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Introduction
Oligo- and polythiophenes are among the best investigated and most frequently used
advanced materials for photonic and electronic applications. During the past decades this field
has rapidly developed and an enormous interest in academic and industrial research emerged.
The high stability in both, the conducting and the semiconducting state and their rather unique
electronic, redox and charge transport properties combined with the good accessibility by
transition metal-catalyzed cross-coupling reactions make them ideal candidates for
nanoelectronic devices1 such as Organic Solar Cells (OSCs)2-4, Organic Field Effect
Transistors (OFETs)5 or Organic Light Emitting Diodes (OLEDs)6.
The possibility to generate organic materials with improved electronic properties by
controlling the molecular assembly of the conjugated polymers has been demonstrated as a
promising approach towards the enhancement of device performances.7 Since polythiophenes
often produce amorphous or semi-crystalline materials with little control over the positional
and conformational order, their oligomeric analogues moved more and more into focus of
research.8 Oligothiophenes give rise to well-defined functional properties and facilitate
control over their supramolecular assembly due to their precise chemical structure which
allows design of precise structure-property relationships.
Programmed self-assembly of π-conjugated oligomers by “bottom-up” approach is an issue of
ongoing interest in organic electronics. But so far organization processes of supramolecular
arrangements were merely investigated and interpreted, their precise control and prediction
still remains challenging. This is mainly caused by the manifoldness of interactions (e.g. van
der Waals attraction, π-π stacking and hydrogen bonding) which direct the monomers and
therefore complicate the organization behavior. Hence, the combination of semiconducting
oligomers with well-understood self-assembling bio-motifs could probably ease the rational
design and elucidation of these nanostructures.
The application of non-covalent interactions is a fundamental building principle for biological
materials and found in various systems ranging from proteins9 or double stranded DNA10 to
complex structures like the Tobacco Mosaic Virus11. Also supramolecular architectures with
π-conjugated systems are brought to perfection by nature, e.g., the arrangement of chlorophyll
chromophores in the photosynthetic unit which allows the transfer of the absorbed solar
energy to the reaction center.12,13
These systems inspired many researchers to mimic self-assembling processes of nature by
conjugation of bio-units with oligomeric semiconductors. Various examples were published
during the last decade with a whole plethora of biomolecules such as peptides, sugars or
steroids. Also the specific bonding of DNA base pairs provides a system for molecular
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recognition which can be used in nanotechnology to direct assembly of highly structured
materials with certain nanoscale features (Figure 1.1).14-18 DNA is well-known as the genetic
material of all living organisms and the double-helical structures are formed by the most
predictable and readily programmed intermolecular interactions of any molecular species on
its scale. The high precision of adenine (A) – thymidine (T) and guanine (G) – cytosine (C)
base pairing allows the combination of molecules in a desired fashion in order to generate
programmed nanostructures. While the selectivity of these base pairs is controlled mainly by
hydrogen bonding, π-π stacking and hydrophobic effects also play a role in stabilizing the
resulting structures.10
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Figure 1.1 Structure of B-DNA (left), thymine/adenine, guanine/cytosine base pairing motif (right).

In their pioneering work, Seeman19,20 and co-workers exploited a variety of DNA
architectures for material purposes which are constructed just by the rational design of
nucleobase sequences. Furthermore, the good availability of arbitrary sequences, due to
convenient solid support synthesis and broad variety of possible modifications, is another big
advantage of DNA. However, by designing branched molecules, it is possible to form
architectures whose connectivity is no longer trivial. In this regard, Seeman et al. already
reported the construction of a cube and a octahedron, shown in Figure 1.2. The edges of each
of these polyhedrons are composed of double helical DNA.
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Figure 1.2 DNA molecule with the connectivity of a cube (left) and a octahedron (right).19,20 Reprinted in part
with permission from Nature 2003, 421, 427. Copyright 2003 Nature.

More recently, DNA motifs also became attractive for materials chemistry by combining their
supramolecular information with semiconducting organic building blocks in order to create
new systems for nanoelectronic devices. Two main strategies emerged: either the covalent
linkage of DNA motifs to π-conjugated systems or the employment of oligonucleotide strands
as templates.21-25
The present thesis focuses on conjugation of oligothiophenes with complementary
nucleosides in order to induce self-assembly of oligothiophenes by exploiting principles
utilized in nature. Driven by complementary base-recognition via hydrogen bonding, the
synthesized conjugates should assemble into well-ordered suprastructures. Additionally, a
multifaceted interplay of other competing intermolecular forces, such as van der Waals
attractions or π-π stacking, further contributes to their molecular arrangement. Baserecognition and the related impact on self-assembling properties of these new systems will be
investigated in solution as well as in solid state.
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2.1 Oligothiophenes versus Polythiophenes
Although polythiophenes represent one of the best investigated classes of π-conjugated
materials for nanoelectronic devices the research on monodisperse oligomers tremendously
expanded during the past decade.26 In fact, polythiophenes are widely used in organic field
effect transistors (OFETs)5, solar cells (OSCs)3,4 and light emitting diodes (OLEDs)6 due to
the outstanding possibility of tuning the physical properties by variation of the substituents
without affecting the conductivity in hand with well-established and cheap synthesis
techniques. Poly(3-hexylthiophene) (P3HT) and poly(3,4-ethylenedioxythiophene) (PEDOT)
are one of the most prominent representatives of commercially produced organic materials.
However, molecular weight distribution of polymers as a result of mislinkages and other
defects hampers a detailed characterization and precise prediction concerning physical and
morphological properties.27 Therefore, monodisperse oligothiophenes with well-defined
structures moved more and more into research focus of materials chemists since their
properties can be correlated with the length of the π-conjugated system and the number of
monomer units. This enabled the establishment of predictive structure-property relationships
until a convergence level of the chain length is reached.7
More recently, oligothiophenes gained increased attention as new materials for applications in
organic electronics, because their precise chemical structure and conjugation length give rise
to well-defined functional properties and facilitate control over their supramolecular
organization.28,29 This can lead together with higher purity and solubility and thus, easier
processability to occasionally improved performances compared to their analogous polymers.
One of the first examples was an α-linked sexithiophene whose charge carrier mobility and
transistor

characteristics

exceeded

those

of

transistors

based

on

corresponding

poly(bithiophene). The defined arrangement and stacking of the oligomers plays a crucial role
for the improvement of charge transport properties and a lot of efforts were made to assemble
these molecules into suprastructures.1 Some of the main concepts with regard on the present
thesis will be given in this chapter.

2.2 Self-Assembly of Alkyl-Substituted Oligothiophenes
Almost all electronic and photonic devices focus on application of organic materials in the
solid state.30,31 The physical processes in the devices such as charge carrier injection, charge
transport or exciton formation are strongly dependent on the molecular structure and the
morphology of the material and therefore, supramolecular packing and conformation of the
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oligomers in the bulk have been extensively studied. One of the possible approaches in
creating self-assembled suprastructures is the deposition from solution onto solid
substrates.1,32 In this respect, Scanning Tunneling Microscopy (STM) emerged as a versatile
tool due to its ability to precisely visualize the structure of conducting and semiconducting
surfaces with atomic resolution. Alkyl-substituted oligothiophenes predominantly showed a
high propensity to formation of well-ordered self-assembled monolayers and the lateral order
arises from both molecule/molecule and substrate/molecule interactions and depends for
instance on the molecular design, the surface and the solvent system.
In 1995, our group presented a series of α-conjugated oligothiophenes as model compounds
since their conductivities up to 20 S cm-1 are in the range of analogous electrically conducting
polythiophenes (Figure 2.1).33

Figure 2.1 Dodecyl substituted oligothiophenes 1-4.33

STM was applied in order to provide information about intermolecular and interfacial
interactions and to visualize the molecular arrangement of the homologous oligomers. Figure
2.2 displays STM images of 2D arrays of the oligothiophenes, the bright areas were assigned
to the π-conjugated systems, whereas the darker ones correspond to the alkyl chains. All four
homologes exhibited the same packing pattern in which the molecules are arranged in a
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lamellae fashion with distances of 2.2 nm. The overlap of the adjacent oligothiophenes within
one lamella decreases with growing chain length. Together with results on bare HOPG
substrate, the authors concluded that the alkyl chains were oriented parallel along one of the
crystal axes.

Figure 2.2 STM images of 2D crystals on HOPG. a) 1, b) 2, c) 3 and d) 4.33 Reprinted in part with permission
from Angew. Chem. Int. Ed. 1995, 32, 303. Copyright 1995 Wiley-VCH.

A few years later, a series of quaterthiophenes with varying alkyl substituents at β-positions
were reported which also formed ordered monolayers at the solid/liquid interface (Figure
2.3).8,34 After deposition of the oligomers from 1,2,4-trichlorobenzene solutions on HOPG,
large domains from several tens to several hundreds of nanometers were monitored by STM.
By analogy with the results mentioned above the oligomers are perfectly arranged in lamellae
forming bright rows of the oligothiophene backbone separated by around 2 nm. The
molecular axis is oriented along one of three symmetric crystallographic axes in the graphite
plane which was further supported by atomistic MD simulations of Khokhlov et al. in 2007.8

The distance between the lamellae decreases from 2 nm for the dodecyl to 1.5 nm for the
hexyl side chain, respectively. These distances suggest that the alkyl chains lie between the
brighter spots and similar arrangements were observed for dip-coated films of a chloroform
solution. The side chains are packed with one another in the 2D layers at the surface and also
in 3D bulk crystals, as confirmed by single-crystal X-ray analysis.

From -Conjugated Oligomers to Self-Assembled Nucleic Acid Derivatives

Figure 2.3 Molecular structure of quaterthiophenes 5a-c (left) STM height image (100 x 100 nm²) of
quaterthiophene 5c absorbed on HOPG (middle) and a corresponding model of the molecular packing (right).34
Reprinted in part with permission from Chem. Eur. J. 2000, 6, 735. Copyright 2000 Wiley-VCH.

However, STM investigations of the propyl-functionalized quaterthiophene 5a (Figure 2.4)
showed a molecular arrangement which is rather different from those of 5b and 5c. This
implies that the molecules were not able to provide sufficient interactions for the formation of
self-assembled monolayers by drop-casting from 1,2,4-trichlorobenzene. In contrary, dipcoated films from chloroform solution led to a “herringbone-like” structure in which each
molecule is nearly perpendicular to the adjacent ones, suggesting that the propyl group is too
short to stack with one another in order to form parallel lamellae. These observations are also
reflected in the differing lattice constants compared to 5b and 5c and supported by X-ray
analysis of the crystals.

Figure 2.4 STM current image (10 x 10 nm²) of quaterthiophene 5a dip-coated from a chloroform solution on
HOPG (left) and model (right) of the molecular arrangement (alkyl chains not drawn).34 Reprinted in part with
permission from Chem. Eur. J. 2000, 6, 735. Copyright 2000 Wiley-VCH.
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The introduction of polarizable iodine substituents on the free α-positions of the
quaterthiophene 5d enables a self-assembling behavior which is additionally influenced by the
presence of a permanent dipole moment (Figure 2.5).35 The compounds were dissolved in 1phenyloctane, 1,2,4-trichlorobenzene or 1-octanol and drop-casted on freshly cleaved HOPG
and regardless on the chosen solvent the same features were observed. STM images of
monofunctionalized oligothiophene 5e supported by theoretical calculations suggested that
two molecules are included in the unit cell with the iodines pointing outside of the pair in a
tail-to-tail fashion. This leads to larger separations compared to 5d since the iodine atoms face
each other in order to compensate dipole moments.

a)

b)

c)

Figure 2.5 a) Iodo-functionalized quaterthiophenes 5d-f, intermolecular arrangement of b) mono-iodo 5e and c)
bis-iodo 5f.35 Reprinted in part with permission from Langmuir 2006, 22, 1443. Copyright 2006 American
Chemical Society.

Diiodinated compound 5f showed almost the same monolayer pattern as non-substituted
quaterthiophene 5d with a slightly denser packing of the molecules since the adopted angle
between the oligothiophene moieties and the lamellae axis is larger for the diiodinated
quaterthiophene than for the non-substituted one. These results clearly demonstrate that the
arrangement of the oligothiophenes is sensitive to the introduction of polarizable halogen
groups to the π-conjugated system.
Furthermore, Effenberger et al. investigated the influence of polar formyl substituents on the
epitaxy of a mono- and bisformylated quinquethiophene on graphite (Figure 2.6).36 The
compounds were deposited from dodecane solutions and STM images of 6a displayed the
formation of large defect-free domains in a dimer-type arrangement with one molecule per
unit cell. No well-defined relation of the lamellae corresponding to the substrate was observed
which indicates stronger molecule/molecule than molecule/substrate interactions. In
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comparison oligo-thiophene 6b formed a monolayer containing four molecules per unit cell
and two molecules were arranged with the alkyl chains in a face-to-face arrangement.

Figure 2.6 Mono- and bisformylated 3,3’’-dipentyl-α-quinquethiophene 6a and 6b.36

All of these approaches enable a better understanding of the self-assembling properties of
oligothiophenes and demonstrate that molecule/molecule interactions can be triggered by the
special design of the structures. The attachment of alkyl side chains in the β-position allows
dense assembly of the molecules by van der Waals attractions and additional polar groups at
the α-positions lead to further modifications of the formed monolayers.

2.1 Self-Assembly of Oligothiophenes Mediated by Hydrogen Bonds
Hydrogen bonds are ideal non-covalent interactions to construct supramolecular architectures
due to their high selectivity and directionality, not only in solution but also on surfaces.37 The
attraction is formed when a donor with an available acidic hydrogen atom interacts with an
acceptor carrying an available non-bonding lone pair and the strength mainly depends on the
solvent and the sequence of hydrogen bond donors and acceptors.38 Numerous nanostructures
of π-conjugated oligomers have been obtained by combination of molecular recognition with
other intermolecular attractions such as -π, van der Waals or electrostatic ones. It seems to
be a promising strategy for improving the performance of optoelectronic devices.
Among early examples of this approach Barbarella et al. published the first oligothiophene
capable of hydrogen bondings (Figure 2.7).39 They designed quater- and sexithiophene 7a and
7b which bear six hydroxyl functions in a tail-to-tail fashion of the β-positions of the
thiophene rings and investigated their conformation. UV/vis measurements and force field
MM3 calculations proved that the oligothiophenes are largely twisted due to intramolecular
hydrogen bonding between the 2-hydroxyethyl substituents.
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Figure 2.7 Structure of hydroxyl-substituted quater- and sexithiophene 7a and 7b.39

Bäuerle et al. synthesized a set of head-to-tail coupled oligo(3-hexylthiophenes) 8a-e with an
carboxylic acid in the α-position (Figure 2.8).40 Comparison of the melting temperatures of
the free carboxylic acids with their corresponding methyl ester derivatives exhibited a strong
increase, e.g. from 87 °C up to 156 °C for derivative 8e.41 This was addressed to the
formation of hydrogen bonds between the adjacent carboxyl acids. In addition the assumption
was further supported by X-ray structure analysis which clearly revealed the association due
to hydrogen bonding.

O

H25C12
S

HO
H25C12

S
S

n

H25C12
8a: n = 0
8b: n = 2
8c: n = 4
8d: n = 6
8e: n = 8

Figure 2.8 Structure of carboxyl-functionalized oligothiophenes 9a-e.40

Leclère, Meijer et al. studied the self-assembling behavior of an amphiphilic carboxylic acid
derivative 9a bearing polar oligo(ethylene oxide) end groups and two amide functionalities
(Figure 2.9).42 The amide groups were expected to guide the suprastructure formation by
hydrogen bonding which should stabilize the ordered assembly and the resulting π-π stacking,
imposed by hydrophobic interactions in polar protic solvents. The importance of the hydrogen
bonds on the arrangement of the molecules was further demonstrated by comparison with the
corresponding ester derivative 9b.
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Figure 2.9 Structures of amphiphilic oligomers 9a-c.42

Upon dilution in chloroform, derivative 9a showed typical absorption and emission behavior
of spectra of the molecularly dissolved species. However, in n-butanol λmax of the π-π*
transition of the oligothiophene moiety was blue-shifted by 45 nm. This indicated the
presence of stacked aggregates even in dilute solutions. Further evidence was gained from
fluorescence spectroscopy because the intensity showed a considerable quenching and a
corresponding red-shift of the emission bands. Going to the more polar solvent water led to an
asymmetric, structured absorption clearly pointing to the presence of aggregates. The
fluorescence spectrum showed a low energy emission at 603 nm with a very low intensity,
indicating that the aggregates are the only emitting species. Comparison with ester 9b proved
that the formed aggregates of 9a are more densely packed as a result of the additional ability
to form hydrogen bondings. This hypothesis was supported by the increased stability of the
aggregates in temperature-dependent measurements.
In order to understand how the molecules are packed within assemblies of 9a and 9b,
molecular modeling was performed on one-dimensional cofacial stacks (Figure 2.10). For
both oligothiophenes a strong tendency to arrange in parallel and planar orientations was
calculated and a displacement along their long axis of half a thiophene unit was obtained. In
the stacks of 9b the oligo(ethylene oxide) segments are almost in the same plane as the
oligothiophene core in a trans-trans or trans-gauche-trans configuration, whereas in the case
of 9a a kink between the axis of the oligothiophenes and the oligo(ethylene oxide) chains is
preferred due to the formation of hydrogen bonds between adjacent amide functions. This
configuration allows a stabilized stacking of the sexithiophene units.
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Figure 2.10 Stable configurations of 9a (left) and 9b (right) stacks (sulfur atoms are yellow, nitrogen atoms blue
and oxygen atoms red).42 Reprinted in part with permission from Bull. Chem. Soc. Jpn.. 2007, 80, 1703.
Copyright 2007 Chemical Society of Japan.

The possibility of assembling these sexithiophenes was further extended by the introduction
of a terminal ammonium group into the side chain. This gave rise to the complexation of
chiral anions and thereby the induction of helicity becomes possible. Like compounds 9a and
9b, ammonium-functionalized derivative 9c (Figure 2.9) showed formation of stacked
aggregates in water based on π-π interactions. As expected, no CD effect was observed due to
the absence of chiral centers. However, in the presence of poly(α-D-glutamate) a significant
Cotton effect of the oligothiophene π-π* transition emerged due to exciton coupling of the
chromophores. The positive lobe showed a vibronic fine structure corresponding to the one
observed in UV/vis spectra. These results indicated formation of right-handed helical stacks
of the chromophores.

The group of Meijer focused their recent research in this field by functionalization of chiral
oligo(p-phenylenevinylene)s (OPVs) 10a-c with self-complementary ureidotriazine units
capable of forming quadruple hydrogen-bonded arrays (Figure 2.11).43-46 They presented a
comprehensive study on the formation of helical stacks in dodecane solutions investigating
the influence of the conjugation length on the stack stability and the supramolecular
organization on different types of solid supports.
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Figure 2.11 Self-complementary ureidotriazine-functionalized OPVs and their temperature-dependent selfassembly.43-46 Reprinted in part with permission from Science, 2006, 313, 80. Copyright 2006 Science.

The molecular recognition of the ureidotriazine moieties was proven by

1

H NMR

4

spectroscopy and a high dimerization constant of Kdim = (2.1 ± 0.2) x 10 l mol-1 was
determined in chloroform. In this solvent UV/vis and CD spectroscopic measurements
revealed that all chromophores are molecularly dissolved whereas in dodecane solutions the
absorption maximum of the OPV moiety is blue-shifted by about 10 nm and a strong vibronic
shoulder appears in the longer wavelength region. Additionally, fluorescence is quenched by
approximately one order of magnitude and emission is shifted to the red. These results clearly
indicate that the chromophores are aggregated in solution. Furthermore, circular dichroism
spectroscopy revealed a strong bisignated Cotton effect for the π-π* transition which suggests
the formation of right-handed helical stacks. Upon increasing the temperature a transition
from the aggregated phase to the molecularly dissolved state occurs which was monitored by
UV/vis and CD spectroscopy. At temperatures above 60 °C the absorption spectra were
similar to that of chloroform solutions and above 70 °C the Cotton effect has completely
faded. Re-cooling led to full recovery of the spectra and proved the reversibility of the
aggregate formation. The OPV moieties grow hierarchically: hydrogen-bonded dimers are
formed initially at higher temperatures and subsequently develop at lower ones into π-π stacks
(Figure 2.11). Further investigations on transition temperatures showed that the stability of the
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stacks in solution increases with the conjugation length as a result of more favorable π-π
interactions.
The transfer of the assemblies from solution to a solid support as isolated objects proved to be
just possible when certain concentrations and certain solid supports are used. The
superstructures were investigated by tapping-mode atomic force microscopy (AFM) and no
helicity was observed. Probably, the chirality is still present but not detectable by AFM due to
too small pitches or to an achiral organization of the long aliphatic tails at the periphery of the
stacks that mask the helicity of the interior. The starting concentration seems to be crucial for
obtaining single fibers on HOPG and upon dilution the formation of globular structures next
to single fibers becomes more and more evident (Figure 2.12).

Figure 2.12 Tapping-mode AFM images of 10c on HOPG showing different types of aggregation depending on
the concentration of the drop cast solution. A: 1.3 x 10-4 M, 10 x 10 µm²; B: 1.3 x 10-5 M, 7 x 7 µm²; C: 1.3 x 106

M, 7 x 7 µm²; D: 1.3 x 10-7 M, 7 x 7 µm².43 Reprinted in part with permission from J. Am. Chem. Soc. 2003,

125, 15941. Copyright 2000 Amercian Chemical Society.

These globuli might be the result of an uncontrolled assembly of the molecularly dissolved
species which is progressively present at decreasing concentrations. With an increasing length
of the π-conjugated system the transition concentrations also decreased due to stabilization by
π-π interactions and this behavior corresponded very well with the behavior in solution,
mentioned above. This indicated that the stacks were already formed in solution before they
were casted on graphite and the deposition was also investigated on different types of solid
support. On more hydrophobic surfaces like HOPG or pretreated silicon oxide wafers single
fibers were obtained while on more hydrophilic glass or mica lamellar structures were more
favorable. This might be due to more mutual interactions of the stacks rather than those
between the stacks and the surface.
These results showed that the recognition-driven self-assembly of OPV moieties can be
triggered by several factors and the group of Meijer further expanded this concept by
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implementation of perylene bisimide (PBI) acceptor units (Figure 2.13).47,48 Thus, this
approach may lead to defined assemblies with an efficient electron transfer from the OPV to
the PBI unit and might give valuable model systems for fundamental charge-transfer studies
or for their application in organic solar cells. The formation of superstructures in solution was
studied by UV/vis, fluorescence and CD spectroscopy and on solid support by applying STM
techniques.
In chloroform, the OPV conjugates exhibited a π-π* transition typical of the molecularly
dissolved state and a complete quenching of the OPV fluorescence. In contrary, the strong
luminescence of the perylene bisimide at λem = 580 nm suggested an efficient energy transfer
from the OPV to the PBI moiety. At small dilutions in chloroform dyad 11 is predominantly
present in its monomeric form and energy transfer dominates whereas in a more apolar
solvent like dodecane the optical spectra are notably different. The PBI absorption band at
λmax = 552 nm decreased and a new band at λmax = 508 nm with a shoulder around 600 nm
appeared. The authors attributed this hypsochromic shift to the formation of H-type
aggregates of the PBI moieties. These findings are further reflected by the red-shift of the
fluorescence and quenching of the intensity. However, CD spectroscopic measurements
revealed no preferred handedness of the aggregated species due to the absence of a Cotton
effect.

Figure 2.13 Hydrogen-bonded donor-acceptor 11 dyad.47
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The self-assembling properties at the liquid/solid interface were investigated by means of
STM on graphite surfaces (Figure 2.14). Under the chosen conditions (c = 0.5 mg ml-1, 1,2,4trichlorobenzene) the molecules are predominantly arranged into ordered domains with
parallel bright rods which are irregularly spaced. Every rod corresponds to one molecule and
represents the OPV moiety of the conjugates. The rods appeared to be dimerized since the
end-to-end distance between the rods changes in an alternating fashion leading to smaller and
larger gaps. On the basis of studies on 9c the authors concluded that the conjugates are linked
by hydrogen bonding through the recognition of the ureidotriazine units and the PBI moiety is
adsorbed between the dimers. Furthermore, contrast reversal in bias-dependent STM imaging
provided information on the ordering and different electronic properties of the OPV and the
PBI parts of the molecules.

Figure 2.14 STM image of 11 showing a monolayer on graphite. Deposited from 0.5 mg ml-1 1,2,4trichlorobenzene solutions, 58 x 58 nm².47 Reprinted in part with permission from Chem. Eur. J. 2006, 12, 9046.
Copyright 2000 Wiley-VCH.

The results revealed that incorporation of hydrogen bonding motifs into organic electronics
could facilitate an ideal orientation of donor and acceptor molecules within the device and
might further improve the performances. Up to now, pre-organization of well-defined
oligomeric systems is still challenging and the introduction of hydrogen bonding motifs
further lead to a manifoldness of possibilities for the arrangement of the chromophores.
Implementation of bio-units, which recognize each other in already well-investigated patterns
could probably reduce the difficulties which are entailed with the precise prediction and
elucidation of the suprastructures.
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2.2 Self-Assembly Mediated by Nucleic-Acid Motifs
The molecular recognition ability of DNA or its smaller constituents such as nucleosides or
nucleotides enables formation of programmed nanostructures by directed base pairing. In
2006, this concept was realized by Sivakova and Rowan by the introduction of thymine (T)
and N6-(4-methoxybenzoyl)-adenine (AAn) to a bis(phenylenethynyl)benzene linked by a
flexible alkyl chain (Figure 2.15).49 The authors investigated the liquid crystalline behaviour
by DSC thermograms and polarization microscopy.
Four hybrid molecules 12aAAn, 12aT, 12bAAn and 12bT showed no propensity to LC
behaviour and exhibited high melting points. Corresponding 1:1 mixture of the two
complementary molecules led to a dramatic decrease in melting temperature and a viscous
bifrigent phase occurred as a result of the aggregated monomers. These findings were further
supported by polarization microscopy.

