobic e�ects, hydrophilic interactions, Coulomb interactions,

hydrogen bonds, and Van der Waals interactions.1,16�23

Meijer et. al. divided the formation of supramolecular polymerizations in three main mechanisms:

isodesmic, cooperative, and ring-chain supramolecular polymerization (Figure 1.1).24,25

The isodesmic supramolecular polymerization (shown in Figure 1.1(a)) is very similar to the step

polymerization for the formation of macromolecules. This mechanism occurs when the strength of

non-covalent interactions between monomers is una�ected by the length of the chain. Thus, the

length of the forming polymer gets bigger as the concentration of monomers in solution is increased

or the temperature decreased.

The second mechanism, ring-chain mediated polymerization (shown in Figure 1.1(b)), happens when

an equilibrium between closed rings and linear polymer chains is present. If the monomer concen-

tration is below a critical point, the ends of small polymer chains react with each other to generate

closed rings. If the monomer concentration is above the critical point, polymer growth is initiated

because the linear chain formation gets more favoured.

The third mechanism, cooperative polymerization (Figure 1.1(c)), is also known as nucleation-

elongation mechanism and occurs in the growth of ordered supramolecular polymers. Besides

the formation of linear polymers, additional interactions are present during the growth of ordered

2



1. General Introduction 1.1. Supramolecular Polymers

Figure 1.1. Model representation of the three main polymerization mechanisms by which a monomer unit
can polymerize into a supramolecular polymer: (a) isodesmic, (b) ring-chain mediated, and (c)
cooperative polymerization. Illustration is taken from reference.24

supramolecular polymers by cooperative polymerization, such as those that form helices and tubes.

During the nucleation step, only a single bond is formed between the monomers (same as in the

Figure 1.2. Model representation of the cooperative polymerization. Until the nucleus is formed only a
single bond is formed between the subunits. After the nucleation, two or more bonds may form
during the addition of subunits to the end of a multistranded polymer. Figure adapted from
reference.26

3



1. General Introduction 1.2. Light-Harvesting and Energy Transfer

isodesmic method), meaning that the non-covalent bonds between the subunits are weak (Fig-

ure 1.2). After the formation of a nucleus, the addition of further monomer subunits is favoured

and the polymer growth initiated.24�27

Thus summed up, all three mechanisms are both concentration and temperature dependent.

Supramolecular polymers in an aqueous medium are especially interesting for biomedical appli-

cations, as they o�er a dynamic nature that allows a high adaptivity when changing e.g. the

biological environment.18 Additionally, the dynamics of supramolecular polymers allow the pro-

duction of self-healing materials.28 Also the electronic properties of supramolecular assemblies of

π-conjugated system are the reason for their potential application in optoelectronics, like nanoscale

photovoltaics and photodetectors.24,29

1.2. Light-Harvesting and Energy Transfer

In the previous section, supramolecular polymers were introduced. Their dynamic nature and adap-

tivity enables the polymerization of di�erent monomeric subunits, and thus various modi�cations

with chromophores are possible. The formation of π-conjugated supramolecular polymers allows

energy transfer and/or light-harvesting of such a system.

Photosynthesis is the most commonly known process in nature, in which light energy is captured

and stored by an organism and further used for cellular processes. Basically, plants, algae and

cyanobacteria produce oxygen and carbohydrates using water, CO2 and sunlight.30�32 Figure 1.3

displays graphically the process of photosynthesis in a light-harvesting complex. The light energy is

�rst absorbed by pigments, whereas due to the photon absorption an excited state is created. This

leads to a charge separation when the reaction center is reached.

Figure 1.3. Graphical illustration of a light-harvesting complex in organisms. Light is absorbed by a pig-
ment (green), followed by the energy transfer (�ashes) throughout the light-harvesting antenna
system until it reaches the reaction center (blue). At this point, the electron transfer takes
place, and creates an oxidized electron donor and a reduced electron acceptor. Illustration is
taken from reference.30

4



1. General Introduction 1.2. Light-Harvesting and Energy Transfer

In other words said, a light-harvesting complex is an accumulation of pigments that are capable of

collecting light and transfer it to the reaction center. In nature, the most important pigments are

chlorophylls and carotenoids.

In order to understand the processes occurring in such natural light-harvesting systems, researchers

started to study simpli�ed model systems. Thus, arti�cial light-harvesting complexes were designed

which are comprised of electron donors and acceptors that mimic the charge separation function of

photosynthetic proteins.33�43 Thereby, di�erent energy transfers may occur in these systems.

Electronic energy transfer (EET) is a process in which the excitation energy is transferred from

one donor-chromophore to an acceptor-chromophore. The EET is especially observed in multichro-

mophoric systems over reasonably large distances (limited by the excited state lifetime) by a series

of energy hops.44�48

However, if the electrostatic interactions between the chromophores are relatively weak, the energy

transfer is described as Förster resonance energy transfer (FRET).34,49�55 FRETs are based on the

electric dipole-dipole interactions between donor and acceptor, and the processes depend on the

distance between the interacting chromophores (0.5-10 nm), the relative orientations of the chro-

mophores and the spectral overlap between donor emission and acceptor absorption.56,57

Figure 1.4 explains how Förster resonance energy transfer can be spectroscopically determined.

Figure 1.4 A1) and A2) show the emission spectra of two hypothetical �uorophores when exciting

the donor, �uorophore 1. Their emission maxima are at di�erent wavelengths. The emission of the

acceptor (m2, orange), �uorophore 2, is low because it is not absorbing at the same wavelength

as the donor and thus not excited. Figure 1.4 B1) and B2) show the �uorescence spectra after

mixing the donor and acceptor (red). Figure 1.4 B1) shows the emission spectrum when donor and

acceptor (red) are mixed in a low concentration. Comparing the emission of the donor alone (green

dashed line) with the one after mixing (red), there is a slight increase in donor-intensity (m1, green

arrow), meaning that no energy is transferred to the acceptor. Because we are in a system, where

the concentration of both chromophores is low, the distance between the molecules is too large, and

thus no FRET occurs. As previously mentioned, the distance of donor to acceptor needs to be in

a range of 0.5-10 nm, otherwise, the energy cannot be transferred from the excited donor to the

acceptor, and only donor emission is observed (Figure 1.4 C1)). In Figure 1.4 B2) the concentration

of chromophores was high, meaning that the distance between the donor and acceptor was small

and FRET possible. When exciting the donor, one observes a decrease in donor-intensity (m1,

green arrow) and an increase in acceptor-intensity (m2, orange arrow). This shows that an energy

transfer occurs. Figure 1.4 C2) shows the distribution of donors (green) and acceptors (orange) at

a high concentration. The distances are smaller and that is why the excited donor can transfer the

energy to the acceptor, and acceptor emission is observed.

5



1. General Introduction 1.2. Light-Harvesting and Energy Transfer

Figure 1.4. The concept of FRET is described. A) The emission spectra of two hypothetical �uorophores
are shown, which �uoresce at di�erent wavelengths. B) The emission spectra are shown after
the combination of both �uorophores 1 and 2, when mixed in B1) low concentrations and B2)
high concentrations. C) Illustration of the sample solution. The distribution of the �uorophores
is demonstrated at low (C1) and high (C2) concentrations. Figure adapted from reference.58

On the other hand, if the electronic coupling of the interacting chromophores is strong, the electronic

excitation is spread coherently.59 In such a case, the electronic states of the donor and acceptor mix

strongly, to produce new, delocalized states within which the energy is shared quantum mechanically

among several chromophores. The excitation energy is therefore transferred wavelike (Figure 1.5

(b)).44 Newer concepts for the description and understanding of light-harvesting phenomena include

this theory of quantum coherent energy transfer.44,59�64

6



1. General Introduction 1.3. Electrostatic Layering

Figure 1.5. The di�erence between the two mechanisms of excitation energy transfer (EET) is schematically
illustrated. (a) Classical EET: the excitation energy hops randomly from one chromophore to
another until it reaches the reaction center. (b) Quantum-coherent EET: the excitation energy
is quantum-mechanically distributed over several chromophores. Illustration is taken from
reference.44

1.3. Electrostatic Layering

The interest in producing ultrathin layers for optics and sensors is increasing. These applications

need a well-de�ned and controlled �lm preparation, with a choice of usable materials depending on

its application �eld.65�67

For about 65 years the formation of controlled monolayers was done by the Langmuir-Blodgett

technique. In this method, one used amphiphilic molecules which would arrange themselves on

the air-water interface and thus form a layer. Afterwards, this layer was transferred onto a solid

substrate.67�70 H. Kuhn et al. experimented in the 70's with synthetic nanoscale multicomposites

out of organic molecules using the Langmuir-Blodgett technique. They showed that a FRET trans-

fer between alternating donor- and acceptor layers is possible.71,72

The Langmuir-Blodgett technique is an e�cient method for the formation of multilayered struc-

tures. Nevertheless, a disadvantage of the technique is, that one is limited regarding the choice

of suitable molecules for the deposition. Within the years the technique of layer adsorption was

improved and even more simpli�ed, called the layer-by-layer (LbL) deposition technique. The LbL

deposition technique is based on alternate electrostatic adsorption of oppositely charged materi-

als for the production of multilayered thin �lms.66�68,73�75 The advantage is that the repertoire of

7



1. General Introduction 1.3. Electrostatic Layering

possible materials for the formation of multilayered assemblies is extended to polyelectrolytes,76�79

biomaterials73,80 or supramolecular assemblies81,82 to mention some. This method was �rst de-

scribed in the 60's by Iler and Kirkland,83,84 rediscovered in the early 90's from Decher et al.76,85

and applied since because of its simplicity and low cost. The general procedure of an LbL �lm

formation is explained by the example of Decher and coworkers using poly(styrene sulfonate sodium

salt) as the anion and poly(allylamine hydrochloride) as the cation (Figure 1.6).86

They immersed a positively charged planar surface into the anionic polyelectrolyte solution (step 1

in Figure 1.6A). This led to the adsorption of a negative monolayer due to electrostatic interactions,

meaning that the surface charge was changed from positive to negative (blue layer in Figure 1.6B).

Afterwards, the coated substrate was immersed in a rinsing solution (step 2), to remove weakly ad-

sorbed polyanions and prevent contamination of the following solution. In a third step, the coated

substrate was immersed into a solution containing the cationic polyelectrolyte (red), leading to an

adsorption of another monolayer (red layer in Figure 1.6B) and thus changing the surface charge

back to positive. The substrate with the two layers was immersed again into a rinsing solution (step

4) and the cycle could be repeated as long as the desired thickness of the layer was reached.

Figure 1.6. Schematical representation of the electrostatic layer-by-layer assembly. A) The deposition of a
new layer is shown, whereas steps 1 and 3 show the adsorption of a polyion and steps 2 and 4 the
washing steps. B) The �rst two adsorption steps are shown as a graphic. One starts with the
positively charged surface, followed by adsorption of polyanions. The surface charge is reversed
with each adsorption step. C) These two molecules were used for the electrostatic interaction:
the anion poly(styrene sulfonate sodium salt) and the cation poly(allylamine hydrochloride).
Figure adapted from reference.86
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1. General Introduction 1.3. Electrostatic Layering

Several years later, a group from South Korea used as an anion the negatively charged squarylium

dye and as a counter-ion poly(diallyldimethylammonium chloride) (PDDA).77 Squarylium is espe-

cially interesting as it can be potentially applied in organic photoreceptors and organic solar cells.

As shown in Figure 1.7, they started with a negative charged planar surface and adsorbed �rst

a monolayer of PDDA by immersing it in the solution. After rinsing they could adsorb another

monolayer of the squarylium dye. Also, this group could stack as many layers on top of each other

as they wanted.

Figure 1.7. Model representation of the electrostatic layer-by-layer self-assembly of squarylium dye (SQ)
and poly(diallyldimethylammonium chloride) (PDDA). Illustration is taken from reference.77

The LbL technique allows the incorporation of various functionalities into the formation of mul-

tilayered �lms. Sohn et al. investigated FRET in LbL assemblies, by incorporating donor and

acceptor pairs of �uorescent dyes into the layers of an LbL assembly and thus control the energy

transfer. The dyes were therefore covalently attached to polyelectrolytes and used for the alternate

layering. They could control multiple FRET events within the LbL assemblies, by increasing the

donor-to-acceptor distances beyond the Förster radius with the addition of polyelectrolyte layers.

Such a system could be used for multiple controlled FRET events like producing di�erent colors in

light-emitting diodes.87,88

So far the focus was on what materials can be used to achieve the desired thin �lms. Recent

studies show, that the assembly method determines the process properties, but also a�ects the

physicochemical properties of the �lms. This means that the thickness, homogeneity, or even intra-

and interlayer �lm organization is a�ected by the assembly method. Therefore, the �ve major

technology categories for LbL assembly are presented: immersive, spin, spray, electromagnetic, and

�uidic assembly (Figure 1.8).65,66 Most of the presented methods work on the same principle. One

starts with the adsorption of the �rst material, followed by washing o� unbound material. Next,

adsorb the second material and repeat the washing step (Figure 1.8 A, C, and D). The other two

methods (Figure 1.8 B and E) distinguish themselves from these three by their lack of a washing

step.
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1. General Introduction 1.3. Electrostatic Layering

Figure 1.8. Schematical illustration of the �ve major technology categories and their assembly procedure
for LbL �lm production. A) immersive, B) spin, C) spray, D) electromagnetic and E) �uidic.
Illustration is taken from reference.65

The immersive assembly (Figure 1.8 A) is the most commonly used method and was previously

described in the example of Decher and coworkers.86 The reason for this is, the ease of use, meaning

that one can immerse any shape and size of a substrate in a container with the material solution

to be adsorbed. The resulting layers interpenetrate each other, forming indistinct LbL assemblies.

One disadvantage is, that one needs quite a lot of material to immerse the substrate. This is why

the washing steps are important, so that the material solutions may be reused.

The layers are deposited on a rotating substrate when applying the spin coating method. The excess

of material and solvent is therefore removed due to the spinning and no washing step is required. In

comparison to the immersive method, thinner and more organized layers are formed by spin-coating.

A disadvantage is, that only �at and smooth substrates may be used, otherwise the shear forces

during assembly would not allow an even adsorption of a �lm.

With spray assembly, multilayer �lms are produced by aerosolizing the coating solutions, and af-

terwards spraying them onto the substrate. The substrate may be large or nonpolar, but still, the

main method to coat complex structures is the immersive assembly. By spraying the material on

the substrate, well organized and clear layers are formed in a short time and thus, this method is

frequently used for industrial applications.

The electromagnetic assembly is still not such a common technology, as it requires special equip-

ment and expertise. In order to deposit a �lm, an electric or magnetic �eld needs to be applied.

Usually, electrodes are coated in polymer solutions or one uses a magnetic particulate substrate

which can be moved in and out of the coating solutions. The formed layers are thicker and more

densely packed than �lms which are prepared by other assembly techniques.

The �uidic assembly is used for the assembly of multilayers on surfaces that are not easily accessible
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1. General Introduction 1.4. Aim of the Thesis

to other methods, like inside capillaries. For the deposition of �lms, �uidic channels are used in

which the substrate solution is moved by using pressure or vacuum through the channels. Again

specialized equipment and expertise are required for this method.

1.4. Aim of the Thesis

The research of our group is speci�ed on phosphodiester-linked supramolecular polymers in aqueous

medium. Not only the self-assembly of di�erent kinds of oligomers was investigated but also their

arrangement in DNA,89�93 their functionalization94,95 and their properties like acting as a light-

harvesting antenna.96�99

The aim of this thesis is to change the negatively charged phosphate oligomers to positively charged

ones.

To obtain positively charged oligomers we decided to use amine-linked oligomers instead of phos-

phate and to investigate their self-assembly behavior. Further, the interaction with negatively

charged supramolecular polymers was of interest. The goal was to form an electrostatically layered

assembly using di�erent supramolecular polymers. In addition, the newly synthesized oligoamines

are tested for their light-harvesting properties. On the one hand as positively charged supramolec-

ular polymers and on the other hand in combination with the negatively charged DNA.
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2. Electrostatic Assembly of Supramolecular

Polymers

Manuscript submitted:

Layered assembly of cationic and anionic supramolecular polymers

J. Jevric, S. M. Langenegger, R. Häner

2.1. Abstract

A 3,6-disubstituted amine-linked phenanthrene trimer (N-Phe3) was synthesized which self-assembles

into vesicles in an aqueous medium. The cationic oligomer was further used for the electrostatic

layer assembly using an anionic supramolecular polymer, the 1,6-disubstituted phosphodiester-

linked pyrene trimer (Py3). The formed composites were studied in solution and also after the

alternate adsorption on mica. Both methods were analyzed by measuring atomic force microscopy

(AFM).

2.2. Introduction

The �eld of supramolecular polymers is rapidly expanding.2,4,100,101 The properties of supramolecu-

lar polymers, such as self-healing, remouldability, and easy recyclability, may lead to future-oriented

types of application.12,102�104 In addition to the commonly used organic solvents, also aqueous condi-

tions can be used for the self-assembly of supramolecular polymers.1 In particular, the employment

of water as a medium opens the possibility of using highly polar and even ionic compounds as

building blocks for the assembly of supramolecular systems. Supramolecular polymers assembled

in an aqueous medium �nd applications in biomedical engineering1,2,18,105�110 sensing,111 organic

electronics,112 light-harvesting,90,96,99,113,114 and solar energy conversion.1,115 For the assembly of

supramolecular structures with special spectroscopic and light-harvesting properties, π-conjugated

and aromatic molecules are of particular interest.1,2 We have previously observed light-harvesting

properties in various types of supramolecular assemblies of oligophosphates based on phenanthrenes

and tetraphenylethylene in aqueous medium.90,96,98,99 Further, pyrene trimers showed interesting

spectroscopic properties due to their self-assembly into nanosheets (Figure 2.1).116 These polyaro-

matic oligomers were joined by phosphodiester linkages and, thus, were of anionic nature.91,96,116�118

Besides these examples of polyphosphoester oligomers,118,120�122 amine-linked polyaromatic oligomers

have not been studied in this context. Under physiological conditions, an amine-based oligomer will

be protonated and therefore oppositely charged to the already known oligophosphates. In addition,

access to cationic oligomers would bring the further option of forming and studying composites with

anionic phosphodiester-linked oligomers. The method of electrostatic layering was �rst applied in
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2. Electrostatic Assembly of Supramolecular Polymers 2.3. Results and Discussion

Figure 2.1. Previously investigated 1,6-dialkynyl pyrene with phosphodiester-bridges which self-assembles
into nanosheets in aqueous medium. Illustration is taken from reference.119

the 60's by Iler83 and Kirkland,84 who both made use of microparticles. Around 30 years later,

Decher revived the method by the application on a wide range of polyelectrolytes.76,85 The method

has since been used for the preparation of ultrathin-layers and is of high interest for the produc-

tion of optics and sensors.65,66,123�127 Herein, the synthesis, the self-assembly, and the spectroscopic

properties of a 3,6-dialkynyl-substituted, amine-linked phenanthrene-trimer (N-Phe3, Scheme 2.1)

are presented. Additionally, the cationic oligomer was used for the formation of nanometer-scaled

aggregates in an electrostatic layered assembly85,123 in combination with an anionic supramolecular

polymer.

2.3. Results and Discussion

2.3.1. Synthesis and Analysis of N-Phe3

Synthesis of N-Phe3

First, 4,4'-dibromo-trans-stilbene (1) was converted into 3,6-dibromophenanthrene (2) by an ox-

idative photochemical cyclization in analogy to literature.128 A Sonogashira cross-coupling reaction

led to a mixture of compounds 3 and 4 which were separated by �ash column chromatography.

The treatment of compound 3 with hydrazine a�orded the amine 5. Separately, the diol 4 was

converted into the bis-aldehyde 6 by a Dess-Martin oxidation. A reductive amination reaction with

compounds 5 and 6 �nally yielded the oligomer N-Phe3, which was puri�ed by preparative TLC

(Scheme 2.1).
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Scheme 2.1 Synthesis of N-Phe3.
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Self-Assembly Behavior of N-Phe3

The presented amine-linked phenanthrene trimer, N-Phe3, was studied in detail.129 N-Phe3 self-

assembles into vesicles in aqueous medium at pH 4.7. The vesicles are positively charged on the in-

and outside, due to hydrophobic e�ects, which force the protonated amines to be in the aqueous

medium and the polycyclic aromatic hydrocarbons to be shielded from water on the inside of a

bilayer. Depicted in Figure 2.2 the formation of such a bilayer is graphically illustrated. The

thickness of an N-Phe3 bilayer is approximately 6 nm.

Figure 2.2. Graphical illustration of an N-Phe3-vesicle. Blue dots indicate amines, red dots hydroxyl
groups. A bilayer of trimers has a calculated height of �6 nm.

The structures of the objects formed by self-assembly of N-Phe3 were investigated by AFM on

mica. As shown in Figure 2.3, the sample concentration has a strong e�ect on the course of the

self-assembly. At a 1 µM concentration (Figure 2.3A), the formation of a layer with intervening

holes was observed. That is why the average height of 5-6 nm suggests that the covered areas

correspond to a bilayer of trimers (Figure 2.2). After the increase of the N-Phe3 concentration

to 10 µM, vesicles were observed (Figure 2.3B). This type of concentration dependence in AFM

imaging was already noticed in previous work.91 Apparently, vesicles formed in the solution �rst,

form the mentioned bilayer after the deposition on mica. At higher concentrations (10 µM), vesicles

are further adsorbed on this preformed bilayer. The vesicles exhibit a height of 6-30 nm and a width

of 50-100 nm (Figure 2.3B).

Further spectroscopic data (UV-vis, �uorescence, TEM) can be found in section 2.5 Experimental

Part.
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Figure 2.3. Atomic force microscopy (AFM) images of the self-assembled amine-oligomer N-Phe3 at dif-
ferent concentrations in aqueous medium at 20°C. Conditions: 10 mM sodium acetate bu�er
(pH 4.71), 10 vol% ethanol, 1 µM (top) and 10 µM (bottom) N-Phe3.

2.3.2. Electrostatic Interaction of Oppositely Charged Oligomers in Solution

The question arose whether the N-Phe3-vesicles can be covered with another layer by electrostatic

interaction. First, the electrostatic interaction with an oppositely charged oligomer in solution

was tested. It was checked if it is possible to combine and cover, respectively, N-Phe3 with a

negatively charged supramolecular polymer. Several members in the Häner group showed, that

the molecule, 1,6-dipentynyl substituted pyrene with phosphodiester bridges (Py3), forms sheets

during self-assembly.116,119,130 This molecule was a possible counteractor, as it assembles to a two-

dimensional planar structure in aqueous medium, and therefore could coat the vesicle (Figure 2.4).

The di�erence between the two trimers, N-Phe3 and Py3, is that they both self-assemble in

di�erent conditions. Whereas N-Phe3 aggregates in 10 mM sodium acetate bu�er (pH 4.7) with

10% ethanol, Py3 forms sheets in 10 mM sodium phosphate bu�er (pH 7.1), 10 mM sodium chloride

and 10% ethanol.

Previous studies regarding �nding the optimal conditions for N-Phe3 showed that the trimer is not

meltable in sodium phosphate bu�er.129 The supramolecular assembly was too strongly stabilized

in the phosphate bu�er at a pH of 7.1 by the doubly negatively charged HPO4
2- ions. The Py3 was

also measured in acetate bu�er but no sheets were found during the AFM measurements. From

this, we concluded that the combination of the two trimers in solution is not possible in the same
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2. Electrostatic Assembly of Supramolecular Polymers 2.3. Results and Discussion

bu�er.

Figure 2.4. The two oligomers and their self-assembled structure are graphically illustrated. The cationic
N-Phe3 self-assembles into vesicles and the anionic Py3 into sheets.

2.3.3. Electrostatic Layering on a Substrate

Because the layering in solution was not possible, the approach was changed to electrostatic layering

on a substrate. The advantage of this change is that both supramolecular polymers are formed in

advance in their own conditions and then adsorbed layer by layer where they can interact with each

other via electrostatic forces. In our case, we chose mica as the surface, since we already used it for

our AFM measurements. The advantage of mica is that unmodi�ed it is perfect for the adsorption

of positively charged molecules, and APTES-modi�ed it can be used for the adsorption of negatively

charged molecules.

Figure 2.5 depicts the two methods which were used for the electrostatic layering using N-Phe3-

vesicles and Py3-sheets as layers. Basically, there were two options: either start with the negatively

charged Py3-sheets on APTES-modi�ed mica (Method 1, Figure 2.5B), or start with the positively

charged N-Phe3-vesicles on unmodi�ed mica (Method 2, Figure 2.5C).

Method 1

Method 1 is graphically illustrated in Figure 2.5B. One starts with an APTES-modi�ed mica on

which the Py3-sheets (blue) are adsorbed. Next, the N-Phe3-vesicles (grey) are adsorbed on top

of the sheets as a second layer. Last, the Py3-sheets are adsorbed on top of the previous two layers.

Figure 2.6 shows the layering process as described in Figure 2.5B. The �rst layer consists of Py3-

sheets adsorbed on APTES-modi�ed mica131 with a height of 2 nm (Figure 2.6A). In a next step,

N-Phe3-vesicles were added as a second layer, which resulted in a total height of 8 nm for the

two layers (Figure 2.6B). Thus, the height of 8 nm consists of the Py3-sheets (2 nm) and the

N-Phe3-vesicles, which are adsorbed as bilayer discs (6 nm). As a third layer, Py3-sheets were
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Figure 2.5. Graphical illustration of the electrostatic layered assembly preparation. A) Py3 self-assembles
into negatively charged sheets (blue) and N-Phe3 into positively charged vesicles (grey). B)
First, the Py3-sheet (blue) is adsorbed on the substrate (APTES-modi�ed mica, brown),
followed by the adsorption of N-Phe3-vesicles (grey), ending with the adsorption of Py3-
sheets on top (Method 1). C) First, the N-Phe3-vesicles are adsorbed as a layer on top of
nonmodi�ed mica followed by the adsorption of more N-Phe3-vesicles on top. Next, Py3-
sheets are adsorbed on top of the N-Phe3-layer (Method 2).

adsorbed again (Figure 2.6C). At this point, two options were possible since the mica was still

APTES-modi�ed and therefore, negatively charged Py3 can easily adsorb on it. Either the third

layer of Py3-sheets will adsorb on the unoccupied APTES-modi�ed mica or it will ideally adsorb

on top of a two-layer construct of Py3-sheets with N-Phe3-bilayer discs on top (Figure 2.6B).

The AFM image in Figure 2.6C shows both possibilities. The height pro�le indicates that the left

aggregate in the AFM image has a height of 8 nm and thus, is a two-layer construct. The right

aggregate in the AFM image has a height of 2 nm, which corresponds to a single layer of Py3.

The height pro�le also shows the intersection of these two aggregates, which reaches a height of

10 nm, and consists of an overlap of a two-layer assembly (8 nm) and single-layer assembly (2 nm).

A complete overlap of the three layers was di�cult to observe. This is probably due to the rough

surface of the two-layer assembly caused by the adsorption of vesicles as discs (Figure 2.6B). Further

measurements are shown in section 2.5.4 Electrostatic Layering.

Method 2

Figure 2.5C depicts Method 2 in a graphical illustration. At higher concentrations, N-Phe3-vesicles

are �rst adsorbed as a bilayer (grey) on unmodi�ed mica, whereas further vesicles are adsorbed as

bilayer discs. In a next step, Py3-sheets (blue) are adsorbed.

Figure 2.7 illustrates the electrostatic layering in the order shown in Figure 2.5C. As previously
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Figure 2.6. Electrostatic assembly starting with Py3-sheets (Method 1). Left: graphical illustration of the
layering; middle and right: AFM images and corresponding height pro�les. Conditions: 1st

and 3rd layer 2 µM Py3, 10 mM sodium phosphate bu�er (pH 7.1), 10 mM sodium chloride
and 10 vol% ethanol, 2nd layer 10 µM N-Phe3, 10 mM sodium acetate bu�er (pH 4.7) and
10 vol% ethanol.

explained in section 2.3.1 Self-Assembly Behavior of N-Phe3, the N-Phe3-vesicles are adsorbed as

bilayer discs with a height of 6 nm on top of a surface. At a certain concentration, the surface is

fully covered with the discs (Figure 2.3A), and the further adsorption of vesicles as discs happens

on top of the already formed N-Phe3-bilayer (Figure 2.7A). Therefore, only the height di�erence

between the upper N-Phe3-discs and the �rst bilayer layer can be measured. Figure 2.7A shows

that the height of the adsorbed discs is as expected around 6 nm. The adsorption of a second layer

of Py3-sheets is shown in Figure 2.7B. The rough, positively charged surface of the N-Phe3-discs

means that the negatively charged Py3-sheets cannot be adsorbed as a whole, and are torn apart.

Nevertheless, the height pro�les show, that the height of the area where we have an electrostatic

interaction of these two supramolecular assemblies, increases for 2 nm to an approximate total

height of 8 nm. This is in agreement with the model (Figure 2.7B, left), where we show that the

N-Phe3-discs have a height of 6 nm and the Py3-sheets 2 nm.
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Figure 2.7. Electrostatic assembly starting with Py3 sheets. Left: graphical illustration of the layering;
middle and right: AFM images and corresponding height pro�les. Conditions: 1st and 2nd

layer 10 µM N-Phe3, 10 mM sodium acetate bu�er (pH 4.7) and 10 vol% ethanol, 3rd layer
2 µM Py3, 10 mM sodium phosphate bu�er (pH 7.1), 10 mM sodium chloride and 10 vol%
ethanol.

Comparison of Method 1 and 2

Both, Method 1 and 2 (Figure 2.5) worked for the electrostatic layering. The limiting factor for the

number of layers was the rough surface, which resulted from the adsorption of the vesicles. This

meant that the next layer, if not the one after that, had problems with adsorption. Because the

surface was rough and corrugated, the electrostatic interaction between the two oligomers N-Phe3
and Py3 could not be guaranteed throughout.

A di�erence was that the adsorption of N-Phe3-vesicles on mica led �rst to the formation of a

bilayer, followed by the further adsorption of vesicles as discs. This was in contrast to the adsorption

on Py3-sheets, where only the adsorption of the N-Phe3 discs occurred and no bilayer was formed.

This can be explained by the fact that the surfaces of mica and the Py3-sheet have di�erent charge

densities.

2.4. Conclusions and Outlook

In conclusion, it was shown that the cationic N-Phe3-vesicles give rise to novel types of electro-

statically controlled layered assemblies in combination with anionic supramolecular two-dimensional

polymers, which was con�rmed by AFM.

Since the two trimers formed the supramolecular polymers (N-Phe3-vesicles and Py3-sheets) under

di�erent conditions, the electrostatic interaction in solution could not be studied. It was shown that

N-Phe3 is not soluble in the Py3-conditions (phosphate bu�er) and Py3 does not form sheets in

acetate bu�er.

This is why the approach was changed to the electrostatic layering on the substrate mica. With

this proceeding, the problem of �nding new, �tting bu�er conditions could be circumvented. By
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preassembling both trimers in their own conditions to get N-Phe3-vesicles and Py3-sheets, they

could have been alternately layered. The limiting factor was the number of layers due to the rough

surface. Starting with Py3, three layers were possible to stack on top of each other, whereas only

two layers were possible when starting with N-Phe3.

These �ndings increased our interest in the further investigation of amine-linked oligomers and their

potential application in electrostatic layering. The next step is to synthesize di�erent oligoamines

with the goal that they will self-assemble into sheets and thus, the number of layers of such an

electrostatic assembly could be increased. Also, the self-assembly of supramolecular polymers on

warm mica is worth a try. By doing so, we hope to coat larger areas with our supramolecular

polymers.
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2.5. Experimental Part

2.5.1. Synthesis of N-Phe3

3, 6-Dibromophenanthrene (2)

Br

Br
hv, I2 (cat.), O2

70 hours
Br

Br1 2
(70%)

Scheme 2.2 Oxidative photocyclization reaction of compound 1 to obtain compound 2.

The procedure was done in analogy to reference.128 The commercially available 4,4'-dibromo-trans-

stilbene (1) (2.5036 g, 7.41 mmol) and Iodine (0.3638 g, 1.43 mmol) were dissolved in toluene

(4 l). The solution was irradiated with a mercury medium pressure UV lamp for 70 hours while

air was bubbled through. The reaction was monitored by 1H-NMR. Water (1 l) and an excess of

Na2S2O3 were added to remove the iodine (color change from pink to beige). The organic phase

was evaporated under reduced pressure. The obtained yellow solid was dissolved in boiling DCM

(99 ml), methanol (60 ml) was added, and the solution was kept for 2 days in the fridge. The

white crystals were �ltrated o� and washed with cold DCM (7 ml). The �ltrate was evaporated and

recrystallized again. The combined fractions of compound 2 were obtained in 70% yield (1.7460 g).
1H NMR (300 MHz, CDCl3) δ 8.69 (d, J = 1.6 Hz, 2H), 7.79 � 7.65 (m, 6H).

2-(5-(6-(5-hydroxypent-1-yn-1-yl)phenanthren-3-yl)pent-4-yn-1-yl)isoindoline-1,3-

dione (3) and 5,5'-(phenanthrene-3,6-diyl)bis(pent-4-yn-1-ol)

(4)

To a degassed solution of 3,6-dibromophenanthrene 2 (1.0016 g, 2.98 mmol) in dry THF (33 ml) and

Et3N (16.5 ml) under an argon atmosphere, Pd[Ph3P]2Cl2 (116.7 mg, 0.166 mmol), CuI (51.9 mg,

0.273 mmol), 4-pentynyl-phthalimide (635.9 mg, 2.98 mmol) and 4-pentyn-1-ol (275.5 µl, 2.98 mmol)

was added. The black solution was re�uxed overnight. The mixture was �ltrated, the �ltrate

was washed with citric acid (10%) and saturated NaHCO3 solution. The solution was dried over

Na2SO4 and concentrated in vacuo. The crude products 3 and 4 were separated by �ash column

chromatography on silica gel (hexane/EtOAc 3:1). Compound 3 was isolated as an orange-yellowish

solid (437.1 mg, 31%). Compound 4 was isolated as an orange solid (164.7 mg, 16%). 3: Rf =

0.24 (hexane/EtOAc 1:1). 1H NMR (300 MHz, CDCl3) δ 8.64 (s, 1H), 8.51 (s, 1H), 7.84 � 7.68

(m, 4H), 7.65 (s, 2H), 7.62 �7.41 (m, 4H), 3.98 � 3.86 (m, 4H), 2.71 � 2.54 (m, 4H), 2.10 (p, J

= 6.9 Hz, 2H), 1.96 (p, J = 6.6 Hz, 2H). 13C NMR (75 MHz, CDCl3) δ 168.68, 133.96, 132.29,

131.42, 129.71, 128.43, 127.06, 126.42, 123.30, 122.12, 90.34, 81.91, 61.99, 37.69, 31.56, 27.40, 17.68,

16.30. HRMS-NSI (m/z ): [M+H]+ calcd for C32H26NO3: 472.1913, found: 472.1907. 4: Rf = 0.06

(hexane/EtOAc 1:1). 1H NMR (300 MHz, CDCl3) δ 8.69 (s, 2H), 7.77 (d, J = 8.2 Hz, 2H), 7.67

(s, 2H), 7.63 � 7.53 (m, 2H), 3.90 (t, J = 6.2 Hz, 4H), 2.64 (t, J = 6.9 Hz, 4H), 1.94 (p, J =
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Scheme 2.3 Sonogashira reaction of compound 2 to obtain compounds 3 and 4.

6.6 Hz, 4H). 13C NMR (75 MHz, CDCl3) δ 131.54, 129.78, 129.61, 128.62, 127.15, 126.28, 122.16,

90.33, 81.83, 62.04, 31.57, 16.30. HRMS-NSI (m/z ): [M+H]+ calcd for C24H23O2: 343.1699, found:

343.1693.

5-(6-(5-aminopent-1-yn-1-yl)phenanthren-3-yl)pent-4-yn-1-ol (5)

N

O

O

OH

3

hydrazine-monohydrate
THF

40°C, overnight

H2N

OH

5
(97%)

Scheme 2.4 Deprotection of the amine in the phthalimide of compound 3 to obtain compound 5.

A solution of compound 3 (212.8 mg, 0.451 mmol) and hydrazine-monohydrate (0.18 ml, 3.610 mmol)

in THF (9 ml) was stirred at 40 °C, under argon atmosphere overnight. The grey precipitation was

�ltrated o� and the �ltrate was diluted with DCM (100 ml). The �ltrate was washed two times

with 2 M K2CO3 (2x 100 ml). The organic phase was dried over K2CO3 and concentrated in vacuo.

Compound 5 was gained as a yellow sticky solid (149.7 mg, 97%). 1H NMR (300 MHz, CDCl3)

δ 8.69 (s, 2H), 7.77 (d, J = 8.2 Hz, 2H), 7.66 (s, 2H), 7.62 � 7.54 (m, 2H), 3.89 (t, J = 6.2 Hz,

2H), 2.94 (t, J = 6.9 Hz, 2H), 2.60 (dt, J = 18.5, 6.9 Hz, 4H), 1.94 (p, J = 6.7 Hz, 2H), 1.82

(p, J = 6.9 Hz, 2H). 13C NMR (75 MHz, CDCl3) δ 131.35, 129.59, 129.46, 128.46, 126.96, 126.18,

122.02, 90.42, 81.68, 61.73, 41.38, 32.48, 31.45, 17.06, 16.16. HRMS-NSI (m/z ): [M+H]+ calcd for
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C24H24NO: 342.1859, found: 342.1852.

5,5'-(phenanthrene-3,6-diyl)bis(pent-4-ynal) (6)

HO

OH

4

Dess-Martin periodinane
DCM

RT, 1 hour

O

O

6
(41%)

Scheme 2.5 Dess-Martin oxidation of compound 4 to obtain compound 6.

The procedure was carried out analog to reference.132 Dess-Martin Periodinane (DMP) (817.2 mg,

1.926 mmol) was dissolved in DCM (9 ml) and placed under argon. Compound 4 (299.8 mg,

0.876 mmol) was dissolved in DCM (9 ml) and was added to the DMP solution. The reaction mixture

was stirred at RT for 1 hour. The reaction mixture was diluted with DCM (50 ml) and washed

with sat. aq. NaHCO3 solution containing 12.5 g Na2S2O3 (50 ml), sat. aq. NaHCO3 solution

(50 ml) and water (50 ml). The organic phase was dried over MgSO4 and concentrated in vacuo.

The crude product was puri�ed by �ash column chromatography on silica gel (hexane/EtOAc 3:1).

The product was gained as a white yellowish �u�y solid (120.8 mg, 41%). Rf = 0.3 (hexane/EtOAc

2:1). 1H-NMR (300 MHz, CDCl3): δ 9.92 (s, 2H), 8.69 (s, 2H), 7.78 (d, J = 8.2 Hz, 2H), 7.68 (s,

2H), 7.62 � 7.52 (m, 2H), 2.88 � 2.80 (m, 8H). 13C-NMR (75 MHz, CDCl3): δ 200.99, 132.09, 130.20,

130.01, 129.08, 127.68, 126.78, 122.24, 89.16, 82.53, 43.24, 13.41. HRMS-NSI (m/z ): [M+H]+ calcd

for C24H18O2Na: 361.12, found: 361.1199.

5,5'-((((phenanthrene-3,6-diylbis(pent-4-yne-5,1-diyl))bis(azanediyl))bis(pent-1-yne-

5,1-diyl))bis(phenanthrene-6,3-diyl))bis(pent-4-yn-1-ol)

(N-Phe3)

The procedure was carried out analog to reference.133 A solution of 5 (20.2 mg, 0.0591 mmol)

and Na(OAc)3BH (25.5 mg, 0.12 mmol) in CHCl3 (6 ml) was placed under argon and a solution

of compound 6 (10.0 mg, 0.0296 mmol) in CHCl3 (3 ml) was added dropwise. The reaction was

stirred for two hours. The reaction mixture was diluted with CHCl3 (15 ml), and washed twice with

2 M K2CO3 solution. The CHCl3-phase was dried over K2CO3 and concentrated under reduced

pressure. The crude product was puri�ed by preparative TLC (DCM/MeOH 95:5 + 1% Et3N)

and yielded N-Phe3 as a white-yellowish solid (22.8 mg, 78%). Rf = 0.22 (DCM/MeOH 95:5+1%

Et3N). HRMS-NSI (m/z ): [M+H]+ calcd for C72H65N2O2: 989.50, found: 989.5041.

24



2. Electrostatic Assembly of Supramolecular Polymers 2.5. Experimental Part

O

O

6

H2N

OH

5

HO
H
N

H
N OH

Na(OAc)3BH
CHCl3
RT, 2 hours

N-Phe3 
(78%)

Scheme 2.6 Reductive amination of compounds 5 (2 eq.) and 6 (1 eq.) to obtain compound N-Phe3.

2.5.2. Synthesis of Py3

5,5'-(Pyrene-1,6-diyl)bis(pent-4-yn-1-ol) (8)

Br

Br

4-pentyn-1-ol
THF, Et3N

Pd[PPh3]2Cl2 (cat.)
CuI (cat.)

reflux, overnight

OH

HO

7 8
(42%)

Scheme 2.7 Alkynation of 1,6-dibromopyrene 7 by a Sonogashira reaction to obtain compound 8.

Compound 8 was synthesized according to literature.116 1,6-Dibromopyrene (7) (1.0201 g, 2.833 mmol)

was dissolved in anhydrous THF (23 ml) and degassed Et3N (14 ml) under an argon atmosphere and

heated to 84°C. 4-Pentyn-1-ol (1 ml, 10.8 mmol) was added, followed by the catalysts Pd[PPh3]2Cl2
(52 mg, 0.074 mmol) and CuI (10 mg, 0.053 mmol). The reaction mixture was re�uxed at 84°C

overnight. TLC (DCM/MeOH 92:8) showed the disappearance of starting material 7. The reac-

tion mixture was cooled to RT, before it was diluted with DCM (100 ml), and �ltrated through

Celite 503. The �ltrate was washed once with 10% citric acid (100 ml) and once with aq. sat.

NaHCO3 (100 ml), dried over Na2SO4, �ltrated, and concentrated under reduced pressure. The

residue was puri�ed by a �ash column chromatography on silica gel (DCM/toluene/MeOH 88:10:2).

Compound 8 could be isolated as a pure yellow compound (437.4 mg, 42%). Rf = 0.23 (DCM/MeOH
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97:3). 1H-NMR (300 MHz, CDCl3): δ 8.52 (d, J = 9.1 Hz, 2H), 8.13 � 8.02 (m, 6H), 3.96 (t, J =

6.2 Hz, 4H), 2.79 (t, J = 7.0 Hz, 4H), 2.04 (p, J = 6.6 Hz, 4H).

5-(6-(5-Hydroxypent-1-yn-1-yl)pyren-1-yl)pent-4-yn-1-yl acetate (9)

OH

HO

8

acetic anhydride
pyridine

RT, 2h

O

HO

O

9
(24%)

Scheme 2.8 Monoacetylation of compound 8 to obtain compound 9.

Compound 8 (152.6 mg, 0.416 mmol) was dissolved in pyridine (4.2 ml) under argon. A 2M solution

of acetic anhydride (0.2 ml, 0.416 mmol) in pyridine was added dropwise over ten minutes to the

dissolved compound 8. The reaction mixture was stirred at RT for 2 hours. The reaction mixture

was diluted with DCM (10ml) and washed with aq. 0.5 M HCl (10 ml), aq. sat. NaHCO3 (10 ml)

and with brine (10 ml). The organic phase was dried over MgSO4, �ltrated, and the solvent removed

under reduced pressure. The residue was puri�ed by a �ash column chromatography on silica gel

(hexane/EtOAc 3:2). Compound 9 was isolated as a yellow solid (41.1 mg, 24%). Rf = 0.55

(hexane/EtOAc 1:1). 1H-NMR (300 MHz, CDCl3): δ 8.53 (d, J = 11.1 Hz, 2H), 8.15 - 8.03 (m,

6H), 4.36 (t, J = 6.3 Hz, 2H), 3.96 (t, J = 6.2 Hz, 2H), 2.85 - 2.71 (m, 4H), 2.16 - 1.98 (m,

7H). 13C NMR (75 MHz, CDCl3) δ 132.11, 130.86, 130.82, 130.04, 128.05, 128.02, 126.11, 126.07,

124.99, 124.97, 124.31, 119.07, 118.94, 95.65, 94.86, 63.49, 62.05, 31.79, 28.20, 21.15, 16.90, 16.65.

HRMS-NSI (m/z ): [M+Na]+ calcd for C28H24O3Na: 431.1593, found: 431.1618.

Bis(2-cyanoethyl) (pyrene-1,6-diylbis(pent-4-yne-5,1-diyl))

bis(diisopropylphosphoramidite) (10)

Compound 8 (100.3 mg, 0.274 mmol) was dissolved in anhydrous THF (6 ml) and DIPEA (0.5 ml,

2.93 mmol). 2-Cyanoethyl N,N-diisopropylchlorophosphoramidite (PAM-Cl, 210 mg, 0.887 mmol)

was added dropwise at RT and the reaction mixture stirred for 3 hours under argon. TLC (hex-

ane/EtOAc 7:3 + 1% Et3N) showed the disappearance of starting material. The reaction mixture

was concentrated under reduced pressure. The resultant yellow-greenish foam was puri�ed by a

short �ash column chromatography on silica gel (hexane/EtOAc 8:2 + 1% Et3N). Product 10 was

isolated as a yellow-greenish oil (112.0 mg, 53%). Rf = 0.81 (hexane/EtOAc 6:4 + 1% Et3N).
1H-NMR (300 MHz, CDCl3): δ 8.55 (d, J = 9.1 Hz, 2H), 8.15 � 7.95 (m, 6H), 4.04 � 3.76 (m, 8H),

3.74 � 3.56 (m, 4H), 2.78 (t, J = 7.0 Hz, 4H), 2.65 (t, J = 6.5 Hz, 4H), 2.14 � 2.01 (m, 4H), 1.26 �
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Scheme 2.9 Diphosphitylation of compound 8 to obtain compound 10.

1.18 (m, 24H). 13C NMR (75 MHz, CDCl3) δ 132.08, 130.76, 130.00, 127.94, 126.14, 124.92, 124.30,

119.17, 117.75, 95.67, 80.05, 62.57, 62.34, 58.62, 58.36, 43.57, 43.27, 43.11, 30.67, 30.57, 24.81, 24.72,

20.55, 20.46, 16.74. 31P-NMR (121 MHz, CDCl3): δ 147.84. HRMS-NSI (m/z ): [M+H]+ calcd for

C44H57O4N4P2: 767.3816, found: 767.3850.