Figure 2.15 Nucleobase-terminated bis(phenylenethynyl)benzene 12aAAn, 12aT, 12bAAn and 12bT.49

The group of Meijer25 combined this approach with the concept of DNA as a promising
scaffold or template to organize small molecules by a non-covalent bottom-up approach and
presented synthesis of bifunctionalized nucloeotide-appended oligo(p-phenylene vinylene)s
13 (Figure 2.16). The OPV core was connected via the phosphoamidite method to the
corresponding thymine nucleotide. The self-assembly behaviour of the OPV molecules with
complementary adenylic acid as template strand in a 1:1 T/A stoichiometry was investigated
by means of atomic force microscopy and clearly revealed the exclusive formation of righthanded helical stacks. The helical pitch of the fibers (length: 15 μm) was determined to be 60
nm.
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13

Figure 2.16 Proposed structure for the binary self-assembly of 13 and 20-meric adenylic acid 1:2.25 Reprinted in
part with permission from J. Am. Chem. Soc. 2006, 128, 13298. Copyright 2000 Amercian Chemical Society.

Also in solutions of the binary mixture in 0.1 M TE (tris(hydroxymethyl)aminomethane/
ethylenediaminetetraacetic acid) buffer right-handed helicity could be verified by circular
dichroism measurements. The CD spectra showed positive exciton coupling with a zero
crossing at  = 380 nm which corresponds to the absorption maximum of the -* transition
of the OPV moiety. These helical arrangements were strongly dependent on the concentration
of the conjugate and were observed only at concentrations between 5 x 10-4 and 1 x 10-3 M.
Meijer et al. also monitored the templating process by varying the concentrations of the oligoA-strand from 0 to 1.5 x 10-3 M whereas the OPV concentration was retained (1.0 x 10-2 M).
With the stepwise addition of oligonucleotide the intensity of the Cotton effect increased
which demonstrates an induction of helicity onto the binary arrays. The calculated anisotropy
factor g (at  = 415 nm) which corresponded to the long wavelength maximum of the CD
effect reaches a plateau at a T:A stoichiometry between 2:1 and 1.7:1. This result suggested
the formation of helices with OPV moieties inbetween two oligonucleotide strands shown in
Figure 2.16.
Additional theoretical calculations further supported the formation of right-handed helical
stacks from the binary self-assembly for T:A 1:1 and 2:1 ratios. The measured fiber thickness
of 6.4 nm agreed to the entire thickness of the conjugate (3.9 nm) hydrogen-bonded with two
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adenylic acid strands (twice 1.2 nm) by A-T base pairs. The width of 5.1 nm for the 2:1 T:A
stoichiometry also fitted well to a helical array of the OPV molecules with only one
oligonucleotide strand. Thus, the fiber thickness was tuned by simply changing the
concentrations of the binary mixture.
To obtain these helical arrangements guest-guest interactions must be considerably weak
compared to host-guest interactions, otherwise this would result in a competition of templated
and non-templated self-assembly leading to polydisperse aggregate formation. In order to
increase host-guest interactions Meijer et al. designed monofunctionalized naphthalene
derivatives which can be recognized by a complementary oligothymine template.22,50,51
Implementation of a diaminotriazine unit provided a stronger complexation compared to the
naturally occurring thymine/adenine motif and enabled the templated assembly by only one
oligonucleotide strand (Figure 2.17). They further suppressed the non-templated aggregate
formation by replacing the terminal hydroxyl-group of 15a by a methoxy unit yielding
conjugate 15b.

Figure 2.17 Oligothymines 14a/b (top left) and complementary monofunctionalized naphthalene derivatives 15a
and 15b bearing a diaminotriazine (top right). Schematic representation of ssDNA templated self-assembly
(bottom).22,50,51 Reprinted in part with permission from J. Am. Chem. Soc. 2009, 131, 1222. Copyright 2009
Amercian Chemical Society.
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Upon mixing 15b with a complementary 40-meric oligothymine 14a in a 40:1 ratio in water a
red-shift by 7 nm and a hypochromicity of the naphthalene absorption was observed.
Additionally, CD spectroscopy revealed a positive bisignate Cotton effect which indicated
formation of helical stacks. Since guest molecule 15b itself showed no intrinsic chirality the
chirality present in the template was expressed in the supramolecular assembly of the
conjugates. The performed titration experiments showed that the absorption changes before
the CD intensity increased, suggesting that the helical organization of 15b occured at a later
stage than the binding to the oligothymine strand.
These results were further supported by application of electron spray ionisation mass
spectrometry (ESI-MS) in the negative mode. The guest molecules themselves were hardly
detectable since the basic diaminotriazine-subsituted guests are barely deprotonated under the
chosen conditions. ESI mass spectra of solutions containing 14b and ten equivalents of 15a
showed peaks for several stoichiometries.50
Furthermore, formation and stability of the helical stacks was monitored by means of
temperature-dependent CD measurements which indicated that the binding of the guest is
fully reversible and seems to follow a nucleation growth mechanism. When a 14a strand was
replaced by a non-complementary 40-meric oligoadenosine no Cotton effect was detected for
the naphthalene absorption above 300 nm. Further exchange experiments by addition of the
40-meric oligoadenosine to a 14a::15b complex revealed that the observed CD effect of the
naphthalene moiety disappears and the CD spectrum of the duplex DNA arises. This means
that the stack of 15b is replaced by the complementary oligoadenosine strand. This evidently
proves that the binding of the guest molecules is due to hydrogen bonding. Another
interesting fact was obtained by investigating the influence of different template lengths on
the stability of the helical stacks. For smaller template sizes, the binding of the molecules is
less efficient and more than stoichiometric amounts were needed to get a high degree of
binding. This demonstrates that guest-guest interactions like - stacking are essential for the
stabilization of the complexes.
In order to enhance the efficiency of the binding an achiral naphthalene guest derivative 15c
equipped with a diaminopurine hydrogen bonding unit having a larger π-surface than
diaminotriazine that binds to the oligothymine template was recently synthesized(Figure
2.18).52 Surprisingly, the helicity of this DNA-templated assembly was switched by changing
the pH value as a result of protonation of the guest.
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Figure 2.18 Molecular structure of diaminopurine-functionalized naphthalene guest 15c.52

Another interesting approach was recently published by the group of Barbarella.21 They
designed supramolecular assemblies based on a quaterthiophene core linked through an
ethylene spacer to thymidine-adenosine 16a, adenosine-adenosine 16b, and thymidinethymidine 16c dinucleotides on each side (Figure 2.19).
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Figure 2.19 Molecular structure of building blocks of conjugates 16a-c.21

The optical properties of the conjugates 16a-c were characterized in aqueous solutions and the
cast films. While the dinucleotide absorption around 260 nm remained almost constant, the
quaterthiophene -* transition of the cast films was blue-shifted by 10 – 17 nm, with respect
to the maximum at 400 nm in solution. In addition, photoluminescence (PL) signals of the
cast films are remarkably red-shifted by 70 – 100 nm and sharpened which indicated the
formation of aggregated domains in the films.
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CD spectroscopic measurements revealed an induction of chirality from the dinucleotide
scaffold to the quaterthiophene core. Only weak CD effects of the -* transition could be
detected in solution and in cast films. However, upon addition of NaCl to the solution of the
conjugates and thus increasing the ionic strength, chirality factor g gained several orders of
magnitude. This implied a stronger aggregation behaviour due to better deshielding of the
negative phosphate charges. The self-complementary conjugate 16a exhibited a bisignate
positive exciton coupling in solution as well as in cast films which verified a right-handed
helical arrangement of the supramolecules.
Barbarella et al. also presented a detailed study of the conformational preferences and
stacking orientations in order to understand the mechanism of the association process in
solution and in cast films. Calculations showed that a syn conformation of the dinucleotide
ends with respect to the quaterthiophene core is energetically more favourable than an anti
orientation. The suprastructures could be formed by further growing of the monomers into
columnar aggregates. These results demonstrated the ability to control stacking interactions
by combination of hydrophilic and hydrophobic parts in hybrid systems and by base-pairing
of dinucleotides. For verification of their concept and to proof that nucleotide-oligothiophene
stacking is a dominant interaction in the formation of superstructures, the same group lately
published a set of thymidine/adenosine and cytosine/guanosine substituted quinquethiophenes
17a and 17b with a completely different structural motif (Figure 2.20).23
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Recently, Spada and Samori reported synthesis and self-assembling behaviour of
terthiophene-functionalized guanosine 18 which assembled either into H-bonded ribbons or
G-quartets (Figure 2.21).53 2D Nuclear Overhauser enhancement spectroscopy (NOESY) was
applied to show formation of A- and B-type ribbon structures in THF-solutions, already
reported for guanosine derivatives.54,55 By addition of potassium ions as template these
ribbons were converted into G-quartet-based octameric structures [188K]+ with the metal
cation coordinating the nucleosides. After addition of [2.2.2] cryptand the ribbon structures
were reformed due to the capture of K+. Release upon addition of trifluoromethane sulfonic
acid again led to the octamer [188K]+. This allowed a reversible switching between the two
supramolecular motifs and might be of interest for optoelectronic applications.

Figure 2.21 Molecular structure of terthiophene-functionalized guanosine 18.53

The self-assembling properties of films on a graphite surface were visualized by means of
scanning tunnelling microscopy (STM) and showed large domains of parallel lamellae up to
hundreds of nanometers (Figure 2.22). The authors assigned these lamellae to adjacent Hbonded ribbons and showed by molecular modelling that only a B-type network is formed
under the experimental conditions. The -systems of the conjugates were not exactly stacked
in an parallel arrangement because of steric hindrance due to interdigitation of the alkyl
groups and the inclination to the graphite surface.
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a)

b)

Figure 2.22 a,b) STM images of 18 on highly oriented pyrolytic graphite (HOPG), c) molecular model of two
adjacent B-type ribbons (each made from 8 molecules), fitting the unit cell parameters of the STM images.53
Reprinted in part with permission from Adv. Mater. 2008, 20, 12433. Copyright 2008 Wiley-VCH.

All of these approaches impressively revealed that combination of π-conjugated oligomers
with complementary or self-complementary nucleic acid motifs lead to novel recognitiondriven superstructures in solution and in the solid state. Despite the fact that the pairing of
nucleobases is well-studied, the manifoldness of interactions and the complexity of the
systems makes a precise control or prediction of the superstructures still to a challenging
target of materials chemistry.

2.3 Covalent Oligothiophene/Nucleic Acid Conjugates as Sensor Materials
The combination of electrically conducting oligo- and polymers with nucleic acid motifs does
not only allow the formation of nanoscale materials by molecular recognition and hydrogen
bonding, they also transduce these events into electronic signals. Single mutations of
nucleosides inside DNA are a topic of ongoing interest in medicine and biology and great
efforts had been devoted to find suitable methods of analysis. Therefore, a first example of
oligo- and polythiophenes bearing nucleic acids motifs was presented by our group in 1997 in
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order to construct reagentless amperometric sensors for future molecular electronic devices
(Figure 2.23).56-58
In order to investigate the effect of base pairing on the electrochemical properties of the
polythiophene backbone, N6-acetyladenosine 19a and uracil-substituted 19b polymers were
characterized by cyclovoltammetric analysis in the presence of complementary bases 20 and
21. During the stepwise addition of uracil 20 to adenine-polythiophene 19a in the electrolyte
dichloromethane/tetrabutyl ammonium hexafluorophosphate the oxidation shifted continuously to lower potentials and was accompanied by a decrease in electroactivity.

Figure 2.23 Complexation of complementary bases at the polymer surface of the nucleobase-bearing
polythiophenes 19a and 19b via hydrogen bonding.56-58

The addition of non-complementary nucleobases had almost no effect on the electrochemical
properties of the polythiophenes 19a and 19b. Additionally, poly(3-methyl-2,2’-bithiophene)
unable to form hydrogen bonds was characterized in the presence of nucleobases 20 and 21
which led to no significant changes in the cyclic voltammograms. These control experiments
demonstrated that the changes in the oxidation potential and electroactivity of 19a and 19b
upon addition of the complementary bases can be addressed to the molecular recognition by
hydrogen bonding.
Since the electrochemical switching of conducting polymers into different redox states is
accompanied by characteristic changes the effects of hydrogen bonding on polythiophenes
were additionally investigated by in situ spectroelectrochemical methods. The application of
an increasing potential to the polymeric films revealed that -* absorption of the thiophenes
along the long molecular axis gradually decreases while a broad polaronic band at λmax = 700
to 800 nm emerged. At potentials higher than 0.9 V a very broad band between 900 and 1600
nm evolved which can be explained by the formation of bipolarons. Upon addition of the
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complementary base only small changes in the -* absorption were detected and reflected
the polymer in the neutral non-conducting state. However, the intensities of the polaronic and
bipolaronic bands became gradually smaller in the presence of hydrogen bonds. Therefore,
the spectroelectrochemical results are in good agreement with the voltammetric data and
evidently proved the influence of molecular recognition.
Another approach for the detection of single nucleotide polymorphism (SNP) among the
plethora of methods is based on the variation of the emitted light of modified nucleosides
which are inserted into an oligonucleotide sequence upon hybridization with a complementary
strand.59-61 These methods rely on the fact that the electronic distribution of a nucleobase is
modified in the presence of hydrogen bonds inside the duplex. A fluorophore which is
conjugated to the nucleobase opposite to the presumed mutated base can be affected from that
variation. This might be accompanied with changes in fluorescene whether the bases are
correctly paired or mispaired. In this respect, the group of Barbarella synthesized a
terthiophene which bears four thymidine moieties by application of the phosphoramidite solid
phase techniques.62 Conjugate 22 revealed an intense bluish photoluminescence and the
intensity allowed an easy detection at sub-micromolar concentrations which are required for
the hybridization studies (Figure 2.24).
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Figure 2.24 Terthiophene thymidine conjugate 22.62

Furthermore, Barbarella et al. prepared a series of four deoxyuridine derivatives which bear
bi- or terthiophenes at the 5-position of the nucleobase with and without an ethynyl-spacer
(Figure 2.25).63
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Figure 2.25 Oligothiophene-labeled deoxyuridines 23a-d for application in fluorescence diagnostics.63

Application of phosphoramidite chemistry allowed implementation of each artificial
nucleoside into the center of an oligonucleotide strand which was designed to hybridize with
model strands corresponding to a single nucleotide polymorphism mismatch. Fluorescence of
the modified strands alone and of those hybridized with matching and mismatching targets
were investigated and revealed that they were able to discriminate between perfect pairing and
non-pairing motifs by changes in the intensity.
Despite the intrinsic fluorescence of oligothiophenes and their excellent tuning possiblities by
introduction of suitable functionalizations in order to cover the full range of the visible
spectrum, examples of oligothiophene fluorescence tags are scarce in literature. This is mainly
caused by relatively low quantum efficiencies compared to, e.g., pyrene. Therefore, the
application of oligothiophenes as electrochemical sensors for the detection of hydrogen
bonded systems seems to be much more promising and this field is only just emerging in
literature.
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3.1 Introduction
In order to design adenosine- and thymidine-functionalized oligothiophenes (Figure 3.1)
forming recognition-driven superstructures, an alkyl-substituted quaterthiophene was chosen
because its self-assembling properties were already well studied.34 The oligothiophene and
nucleoside building block should be linked through a spacer, which should provide more
flexibility and might benefit the self-assembling properties. The conjugates then should
comprise highly amphiphilic character and should exert various competing intermolecular
forces such as π-stacking, van der Waals attractions, hydrogen bonding and solvent effects.
The combination of all of these interactions may allow fine-tuning of the self-assembling
behavior leading to a rational design of supramolecular assemblies of bio-inspired organic
semiconductors. Connection of the two rather different moieties should be realized by
application of Huisgen 1,3-dipolar cycloaddition of azides and terminal alkynes, frequently
referred to as “click” reaction.
The philosophy of “click chemistry” specifies a family of versatile and highly selective
reactions characterized by their remarkable efficiency and simplicity.64 Besides the high
functional group tolerance the reactions are insensitive to air/water resulting in almost
exclusive formation of the desired product.

Figure 3.1 Schematic structure of nucleoside-quaterthiophene conjugates with oligothiophene (grey),
complementary nucleosides (orange and blue) and alkyl chains (black).

“Click chemistry” predominantly refers to Cu(I)-catalyzed Huisgen reaction which has gained
considerable attention since its introduction by the laboratories of Meldal65 and Sharpless66in
2001 (Scheme 3.1). Despite being among the most energetic starting materials the high kinetic
stability of alkynes and azides requires long reaction times and elevated temperatures for the
non-catalyzed variant of the 1,3-dipolar cycloaddition and leads to a mixture of 1,4- and 1,5-
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substituted 1,2,3-triazoles. Upon addition of a Cu(I)-species exclusive formation of the 1,4regioisomer was observed within drastically improved conditions.

Scheme 3.1 Thermally induced (left) and Cu(I)-catalyzed (right) Huisgen reaction.65,66

DFT calculations indicated that a stepwise formation of the triazole via monomeric copper
acetylide complexes is energetically favored compared to the concerted mechanism of the
thermally induced cycloaddition and lead to a drastic rate acceleration.67 Although many
groups68 focus on the elucidation of the detailed mechanism the discrete structure of the
transition states has remained unclear and so far only model calculations have been reported.
However, the proposed mechanism is widely accepted and Straub already isolated a
catalytically active Cu(I) intermediate with an N-heterocyclic carbene spectator ligand.69 The
catalytic cycle (Scheme 3.2) starts with coordination of the alkyne to Cu(I), whereas mono66,67

as well as multinuclear70,71 copper species are discussed. Computational investigations

revealed that the dinuclear70 and tetranuclear71 copper complexes display superior stability
and higher reactivities. The copper association significantly lowers the pKa of alkyne 24 and
enables deprotonation without the addition of a base in aqueous systems. The next step
involves the azide displacement of one ligand forming intermediate 32 and subsequent attack
of the nitrogen afforded six-membered metallacycle 33. After transformation to triazolecopper derivative 34 protonation releases the triazole product 26 under regeneration of Cu(I)
catalyst 29.
Sharpless et al.66 developed a very convenient method for generation of the copper(I) source
by usage of copper(II) sulfate and sodium ascorbate as reducing agent. Also several Cu(I)
salts including copper iodide65 or tetrakis(acetonitrile)copper(I) hexafluorophosphate72 are
widely used catalytic systems.
Due to the growing impact of “click chemistry” in the field of bioconjuagtion and drug
discovery as well materials scientists recently discovered the advantages for efficient linkage
of modular building blocks with rather different properties.73,74,75,76 Even the performance of
polymerizations or the construction of dendrimers seems not to limit the application scope.
However, copper-free cycloadditions77 emerged with introduction of electron-withdrawing
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substituents at the α-position of the alkyne78 or by use of constrained cycloalkynes79. Despite
these reactions reveal no regioselectivity they exhibit some “click” features in the sense that
they are chemoselective and readily applicable under mild conditions.
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Scheme 3.2 Proposed mechanism for the Cu(I)-catalyzed reaction of organic azides and terminal alkynes, [Cu]
represents one- or multi-nuclear copper complexes.68

In 2006 Aucagne and Leigh72 published a very convenient method for the [3+2] dipolar
cycloaddition

of

terminal

alkynes

and

organic

azides

in

the

presence

of

tetrakis(acetonitrile)copper(I) hexafluorophosphate as catalyst. Advantages of this “click”
procedure compared to the more frequently used Cu(II) sulfate/sodium ascorbate system66 are
that the catalyst is already present in the catalytically active oxidation state as well as his good
solubility in most polar organic solvents. Due to this reasons, the procedure will be used in the
present thesis.
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3.2 Synthesis of Azido-Substituted Nucleosides
3.2.1

Synthesis Azido-Functionalized Thymidines 38 and 40

The previously described protocol chosen for the linkage of oligothiophenes and nucleosides
by “click chemistry” required the synthesis of an azido-bearing thymidine in combination
with introduction of a flexible spacer.
The synthetic procedure is depicted in Scheme 3.3 and starts with the selective protection of
the primary 5’-hydroxyl group of the nucleoside. Therefore, frequently utililzed
dimethoxytrityl group was initially chosen which proved instable during the following
synthetic steps as significant amounts of the deprotected species were observed. Protection
was achieved efficiently by the usage of bulky tert-butyldimethylsilyl chloride, imidazole and
catalytic amounts of 4-dimethylamino pyridine (DMAP). After the reaction had finished, the
mixture was quenched with saturated ammonium chloride solution and purification by column
chromatography with ethyl acetate and n-hexane afforded thymidine 36 in 91 % yield. The
analytical data of silyl-protected thymidine 36 was consistent with literature.80
Then, 5-bromovaleric acid was selectively introduced as a flexible linker in the 3’-position of
thymidine 36. This was performed via esterification of the hydroxyl group under Steglich
conditions utilizing dicyclohexylcarbodiimide (DCC) and catalytic amounds DMAP in
dichloromethane. After the reaction was complete, generated dicyclohexyl urea was filtered
and product 37 was purified by column chromatography. Nucleoside 37 was obtained in 71 %
yield as a colourless solid.
Subsequent halide exchange of thymidine 37 by five equivalents of sodium azide in DMF as a
polar solvent led to azido-functionalized thymidine 38 in 82 % yield. However, the reaction
could not be monitored by thin layer chromatography due to only marginal differences of the
polarity of compounds 37 and 38. Even 1H NMR spectroscopy revealed only slight changes of
 = 0.11 ppm for the adjacent methylene group referring to bromine-substituted starting
material 37 (CH2Br = 3.42 ppm). In addition to evidence by mass spectrometry, conversion
was proven by Infrared (IR) spectroscopy due to the appearance of a characteristic vibrational
stretching mode at 2100 cm-1.
The final step includes removal of the TBDMS groups in 5’-position of the
nucleoside/quaterthiophene conjugates. Application of the frequently utilized reagent tetra(nbutylammonium)fluoride led to a complete cleavage of the ester moieties in 3’-position due to
in situ generated hydroxide ions.
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Scheme 3.3 Synthesis of 3‘-azido-thymidine 38 and 40.

Therefore, an alternative synthetic route for the subsequent deprotection by fluorine was
elaborated, especially for synthesis on larger scales. Deprotection of the 5’-hydroxyl group
was performed prior to synthesis of the conjugates via a procedure under slightly acidic
conditions by Khan and Mondal81. Conversion of thymidine 37 with acetyl chloride in dry
methanol yielded deprotected nucleoside 39 in 88 % within 60 minutes by in situ generation
of hydrochloric acid.
Finally, the bromine was transferred into the corresponding azide using five equivalents of
sodium azide, as mentioned above. Azido-functionalized thymidine 40 was obtained after
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purification by column chromatography in 86 % yield. Formation of desired azido-thymidine
40 was additionally proven by the apparence of a characteristic azido stretching mode of 2097
cm-1 in the IR spectrum.

3.2.2

Synthesis Azido-Functionalized 2’-Deoxyadenosine 44 and 46

In order to synthesize 2’-deoxyadenosine and quaterthiophene conjugates via “click
chemistry”, an azido-functionalized 2’-deoxyadenosine was required. Synthesis (Scheme 3.4)
was realized as described above (chapter 3.2.1) by initial protection of the commercially
available nucleoside with tert-butyldimethylsilyl ether groups in 5’-position. This was
achieved by conversion of 2’-deoxyadenosine 41 with 1.6 equivalents of tertbutyldimethylsilylchloride in the presence of imidazole and catalytic amounts of DMAP.
After two hours the reaction was quenched with a sasturated ammoniumchloride solution and
aqueous work-up and purification by column chromatography yielded the protected 2’deoxyadenosine 42 in 72 %. Analytical data of 42 was consistent with literature.82
Then, 5’-bromovaleric acid as flexible alkyl spacer was introduced via Steglich esterification
by 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and DMAP as catalyst. After
work-up and purification by column chromatography the product 43 was isolated in 78 %
yield. Subsequent exchange of the terminal bromine was performed by conversion with five
equivalents of sodium azide in DMF at 80 °C within 13 hours. Purification by column
chromatography finally afforded nucleoside 42 (87 % yield). Similarly to the azidofunctionalized thymidines 38 and 40 the reaction could not be monitored by thin layer
chromatography since the polarity of the starting material 43 and product 44 revealed no
significant changes. Furthermore, 1H NMR spectra showed only a small highfield shift of the
adjacent methylene group from  = 3.42 ppm of bromine 43 to  = 3.33 ppm of the desired
azido-2’-deoxyadenosine 44. Therefore, the conversion was additionally proven by IR
spectroscopy due to appearance of a vibrational stretching mode at  = 2103 cm-1 for the
azido moiety.
As for thymidine 38 removal of the silylether was achieved by catalytic amounts of acetyl
chloride in dry methanol. The in situ generated hydrochlorid acid led to complete desilyation
of the 5’-position within one hour. After quenching of the reaction with saturated sodium
bicarbonate solution and aqueous work-up, the desired 2’-desoxyadensine 43 was purified by
column chromatography and yielded 78 % of a colourless solid.
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Scheme 3.4 Synthesis of 3‘-azido-2‘-deoxyadenosine 42 and 44.