Protected 1,6-dipentynyl substituted pyrene-trimer (11)

O

HO

O

O

O

P

P
N O

N

NO
N

9 10

O

O

O

P
O

O

O

O
P
O

O
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O

O
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11

(25%)

i) ethyl-thio-tetrazole
ii) compound 9

iii) t-butyl hydroperoxide solution 70%
1,2-dichloroethane

RT, 1.5h

Scheme 2.10 Coupling of compounds 9 and 10 to obtain compound 11.

A solution of 5-(ethylthio)-1H-tetrazole (9.9 mg, 0.076 mmol) in DCE (0.25 ml) was added under

argon atmosphere to a solution of compound 10 (15 mg, 0.02 mmol) in DCE (0.14 ml). Compound

9 (25.1 mg, 0.061 mmol) was dissolved in DCE (0.48 ml) and added to the activated compound

10. The reaction was stirred at room temperature for one hour. Tert-butyl hydroperoxide solution
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(70%, 16.2 µl, 0.117 mmol) was added and the reaction mixture further stirred for 10 minutes. The

reaction mixture was diluted with chloroform (15 ml) and washed with aq. sat. NaHCO3 (15 ml)

and brine (15 ml). The organic layer was dried over MgSO4, �ltrated, and concentrated under

reduced pressure. The residue was puri�ed by a preparative TLC (DCM/toluene/MeOH 86:10:4).

Compound 11 was isolated as a brown solid (6.9 mg, 25%). Rf = 0.43 (DCM/toluene/MeOH

86:10:4). 1H-NMR (300 MHz, CDCl3): δ 8.54 � 8.30 (m, 6H), 8.14 � 7.86 (m, 18H), 4.51 � 4.25 (m,

16H), 2.91 � 2.66 (m, 16H), 2.22 � 2.04 (m, 18H). 31P-NMR (121 MHz, CDCl3): δ -1.37. HRMS-NSI

(m/z ): [M]+ calcd for C88H74O12N2P2: 1412.4712, found: 1412.4648.

1,6-dipentynyl substituted pyrene trimer (Py3)

O

O

O

P
O

O

O

O
P
O

O
O

N

O

O

N

2M NH3 in MeOH

RT, overnight

OH

O
P

O
O

OH

O
P
OH

O
O

HO

11 Py3
(quant.)

Scheme 2.11 Deprotection of compound 11 to obtain compound Py3.

Compound 11 (6.9 mg, 0.0049 mmol) was dissolved in a solution of 2 mol/l NH3 in methanol (5 ml)

and stirred at RT overnight. The sample was lyophilized, the residue was suspended in MeOH

(1 ml) and lyophilized again and yielded the product Py3 (6.0 mg, quant.). HRMS-NSI (m/z ):

[M-H]- calcd for C78H64O10P2: 1221.40, found: 1221.39.

2.5.3. Conditions for Supramolecular Polymer Formation

The supramolecular polymer formation of N-Phe3 was performed via thermal disassembly and

reassembly: the samples were prepared in 10 mM sodium acetate bu�er (pH 4.7) and 10 vol%

ethanol, heated to 70°C and cooled to 20°C with a rate of 0.33°C/min in an Eppendorf Thermomixer

Compact.

The formation of Py3-nanosheets was achieved in 10 mM sodium phosphate bu�er (pH 7.1), 10 mM

sodium chloride and 10 vol% ethanol with a controlled cooling rate of 0.5°C/min from 70°C to 20°C

in a Cary 100 spectrophotometer equipped with a Peltier thermostat.
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2.5.4. Additional Measurements

UV-vis and Fluorescence Spectra of N-Phe3

Figure 2.8. UV-vis spectra of N-Phe3 (1 µM) in ethanol (black) and in an aqueous medium (10 mM
sodium acetate bu�er pH 4.7, containing 10 vol% ethanol) at 75 °C (red) and 15 °C (blue).

Figure 2.9. Absorption spectra of N-Phe3 in aqueous medium when cooling down from 75°C to 15°C in
10°C steps. A red-shift of 2 nm is observed between 45°C and 35°C. Conditions: 1 µMN-Phe3,
10 mM sodium acetate bu�er, 10 vol% ethanol.
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Figure 2.10. Fluorescence spectra of N-Phe3 in aqueous medium measured every 10°C. Conditions: 1 µM
N-Phe3, 10 mM sodium acetate bu�er, 10 vol% ethanol, λex = 330 nm.

Figure 2.11. Excitation spectra of N-Phe3 in aqueous medium measured every 10°C. Conditions: 1 µM
N-Phe3, 10 mM sodium acetate bu�er, 10 vol% ethanol, λem = 387 nm.
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TEM Images of N-Phe3

Figure 2.12. Transmission electron microscope (TEM) images of the self-assembled vesicles from the amine-
oligomer N-Phe3. Conditions: 10 mM sodium acetate bu�er (pH 4.71), 10 vol% ethanol,
3 µM (left) and 5 µM (right) N-Phe3.

DLS Spectra of N-Phe3

Figure 2.13. Dynamic light scattering (DLS) measurement of the assembled N-Phe3 in aqueous medium
at 20°C. Conditions: 10 mM sodium acetate bu�er (pH 4.71), 10 vol% ethanol, 1 µMN-Phe3.
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Figure 2.14. Dynamic light scattering (DLS) measurement of the assembled N-Phe3 in aqueous medium
at 70°C. Conditions: 10 mM sodium acetate bu�er (pH 4.71), 10 vol% ethanol, 1 µMN-Phe3.

Electrostatic Layering

Figure 2.15. AFM measurements of the two layers: 1. Py3 + 2. N-Phe3, their height pro�les and the
de�ection scan (right). Conditions: 1st layer 2 µM Py3, 10 mM sodium phosphate bu�er
(pH 7.1), 10 mM sodium chloride and 10 vol% ethanol, 2nd layer 10 µM N-Phe3, 10 mM
sodium acetate bu�er (pH 4.7) and 10 vol% ethanol.
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Figure 2.16. AFM measurements of the three layers: 1. Py3 + 2. N-Phe3 + 3. Py3, their height pro�les
and the de�ection scan (right). Conditions: 1st and 33 layer 2 µM Py3, 10 mM sodium
phosphate bu�er (pH 7.1), 10 mM sodium chloride and 10 vol% ethanol, 2nd layer 10 µM
N-Phe3, 10 mM sodium acetate bu�er (pH 4.7) and 10 vol% ethanol.

Figure 2.17. AFM measurements of the two layers: 1. N-Phe3 + 2. Py3, their height pro�les and the
de�ection scan (right). Conditions: 1st layer 10 µM N-Phe3, 10 mM sodium acetate bu�er
(pH 4.7) and 10 vol% ethanol, 2nd layer 2 µM Py3, 10 mM sodium phosphate bu�er (pH 7.1),
10 mM sodium chloride and 10 vol% ethanol.
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3. Synthesis of New Cationic Supramolecular

Polymers

3.1. Abstract

The synthesis and analysis of new cationic supramolecular polymers were of particular interest for

the previously described chapter 2 Electrostatic Assembly of Supramolecular Polymers. The main

goal was to �nd an oligoamine that self-assembles into sheets in order to be able to increase the

number of layers. Therefore, the previously used phosphodiester-bridges in the oligomers were

changed to amine-bridges. Also, the di�erences in self-assembly behavior to the corresponding

negatively charged oligomers were investigated.

Thus, the following described molecules were spectroscopically analyzed by UV-vis, �uorescence,

and AFM. The biggest challenge to overcome during the synthesis of all these molecules was the

insolubility of the intermediates and products at a certain point.

3.2. Introduction

Studies of phosphodiester-bridged oligomers in aqueous medium were done in the research group

of Prof. R. Häner and showed the formation of di�erent supramolecular polymer assemblies. It

was shown that phosphodiester-bridged trimers consisting of the same aromatic unit and linkers,

varying in the attachment-position of the linkers, lead to the formation of di�erent supramolecular

assemblies due to hydrophobic- and π−π-interactions.96,97,119,134 (Figure 3.1). Figure 3.1A depicts

the self-assembly of 1,6-dialkynyl pyrene trimers into two-dimensional sheets,119 whereas the 2,7-

dialkynyl pyrene trimer forms sheets and tubes134 (Figure 3.1B). The 2,7-dialkynyl phenanthrene

trimer self-assembles into nanotubes97 compared to the 3,6-dialkynyl phenanthrene trimer which

forms �bers96 (Figure 3.1C and D). It seemed like the formation of two-dimensional structures out

of oligomers occurs preferably when the trimers were linearly-linked (Figure 3.1A, B and D).

The question arose, what would happen if we change the backbone from phosphodiesters to amines

and thereby change the charge of the trimer backbone from negative to positive when in aqueous

medium. Would it still be possible to form two dimensional structures when using linearly-linked

oligomers with amine-bridges? Additionally, the change of the phosphodiester-backbone to amines

allows us to expand our understanding of supramolecular polymers in aqueous environments. The

oligoamines can be investigated in self-assembly behavior by spectroscopic measurements, such as

UV-vis, �uorescence, AFM, and TEM. Also, it is possible to investigate in the interactions with

phosphate-oligomers, as well as with other molecules. Investigations in light-harvesting properties

are possible too and will be discussed in more detail in later chapters. Summed up, a lot of possi-

bilities open up for such oligoamines.

The electrostatic interaction of theN-Phe3 oligoamine with a phosphate-oligomer has already been

explained in more detail in chapter 2. The promising results were the reason to continue the research
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Figure 3.1. Previously investigated di�erent-linked oligomers with phosphodiester-bridges in aqueous
medium. A) The 1,6-dialkynyl pyrene oligomer self-assembles into two dimensional sheets.119

B) The 2,7-dialkynyl pyrene oligomer self-assembles into two-dimensional sheets and tubes.134

C) The 3,6-dialkynyl phenanthrene trimer forms �bers.96 D) The 2,7-dialkynyl phenanthrene
trimer forms nanotubes.97 Illustrations are taken from references.

in this �eld and to prepare even more oligoamines. The goal was to synthesize an oligoamine that

forms positively charged supramolecular polymers sheets. These would improve the electrostatic

interaction and adsorption of the layers. For that, several di�erent linearly-linked oligoamines were

synthesized, varying in linker-length and aromatic unit.
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3.3. Results and Discussion

3.3.1. 3,6-Dialkynyl Phenanthrene-Pyrene-Phenanthrene Oligoamine (15)

Oligoamine 15 was primarily synthesized as an acceptor for further studies in light-harvesting

properties of N-Phe3 (see in chapter 5 Exploration of Light-Harvesting Properties of N-Phe3),

but also to investigate whether the structure of supramolecular polymer will change compared to

N-Phe3.

Synthesis of 15

The synthesis of 15 is shown in Scheme 3.1. 1,8-Dibromopyrene 12 and 1,6-dibromopyrene 7 were

synthesized in close analogy to literature.135 The separation of these two compounds 12 and 7 was

tried to be achieved through crystallization according to di�erent references.136,137 Only a ratio

of 12/7 2:3 could be achieved. Despite the low success in separation, the pentynyl-linkers were

synthesized at the mixture of dibromopyrenes by a Sonogashira reaction, whereas the compounds

13 (51%) and 8 (18%) could be well separated by a column chromatography.135 The hydroxyl-groups

of 13 were oxidized to aldehyde-groups by a Dess-Martin oxidation, to obtain compound 14 (64%).

Compound 5 was synthesized as described in section 2.3.1. A reductive amination of 14 and 5 was

performed to obtain the trimer 15 (5%) as a white solid. The reason for the small yield was the

formation of several byproducts and tricky puri�cation steps (extraction, column, recrystallization,

prep. TLC).
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Scheme 3.1 Preparation of amine-linked 3,6-dialkynyl phenanthrene-pyrene-phenanthrene trimer (15).

Absorption spectra of 15

Figure 3.2 shows absorption spectra of the trimer 15 in aqueous medium and in pure ethanol. 15 is

soluble in ethanol and thus, this curve represents the trimer in a disassembled state. It shows the
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phenanthrene maxima at 313 and 327 nm, and the maxima of pyrene at 363 and 383 nm. Further,

the absorption spectrum of a sample of 15 (1 µM) in aqueous medium, containing 10 mM sodium

acetate bu�er and 10% ethanol, heated to 70°C (red), resembles the spectrum of 15 in pure ethanol

(green). From this, it can be concluded, that 15 is disassembled at 70°C in aqueous medium.

A comparison between the two di�erent conditions, aqueous medium at 20°C and pure ethanol,

shows a bathochromic shift (approx. 5-10 nm) and hypochromicity when changing the solvent from

ethanol to sodium acetate bu�er. This means that at 20°C, the trimer is self-assembled. Also, the

peak maxima of 15 (322 nm, 333 nm, 375 nm, 390 nm) are not sharp anymore as in pure ethanol,

which indicates aggregation.

Figure 3.2. Absorption spectra of trimer 15 at 20°C and 70°C in aqueous medium (conditions: trimer 15
(1 µM), 10 mM acetate bu�er (pH 4.71), 10 vol% ethanol) and at 20°C in ethanol (trimer 15
1 µM).

Fluorescence spectra of 15

The �uorescence spectra at di�erent temperatures of 15 in aqueous medium show a peak maximum

at 431 nm if the phenanthrene is excited at 322 nm (Figure 3.3). This emission maximum is caused

by the pyrene, which was incorporated in the middle of 15. From literature it is known that a pyrene-

phenanthrene-exciplex emission occurs at this wavelength.138 Phenanthrene emission is observable

at the wavelengths 371 nm and 385 nm when 15 is assembled (20°C) and almost vanishes, when

the trimer is disassembled (70°C). When disassembled (70°C), the nearest neighbour chromophore

of a phenanthrene in trimer 15 is a pyrene, thus mostly the phenanthrene-pyrene exciplex emission

at 431 nm is observed.
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Figure 3.3. Fluorescence spectra at 20°C and 70°C. Conditions: trimer 15 (1 µM), 10 mM acetate bu�er
(pH 4.71), 10 vol% ethanol, λex = 322 nm.

Excitation spectra of 15

By measuring the sample at the emission wavelength of the acceptor, in this case pyrene (433 nm),

it can be shown, which wavelengths are responsible for the emission and from where the energy

is coming. As shown in Figure 3.4, the excitation spectrum at 433 nm resembles the absorption

spectrum of 15 (Figure 3.2).

Figure 3.4. Excitation spectra at two di�erent wavelengths of the assembled 15 (20°C). Conditions:
trimer 15 (1 µM), 10 mM acetate bu�er (pH 4.71), 10 vol% ethanol, λem,blue = 385 nm,
λem,red = 433 nm.
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If an excitation spectrum is measured at 385 nm, where phenanthrenes are emitting, the spectrum

resembles mainly the absorption spectrum of N-Phe3 (Figure 2.8). Also, a red-shift of 3 nm is

observed when measuring the excitation spectrum (at 20°C) at 433 nm, compared to 385 nm.

Visualization of 15 by AFM

Figure 3.5 shows an AFM image in tapping mode of 15 in aqueous medium. As expected from the

previous measurements of N-Phe3129 (chapter 2), the newly synthesized compound 15 formed also

spherical objects, vesicles, respectively. Their diameter varied between 50-100 nm, and as seen in

Figure 3.5 they also had a round shape. The vesicles had a uniform height of around 5-6 nm, which

corresponds to a bilayer of the trimer.

Figure 3.5. Left: Tapping mode AFM image of the assembled 15 on unmodi�ed mica. Right: Height-
pro�le of the formed spheres. Conditions: trimer 15 (3 µM), 10 mM acetate bu�er (pH 4.71),
10 vol% ethanol.

3.3.2. 2,7-Dialkynyl Phenanthrene Oligoamine (21)

Synthesis of 21

The synthesis of 2,7-dialkynyl phenanthrene trimer 21 is displayed in Scheme 3.2. In a �rst step, the

commercially available 2,7-dibromophenanthrene 16 was used for a Sonogashira reaction: 4-pentyn-

1-ol and 4-pentynyl-phthalimide were attached to the phenanthrene to obtain the compounds 17

(29%) and 18 (14%). The phthalimide-group in compound 17 was afterwards deprotected by the

addition of hydrazine (compound 19, 72%). The hydroxy-groups of 18 were oxidized to aldehydes

by a Dess-Martin oxidation, which led to compound 20 (23%). In a last step compounds 19 and

20 were coupled by a reductive amination with Na(OAc)3BH in chloroform. The target molecule

21 was puri�ed by a preparative TLC (32%).
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Scheme 3.2 Preparation of amine-linked 2,7-dipentynyl-substituted phenanthrene trimer (21).

Absorption Spectra of 21

First experiments were done to �nd out at which conditions the trimer is assembled at room tem-

perature and disassembled at higher temperature. Figure 3.6 shows the absorption spectra of the

trimer in sodium acetate bu�er (10 mM, pH 4.69), 70 vol% ethanol and with increasing sodium

chloride concentrations (0-20 mM) and in pure ethanol. In ethanol trimer 21 is dissolved, meaning

21 is present in a disassembled state. Comparing the three di�erent samples in aqueous medium at

70°C with the one in pure ethanol, one sees that all the maxima are at the same wavelengths: 267,

274, 293, 303, 317 nm. This means that 21 is disassembled at 70°C in the three samples in aqueous

medium. After cooling to 20°C, the sample without any NaCl in 70% ethanol (dark blue), showed

a small increase in absorbance compared to the one at 70°C (dark red). In contrast, the samples

containing 10 and 20 mM NaCl (at 20°C) showed an increase at higher wavelengths, indicating

light scattering. This is observed due to the formation of bigger aggregates in the sample. All

three conditions (0-20 mM NaCl) indicated that 21 is disassembled at 70°C and aggregates at 20°C.

Further measurements, were done under the conditions 0 and 10 mM sodium chloride, 70% ethanol

and 10 mM sodium acetate bu�er (pH 4.69).
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Figure 3.6. Absorption spectra of trimer 21 under di�erent conditions. Conditions: trimer 21 (1 µM),
10 mM sodium acetate bu�er (pH 4.69), 70 vol% ethanol, 0-20 mM NaCl and trimer 21 in
pure ethanol.

AFM Measurements of 21

0 mM NaCl

The formed structures of 21 without any sodium chloride in 10 mM sodium acetate bu�er (pH 4.69)

and 70% ethanol were analyzed by measuring AFM. The formation of uniform structures under these

conditions was di�cult. Various measurements showed di�erent structures, dominated by unde�ned

aggregates and some areas with heights between 1-1.5nm. This means that the formation of identical

assemblies was not reproducible. Figure 3.7 shows the rare formation of sheets with a height of

approximately 1.5 nm.

The question arose whether an increase in 21-concentration would lead to bigger, uniform structures.

Hence, the concentration was increased to 5 µM and again AFM was measured. Unfortunately, the

measurements showed again di�erent structures: sheets, vesicular aggregates, and big unde�ned

aggregates, which were not reproducible. Figure 3.8 and Figure 3.9 indicate AFM images of 21

(5 µM) in 10 mM sodium acetate bu�er (pH 4.69) and 70% ethanol. The AFM image in Figure 3.8

(top) depicts the formation of frayed sheets with a height of 2 nm, and the image on the bottom

the formation of small aggregates with a height of 3 nm and some large aggregates (70 nm). Also,

sheet-like structures with rounded edges were observed, whereas the height of them varies from

2.5-5 nm (Figure 3.9).

The variation in height and lack of reproducibility was the reason to change the conditions.
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Figure 3.7. AFM image of the adsorbed trimer 21 on unmodi�ed mica. Cross-sections are shown on the
right side. Conditions: trimer 21 (1 µM), 10 mM sodium acetate bu�er (pH 4.69), 70 vol%
ethanol, cooling rate: 13°C/min.

Figure 3.8. AFM image of the trimer 21. Cross-sections are shown on the right side. Conditions: trimer
21 (5 µM), 10 mM sodium acetate bu�er (pH 4.69), 70 vol% ethanol, cooling rate: 13°C/min.

10 mM NaCl

In a next step, atomic force microscopy measurements were done of 21 in 10 mM NaCl, 70%

ethanol and 10 mM sodium acetate bu�er (pH 4.69). The samples were prepared with di�erent
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Figure 3.9. AFM image of the trimer 21. Cross-sections are shown on the right side. Conditions: trimer
21 (5 µM), 10 mM sodium acetate bu�er (pH 4.69), 70 vol% ethanol, cooling rate: 13°C/min.

cooling rates (1°C/min and 13°C/min). The data showed the formation of frayed sheets, large

vesicular assemblies, and small unde�ned aggregates, which were not reproducible.

Figure 3.10 indicates the formation of sheets with a height of 1.2 nm. They have frayed edges and

sometimes even holes inside the sheet. Figure 3.11 shows large vesicular aggregates with heights of

50-90 nm, and also small unde�ned aggregates (5-7 nm).

The cooling rate was slowed down from 13°C/min to 1°C/min in order to form the thermodynami-

cally most stable product and as such more uniform structures could form. The AFM measurements

indicated the formation of rare roundish sheets and a lot of unde�ned aggregates, which were not

reproducible. Figure 3.12 depicts the formation of sheets with a height of 2-2.2 nm and a lot of

unde�ned small aggregates were distributed around the sheets. The height pro�les in Figure 3.13

indicate the formation of unde�ned roundish aggregates with heights varying between 0.9-5 nm.

Absorption spectra (Figure 3.6) showed light-scattering, indicating the formation of large assemblies

when preparing a sample of 21 in an aqueous medium containing 10 mM sodium chloride, 10 mM

sodium acetate bu�er (pH 4.69) and 70% ethanol. Large assemblies could not be observed by AFM.

It could be that they were washed o� during AFM sample preparation.

Comparing these results with the ones obtained by the countercharged trimer with phosphodiester-

bridges,97 one could not observe nanotubes. Due to the lack of reproducibility, the investigations

were not continued.
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Figure 3.10. AFM image of the trimer 21. Cross-sections are shown on the right side. Conditions: trimer
21 (1 µM), 10 mM acetate bu�er (pH 4.69), 70 vol% ethanol, 10 mM NaCl, cooling rate:
13°C/min.

Figure 3.11. AFM image of the trimer 21. Cross-sections are shown on the right side. Conditions: trimer
21 (1 µM), 10 mM acetate bu�er (pH 4.69), 70 vol% ethanol, 10 mM NaCl, cooling rate:
13°C/min.
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Figure 3.12. AFM image of the adsorbed trimer 21 on unmodi�ed mica. Cross-sections are shown on the
right side. Conditions: trimer 21 (1 µM), 10 mM acetate bu�er (pH 4.69), 70 vol% ethanol,
10 mM NaCl, cooling rate: 1°C/min.

Figure 3.13. AFM image of the adsorbed trimer 21 on unmodi�ed mica. Cross-sections are shown on the
right side. Conditions: trimer 21 (1 µM), 10 mM acetate bu�er (pH 4.69), 70 vol% ethanol,
10 mM NaCl, cooling rate: 1°C/min.
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3.3.3. 1,6-Dialkynyl Pyrene Oligoamine (26)

Previously it was shown, that the change of the 2,7-dialkynyl phenanthrene backbone from phos-

phate to amine did not lead to the formation of the same assemblies, nanotubes, respectively. Thus

another molecule was synthesized and analyzed, the 1,6-dialkynyl pyrene oligoamine.