Finally, the subsequent halide exchange was performed by five equivalents of sodium azide,
as mentioned above. Formation of the azido-2’-deoxyadenosine 44 was evident from IR
spectroscopic measurements due to the appearance of the azido stretching mode at  = 2097
cm-1.
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3.3 Synthesis

of

Alkyl-Substituted

Bis-

Thymidine-

and

2’-Deoxyadenosine-

Functionalized Conjugates
3.3.1

Synthesis of Diethynylated Alkyl-Functionalized Quaterthiophene 50

In order to synthesize bifunctionalized nucleoside conjugates with an oligothiophene core via
“click chemistry”, ethynylated quaterthiophene 50 was synthesized starting from
quaterthiophene 47 (Scheme 3.5). The free α-positions of 47 were activated by iodination via
a procedure established in our group with 2.2 equivalents of mercury(II) acetate and
subsequent conversion of the dimercurated species with iodine.83 Furthermore, addition of
acetic acid was necessary to ensure complete solution of the reactants. After purification by
column chromatography diiodoquaterthiophene 48 was obtained in 81 % yield. Analytical
data was consistent with literature.84
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Scheme 3.5 Synthesis of diethynyl quaterthiophene 50.

Two terminal alkyne moieties were introduced via palladium-catalyzed Sonogashira coupling
of diiodoquaterthiophene 48 and excess TMS-acetylene in the presence of the catalytic system
Pd2(dba)3CHCl3 (0.8 eq.), copper(I) iodide and triphenyl phosphine.85 After 13 hours at 70 °C,
aqueous

work-up

and

chromatographic

purification,

corresponding

diethynylated

quaterthiophene 49 was obtained in 89 % yield.
Subsequent desilylation of 49 was achieved by use of ten equivalents of potassium hydroxide
in THF and methanol yielding diethynylated quaterthiophene 50 in 97 % yield. Reaction was
monitored by thin layer chromatography (TLC) and the conversion was complete within 4
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hours. Due to instability of terminal acetylenes towards oxidative polymerization, diethynylquaterthiophene 50 was used immediately after purification.

3.3.2 “Click” Reaction of Diethynylated Oligothiophene 48 with Azido-Functionalized
Thymidines 38 and 40 as well as 2’-Deoxyadenosines 44 and 46
Synthesis of nucleoside-oligothiophene conjugates was realized by cycloaddition of ethynylsubstituted quaterthiophene 50 with azido-bearing thymidines 38 and 40 or 2’deoxyadenosines 44 and 46 in the presence of catalytic amounts of a Cu(I) species. The
reaction was performed after a procedure of Aucagne and Leigh which uses 0.2 equivalents of
tetrakis(acetonitrile)copper (I) hexafluorophosphate as catalyst.72 In addition, the same
amount of elementary copper was added to diethynylated oligothiophene 50 and the
corresponding azido-bearing nucleoside and the reaction mixture was stirred over night.
Addition of copper ensures that the catalyst is present as Cu(I) species since the might formed
Cu(II) would be reduced. However, the synthesis was also performed without elementary
copper and no influence on the conversion rates was observed.
Scheme 3.6 (left) depicts the application of the Leigh procedure72 for preparation of
bifunctionalized hybrid 51 (T2-4TSi) starting from ethynyl-quaterthiophene 50 and thymidine
nucleoside 38 under the above mentioned conditions. A 4:1 mixture of dichloromethane and
methanol was chosen as a solvent which benefits to the solubility of both, the more apolar
oligothiophene 48 in dichloromethane and the polar nucleoside 38 in methanol.
Despite the conversion of the starting materials was complete within 13 hours at room
temperature the conjugate 51 could only be obtained in 86 yield % because purification
proved to be rather demanding. Conjugate 51 (T2-4TSi) was purified by chromatography on a
silica column with a 2:1 mixture of ethyl acetate and n-hexane, as well as size exclusion
(dichloromethane) and recycling gel permeation chromatography (GPC) with THF. 1H NMR
spectroscopy revealed the typical set of signals for the thymidine and oligothiophene moiety
and in addition, the signal of the 1,2,3-triazole proton was detected at a chemical shift of  =
7.69 ppm. Furthermore, matrix assisted laser desorption/ionization - time of flight (MALDITOF)

mass

spectrometry

evidently

proved

the

formation

of

the

desired

thymidine/quaterthiophene conjugate 51 by the appearance of a strong signal at m = 1508.8
m/z (matrix: 2,5-dihydroxybenzoic acid) which corresponds to the mass of the molecular ion.
The spectrum showed also significant signals of smaller masses which were assigned to
fragmentation of thymidine conjugate 51.
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Scheme 3.6 Synthesis of bifunctionalized conjugates 51 (T2-4TSi) and 52 (T2-4T).

To complete synthesis of thymidine-substituted quaterthiophene 52 (T2-4T), removal of the
silyl ether groups at the 5’-position of the sugar moiety was initially tried by use of tetra-nbutylammonium fluoride. This led to complete decomposition of the starting material within a
few minutes due to the generation of hydroxide anions and a resultant cleavage of the ester
bond at the 3’-position of conjugate 51. Although the addition of ammonium
hexafluorophosphate as a buffer yielded predominantly the desired product 52, the cleavage
of the ester bond could not be suppressed entirely. Complete and efficient deprotection was
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achieved by a very mild procedure of Khan and Mondal81, employing catalytic amounts of
acetyl chloride in dry methanol as a source of “dry” hydrochloric acid. On smaller scales,
conjugate 51 was transformed smoothly into corresponding alcohol 52 in 88 % yield without
the formation of any side products. After separation by silica column chromatography with a
10:1 mixture of ethyl acetate and n-hexane, product 52 was purified by size exclusion
chromatography (dichloromethane) and recycling GPC (THF). However, if the protocol was
applied to larger scales (> 100 mg), ester cleavage was still observed to a small extent. Final
conjugate 52 was characterized by 1H NMR spectroscopy and similar to protected hybride 51
typcial signals for the nucleoside and quaterthiophene moieties along with the triazole signal
at  = 7.72 ppm set were observed. As for 51, elemental analysis and mass spectrometry
(found: m/z = 1280.6, calc.: m/z = 1280.4) further proved the formation of the desired product
52.
In order to avoid ester cleavage of conjugate 52 and to minimize the problems due to
purification, a second synthetic route was elaborated. Therefore, the removal of the TBDMS
group was performed prior to the synthesis of the conjugates.
Coupling of the corresponding deprotected thymidine 40 and the ethynylathed
quaterthiophene 50 under standard “click” conditions directly led to the final conjugate 52 in
82 % yield. Comparison of these two approaches proved no significant influence on the
overall yield (62 %) of the last three steps (azide formation, deprotection of the sugar moiety
and “click” reaction).
In analogy, 2’-deoxyadenosine-funtioncalized derivative 53 (A2-4TSi) was synthesized by
“click” reaction of bisethnylated quaterthiophene 50 and TBDMS-protected nucleoside 44
(Scheme

3.7).

Application

of

the

standard

protocol

with

0.2

equivalents

of

tetrakis(acetonitrile)copper(I) hexafluorophosphate and 0.2 equivalents of elementary copper
yielded 79 % of the corresponding hybride 53 after aqueous work-up and purification. Due to
the high polarity of the 2’-deoxyadenosine conjugate 53 a mixture of 10:1 ethyl acetate and
methanol was necessary for separation on a silica column and furthermore size SEC
(dichloromethane) and recycling GPC (THF) were performed for the purification of
compound 53. Similar to corresponding thymidine hybrid 51 the formation of the product was
proven by appearance of the triazole proton in the 1H NMR spectrum at  = 7.69 ppm and
absence of the terminal ethynyl proton of quaterthiophene 50 at a chemical shift of 3.39 ppm.
Investigation of 53 by MALDI mass spectrometry further showed a strong signal of the
molecular ion at m/z = 1527.9 (calc.: m/z = 1527.7) along with smaller fragments of the
molecule. As for all conjugates, purity of 53 was proven by elemental analysis.
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Scheme 3.7 Synthesis of bifunctionalized conjugates 53 (A2-4TSi) and 54 (A2-4T).

In the next step, silyl ether moieties were removed by the generation of hydrochlorid acid
from acetylchloride in dry methanol and THF. The reaction was performed at 0 °C and
conversion was complete within one hour. After the reaction was quenched with saturated
sodium bicarbonate solution and aqueous work-up, final conjugate 54 (A2-4T) was purified by
siliga gel column chromatography (ethyl acetate/methanol: 5:1), SEC (dichloromethane) and
recycling GPC (THF). 2’-Deoxyadenosine/quaterthiophene hybride 54 was obtained in 87 %
yield.
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Characterization of conjugate 54 was performed by elemental analysis, proton and 13C NMR
spectroscopy as well as mass spectrometry and clearly revealed the formation of the desired
product 54. Besides the signal sets of the 2’-deoxyadenosine and oligothiophene building
block a characteristic signal of the triazole moiety at  = 7.69 ppm was observed in the
corresponding

1

H NMR spectrum. Moreover, investigation of 54 by MALDI mass

spectrometry evidently proved the formation by detection of the molecular ion peak at m/z =
1299.1 (calc.: m/z = 1299.6).
As describe above, application of the desilyation protocol on larger scales still led to cleavage
of the ester bond in 3’-position to a significant extend and therefore, derivative 54 was
additionally synthesized by “click” reaction of diethynyl quaterthiophene 50 with already
deprotected nucleoside 46. As for 52 both overall yields are almost comparable (60 % vs. 57
%) over the last three steps which involve the azide formation, the desilylation as well as the
“click” reaction.

3.4 Synthesis of Alkyl-Subsituted Mono-Thymidine- and 2’-Deoxyadenosine-substituted
Conjugates
3.4.1

Synthesis of Monoethynylated and Alkyl-Functionalized Quaterthiophene 58

In order to synthesize monofunctionalized quaterthiophenes, a desymmetrization must be
performed. However, the selectivity of suitable reactions genereally decreases with increasing
chain length of the oligomer and leads to a mixture of all possible products.86 Previous
experiments in our group showed that especially monobromination of oligothiophenes
consisting of more than three monomers is hardly feasible and the products are virtually
inseparable. Therefore, the standard procedure including bromination and subsequent
Sonogashira coupling with trimethylsilylacetylene seemed not to be appropriate for the
functionalization of quaterthiophenes.
Even though formylation of the quaterthiophene 47 by Vilsmeier-Haack reaction yields a
mixture of corresponding mono- 55 and dialdehyde 56, the products exhibit rather different
polarities and can be purified by column chromatography. Therefore, starting material 47 was
heated at reflux with 1.5 equivalents of Vilsmeier-Haack reagent in dichloroethane and the
reaction was quenched after two hours with saturated sodium bicarbonate solution in order to
prevent excess formation of the diformylated by-product 56 (Scheme 3.8). After purification
by column chromatography with dichloromethane monoaldehyde 55 was obtained in 62 %
yield.
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Scheme 3.8 Vilsmeier-Haack formylation of quaterthiophene 45.

Subsequent introduction of the ethynyl moiety to the oligothiophene core was achieved by
Ohira-Bestmann87-89 homologation utilizing dimethyl-1-diazo-2-oxopropylphosphonate 57 in
a Horner Wadsworth Emmons like reaction (Scheme 3.9). This method allows the
introduction of the ethynyl moiety under very mild conditions without use of strong bases
such as n-butyl lithium or potassium tert-butylate and is widely used as an alternative for
Corey Fuchs reaction.

Scheme 3.9 Synthesis of ethynylated quaterthiophene 58 by Ohira-Bestmann reaction.

Reagent 57 was prepared in dry methanol by reaction of tosylazide with dimethyl-1-diazo-2oxopropylphosphonate in the presence of sodium hydride.88
Ten equivalents of 57 were necessary for the Ohira-Bestmann reaction of aldehyde 55,
because lower ratios led to poor conversion rates and longer reaction times. Therefore,
aldehyde 55 was added in dry THF in a one-pot procedure to 10 equivalents of phosphonate
57 to yield corresponding ethynylated quaterthiophene 58 within 31 hours. Finally, product 58
was purified by column chromatography with dichloromethane affording 58 in 89 % yield. 1H
NMR spectroscopy clearly revealed the formation of the ethynylene 58 due to the detection of
the corresponding singlet at  = 3.32 ppm of the terminal ethynyl proton. Longer exposure to
air led to partial decomposition by oxidative dimerization.
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3.4.2

“Click”

Reaction

of

Monoethynylated

Oligothiophene

58

with

Azido-

Functionalized Thymidines 38 and 40 as well as 2’-Deoxyadenosines 44 and 46
Synthesis of monofunctionalized nucleoside-oligothiophene hybrids was performed by
cycloaddition of ethynylated quaterthiophene 58 and azido-bearing thymidines 38 and 40 or
2’-deoxyadenosines 44 and 46, respectively, in the presence of catalytic amounts of a Cu(I)
species (Scheme 3.10).
As for bifunctionalized conjugates 52 (T2-4T) and 54 (A2-4T), 0.2 equivalents of
tetrakis(acetonitrile)copper(I) hexafluorophosphate were applied as catalyst and the same
amount of elementary copper was added initially to ensure a sufficient concentration of Cu(I).
Experiments without elementary copper revealed no influence of the addition on the
conversion rate.
Thus, ethynylated quaterthiophene 58 and TBDMS-protected thymidine 38 were reacted in
equimolar

amounts

in

dichloromethane/methanol

4:1.

After

stirring

over

night

thymidine/quaterthiophene conjugate 59 (T-4TSi) was obtained by aqueous work-up and
chromatography on a silica gel column with a 10:1 mixture of ethyl acetate and n-hexane as
eluent. Furthermore, SEC (dichloromethane) and recycling GPC (THF) were performed and
afforded conjugate 59 in 69 % yield. As for bifunctionalized thymidine hybride 51,
investigation by 1H NMR spectroscopy revealed both, the signal set of the corresponding
thymidine and the monofunctionalized quaterthiophene moietiy with an additional singlet at 
= 7.69 ppm due the formation of the 1,2,3-triazole. Further evidence was obtained by MALDI
mass spectrometry (matrix: 2,5-dihydroxybenzoic acid) due to observation of the molecular
ion at m/z = 1004.7 (calc.: m/z = 1004.4) accompanied by appearance of smaller fragments of
molecule 59.
The following removal of the silyl ether moiety at the 5’-position of the sugar moiety of
nucleoside 37 was performed by hydrochloric acid, generated from catalytic amounts of
acetylchloride in dry methanol. Conversion was complete within one hour at 0 °C and the
reaction was quenched by addition of a saturated sodium bicarbonate solution. After aqueous
work-up the hybrid 60 (T-4T) was purified by silica gel column chromatography by slightly
increasing the polarity from pure ethyl acetate to ethyl acetate/methanol 10:1. In addition,
SEC (dichloromethane) and recycling GPC (THF) were performed and yielded final
thymidine conjugate 60 in 79 % yield.
As for bifunctionalized quaterthiophene conjugate 51, desilyation on scales above 100 mg
must be performed carefully to avoid ester cleavage in 3’-position. To circumvent these
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difficulties conjugate 60 was also synthesized by prior deprotection of the 5’-hydroxyl group
of nucleoside 38, subsequent halide/azide exchange and final “clicking” of thymidine 40 and
ethynylated quaterthiophene 58.

Scheme 3.10 Synthesis of monofunctionalized conjugates 59 (T-4TSi) and 60 (T-4T).

Coupling of the corresponding deprotected thymidine 40 and monoethynyl quaterthiophene
58 under standard “click” conditions directly led to the final conjugate 60 in 79 % yield.
Comparison proved, that the overall yield over the last three steps is slightly higher for the
second approach (1. deprotection of the nucleoside, 2. azide formation and 3. “click” reaction
of 40 and 58) with 54 % than for the original approach (1. azide formation, 2. “click” reaction
of 38 and 58, 3. deprotection of 59) with 45 % yield, respectively.
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The same strategy as for thymidine conjugate 60 described above was applied for the
synthesis of 2’-deoxyadenosine-functionalized quaterthiophene 62 (A-4T) (Scheme 3.11).

Scheme 3.11 Synthesis of monofunctionalized conjugates 61 (A-4TSi) and 62 (A-4T).

Initially, ethynylated oligothiophene 58 was reacted under standard “click” conditions with
one equivalent of the TBDMS-protected adenosine 44 in order to give hybride 61 (A-4TSi) in
77 % yield. Purification was performed by silica gel (ethyl acetate/n-hexane 10:1) and size
exclusion chromatography (dichloromethane) as well as recycling GPC (THF). 1H and
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C

NMR spectroscopy were applied for characterization of compound 61 and clearly revealed the
signals of 2’-deoxyadenosine and the monofunctionalized oligothiophene moiety.
Furthermore, a singlet at  = 7.69 ppm was observed in the proton NMR spectrum which
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corresponds to the generated 1,2,3-triazole ring. The MALDI mass spectrum of 2’deoxyadenosine hybride 61 showed the expected molecular ion at m/z = 1013.5 (calc.:
1013.4) along with small signals of fragments. In addition, elemental analysis proved the
puritiy of the obtained product 61.
Subsequent deprotection of the 5’-hydroxyl group at the 5’-position of the sugar moiety was
achieved by catalytic amounts of acetylchloride in the presence of dry methanol, as described
previously. The reaction was monitored by thin layer chromatography and conversion was
complete within 60 minutes at 0 °C. Purification led to the desired conjugate 62 in 73 %.
Apart from the absence of the TBDMS group signal set no substantial changes were observed
in the 1H NMR spectrum of compound 62 compared to protected quaterthiophene conjugate
61. As for all other conjugates, ester bond cleavage was observed to a small extend for
reactions on larger scales.
The second synthetic pathway via prior deprotection of the adenosine moiety and subsequent
“click chemistry” by reaction of quaterthiophene 58 with deprotected nucleoside 44 yielded
final conjugate 62 in 81 % after the purification procedure. Again, the overall yield of 57 %
for the second route (1. deprotection of nucleoside, 2. azide formation and 3. “click” reaction
of 46 and 58) is slightly higher than for the original approach (1. azide formation, 2. “click”
reaction of 44 and 58, 3. deprotection of 61) with 49 % yield, respectively.

3.5 Synthesis

of

Alkoxy-Substituted

Mono-Thymidine-

and

2’-Deoxyadenosine-

Functionalized Conjugates
3.5.1

Synthesis of Monoethynylated Alkoxy-Functionalized Quaterthiophene 53

In addition to hexyl-functionalized oligothiophenes 48 and 58 described in chapter 3.4.1 and
3.3.1, respectively, alkoxy bearing quaterthiophene 69 were synthesized in order to enhance
the solubility of the conjugates in water or aqueous solvent systems.
Initial attempts to synthesize alkoxy-functionalized quaterthiophene 69 (Scheme 3.12) by
several cross coupling methods of an alkoxy-bearing monothiophene with dihalogenated
bithiophene 68 failed. Either Suzuki couplings, Stille or Kumada reactions did not lead to
formation of the desired product. This is most likely caused by complexation of the catalyzing
metal by -alkoxy side chains.
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Scheme 3.12 Failed cross coupling of 67 and 68 in order to synthesize alkoxy-bearing quaterthiophene 69.

Hence, the quaterthiophene backbone was synthesized first followed by introduction of the
alkoxy chains. This particular route allowed the avoidance of the previously described
problems. The synthetic procedure (Scheme 3.13) starts with borylation of acetal protected 3thiophene carbaldehyde 70. Therefore, thiophene 70 was dissolved in dry THF and 1.2
equivalents of n-butyl lithium were added. After 30 minutes 1.3 equivalents of 2-isopropyl4,4,5,5-tetra-methyl-[1,3,2]-dioxaborolane were added to the reaction mixture which was
stirred for further 30 minutes. Aqueous work-up and evaporation of the solvents provided
boronic ester 71 in 88 % yield.
Then, boronic ester 71 was transferred via Pd-catalyzed Suzuki coupling with 5,5’-dibromo
bithiophene 68 in the presence of 3 mol-% Pd(dba)3CHCl3 and 10 mol-% H[PtBu3]BF4 as
catalytic system. After 14 hours at reflux, work-up and purification by column
chromatography (dichloromethane/n-hexane 4:1), quaterthiophene 72 was obtained in 93 %
yield.
Bisacetal 72 was deprotected within 16 hours nearly quantitatively by p-toluene sulfonic acid
in THF. Due to the low solubility of the dialdehyde in this solvent, precipitated aldehyde 73
was obtained by filtration in high purity. Subsequent reduction of the aldehyde moieties in 73
to corresponding hydroxyl groups was achieved by use of lithium aluminiumhydride.
Therefore, dialdehyde 73 was used as a suspension in dry THF and within 10 minutes the
mixture turned into a clear yellow/greenish solution. Aqueous work-up and purification by
column chromatography afforded alcohol-substituted quaterthiophene 74 in 96 % yield.
After deprotonation of bisalcohol 74 by sodium hydride, a subsequent etherification with five
equivalents of tosylated diethyleneglycol monomethylether was performed. The reaction was
monitored by thin layer chromatography and full conversion was achieved after four days.
Alkoxy-functionalized quaterthiophene 75 was obtained in 79 % yield after chromatographic
purification as a red/orange oil.
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Scheme 3.13 Synthesis of monoethynyl quaterthiophene 77.

As described previously (chapter 3.4.1), Vilsmeier Haack formylation was applied for the
generation of aldehyde 76 by reacting quaterthiophene 75 with phosphoroxychloride and
DMF in refluxing dichloroethane. In order to avoid predominant formation of the
corresponding dialdehyde, the reaction was quenched after 30 minutes and the by-product
separated by column chromatography. Aldehyde 76 was obtained in 49 % yield as a red oil.
Synthesis of final alkoxy-substituted quaterthiophene 77 was performed by the elaborated
Bestmann procedure87-89 (chapter 3.4.1, page 44) with ten equivalents of dimethyl-
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diazooxopropyl-phosphonate 57 in dry methanol and THF as described above. After the
conversion was complete, ethynyl-quaterthipene 77 was purified by column chromatography
(73 % yield) and used immediately in a subsequent “click” reaction due to the limited stability
of acetylenes at exposure to air and light.
In conclusion, alkoxy-bearing quaterthiophene 77 was synthesized in seven steps and an
overall yield of 21 %. The feasibility of the synthetic procuedure suffered from the low
solubility of quaterthiophene-dialdehyde 73 and the rather low stability of the alkoxy-bearing
quaterthiophenes 75-77. Due to electron rich character of the oligothiophene backbone the
products tend to polymerize during exposure to air and light.

3.5.2

“Click”

Reaction

of

Monoethynylated

Oligothiophene

77

and

Azido-

Functionalized Thymidine 39 as well as 2’-Deoxyadenosine 44
The synthesis of alkoxy-bearing nucleoside-oligothiophene conjugates was performed by
“click” reaction of monoethynylated quaterthiophene 77 and azido-functionalized thymidine
40 as well as 2’-deoxyadenosine 46 (Scheme 3.14). In contrary to the hexyl-substituted
hybrids 51 (T2-4TSi), 53 (A2-4TSi), 59 (T-4TSi) and 61 (A-4TSi), only 5’-deprotected
nucleosides were used in order to ease the synthesis and the subsequent purification.
Furthermore, no elementary copper was added to catalyst tetrakis(acetonitrile)copper(I)
hexafluorophosphate since previous results showed that the addition seems to have no
influence on the reaction yield.
Equimolar amounts of quaterthiophene 77 and thymidine 40 were dissolved in a 4:1 mixture
of dichloromethane and methanol and the mixture was stirred over night. Work-up and
subsequent purification by silica gel column chromatography with a 10:1 mixture of ethyl
acetate and n-hexane as eluent, SEC (dichloromethane) and recycling GPC (THF) afforded
thymidine-functionalized quaterthiophene 78 (T-4TO) in 74 % yield. Conjugate 78 was
characterized by means of 1H and

13

C NMR spectroscopy. The corresponding 1H NMR

spectrum revealed typical signals for the thymidine and oligothiophene moiety in combination
with an additional singlet at δ = 7.81 ppm which was addressed to the generated 1,2,3-triazole
group. Purity of 78 was proven by elemental analysis.
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Scheme 3.14 Synthesis of alkoxy-functionalized conjugates 78 (T-4TO) and 79 (A-4TO).

In analogy, 2’-deoxyadenosine 46 was reacted with quaterthiophene 77 in the presence of 0.2
equivalents tetrakis(acetonitrile)copper(I) hexafluorophosphate. Conjugate 79 (A-4TO) was
obtained after work-up and the purification procedure mentioned above in 83 % yield. Similar
to

thymidine

derivative

78,

proton

NMR

spectra

of

complementary

2’-

deoxyadenosine/quaterthiophene hybride 79 showed an additional singlet of the 1,2,3-triazole
moiety which evidently proved the conversion of azido-2’-deoxyadenosine 46 and
monoethynyl quaterthiophene 77 by “click” reaction. Analysis of 79 by MALDI mass
spectrometry in 2,5-dihydroxybenzoic acid as matrix further confirmed product formation by
detection of the molecular ion at m/z = 994.2 (calc.: 994.3) along with smaller fragments of
the molecule.
Both conjugates 78 and 79 revealed a high solubility compared to the hexyl-substituted
hybrids of chapter 3.4 and 3.3 in organic solvents, such as dichloromethane, THF, acetone,
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acetonitrile or alcohols. However, neither 78 nor 79 could be introduced into water without
the aid of tetrahydrofurane.