Synthesis of 26

5-Hexynyl-phthalimide and 5-hexyn-1-ol were added in a ratio 1:1 to the commercially available

1,6-dibromopyrene 7, in order to be coupled to it by a Sonogashira reaction. The two products,

which were used for the further synthesis were isolated by a column chromatography: 22 (29%)

and 23 (20%). The phthalimide-group in compound 22 was deprotected with hydrazine in THF to

obtain 24 (90%). The two hydroxyl-groups in compound 23 were oxidized to aldehydes with the

Dess-Martin periodinane, which resulted in compound 25 (75%). The last reaction was the coupling

of compounds 24 and 25 by a reductive amination to a�ord the trimer 26 (22%) (Scheme 3.3).

N-(5-hexynyl)-phthalimide
5-hexyn-1-ol

Pd[Ph3P]2Cl2 (cat.)
CuI (cat.)
Et3N, THF

20 hours, reflux

N2H4 * H2O
THF
48°C, overnight

Dess-Martin periodinane
DCM
RT, 1h

Na(OAc)3BH

CHCl3
RT, 2h

Br

Br
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HO

N
O

O
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HO

OH
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HO

NH2
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Scheme 3.3 Synthesis of amine-linked 1,6-dihexynyl-substituted pyrene trimer (26).

The synthesis of the pyrene trimer 26 showed di�culties at the very end regarding the solubility.

The �nal compound could not be dissolved in any solvents which are miscible with water. That

is why the amines were dimethylated in order to have a permanent positive charge on the amine

groups and thus, increase the solubility.
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3.3.4. 1,6-Dialkynyl Pyrene Oligoamine with Dimethylated Amines (27)

Synthesis of 27

The synthesis of the starting material 26 was performed as described in section 3.5.1. The amines of

26 were dimethylated according to literature.139 Compound 27 was isolated as an orange-brownish

solid.

OH

H
N

H
N

OH

26

OH

N

N

OH

27
(87%)

CH3I
K2CO3

CHCl3
RT, overnight

I

I

Scheme 3.4 Dimethylation of the amines in 26 to obtain 27.

Solubility of 27

Trimer 27 was tried to be dissolved in several solvents, which are miscible with water. THF dissolved

one part of the solid but still, some particles were in the solution that were insoluble. Acetonitrile,

methanol, and isopropanol worked even worse. It looked like only chloroform and dichloromethane

could dissolve the solid, which could not be used for the measurements in aqueous medium. It was

considered to check pyridine, DMF, and DMSO, but due to their UV-vis cut-o�, only DMSO was

an option. Unfortunately, DMSO did not work either.

Addition of Salts and Acids to 27

As shown in the previous two subsections, the dimethylation of the amine-groups did not help to

increase the solubility of the molecule 27. It was tried to dissolve molecule 27 in di�erent water-

miscible solvents. The last attempt ended with DMSO, which also did not work. Therefore, various

salts and acids were added to the trimer in the hope that it will be dissolved. The anions of the

added salts and acids should increase the solubility by exchanging them with the iodide.140,141 The

following six salts and acids were tested: potassium tri�ate, p-toluenesulfonic acid, salicylic

acid, succinic acid, L-(+)-lactic acid, ammonium hexa�uorophosphate. Unfortunately,

neither the addition of salts nor acids dissolved 27.
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3.3.5. 1,6-Dialkynyl Pyrene Monomer (24)

As shown in the previous section (3.3.4 1,6-Dialkynyl Pyrene Oligoamine with Dimethylated Amines

(27)), oligoamine 27 could not be dissolved in DMSO or another water-miscible solvent. We decided

to check if the pyrene monomer (24) has better solubility properties (Scheme 3.5).

OH

NH2

24

Scheme 3.5 Chemical structures of the analyzed pyrene monomer: amine-hydroxy-pyrene (24).

Synthesis of Amine-Hydroxy-Pyrene Monomer (24)

Compound 24 was used as a starting material when performing the reductive amination to get the

1,6-dialkynyl pyrene trimer with amine-bridges (26). Therefore, the synthesis is described in the

previous section 3.3.3 Synthesis of 26.

Spectroscopic Analysis of 24

This compound could be well dissolved in ethanol for the following measurements. A stock solution

of 24 in ethanol (abs.) was prepared (7099.6 µM) and for the further measurements, four di�erent

concentrations (6 µM, 12 µM, 24 µM, and 48 µM) were tested in aqueous medium (10 mM sodium

acetate bu�er, pH 4.71). Because only the monomer is used for these experiments, the concentration

was increased.

Figure 3.14 displays the absorption spectrum of 24 in pure ethanol with maxima at 239, 248, 278,

345, 362 and 384 nm.

49



3. Synthesis of New Cationic Supramolecular Polymers 3.3. Results and Discussion

Figure 3.14. Absorption spectrum of monomer 24 in pure ethanol.

Another group member observed at high concentrations of a pyrene monomer a time-dependency

in aggregation, respectively slow kinetics, meaning that the aggregation peak at 305 nm increased

when waiting at 20°C for a certain time.142 The question arose whether this is also the case with

the monomer 24. Experiments showed, that the kinetics were not as slow, the full formation of the

J-band (305 nm) was reached after 10 minutes (section 3.5.2 Kinetic Studies of the Amine-Hydroxy

Pyrene Monomer (24)). Thus, for further measurements, this was considered and the samples were

measured after waiting for 10 minutes at 20°C, to fully assemble the pyrenes.

Figure 3.15 shows the absorption spectra of compound 24 in sodium acetate bu�er with increasing

concentrations of sodium chloride. The comparison of both diagrams indicates, that after the

addition of 120 mM NaCl a new peak is appearing at 305 nm after cooling to 20°C. This band is

typically observed for the 1,6-dialkynyl pyrene trimer with phosphodiester-bridges when it starts to

aggregate into sheets (J-band).116

Figure 3.15. Absorption spectra of compound 24 at 70°C (left) and 20°C (right) in aqueous medium
after additions of sodium chloride. Conditions: 24 (6 µM) in 10 mM sodium acetate bu�er
(pH 4.71), increasing concentrations of sodium chloride (0-240 mM).

After the indication that the pyrenes start to aggregate, AFM was measured (Figure 3.16). The
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sample with the highest concentration of sodium chloride (240 mM) was chosen, due to the highest

J-band. The formation of supramolecular polymers out of 24 was followed by the same procedure as

the formation of sheets out of 1,6-dipentynyl substituted pyrene trimers with phosphodiester-bridges

(Py3, cooling rate 0.5°C/min) except that the adsorption was done on unmodi�ed mica. Several

experiments were performed, showing the formation of yarn-like structures (Figure 3.16, left) and

round-shaped aggregates (Figure 3.16, right). The yarn-like structures had a quite uniform height

of 0.8 nm. The round-shaped aggregates had a varying height of 30-90 nm. It seems like compound

24 did not self-assemble into de�ned 2D-structures.

Figure 3.16. AFMmeasurements of the self-assembled 24 (6 µM) in 10 mM sodium acetate bu�er (pH 4.71)
and 240 mM NaCl on non-modi�ed mica. Cooling rate: 13°C/min.

To increase the stability of the supramolecular polymers, the concentration of 24 was doubled

to 12 µM. The same experiment as before was done: the concentration of sodium chloride was

increased. One could observe the formation of the J-band at 305 nm already after the addition of

30 mM NaCl at 20°C. Adding more and more sodium chloride, the J-band reached a maximum after

the addition of 60 mM NaCl and afterwards it decreased in intensity (Figure 3.17).

AFM measurements were done with the conditions where the highest intensity of the J-band was

observed (60 mM NaCl). Only a few aggregates were deposited on the mica as shown on the left

image in Figure 3.18. In a further experiment, the concentration of sodium chloride was doubled

to 120 mM. Unfortunately, again only very few unde�ned aggregates were observed on the mica.

There is the possibility that big aggregates were formed in solution and therefore, to �nd them on

the mica is rather di�cult. Also, it could be that they were already washed o� the mica during the

sample preparation due to their large size.
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Figure 3.17. Absorption spectra of compound 24 at 70°C (left) and 20°C (right) in aqueous medium after
additions of sodium chloride. Conditions: 24 (12 µM) in 10 mM sodium acetate bu�er
(pH 4.71), increasing concentrations of sodium chloride (0-180mM).

Figure 3.18. AFM measurements of the self-assembled 24 (12 µM) in 10 mM sodium acetate bu�er
(pH 4.71) and 60 mM NaCl (left) resp. 120 mM NaCl (right) on non-modi�ed mica. Cooling
rate: 13°C/min.

In addition to the AFM measurements, also the corresponding thermal UV-vis spectra were recorded

of the conditions 6 µM 24 with 240 mM NaCl and 12 µM 24 with 60 mM and 120 mM NaCl

(Figure 3.19). All of the spectra indicated a rather low melting point around 40°C. Starting with

the sample 6 µM with 240 mM NaCl in sodium acetate bu�er (10 mM, pH 4.71), the monomer 24
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starts to assemble at 37°C. After increasing the concentration to 12 µM 24, Figure 3.19B shows that

the aggregation of 24 starts at 42°C when 60 mM NaCl is added, and after doubling the sodium

chloride concentration to 120 mM (Figure 3.19C) the self-assembly of 24 starts surprisingly at 37°C.

The spectra showed, that the addition of sodium chloride did not help to increase the aggregation

temperature of 24. These low melting points are most likely the problem for the unreproducible

AFM data when preparing the mica samples in a room with variable temperature. Unfortunately,

neither the increase of the pyrene concentration nor sodium chloride concentration resulted in a

higher melting point, and thus further investigations were stopped.

Figure 3.19. Thermal UV-vis spectra of compound 24 under di�erent conditions: A) 6 µM 24 with 240 mM
NaCl, B) 12 µM 24 with 60 mM NaCl, and C) 12 µM 24 with 120 mM NaCl, whereas all of
them were in a solution of 10 mM sodium acetate bu�er (pH 4.71). Cooling rate: 0.5°C/min,
λ = 306 nm.

3.3.6. 4,4'-Dialkynyl Stilbene Oligoamine (32)

Synthesis of 32

4-Pentynyl-phthalimide and 4-pentyn-1-ol were added in a ratio of 1:1 to the commercially available

4,4'-dibromo-trans-stilbene 1, in order to be coupled to 1 by a Sonogashira reaction. The puri�cation

of the desired products 28 and 29 was rather di�cult, due to solubility problems and smearing on

the column. Nevertheless, both products were isolated after several �ash column chromatographies:

28 (11%) and 29 (12%). The phthalimide-group in compound 29 was deprotected with hydrazine

in THF to obtain 30 (57%). The two hydroxyl-groups in compound 28 were oxidized to aldehydes

with the Dess-Martin periodinane, which resulted in compound 31 (28%). The last reaction was the

coupling of compounds 30 and 31 by a reductive amination to get the trimer 32 (20%) (Scheme 3.3).
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Scheme 3.6 Synthesis of amine-linked 4,4'-dipentynyl-substituted stilbene trimer (32).

Generally said, it was a challenge to dissolve the intermediate compounds for their puri�cation

but also afterwards, for the further synthesis steps. This had an impact on the yield. The solu-

bility of trimer 32 was bad in water-miscible solvents, it could be dissolved only in a mixture of

CHCl3/MeOH (95:5 + 1% Et3N). Nevertheless, UV-vis and �uorescence spectra were recorded

under these conditions.

Spectroscopic Analysis of 32

Figure 3.20 shows the absorption spectra of 32 at two temperatures (58°C and 20°C), when dissolved

in a mixture of CHCl3/MeOH (95:5 + 1% Et3N). The red curve indicates the UV-vis spectrum

of 32 at 58°C with the maxima at 330, 342 and 361 nm and a small shoulder at 264 nm. These

maxima were also observed in literature for trans-stilbene molecules.143,144 After cooling to 20°C,

the maxima stayed the same, except that the shoulder at 264 nm increased in intensity and evolved

as a sharp peak. The induced blue-shift at 264 nm in the absorption spectrum is probably caused

by H-aggregates. It is known from literature, that trans-stilbene molecules which are packed in a

parallel array ("card pack") are the reason for this spectral shift.145,146

Fluorescence spectra at 58°C and 20°C were recorded when exciting the molecule at the wavelength

345 nm (Figure 3.21, left). The �uorescence maxima of 32 at both temperatures (58°C and 20°C)
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Figure 3.20. Absorption spectra of trimer 32 (20 µM) in a solvent mixture of CHCl3/MeOH (95:5 + 1%
Et3N) at 20°C and 58°C.

are 374 nm, 394 nm, including a shoulder at 416 nm. The maxima in the excitation spectra are 343

and 361 nm (Figure 3.21, right), and thus similar to the absorption spectra which were previously

shown (Figure 3.20). The only di�erence to the absorption spectra is the missing peak at 264 nm

(20°C). As previously mentioned, the band at 264 nm is probably an H-band. H-bands reduce the

�uorescence e�ciency and thus the band cannot be observed in the excitation spectrum.

Figure 3.21. Fluorescence (left, λex = 345 nm) and excitation (right, λem = 415 nm) spectra of trimer 32
(20 µM) in a solvent mixture of CHCl3/MeOH (95:5 + 1% Et3N) at 20°C and 58°C.

3.4. Conclusions and Outlook

Various amine-linked oligomers were successfully synthesized. The subsequent investigations re-

garding their self-assembly behavior led to di�erent results.

The oligoamines 3,6-dialkynyl phenanthrene-pyrene-phenanthrene trimer (15), 2,7-dialkynyl phenan-

threne trimer (21), and pyrene monomer (24) showed the formation of structures when measuring

AFM. The self-assembly of oligoamine 15 in aqueous medium showed the formation of vesicles. AFM

images indicated a diameter of 50-100 nm with a height of 5-6 nm. The formation of supramolecu-

lar polymers out of oligoamine 21 was tested under several conditions, whereas none of those lead

to uniform structures. Sheets, unde�ned aggregates, small and large vesicular shaped assemblies

were observed on AFM, which could not be reproduced. Pyrene monomer 24 showed various self-

assembled structures on the AFM, which were not reproducible. Yarn-like structures, vesicles but
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also unde�ned aggregates were observed.

The trimer 1,6-dialkynyl pyrene (26), the dimethylated species 27 and the 4,4'-dialkynyl stilbene

trimer (32) were not soluble in water-miscible solvents and no further measurements in aqueous

medium could be done. Both amines of the 1,6-dialkynyl pyrene trimer (26) were dimethylated to

get a permanent positive charge on the trimer and as such increase the water solubility. Unfortu-

nately, this did not help, and neither did the addition of salts and acids to 27 help to increase the

solubility in DMSO. Absorption, �uorescence, and excitation spectra of the stilbene oligoamine 32

were measured in a mixture of CHCl3/MeOH (95:5 + 1% Et3N). The appearance of an H-band at

264 nm was observed.

Poly(ethylene glycols) (PEG) are known for their ability to increase the water solubility of molecules

by attaching PEG to them.147 To improve the solubility of the oligoamines in aqueous solution, it

is worth a try to add PEG-linkers on the trimers. Also, another option would be to conduct the

experiments with the oligoamines in apolar solvents. This would allow new adsorption methods on

mica, such as spin-coating of mica for AFM measurements, which could lead to the formation of

large-area and uniform aggregates.65 Additionally, further investigations in light-harvesting proper-

ties of N-Phe3 will be done by using 15 as an acceptor (chapter 5 Exploration of Light-Harvesting

Properties of N-Phe3).
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3.5. Experimental Part

3.5.1. Synthesis of Oligoamines

3,6-Dialkynyl Phenanthrene-Pyrene-Phenanthrene Oligoamine (15)

1,8-Dibromopyrene (12) and 1,6-Dibromopyrene (7)

Br

Br

Br Br

Br2
DCM

RT
over night

7 12

Scheme 3.7 Bromination of pyrene to obtain compounds 7 and 12.

The procedure was done in analogy to a reference.135 Pyrene (5.01 g, 0.0248 mol) was dissolved in

DCM (88 ml). A solution of bromine (2.5 ml, 0.0485 mol) in DCM (68 ml) was added dropwise

to the dissolved pyrene solution. The compounds 12 and 7 slowly precipitated as a grey solid.

The mixture was stirred overnight at room temperature. After �ltration, the precipitation was

recrystallized out of toluene (270 ml). The forming crystals were a mixture of 12 and 7, whereas

compound 7 was present in excess (ratio 4:1). The �ltrate was evaporated under reduced pressure

and compound 12 was present in excess (ratio 5:3). Both compounds were tried to be separated

better by several recrystallizations with toluene and hexane, but mostly a ratio of compounds 7/12

6:4 was obtained. The mixture was used for further synthesis steps. 1H-NMR (300 MHz, CDCl3)

of the mixture: δ 8.49 (s, 1H), 8.23 (d, J = 1.9 Hz, 1H), 8.05 � 7.97 (m, 2H).

5,5'-(pyrene-1,8-diyl)bis(pent-4-yn-1-ol) (13) and

5,5'-(pyrene-1,6-diyl)bis(pent-4-yn-1-ol) (8)

The mixture of compounds 12 and 7 (1.0151 g, 2.819 mmol) was dissolved in dry THF (23 ml)

and degassed Et3N (14 ml) under an argon atmosphere and heated to 84°C. 4-Pentyn-1-ol (1 ml,

11.1 mmol) was added, followed by the catalysts Pd[PPh3]2Cl2 (46 mg, 0.066 mmol) and CuI

(8.6 mg, 0.045 mmol). The reaction mixture was stirred and heated (84°C) under re�ux overnight.

The reaction mixture was �ltrated, diluted with DCM (100 ml), washed with aq. citric acid (10%)

(100 ml) and saturated aq. NaHCO3 solution (100 ml). The washed organic phase was dried over

Na2SO4 and the �ltrate concentrated. Both formed compounds 13 and 8 could not be separated by

recrystallization. A dry-load column chromatography was done for a separation of the compounds

(DCM/toluene/MeOH 87:10:3). Compound 13 could be isolated as an almost pure yellow compound

(409.9 mg). The impurities of Glaser coupling were removed by dissolving the compound in DCM

(50 ml) and precipitation in cold hexane (150 ml). Compound 13 was isolated as a yellow solid

(298 mg, 51%). Compound 8 was purely isolated from the column as a byproduct in respect to the

further synthesis (Rf = 0.24 with DCM/MeOH 97:3, 191.1 mg, 18%). 13: Rf = 0.16 (DCM/MeOH

97:3). 1H-NMR (300 MHz, CDCl3): δ 8.57 (s, 2H), 8.03 (s, 4H), 7.95 (s, 2H), 3.97 (t, J = 6.0 Hz,

4H), 2.79 (t, J = 6.8 Hz, 4H), 2.04 (p, J = 6.4 Hz, 5H). 13C-NMR (75 MHz, CDCl3) of the
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Br

Br

Br Br

4-pentyn-1-ol
Pd[PPh3]2Cl2 (cat.), CuI (cat.)
Et3N, THF
overnight, reflux

OHHO 13
(51%)

127

HO 8
(18%)

OH

Scheme 3.8 Alkynation of both dibromopyrenes, 12 and 7, by a Sonogashira reaction to obtain compounds
13 and 8.

mixture: δ 131.91, 130.97, 129.93, 127.71, 126.32, 124.27, 119.03, 95.69, 80.21, 62.07, 31.79, 16.66.

HRMS-NSI (m/z ): [M+Na]+ calcd for C26H22O2Na: 389.15, found: 389.15.

5,5'-(pyrene-1,8-diyl)bis(pent-4-ynal) (14)

OH

HO

13

O

O

14
(64%)

Dess-Martin periodinane
DCM

RT, 1h

Scheme 3.9 Oxidation of the hydroxy groups from compound 13 to a�ord 14.

Dess-Martin periodinane (DMP, 150.1 mg, 0.409 mmol) was dissolved in DCM (4.5 ml). A solution

of compound 13 in DCM (4.5 ml) was added dropwise and the reaction mixture was stirred at

room temperature for one hour. The reaction mixture was diluted with DCM (50 ml) and washed

with sat. aq. NaHCO3 solution containing 12.5 g Na2S2O3 (50 ml), sat. aq. NaHCO3 solution

(50 ml) and brine (50 ml). The organic phase was dried over MgSO4 and the �ltrate concentrated

in vacuo. A short dry-load column chromatography (hexane/EtOAc 3:1) was done. Compound

14 was isolated as a yellowish-white compound (94.6 mg, 64%). Rf = 0.56. 1H-NMR (300 MHz,

CDCl3): δ 9.98 (s, 2H), 8.58 (s, 2H), 8.04 (d, J = 15.7Hz, 7H), 3.07 � 2.89 (m, 9H). 13C-NMR (75

MHz, CDCl3): δ 200.39, 131.88, 131.03, 129.90, 127.74, 126.26, 124.88, 124.14, 118.57, 93.94, 42.89,

13.23. HRMS-NSI (m/z ): [M]+ calcd for C26H18O2: 362.13, found: 362.13.
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5,5'-((((pyrene-1,8-diylbis(pent-4-yne-5,1-diyl))bis(azanediyl))bis(pent-1-yne-5,1-

diyl))bis(phenanthrene-6,3-diyl))bis(pent-4-yn-1-ol)

(15)

HO
H
N

H
N OH

15
(5%)

O

O

14

H2N

OH

5

CHCl3
Na(OAc)3BH
RT
2 h

Scheme 3.10 Reductive amination of compounds 5 and 14 to obtain the 15.

Compound 5 (18.84 mg, 0.0552 mmol) was dissolved in CHCl3 (6 ml) followed by the addition of

Na(OAc)3BH (23.8 mg, 0.1104 mmol). A solution of 14 (10.3 mg, 0.0276 mmol) in CHCl3 (3 ml)

was added dropwise over 30 minutes. The reaction mixture was stirred for three hours at room

temperature. The reaction mixture was diluted with CHCl3 (12 ml) and �ltrated. The �ltrate was

washed twice with 2 M K2CO3 and dried over K2CO3. The solvent was concentrated under reduced

pressure. A TLC plate was previously soaked in a solution of DCM + 1% Et3N and let to dry. A

basic preparative TLC was done (DCM/MeOH 95:5 + 1% Et3N). Compound 15 was isolated as a

white solid (1.3 mg, 5%). Rf = 0.24. HRMS-NSI (m/z ): [M+H]+ calcd for C74H65N2O2: 1013.5036,

found: 1013.5041.

2,7-Dialkynyl Phenanthrene Oligoamine (21)

2-(5-(7-(5-hydroxypent-1-yn-1-yl)phenanthren-2-yl)pent-4-yn-1-yl)isoindoline-1,3-

dione (17) and 5,5'-(phenanthrene-2,7-diyl)bis(pent-4-yn-1-ol)

(18)

The commercially available compound 2,7-dibromophenanthrene 16 (1.015 g, 3.021 mmol) was

dissolved in dry THF (34 ml) and degassed Et3N (17 ml) under an argon atmosphere. Afterwards,

both catalysts, Pd[Ph3P]2Cl2 (119.5 mg, 0.17 mmol) and CuI (53 mg, 0.27 mmol), were added.