3.6 Synthesis of Methylester-Functionalized Quaterthiophenes 83 and 84
In order to investigate the influence of base recognition between the complementary
conjugates on optoelectronic and self-assembling properties, reference compounds 83 (Me4T) and 84 (Me2-4T) were synthesized. Instead of the complementary bio motifs, the
molecules bear a methyl ester which was also introduced by application of “click chemistry”.
Azido-bearing bromovaleric acid derivative 82 was synthesized by esterification of 5’bromovaleric acid 80 in pure methanol in the presence of catalytic amounts sulfuric acid
(Scheme 3.15) and yielded methylester 81 in 89 % yield. After aqueous work-up and
evaporation of the solvent, 81 was used without further purification in the subsequent halide
exchange. Therefore, 5’-Bromovaleric acid derivative 81 and five equivalents of sodium azide
were stirred over night at 80 °C in DMF as solvent. After the reaction had finished, azido
methylester 82 was obtained by aqueous work-up (82 %) and was directly used in the
following cycloaddition. Analytical data of 82 was consistent with literature.90

Scheme 3.15 Synthesis of azido methylester 82 starting from 5’-bromovaleric acid 80.

Starting from azido methylester 82 monofunctionalized reference 83 (Me-4T) was prepared
under the established standard conditions using 0.2 equivalents tetrakis(acetonitrile)copper(I)
hexafluorophosphate and elementary copper in a 4:1 mixture of dichloromethane and
methanol (Scheme 3.16). Reaction was controlled by thin layer chromatography and after the
reaction had finished, product 83 was isolated. Purification by column chromatography with a
10:1 mixture of ethyl acetate and n-hexane as eluent, SEC (dichloromethane) and recycling
GPC (THF) yielded methylester reference 83 in 79 % as a red/brown solid. 83 was
characterized by means of 1H and 13C NMR spectroscopy and the corresponding proton NMR
spectrum showed typical singlets of the 1,2,3-triaole moiety at δ = 7.66 ppm and of the
methylester group at δ = 3.68 ppm indicating the formation of desired reference 83. This was
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further confirmed by MALDI mass spectrometry due to the detection of the molecular ion at
m/z = 680.2 (calc.: m/z = 680.3).
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Scheme 3.16 Synthesis of methyl ester references 83 (Me-4T) and 84 (Me2-4T).

Synthesis of the bifunctionalized analogon 84 (Me2-4T) was performed under the same
conditions applying 0.2 equivalents of the Cu(I) species and two equivalents of azido ester 82.
The mixture was stirred in dichloromethane/methanol over night and aqueous work-up and
purification provided reference 84 in 90 % yield. As for monofunctionalized methylester 83
typical singlets of the generated 1,2,3-triaole moiety (δ = 7.66 ppm) and the methylester group
(δ = 3.68 ppm) were observed in 1H NMR spectra and evidence for successful “clicking” of
azido ester 82 and diethynylated quaterthiophene 50. Elemental analysis and MALDI mass
spectrometry further supported the characterization of 84. The molecular ion was detected in
MALDI-MS measurements at m/z = 861.5 which corresponds well with the calculated value
of m/z = 861.2
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3.7 Synthesis of Methyl-Protected Thymidine-Functionalized Quaterthiophene 89
In order to confirm the base pairing between the complementary conjugates (chapter 6.2.1.3)
by a negative proof, methyl-protected thymidine-quaterthiophene 89 (MeT)2-4T was
synthesized.
Introduction of a methyl group at N3 position of the thymidine moiety hampers the formation
of hydrogen bondings which allows for detection of molecular recognition by comparison of
experimental results (circular dichroism spectroscopy, chapter 6.2.1.3) of 89 with nonmethylated thymidine conjugate 52 (T2-4T).
Synthesis of azido-bearing thymidine 88 (Scheme 3.17) was performed starting from
methylation of thymidine and TBDMS-protection of the 5’-hydroxyl group which were
carried out according to literature.91,92 The methylated thymidine 85 was converted with 5bromovaleric acid under Steglich conditions applying DCC and DMAP to give 86 in 92 %
yield. Removal of the silylether was achieved within one hour by addition of acetylchloride in
dry methanol81. The reaction was controlled by thin layer chromatography and after work-up
and purification by column chromatography, thymidine 87 was obtained in 83 % yield as a
white solid.

Scheme 3.17 Synthesis of azido-bearing thymidine 88

Finally, the terminal bromine atom was replaced subsequently with five equivalents of sodium
azide in DMF. The mixture was stirred at 80 °C over night and after aqueous work-up and
purification by silica gel column chromatography azido-thymidine 88 was obtained in 95 %.
Unfortunately, no reaction control by thin layer chromatography was possible due to just
marginal changes in polarity of bromine-substituted 87 and azido-bearing thymidine 88.
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Furthermore, the changes of  = 0.09 ppm of the adjacent methylene moiety of 87 and 88 in
1

H NMR spectra were too small to ensure the bromine/azide exchange. Thus, successful

conversion was proven by means of mass spectrometry and IR spectroscopy. IR spectra
clearly revealed the appearance of a strong azide stretching mode at 2098 cm-1.
In summary, azido-functionalized and methyl-protected thymidine 88 was synthesized in 73
% overall yield which is remarkably higher compared to the non-methylated species 39 with
54 % (Scheme 3.3). The methyl protection results in a lower polarity and thus, in a less
demanding isolation and purification of the nucleosides 85-88.
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Scheme 3.18 Synthesis of reference compound 89 (MeT)2-4T.

Finally, conjugate 89 (MeT)2-4T was obtained by reaction of equimolar amounts of azidefunctionalized thymidine 88 and diethynylated quaterthiophene 50 in the presence of 0.2
equivalents tetrakis(acetonitrile)copper(I) hexafluorophosphate (Scheme 3.18). The reaction
was carried out in a 4:1 mixture of dichloromethane and methanol and after stirring over night
full conversion was achieved. After isolation, purification by column chromatography with
ethyl acetate as eluent, SEC (dichloromethane) and recycling GPC (THF) afforded
thymidine/quaterthiophene conjugate 89 in 81 % yield as a yellow solid. Elemental analysis
of the obtained hybride 89 corresponded well with the calculated values and furthermore, 1H

57

58

Synthesis of Nucleoside/Oligothiophene Conjugates
NMR spectroscopy proved the formation of the “click” product 89 by detection of a singlet of
the 1,2,3-triaole proton at δ = 7.70 ppm and a singlet of the N-methyl protecting group at δ =
3.34 ppm. In addition, the molecular ion of 89 was detected at m/z = 1309.2 (calc.: m/z =
1309.6) in MALDI mass spectrometry (2,5-dihydroxybenzoic acid as matrix).
In general, the synthesis and purification of the methyl-protected thymidine conjugate 89 is
less demanding compared to the non-methylated species 52 which could be caused by the
lower tendency to aggregate by hydrogen bondings between the nucleobases.

3.8 Conclusion
The present chapter focused on synthesis of complementary nucleoside-oligothiophene
conjugates. 2’-Deoxyadenosine and thymidine (A) were connected via a flexible alkyl spacer
to different quaterthiophenes (B) in order to yield A-B and A-B-A like systems.
The linkage of these rather different moieties was realized by application of azide/alkyne
cycloaddition in the presence of catalytic amounts of a copper(I) species. Therefore, a
synthetic procedure was elaborated in order to obtain azido-bearing thymidines 38 and 40 as
well as 2’-desoxyadenines 44 and 46.
Furthermore, hexyl-substituted quaterthiophenes were transferred successfully into the
corresponding mono- and diethynylated species which were used in the subsequent “click”
reaction. In addition, the alkyl side chains were replaced by alkoxy units to enhance the
solubility of the final conjugates in polar organic solvents or water.
A standard protocol was developed for the connection of the azido and ethynyl building
blocks

by

cycloaddition,

comprising

0.2

equivalents

tetrakis(acetonitrile)copper(I)

hexafluorophosphate as catalyst in a 4:1 mixture of dichloromethane and methanol. Two
synthetic strategies were applied. Either the conjugates were synthesized prior to desilylation
of the 5’-position of the nucleosides or initial deprotection, followed by “click” reaction of the
azido nucleosides and ethynyl quaterthiophenes was performed. The second pathway is
characterized by a higher feasibility of the deprotection step but the first one yielded in a
additional set of complementary molecules with rather different properties which were also
investigated in terms of self-assembly in solution and on surfaces.
In summary, five sets of complementary nucleoside-oligothiophene conjugates were
successfully synthesized in good yields.

58

Optical and Electrochemical Properties of the Conjugates

4. OPTICAL AND ELECTROCHEMICAL PROPERTIES
OF THE CONJUGATES
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4.1 Alkyl-Substituted

Bis-Thymidine-

and

Bis-2’-Deoxyadenosine-Functionalized

Conjugates
4.1.1

UV/vis

and

Fluorescence

Spectroscopy

of

Bis-Thymidine-

and

Bis-2’-

Deoxyadenosine-Functionalized Conjugates
The optoelectronic properties of TBDMS-protected and deprotected conjugates 51 (T2-4TSi)
and 53 (A2-4TSi) as well as 52 (T2-4T) and 54 (A2-4T) were recorded in dichloromethane as
all compounds are molecularly dissolved.
Figure 4.1 displays the absorption and emission spectra of reference 84 (Me2-4T), 51 (T24TSi) and 53 (A2-4TSi). A strong π-π* transition was observed for Me2-4T at abs2 = 405 nm
(Table 4.1) with an extinction coefficient of abs2 = 37700 l mol-1 cm-1 and the value of abs2 is
red-shifted by 28 nm compared to non-functionalized quaterthiophene 47.93 This is caused by
the introduction of the adjacent triazole moiety which led to a longer conjugated system. The
absorption at higher energies at abs1 = 257 nm with a shoulder at around 280 nm is ascribed
to the superposition of the perpendicular n-π* transition of the quaterthiophene moiety and the
absorption of the triazole94 below 250 nm.
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Figure 4.1 UV/vis (c = 5 x 10-5 M, normalized) and fluorescence spectra (c = 2 x 10-6 M, normalized) of
conjugates 51, 53 and reference 84 in dichloromethane.

Typical fine structures were observed in the fluorescence spectrum of reference 84 due to the
rigidity of the quaterthiophene in the S1 excited state because the quinoid electronic structure
results in a planarization of the molecules.95 As for the absorption, the wavelength of the
emission is red-shifted compared to non-functionalized quaterthiophene 47 due to the
elongation of the π-conjugated system.
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Table 4.1 UV/vis absorption and fluorescence data of TBDMS-protected and deprotected conjugates in
comparison to methylester reference 84 in dichloromethane.

Absorption
Compound
84 (Me2-4T)
51 (T2-4TSi)
53 (A2-4TSi)
52 (T2-4T)
54 (A2-4T)

λabs1 (εabs1)
[nm] ([l mol-1 cm-1])
257 (16200)
265 (21200)
259 (41800)
263 (32300
260 (43200)

λabs2 (εabs2)
[nm] ([l mol-1 cm-1])
405 (37700)
404 (36400)
405 (35500)
404 (34900)
405 (37300)

Emission
λem
[nm]
490, 522
490, 522
492, 524
488, 521
488, 521

The absorption spectra of bifunctionalized conjugates 51 and 53 exhibited no significant
changes for abs2 but slightly reduced values for the extinction coefficients of abs2 = 36400 l
mol-1 cm-1 and 35500 l mol-1 cm-1, respectively.
At shorter wavelengths below 350 nm the spectra of 51 and 53 comprise the n-π* transition of
the quaterthiophene, the 1,2,3-triazole and further absorption of the thymidine96 and 2’deoxyadenosine97 moieties which led to an enhanced extinction coefficient and to appearance
of small shoulders.
Fluorescence spectra of the conjugates 51 and 53 were almost identical to those of reference
84.
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Figure 4.2 UV/vis (c = 5 x 10-5 M, normalized) and fluorescence spectra (c = 2 x 10-6 M, normalized) of
conjugates 52, 54 and 84 in dichloromethane.

Moreover, desilylation of the nucleosides at 5’-position seemed to have a minor effect on the
absorption properties of 52 as well as 54 and no significant changes were observed (Figure

61

Optical and Electrochemical Properties of the Conjugates
4.2, Table 4.1). Fluorescence spectra revealed small deviations of the fine structure compared
to reference 84 due to small conformational changes upon excitation of the quaterthiophenes.

In summary, these results clearly indicated that the influence of nucleoside-functionalization
on the π-system of the quaterthiophene moiety can be neglected for all bifunctionalized
compounds 51, 52, 53 and 54 in the molecularly dissolved state.

4.1.2

Cyclic

Voltammetry

of

Bis-Thymidine-

and

Bis-2’-Deoxyadenosine-

Functionalized Conjugates
The redox behavior of bifunctionalized conjugates 51 (T2-4TSi), 53 (A2-4TSi) and 52 (T24T), 54 (A2-4T) as well as reference 84 (Me2-4T) was determined by cyclic voltammetry in
dichloromethane and tetrabutylammonium hexafluorophosphate as electrolyte.
Figure 4.3 displays the cyclic voltammogram of methylester reference 84 which revealed two
typical reversible oxidation waves at

= 0.37 V and

= 0.60 V, respectively.

Cyclic voltammograms of TBDMS-protected conjugates 51 and 53 exhibited also high
reversibility of both oxidation waves, with no significant changes for

and

. This

indicates that introduction of the nucleosides led to only marginal changes in the
electrochemical properties of the π-systems.
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Figure 4.3 Cyclic voltammograms of 51 and 53 (left) as well as 52 and 54 (right) in dichloromethane (c = 10-3
M), TBAHFP (c = 0.1 M), v = 100 mV s-1.

Furthermore, cyclic voltammograms of the desilylated species 52 and 54 are given in Figure
4.3. The asymmetric shape compared to reference 84 is presumably caused by the lower
solubility of the deprotected hybrids and therefore, led to a quasi-reversible appearance.
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Higher voltages resulted in decomposition of the conjugates due to the oxidation of the
nucleoside moieties. This result is further supported by the stability of reference 84 up to 1.8
V.

Table 4.2 Electrochemical properties of bifunctionalized nucleoside-conjugates in comparison to methyl ester
reference 84 in dichloromethane/TBAHFP (0.1 M), c = 10-3 M, vs. Fc/Fc+.

Compound
84
51
53
52
54

(Me2-4T)
(T2-4TSi)
(A2-4TSi)
(T2-4T)
(A2-4T)

[V]
0.37a
0.35a
0.33a
0.32b
0.31a

[V]
0.60a
0.59a
0.55a
0.63b
0.58b

[a] reversible, [b] quasi-reversible

In conclusion, the oxidation potentials

and

of the central quaterthiophene core of all

conjugates are only slightly smaller compared to reference 84. These result demonstrated, that
the introduction of nucleosides seemed to have no significant influence on the electrochemical
properties of the oligothiophene moiety in the molecularly dissolved state of 51, 52, 53 and
54.

4.2 Alkyl-Substituted Mono-Thymidine- and Mono-2’-Deoxyadenosine-Functionalized
Conjugates
4.2.1

UV/vis and Fluorescence Spectroscopy of Mono-Thymidine- and Mono-2’Deoxyadenosine-Functionalized Conjugates

In order to study the optoelectronic properties of mono-2’-deoxyadenosine and thymidinefunctionalized quaterthiophenes UV/vis and fluorescence spectra were recorded in
dichloromethane.
Figure 4.4 displays absorption and emission spectra of TBDMS-protected compounds 59 (T4TSi) and 61 (A-4TSi), as well as methylester reference 83. Absorption spectra of 83
exhibited a strong π-π* transition at 394 nm (abs2 = 31100 l mol-1 cm-1, Table 4.3) which is
red-shifted by 17 nm compared to non-functionalized quaterthiophene93 47 due to an
additional double bond at the triazole moiety. The second absorption band of methylester 83
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at 257 nm is caused by the perpendicular n-π* excitation independent of the length of the
oligomer and superimposed by the absorption of the triazole94 with max around 210 nm.
Furthermore, fluorescence spectra of 83 (Figure 4.4, Table 4.3) revealed the typical
vibrational structure observed for oligothiophenes. The appearance of the fine structure is
caused by the rigidity of quaterthiophenes in the S1 state, whose quinoid electronic structure
leads to planarization of the molecules upon excitation.95 Compared to non-functionalized
quaterthiophene 47, fluorescence maxima are red-shifted from 455 and 480 nm to 473 and
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499 nm, respectively, due to the additional double bond at the triazole moiety.

absorbance [a.u.]

64

0,0

0,0
300

400

500

600

700

wavelength [nm]

Figure 4.4 UV/vis (c = 5 x 10-5 M, normalized) and fluorescence spectra (c = 2 x 10-6 M, normalized) of
conjugates 59, 61 and 83 in dichloromethane.

Absorption spectra of conjugates 59 and 61 exhibited no differences for abs2 = 394 nm of the
π-π* transition, whereas the extinction coefficients of abs2 = 27400 l mol-1 cm-1 and 28600 l
mol-1 cm-1, respectively, were slightly reduced compared to methyl ester reference 83. This
result revealed that the influence of the nucleosides on the quaterthiophene backbone is
negligible for the molecularly dissolved species of 59 and 61.
Additionally, the spectra of conjugates 59 and 61 comprise below 300 nm a superposition of
the specific absorption of the nucleosides to the perpendicular excitation of the
quaterthiophene and the absorption of the 1,2,3-triazole ring. According to literature,
absorption of 2’-deoxyadenosine96 and thymidine97 were determined to be around 260 nm and
270 nm, respectively.
The fluorescence behavior was almost identical for all three compounds which proved once
more the insignificant influence of the nucleoside functionalization on optoelectronic
properties of the quaterthiophene moiety in the molecularly dissolved state.
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Table 4.3 UV/vis absorption and fluorescence data of monofunctionalized nucleoside-conjugates in comparison
to methylester reference 83 in dichloromethane.

Absorption
Compound

λabs1 (εabs1)
[nm] ([l mol-1 cm-1])
257 (18700)
83 (Me-4T)
264 (25200)
59 (T-4TSi)
258 (27200)
61 (A-4TSi)
261 (24000)
60 (T-4T)
259 (28500)
62 (A-4T)

Emission
λabs2 (εabs2)
λem1
-1
-1
[nm] ([l mol cm ])
[nm]
394 (31100)
473, 499
394 (27400)
473, 502
394 (28600)
473, 502
394 (32700)
473, 500
394 (32900)
473, 500

Similarly, the deprotected conjugates 60 and 62 revealed almost the same absorption
characteristics compared to reference 83 and to TBDMS-protected compounds 59 and 61.
Maxima of the π-π* transition appear at 394 nm, but the extinction coefficients are slightly
increased with respect to deprotected conjugates (Table 4.3).
The fluorescence spectra of hybrids 60 and 62 displayed a slightly different fine structure
compared to reference 83. This might be caused by small conformational changes of the
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Figure 4.5 UV/vis (c = 5 x 10-5 M, normalized) and fluorescence spectra (c = 2 x 10-6 M, normalized) of
conjugates 60, 62 and 83 in dichloromethane.

All results demonstrated that the influence of the nucleobases on the π-system of the
conjugates can be neglected for the molecularly dissolved an non-aggregated species of 59,
60, 61 and 62. No significant changes were observed for absorption maxima and extinction
coefficients.
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4.2.2

Cyclic Voltammetry of Mono-Thymidine- and Mono-2‘-DeoxyadenosineFunctionalized Conjugates

The redox behavior of the monofunctionalized conjugates 59 (T-4TSi), 61 (A-4TSi) and 62
(A-4T), 60 (T-4T) as well as reference 83 was determined by cyclic voltammetry in
dichloromethane and tetrabutylammonium hexafluorophosphate as electrolyte (Figure 4.6).
Typical first and second (quasi-) reversible or irreversible oxidations (Table 4.4) were found
for methylester reference 83 at

= 0.57 V vs. Fc/Fc+, indicating the

= 0.38 V and

formation of fairly stable quaterthiophene radical cations. In the back-scan of 83 a small wave
around 0.2 V is visible, pointing to formation of dimers due to one reactive α-position at the
quaterthiophene.
Thymidine-substituted compound 59 showed an almost identical cyclic voltrammogram as
reference 83 which reflects the negligible influence of the nucleosides on the electrochemical
properties of the conjugates.
The cyclic voltammogram of 2’-deoxyadenosine-functionalized derivative 61 revealed no
significant changes of oxidation potentials

and

, but the oxidations seemed to have

a slightly more reversible character compared to reference 83. Furthermore, the small wave
around 0.2 V is not visible in the backscan.

59
61
83

1,0

60
62
83

1,0
0,8

0,8

0,6

I [a.u.]

0,6

I [a.u.]

66

0,4
0,2

0,4
0,2
0,0

0,0

-0,2

-0,2

-0,4
0,0

0,2

0,4

0,6

0,8

1,0

+

1,2

0,0

0,2

0,4

0,6

0,8

1,0

+

E [V] vs. Fc/Fc

E [V] vs. Fc/Fc

Figure 4.6 Cyclic voltammograms of 59 as well as 61 (left) and 60 and 62 (right) in dichloromethane (c = 10-3
M), TBAHFP (c = 0.1 M), v = 100 mV s-1.

The oxidation potentials

and

of the deprotected species 60 and 62 (Table 4.4) were

comparable to those of the TBDMS protected ones of 59 and 61, whereas the shape of the
cyclic voltrammograms was slightly different. Compared to 61 the deprotected derivative 62
showed a less defined shape of the curve and seemed to be less reversible. In contrary, the
cyclic voltrammogram of 60 revealed more fine structure as 59 which implied a higher
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reversibility of the deprotected species. Additionally, no small waves were observed in the
backscan of both conjugates.
Application of higher voltages led to a decomposition of all conjugates. This is most likely
caused by an oxidated species of the nucleosides since no decomposition was observed for the
methylester reference 83.
Table 4.4 Electrochemical properties of monofunctionalized nucleoside conjugates in comparison to methylester
reference 83 in dichloromethane/TBAHFP (0.1 mol/l), c = 10-3 M, vs. Fc/Fc+, determined at I0 = 0.855 x Ip.

Compound
83
59
61
60
62

(Me-4T)
(T-4TSi)
(A-4TSi)
(T-4T)
(A-4T)

[V]
0.38a
0.37a
0.39a
0.39a
0.38a

[V]
0.57a
0.56 a
0.60a
0.62a
0.63b

[a] quasi-reversible, [b] irreversible

In summary, the electrochemical properties of all conjugates 59, 60, 61 and 62 were
comparable to those of reference 84, indicating negligible effects of the nucleosidefunctionalization on the π-system in the molecularly dissolved an non-aggregated state.

4.3 Alkoxy-Substituted Mono-Thymidine- and Mono-2’-Deoxyadenosine-Functionalized Conjugates
4.3.1

UV/vis and Fluorescence Spectroscopy of Mono-Thymidine- and Mono-2’Deoxyadenosine-Functionalized Conjugates

In order to determine the optoelectronic properties of 2’-deoxyadenosine- and thymidinefunctionalized conjugates 78 (T-4TO) and 79 (A-4TO) as well as unsubsituted
quaterthiophene 75 absorption and emission spectra were recorded in dichloromethane.
The absorption spectrum of alkoxy-bearing 75 displays a π-π* transition at abs2 = 380 nm
(abs2 = 23500 l mol-1 cm-1, Table 4.5) which is comparable to hexyl-substituted quaterthiophene 47 (abs2 = 380 nm)93. The smaller absorption at 254 nm is caused by the perpendicular
n-π* excitation, independent of the length of the oligothiophene.
Investigations on the fluorescence behavior revealed the typical vibrational structure due to
the rigidity of the quaterthiophene in the S1 excited state95. No significant changes of the
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emission maxima compared to hexyl-substitued quaterthiophene 47 (em1 = 455 nm, em2 =
380 nm) were observed. These results indicated, that introduction of more electron rich
alkoxy-groups has only negligible effects on the optoelectronic properties of the
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Figure 4.7 UV/vis (c = 5 x 10-5 M, normalized) and fluorescence spectra (c = 2 x 10-6 M, normalized) of
conjugates 78, 79 and 75 in dichloromethane.

Functionalization of quaterthiophene 75 with 2’-deoxyadenosine and thymidine led to a redshift of the π-π* transition up to 15 nm due to elongation of the π-system through the
additional triazole moiety. Furthermore, the higher energy region of the absorption spectra of
78 and 79 comprise a superposition of the n-π* transition of the quaterthiophene, the triazole
absorption around 210 nm94 and the characteristic absorption of the corresponding 2’deoxyadenosine96 and thymidine97 which resulted in an enhancement of the extinction
coefficients.

Table 4.5 UV/vis absorption and fluorescence data of alkoxy-functionalized conjugates 78 and 79 in comparison
to quaterthiophene 75 in dichloromethane.

脈mpound
75 (4TO )
78 (T-4TO)
79 (A-4TO)

Absorption
λabs1 (εabs1)
λabs2 (εabs2)
-1
-1
[nm] ([l mol cm ]) [nm] ([l mol-1 cm-1])
254 (10300)
380 (23500)
262 (26400)
395 (25800)
260 (30900)
394 (37200)

Emission
λem
[nm]
456, 483
473, 502
474, 501
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As for the absorption conjugates 78 and 79 a red-shift of the fluorescence maxima was
observed of about 18 nm caused by the additional double bond of the triazole moiety. In
addition, the vibrational fine structure is slightly changed due to small conformational
changes of the quinoid electronic structure in the excited state.
Except the red-shift of absorption and emission bands, no significant changes were observed
for the quaterthiophene indicating only negligible influences of the nucleosidefunctionalization on the optoelectronic characteristics of the π-system.