Next, 4-pentynyl-phthalimide (645.6 mg, 3.028 mmol) and 4-pentyn-1-ol (280 µl, 3.029 mmol) were

added. The black solution was stirred and heated over night at 84°C under re�ux. The reaction
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Br

Br

N-(4-pentynyl)-phthalimide
4-pentyn-1-ol

Pd[Ph3P]2Cl2 (cat.), CuI (cat.)
Et3N, THF

20 hours, reflux

HO

OH

HO

N

O

O

16

18
(14%)

17
(29%)

Scheme 3.11 Sonogashira reaction of compound 16 to obtain compounds 17 and 18.

mixture was �ltrated over Celite 503, and washed with aq. citric acid (10%) and sat. aq. NaHCO3

solution. The solution was dried over Na2SO4 and concentrated in vacuo. A dry-load silica-gel

column chromatography was done (hexane/EtOAc 4:1). Compound 17 was isolated as an orange-

yellowish solid (406.4 mg, 29%). Compound 18 was isolated as an orange solid (142.8 mg, 14%).

17: Rf = 0.41. 1H-NMR (300 MHz, CDCl3): δ 8.54 � 8.40 (m, 2H), 7.91 (d, J = 1.5 Hz, 1H), 7.85

� 7.71 (m, 3H), 7.68 � 7.55 (m, 5H), 7.55 � 7.46 (m, 1H), 3.96 � 3.83 (m, 4H), 2.67 � 2.52 (m, 4H),

2.08 (p, J = 6.9 Hz, 2H), 1.92 (p, J = 6.7 Hz, 2H). 13C-NMR (75 MHz, CDCl3): δ 168.62, 133.98,

132.30, 132.02, 131.68, 129.73, 129.33, 127.01, 123.34, 122.75, 122.15, 90.54, 90.07, 62.01, 37.62,

31.56, 27.43, 17.63, 16.29. HRMS-NSI (m/z ): [M+H]+ calcd for C32H26NO3: 472.1897, found:

472.1907. 18: Rf = 0.32. 1H-NMR (300 MHz, CDCl3): δ 8.53 (d, J = 8.6 Hz, 2H), 7.92 (d, J =

1.6 Hz, 2H), 7.68 � 7.58 (m, 4H), 3.94 � 3.82 (m, 4H), 2.62 (t, J = 6.9 Hz, 4H), 1.92 (p, J = 6.8 Hz,

4H). 13C-NMR (75 MHz, CDCl3): δ 132.07, 131.81, 129.79, 129.36, 127.16, 122.25, 117.61, 90.57,

62.04, 31.57, 16.30. HRMS-NSI (m/z ): [M+H]+ calcd for C24H23O2: 343.1691, found: 343.1693.

5-(7-(5-Aminopent-1-yn-1-yl)phenanthren-2-yl)pent-4-yn-1-ol (19)

Compound 17 (50 mg, 0.106 mmol) was dissolved in THF (2.1 ml). The solution was heated to

48°C while stirring. Hydrazine-monohydrate (0.05 ml, 1.031 mmol) was added and the reaction

stirred overnight at 48°C. The grey precipitation was �ltrated o� and the �ltrate was diluted with

DCM (25 ml). The compound was extracted two times with aq. 2 M K2CO3 (2x 20 ml). The

organic phase was dried over K2CO3 and the solvent evaporated under reduced pressure. A dry-

load column chromatography was done (DCM/MeOH 9:1 + 2% Et3N). Compound 19 was gained

as a solid (26.1 mg, 72%). Rf = 0.25 (DCM/MeOH 4:1). 1H-NMR (300 MHz, CDCl3): δ 8.53 (d,

J = 8.6 Hz, 2H), 7.95 � 7.88 (m, 2H), 7.68 � 7.58 (m, 4H), 3.88 (t, J = 6.1 Hz, 2H), 2.92 (t, J =

6.9 Hz, 2H), 2.67 � 2.51 (m, 4H), 1.92 (p, J = 6.8 Hz, 2H), 1.80 (p, J = 6.9 Hz, 2H), 1.25 (s, 6H).
13C-NMR (75 MHz, DMSO−d6): δ 131.62, 131.23, 129.49, 128.58, 127.00, 123.48, 121.84, 117.00,
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HO

N

O

O

17

N2H4 * H2O
THF

48°C
overnight

HO

NH2

19
(72%)

Scheme 3.12 Deprotection of the amine in the phthalimide of compound 17 to obtain compound 19.

91.93, 59.46, 31.57, 16.26, 15.45. HRMS-NSI (m/z ): [M+H]+ calcd for C24H24NO: 342.1862, found:

342.1852.

5,5'-(Phenanthrene-2,7-diyl)bis(pent-4-ynal) (20)

HO

OH

18

Dess-Martin periodinane
DCM

RT, 1.5h

O

O

20
(23%)

Scheme 3.13 Dess-Martin oxidation of compound 18 to obtain compound 20.

The procedure was carried out analog to reference.132 Dess-Martin periodinane (DMP) (178.9 mg,

0.26 mmol) was dissolved in DCM (1 ml) and the solution stirred. A solution of compound 18

(65.1 mg, 0.19 mmol) in DCM (3.5 ml) was added dropwise and stirred for 1.5 hours. The reaction

mixture was diluted with DCM (25 ml) and washed with sat. aq. NaHCO3 solution containing

6.5 g Na2S2O3 (25 ml), sat. aq. NaHCO3 solution (25 ml) and brine (25 ml). The organic phase

was dried over MgSO4 and the solvent evaporated under reduced pressure. A dry-load silica-gel

column chromatography (hexane/EtOAc 3:1) was done to remove the remaining DMP (Rf = 0.05).
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The product was gained as a white yellowish solid (15 mg, 23%). Rf = 0.5. 1H-NMR (300 MHz,

CDCl3): δ 9.90 (s, 2H), 8.52 (d, J = 8.6 Hz, 2H), 7.91 (d, J = 1.6 Hz, 2H), 7.68 � 7.57 (m, 4H),

2.82 (s, 8H). 13C-NMR (75 MHz, CDCl3): δ 200.52, 132.06, 131.91, 129.76, 129.46, 127.19, 122.98,

121.93, 88.98, 81.65, 42.79, 12.97. HRMS-NSI (m/z ): [M+Na]+ calcd for C24H18O2Na: 361.1207,

found: 361.1199.

5,5'-((((Phenanthrene-2,7-diylbis(pent-4-yne-5,1-diyl))bis(azanediyl))bis(pent-1-yne-

5,1-diyl))bis(phenanthrene-7,2-diyl))bis(pent-4-yn-1-ol)

(21)

HO

NH2

19

O

O

20

CHCl3
Na(OAc)3BH

RT, 2h

HO

H
N

N
H

OH

21
(32%)

Scheme 3.14 Reductive amination of compounds 19 (2 eq.) and 20 (1 eq.) to obtain trimer 21.

The procedure was carried out analog to reference.133 Compound 19 (22.7 mg, 0.0664 mmol) was

dissolved in CHCl3 (6 ml), and afterwards Na(OAc)3BH (28.5 mg, 0.135 mmol) was added. A

solution of compound 20 (12.5 mg, 0.0369 mmol) in CHCl3 (3 ml) was added dropwise and the

reaction was stirred for two hours. The reaction mixture was diluted with CHCl3 (15 ml), and

washed twice with aq. 2 M K2CO3 solution. The CHCl3-phase was dried over K2CO3 and the

�ltrate concentrated under reduced pressure. A silica-gel TLC plate (1 mm thick) was soaked in

DCM + 1% Et3N and let it dry. A preparative TLC was done of the crude 21 (DCM/MeOH

95:5 + 1% Et3N). Compound 21 was dissolved out of the silica-gel with DCM/MeOH (4:1 + 1%

Et3N) (100 ml) and �ltrated. The �ltrate was evaporated under reduced pressure and a white-

yellowish solid was gained. Two additional preparative TLCs had to be done to purify the product

21 (11.6 mg, 32%). Rf = 0.08. HRMS-NSI (m/z ): [M+H]+ calcd for C72H65N2O2: 989.5017, found:

989.5041.
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1,6-Dialkynyl Pyrene Oligoamine (26)

2-(6-(6-(6-hydroxyhex-1-yn-1-yl)pyren-1-yl)hex-5-yn-1-yl)isoindoline-1,3-dione (22)

and 6,6'-(pyrene-1,6-diyl)bis(hex-5-yn-1-ol) (23)

Br

Br 5-hexyn-1-ol
5-hexynyl-phthalimide

THF, Et3N

Pd[PPh3]2Cl2 (cat.)
CuI (cat.

overnight, reflux

OH

OH

OH

N OO

7

23
(20%)

22
(29%)

Scheme 3.15 Sonogashira reaction using compound 7 as a starting material to obtain compounds 22 and
23.

The commercially available compound 1,6-dibromopyrene 7 (253.6 g, 0.704 mmol) was dissolved

in dry THF (8.5 ml) and degassed Et3N (4.2 ml) under an argon atmosphere. Afterwards, both

catalysts Pd[Ph3P]2Cl2 (28.4 mg, 0.041 mmol) and CuI (13 mg, 0.069 mmol) were added. Next,

5-hexynyl-phthalimide (160.2 mg, 0.705 mmol) and 5-hexyn-1-ol (77.7 µl, 0.705 mmol) were added.

The black solution was stirred and heated under re�ux (84°C) over night. The reaction was con-

trolled via TLC (hexane/EtOAc 1:1). The mixture was �ltrated over Celite 503, washed with aq.

citric acid (10%) and sat. aq. NaHCO3 solution. The solution was dried over Na2SO4 and the

solvent removed under reduced pressure. A dry-load silica-gel column chromatography was done

for puri�cation of the molecules 22 and 23 (hexane/EtOAc 4:1). Compound 22 was isolated as

an orange-yellowish solid (54.5 mg, 15%). Compound 23 was isolated as an orange solid (28.9 mg,

10%). 22: Rf = 0.47, 1H-NMR (300 MHz, CDCl3): δ 8.57 � 8.46 (m, 2H), 8.14 � 8.01 (m, 6H), 7.89

� 7.77 (m, 2H), 7.73 � 7.61 (m, 2H), 3.88 � 3.75 (m, 4H), 2.77 � 2.66 (m, 4H), 2.10 � 1.95 (m, 2H),

1.95 � 1.75 (m, 6H). 13C-NMR (75 MHz, CDCl3): δ 134.01, 132.28, 132.13, 130.84, 130.81, 130.08,

130.00, 128.04, 126.18, 126.10, 124.95, 123.34, 119.18, 62.69, 37.74, 32.25, 28.14, 26.33, 25.45, 19.91,

19.69. HRMS-NSI (m/z ): [M]+ calcd for C36H29NO3: 523.2126, found: 523.2142. 23: Rf = 0.41,
1H-NMR (300 MHz, CDCl3): δ 8.54 (d, J = 9.1 Hz, 2H), 8.14 � 8.02 (m, 6H), 3.85 � 3.75 (m,

4H), 2.76 � 2.66 (m, 4H), 1.88 (p, J = 3.2 Hz, 8H). 13C-NMR (75 MHz, CDCl3): δ 132.14, 130.82,

130.04, 128.03, 126.13, 124.97, 124.39, 119.24, 96.21, 62.70, 32.25, 25.45, 19.91. HRMS-NSI (m/z ):

[M+H]+ calcd for C28H27O2: 395.2001, found: 395.2006.
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6-(6-(6-aminohex-1-yn-1-yl)pyren-1-yl)hex-5-yn-1-ol (24)

OH

N OO

22

N2H4 * H2O
THF

48°C, overnight

OH

NH2

24
(90%)

Scheme 3.16 Deprotection of the amine in the phthalimide of compound 22 to obtain compound 24.

Compound 22 (314 mg, 0.599 mmol) was dissolved in THF (12 ml). The �ask was heated to

48°C while stirring. Hydrazine-monohydrate (0.24 ml, 4.79 mmol) was added and the reaction

stirred overnight at 48°C. The grey precipitation was �ltrated o� and the �ltrate was diluted with

DCM (80 ml). The compound was extracted two times with aq. 2 M K2CO3 (2x 80 ml). The

organic phase was dried over K2CO3 and the solvent evaporated under reduced pressure. A dry-

load silica-gel column chromatography was done to purify the product (DCM/MeOH 9:1 + 2%

Et3N). Compound 24 was gained as a solid (212.2 mg, 90%). Rf = 0.18 (DCM/MeOH 4:1), 1H-

NMR (300 MHz, DMSO−d6): δ 8.48 (d, J = 9.1 Hz, 2H), 8.27 (d, J = 8.6 Hz, 4H), 8.12 (d, J

= 8.0 Hz, 2H), 3.52 (d, J = 11.9 Hz, 2H), 2.74 � 2.59 (m, 6H), 2.53 � 2.46 (m, 2H), 1.81 � 1.53

(m, 9H). 13C-NMR (75 MHz, DMSO−d6): δ 131.15, 130.14, 129.89, 128.28, 125.35, 123.38, 118.68,
97.44, 79.15, 60.25, 41.20, 32.71, 31.89, 25.86, 25.09, 19.03. HRMS-NSI (m/z ): [M+H]+ calcd for

C28H28NO: 394.2174, found: 394.2165.

6,6'-(pyrene-1,6-diyl)bis(hex-5-ynal) (25)

The procedure was carried out analog to reference.132 Dess-Martin periodinane (DMP) (849.4 mg,

2.003 mmol) was dissolved in DCM (9 ml) and the solution stirred. A solution of compound 23

(333.2 mg, 0.845 mmol) in DCM (30.3 ml) was added dropwise and afterwards stirred for two hours

at room temperature. The reaction mixture was diluted with DCM (80 ml) and washed with sat.

aq. NaHCO3 solution containing 25 g Na2S2O3 (100 ml), sat. aq. NaHCO3 solution (100 ml) and

brine (100 ml). The organic phase was dried over MgSO4 and the solvent evaporated under reduced

pressure. A dry-load silica-gel column chromatography (hexane/EtOAc 2:1) was done to remove

the remaining DMP (Rf = 0.05). The product 25 was a�orded as a white yellowish solid (245.8 mg,
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OH

OH

23

Dess-Martin periodinane
DCM

RT, 2h

O

O

25
(75%)

Scheme 3.17 Dess-Martin oxidation of compound 23 to obtain compound 25.

75%). Rf = 0.75, 1H-NMR (300 MHz, CDCl3): δ 9.91 (t, J = 1.2 Hz, 2H), 8.52 (d, J = 9.1 Hz, 2H),

8.15 � 8.03 (m, 6H), 2.85 � 2.69 (m, 8H), 2.11 (p, J = 7.0 Hz, 4H). 13C-NMR (75 MHz, CDCl3):

δ 201.96, 132.14, 130.92, 130.11, 128.12, 126.11, 125.05, 124.35, 118.95, 117.62, 95.06, 43.13, 21.57,

19.53. HRMS-NSI (m/z ): [M]+ calcd for C28H22O2: 390.1618, found: 390.1614.

6,6'-((((pyrene-1,6-diylbis(hex-5-yne-6,1-diyl))bis(azanediyl))bis(hex-1-yne-6,1-

diyl))bis(pyrene-6,1-diyl))bis(hex-5-yn-1-ol)

(26)

OH

NH2

24
O

O

25

CHCl3
Na(OAc)3BH

RT, 3h

OH

H
N

H
N

OH

26
(22%)

Scheme 3.18 Reductive amination of compounds 24 (2 eq.) and 25 (1 eq.) to obtain trimer 26.

The procedure was carried out in analogy to reference.133 To a solution of compound 24 (124.5 mg,

0.316 mmol) in CHCl3 (20 ml), Na(OAc)3BH (143 mg, 0.664 mmol) was added. A solution of

compound 25 (64.9 mg, 0.166 mmol) in CHCl3 (1.65 ml) was added dropwise. The reaction was

stirred for three hours at room temperature. The reaction mixture was diluted with CHCl3 (90 ml),
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and washed twice with aq. 2 M K2CO3 solution (2x 100 ml). The CHCl3-phase was dried over

K2CO3 and the �ltrate concentrated under reduced pressure. A liquid-load silica-gel column chro-

matography was done (Rf = 0.17, DCM/MeOH 98:2 + 1% Et3N). Another column had to be done

but with a di�erent solvent - DCM/toluene/MeOH 87:10:3 + 1% Et3N. Compound 26 was gained

as a brownish solid (11.8 mg, 22%). Rf = 0.14, HRMS-NSI (m/z ): [M+H]+ calcd for C84H77O2N2:

1145.5957, found: 1145.5980.

1,6-Dialkynyl Pyrene with Dimethylated Amines (27)

OH

H
N

H
N

OH

26

OH

N

N

OH

27
(87%)

CH3I
K2CO3

CHCl3
RT, overnight

I

I

Scheme 3.19 Dimethylation of the amines in compound 26 to obtain compound 27.

The procedure was carried out in analogy to the reference.139 The previously described trimer 26

was used as a starting material for the dimethylation of its amines. Compound 26 (11.8 mg, 0.0103

mmol) was dissolved in chloroform (8 ml). Potassium carbonate (115.3 mg, 0.834 mmol) was pestled

and added to the dissolved compound 26. Methyl iodide (0.11 ml, 1.545 mmol) was added dropwise

to the mixture, and the reaction stirred overnight at room temperature. The reaction process was

controlled by TLC (DCM/MeOH 95:5 + 1% Et3N, (Rf = 0). The mixture was �ltrated to remove

the potassium carbonate and the solution washed with water. The organic phase was dried over

K2CO3 and evaporated under reduced pressure. 27 was isolated as a brown sticky solid (13.1 mg,

87%). HRMS-NSI (m/z ): [M+2H]2+ calcd for C88H86O2N2: 601.3338, found: 601.3339.

4,4'-Dialkynyl Stilbene Oligoamine (32)

(E)-5,5'-(ethene-1,2-diylbis(4,1-phenylene))bis(pent-4-yn-1-ol) (28) and (E)-2-(5-(4-

(4-(5-hydroxypent-1-yn-1-yl)styryl)phenyl)pent-4-yn-1-yl)isoindoline-1,3-dione

(29)

The commercially available 4,4'-dibromo-trans-stilbene (1) (1.0078 g, 2.981 mmol) was dissolved in

dry THF (35 ml) and degassed Et3N (17 ml). Both catalysts Pd[Ph3P]2Cl2 (116.6 mg, 0.166 mmol)

and CuI (52.6 mg, 0.276 mmol) were added. Next, 4-pentynyl-phthalimide (635.8 mg, 2.981 mmol)

and 4-pentyn-1-ol (275.6 µl, 2.981 mmol) were added. The black mixture was stirred and heated
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Br

Br

1

N-(4-pentynyl)-phthalimide
4-pentyn-1-ol

Pd[Ph3P]2Cl2 (cat.), CuI (cat.)
Et3N, THF

20 hours, reflux

OH

N

O

O

29
(17%)

28
(11%)

OH

HO

Scheme 3.20 Alkylation of 1 by a Sonogashira reaction to a�ord 28 and 29.

under re�ux (84°C) overnight. The reaction mixture was diluted with DCM (100 ml), �ltrated

over Celite 503, washed with aq. citric acid (10%) and sat. aq. NaHCO3 solution. The �ltrate

was dried over Na2SO4 and the solvent removed under reduced pressure. A dry-load silica-gel

column chromatography was done to roughly separate the molecules 28 and 29 (DCM/MeOH

99:1). Crude product 28 (120 mg) was repuri�ed by a �ash column chromatography on silica-gel

(DCM/toluene/MeOH 88:10:2). Further, the crude 28 was dissolved in a mixture of CHCl3/MeOH

(4:1) (2 ml) and precipitated with an excess of cold hexane. The precipitation was �ltrated and

a pure 28 was a�orded (53.3 mg). The crude product 29 (620 mg) was also repuri�ed by a �ash

column chromatography on silica-gel (DCM/MeOH 99:1). The a�orded 29 (423.1 mg) from the

column was precipitated by dissolving it in a mixture of CHCl3/MeOH (3:1) (2 ml), followed by

the addition of an excess cold hexane. The precipitation was �ltrated and a pure 29 was obtained

(245.1 mg, 17%). This column additionally a�orded pure 28 (total: 114.2 mg, 11%). 28: Rf = 0.33

(DCM/toluene/MeOH 86:10:4). 1H-NMR (300 MHz, DMSO-d6): δ 7.57 (d, J = 8.1 Hz, 4H), 7.38

(d, J = 8.0 Hz, 4H), 7.27 (s, 2H), 4.54 (t, J = 5.0 Hz, 2H), 3.61 � 3.43 (m, 4H), 2.49 � 2.37 (m,

4H), 1.69 (p, J = 6.6 Hz, 4H). 13C-NMR (75 MHz, DMSO-d6): δ 136.40, 131.58, 128.44, 126.66,

122.44, 91.64, 80.53, 59.43, 31.57, 15.42. HRMS-NSI (m/z ): [M]+ calcd for C24H24O2: 344.1771,

found: 344.1771. 29: Rf = 0.47 (hexane/EtOAc 1:1). 1H-NMR (300 MHz, DMSO-d6): δ 77.88 �

7.78 (m, 4H), 7.61 � 7.47 (m, 4H), 7.37 (d, J = 8.3 Hz, 2H), 7.28 � 7.16 (m, 4H), 4.54 (t, J = 5.2 Hz,

1H), 3.74 (t, J = 6.7 Hz, 2H), 3.58 � 3.46 (m, 2H), 2.50 � 2.41 (m, 4H), 1.90 (p, J = 6.6 Hz, 2H),

1.69 (p, J = 6.7 Hz, 2H). 13C-NMR (75 MHz, DMSO-d6): δ 168.02, 134.28, 131.73, 131.58, 131.43,

128.45, 128.42, 126.66, 122.99, 122.14, 117.01, 91.64, 90.87, 80.85, 59.43, 36.95, 31.57, 16.64, 15.42.

HRMS-NSI (m/z ): [M+H]+ calcd for C32H28O3N: 474.2078, found: 474.2064.

(E)-5-(4-(4-(5-aminopent-1-yn-1-yl)styryl)phenyl)pent-4-yn-1-ol (30)

Compound 29 (76.5 mg, 0.162 mmol) was dissolved in a mixture of CHCl3 (5 ml) and MeOH (3 ml).

The solution was heated to 48°C while stirring. Hydrazine-monohydrate (0.07 ml, 1.292 mmol)

was added and the reaction stirred overnight at 48°C. The reaction mixture was diluted with DCM

(60 ml) and a white precipitation formed. The precipitation was �ltered o� and the �ltrate extracted

two times with aq. 2 M K2CO3 (2x 60 ml). The organic phase was dried over K2CO3 and the solvent
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OH

N

O

O

29

N2H4 * H2O
CHCl3, MeOH

48°C, overnight

OH

H2N

30
(57%)

Scheme 3.21 Hydrolysis of the phthalimide in 29 to a�ord compound 30.

evaporated under reduced pressure. A liquid-load column chromatography was done (DCM/MeOH

9:1 + 2% Et3N). Compound 30 was gained as a solid (31.7 mg, 57%). Rf = 0.28 (DCM/MeOH

4:1). 1H-NMR (300 MHz, DMSO-d6: δ 7.67 � 7.50 (m, 3H), 7.42 � 7.30 (m, 3H), 7.29 � 7.23 (m,

2H), 7.21 � 7.05 (m, 2H), 3.60 � 3.44 (m, 2H), 2.91 � 2.78 (m, 2H), 2.71 � 2.55 (m, 2H), 2.48 � 2.31

(m, 4H), 1.74 � 1.55 (m, 4H). HRMS-NSI (m/z ): [M+H]+ calcd for C24H26ON: 344.2002, found:

344.2009.

(E)-5,5'-(ethene-1,2-diylbis(4,1-phenylene))bis(pent-4-ynal) (31)

28

Dess-Martin periodinane
DMSO

RT, 2h

O

O
31

(28%)

OH

HO

Scheme 3.22 Dess-Martin oxidation of the hydroxy groups in 28 to obtain compound 31.

The procedure was carried out in analogy to reference.132 Dess-Martin periodinane (DMP) (169.7 mg,

0.400 mmol) was dissolved in DMSO (2 ml) and the solution stirred. A solution of compound 28

(60.9 mg, 0.177 mmol) in DMSO (3 ml) was added dropwise and afterwards stirred for two hours

at room temperature. The reaction mixture was diluted with CHCl3 (50 ml) and washed with sat.

aq. NaHCO3 solution containing 12.5 g Na2S2O3 (50 ml), sat. aq. NaHCO3 solution (50 ml) and

brine (50 ml). The organic phase was dried over MgSO4 and the solvent evaporated under reduced

pressure. A liquid-load silica-gel column chromatography (DCM) was done to remove the remaining

DMP (Rf = 0.05). The product 31 was a�orded as a white yellowish solid (16.9 mg, 28%). Rf =

0.62 (hexane/EtOAc 1:1). 1H-NMR (300 MHz, DMSO-d6: δ 9.71 (s, 2H), 7.57 (d, J = 8.4 Hz, 4H),

7.37 (d, J = 8.3 Hz, 4H), 7.27 (s, 2H), 2.81 � 2.64 (m, 8H). 13C-NMR (75 MHz, DMSO-d6: δ 201.76,
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136.58, 131.60, 128.52, 126.69, 122.09, 117.02, 90.46, 41.77, 38.69, 12.06. HRMS-NSI (m/z ): [M]+

calcd for C24H20O2: 340.1450, found: 340.1458.

5,5'-(((1E,1'E)-(((((((E)-ethene-1,2-diyl)bis(4,1-phenylene))bis(pent-4-yne-5,1-

diyl))bis(azanediyl))bis(pent-1-yne-5,1-diyl))bis(4,1-phenylene))bis(ethene-2,1-

diyl))bis(4,1-phenylene))bis(pent-4-yn-1-ol)

(32)

OH

H2N

30

O

O

31

CHCl3
Na(OAc)3BH

RT, 3h

HO

OH

HN

NH

32
(21%)

Scheme 3.23 Reductive amination of compounds 30 (2 eq.) and 31 (1 eq.) to obtain trimer 32.

The procedure was carried out in analogy to reference.133 To a solution of compound 30 (31.7 mg,

0.092 mmol) in CHCl3 (7 ml), Na(OAc)3BH (46.9 mg, 0.221 mmol) was added. A solution of

compound 31 (16.9 mg, 0.049 mmol) in CHCl3 (3 ml) was added dropwise. The reaction was

stirred for three hours at room temperature. The reaction mixture was diluted with CHCl3 (25 ml),

and washed twice with aq. 2 M K2CO3 solution (2x 30 ml). The CHCl3-phase was dried over

K2CO3 and the �ltrate concentrated under reduced pressure. The crude 32 (110 mg) puri�ed by a

preparative basic TLC (DCM/iPrOH 9:1 + 1% Et3N). The trimer was dissolved out of the silica

gel with DCM/MeOH (9:1 + 1% Et3N, 200 ml). Compound 32 was gained as a white solid (5.3 mg,

21%). Rf = 0.1. HRMS-NSI (m/z ): [M+H]+ calcd for C72H71O2N2: 995.5502, found: 995.5510.

69



3. Synthesis of New Cationic Supramolecular Polymers 3.5. Experimental Part

3.5.2. Additional Measurements

Kinetic Studies of the Amine-Hydroxy Pyrene Monomer (24)

Figure 3.22. Absorption spectra of compound 24 (24 µM) in sodium acetate bu�er (10 mM, pH 4.71) at
di�erent concentrations of sodium chloride (0-25 mM).

Figure 3.23. Absorption spectra of compound 24 (48 µM) in sodium acetate bu�er (10 mM, pH 4.71) at
di�erent concentrations of sodium chloride (0-25 mM).
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Figure 3.24. Time-dependent absorption spectra of 24 (24 µM) in 10 mM sodium acetate bu�er and 15 mM
(left) resp. 100 mM NaCl (right). The spectra were recorded after 0, 5, 10, 20, 30 and 60 min
at 20°C. The zoom-in of the upper spectra is shown below the corresponding diagram.

Figure 3.25. Time-dependent absorption spectra of 24 (48 µM) in 10 mM sodium acetate bu�er and 15 mM
(left) resp. 100 mM NaCl (right). The spectra were recorded after 0, 5, 10, 20, 30 and 60 min
at 20°C. The zoom-in of the upper spectra is shown below the corresponding diagram.
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4. Stilbene Derivative with

Phosphodiester-Bridges

4.1. Abstract

The synthesis and analysis of a 4,4'-dialkoxypropyl-linked stilbene trimer with phosphodiester-

bridges are presented. Its self-assembly behavior was investigated with spectroscopic measurements

such as UV-vis, �uorescence, and AFM, and the appearance of an H-band was detected. The

visualization of the supramolecular polymers was done by AFM and it was shown that sheets with

a height of 3 nm were formed.

4.2. Introduction

Our group �rst started working with dicarboxamide-derived oligomers, later changing to dialkynyl-

linked oligomers. Studies showed that the 3,6-dialkynyl phenanthrene has a higher absorption coe�-

cient, and that the stacking is more e�cient in comparison to the carboxamide derivatives.36,92,96,148,149

In addition, the conjugated system is extended with the alkynyl linkers and thus the absorption

shifted towards longer wavelengths.

As shown in chapter 3 Synthesis of New Cationic Supramolecular Polymers, the synthesis of dialkynyl-

linked oligoamines was challenging and brought many solubility problems. The same problem

repeated itself when a new oligomer with phosphodiester-bridges was synthesized: 4,4'-dialkynyl-

linked stilbene trimer. The idea of synthesizing this trimer was to have an oppositely charged

molecule for comparison studies to the previously described oligoamine (subsection 3.3.6 4,4'-

Dialkynyl Stilbene Oligoamine (32)). Stilbene was previously chosen, because its derivatives are

known for their photoresponsive properties such as (E/Z )-photoisomerization,150,151 photochemi-

cal cycloaddition, and oxidative photochemical cyclization152 and were used for the formation of

layers.153,154 Unfortunately, already the �rst few steps of the 4,4'-dialkynyl stilbene trimer with

phosphodiester-bridges synthesis showed troubles with the solubility of the molecules in any solvent

(water-miscible and immiscible) and prevented the puri�cation of the products. As a result, the

synthesis was not continued.

At about the same time, a group member synthesized a new molecule, the 4,4'-dialkoxy-linked

azobenzene trimer with phosphodiester-bridges.155 He could show that the azobenzene oligomer

is forming sheets and thus further con�rm our theory that linearly-linked oligomers tend to self-

assemble into two-dimensional structures. The change from dialkynyl- to dialkoxyl-linked oligomers

had the advantage, that the molecule was less rigid (Figure 4.1). It was shown that stilbenes with

dialkoxy-linkers have a good �exibility and π-stacking ability and thus were used in studies with

DNA hairpins, meaning that their solubility in aqueous medium was good.156�160

Based on this, we assumed that the dialkoxy-linker improves the water-solubility of the stilbene-

trimer (Figure 4.1) and due to their linear-linkage should lead to the formation of sheets. Therefore,

72



4. Stilbene Derivative with Phosphodiester-Bridges 4.3. Results and Discussion

the synthesis was adapted and the 4,4'-dialkoxy-linked stilbene trimer with phosphodiester-bridges

was prepared.

O
HNNH

O

OOH
P

O O

OH

HO O P
O

HO
O

OHO

O O
P
O

HO O

carboxamide
substituted

alkynyl
substituted

alkoxy
substituted

Figure 4.1. The di�erent linkers which were used for the connection of the chromophores: carboxamide,
alkynyl, and alkoxy. Examples from the past are shown with phenanthrene as a chromophore.

4.3. Results and Discussion

4.3.1. Synthesis of the Stilbene-Trimer

The chemical synthesis of trimer 38 is shown in Scheme 4.1. The coupling of two 4-hydroxybenzaldehyde

by a McMurry reaction a�orded (E )-4,4'-(ethene-1,2-diyl)diphenol (33).161,162 The crude 33 was

further treated with 3-bromo-1-propanol to obtain compound 34. Recrystallization of 34 in ace-

tone a�orded the pure compound (24%). One of the hydroxyl-groups in compound 34 was mono-

acetylated by the addition of acetic anhydride in pyridine to obtain 35 (32%). Compound 34

was also used for the di-phosphitylation of the hydroxyl-groups to a�ord 36 (84%). A coupling

of compounds 35 and 36 using 5-ethyl-thio-tetrazole as an activator, followed by the oxidation of

the intermediate, leading to the formation of 37 (19%). The deprotection of the cyanoethyl ester

groups in 37 was performed twice. On a �rst try, 37 was dissolved in 2M NH3 and stirred overnight

at room temperature. This did not deprotect everything as con�rmed by mass spectrometry and

RP-HPLC. The second attempt of deprotection was done at 55°C and yielded the �nal trimer 38

which was puri�ed by RP-HPLC (1%).
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Scheme 4.1 Synthesis pathway to a�ord the target molecule 38: 4,4'-dialkoxypropyl-linked stilbene trimer
with phosphodiester-bridges.

4.3.2. Spectroscopic Properties

The �rst step was to �nd suitable bu�er conditions to solubilize the newly synthesized 4,4'-dialkoxy

stilbene trimer (38). Therefore, 38 was �rst dissolved in ethanol to have a spectral comparison

under which aqueous conditions 38 is dissolved at 70°C.
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In ethanol, 38 has two maxima at 296 and 327 nm (Figure 4.2). This means that when the

spectra of 38 in aqueous medium at 70°C looked the same as 38 in pure ethanol, 38 was dissolved.

Afterwards, 38 was added into a solution of 10 mM sodium phosphate bu�er (pH 7.1) and the

ethanol content was increased until the spectrum at 70°C looked the same as in ethanol (Figure 4.8

in subsection 4.5.3 Additional Absorption Spectra of 38). This experiment showed that with 30%

of ethanol the spectrum at 70°C had the same maxima as in pure ethanol (296 and 327 nm) and

thus 38 was dissolved (Figure 4.2). After cooling to 20°C the maxima disappeared and a new one

appeared at 276 nm. This hypsochromic shift indicated a structural change of 38 in the solution.

Thus, for further measurements, the following conditions were used: 1 µM 38 in 10 mM sodium

phosphate bu�er (pH 7.1) and 30% ethanol.

Figure 4.2. Absorption spectra of 38 in pure ethanol (black) and in aqueous medium with 30% ethanol at
70°C (red) and 20°C (blue). Conditions in aqueous medium: trimer 38 (1 µM), 10 mM sodium
phosphate bu�er (pH 7.1), 30 vol% ethanol.

Next, the aggregation temperature of 38 under the set conditions was determined. Starting from

70°C, every 10°C an absorption spectrum of 38 was recorded until 20°C was reached (Figure 4.3).

The idea was to see at which temperature the spectra do not change anymore. At 70°C, two maxima

at 296 and 327 nm (same as in Figure 4.2) are present. The change to one maximum at 276 nm

occurred after reaching 50°C. This means that the trimer 38 aggregates between 50°C and 60°C.

The spectra from 50°C to 20°C look quite similar.

Also, �uorescence and excitation spectra of 38 were measured. Figure 4.4 shows on the left side the

�uorescence spectra with a maximum at 384 nm when excited at 275 nm and measured at 70°C and

20°C. The intensity of the assembled 38 (20°C) increased for almost 3.5 times. The diagram on the

right side in Figure 4.4 depicts the excitation spectra when measuring the sample at the emission

wavelength 386 nm. Also here a big increase in intensity was observed with a maximum at 327 nm

(20°C). This maximum correlates with the one observed in the absorption spectrum. In contrast to

the UV-vis spectrum, no peak at 276 nm is observable.

The absorption and �uorescence spectra of 38 in the assembled state (30% ethanol, 20°C) were

quite di�erent from the spectra of 38 in the disassembled state (pure ethanol) (Figure 4.5). A blue-
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Figure 4.3. Absorption spectra of 38 measured in 10°C steps from 70°C to 20°C. Conditions: trimer 38
(1 µM), 10 mM sodium phosphate bu�er (pH 7.1), 30 vol% ethanol.

Figure 4.4. Fluorescence (left) and excitation (right) spectra of 38 measured at 70°C (red) and 20°C (blue).
Conditions: trimer 38 (1 µM), 10 mM sodium phosphate bu�er (pH 7.1), 30 vol% ethanol,
λex = 275 nm, λem = 386 nm.

shift was observed in the absorption, the maxima shifted from 296 and 327 nm (disassembled, 100%

EtOH) to 276 nm (assembled, 30% EtOH). Additionally, a red-shift in �uorescence is noticeable from

375 nm (disassembled) to 379 nm (assembled). This behavior can be attributed to an H-band. This

means that the stilbene molecules orient parallel to each other by self-assembly.145 This also explains

why the excitation spectra (Figure 4.4, right) do not look the same as the absorption spectra. The

H-band is not �uorescing and thus not observable in the measurement. This phenomenon was also

observed in literature when forming multilayers with stilbene fatty acid derivatives145,146 and other

examples.153
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Figure 4.5. Comparison of absorption (solid lines) and �uorescence (dashed lines) spectra of 38 measured
at 20°C in pure ethanol (black, disassembled) and with 30% ethanol in aqueous medium (blue,
assembled). Conditions in aqueous medium: trimer 38 (1 µM), 10 mM sodium phosphate
bu�er (pH 7.1), 30 vol% ethanol, λex = 325 nm.

4.3.3. Visualization of Stilbene Assemblies

The stilbene trimer 38 self-assembles into sheets in aqueous medium. AFM measurements revealed

the adsorption of frayed sheets with a height of 3 nm (Figure 4.6 and Figure 4.7). Some of the

sheets look like a hoofprint of a goat (Figure 4.6 and Figure 4.9).

Figure 4.6 depicts that also smaller objects were found with a height of 1 nm, but also sheets with

the double-height were observed.

Figure 4.6. AFM measurements of 38 adsorbed on APTES-modi�ed mica and their corresponding height-
pro�les. Conditions: trimer 38 (1 µM), 10 mM sodium phosphate bu�er (pH 7.1), 30 vol%
ethanol.

77



4. Stilbene Derivative with Phosphodiester-Bridges 4.4. Conclusions and Outlook

Figure 4.7 indicates the adsorption of several sheets with variable widths, ranging from 300-900 nm.

Rarely, big unde�ned aggregates with a height of 30 nm were observed.

Figure 4.7. AFM measurements of 38 adsorbed on APTES-modi�ed mica and their corresponding height-
pro�les. Conditions: trimer 38 (1 µM), 10 mM sodium phosphate bu�er (pH 7.1), 30 vol%
ethanol.

4.4. Conclusions and Outlook

In conclusion, it was demonstrated that the 4,4'-dialkoxy-substituted stilbene trimer with phosphodiester-

bridges self-assembles into two-dimensional supramolecular polymers in aqueous medium. The

formed nanosheets have a height of 3 nm and vary in width in a range of 300-800 nm. Spectroscopic

measurements indicated the appearance of an H-band (276 nm). The change of the linker type from

alkynyl to alkoxy improved the solubility of the stilbene. The puri�cation steps were still rather

di�cult but nevertheless, the desired product was synthesized and could �nally be dissolved and

studied. The examination of light-harvesting properties with acceptors like 9,10-diphenylanthracene

or pyrene, as well as experiments in the �eld of electrostatic layering, are topics of further investiga-

tion. TEM measurements would also be helpful for further understanding of the stilbene trimer and

its assembly into sheets. Additionally, it is known that stilbene may undergo a [2+2]-cycloaddition

and (E/Z )-isomerization.163�166 The [2+2]-cycloaddition would lead to covalently bond polymers as

previously shown on the example of photodimerization of anthracene supramolecular assemblies.167

The (E/Z )-isomerization would probably lead to a structural change which would be observable on

the AFM. Therefore, further investigations in this research topic are of interest.
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4.5. Experimental Part

4.5.1. Synthesis of 4,4'-Dialkoxy Stilbene Trimer

OH

HO

O

HO

Zn
TiCl4

THF

33

O

O

OH

HO

3-bromo-1-propanol
K2CO3, KI

DMF
90°C, overnight

34
(24%)

Scheme 4.2 Formation of (E )-4,4'-(ethene-1,2-diyl)diphenol (33) by a McMurry reaction using 4-
hydroxybenzaldehyde as a starting material, followed by an alkylation of 33 to obtain 34.

(E)-4,4'-(ethene-1,2-diyl)diphenol (33)

The commercially available 4-hydroxybenzaldehyde (10.0486 g, 0.0823 mol) was dissolved in dry

THF (670 ml), followed by the addition of Zn dust powder (16.3904 g, 0.2507 mol), which yielded in

a grey suspension. The suspension was cooled to 0°C, before TiCl4 (15.20 ml, 0.1385 mol) was added

slowly. Afterwards, the reaction mixture was warmed to room temperature, and it was re�uxed

at 80°C overnight. TLC (DCM/MeOH 95:5) showed the disappearance of starting material. The

reaction mixture was cooled to room temperature, before aq. 10% K2CO3 (750 ml) was added and

the suspension stirred for one hour. The reaction mixture was �ltrated through Celite503 and the

�lter cake was washed thoroughly with THF. The �ltrate was acidi�ed with HCl (37%) to about a

pH 1. The aqueous phase was extracted with tert-butyl methyl ether (3x 200 ml). The combined

organic phases were washed once with brine (500 ml), dried over MgSO4, �ltrated, and concentrated

in vacuo. Due to the low yield after puri�cation, crude 33 was used for further synthesis (9.5831 g,

crude). A recrystallization out of 1-butanol161 yielded the pure product 33 (12%), but this step

was not necessary for the further synthesis of 34 and thus, crude 33 was used. pure 33: 1H-NMR

(300 MHz, DMSO-d6) δ 9.46 (s, 2H), 7.35 (d, J = 8.6 Hz, 4H), 6.90 (s, 2H), 6.74 (d, J = 8.5 Hz,

4H). 13C-NMR (75 MHz, DMSO-d6) δ 156.76, 128.59, 127.33, 125.20, 115.48.

(E)-3,3'-((ethene-1,2-diylbis(4,1-phenylene))bis(oxy))bis(propan-1-ol) (34)

The synthesis was done in analogy to literature.168 The crude 33 (4.0549 g, 19.10 mmol) was dis-

solved in anhydrous DMF (80 ml) whilst heating to 90°C. K2CO3 (5.9719 g, 43.21 mmol), potassium

iodide (321.4 mg, 1.94 mmol) and 3-bromo-1-propanol (3.39 ml, 38.2 mmol) were added and the

dark green suspension was stirred at 90°C overnight. After cooling the reaction mixture to room

temperature, water (800 ml) was added. The violet precipitation was �ltrated, washed with aq.
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K2CO3 (10%, 500 ml) and water (2x 500 ml), and dried. The crude product 34 (3.7228 g, 59%) was

further recrystallized in acetone, yielding the pure compound 34 (1.4799 g, 24% over two synthesis

steps). 1H-NMR (300 MHz, DMSO-d6) δ 7.48 (d, J = 8.4 Hz, 4H), 7.02 (s, 2H), 6.92 (d, J =

8.3 Hz, 4H), 4.61 (s, 2H), 4.04 (t, J = 6.4 Hz, 4H), 3.56 (t, J = 6.2 Hz, 4H), 1.86 (p, J = 6.3 Hz,

4H). 13C-NMR (75 MHz, DMSO-d6) δ 158.07, 129.90, 127.39, 125.73, 114.61, 64.57, 57.28, 32.13.

HRMS-NSI (m/z ): [M+H]+ calcd for C20H25O4: 329.1742, found: 329.1747.

(E)-3-(4-(4-(3-hydroxypropoxy)styryl)phenoxy)propyl acetate (35)

O

O

OH

HO

34

O

O

OH

O

35
(32%)

acetic anhydride
pyridine

RT, 2h

O

Scheme 4.3 Monoacetylation of 34 to a�ord 35.

Compound 34 (201 mg, 0.612 mmol) was dissolved in pyridine (6 ml) under argon. A 2M solution

of acetic anhydride (0.3 ml, 0.599 mmol) in pyridine was added dropwise over ten minutes to the

dissolved compound 34. The reaction mixture was stirred at room temperature for 2 hours. The

reaction mixture was diluted with DCM (30 ml) and washed with aq. 0.5M HCl (3x 30 ml) solution,

aq. sat. NaHCO3 (2x 30 ml) and brine (50 ml). The organic phase was dried over MgSO4, �ltrated,

and the solvent removed under reduced pressure. The crude 35 was puri�ed by a �ash column

chromatography on silica-gel (DCM/i-PrOH 98:2). Compound 35 was isolated in a yield of 32%

(72.2 mg). Rf = 0.37 (hexane/EtOAc 2:3). 1H-NMR (300 MHz, DMSO-d6) δ 7.54 � 7.43 (m, 4H),

7.02 (s, 2H), 6.97 � 6.87 (m, 4H), 4.55 (t, J = 5.2 Hz, 1H), 4.16 (t, J = 6.4 Hz, 2H), 4.10 � 3.99 (m,

4H), 3.62 � 3.50 (m, 2H), 2.10 � 1.96 (m, 5H), 1.93 � 1.79 (m, 2H). 13C-NMR (75 MHz, DMSO-d6)

δ 170.41, 158.09, 157.79, 130.14, 129.87, 127.41, 125.87, 125.67, 114.65, 114.61, 64.57, 64.25, 60.83,

57.28, 32.13, 28.07, 20.70. HRMS-NSI (m/z ): [M]+ calcd for C22H26O5: 370.1769, found: 370.1775.

(E)-bis(2-cyanoethyl)

(((ethene-1,2-diylbis(4,1-phenylene))bis(oxy))bis(propane-3,1-diyl))

bis(diisopropylphosphoramidite) (36)

Compound 34 (118.5 mg, 0.361 mmol) was dissolved in DMF (4 ml) and DIPEA (0.66 ml, 3.811 mol).

PAM-Cl (0.16 ml, 0.717 mmol) was added dropwise at room temperature and the reaction mixture

stirred for three hours. The reaction mixture was diluted with DCM (40 ml) and washed with
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Scheme 4.4 Diphosphitylation of 34 to a�ord 36.

water (3x 80 ml) and brine (3x 60 ml). The organic phase was dried over K2CO3, �ltrated and the

solvent evaporated under reduced pressure. A short column chromatography was done on silica gel

(DCM/MeOH 99:1 + 1% Et3N). Compound 36 was isolated in a yield of 84% (219.6 mg). Rf = 0.83

(hexane/EtOAc 2:3 + 1% Et3N).
1H-NMR (300 MHz, DMSO-d6) δ 7.52 � 7.43 (m, 4H), 7.02 (s,

2H), 6.96 � 6.86 (m, 4H), 4.07 (t, J = 6.2 Hz, 4H), 3.85 � 3.64 (m, 8H), 3.64 � 3.47 (m, 4H), 2.80

� 2.70 (m, 4H), 1.99 (p, J = 6.2 Hz, 4H), 1.26 � 1.03 (m, 25H). 13C-NMR (75 MHz, DMSO-d6) δ

157.93, 130.00, 127.40, 125.77, 118.98, 114.60, 64.15, 59.76, 59.54, 58.28, 58.04, 42.51, 42.34, 30.47,

24.39, 24.30, 22.23, 19.89, 19.79. 31P-NMR (121 MHz, DMSO-d6) δ 146.55. HRMS-NSI (m/z ):

[M+H]+ calcd for C38H59O6N4P2: 729.3914, found: 729.3904.