4.3.2

Cyclic Voltammetry of Mono-Thymidine- and Mono-2’-DeoxyadenosineFunctionalized Conjugates

The redox behavior of alkoxy-bearing nucleosides 79 (A-4TO) and 78 (T-4TO) as well as
non-functionalized quaterthiophene 75 was determined by cyclic voltammetry in
dichloromethane and tetrabutylammonium hexafluorophosphate as electrolyte (Figure 4.8)
versus ferrocene.
The cyclic voltammograms of quaterthipophene 75 exhibited an irreversible oxidation at
= 0.46 V and a small wave in the backscan indicating the formation of dimers due to reactive
α-positions. Scanning above the first oxidation potential led to polymerization of the
quaterthiophene which is reflected in a shift of

to lower voltages (0.32 V).
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Figure 4.8 Cyclic voltammograms of 78, 79 and reference 75 in dichloromethane (c = 10-3 M), TBAHFP (c =
0.1 M), v = 100 mV s-1.
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Cyclic voltammograms of the nucleoside-functionalized conjugates 78 and 79 revealed no
significant changes for the first oxidation potential
potential was observed around

(Table 4.6). However, a second

= 0.6 V due to blocking of one α-position which prevents

from polymerization. Oxidations of thymidine derivative 78 seemed to be slightly more
reversible compared to 2’-deoxyadenosine conjugate 79.

Table 4.6 Electrochemical properties of alkoxy-functionalized nucleoside-conjugates 78 and 79 in comparison to
quaterthiophene 75 in dichloromethane/TBAHFP (0.1 M), c = 10-3 M, vs. Fc/Fc+, determined at I0 = 0.855 x Ip.

Compound
(4TO)
(T-4TO)
(A-4TO)

75
78
79

[V]
0.46b
0.44a
0.45b

[V]
0.67b
0.65b

[a] quasi-reversible, [b] irreversible

In summry, these results demonstrated once more that the functionalization of the
quaterthiophene unit with thymidine or 2’-deoxyadenosine has almost no effect on the
electrochemical behavior of the π-system of conjugates 78 and 79.

4.4 Summary
In this chapter the influence of the attached nucleosides on the optoelectronic and
electrochemical behavior of the quaterthiophene moiety was investigated in the molecularly
dissolved state.
UV/vis spectra exhibited only negligible changes of the abs2 value of the π-π* transition.
Moreover, the recorded emission spectra also proved only small conformational changes of
the excited state and the fluorescence behavior seemed not to be affected by the
functionalization.
In addition, investigation of the electrochemical properties revealed typical oxidation
potentials of the quaterthiophene moiety for all conjugates, further indicating the insignificant
effect of the nucleoside moieties.
These results showed that the optoelectronic as well as electrochemical behavior of the
molecularly dissolved and non-aggregated species is independent of the attached nucleosides.
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5.1 Introduction
The selective hybridization of single stranded oligonucleotides into a duplex DNA is a result
of a whole plethora of intermolecular forces including aromatic -stacking, van der Waals
forces, hydrophobic effects and certainly hydrogen bonding. Molecular recognition of
complementary nucleobases occurs almost exclusively by Watson/Crick binding and provides
all the information required to make and maintain a living organism. The guanosine-cytidine
(GC, Figure 5.1, c)) couple is stabilized by three hydrogen bonds whereas adenosinethymidine (AT, Figure 5.1, a)) contains only a two-point motif which leads to slightly lower
association constants10 of Ka ≈ 102 l mol-1 compared to Ka ≈ 103 - 105 l mol-1, respectively.
However, there are more examples in literature utilizing AT pairing since the better solubility
eases the synthesis and purification of the conjugated molecules.
Although the Watson/Crick mode is prevalent in nature also other hydrogen bond motifs must
be considered in the absence of the phosphate backbone. Therefore, Figure 5.1 displays the
reversed Watson/Crick and Hoogsteen base pairings along with possible trimeric and selfcomplementary species.

Figure 5.1 Various base pairing motifs, a) AT Watson/Crick, b) AT reversed Watson/Crick, c) GC
Watson/Crick, d) AT Hoogsteen, e) AT reversed Hoogsteen, f) AT2 trimer, g) AA self-association, h) TT selfassociation.10
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A main concern in designing self-assembled architectures based on hydrogen bondings is the
choice of solvent. In nature the duplex formation in water arises as a result of many
intermolecular forces but in fact single nucleobases typically do not exist as hydrogen-bonded
motifs in polar solvents.98 The solvent molecules themselves compete with the donor and
acceptor sites which lead to decreased interactions with the complementary base. Therefore,
aprotic solvents like dichloromethane or chloroform are frequently used to prepare selfassembled structures in solution and force the molecular recognition.

5.2 Determination of Association Constants of Nucleoside/Oligothiophene Conjugates
by 1H NMR Spectroscopy
The quantitative analysis of complex formation is given in the corresponding association
constant Ka which is a measure for strength and selectivity of the binding.99 1H NMR
spectroscopy is among the most powerful technique to determine Ka values due to substantial
changes of shielding upon formation of host-guest complexes leading to a downfield-shift of
the involved protons. Two cases of binding have to be distinguished for the evaluation of the
data: firstly, the equilibrium is very slow compared to the NMR time scale and leads to two
distinct signals for the molecularly dissolved and the complexated species or secondly, the
exchange rate is very high and results in only one signal. Since a slow exchange is not
encountered for the nucleoside/oligothiophene conjugates only the second case will be
addressed in this chapter.
In order to prove if the observed downfield shift is due to base pairing a selective Nuclear
Overhauser Exchange Spectroscopy (NOESY) experiment was performed at 312 K in
chloroform. This solvent avoids stacking of the -systems and allows to investigate
exclusively the molecular recognition. Figure 5.2 shows 1H NMR spectra with the imino
signal of the thymidine moiety at  = 10.5 ppm and the exocyclic amino groups at  = 6.2
ppm which should be involved in the formation of hydrogen bondings. Upon irradiation of the
imino signal a weak NOE effect was observed for the amino resonance which evidently
proves interaction of both protons through space. Therefore, the downfield shift of the protons
can be clearly ascribed to the molecular recognition of the nucleobases.
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Figure 5.2 1H NMR spectra of a 1:1 mixture of TBDMS-protected 51::53 (bottom) and selective NOESY (top),
c = 0.1 M in CDCl3, 312 K.

Before any determination of Ka can be performed it is essential to assign the stoichiometry of
the A/T complex. Therefore, the method of continuous variations (Job plot)100 was applied
which involves preparing a series of solutions with the same overall concentration containing
both, the host and the guest in varying proportions. The chemical shift obs of the observed
proton is sensitive to complex formation and the measured change  multiplied by the mole
fraction is plotted against the mole fraction of the guest. The maximum of  corresponds to
the complex stoichiometry. Two possible protons can be chosen for the evaluation of the data,
either the imino proton of the thymidine moiety or the exocyclic amino protons of the
adenosine. Due to higher changes  up to 3.5 ppm upon complexation the imino proton was
monitored for the Job Plot and the subsequent titration in order to minimize the error of the
whole system. Figure 5.3 shows the Job Plot of monofunctionalized conjugates with and
without TBDMS-protecting groups at the 5’-position of the sugar moiety 59::61 and 60::62,
respectively. It clearly reveals a complex stoichiometry of 1:1 for all conjugate complexes
which is in accordance with other systems known in literature.101
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Figure 5.3 Job Plot of 2’-deoxyadenosine- and thymidine-functionalized quaterthiophene, c = 0.01 M in CDCl3,
shift of the thymidine imino proton. 59::61 (top left), 60::62 (top right), 51::53 (bottom left), 78::79 (bottom
right).

Also bifunctionalized and TBDMS-protected complex 51::53 and alkoxy-functionalized
78::79 clearly revealed a 1:1 stoichiometry (Figure 5.3, bottom). Unfortunately, deprotected
species 52::54 exhibited a rather poor solubility in CDCl3 and thus, no stoichiometry could be
determined. Additional experiments in tetrahydrofuran-d8 were performed but no formation of
hydrogen bonds could be observed based on the absence of changes of the chemical shift obs.
With the complex stoichiometry in hand the association constants can be determined by
titration of the thymidine-functionalized quaterthiophenes with their complementary
adenosine conjugates (Figure 5.4). Upon stepwise addition the imino proton of the thymidine
moiety shifted downfield while all other signals remained almost constant. Only slight
differences of about 0.03 ppm for the protons at C2 and C8 of the adenine moiety were
detected which indicated both, Watson/Crick and Hoogsteen base pairing modes (Figure 5.1).
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H NMR titrations of thymidine-functionalized quaterthiophenes (c = 0.01 M) with the

complementary adenosine conjugate (c = 0.1 M) in CDCl3, shift of the thymidine imino proton. 59::61 (Top
left), 60::62 (top right), 51::53 (bottom left), 78::79 (bottom right).

Evaluation of the data was achieved by application of a non-linear fitting function for 1:1
complexes which can be derived from association equilibria by considering the observed
chemical shift  as a weighted average of the free and complexed state. The equation for the
non-linear fit is given in Eq. 1 and contains two unknown values, the association constant Ka
and the chemical shift of the imino proton at full complexation AT, respectively.



·

²

·

Eq.1
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with:  = observed chemical shift of the imino proton of the thymidine moiety

A = chemical shift of the free amino proton of the adenosine moiety
AT = chemical shift of the imino proton of the thymidine moiety at full complexation
[T]0 = initial concentration of the thymidine conjugate
[A]0 = initial concentration of the adenosien conjugate
Ka = association constant

According to Weber criteria the minimum error in the measurement of Ka occurs at values
between 20 and 80 % complexation when the equilibrium concentration of the complex is
approximately the same as the free concentration of the most dilute component.102,103
Furthermore, an estimated relative error of about ± 20 % must be considered for the
determined values shown in Table 5.1.104,105

Table 5.1 Association constants Ka, determined by 1H NMR spectroscopy in CDCl3 by means of a non-linear
fitting function Eq.1, estimated relative error about 20 %.104,106

Complex Ka [l mol-1]

AT [ppm]

59::61

32

14.3

60::62

60

13.8

51::53

83

13.9

78::79

52

13.4

The chemical shift of the imino proton at full complexation AT as well as the Ka values are in
the expected range compared to other association constants of thymidine and adenosine
derivatives known to literature.105,107 Within the alkyl-functionalized derivatives the
association constant increases with increasing hydrophilicity of the conjugates. This might be
due to a lower solubility which brings the polar nucleosides into closer proximity in
chloroform. The additional deprotected hydroxyl group in 5’-position of the 60::62
Additionally, the exocyclic amino protons of the adenosine moiety were monitored upon
titration and the results are depicted exemplarily for 51::53 in Figure 5.5. In the beginning of
the titration all of the added adenosine moieties should be complexed due to their relatively
small ratio with respect to 51 and stepwise addition of 53 leads to an increasing amount of the
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free species. This is also reflected in the observed high-field shift of the amino proton until a
minimum is reached. Then, upon further increasing of the 53 concentration the selfassociation of the adenosine moieties leads to a down-field shift of the protons.
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Figure 5.5 1H NMR Titration of thymidine-functionalized quaterthiophene 51 (c = 0.01 M) with complementary
adenosine conjugate 53 (c = 0.1 M) in CDCl3, shift of the exocyclic amino protons.

In summary, the association of the complementary nucleobases was proven by means of 1H
NMR spectroscopy. The calculated Ka values are in accordance with literature and therefore,
base pairing in chloroform as a solvent can be taken as given. 105,107

5.3 Investigation of Nucleoside/Oligothiophene Conjugates by Electrospray-Ionization
Mass Spectrometry
Electrospray-Ionization Mass Spectrometry (ESI-MS) has gained rapidly growing importance
in supramolecular chemistry since it allows the transfer of solutes into the gas phase under
very mild conditions. Thus, the detection of complexes held together by intermolecular forces
becomes possible and a lot of examples were published in recent literature.50,108-110 This
method was also applied to study the molecular recognition of the adenosine- and thymidinefunctionalized quaterthiophenes. All samples were dissolved in one part tetrahydrofurane
(THF) and one part acetonitrile (ACN). Subsequently, one drop of trifluoroacetic acid was
added as protonating agent ensuring efficient ionization. Figure 5.6 displays the ESI-MS
spectrum of a 1:1 mixture of monofunctionalized and TBDMS-protected conjugates 59 and
61.
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Figure 5.6 ESI-MS sppectrum of moonofunctionaliized, TBDMS
S-protected 599 and 61, greeen: 59::59 hom
mo dimer,
6
homo dimer
d
and bluee: 59::61 hetero dimer. See also Table 5.2.
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5
to com
mplementarry 59::61 (T
Table 5.2). This result evidently proves the fo
ormation
of the dimers
d
via hydrogen
h
boonding. If thhe complexees were excclusively helld together by other
intermoolecular forcces such as - stackinng or van der
d Waals or
o electrostaatic forces all three
intensitiies should be
b approxim
mately the saame.

Table 5..2 Dimer maasses of monoofunctionalizeed TBDMS-p
protected quaaterthiopheness 59 and 61 and their
corresponnding associattion constants. a) Referencee 10 b) determ
mined by 1H NMR
N
spectrosccopy.

assocciation
consstantb)

m/z

relatiive
intensities
[%
%]

59::599

2009

46
6

< 20a)

59::611

2018

100
0

6
60

61::611

2027

31
1

< 5a)

dimerr

dimer mass

[l mol
m -1]
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Unfortunately, for all other sets of complementary thymidine- and 2’-deoxyadenosinesubstituted quaterthiophenes no adduct signals were observed since a lot of parameters
influence their transfer into the gas phase and the applied acceleration voltages of the cone,
capillary and extractor have to been carefully adjusted.

5.4 Investigation of Nucleoside/Oligothiophene Conjugates by IR Spectroscopy
The formation of adenine/thymidine base pairs (Figure 5.1) involves a significant elongation
of both, the N-H and C=O bond lengths and is reflected in a red-shift of the involved
vibrational N-H···O and N-H···N stretching and a blue-shift of the bending frequencies.111,112
These differences can be monitored by means of Infrared (IR) spectroscopy and addressed to
the higher electronegativity of oxygen and nitrogen compared to hydrogen.
Among the many absorption bands of the adenine/thymidine pair special focus will be
emphasized on the carbonyl stretching C=O mode of the thymidine and the amino scissors
mode N-H of the adenosine moiety, because all other involved frequencies of the investigated
conjugates are superimposed. Because the self-assembly of a 1:1 mixture of 2’deoxyadenosine and thymidine-substituted quaterthiophenes 52 and 54 was investigated in npropanol/water (1:3) mixtures it has to be proven if hydrogen bonds are formed within this
polar protic solvent. However, 1H NMR spectroscopy could not be used in order monitor a
downfield-shift of the involved protons. This is due to the low solubility of the conjugates at
higher concentrations wich are needed for determination of association constants by 1H NMR
spectroscopy. In propanol/water the aggregates precipitate after several minutes and the
filtered aggregates were investigated by means of Fourier Transform IR spectroscopy as a
KBr pellet.
Comparison of the IR spectra of the conjugates with methyl ester reference 84 revealed that
the C=O stretching mode of the thymidine moiety can be assigned to about 1690 cm-1 whereas
the amino scissors mode N-H of the adenosine is located around 1650 cm-1 (Table 5.3).
Analysis of the aggregated conjugates of 52 and 54 as well as corresponding 1:1 species
52::54 proved that all frequencies were at almost the same values (1 - 4 cm-1) except the C=O
and N-H modes of the nucleobases which were shifted by about 6 - 8 cm-1. Notably, a redshift was observed for the C=O stretching mode which is in disagreement with the claimed
blue-shift111,112, mentioned above. However, due to the partial overlap of a multitude of
vibronic bands no clear conclusion for the direction of the shifts can be deduced for the
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spectra of 52::54, but based on the fact that all other frequencies are in accordance with the
spectra of 52 and 54, the formation of the base pairs can be taken as given.
The recognition of the complementary nucleobases becomes even more apparent when
comparing the aggregated species of the 1:1 mixture with a calculated spectrum received by
superposition of the individual spectra of the aggregated conjugates 52 and 54 (Figure 5.7 and
Figure 5.8, Table 5.3).

Table 5.3 N-H and C=O frequencies of conjugates 52 and 54 as well as their 1:1 and 1:2 mixture, a) received by
superposition of the individual spectra of the aggregated conjugates 52 and 54

52

54

C=O
(thymidine)

1689

-

1695

1687

1688

N-H
(adenosine)

-

1658
1641

1662-1651
(broad)

1659 1646

1658 1648

Vibronic
mode

52::54
aggregated calculateda) calculateda)
aggregated aggregated
1:1
1:1
1:2

Additionally, the spectrum of the 1:1 mixture of 52::54 was compared to a calculated 1:2 ratio
of 52 and 54. The higher weighting of 52 gives consideration to the fact that thymidine
compounds typically show a higher tendency for self-recognition as their corresponding
adenosine derivatives. No significant changes compared to the 1:1 mixture were found. All
bands are at almost exactly the same position as in the calculated spectra, only the frequencies
of the C=O stretching and N-H scissors mode are shifted by 8 - 12 cm-1. This further indicates
the molecular recognition of hybrids 52 and 54.

In summary, molecular recognition of the complementary conjugates 52 and 54 can be
concluded from the performed IR spectroscopic measurements. Most remarkable is the fact,
that base pairing occurs even in polar n-propanol/water (1:3) mixtures at very low
concentrations of 52 and 54 (c = 5 x 10-5 M).
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Figure 5.7 IR spectra of a 1:1 mixture (black) and calculated spectra of 1:1 (blue) and 1:2 (orange) mixtures of
52 and 54, precipitated from propanol/water 1:3.
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Figure 5.8 Detailed section of C=O stretching and N-H scissors modes in IR spectra of a 1:1 mixture (black) and
calculated spectra of 1:1 (blue) and 1:2 (orange) mixtures of 52 and 54, precipitated from propanol/water 1:3.
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5.5 Summary
This chapter focused on molecular recognition of complementary 2’-deoxyadenosine- and
thymidine-functionalized quaterthiophene conjugates.
Therefore, 1H NMR spectroscopy was applied to determine the complex stoichiometry and
the association constants Ka by titration of thymidine derivatives with the corresponding 2’deoxyadenosine-bearing species. All values are in the range of other literature-known A/T
systems.105,107
ESI mass spectrometry further proved the complementary association via hydrogen bonding
in gas phase due to the dependence of the signal intensity from the the association constant.
In addition, base pairing was investigated by means of Infrared spectroscopy in a very polar
solvent mixture of n-propanol and water (1:3). The observed shifts of the involved C=O
stretching and N-H scissors modes clearly pointed towards the formation of complemtary
dimers.
In summary, the base pairing between the complementary nucleosides was proven by several
independent experiments in an unpolar solvent (CDCl3, 1H NMR spectroscopy), a polar
solvent (n-propanol/water 1:3, IR spectroscopy) and in gas phase (ESI MS) and therefore, can
be taken as given.
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6.1 Introduction
The controlled assembly of oligomers in solution is of great interest in order to obtain objects
of discrete size and shape. In solution, most of the factors that contribute to the formation of
these nanostructures such as π- stacking, electrostatic interactions or hydrogen bonding have
been shown to be extremely solvent dependent since the solvent molecules compete with the
solute interactions. In “bad” solvents like alcohols or water the solvation of the -conjugated
system is considerably poor and leads to an aggregation of the oligomers. A large variety of
architectures has been obtained and some examples were already presented in chapter 2.
In order to understand the arrangement of the chromophores within these assemblies a
manifoldness of methods has been applied. Among the most important techniques is certainly
UV/vis spectroscopy because the electron overlap of the excited states can be described by
exciton theory.113-116 When two or more chromophores are brought into proximity they may
interact with each other when one chromophore is excited. This may result in a Davydov
splitting of the excited states which leads to spectral shifts or splittings of the absorption
bands for the aggregated species.

Figure 6.1 Exciton band energy diagrams for a molecular dimer with a) parallel, b) oblique and c) in-line
arrangement of the transition dipoles.

The stacked or H-type orientation of the transition dipoles leads to the exciton energy level
diagram shown in Figure 6.1, a) and the double arrows represent the polarization axis of the
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molecular electronic transition. The out-of-phase dipole arrangement corresponds to a
lowering of the energy E1 whereas in-phase dipole interaction gives repulsion and the energy
level is placed at higher energies E2. The transition moment is given by the vector sum of the
individual transition dipoles in the component molecule. Thus, transitions from the ground
state to exciton state E1 are forbidden while transitions to state E2 are allowed. This is
accompanied by a blue-shift of the corresponding absorption maximum with respect to the
monomeric species.
The in-line or J-type arrangement of the transition dipoles is also displayed in Figure 6.1 c)
and was independently discovered by Jelly and Scheibe in 1936.117-119 The diagram shows
that the in-phase alignment leads to an electrostatic attraction which is reflected in the
lowering of the energy in the excited state E1. Correspondingly, the out-of-phase arrangement
causes repulsion and results in energy level E2. Since the transition moment for E2 is zero a
red-shift of the absorption maximum is observed for J-type aggregation.
A third possibility for the alignment of the transition dipole moments is the oblique
arrangement which represents a combination of H- and J-type assemblies (Figure 6.1, b)). In
this case the in-phase arrangement of transition dipoles for the monomer is attractive and
leads to a lowering of the energy E1 and the out-of-phase arrangement is repulsive and causes
a rising of the excited state energy E2 for the dimer. The transition moments from the ground
state to the exciton states are in both cases not vanishing and result in a broadening of the
involved absorption bands.
Thus, exciton coupling leads to a shifted, broadened and sometimes split band in the UV/vis
spectra when two chromophores are held in close proximity. For a composite system or
molecule in which the chromophores are held in a chiral orientation exciton coupling can be
detected more easily and more clearly by circular dichroism (CD) spectroscopy.116 It
describes the difference between the absorption of left and right-handed circularly polarized
light and is sensitive to the absolute configuration as well as to conformational features which
are often completely obscured in ordinary absorption spectra.113,120 The CD spectra of these
chiral assemblies reveal two oppositely signed Cotton effects which correspond to the UV/vis
absorption of the chromophore and the sign can be addressed with the relative orientation of
the electric transition dipole moments. Harada and Nakanishi121 established in the exciton
chirality rule that a negative torsion angle between the transition dipoles results in a negative
long wavelength component of the associated exciton couplet and proves the left-handed
helical arrangement of the chromophores. Vice versa a positive torsion angle accompanies a
positive long-wavelength Cotton effect and mirrors a right-handed helicity.
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The exciton theory provides the fundamental basis for all investigations on optical properties
of aggregated species and has been widely applied for the interpretation of various aggregated
species. But also a quantitative understanding of the thermodynamics of these -stacks is
fundamental and pivotal for the control of the self-assembling process and hence, for the
optimization of the electronic and photonic properties of supramolecular systems.122 Two key
mechanisms can be distinguished corresponding to step and chain polymerization. The
isodesmic model explains the aggregate formation by a stepwise growing of the monomers
with the same equilibrium constant for each binding event independent from the size of the
object. In a cooperative process elongation of the aggregates occurs in a nucleation growth
fashion which means that the association constant increases with each complexation step.
Both mechanisms are intensively discussed in literature45,122,123 and help to explain the
formation of superstructures in solution.

6.2 Alkyl-Substituted Nucleoside/Oligothiophene Conjugates
The self-assembling behavior of thymidine- and adenosine conjugates should be directed by a
manifoldness of intermolecular forces such as - stacking, van der Waals interactions or
hydrogen bonding. In order to address these forces to the different parts of the molecules,
Figure 6.2 displays exemplarily structures of the monofunctionalized conjugates 60 and 62.  Interactions in polar solvents are predominantly formed by the hydrophobic quaterthiophene
but also the stacking behavior of the aromatic nucleosides and the triazole moiety should not
be neglected. Furthermore, hydrogen bonding is not only possible through complementary or
self-complementary recognition. The free hydroxyl groups at the 5’-position of the sugar
could additionally act as a donor whereas acceptor sites at the nitrogen of the triazole and the
oxygen at the ester moiety are available.

Figure 6.2 Monofunctionalized conjugates 60 and 62.

The hexyl side chain and the flexible alkyl spacer give rise for van der Waals attractions and
the whole molecule itself acts as an amphiphile. Since all these different interactions should
contribute to the self-assembling behavior the choice of solvent is essential for the
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supramolecular organization. The interaction of the solvent molecules competes with the
intramolecular forces and is therefore one of the main aspects. In the ongoing chapters the
influence of the solvent as well as several other parameters on the formation of
superstructures from nucleoside-functionalized quaterthiophenes will be discussed.

6.2.1

Optical Properties of Bifunctionalized Nucleoside /Oligothiophene Conjugates

6.2.1.1 UV/vis and CD Spectroscopy of Bis-Thymidine-Functionalized Quaterthiophene
52
The self-assembling properties of 52 (T2-4T) were investigated by means of UV/vis,
fluorescence and CD spectroscopy in several alcoholic solvents. No indications for the
formation of superstructures in alcoholic solutions were obtained at concentrations ranging
from 10-6 to 10-4 M because the shape of the absorption bands is symmetric and the spectra
almost match those of the molecularly dissolved species in dichloromethane. Upon addition of
water to the alcoholic solutions the maximum of the -* transition shifts to higher energies
and two broad shoulders in the longer wavelength region appear between 450 and 480 nm
(Figure 6.3, Table 6.1). Due to stacking of the oligothiophene moieties in a H-type fashion,
the absorption maximum is blue-shifted, as mentioned above. A J-type alignment of the
quaterthiophenes would additionally result in a lowering of the excited state E1 (Figure 6.1,
right) and therefore, broad shoulders in the longer wavelength regime were observed.
These observations clearly point to the formation of aggregates and is further supported by
fluorescence spectroscopy which reveals a small quenching (19 %) of the emission at λem =
484 nm in propanol/water. However, quenching of the fluorescence in aqueous solutions is
often observed and must not necessarily be due to aggregation. The shape of the fluorescence
spectrum in propanol/water almost matches those of the molecularly dissolved species in pure
propanol. This suggests that the remaining dissolved and non-aggregated molecules of 52 are
responsible for the observed fluorescence in n-propanol/water 1:3, which is also reflected in
the lower solubility of the aggregated species.
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Figure 6.3 Normalized UV/vis spectra of 52 in propanol (black curve) and propanol/water 1:3 (orange curve),
cUV = 5 x 10-5 M, cFl = 2 x 10-6 M.

Similar to the results mentioned above, the -* absorption band of the oligothiophene
moiety of 52 in methanol/water is slightly blue-shifted compared to pure methanol and
exhibited two shoulders in the longer wavelength region above 420 nm (Figure 6.4, left, Table
6.1). Notably, the fluorescence of thymidine conjugate 52 in the methanol/water mixture is
quenched dramatically (91 %) and revealed a strong red-shift of about 60 nm. In contrast to a
solution of 52 in propanol/water 1:3, the solubility in methanol/water was remarkably higher
and therefore, strong quenching was observed due to the higher stability of the formed
superstructures in solution.
The

same

findings

were

obtained

for

ethanol

and

ethanol/water

solutions

of

thymidine/oligothiophene 52. The -* absorption maximum of the oligothiophene moiety
revealed a small blue-shift by 9 nm and also fluorescence spectra showed a strong quenching
(91 %) together with a red-shift of about 60 nm (Figure 6.4, right).
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Figure 6.4 Normalized UV/vis spectra of 52 in methanol (black) and methanol/water 1:3 (orange) (left) and
ethanol (black) and ethanol/water 1:3 (orange) (right), cUV = 5 x 10-5 M, cFl = 2 x 10-6 M.

Table 6.1 Absorption and emission data of 52 in various solvent systems.

Fluorescence

Absorption

Sovlent
DCM

MeOH

EtOH

PrOH

MeOH/
water

EtOH/
water

PrOH/water

λabs1(εabs1) [nm]/
[l mol-1 cm-1]

263
(32300)

263
(37400)

263
(35500)

264
(27900)

266

268

268

λabs2(εabs2) [nm]/
[l mol-1 cm-1]

404
(34900)

399
(41400)

400
(39200)

400
(33600)

391

391

389

λem [nm]

488, 521

483, 510

483, 512

484, 515

544

544

484, 515

91

91

19

quenching [%]

The self-assembling behavior of 52 was further studied by means of CD spectroscopy and no
Cotton effect emerged in pure alcoholic solvents at the corresponding UV/vis -* absorption
range of the quaterthiophene core. This result is in agreement with the UV/vis measurements,
which revealed a molecularly dissolved and non-aggregated state of 52 in pure alcohols. In
the n-propanol/water solvent system, thymidine conjugate 52 showed a transfer of chirality
from the nucleoside substituents to the quaterthiophene moiety (Figure 6.5).
The spectrum displays a prominent bisignate CD signal consisting of a positive band below
the zero crossing at 385 nm and a negative band at longer wavelengths. These findings
correspond to a negative Cotton effect and a left-handed helical arrangement of the
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chromophores. The observed fine structure at lower energies (> 400 nm) in both, CD and
absorption spectra, indicates that also J-type aggregates have to be considered.
The zero-crossing of the bisignate Cotton effect of conjugate 52 (Figure 6.5) is slightly blueshifted (4 nm) with respect to the maximum of the -* absorption band at abs2 = 389 nm
indicating an exciton coupled H-type stacking of the -systems in the aggregates.
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Figure 6.5 CD (top) and UV/vis (bottom) spectra of 52 in n-propanol/water 1:3, c = 5 x 10-5 M.

A mathematical deconvolution of UV/vis and CD spectra, was performed in order to assign
the individual bands to the generated aggregates of thymidine/quaterthiophene hybrid 52
(Figure 6.6) which fits very well with the experimental spectra (UV: R2 = 0.99, CD: R2 =
0.99).
It displays a distinct positive ( = 374 nm) and negative ( = 396 nm) CD signal which can be
assigned to the bisignate Cotton effect. This is also reflected in the deconvolution of the
UV/vis spectrum because a strong absorption band appears at  = 388 nm whose maximum
corresponds almost exactly to the zero-crossing of the experimental CD spectrum.
Furthermore, the deconvolution revealed two smaller bands at  = 325 and 360 nm which
might be addressed to the n-* transition of the quaterthiophene or long-range coupled H-type
aggregates of the quaterthiophenes with a right-handed helicity.
The UV/vis absorptions in the longer wavelength region at around 413 nm, 445 nm and 475
nm are caused by J-type aggregates of the chromophores and their energies match almost
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those of the shoulders in the corresponding CD spectrum. Due to the negative sign of the
deconvoluted Cotton bands a left-handed helical arrangement of the quaterthiophenes in the Jtype supramolecular packing of 52 can be concluded.
Furthermore, the CD spectrum revealed an almost complete absence of chirality below 300
nm. As mentioned in chapter 4.1.1, the absorption bands of the 1,2,3-triazole and thymidine
moiety as well as the n-* transition of the quaterthiophene core were expected in this region
and therefore, supramolecular chirality of this molecule parts can be excluded. This means
that the chirality of the nucleosides must be transferred to the central quaterthiophene moiety,
but no supramolecular chirality is present for the thymidine itself in the aggregated species.
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Figure 6.6 Deconvolution of CD (top) and UV/vis (bottom) spectra of 52 in n-propanol/water 1:3, c = 5 x 10-5
M. Black: experimental curve, orange: sum of the deconvoluted absorption spectra, blue: deconvoluted
absorption spectra.

Possible molecular arrangements of conjugate 52 in x-, y- and z-direction are depicted in
Figure 6.7. In x-direction the molecules could be associated via self-complementary hydrogen
bonding in a J-type fashion. Furthermore, the angle between the thiophene planes could be
slighty twisted from one molecule to another in a left-handed helical arrangement and thus,
also the transition dipole moments are oriented in a left-handed manner. However, the base
pairs between the π-systems would result in long-range coupling of the excited species and
thus, in monosignate CD bands.
Furthermore, Figure 6.7 proposes a model for the molecular arrangement in z-direction via
van der Waals attractions of the hexyl side chains. The excited states of the π-systems would
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be separated by about 12 Å which is in agreement with the experimental findings of CD
spectroscopic measurements revealing long-range coupled J-type aggregates.
Two possible arrangements would be arguable for the formation of H-type aggregates in ydirection. Firstly, the arrangement of the molecules in x-direction is also transferred into ydirection (Figure 6.7, y(1)) or secondly, the molecules could stack on each other in order to
form left-handed helices (Figure 6.7, y(2)). The spread or fan-shaped arrangemet y(2) would
interfere with the growth in x- and mainly in z-direcction. Furthermore, this structure would
be less stable with respect to y(1) due to the lower density of molecules in the supramolecular
packing of the molecules.
Stacked front-to-front arrangement along y(1) with a small offset of the molecules would
explain the H-type orientation of the π-systems in combination with the left-handed
arrangement resulting in the observed bisignate Cotton effect with a negative sign.

Figure 6.7 Schematic representation of possible molecular arrangements of conjugate 52 with π-systems (grey)
thymidine (blue) and alkyl chains (black).
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The four possible orientations of Figure 6.7 suggest the growth of the aggregates in x-, y(1)or y(2)- and z-direction via self-recognition of the thymidine moieties through hydrogen
bonding, - stacking of the oligothiophene cores and van der Waals attractions between the
hexyl side chains and are in accordance with the obtained CD signals.
The observed aggregates were furthermore studied depending on the concentration of
thymidine/quaterthiophene conjugate 52 in n-propanol/water (Figure 6.8, top left). With
decreasing concentration, the maximum of the -* transition shifts from 390 to 399 nm. At
10-6 M all molecules seem to be completely molecularly dissolved which is reflected in the
symmetric shape of the absorption band and the strong red-shift to 399 nm (Figure 6.8, top
right). Furthermore, the spectrum of 52 at this low concentration corresponds quite well with
the molecularly dissolved species in dichloromethane. The blue-shift of the -* absorption
upon increasing the concentrations reflects the more favoured aggregation of the H-type
compared to the J-type aggregates.
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Figure 6.8 Concentration-dependent UV/vis spectra of 52 (top, left), normalized absorptions for c = 10-6 M and
c = 5 x 10-5 M (top right), concentration-dependent CD spectra (bottom, left), intensity of the CD signal at 371
nm (black line) and 404 nm (orange line) depending on the concentration (bottom right), n-propanol/water 1:3.
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In addition, the concentration dependence was also studied by CD spectroscopy. The maxima
of the molar ellipticity  linearly decreased with the concentration until no CD effect was
detected at 10-6 M. This finding corresponds quite well with the results of UV/vis
spectroscopy (Figure 6.8, bottom left) which revealed no formation of an aggregated species
at 10-6 M.
Stability of the aggregates at 10-5 M was investigated upon increasing the temperature (Figure
6.9, top right). The superstructures seemed to be almost stable up to 30 °C but further increase
led to a sigmoidal disassembly of the supramolecular structures and to a complete destruction
of all aggregated species at temperatures above 55 °C. Unfortunately, the aggregation process
seemed not to be reversible due to the absence of any CD signal upon re-cooling.
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Figure 6.9 Temperature-dependent CD spectra of 52 at c = 5 x 10-5 M (top left), CD intensity at 367 nm (black
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Due to the tendency of aggregated species 52 to precipitate after some minutes, the
measurements were also perfomred at a lower concentration of 10-5 M (Figure 6.9, bottom).
Notably, at this concentration a partial reorganization of the aggregates was observed with a
slightly different shape of the spectrum.
In order to analyse the shape of the CD bands after re-cooling and to assign the partial
reorganization to the individual absorptions of the various aggregated species of 52, a
deconvolution of the curve was performed (Figure 6.10) which fits well with the experimental
CD spectrum (R2 = 0.98). It displays two strong CD bands at about 370 nm and 383 nm which
can be clearly addressed to a bisignate Cotton effect of exciton coupled H-type aggregates.
Additionally, two smaller Cotton bands were determined in the longer wavelength region at
404 nm and 434 nm which correspond to long-range coupled J-type aggregates. The negative
sign of these bands suggests a left-handed helical arrangement within these aggregates.
Compared to the deconvolution of the CD spectrum before heating (Figure 6.6), the CD bands
of the bisignate Cotton effect (H-aggregates) seemed to have a higher tendency for
reformation as the ones of the monosignate CD effects above 400 nm (J-aggregates). This
observation might suggest that formation of H-type aggreages is thermodynamically more
favoured
However, a more pronounced fine structure below 300 nm was observed. This proved that
supramolecular chirality must be induced, either in the 1,2,3-triazole or thymidine moiety, or
the n-* transition of the quaterthiophene core.

Figure 6.10 Deconvolution of CD spectrum of 52 in n-propanol/water 1:3, c = 1 x 10-5 M after re-cooling from
55°C. Black: experimental curve, orange: sum of the deconvoluted absorption spectra, blue: deconvoluted
absorption spectra.
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In summary, thymidine/quaterthiophene conjugate 52 showed a high tendency to selfassemble in alcohol/water 1:3 mixtures, especially in n-propanol/water 1:3. The shape of
UV/vis and CD spectra indicated formation of exciton coupled H-type as well as long-range
coupling J-type assemblies of the oligothiophene moieties.

6.2.1.2 UV/vis and CD Spectroscopy of Bis-2’-Deoxyadenosine-Functionalized Quaterthiophene 54
The self-assembling properties of the bifunctionalized adenosine conjugate 54 were studied in
various alcohols and alcohol/water mixtures. Similar to UV/vis spectra of thymidine
compound 52 in n-propanol, the -* absorption bands of the quaterthiophene moiety of 54
revealed a symmetric shape. Furthermore, the related λabs2 value is comparable to those in
dichloromethane indicating that conjugate 54 is molecularly dissolved (Figure 6.11, Table
6.2). The corresponding n-propanol/water 1:3 mixture exhibited a small blue-shift of the
absorption maximum by 5 nm together with the appearance of a broad shoulder in the longer
wavelength region. The fluorescence maximum corresponded to the values of the thymidine
conjugate 52, and 54 also showed a quenching of the intensity upon formation of the
aggregated species in propanol/water. Both fluorescence spectra, in pure propanol and the
aqueous mixture, revealed almost the same shape. Therefore, it can be assumed that only the
fluorescence of the remaining dissolved and non-aggregated molecules is observed due to the
lower solubility of the aggregated species. This assumption is further supported by the fact
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Figure 6.11 Normalized UV/vis and fluorescence spectrum of 54 in propanol (black) and n-propanol/water 1:3
(orange), cUV = 5 x 10-5 M, cFl = 2 x 10-6 M.
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In pure methanol, UV/vis and fluorescence spectra correspond well with the ones in propanol
or dichloromethane which indicates once more that the conjugates 54 are molecularly
dissolved (Figure 6.12, Table 6.2). However, changing the solvent to methanol/water led to a
stronger blue-shift of the π-π* transition by 10 nm in hand with the appearance of shoulders
above 450 nm. Additionally, the fluorescence is almost completely quenched (85 %) and redshifted by almost 60 nm. These findings clearly prove the formation of an aggregated species
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Figure 6.12 Normalized UV/vis and fluorescence spectrum of 54 in methanol (black) and methanol/water 1:3
(orange), cUV = 5 x 10-5 M, cFl = 2 x 10-6 M.

Table 6.2 Absorption and emission data of 54 in various solvent systems.

Fluorescence

Absorption

Sovlent
DCM

MeOH

PrOH

MeOH/
water

PrOH/water

λabs1(εabs1) [nm]/
[l mol-1 cm-1]

260
(43200)

261
(33200)

260
(28500)

261

261

λabs2(εabs2) [nm]/
[l mol-1 cm-1]

405
(37200)

400
(25000)

400
(23800)

390

396

λem [nm]

488, 521

484, 511

485, 515

543

485, 515

85

9

quenching [%]
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Remarkably, the change from alcoholic solvents to alcohol/water systems seemed to have a
negligible effect on the shorter wavelength absorption at λabs1 ≈ 260 nm whereas a significant
blue-shifts were observed for the -* transition of the quaterthiophene moiety. This reflects
the bad solubility of the π-backbone in polar solvents which forces π-π stacking while the
hydrophilic nucleosides should be better solvated in polar solvents.
An induction of chirality into the supramolecular stacks of quaterthiophene 54 was found by
CD spectroscopic measurements (Figure 6.13). Compared to thymidine-functionalized
quaterthiophene 52, the CD spectrum of 54 comprises almost the same intensity (~ 120
mdeg). Additionally, it revealed a more pronounced positive CD band and no clear bisignate
Cotton effect was observed for the adenosine conjugate 54 in propanol/water 1:3.
The observed assemblies revealed an opposite and right-handed helicity compared to
complementary 52, despite the identical stereochemistry of the nucleosides (Figure 6.13).
This might be a consequence of changes in the stacking of the chromophores caused by
differing sterical demands of the adenosine and thymidine moiety or differences in the
solvation shell of the nucleosides.124 In addition, semi-empirical calculations for a left-handed
fiber growth on HOPG surfaces, presented in chapter 7.3.1, further revealed that the
orientation of the free hydroxyl group in 5’-position of the sugar moiety towards the
nucleoside seems to have a significant influence on the helicity of the fibers. However in
solution, interaction of the solvent molecules with the hydroxyl group must be considered.
Based on the fact that the same helicities on surfaces and in solution were observed, the
orientation might also influence the resulting helicity of the suprastructures.
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Figure 6.13 CD (top) and UV/vis (bottom) spectra of 54 in n-propanol/water 1:3, c = 5 x 10-5 M.
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In order to assign the shape of the CD spectrum to the molecular packing of aggregated
species 54, a deconvolution of the UV/vis and CD spectra was performed. Due to the loss of
fine structure of the whole UV/vis and CD spectra compared to thymidine conjugate 52, the
mathematical deconvolution of 54 could not assigned as exactly as for 52. Nevertheless, the
deconvolution fits well (UV: R2 = 0.99, CD: R2 = 0.95) with the experimental curve in the
longer wavelength region and enables a more detailed interpretation of corresponding UV/vis
and CD bands.
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Figure 6.14 Deconvolution of CD (top) and UV/vis (bottom) spectra of 54 in n-propanol/water 1:3, c = 5 x
10-5 M. Black: experimental curve, orange: sum of the deconvoluted absorption spectra, blue: deconvoluted
absorption spectra.

Differences in shape and width at half maximum of the first two deconvoluted bands of the
CD spectra at  = 364 nm and 387 nm, respectively, almost exclude a bisignate effect and
therefore, the distances between the -systems seemed to be higher compared to the 52
analogue.
The absorption bands above 400 nm in the UV/vis spectrum further revealed formation of Jaggregates. Related with these transitions, monosignate and positive CD effects were
determined in the deconvolution of the CD spectrum suggesting long-range coupling of the
quaterthiophenes in a right-handed arrangement.
These results are comparable to those of the thymidine derivative 52 but with complementary
helicities of the transition dipole moments. However, 54 revealed the appearance of CD bands
below 300 nm. This indicates that supramolecular chirality must be considered either for the
1,2,3-triazole or 2’-desoxyadenosine moiety or the n-* transition of the quaterthiophene unit.
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However, this might explain the higher distances between the adjacent oligothiophenes
reslting in long-range and non-exciton coupling systems. The higher supramolecular order of
the molecules might interfere with the - stacking of the oligothiophenes leading to higher
distances.
In summary, the CD spectrum seemed to be a superposition of several monosignate CD
effects caused by long-range coupling of the excited chromophores.

Figure 6.15 depicts possible molecular arrangements of conjugate 54 in x-, y- and z-direction
corresponding to the observed CD spectra. In x-direction the molecules could be arrangend
along the long axis of 54 with the self-complementary recognition of the 2’-deoxyadenosines
via hydrogen bonding and slightly twisted planes of the oligothiophenes in a right-handed
fashion. Long-range coupling of the excited states results in a monosignate CD effect whose
maximum is red-shifted (J-type aggregates) compared to the molecularly dissolved species of
54.
Aggregation along z-direction could be driven by van der Waals attractions along the hexyl
side chains with slightly out-of-phase arranged π-systems. This causes a partial J-type
orientation of the quaterthiophenes.
In y-direction two possibilities for the molecular arrangement of the π-systems would be
arguable. For example, the molecular arrangement along x-direction could be transferred into
y-direction (Figure 6.15, y(1)) leading to a front-to-front arrangement with a small offset of
the molecules. Furthermore, the oligothiophenes could be stacked with a right-handed helicity
on top of each other which would result in a columnar structure (Figure 6.15, y(2)). As for
thymidine conjugate 52, variant y(2) would disturb growth along x- and mainly z-direction
due to the twisting of the quaterthiophene planes and therefore, y(1) seems to be more
favoured. Option y(2) would further reduce the density of the molecules in the supramolecular
assemblies which is accompanied with a lower stability of the resulting aggregates.

Self-Assembly in Solution

Figure 6.15 Schematic representation of possible molecular arrangements of conjugate 54 with π-systems (grey),
2’-deoxyadenosine (orange) and alkyl chains (black).

Different from 52, adenosine-functionalized conjugate 54 also exhibited the induction of
chirality in other alcohol/water systems. Despite the sign of the Cotton effect was also
positive, the shape and the intensity differed. Figure 6.16 displays CD spectra in the three
solvent mixtures methanol/water, ethanol/water and n-propanol/water 1:3, respectively. The
comparison revealed a blue-shift of the zero-transition and the maximum of the π-π*
transition λabs2 with increasing hydrophobicity (methanol → ethanol → n-propanol).
Furthermore, the CD spectrum in methanol/water exhibited a rather distinct fine structure in
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the longer wavelength region which was also observed for thymidine-substituted compound
52.
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Figure 6.16 CD spectra of 54 in methanol/water 1:3 (blue), ethanol/water 1:3 (orange) and n-propanol/water 1:3
(black), c = 5 x 10-5 M.

Further investigation of the self-assembling properties in n-propanol/water mixutres at
different concentrations revealed that the maximum of the π-π* absorption band is almost
constant, but upon increasing the concentration a shoulder in the longer wavelength region
around 450 nm appears. This indicated the formation of the above mentioned J-type
aggregates (Figure 6.17, top).
Similarly to 52, adenosine conjugate 54 exhibited an almost linear decrease of the CD
intensity of all bands upon decreasing the concentration (Figure 6.17, bottom), which proved
the stability of the formed aggregates.
Temperature-dependent measurements showed that the stability of the aggregates decreaseed
in a sigmoidal fashion with increasing temperature until all suprastructures were disassembled
at temperatures above 50 °C. According to 52, no thermo-reversibility was observed at a
concentration of 10-5 M since the aggregates precipitated after some time (Figure 6.17,
bottom).

Self-Assembly in Solution

5 x 10-5 M

-1

3 x 10-5 M
2 x 10-5 M
1 x 10-5M

0,8

0,9

0,4

0,6

0,3

0,0

0,0
300

400

500

600

300

400

wavelength [nm]

120

600

120

80

 [mdeg]

60

500

wavelength [nm]

5.0 x 10-5 M
4.0 x 10-5 M
3.0 x 10-5 M
2.0 x 10-5 M
1.0 x 10-5 M
0.5 x 10-5 M

90

 [mdeg]

-1

-5

1 x 10 M

absorbance [a.u.]

absorbance [a.u.]

1,2

-5

5 x 10 M

1,2

4 x 10-5 M

30

Y = 5,0 - 5,6X

40

0

0

Y =-18,5 + 24,2X

-30
-40

200

300

400

0

500

1

2

3

4
-5

wavelength [nm]

5

-1

concentration [10 mol l ]

Figure 6.17 Concentration-dependent UV/vis spectra of 54 (Top left), normalized absorptions for c = 1 x 10-5 M
and c = 5 x 10-5 M (top right), concentration-dependent CD spectra (bottom left), intensity of the CD effect at
355 nm (black) and 395 nm (orange) depending on the concentration (bottom right), n-propanol/water 1:3.

200

150

100

150

100

 [mdeg]

 [mdeg]

200

20°C
30°C
35°C
40°C
45°C
50°C
55°C

50

0

50

0

-50

-50

200

300

400

wavelength [nm]

500

15

20

25

30

35

40

45

50

55

60

temperature [°C]

Figure 6.18 Temperature-dependent CD spectra of 54 (left), intensity of the CD effect at 355 nm (black) and
395 nm (orange) depending on the temperature (right), n-propanol/water 1:3, c = 5 x 10-5 M.
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These results demonstrated that conjugate 54 forms very stable superstructures in npropanol/water 1:3 solutions. The deconvolution of the UV/vis and CD spectra revealed
formation of long-range coupling H-type as well as J-type aggregates of the oligothiophene
moieties and a model of their molecular packing was presented.

6.2.1.3 UV/Vis and CD Spectroscopy of Mixtures of Thymidine- and Bis-2’Deoxyadenosine-Functionalized Quaterthiophenes 52 and 54
The two complementary thymidine- 52 and 2’-deoxyadenosine-quaterthiophenes 54 showed a
very promising self-assembling behavior in n-propanol/water 1:3 and therefore, the binary 1:1
mixture of the conjugates was investigated in the same solvent system. 52 and 54 were
separately dissolved in n-propanol and after mixing the molecularly dissolved species, the
solution was injected into three parts of water. This ensures that the mixture is initially
dissolved prior to aggregation.
The UV/vis spectra of a 1:1 miture of 52 and 54 in pure methanol and n-propanol (Figure
6.19, top left and right) revealed a very symmetric shape and no changes in the -*
absorption or emission of the quaterthiophene core was observed compared to the individual
spectra of 52 and 54. At smaller wavelengths below 300 nm the UV/vis spectra of the 1:1
mixtures lay inbetween the spectra of 52 and 54 which further points towards no aggregation
of the complementary conjugates.
In n-propanol/water 1:3 (Figure 6.19, bottom left) the spectra of the conjugates 52 and 54
revealed differences in the absorption maxima as well as in the shape of the bands due to
aggregation. The spectrum of the 1:1 mixture lies between the two individual spectra of 52
and 54 suggesting that a mixture of both systems seemed to have a negligible influence on the
absorption behavior of the -* transition . Notably, an increase of the extinction coefficient
was observed for the band at 260 nm. This might be explained by the formation of base pairs
between complentary conjugates 52 and 54 which were already proven by IR (page 80) and
CD spectroscopic measurements (page 108).
The UV/vis and fluorescence spectrum of a 1:1 mixture of 52 and 54 in methanol/water 1:3
did not reveal any significant changes compared to the individual spectra (Figure 6.19, bottom
right).
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Figure 6.19 UV/vis and fluorescence spectra of 52, 54 and a 1:1 52:54 mixture in propanol (top left), methanol
(top right), n-propanol/water 1:3 (bottom left) and methanol/water 1:3 (bottom right), cUV = 5 x 10-5 M, cFl = 2 x
10-6 M.