Protected dialkoxypropyl-substituted stilbene trimer (37)

A solution of 5-(ethylthio)-1H-tetrazole (26.9 mg, 0.207 mmol) in DCE (0.5 ml) was added under

argon atmosphere to a solution of compound 36 (53.8 mg, 0.074 mmol) in DCE (0.72 ml). Com-

pound 35 was dissolved in DCE (2 ml) and added to the activated compound 36. The reaction

mixture was stirred at room temperature for one hour. Tert-butyl hydroperoxide solution (70%,

0.06 ml, 0.433 mmol) was added and the reaction mixture further stirred for 30 minutes. The

reaction mixture was diluted with DCM (100 ml) and washed with aq. sat. NaHCO3 (100 ml)

and brine (100 ml). The organic phase was dried over MgSO4, �ltrated and the solvent evaporated

under reduced pressure. The residue was puri�ed by two preparative TLCs (DCM/toluene/MeOH

86:10:4). Compound 37 was isolated as a white solid (18.4 mg, 19%). Rf = 0.47. HRMS-NSI (m/z ):

[M-H]- calcd for C70H79N2O18P2Na: 1321.4779, found: 1321.4753.
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Scheme 4.5 Coupling of 35 and 36 to obtain the protected trimer 37.

4,4'-Dialkoxypropyl-substituted stilbene trimer with phosphodiester-bridges (38)

2M NH3 in MeOH

55°C, overnight

37

O

O

O
P

O
O

O
O

O

N

OP
O

O

O

O

O

O

N

O

O

O

38
(1%)

O

O

O
P

OH
O

O
O

O

OP
HO

O

O

O

HO

O

OH

Scheme 4.6 Deprotection of 37 to obtain trimer 38.

Compound 37 (18.4 mg, 0.014 mmol) was dissolved in a solution of 2 mol/l NH3 in methanol

(20 ml) and stirred at room temperature overnight. The sample was lyophilized, the residue was

suspended in a mixture of water/EtOH (1:1, 1 ml), lyophilized again, suspended in water (1 ml)

and lyophilized. Analysis with RP-HPLC and mass spectrometry showed, that 37 was not fully

deprotected. Therefore 37 was again dissolved in a solution of 2 mol/l NH3 in methanol (30 ml)

and stirred at 55°C overnight. The sample was lyophilized, the residue was suspended in a mixture
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of water/EtOH (1:1, 1 ml), lyophilized again, suspended in water (1 ml) and lyophilized. The crude

38 was puri�ed by RP-HPLC (Dr. Maisch, ReproSil 100 C8, 5 µm, 250x4 mm) with the solvents A:

25 mM 1,1,1,3,3,3-hexa�uoro-2-propanol, 2.1 mM TEA (pH 7.4), solvent B � acetonitrile, with a

�ow of 1 ml/min and at a temperature of 40°C. The gradient was set as follows: B[%] (tR [min]) =

10 (0); 10 (2); 80 (22); 100 (25); 100 (27). Compound 38 was isolated (0.21 mg, 1%). The yield was

determined by UV-vis spectroscopy measurements using the ε of the monomer 34 in ethanol (28'259

l*mol-1*cm-1). HRMS-NSI (m/z ): [M-2H]2- calcd for C60H68O16P2: 553.1971, found: 553.1957.

Scheme 4.7 The HPLC trace of 38 monitored at λ = 330 nm

4.5.2. Conditions for Supramolecular Polymer Formation

The supramolecular polymer formation of 38 was performed via thermal disassembly and reassem-

bly: the samples were prepared in 10 mM sodium phosphate bu�er (pH 7.1) and 30 vol% ethanol,

heated to 70°C and cooled to 20°C with a controlled rate of 13°C/min in a Cary 100 spectropho-

tometer equipped with a Peltier thermostat.

83



4. Stilbene Derivative with Phosphodiester-Bridges 4.5. Experimental Part

4.5.3. Additional Absorption Spectra of 38

Figure 4.8. Absorption spectra of 38 with increasing additions of ethanol at 70°C (red) and 20°C (blue).
Conditions: trimer 38 (1 µM), 10 mM sodium phosphate bu�er (pH 7.1), 25-40 vol% ethanol.

4.5.4. Additional AFM Measurements

Figure 4.9. AFM measurements of 38 adsorbed on APTES-modi�ed mica and their corresponding height-
pro�les. Conditions: trimer 38 (1 µM), 10 mM sodium phosphate bu�er (pH 7.1), 30 vol%
ethanol.
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5. Exploration of Light-Harvesting Properties of

N-Phe3

5.1. Abstract

Light-harvesting properties in N-Phe3-vesicles were investigated by carrying out dotting exper-

iments with two di�erent acceptor molecules: 9,10-diphenylanthracene (DPA) and 3,6-dialkynyl

phenanthrene-pyrene-phenanthrene oligoamine (15). Two di�erent approaches were tested, the use

of the acceptor pyrene (in 15) that was added as a trimer and the addition of a monomer acceptor,

DPA. Spectroscopic analysis proved the occurrence of an energy transfer to the acceptor molecules

when exciting the phenanthrene-donor in N-Phe3.

5.2. Introduction

In recent years, the interest in arti�cial light-harvesting complexes (LHCs) has signi�cantly

increased.39�43,169�176 An important aspect for an e�cient energy transfer is a good structural organi-

zation of molecules.177 Supramolecular polymers are particularly suitable for this purpose and allow

the ordered arrangement of donor and acceptor building blocks in arti�cial LHCs. The dynamic na-

ture of supramolecular polymers is an advantage when it comes to modi�cation, like adding di�erent

chromophores as acceptors in arti�cial LHCs.42,96,97,178�180 The formation of e�cient, supramolec-

ular 1D and 2D light-harvesting systems has been previously reported in our group.36,90,96�99

It was shown that supramolecular light-harvesting �bers were formed by self-assembly of 3,6-

dialkynyl phenanthrene trimers with phosphodiester-bridges (oligomer A, Figure 5.1).96 In oligomer

B the acceptor pyrene was covalently attached to the trimer of phenanthrene-donors. Figure 5.1

illustrates schematically the formation of light-harvesting �bers, in which the pyrene units were em-

bedded at rare positions. The excitation of phenanthrenes led to an energy transfer to the pyrene

unit and already minute amounts of pyrene could be detected. The �uorescence quantum yield

reached 50% after the addition of only 1.5% pyrene.

In a follow-up study it was shown that even the addition of monomer acceptor molecules to oligomer

A, lead to the formation of supramolecular polymer �bers and energy transfer (Figure 5.2).99

Herein we describe the investigation in light-harvesting properties of the 3,6-dialkynyl phenanthrene

oligoamine vesicles (N-Phe3) doped with di�erent kinds of acceptors. Therefore, the pyrene in

the previously presented 3,6-dialkynyl phenanthrene-pyrene-phenanthrene oligoamine 15 (subsec-

tion 3.3.1 3,6-Dialkynyl Phenanthrene-Pyrene-Phenanthrene Oligoamine (15)) is incorporated into

a trimer, and 9,10-diphenylanthracene (DPA) was chosen as the monomer acceptor. The chemical

structures of the investigated molecules are shown in Scheme 5.1.
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Figure 5.1. Graphical illustration of the supramolecular polymerization of oligomer A and B into pyrene-
doped phenanthrene �bers. The chemical structure of oligomer B shows that the acceptor
pyrene was covalently attached to the phenanthrene trimer. The excitation of phenanthrenes
(blue arrows) leads to an energy transfer (yellow) to the acceptor pyrene (green). Illustration
is taken from reference.96
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Figure 5.2. Graphical illustration of an idealized assembly process of 3,6-dialkynyl phenanthrene trimers
(oligomer A) into supramolecular polymer �bers with non-covalently linked acceptor molecules.
The acceptor molecule is randomly integrated into the forming �ber. Energy is transferred from
the excited phenanthrenes (blue) to the chromophore (benzo[a]pyrene, red). Figure adapted
from reference.99

HO N N
15

H

H

OH

H

H

DPA

HO N OH

N-Phe3

2

H

H

Scheme 5.1 Chemical structures of the donor N-Phe3 and both acceptors 3,6-dialkynyl phenanthrene-
pyrene-phenanthrene oligoamine 15 and 9,10-diphenylanthracene (DPA). The pyrene acceptor
in 15 was incorporated into the trimer, and DPA was investigated as a monomer acceptor.
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5.3. Results and Discussion

5.3.1. 9,10-Diphenylanthracene (DPA)

Previous studies showed that DPA (Scheme 5.1) was a good acceptor when adding it as a monomer

to a sample of 3,6-dialkynyl phenanthrene trimer with phosphodiester-bridges.99 In order to be sure

that only the donor is transferring the energy to the acceptor, one needs to assure to excite the donor

at a wavelength where the acceptor is not or very low absorbing. Comparing the absorption spectra

of N-Phe3 (subsection 2.5.4 Additional Measurements, Figure 2.8) and DPA (Figure 5.5), they

do not overlap, and thus DPA was chosen as an acceptor for the investigations in light-harvesting

properties of N-Phe3. DPA is most probably incorporated into the membrane of the forming

N-Phe3-vesicles during the self-assembly process.

Figure 5.3. Fluorescence spectra of trimer N-Phe3 in aqueous solution with increasing concentrations of
DPA. Conditions: trimer N-Phe3 (1 µM), 10 mM acetate bu�er (pH 4.71), 10 vol% ethanol,
λex = 322 nm.

Figure 5.3 displays emission spectra of the assembled supramolecular polymer (at 20°C), consisting

of N-Phe3 with increasing amounts of DPA. To check, whetherN-Phe3 can transfer the energy to

the acceptor DPA, the sample was excited at the wavelength 322 nm, where only phenanthrene is

absorbing, respectively. After the �rst addition of DPA (1%, red), the intensity of the phenanthrene

maximum at 385 nm decreased, and a new peak started to appear at 433 nm. This new band was

induced by DPA. The same e�ect was observed for further additions of DPA. This shows that the

energy which was absorbed by phenanthrenes is transferred to DPA acceptor molecules.

The quantum yield was determined for every addition of DPA (with quinine sulfate in 0.05 M

H2SO4 as a reference181). After each addition of DPA, the �uorescence quantum yield of the

system stayed constant (φF ≈ 3.4%). This indicates, that during the energy transfer from N-Phe3

to DPA (Table 5.1) almost no energy was lost via radiation-less relaxation.
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Table 5.1. Quantum yield calculations for N-Phe3 with increasing additions of DPA. Quinine sulfate
(φR

QS = 0.546) in 0.05 M H2SO4 was used as a reference.181 Conditions: N-Phe3 (1 µM),
10 mM acetate bu�er (pH 4.71) and 10 vol% ethanol.

Concentration
of DPA [µM]

mol%
of DPA

φF [%]

0 0 3.4

0.030 1.00 3.3

0.148 5.94 3.6

0.324 16.78 3.8

0.441 31.56 3.5

5.3.2. 3,6-Dialkynyl Phenanthrene-Pyrene-Phenanthrene (15)

Because the addition of monomers as acceptors toN-Phe3 worked well as a light-harvesting system,

the next step was to add the acceptor molecule as a trimer. The acceptor pyrene was previously

described in chapter 3 Synthesis of New Cationic Supramolecular Polymers.

Figure 5.4 shows the �uorescence spectra of the doped N-Phe3. 15 was admixed such that the

total pyrene content increased from 1-20%. After the addition of 20% of pyrene per total phenan-

threne content, a new band appeared at 428 nm, which was due to the pyrene, respectively pyrene-

phenanthrene-exciplex formation.138

Figure 5.4. Fluorescence spectra of trimer N-Phe3 in aqueous solution with increasing concentrations
of pyrene (Py) by adding 15. Conditions: trimer N-Phe3 (1 µM), 10 mM acetate bu�er
(pH 4.71), 10 vol% ethanol, λex = 322 nm.

The quantum yield was calculated after each addition of pyrene (Table 5.2). Quinine sulfate in

0.05 M H2SO4 was used as a reference for the quantum yield determination.181 As depicted in
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Table 5.2, the quantum yield increased from 3.4% (0% pyrene) to 9.2% (20% pyrene). This increase

in �uorescence quantum yield and the exciplex formation (at 428 nm) show that there is an energy

transfer from phenanthrene to pyrene.

Table 5.2. Quantum yield calculations for N-Phe3 with increasing additions of 15. Quinine sulfate
(φR

QS = 0.546) in 0.05 M H2SO4 was used as a reference.181 Conditions: N-Phe3 (1 µM),
10 mM acetate bu�er (pH 4.71) and 10 vol% ethanol.

Concentration
of 15 [µM]

mol% of pyrene φF [%]

0 0 3.4

0.030 0.98 3.4

0.095 3.01 3.7

0.205 6.08 4.4

0.370 10.00 5.9

0.994 20.16 9.2

5.4. Conclusions and Outlook

In conclusion, it was shown that the supramolecular N-Phe3-vesicles exhibit an energy transfer

from phenanthrene (donor) to the acceptors DPA and pyrene.

The highest �uorescence quantum yields were observed when adding the acceptor pyrene as a

phenanthrene-pyrene-phenanthrene trimer (15) to the donor phenanthrene. With this approach,

a �uorescence quantum yield of 9.2% was reached by doping the vesicles with a total amount of

20% pyrene. Additionally, exciplex formation between phenanthrene and pyrene (428 nm) could be

observed after the excitation of phenanthrenes. By incorporation of pyrene into a trimer (15), one

could ensure better integration of the acceptor into the supramolecular polymer. Also, the acceptor

DPA showed an energy transfer. The �uorescence quantum yields stayed the same as for N-Phe3
after each increase in DPA-concentration.

Previously done work with the 3,6-dialkynyl phosphodiester-bridged phenanthrene trimer showed,

that the energy transfer was more e�cient when adding a trimer incorporating the acceptor96

than when adding monomer acceptors.99 This phenomenon could be observed in the case of 3,6-

dialkynyl phenanthrene trimer with amine-bridges too. A contrast to the oppositely charged trimer

is, that the energy transfer was much weaker when adding pyrene as 15. This can be explained by

the di�erence in supramolecular polymer structures. N-Phe3 self-assembles into vesicles and the

oppositely charged oligomer with phosphodiester-bridges forms �bers. Therefore, the arrangement

of phenanthrenes in the supramolecular polymers is di�erent and has an impact on the e�ciency of

energy transfer.

The DNA-sca�old can be used for the precise positioning of chromophores. Thus, the incorporation

of N-Phe3 into DNA would lead to a potential light-harvesting complex. Next to the aromatic

interactions between DNA andN-Phe3, also the positively charged amine-backbone of theN-Phe3
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can electrostatically interact with the negatively charged DNA phosphate backbone.
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5.5. Experimental Part

5.5.1. Conditions for the Formation of the Light-Harvesting Complex

The supramolecular polymer, N-Phe3-vesicles, was formed by heating the sample to 70°C and

cooling it to 20°C with a controlled rate of 13°C/min in a Cary 100 spectrophotometer equipped

with a Peltier thermostat. After each addition of an acceptor, the sample was heated again to 70°C

and cooled to 20°C, as previously described.

5.5.2. Additional Measurements

Absorption and Fluorescence Spectra of DPA

Figure 5.5. Absorption (left) and �uorescence (right) spectra of 9,10-diphenylanthracene (DPA) in
ethanol. Conditions: 5 µM DPA, λex = 353 nm, slitex = 2.5 nm.
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Fluorescence Quantum Yield Determination of N-Phe3 + DPA

Figure 5.6. Fluorescence quantum yields with increasing concentrations of DPA. Conditions: N-Phe3
(1 µM), 10 mM acetate bu�er (pH 4.71) and 10 vol% ethanol.

Fluorescence Quantum Yield Determination of N-Phe3 + 15

Figure 5.7. Fluorescence quantum yields with increasing concentrations of pyrene, by adding 15. Condi-
tions: N-Phe3 (1 µM), 10 mM acetate bu�er (pH 4.71) and 10 vol% ethanol.
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6.1. Abstract

The incorporation of the oligoamine N-Phe3 into a DNA light-harvesting system and its energy

transfer e�ciency to three di�erent acceptor molecules (cyanine dye and pyrene derivatives) was

investigated. Two di�erent variations of the implementation of acceptors into the DNA duplex

were tested: covalently-linked acceptor at the 5'-end of a single-strand DNA or the addition of a

positively charged trimer to the formed DNA duplex. Spectroscopic measurements con�rmed the

energy transfer fromN-Phe3 to the acceptor molecules after excitation of the phenanthrene donors.

6.2. Introduction

DNA light-harvesting systems have always been of interest due to their great advantages.108,182,183

By using DNA as a sca�old it is possible to precisely position (nm-scale) a chromophore into the

self-assembling duplex. Such DNA-chromophore systems can be further used for energy harvesting,

biosensing, nanoimaging, and a lot more.36,89,92,101,184�198 Often, people used Förster resonance

energy transfer (FRET) as an energy-transfer in such systems.185�187,199,200 Previously, we could

show that by mixing DNA photonic wires with light-harvesting supramolecular polymers, the energy

can be transferred with an e�ciency of 59% (Figure 6.1).98 The excitation energy collected from

the phenanthrenes is transferred stepwise via the intermediate Cy3 (green) and Cy5 chromophores

(yellow) to the �nal acceptor Cy5.5 (red) via FRET.

Figure 6.1. Graphical illustration of the self-assembly of a light-harvesting complex composed of phenan-
threne trimers (A), a phenanthrene-modi�ed oligonucleotide (B), and cyanine-modi�ed oligonu-
cleotides (C and D). Figure adapted from reference.98
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Wang et al.201 used a cationic water-soluble conjugated polymer, poly(1,4-phenylene)-2,7-[9,9-bis(6`-

N,N,N-trimethylammonium)-hexyl]�uorene diiodide, with light-harvesting properties as a sensor

and a double-stranded DNA in which ethidium bromide intercalates. Additionally, they attached

�uorescein at one end of the dsDNA, which showed a more e�cient energy transfer. By exciting

the cationic polymer the energy is transferred via FRET �rst to the �uorescein (ET-1) then further

to the ethidium bromide (EB, ET-2), where EB emits the light (Figure 6.2). They could show that

�uorescein provided a FRET gate to dyes which are intercalated within DNA and that they are

optically ampli�ed by the properties of the conjugated polymer.

The question arose, whether it is possible to create a good light-harvesting system when the cationic

N-Phe3 is added to a modi�ed DNA. The N-Phe3 would act as a donor, the modi�cation on the

DNA as an acceptor, and the DNA as a framework.

Figure 6.2. Model representation of the double-stranded DNA sequence sensor system and how the energy
transfer takes place. The cationic polymer attaches via electrostatic forces to a duplex DNA,
containing ethidium bromide (EB) in the middle of the duplex and �uorescein (Fl) at the
beginning. After excitation of the cationic polymer, two energy transfers (ET-1 and ET-2) are
occurring. Figure adapted from reference.201

6.3. Results and Discussion

6.3.1. Acceptor Cy3

Figure 6.3 shows schematically, how the experiment was performed. Two complementary DNA

oligomers were purchased from Microsynth - one of them had a Cy3 (pink) attached at the 5'-

end of the DNA-strand (ssDNA-Cy3), which acted as an acceptor in this light-harvesting system

(Table 6.1). After the hybridization of these DNA single strands, N-Phe3 (blue) was added in

increasing concentrations and after each addition, spectroscopic measurements were done. Thereby,

the addedN-Phe3 can interact with the DNA at the minor and/or major groove (left in Figure 6.3)

and/or via intercalation (right in Figure 6.3). When phenanthrene is excited at 320 nm, the energy

is transferred from one to another phenanthrene across the DNA to the Cy3 molecule, which emits

the light at 550 nm.
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Figure 6.3. Schematic illustration of the performed experiment. A double-strand DNA was formed, whereas
one strand has the acceptor Cy3 (pink) at the 5'-end. After the addition of N-Phe3 (blue) to
the solution, an interaction with the DNA at the minor and/or major groove (left) and/or by
intercalation (right) is possible. After excitation of the phenanthrenes, the energy is transferred
across the DNA to the acceptor Cy3.

Table 6.1. Sequences of the used DNA-strands, purchased from Microsynth.

Sequence

ssDNA 5' � CAA GGT CCG ATG CAA GGA AG � 3'

ssDNA-Cy3 3' � GTT CCA GGC TAC GTT CCT TC(Cy3) � 5'

Fluorescence Spectra

Figure 6.4 shows the �uorescence spectra of the previously described experiment. When only the

N-Phe3 is added in the aqueous solution and the phenanthrenes excited at 320 nm, the intensity

increased where the phenanthrene emits the light (390 nm, left diagram). In presence of the DNA

duplex containing Cy3 (dsDNA-Cy3) and additions of N-Phe3, the emission of Cy3 (572 nm)

strongly increases and the one of phenanthrene (390 nm) shows only a weak increase (right diagram

in Figure 6.4). Comparing the left control diagram and the right sample diagram, one sees that the

phenanthrene emission (390 nm) is much weaker in presence of Cy3, meaning that the energy of
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the phenanthrenes was transferred to Cy3.

Figure 6.4. Fluorescence spectra of the DNA light-harvesting system experiments withCy3 as an acceptor.
The one on the left is a control experiment, without any DNA, only with the acceptor N-
Phe3. On the right side, the DNA with Cy3 was added and spectra measured with increasing
concentrations of N-Phe3. Conditions: ssDNA (1 µM), ssDNA-Cy3 (1 µM), 10 mM sodium
acetate bu�er (pH 4.69), λex = 320 nm. * = second-order transmission artefact at 640 nm.

Additionally, the increase of the emission-area was compared between the additive calculation of

N-Phe3 and dsDNA-Cy3 spectra and the measured spectrum of dsDNA-Cy3 in presence of

N-Phe3 (Figure 6.5). If there is no energy transfer, then the measured spectra should look like the

added up ones. If there is an energy transfer, the donor phenanthrene will transfer the energy to

the acceptor, which will �uoresce in a higher intensity and thus, the integrated �uorescence area is

getting larger. The measurements showed that the emission-area becomes 1.58 times bigger than

the calculated ones (dsDNA-Cy3 + 1 µM N-Phe3), meaning that an energy transfer is taking

place.

Figure 6.5. Measured and additive calculated spectra of the duplex dsDNA-Cy3 in presence of N-Phe3.
Conditions: ssDNA (1 µM), ssDNA-Cy3 (1 µM), N-Phe3 (1 µM), 10 mM sodium acetate
bu�er (pH 4.69). λex = 320 nm. * = second-order transmission artefact at 640 nm.
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Additionally, the same experiments were also done with the DNA single-strand ssDNA-Cy3. If

one compares the intensity increase at 572 nm (Cy3) with the N-Phe3/DNA-ratio, there is a

di�erence observable between single- and double-stranded DNA (Figure 6.6). When only ssDNA-

Cy3 is used for the measurements, the maximum intensity is reached at 5 µM N-Phe3; when

measuring with dsDNA-Cy3 the maximum is at 10 µM N-Phe3. The single-strand has only

half the amount of negative charges at the backbone in comparison to the duplex and therefore,

only half as many cations, N-Phe3 respectively, can bind to it. This means that the interaction is

primarily electrostatic. At a certain concentration of N-Phe3 (5 µM for ssDNA-Cy3, 10 µM for

dsDNA-Cy3), the DNA starts to precipitate. This can be observed by the intensity decrease and

also the solution turned milky.