Figure 6.20 shows the CD spectra of individual conjugates 52 (blue) and 54 (orange) as well
as their 1:1 mixture 52:54 (black) and a mathematical addition (grey) of both individual
curves of 52 and 54. Notably, the mixture exhibited a very weak left-handed Cotton effect
which cannot be explained by superposition of the individual CD spectra, as expected.
The almost complete absence of a chiral signal can be discussed by the influence of molecular
recognition leading to non-chiral aggregates or even no stacked aggregates at all. Due to the
fact that aggregation is evident from the observed UV/vis spectra and the measured ellipticity
of about 15 mdeg is still characteristic for chiral superstructures, this assumption can be
excluded. Therefore, a superposition of the CD spectra of various aggregated species 52:54 is
presumed.
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Figure 6.20 CD spectra of 52, 54 and an experimental and calculated 1:1 mixture 52:54 of both conjugates, npropanol/water 1:3, c = 5 x 10-5 M.

To prove whether the assemblies of a 1:1 mixture of 52 and 54 are formed by hydrogen
bonding or by other intermolecular forces N-methyl protected thymidine quaterthiophene 89
was synthesized (Figure 6.21). Introduction of methyl groups should hamper molecular
recognition of the nucleosides and should help to gain insight into the self-assembly of the
binary mixture of 52 and 54.
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Figure 6.21 N-methyl protected thymidine conjugate 89 (MeT)2-4T.

Figure 6.22 displays the CD spectra of a 1:1 mixture of 54 and the N-methyl protected 89 as
well as their individual spectra. Protected conjugate 89 showed almost no CD signal but
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remarkably, the mixture of conjugates 54 and 89 led to a strong increase of the CD intensity
together with the appearance of three distinct shoulders at lower energies. The prevention of
base pairing between the protected thymidine and 2’-deoxyadenosine might favour the
stacking of the oligothiophene moieties due to a more free orientation.
The observed increase of the CD intensity upon mixing of 52 and 89 is the opposite effect as
for the unprotected conjugate 52 and this finding is clearly pointing towards molecular
recognition of the nucleobases in the mixture of 52 and 54.
In addition, formation of hydrogen bondings between conjugate 52 and 54 in this solvent
system were already proven by IR spectroscopy (chapter 5.4). These findings seemed to be
remarkable because they prove base pairing as driving force in the formation of
superstructures even in polar protic solvents. Due to the expected competing interactions of
the solvent molecules with the donor and acceptor sites of the nucleoside moieties, the
formation of base pairs via hydrogen bonding cannot be taken for granted, especially in npropanol/water mixtures
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Figure 6.22 CD spectra of 54, 89 and a 1:1 mixture of both conjugates in n-propanol/water 1:3, c = 5 x 10-5 M.

Furthermore, the self-assembling behavior of various mixtures of thymidine conjugate 52 and
complementary hybrid 54 was investigated at different ratios. The successive addition of 54 to
52 led to the stepwise decrease of the CD intensity until the CD effect was almost vanished at
a 1:1 ratio (Figure 6.23).
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Figure 6.23 CD spectra of various mixtures of 52 and 54 at varying ratios, n-propanol/water 1:3, c = 5 x 10-5 M.

Vice versa the addition of the thymidine compound 52 to adenosine quaterthiophene 54
resulted in an increase of CD intensity until a maximum at 1:10 is reached. Then, further
addition led to a decrease until a minimum at a 1:1 ratio is obtained (Figure 6.24).
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Figure 6.24 CD spectra of mixtures of 52 and 54 at varying ratios, n-propanol/water 1:3, c = 5 x 10-5 M.

Figure 6.25 summarizes the influence of the different ratios of 52 and 54 on the intensity of
the CD signal. Upon increasing the amount of 2’-deoxyadenosine conjugate 54, the shape of
the CD spectra gradually assimilates to the one of the corresponding 1:1 mixture. Further
increase to a ratio of 1:10 52:54 resulted in a chiral amplification compared to pure 54. This
might be caused by the most favourable packing of thymidine and adenosine conjugates
within the supramolecular assemblies.
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Figure 6.25 Maxima of the CD intensity for varying ratios of 52 and 54, n-propanol/water 1:3, c = 5 x 10-5 M.

In summary, it has been shown that a binary mixture of the complementary conjugates led to
formation of various aggregated species through molecular recognition. With varying ratios of
the compounds a chiral amplification at a ratio of 1:10 52:54 was found.

6.2.1.4 CD Spectroscopy of Mixtures of Bis-Thymidine-Functionalized Quaterthiophene
52 and Methyl Ester Reference 84
To further study self-assembly of the bifunctionalized thymidine quaterthiophene 52, CD
spectra were recorded in the presence of methyl ester reference 54. The addition of the achiral
84 to chiral 52 might probably lead to an amplification of chirality according to the “sergeants
and soldiers” principle125 where small amounts of chiral compounds guide the self-assembly
of larger quantities of an achiral compound as a kind of nucleation seed. Figure 6.26 displays
the CD spectra of the individual conjugates 52 and 84. As expected, methyl ester reference 84
did not reveal a CD effect and any formation of chiral superstructures due to the absence of
chiral centers. The addition of a small amount of 52 (20:1 84:52, about 5 % 52, c52= 2.5 x 10-6
M) slightly increases the CD intensity compared to pure 52 at the same concentration (c52 =
2.5 x 10-6 M). Furthermore, the sign of the Cotton effect revealed an opposite helicity which
clearly demonstrates the influence of the achiral methyl ester on the stacking behavior of the
π-systems. The reduced sterical hindrance of the smaller methyl groups compared to the
thymidine moiety might result in a more efficient intercalation of the quaterthiophenes into
the molecular assemblies. Moreover, the suppressed tendency for self-recogntion of
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thymidine conjugate 52 due to the excess of methyl ester 84 might enable a more free
orientation and thus, an easier stacking of the individual molecules could be also achieved.
This finding is in agreement with results obtained from 1:1 mixtures of 52 and N-methyl
protected 89, mentioned above. In this case, the prevented base pairing also resulted in an
increase of CD intensity.
As for complementary conjugates 52 and 54, the inversion of helicity might also be explained
by steric reasons. Incorporation of the smaller methyl ester 84 might favour a right-handed
helical arrangement of the quaterthiophene moieties.
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Figure 6.26 CD spectra of 52 (blue: c = 5 x 10-5 M, grey: c = 2.5 x 10-6 M) and methyl ester 84 (purple: c = 5 x
10-5 M) as well as a 20:1 84:52 (black: c = 5 x 10-5 M) mixture, n-propanol/water 1:3.

Further measurements were performed at lower overall concentrations of 10-5 M in order to
prevent the aggregated species from precipitation. The addition of chiral 52 resulted in an
increase of the CD intensity with constant λmax values upon a 84:52 ratio of 1:2 is reached
(Figure 6.27).

Self-Assembly in Solution

40
30

1:2

84
52
84:52

1:1
2:1

20

3:1

10

10:1

 [mdeg]

5:1

20:1

0
-10
-20
-30
-40
300

400

500

wavelength [nm]

Figure 6.27 CD spectra of the mixtures of 52 and 84 at varying ratios, n-propanol/water 1:3, c = 1 x 10-5 M.

Beyond the ratio of 84:52 1:2 the CD intensity decreased and remarkably the sign of the
Cotton effect was inverted at a 1:5 ratio and the spectra assimilates the shape of pure 52.
These results proved once more the sensitivity of the self-assembling process and of the
corresponding helicity.
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Figure 6.28 CD spectra of the mixtures of 84 and 54 at varying ratios, n-propanol/water 1:3, c = 1 x 10-5 M.

Figure 6.29 depicts the minima and maxima of the bisignate Cotton effect corresponding to
the -* transition of the quaterthiophene at varying rations 84:52. It shows the increase of
the positive and negative lobe of the CD effect upon addition of 52 to achiral methylester 84
until a most favourable packing is reached at a 84:52 ratio of 1:2. This observation can be
explained by the sergants and soldiers principle because smaller amounts of chiral conjugate
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52 guide the self-assembly of comparably high amounts of achiral 84. As mentioned above,
the more free orientation of the quaterthiophene moiety due to the suppressed self-recognition
as well sterically less demanding methyl ester groups might benefit the self-assembling
properties .
Further addition led to a strong decrease of the intensities before an inversion of the Cotton
effect was observed at 84/52 1:5 and finally, the CD spectra assimilated to the ones of pure
52. Above these ratios, the self-assembling properties of pure thymidine conjugate 52
dominate the aggregation process.
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Figure 6.29 Maxima of the CD intensity of the mixtures of 84 and 52 at varying ratios, n-propanol/water 1:3, c =
5 x 10-5 M.

From these results it can be concluded that an amplification of chirality in the supramolecular
formation of 52 and 84 is present but high concentrations of the chiral soldiers are necessary.

6.2.1.5 CD Spectroscopy of Mixtures of Bis-2’-Deoxyadenosine-Functionalized Quaterthiophenes 54 and Methyl Ester Reference 84
For further studies on the “sergeants and soldiers” principle achiral methyl ester 84 was added
to bifunctionalized 2’-deoxyadenosine conjugate 54. Figure 6.30 shows the CD spectra of
pure 54 (orange) and 84 (pure) at concentrations of 10-5 M.
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Figure 6.30 CD spectra of 54 (orange: c = 1 x 10-5 M, grey: c = 1.7 x 10-7 M) and methyl ester 84 (purple: c = 1
x 10-5 M) as well as a 20:1 84:54 (black: c = 1 x 10-5 M) ratio, n-propanol/water 1:3,.

Addition of 17 % of chiral 54 (black, c = 1.7 x 10-7 M) to achiral 84 at the same overall
concentration of c = 1 x 10-5 M led to a strong increase of the CD intensity compared to the
CD spectrum of pure 54 at the same concentration (grey, c = 1.7 x 10-7 M). Moreover, the CD
spectrum of the mixture revealed very distinct shoulders at lower energies pointing towards
the formation of various aggregated species of 54 and 84.
Upon the addition of 54 to 84 the intensity increased until a ratio of 1:2 of 84:54 was reached
which exceeded the CD effect of the pure conjugate more than twice (Figure 6.31 and Figure
6.32). Like for 52, this might be caused by a more favourable packing of the -systems due to
less sterical demands of the metyl ester groups compared to 2’-deoxyadenosine. Furthermore,
the suppressed self-recognition of the 2’-deoxyadenosine moieties would enable a more free
orientation of the quaterthiophene core and might benefit the self-assembling properties.

115

Self-Assembly in Solution

84
54
84:54

1:2

30

1:1
2:1

 [mdeg]

20

3:1
5:1

10

10:1
20:1

0

-10

-20
300

400

500

wavelength [nm]

Figure 6.31 CD spectra of the mixtures 84:54 at varying ratios, n-propanol/water 1:3, c = 1 x 10-5 M.

Further increase of 2’-deoxyadenosine-functionalized quaterthiophene 54 led to a slight
decrease of the CD intensity which is in accordance with the results of 52 (chapter 6.2.1.4) but
even at a 84:54 ratio of 1:10 the CD intensity is about twice as high as for pure 54.
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Figure 6.32 CD spectra of the mixtures of 84 and 54 at varying ratios, n-propanol/water 1:3, c = 1 x 10-5 M.

These results are summarized in Figure 6.33 which depicts the dependence of the CD
intensity on the varying ratios of 54 and 84. Upon addition of chiral 2’-deoxyadenosine
quaterthiophene 54 the positive and negative part of the Cotton effect corresponding to the * transition of the oligothiophene moiety increased up to a ratio of 84:54 1:2. This suggests
that the most stable packing of the quaterthiophenes is achieved and intercalation of achiral
and smaller methylester 84 improves the stacking of the quaterthiophene moieties.
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Figure 6.33 Maxima of the CD intensity of the mixtures of 84 and 54 at varying ratios, n-propanol/water 1:3, c =
5 x 10-5 M.

The chiral amplification seemed to be more dominant than for the corresponding thymidine
conjugate 52 but the necessary amount of the chiral component is still too high in sense of the
“sergeants and soldiers” principle.

6.2.1.6 UV/Vis

and

CD

Spectroscopy

of

TBDMS-Protected

Bis-2’-Thymidine-

Functionalized Quaterthiophene 51
The self-assembling properties of tert-butyldimethylsilyl ether protected thymidine conjugate
51 (T2-4TSi) were investigated by means of UV/vis and CD spectroscopy in the same solvent
system (n-propanol/water 1:3) than the deprotected analogue 52. Compared to 52, the π-π*
absorption band of the quaterthiophene moiety reveals a slightly more symmetric shape but
the appearance of shoulders at lower energies was still present (Figure 6.34). Remarkably, a
strong red-shift of the absorption maximum of the -* transition by 21 nm was observed
which reflects the elongation of the π-system due to a more prominent formation of J-type
aggregates. From CD spectra a left-handed helical arrangement of the chromophores in 51 can
be concluded by the negative sign of the Cotton effect but the deprotected conjugate 52
revealed a more distinct fine structure. Additionally, a positive Cotton effect at about 270 nm
was detected for 51, which is in the range of the absorption of the thymidine moiety as well as
the triazole unit and the n-π* absorption of the quaterthiophene. Due to the superposition of
these absorptions an interpretation of this region was not possible.
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The aggregation of the π-systems in x-, y- and z-direction of protected conjugate 51 seems to
be rather comparable to those of 52 (Figure 6.15), which explains the appearance of a
bisignate CD effect for H-type aggregation and the observed monosignate J-type arrangement
of the chromophors.
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Figure 6.34 Normalized CD (top) and UV/vis spectra (bottom) of conjugates 51 (blue) and 52 (black), c = 5 x
10-5 M in n-propanol/water 1:3.

Due to the higher solubility of aggregates 51 compared to thymidine analogue 52, additional
interval measurements of the CD intensity of TBDMS-protected conjugate 51 could be
performed. Therefore, a first CD spectra of 51 was recorded immediately after preparation of
the sample (Figure 6.35, orange curve, t = 0 min) and after completion, repeating CD spectra
were measured with an interval time of 8 minutes (Figure 6.35, black curves). Remarkably,
the intensity of all Cotton effects drastically increased during the measurements up to
maximum values of +683 mdeg and -876 mdeg for the -* transition of the quaterthiophene
core (Figure 6.35, blue curve, t = 112 min).
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Figure 6.35 Time-dependent measurements of CD (top) and UV/vis spectra (bottom) of conjugate 51, c = 5 x
10-5 M in n-propanol/water 1:3, 8 minutes for each measurement.

In contrast, the CD effect of deprotected 51 decreases because the aggregated species tends to
precipitate after a few minutes. Despite a slight clouding of the solution was observed,
aggregates of 51 seem to be stable in solution. This stability is most likely the reason for the
increase of the Cotton effect because it results in a thermodynamically-driven self-assembling
process and not in the precipitation of the aggregates. Moreover, the absorption maximum of
51 is blue-shifted by 16 nm upon performing the measurements which is in the range of
aggregated species of deprotected 52. This suggests that initially, predominantly J-aggregates
were formed and during the measurements the amount of H-type aggregates gradually
increased. Therefore, J-aggregates seem to be kinetically favoured whereas H-aggregates
seem to be thermodynamically favoured. This finding is in agreement with the preferred
reformation of H-aggregates upron re-cooling of 52 (page 101).
These results indicate that thymidine conjugates 51 and 52 exhibit a remarkably high
tendency to self-assemble in n-propanol/water mixtures leading to exceptionally high CD
intensities for deprotected quaterthiophene 51. However, the aggregation process of TBDMSdeprotected hybrid 52 is limited by the low solubility and thus, the occurring precipitation of
the aggregated species.
In conclusion, the structure of the 51 aggregates is almost comparable to those of deprotected
hybrid 52, but the self-assembling process seemed to follow different kinetic properties due to
the better solubility of 51 in the solvent system n-propanol/water 1:3.
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6.2.2 Monofunctionalized Nucleoside/Oligothiophene Conjugates
Among the monofunctionalized nucleoside-conjugates 59 (T-4TSi), 60 (T-4T), 61 (A-4TSi)
and 62 (A-4T) only deprotected 2’-deoxyadenosine conjugate 62 self-assembled in the
investigated solvent systems. All other conjugates 59, 60 and 61 did not reveal any significant
changes of UV/vis spectra compared to the molecularly dissolved species in dichloromethane
or tetrahydrofurane. In addition, no formation of chiral superstructures was observed by CD
spectroscopic measurements of 59, 60 and 61.

6.2.2.1 UV/vis and CD Spectrocopy of Mono-2’-Deoxyadenosine-Functionalized Quaterthiophene A-4T
The self-assembling properties of mono-2’-deoxyadenosine conjugated quaterthiophene 62
were studied by UV/vis and fluorescence spectroscopy. Comparison of the spectra in npropanol and n-propanol/water 1:3 clearly revealed a broadening of the π-π* absorption band
in the aqueous system and a red-shift by 13 nm of the corresponding absorption maximum.
This indicated a predominant J-type arrangement of the chromophores. The fluorescence
spectra exhibited no change of the emission energies but the intensity is slightly quenched for
the n-propanol/water mixture which is in accordance with the results of the bifunctionalized
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Figure 6.36 Normalized UV/vis and fluorescence spectra of 62 in n-propanol (black) and n-propanol/water 1:3
(orange), cUV = 5 x 10-5 mol/l, cFl = 2 x 10-6 mol/l.

Similarly to bifunctionalized conjugate 52, CD spectra of 62 exhibited a negative, bisignate
Cotton effect corresponding to a left-handed helical arrangement of the exciton-coupled π-
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systems. The zero-transition is blue-shifted by 13 nm with regard to the absorption maximum
of the -* transition of the quaterthiophene moiety and therefore, a H-type arrangement of
the chromophors can be concluded.
No clear Cotton effect can be detected for the J-type aggregates. Due to the fact, that these
assemblies are evident from UV/vis spectroscopic measurements, no supramolecular chirality
can be clearly assigned. Therefore, an exciton coupled and left-handed H-type as well as Jtype stacking must be considered for the oligothiophenes of 60.
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Figure 6.37 CD (top) and UV/vis (bottom) spectra of 60 in n-propanol/water 1:3, c = 5 x 10-5 M.

Figure 6.38 shows possible arrangements along the x-, y- and z-direction in accordance with
the recorded CD spectra. In the x-direction the molecules could assemble along the long axis
of the conjugates (Figure 6.38, x) and the - stacking of the quaterthiophenes in z-direction
would support the molecular arrangement of the molecules. Furthermore, the planes of the
quaterthiophene moieties might be twisted from one dimer to another in a left-handed manner
resulting in the observed bisignate Cotton effect.
In y(1)-direction the molecules could interact through van der Waals attraction of the hexyl
chains. A second possibility would be formation of helical columns shown in y(2)-direction of
Figure 6.38. However, this arrangement would interfere with the growth along x- and zdirection and variant y(1) seems to be more favoured.
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Figure 6.38 Schematic representation of possible molecular arrangements of conjugate A-4T with π-systems
(grey), 2’-deoxyadenosine (orange) and alkyl chains (black).

Figure 6.39 depicts the comparison of the mono-adenosine conjugate 62 with the
bifunctionalized 54. Despite the additional double bond in the triazole moiety of 54 due to
bifunctionalization, the absorption maximum at λabs2 = 396 nm is blue-shifted with respect to
λabs2 = 402 nm of 54 indicating a stronger aggregation of the chromophores. These finding is
also reflected in the CD spectra because the observed intensity of 62 is notably lower.
Additionally, the sign of the Cotton effect is inverted which means an opposite helicity of the
aggregated species of both conjugates 54 and 62 and indicates once more that the
stereocenters of the nucleosides seemed to play a minor role in the self-assembling process,
but of course induce the chirality into the self-assembled system. This is further supported by
the finding that despite the same stereochemistry of 52 and 54 an opposite helicity was
observed.
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Figure 6.39 CD (top) and UV/vis (bottom) spectra of 62 (black) and 54 (orange) in n-propanol/water 1:3, c = 5 x
10-5 M.

The self-assembly of 62 was further studied by concentration-dependent measurements. Upon
increasing the concentration, the λabs2 value of the π-π* transition is red-shifted from 394 to
403 nm (Figure 6.40, top left) and an additional shoulder appears at lower energies (Figure
6.40, top right). As for all other investigated conjugates the CD intensity also decreases
linearly upon decreasing the concentration (Figure 6.40, bottom left and right) which indicates
a high stability of the aggregated species.
Moreover, the stability of the aggregates was studied by temperature-dependent
measurements (Figure 6.41). In accordance with the previous results, the aggregated species is
stable up to 30 °C and the stability further decreased in a sigmoidal fashion. All aggregates
are completely disassembled at temperatures above 55 °C.
In summary, the self-assembling properties of monofunctionalized 62 seemed to be less
pronounced compared to bifunctionalized analogues 52 and 54. This is reflected in the lower
intensity and the less defined structure of the -* transition in the CD spectra. This
conclusion is supported by the fact, that the ABA-like systems of 52 and 54 should
intrinsically favour longer aggregates compared to the AB-system of 62 due to generation of
supramolecular oligomers or polymers.
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Figure 6.40 Concentration-dependent UV/vis spectra of 62 (top left), normalized absorptions for c = 1 x 10-5 M
and c = 5 x 10-5 M (top right), concentration-dependent CD spectra (bottom left), intensity of the CD signal at
363 nm (black line) and 410 nm (orange line) depending on the concentration (bottom right), n-propanol/water
1:3.
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Figure 6.41 Temperature-dependent CD spectra of 62 (left), intensity of the CD signal at 363 nm (black line)
and 409 nm (orange line) depending on the temperature (right), n-propanol/water 1:3, c = 5 x 10-5 M.
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6.2.2.2 UV/vis and CD Spectroscopy of Mixtures of Mono-2’-Deoxyadenosine- and BisThymidine-Functionalized Quaterthiophenes 62 and 52
The self-assembling properties of a 1:1 mixture (with respect to the base pairs which
corresponds to a 2:1 ratio of the molecules) of mono-2’-deoxyadenosine conjugate 62 and bisthymidine-functionalized quaterthiophene 52 were studied via CD spectroscopy in npropanol/water 1:3. A 1:1 mixture of 62 and 52 might lead to formation of supramolecular
trimers via molecular recognition of the complementary nucleoside moieties, depicted in
Figure 6.42.

Figure 6.42 Formation of a possible trimer of bis-thymidine-functionalized quaterthiophene 52 (orange) and
mono-2’deoxyadenosine hybride 62 (blue).

Figure 6.43 displays the corresponding CD spectra and, similar to the previous results of a 52
and 54 mixture, the CD intensity is almost quenched. Since the two individual curves revealed
the a left-handed helicity, a superposition of the spectra would lead to an increase of the
intensity but, as expected, the conjugates seemed to form completely different aggregated
species compared to the individual solutions.
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Figure 6.43 CD spectra of 52 (blue), 62 (orange) and an experimental (black) and a calculated (grey) 1:1
mixture (with respect to the base pairs) of both conjugates, c = 5 x 10-5 M.
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Compared to the binary 1:1 mixture of 52 and 54, the intensity of the Cotton effect for a
tertiary mixture of 52 and 62 was not within the detection limits and therefore, no chirality of
the suprastructures could be concluded. As for 52 and 54 this could be caused by the
superposition of various aggregated species.
In Figure 6.44 the successive addition of the adenosine conjugate 62 to thymidine compound
52 is shown and the intensity of the CD signal decreases until a ratio of 1:1 (with respect to
the T:A base pairs) is achieved.
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Figure 6.44 CD spectra of mixtures of 52 (blue) and 62 (orange) at different ratios (with respect to the T:A ratio,
black), c = 5 x 10-5 M.

Vice versa the increasing amount of 52 to 62 led to slight increases of the CD intensity up to a
T:A ratio of 1:20 which was also observed for the mixture of bifunctionalized conjugates 52
and 54 (Figure 6.45). Further increase of the concentration led to a decrease of the CD signal
up to a 1:1 ratio.
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Figure 6.45 CD spectra of mixtures of 52 and 62 (orange) at different ratios (with respect to the T:A ratio,
black), c = 5 x 10-5 M.
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Figure 6.46 summarizes these results and shows the dependence of the CD intensity on the
different T:A ratios. Therefore, the corresponding CD maxima and minima of the bisignate
Cotton effect of the quaterthiophene -* transition were plotted against the varying 62:52
ratios. In contrast to various mixtures of 52 and 54, the successive addition of 62 seemed to
have a smaller influence on the self-assembling properties of 52 due to the almost constant
values for the CD intensities up to a ratio of 10:1 52:62. In analogy, for an increase of
concentration of 62 to 52 almost constant values were observed. Between ratios of 3:1 and 1:3
the intensity is rapidly quenched which indicates that only at more balanced ratios of 52 and
62 significant effects on the packing of the molecules occur. Due to the fact that no
supramolecular chirality was observed for a 1:1 mixture of both conjugates it can be assumed
that formation of a trimeric species disturbs the supramolecular order and thus, no signals
were obtained in the corresponding CD spectra. This might be caused by more possibilities to
combine the trimers in the supramolecular stacks with respect to the dimeric species of 62 or
the supramolecular oligo- or polymers of 52.
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Figure 6.46 Maxima and minima of the CD intensity for differing ratios of 52 and 62 (with respect to the T:A
ratio), c = 5 x 10-5 M.