Figure 6.6. Comparison of the Cy3-emission in single-strand DNA (orange) with the duplex (blue).

Absorption Spectra

Figure 6.7 shows the absorption spectra of N-Phe3 alone, and after the addition to dsDNA-Cy3

or ssDNA-Cy3. The grey spectrum shows the absorption of only N-Phe3 (10 µM). In comparison

to the spectra after the addition of N-Phe3 to dsDNA-Cy3 or ssDNA-Cy3 a slight shift (1 nm)

is observed (zoom-in, Figure 6.7). This shift indicates that there is a structural change upon binding

to the DNA. When 10 µM N-Phe3 was added to the dsDNA-Cy3 (blue), no scattering occurred,

but if it was added to 10 µM of ssDNA-Cy3 (yellow), the solution turned murky and scattering

was observed at longer wavelengths. At half of the concentration, 5 µM N-Phe3, the orange curve

exhibited almost half of the intensity of the duplex (blue), but otherwise looked the same in shape

and peak maxima. This was in correlation with the previously shown data in Figure 6.6.
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Figure 6.7. Absorption spectra of the DNA light-harvesting system experiments with Cy3 as an accep-
tor. Spectra are shown of N-Phe3 (grey) and after its addition to dsDNA-Cy3 (blue) and
ssDNA-Cy3 (orange and yellow). Conditions: ssDNA (1 µM), ssDNA-Cy3 (1 µM), 10 mM
sodium acetate bu�er (pH 4.69).

6.3.2. Acceptor Py4

It was shown that the energy transfer from phenanthrenes to Cy3 in DNA works, that is why a

pyrene acceptor was tried out: Py4 (Figure 6.8). Therefore, again N-Phe3 was titrated to the

solution after the formation of the DNA duplex ssDNA*ssDNA-Py4 (dsDNA-Py4) (Table 6.2).

The rest of the experiment was performed as described before. There are several options on how N-

Phe3 may interact with DNA: interaction with the major and/or minor groove and/or intercalation

(Figure 6.8). The phenanthrenes were excited at a wavelength of 320 nm, the energy transferred

from phenanthrene across the DNA to the acceptor Py4, which emitted the light at two wavelengths:

406 nm (pyrene monomer) and 500 nm (pyrene excimer).

Table 6.2. Sequences of the used DNA-strands. ssDNA was purchased from Microsynth and ssDNA-Py4
was synthesized by Nutcha Bürki.130

Sequence

ssDNA 5' � CAA GGT CCG ATG CAA GGA AG � 3'

ssDNA-Py4 3' � GTT CCA GGC TAC GTT CCT TC(Py)4 � 5'
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Figure 6.8. Schematic illustration of the performed experiment. Two single-strands were hybridized,
whereas one of them has four pyrenes (Py4) (yellow) attached at the 5'-end. N-Phe3 (blue)
was titrated to the solution, where it can interact with the DNA at the minor and/or major
groove (left) and/or by intercalation (right). After excitation of phenanthrenes, the energy is
transferred across the DNA to the acceptor Py4.

Fluorescence Spectra

Figure 6.9 shows two diagrams, on the left side are the emission spectra of only N-Phe3 as a con-

trol and on the right side N-Phe3 is added to the dsDNA-Py4. The �rst blue curve in the right

diagram shows the emission of only the dsDNA-Py4, showing slight pyrene monomer emission

at 406 nm and pyrene excimer �uorescence at 525 nm. After the addition of 1 µM N-Phe3 to

the dsDNA-Py4 (orange curve), the pyrene excimer emission is still observable but blue-shifted

to 500 nm. Additionally, a slight increase in intensity is observed around 430 nm, caused by

phenanthrene-pyrene exciplex formation. This further goes on until the addition of 5 µM N-Phe3.

A comparison between the control spectra on the left side and the sample on the right side, shows

that the phenanthrene emission at 386 nm is lower in the sample, indicating an energy transfer from

phenanthrene to pyrene. After the addition of 10 µM N-Phe3 to dsDNA-Py4, the phenanthrene

emission at 386 nm showed an increase, which could probably mean, that not all the phenanthrenes

are interacting with the DNA anymore. At a concentration of 20 µM N-Phe3 a prominent phenan-

threne emission is observed, similar in intensity as the control. This shows that also the further

addition of phenanthrenes did not interact with the DNA. On top also a precipitation is observed
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in the sample, indicating the precipitation of the DNA.

Figure 6.9. Fluorescence spectra of the DNA light-harvesting system with Py4 as an acceptor. Left:
control experiment, where only N-Phe3 is added in bu�er. Right: duplex dsDNA-Py4 is
preformed out of ssDNA*ssDNA-Py4, followed by the addition of N-Phe3. Conditions:
ssDNA (1 µM), ssDNA-Py4 (1 µM), 10 mM sodium acetate bu�er (pH 4.69), λex = 320 nm.
* = second-order transmission artefact at 640 nm.

Like before, also here the spectra were summed up to check how big the emission-shift and emission-

area change is. Figure 6.10 shows in dark green the measured interaction of dsDNA-Py4 with the

addition of 1 µM N-Phe3. The distinct maximum at 500 nm is caused by pyrene excimer emission,

additionally, a slight shoulder is observed around 430 nm, indicating phenanthrene-pyrene exciplex

emission, and last but not least pyrene monomer emission at 406 nm is observed too. The light-

green spectrum in Figure 6.10 shows the theoretical added up spectra of dsDNA-Py4 and 1 µM

N-Phe3. This spectrum depicts the theoretical case in which both the duplex DNA with acceptor

andN-Phe3 are in solution but not interacting. After excitation of phenanthrene, one would mostly

observe phenanthrene emission at 386 nm, and a weak emission of pyrene (500 nm). Pyrene still

absorbs very little at 320 nm, that is why one sees the weak emission. A comparison of the measured

to the calculated spectrum shows a big increase in pyrene excimer emission (500 nm) and a slight

decrease in phenanthrene emission (386 nm). This means that after exciting the phenanthrenes at

320 nm, the energy is transferred along the DNA to the pyrene acceptor due to the interaction of

phenanthrene with DNA.

Figure 6.11 shows two additional diagrams with comparisons between calculated and measured

spectra after the additions of 5 µM and 10 µM N-Phe3. They indicate the decrease in N-Phe3-

emission at 386 nm (yellow) after measuring a spectrum of N-Phe3 added to dsDNA-Py4 (dark

green spectra) even better than Figure 6.10. The integrated �uorescence area from the measured

spectrum after the addition of 5 µM N-Phe3 even doubled in comparison to the calculated one.
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Figure 6.10. Measured and additive calculated spectra of the duplex dsDNA-Py4 in presence of N-Phe3.
Conditions: ssDNA (1 µM), ssDNA-Py4 (1 µM), N-Phe3 (1 µM), 10 mM sodium acetate
bu�er (pH 4.69), λex = 320 nm. * = second-order transmission artefact at 640 nm.

Figure 6.11. Measured and calculated spectra of the duplex in presence of N-Phe3. Conditions: ssDNA
(1 µM), ssDNA-Py4 (1 µM), N-Phe3 (5 resp. 10 µM), 10 mM sodium acetate bu�er
(pH 4.69), λex = 320 nm. * = second-order transmission artefact at 640 nm.

6.3.3. Acceptor Pyrene in 15

Since the experiments with Cy3 and Py4 as an acceptor worked, another acceptor was tried out:

pyrene in 15. As shown in Figure 6.12 this trimer has also a positively charged backbone due to its

protonated amines in aqueous medium. Therefore, the acceptor (15) was added to the solution of an

unmodi�ed DNA duplex ssDNA*ssDNA2 (Table 6.3) in the same concentration as the DNA. The

rest of the experiment was performed as previously described and schematically shown in Figure 6.12

and Figure 6.13. These two �gures show the possibilities of interactions between N-Phe3 and 15

with DNA: binding to the minor and/or major groove and/or intercalation. The phenanthrenes

were excited at a wavelength of 320 nm, the energy was transferred from phenanthrenes across the

DNA to the pyrene in 15, which emitted the light at 430 nm. The emission at 430 nm is caused by

an exciplex formation between phenanthrene and pyrene.
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Figure 6.12. Schematic illustration of the binding to the major and/or minor groove. A duplex was pre-
formed, followed by the addition of the acceptor 15. N-Phe3 was titrated to the solution,
where both, acceptor and donor, can interact with the DNA in the major and/or minor
groove. After excitation of phenanthrenes, the energy is transferred across the DNA to the
acceptor 15.

Figure 6.13. Schematic illustration of the binding by intercalation. A duplex was preformed, followed by
the addition of the acceptor 15. N-Phe3 was titrated to the solution, where both, acceptor
and donor, can interact with the DNA by intercalation. After excitation of phenanthrenes,
the energy is transferred across the DNA to the acceptor 15.
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Table 6.3. Sequences of the used DNA-strands, purchased from Microsynth.

Sequence

ssDNA 5' � CAA GGT CCG ATG CAA GGA AG � 3'

ssDNA2 3' � GTT CCA GGC TAC GTT CCT TC � 5'

Fluorescence Spectra

Figure 6.14 displays two diagrams, a control of only N-Phe3 (left) and the sample in which

dsDNA+15 was doped with increasing N-Phe3-concentrations. The �rst measured spectrum

in the sample (right diagram) was only the DNA duplex with the acceptor 15 (dsDNA+15). The

emission spectrum shows a slight pyrene monomer emission at 405 nm and a maximum at 500 nm,

which is probably caused by a phenanthrene-pyrene exciplex or pyrene excimer. The addition of

the donor N-Phe3 (1 µM, orange) shows pyrene monomer emission (405 nm), phenanthrene-pyrene

exciplex emission at 426 nm, a shoulder at 500 nm, and very low phenanthrene emission (373, 385

and 405 nm). This is in contrast to the control (left diagram), where only 1 µM N-Phe3 is emitting

at 373, 385 and 405 nm. Further additions of N-Phe3 showed the same. Therefore, an energy

transfer occurs from phenanthrene across the DNA to pyrene in 15.

Figure 6.14. Fluorescence spectra of the DNA light-harvesting system with 15 as an acceptor. Left: control
experiment, where only N-Phe3 is added in bu�er. Right: duplex ssDNA*ssDNA2 is
preformed, the acceptor 15 added and then the concentration of N-Phe3 increased after
every measurement. Conditions: ssDNA (1 µM), ssDNA2 (1 µM), 15 (1 µM), 10 mM
sodium acetate bu�er (pH 4.69), λex = 320 nm. * = second-order transmission artefact at
640 nm.

Figure 6.15 shows the emission spectra of only dsDNA+15 (blue), only N-Phe3 (yellow), when

mathematically adding these two spectra (light-green, calculated) and when the real sample is

measured, whereN-Phe3 is interacting with dsDNA+15. The �gure nicely illustrates an emission

red-shift after mixingN-Phe3 to dsDNA+15, causing distinct pyrene monomer emission (406 nm)

and phenanthrene-pyrene exciplex emission (428 nm). The phenanthrene emission at 385 nm is

almost half as low in the measured sample, compared to only N-Phe3 (yellow) or the calculated
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spectrum (light-green). This indicates that the energy is transferred from phenanthrene across the

DNA to the acceptor pyrene.

Figure 6.15. Measured and additive calculated spectra of the duplex dsDNA+15 in presence of N-Phe3.
Conditions: ssDNA (1 µM), ssDNA2 (1 µM),N-Phe3 (5 µM), 10 mM sodium acetate bu�er
(pH 4.69). λex = 320 nm. * = second-order transmission artefact at 640 nm.

Absorption Spectra

Figure 6.16 shows the absorption spectra of only N-Phe3, and after the addition to dsDNA+15.

The spectrum of only 10 µM N-Phe3 (yellow) showed a slight blue-shift (1 nm) in comparison to

after the addition to dsDNA+15 (blue). This shift indicated a structural change of phenanthrene

and an interaction between N-Phe3 and the DNA after mixing them together.

Figure 6.16. Absorption spectra of DNA light-harvesting system experiments with 15 as the acceptor and
N-Phe3 as the donor. Spectra are shown of N-Phe3 (yellow) and after its addition to
dsDNA+15 (blue). Conditions: ssDNA (1 µM), ssDNA2 (1 µM), 15 (1 µM), 10 mM
sodium acetate bu�er (pH 4.69).
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6.4. Conclusions and Outlook

The energy transfer across DNA using the light-harvesting supramolecular polymer N-Phe3 was

shown. Three di�erent acceptors were tested in energy collecting e�ciency: Cy3, 15, and Py4,

and all of them showed light-harvesting properties. In the future, it would be interesting to change

the length of the DNA strands and thus extend the light-harvesting antenna. Of course one could

also place the acceptor in the middle of the DNA and thus the energy transfer from the donor to

the acceptor could occur from both ends of the DNA strand. The use of a diamine-phenanthrene

monomer could probably lead to a better interaction with the DNA, due to less steric hindrance

of the smaller molecule. To get a more de�ned interaction of non-covalently attached acceptors

(such as 15) with the DNA, well-known intercalators (ethidium bromide or acridine orange) may

be tested.
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6.5. Experimental Part

6.5.1. Conditions for the Formation of the DNA Light-Harvesting Complex

First, the DNA duplexes were formed by heating the DNA single-strands (including the acceptor)

to 70°C and cooling to 20°C with a controlled rate of 13°C/min in a Cary 100 spectrophotometer

equipped with a Peltier thermostat. Afterwards, N-Phe3 was added in increasing amounts, without

any heating/cooling steps in between.

6.5.2. Additional Measurements

Fluorescence Quantum Yield for Cy3-Acceptor

Table 6.4. Quantum yield calculations for the DNA light-harvesting system using Cy3 as an acceptor with
increasing additions of N-Phe3. Quinine sulfate (φR

QS = 0.546) in 0.5 M H2SO4 was used as
a reference.181 Conditions: 1 µM ssDNA, 1 µM ssDNA-Cy3, 10 mM acetate bu�er (pH 4.71)
and 10 vol% ethanol.

Concentration
of N-Phe3 [µM]

φF [%]

1 5.4

2 5.1

3 4.7

5 3.7

10 2.4
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A. Appendix

A.1. General Methods

NMR Spectroscopy

All the NMR spectra were measured on a Bruker Avance III HD (300 MHz) spectrometer at 298K

in the Departement of Chemistry, Biochemistry and Pharmaceutical Sciences of the University of

Bern.

Mass Spectrometry

All the MS spectra were obtained on a Thermo Fisher LTQ Orbitrap XL using Nano Electrospray

Ionization (NSI) from the Analytical Research and Services of the University of Bern.

UV-vis Measurements

The UV-vis measurements were done on a Varian-Cary-100 spectrophotometer. The samples con-

tained 10 mM acetate bu�er (pH 4.69) or 10 mM sodium phosphate bu�er (pH 7.01), with varying

ethanol, salt and trimer concentration, as stated in the caption of the �gures. At every temperature

the equilibration temperature was set to 10 min and the probe temperature was controlled and

monitored by a reference cuvette.

Fluorescence Measurements

The �uorescence measurements were done on a Varian-Cary-Eclipse spectro�uorimeter. The sam-

ples were treated in the same way as already described in the subsection of UV-vis measurements.

AFM Measurements

All the AFM measurements were performed on a Nano�ex AFM instrument (Nanosurf AG, Switzer-

land) in tapping mode under ambient conditions. Tap190-Al-G cantilevers from Budget-Sensors

were used, with a resonant frequency of 190 kHz, a force constant of 48 N/m and a tip radius of

10 nm. Mica sheets (Glimmer �V1�, 20mm x 20mm, G250-7, Plano GmbH) were used as substrates.

The graphical illustration and evaluation was done with Nanosurf C3000 and SPIP.

30 µl of the solution to be examined were incubated on a non-modi�ed mica-sheet for 10 minutes.

Whereas the solution was previously heated up (70-90°C) and cooled to 20°C, using either the UV-

vis machine (block or gradient) or the Eppendorf Thermomixer Compact. After the incubation, the

mica sheet was washed with 1 ml Milli-Q water and the water was sucked up with a KIMTECH

precision wipe from the edges. The mica-sheet was dried under an argon �ow. APTES-modi�ed

mica was used for the negatively charged molecules. The preparation was the same as previously

described, except the washing process. After the 10 minutes of incubation on the mica, the sample

was washed o� with 2x1 ml of Milli-Q-water and dried under an argon �ow.
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TEM Measurements

Transmission electron microscopy (TEM) was performed on a Tecnai Spirit instrument with an

operating voltage of 80 kV and with either an Olympus-SIS Veleta CCD camera or FEI Eagle CCD

camera. Carbon-coated copper grids (300 Mesh, Agar Scienti�c) were used as a substrate. For a

better contrast (e.g. measuring sheets), Holey/Carbon grids were used.

The supramolecular polymers samples were prepared as described in the corresponding chapters.

The samples were prepared as followed: 5µl of the supramolecular polymer was dropped onto the

grid, waited for 10min, and the solution was blotted. Afterwards the grid was washed by dipping

into 20µl of Milli-Q water and blotting two times. The last step was the staining of the sample with

a 0.5% aqueous uranyl-acetate solution. This was done according to the washing procedure: the

sample was dipped twice into 20µl of the uranyl-acetate solution (0.5%).

DLS Measurements

DLS measurements were carried out on a Zetasizer Nano instrument (Malvern Instruments) by

using the standard operation procedure for particle size determination. Pre-washed plastic cuvettes

were used for the measurements. The equilibration time at 70°C was 5 minutes, before cooling to

20°C.

A.2. Abbreviations

ACN acetonitrile

AFM atomic force microscopy

APTES 3-aminopropyltriethoxy silane

DCM dichloromethane

DIPEA N,N-diisopropylethylamine

DMF N,N-dimethylformamide

DMT-Cl 4,4'-dimethoxytriphenylmethyl chloride

EtOAc ethyl acetate

Et3N triethylamine

FRET förster resonance energy transfer

Hex hexane

LHC light-harvesting complex

PAH polycyclic aromatic hydrocarbon

PAM-Cl 2-cyanoethyl N,N-diisopropylchlorophosphoramidite

RT room temperature

TEM transmission electron microscopy

THF tetrahydrofuran

TLC thin layer chromatography
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A.3. NMR Spectra
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Figure A.2. 1H-NMR of compound 3 in CDCl3.
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Figure A.5. 13C-NMR of compound 4 in CDCl3.
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Figure A.6. 1H-NMR of compound 5 in CDCl3.
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Figure A.7. 13C-NMR of compound 5 in CDCl3.
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Figure A.8. 1H-NMR of compound 6 in CDCl3.
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Figure A.9. 13C-NMR of compound 6 in CDCl3.
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Figure A.11. 1H-NMR of compound 9 in CDCl3.
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Figure A.12. 13C-NMR of compound 9 in CDCl3.
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Figure A.13. 1H-NMR of compound 10 in CDCl3.
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Figure A.14. 13C-NMR of compound 10 in CDCl3.
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Figure A.15. 31P-NMR of compound 10 in CDCl3.
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Figure A.16. 1H-NMR of compound 11 in CDCl3.
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Figure A.17. 31P-NMR of compound 11 in CDCl3.

127



A. Appendix A.3. NMR Spectra

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.5
f1 (ppm)

-1000

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000

11000

GA_168754
JJ12.2
Proton_ns32	CDCl3	/opt	service	13

4.
57

4.
46

4.
45

2.
20

4.
37

2.
11

2.
00

2.
02

2.
04

2.
06

2.
08

2.
77

2.
79

2.
82

3.
95

3.
97

3.
99

7.
26

 C
D

Cl
3

7.
95

8.
03

8.
57

OHOH

Figure A.18. 1H-NMR of compound 13 in CDCl3.
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Figure A.19. 13C-NMR of compound 13 in CDCl3.
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Figure A.20. 1H-NMR of compound 14 in CDCl3.
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Figure A.21. 13C-NMR of compound 14 in CDCl3.
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Figure A.22. 1H-NMR of compound 17 in CDCl3.
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Figure A.23. 13C-NMR of compound 17 in CDCl3.
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Figure A.24. 1H-NMR of compound 18 in CDCl3.
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Figure A.25. 13C-NMR of compound 18 in CDCl3.
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Figure A.26. 1H-NMR of compound 19 in CDCl3.
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Figure A.27. 13C-NMR of compound 19 in CDCl3.
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Figure A.28. 1H-NMR of compound 20 in CDCl3.
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Figure A.29. 13C-NMR of compound 20 in CDCl3.
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Figure A.30. 1H-NMR of compound 22 in CDCl3.
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Figure A.31. 13C-NMR of compound 22 in CDCl3.
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Figure A.32. 1H-NMR of compound 23 in CDCl3.

0102030405060708090100110120130140150
f1 (ppm)

-100

0

100

200

300

400

500

600

700

800

900

1000
GA_190100.10.fid
JJ28.2.2
Carbon_ns512 CDCl3 /opt service 26

19
.9

1

25
.4

5

32
.2

5

62
.7

0

77
.1

6 
CD

Cl
3

80
.0

7

96
.2

1

11
9.

24

12
4.

39
12

4.
97

12
6.

13
12

8.
03

13
0.

04
13

0.
82

13
2.

14

OH

OH

Figure A.33. 13C-NMR of compound 23 in CDCl3.
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Figure A.34. 1H-NMR of compound 24 in DMSO−d6.
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Figure A.35. 13C-NMR of compound 24 in DMSO−d6.
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Figure A.36. 1H-NMR of compound 25 in CDCl3.
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Figure A.37. 13C-NMR of compound 25 in CDCl3.
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Figure A.38. 1H-NMR of compound 28 in DMSO−d6.
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Figure A.39. 13C-NMR of compound 28 in DMSO−d6.
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Figure A.40. 1H-NMR of compound 29 in DMSO−d6.
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Figure A.41. 13C-NMR of compound 29 in DMSO−d6.
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Figure A.42. 1H-NMR of compound 30 in DMSO−d6.
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Figure A.43. 1H-NMR of compound 31 in DMSO−d6.
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Figure A.44. 13C-NMR of compound 31 in DMSO−d6.
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Figure A.45. 1H-NMR of compound 33 in DMSO−d6.

141



A. Appendix A.3. NMR Spectra

0102030405060708090100110120130140150160
f1 (ppm)

-200

0

200

400

600

800

1000

1200

1400

1600

1800

2000

2200

2400

2600

2800

3000

3200

3400GA_208949.10.fid
JJ_67.2filtr-crystals
Carbon_ns512 DMSO /opt service 60

39
.5

2 
d-

D
M

SO

11
5.

48

12
5.

20
12

7.
33

12
8.

59

15
6.

76

OH

OH

Figure A.46. 13C-NMR of compound 33 in DMSO−d6.
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Figure A.47. 1H-NMR of compound 34 in DMSO−d6.
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Figure A.48. 13C-NMR of compound 34 in DMSO−d6.
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Figure A.49. 1H-NMR of compound 35 in DMSO−d6.
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Figure A.50. 13C-NMR of compound 35 in DMSO−d6.
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Figure A.51. 1H-NMR of compound 36 in DMSO−d6.
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A. Appendix A.3. NMR Spectra
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Figure A.52. 13C-NMR of compound 36 in DMSO−d6.
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Figure A.53. 31P-NMR of compound 36 in DMSO−d6.
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