In summary, a 1:1 mixture (with regard to the formed base pairs) of the complementary
conjugates 62 and 52 showed formation of superstructures which resulted in complete
quenching of the CD effect indicating the absence of supramolecular chirality
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6.2.3 Influence of the Purity on the Self-Assembling Process in Solution
Especially for the investigation of the self-assembling properties, the purity of the investigated
compound is of significant importance. Small amounts of impurities drastically influence the
formation of superstructures. Meijer et al.126 recently reported on this special issue regarding
the self-assembly of a chiral oligo(ethyleneoxide)-bearing sexi- and septithiophene. They
clearly demonstrated that even traces of impurities have a significant effect on the assembling
process and purification is a major issue in creating supramolecular arrangements.
Despite all common techniques for analyzing the purity (e.g. elemental analysis) proved a
high grade of all nucleoside/oligothiophene conjugates 51-54 and 59-62, recycling gel
permeation chromatography (GPC) revealed small amounts of impurities. Therefore, all
conjugates were purified by recycling GPC in THF and the differences in the organization
behavior are exemplariliy shown for bifunctionalized thymidine conjugate 52 (Figure 6.47) in
the ongoing chapter.
Figure 6.47 displays a GPC trace of thymidine hybrid 52. In the first cycle small amounts of
impurities emerged at lower molecular weights which could be almost separated in the second
and third cycle. After purification, conjugate 52 was again investigated by means of UV/vis
and CD spectroscopy and the obtained results compared to the initial ones.
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Figure 6.47 Recycling GPC trace for bifunctionalized conjugate 52.

Before the conjugates were purified by recycling GPC a bisignate Cotton effect was observed
in n-propanol as well as n-propanol/water. In pure n-propanol the spectra showed a distinct
positive lobe of the bisignate Cotton effect with a very clear fine structure at lower energies
pointing towards a predominant formation of J-type suprastructures with a right-handed
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helicity. In contrary, a solution of 52 in n-propanol/water 1:3 revealed a left-handed helicity
of the formed aggregates due to a negative, bisignate CD effect at 374 nm. The smaller,
monosignate and positive CD effects at lower energies (>  = 450 nm) indicated further longrange coupling J-type suprastructures of a right-handed helicity.
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Figure 6.48 CD (top) and UV/vis (bottom) spectra of 52 before purification by recycling GPC, in n-propanol
(black) and n-propanol/water 1:3 (orange), c = 5 x 10-5 M.

After purification of 52 by recycling GPC, aggregation could only be determined in npropanol/water mixtures (chapter 6.2.1.1, page 89). Zero-crossing of the CD signal is redshifted by 10 nm and the whole spectrum seemed to have more fine structure. Moreover, the
observed shoulders in both, the CD and UV/vis spectra is more distinct and makes a
formation of J-type aggregates much more clear. The CD intensity of the -* transition of
the quaterthiophene moiety furthermore increased from 62 to 128 mdeg suggesting the
formation of bigger aggregates for purified 52.
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Figure 6.49 CD (top) and UV/vis (bottom) spectra of 52 before (orange) and after (black) purification by
recycling GPC, in n-propanol/water 1:3, c = 5 x 10-5 M.
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These results clearly demonstrated that traces of impurities have a significant effect on
molecular packing which was most evident for the self-assembling behavior of 52 in pure
propanol. Before purification, the formation of chiral suprastructures was observed by CD
spectroscopic measurements whereas pure 52 did not show any tendency to aggregate in pure
alcoholic solvents at all.

6.3 Alkoxy-Substituted Nucleoside/Oligothiophene Conjugates
The self-assembling properties of purified 2’-deoxyadenosine- and thymidine-conjugated
quaterthiophenes 78 (T-4TO) and 79 (A-4TO) were investigated by means of UV/vis,
fluorescence and CD spectroscopy. Both conjugates did not reveal any significant changes of
the absorption behavior in various solvents or solvent mixtures (n-propanol, n-propanol/water,
ethanol, ethanol/water, aceton, dichloromethane, tetrahydrofurane, toluene, hexane,
cyclohexane, diethyl ether, acetonitrile, water and 0.1 M TE buffer as well as various
mixtures) and no induction of chirality was monitored by CD spectroscopy.
Moreover, the templated self-assembly of 79 with a commercially available 20-meric
thymidine oligonucleotide strand (Figure 6.50) was investigated in 0.1 M TE buffer solutions
at a concentration of c = 5 x 10-5 M. This experiment was performed in order to apply
oligonucleotide 90 as a template strand for supramolecular organization of complementary
quaterthiophene 79, as depicted in Figure 2.17.

Figure 6.50 Molecular structures of thymidine oligonucleotide 90 and 2’-deoxyadenosine-functionalized
quaterthiophene 79.

Self-Assembly in Solution
Therefore, conjugate 79 was dissolved in 0.1 ml THF and injected in equimolar amounts into
a solution of oligonucleotide 90 in water or TE buffer solutions. No formation of
suprastructures was observed by UV/vis and CD spectroscopic measurements.

6.4 Summary
The self-assembling properties of the nucleoside-functionalized quaterthiophene conjugates in
solution were investigated by means of UV/vis and CD spectroscopy.
Conjugates 51 (T2-4TSi), 52 (T2-4T), 54 (A2-4T) as well as 62 (A-4T) aggregated in a npropanol/water 1:3 mixture and characteristic blue-shifts of the absorption maximum of the ππ* transition were observed. Furthermore, CD spectroscopic measurements revealed a more
detailed insight in the particular helical arrangement of the molecules.
Table 6.3 summarizes the CD data of all self-assembling conjugates 51, 52, 54 and 62 in npropanol/water 1:3 as solvent.
CD spectra of conjugates 51, 52 and 62 revealed a left-handed helicity of the quaterthiophene
moieties in the stacked arrangement of the aggregated species (H-type). By performing
mathematical deconvolutions, the observed bisignate Cotton effect was addressed to H-type
stacking of the oligothiophene cores whereas long-range coupling J-type aggregates were
observed above 400 nm. Furthermore, the zero-crossing of the bisignate Cotton effects of 51,
52 and 62 is blue-shifted (4 - 12 nm) with respect to the corresponding absorption maxima
abs which further supports the assumed H-type stacking of the chromophores related to the
bisignate CD effect.
2’-Deoxyadenosine-functionalized conjugate 54 revealed no clear bisignate CD effect of the
quaterthiophenes which must be caused by higher distances between the -systems within the
aggregates. Furthermore, CD effects below 300 nm were observed indicating a
supramolecular and chiral organization of either the 2’-deoxyadenosine or the 1,2,3-triazole
moiety. This might lead to a higher distortion of supramolecular order in the stacking of the
quaterthiophenes resulting in longer distances.
From the fact that only conjugates 54 revealed an opposite helicity in the aggregated species
despite the same stereochemistry, it can be concluded, that the stereocenters as a matter of fact
induce the chirality of the aggregates but the sign of the helicity must have orgin in sterical or
solvent effects. This could be caused either by the sterical demand of the two different
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nucleobases or their corresponding solvation shells. Furthermore, semi-empirical calculations
(chapter 7.2) for fiber growth on HOPG surfaces proved the orientation of the free hydroxyl
group at the sugar moiety as crucial for the resulting helicity. In solution, interaction of the
solvent molecules with the hydroxyl moiety might reduce these interactions and suppress this
effect. However, the fact that the respective aggregates reveald the same helicity in CD
spectroscopic as well as AFM measurements pointed towards this theory.
An enhancement of the Cotton effect was observed for conjugates 52 and 54 upon addition of
achiral

reference

compound

84

(Me2-4T).

The

smaller

methyl-functionalized

quaterthiophenes could intercalate more efficiently into the chiral stacks which would benefit
to exciton coupling of the transition dipole moments of the π-systems.

Table 6.3 Summary of experimental CD spectra of self-assembling conjugates 51, 52, 54 and 62 in npropanol/water 1:3, c = 5 x 10-5 M, with abs2 = absorption maximum of the -* transition of the
quaterthiophene moiety, 1 = wavelength corresponding to the maximum of CD intensity at the higher energy
lobe of the bisignate Cotton effect, 2 = wavelength corresponding to the maximum of CD intensity at the lower
energy lobe of the bisignate Cotton effect, 0 = wavelength of the zero-crossing, all CD spectra at t = 0.

CD

UV

bisignate CD eff.

Compound
abs2

1 (sign)

2 (sign)

0 ⊝

[nm]

[nm]

[nm]

[nm]

371 (+)

405 (-)

385

monosignate CD eff.
helicity

52

T2-4T

389

left

54

A2-4T

396

51

T2-4TSi

409

365 (+)

410 (-)

384

left

62

A-4T

402

364 (+)

410 (-)

390

left

 (sign) [nm]
331 (+), 423 (-), 446
(-), 481 (-)
< 300 (+), 355 (-),

no clear effect

396 (+), > 420 (+)
275 (+), 320 (+),
> 430 ( -)
< 300 (+)

(+) positive CD band, (-) negative CD band

In addition, the base pairing of the complementary conjugates 52 and 54 was proven by
introduction of a methyl group to the thymidine moiety of compound 52. The resulting
exclusion of molecular recognition led to opposite effects compared to the complementary set
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of conjugates and therefore, the base pairing can be taken as given even in the polar solvent
system n-propanol/water 1:3.
In contrary, thymidine-functionalized and TBDMS-protected conjugate 51 revealed a selfassembling behavior completely different from the corresponding deprotected derivative 52.
Deprotection of the hydroxyl group in 5’-position of the sugar moiety dramatically reduces
the solubility of the conjugates which causes a precipitation of the aggregated species of 52
after some minutes whereas the assemblies of 51 are stable in solution. This stability causes a
thermodynamically driven self-assembling process and resulted in a strong increase of the CD
intensity of the -* transistion of the quaterthiophene.
In summary, it has been shown that conjugation of quaterthiophenes with complementary
nucleosides 2’-deoxyadenosine and thymidine led to recognition-driven superstructures in
alcohol/water solutions.
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7. SELF-ASSEMBLY ON SURFACES
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7.1 Introduction
Conjugated oligomers are investigated for manifold electronic semiconductor applications and
the precise control over the supramolecular arrangement strongly benefits to their device
performances.127 Most of these techniques deal with organic materials in the solid state and a
lot of efforts were made to assemble these materials on surfaces into well-defined
superstructures by two main approaches.
Firstly, conjugated oligomers might be sublimed and the assembly occurs in the vapor
deposited layer. In that case interactions of the molecules with a solvent are absent and the
driving forces controlling the aggregation are intermolecular interactions between molecules
itself or the substrate surface. Secondly, it is possible to generate monolayers or other
supramolecular structures from compounds molecularly dispersed in solution. The
aggregation takes place already in solution or during the deposition on the surface and
depends on the interplay among the conjugated molecules, the solvent and the substrate.28
Highly oriented pyrolytic graphite (HOPG) and mica sheets are widely used for the formation
of superstructures of oligothiophenes.1 Furthermore, the experimental protocol is of utmost
importance since the deposition techniques, drying process, temperature or the concentration
of the solution strongly influences the self-assembling propterties. Spin-coating leads to a
very fast and uniform solvent evaporation and typically nanoscale assemblies such as fibrils
or crystals were obtained.128-130 In contrary, drop-casting is a much slower process of solvent
evaporation and allows the growth of larger crystals or macroscopic fibers.131,132 The
evaporation rate seems to play a crucial role in the suprastructure formation since it is
typically smaller than the time scale needed for the self-assembly on the substrate surface.
Thus, the obtained morphologies are frequently far from equilibrium but on the other hand the
presence of solvent vapor can provide sufficient mobility for the molecules to rearrange.
By using scanning probe techniques like scanning tunneling or atomic force microscopy, the
assembled features can be visualized and the morphologies and their molecular order
characterized. These methods have a high lateral resolution and are sensitive to the height
variations on the sample surface. Within the present thesis atomic force microscopy (AFM) is
applied to visualize the self-assembled features of the synthesized nucleoside/oligothiophene
conjugates and to gain vital information about their morphological dimensions in order to
understand the molecular packing of the molecules.
With regard on the tip/sample interactions AFM can be operated in three different modes.
Firstly, in the contact mode the tip slides over the surface as the sample is scanned and the
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shear forces generated between the tip and the sample may cause damages. This is especially
troublesome in the visualization of biomolecules or superstructures which are often soft and
only weakly attached to the substrate.133 In the non-contact mode the tip oscillates with a high
frequency (100 KHz to 1 MHz) just a few nanometers above the surface.134 The oscillation
increases the sensitivity of the microscope and even weak and long-range forces such as van
der Waals or electrostatic ones can be detected. During scanning the topography of the surface
is monitored by following the effect of these forces on the amplitude, phase or frequency of
the cantilever oscillation. Despite it is possible to image soft samples without damage the noncontact mode is scarcely used since the tip is easily captured by adhesive forces at the surface.
Additionally, the resolution is typically lower than in the contact mode due to the large
tip/sample distance. Finally, in the tapping-mode the cantilever is also oscillating, but with a
larger amplitude which allows the transient contact of the tip with the sample at the bottom of
the swing.133 The tapping-mode is a compromise between contact and non-contact mode and
is frequently applied for biomolecules and supramolecular morphologies.31,42,43,45 Due to the
contact of the tip with the sample the resolution is almost as good as in the contact mode but
no shear forces influence the sample surface. Therefore, this non-invasive method was applied
to visualize the self-assembled features of the 2’-deoxyadenosine- and thymidinefunctionalized quaterthiophenes.

7.2 AFM Investigation of Bifunctionalized Quaterthiophenes 54 and 52
7.2.1

AFM Investigation of 2’-Deoxyadenosine-Functionalized Quaterthiophene 54

The self-assembling behaviour of 2’-deoxyadenosine-functionalized quaterthiophene 54 on
HOPG as solid support was investigated by Dr. Marta Urdanpilleta by deposition of a npropanol/water 1:4.25 solution (c = 3.8 x 10-5 M). Due to precipitation of the aggregated
species after several minutes, the samples were prepared after the system had some time to
equilibrate. Then, the compounds were deposited from the solution on freshly cleaved HOPG
and subsequently spin-coated.
Figure 7.1 displays tapping-mode AFM micrographs of the prepared samples. The substrate is
covered by a monolayer of the molecules and additionally, some clusters and bundles of fibers
were observed on top. Remarkably, the fibers showed a right-handed helicity which
corresponds to the CD spectroscopic measurements of 54 in n-propanol/water 1:3 solutions.
This result showed that the aggregates formed in solution survived deposition and spincoating and the molecule/substrate interactions do not dominate the self-assembling process.

137

138

Self-Assembly on Surfaces
The fibers extend to a length of about 1 µm and bundles of interconnected fibers extended
over severel micrometers with a height of 12 ± 2 nm and a width of 49 ± 5 nm. Minimium
pitch value accounts to 26 ± 2 nm and the pitch-to-fibre growth angle was determined to be 55
± 5°.

Figure 7.1 AFM height (left) and amplitude (right) images of 54 absorbed on HOPG, prepared by spin-coating
of a n-propanol/water 1:4.25 solution, c = 4 x 10-5 M.

Semi-empirical calculations were performed by Dr. Mena-Osteritz in order to explain the
preferred right-handed helicity of the fibres composing of conjugate 54. The free hydroxyl
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goup at the sugar moiety
m
seem
ms to be crucial for the chirality off the aggreggates becausse model
systemss with varyinng orientatiions towardds the 2’-deo
oxyadenosinne moiety leed to left- ass well as
right-haanded heliccities. Thesse findingss demonstrrate that thhe manifolldness of possible
conform
mations ham
mpers the ellucidation of
o the moleecular packiing within tthe aggregaates, and
thus, thee presented calculationns should bee regarded as
a models.
Figure 7.2
7 shows one preferrred conform
mation of th
he moleculee 54 correspponding to a righthanded helicity of the fiber. The
T view along the axiis of the oligothiophennes reveals that
t
both
s
of the molecule with
w a twistiing of abou
ut 74° of
adenosine moietiess are orienteed on one side
the adennosine planees. The mollecular dimension weree determineed to be x = 56.1 Å, y = 20.6 Å
and z = 7.6 Å. Callculations prroved an ennergy minim
mum for thiis conformaation but on
nly small
barriers are neededd to change the
t conform
mation of the nucleosiddes or the fleexible alkyl spacer.

Figure 7.2
7 Semi-emppirical model of 54 correspponding to a right-handedd fiber growthh, black: carb
bon, blue:
nitrogen, red: oxygen and
a yellow: suulfur with dim
mensions of x = 56.1 Å, y = 20.6 Å and z = 7.6 Å.

The inteeraction of eight 2’-deeoxyadenossine-function
nalized molecules 54 is shown in
n Figure
7.3 withh a more deetailed view
w of the molecular recog
gnition. Thee two adjaccent nucleob
bases are
arrangedd in plane with
w hydroggen bonds beetween the exocyclic amino
a
groupps and N7 ass well as
N1 which results inn a twist off the thiophene units in
n an angle of
o about 79°°. The lengtth of the
hydrogeen bond wass determineed to be 2.1 Å. Furtherm
more, the diistance betw
ween the adjjacent πsystemss was calcullated with 8.7 Å which is to long for
f interactioons via π-π stacking.
Based on
o the assum
mption that the moleculles arrange along the loong molecuular axis tow
wards the
fibre grrowth, whicch was suppported by semi-empirrical calculaations, one could estim
mate the
numberr of moleculles in the arrrays. Withh a fiber wid
dth of 49 ± 5 nm and a distance of
o 8.7 Å
betweenn the molecuules, about 55 ± 5moleecules would
d be arrangend parallell to each oth
her.
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a)

b)

Figure 7.3 Two differrent views a) and
a b) of a seemi-empirical model of inteeracting moleecules 54 correesponding
he base recognnition via hyddrogen bondin
ng is given
to a right-handed fiber growth and a more detailed section of th
her, black:
in a), vieew b) visualizzes the helicaal twist of the quaterthiophene moieties from one sstack to anoth
carbon, blue:
b
nitrogen, red: oxygen and
a yellow: suulfur.

In order to explainn the π-π interaction
i
of the quaaterthiophenne moieties a model with
w two
7 shows tw
wo planes (red and
intercalaating planes of the moolecules waas developeed. Figure 7.4
blue) coonsisting off 54 molecuules in the arrangement
a
t shown in Figure 7.3, a). π-π Staacking of
the adjaacent oligothiophenes with a disstance of 0.38
0
nm as well as baase recogniition via
hydrogeen bonding would be possible withhout stericall hindrance of the nucleoside moieeties.
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Figure 7.4 Semi-empiirical model of
o two intercallating planes (red
(
and blue)) of 54 molecules in order to explain
π-π interaaction of the quaterthiophen
q
ne moieties.

These results
r
show
wed that thee aggregatess formed in
n solution are
a very stabble and surrvive the
mechannical stressess of deposittion and spin-coating. Various
V
agggregated speecies were observed
o
on a HO
OPG surfacee consistingg of a monoolayer with amorphous clusters annd bunches of fibers
on top. The diversiity of formeed structurees reflects the complexxity of the cconjugate 54 due to
the mannifoldness of possible innteractions and the hig
gh flexibilityy of the mollecules.

7.2.2

A
AFM
Invesstigation off Thymidin
ne-Function
nalized Quaaterthiopheene 52

The selff-assembly of thymidinne conjugatte 52 was in
nvestigatedd by Dr. Maarta Urdanp
pilleta by
depostinng a n-propanol/water 1:4.25 (c = 4 x 10-5 M) solution on
o HOPG annd subsequeent spincoating of the sam
mple. Like for
f 54 the aggregates
a
were alreaddy formed in solution and the
visualizzation by means
m
of AFM
A
furtheer revealed
d the formaation of sccattered am
morphous
clusters (white spoots) and bunndles of fibbers on top of the monnolayer (Figgure 7.5, Figure 7.6
and Figgure 7.7). The
T bundless consisted of achiral as
a well as small
s
chirall fibers witth a lefthanded helicity. Notably, alsoo reproducibble zigzag-llike features were obseerved which
h can be
permaneently reprodduced.
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1
2

1

2
A

B

Figure 7.5
7 AFM heigght (top right) and amplitudde (top left) images
i
of 52 absorbed on HOPG, heigh
ht profiles
along oddd and even laabeled segmeents 1 (bottom
m left) and 2 (bottom right), prepared bby spin-coatin
ng of a npropanol//water 1:4.25 solution, c = 4 x 10-5 M.

The eveen- and oddd-labeled seegments andd of all zig
gzag featurees shown inn Figure 7.5
5, Figure
7.6 and Figure 7.7 have almosst the same height proffile with sliightly differrent values of about
i the centrral part A off the segmeents (Figuree 7.5) is low
wer as on
1-2 nm.. However, the height in
the joinnts B and leeading to sm
mall elevatiions at the kinks. In adddition, thee angle betw
ween the
segments of both zigzags
z
(~ 110
1 °) is alm
most the saame but alsoo bigger anngles were found
f
as
summarrized in Tabble 7.1.
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a
b
b

a

Figure 7.6 AFM height images of 52 absorbed on HOPG, prepared by spin-coating of a n-propanol/water 1:4.25
solution, zig-zag like (a) and left-handed fibers (b) were observed c = 4 x 10-5 M.

b
b

a

Figure 7.7 AFM height images of 52 absorbed on HOPG, prepared by spin-coating of a n-propanol/water 1:4.25
solution, zig-zag like (a) and left-handed fibers (b) were observed c = 4 x 10-5 M.
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Tab
ble 7.1 Characcterization of zigzag-like feeatures in various AFM imaages.

zigzzag

Figure 7.5
5 Figure 7.66 Figure 7..7

segment leength [nm]

95 ± 3

85 ± 3

98 ± 3

segment angle
a
[°]

107 ± 1

110 ± 1

113 ± 2

segment width
w
[nm]

~ 20

~ 25

~ 30

A

3.0 ± 0.4

4.0 ± 0.33

3.5 ± 0.22

B

5.3 ± 0.3

5.9 ± 0.33

5.1 ± 0.33

s
segment
heigght [nm]

n been
To the best of ourr knowledgge zigzag-liike featuress from orgaanic molecuules have not
reportedd in literatuure up to daate and onlyy examples of inorganiic compounnds were prresented.
Golbergg et al. preseented zigzag-like nanoostructures of
o -Ga2O3 with a perioodic arrangeement of
the segm
ments and a highly crysstallinic struucture.135 The morphollogy was exxplained by a blockby-block growth mechanism
m
w a high amount
with
a
of defects
d
in thhe kinks.
With reespect to thee height proofiles show
wn in Figuree 7.5 (bottoom) it seem
ms to be mu
uch more
likely thhat the zigzzag-structure formed of 52 is due to the collapse of helical featurees during
absorptiion on the substrate. The
T elevatioon of the kinks
k
could be addressed to the collapsed
c
twist off the structuure which would
w
lead to an increaased heightt at the joinnts of the seegments.
Further indicationss for this asssumption arre given in the
t followinng chapter 77.2.3.
In order to undersstand the foormation off the left-h
handed fiberrs semi-em
mpirical calcculations
were performed
p
b Dr. Meena-Osteritzz. Calculattions led predominan
by
p
ntly to leftt-handed
chiralitiies and one of the mostt stable confformations is
i shown inn Figure 7.8..

Figure 7.8
7 Semi-emppirical model of 52 corressponding to a left-handed fiber growthh, black: carb
bon, blue:
nitrogen, red: oxygen and
a yellow: suulfur with dim
mensions of x = 52.6 Å, y = 20.6 Å and z = 5.7 Å.
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As for complementary 2’-desoxyadenosine-functionalized conjugate 54, the orientation of the
free hydroxyl group in 5’-position of the sugar moiety with respect to the adenosine
substituent seems to be crucial for the resulting helicity of the fiber growth. Therefore, it can
be assumed that different orientations of the hydroxyl group in the two complementary
conjugates 52 and 54 are responsible for the opposite helicity of both compounds on the
surface.
The view perpendicular to the oligothiophene plane shows that the two thymidine moieties are
arranged on one side of the molecule with an angle of about 28° between the two thymidine
rings which are almost perpendicular to the quaterthiophene core (Figure 7.8, bottom). The
molecular dimensions were determined to be x = 52.6 Å, y = 20.6 Å and z = 5.7 Å. This
conformation represents only one possibility related to an energy minimum and only small
energy barriers are necessary to change the conformation of the nucleosides or the flexible
alkyl spacer.

Figure 7.9 displays the interaction of four molecules 52 with hydrogen bonds between the C4
carbonyl group and the N3 imino proton of adjacent nucleobases. This resulted in a small
twist of about 14° between the oligothiophene cores which are furthermore oriented parallel
to each other to form π-stacks with distances of 8.3 Å. In addition, the molecules can interact
via van der Waals attractions between the hexyl side chains or the spacer units. The ineraction
of the π-systems is also most likely formed due to an intercalation of another plane of
arranged molecules shown in Figure 7.4.
In contrast to 54, conjugate 52 seemed to form less stable chiral superstructures that partially
collapse after deposition on the substrate and spin-coating. The theoretical calculations
evidence for the 52 superstructures a lack in the packing density with respect to 54 aggregates
which correlates with their more labile behavior in non-equilibrium conditions.
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a)

b)

Figure 7.9 Two differrent views a) and
a b) of a seemi-empirical model of inteeracting moleecules 52 correesponding
to a left-hhanded fiber growth,
g
a moree detailed secttion of the basse recognitionn is given in a)), view b) visu
ualizes the
helical tw
wist (14°) of thhe quaterthiopphene moietiees from one sttack to anotheer, black: carbbon, blue: nitrrogen, red:
oxygen annd yellow: sulfur.

mary, the saame left-hannded helicaal arrangement of the molecules
m
552 was obseerved for
In summ
the fibeer-like suprrastructuress on HOPG
G as for the
t
aggregaated speciees in solutiion (CD
spectrosscopy, chappter 6.2.1.11) and notaably, first examples
e
fo zigzag m
for
morphologiies were
presenteed.

7.2.3

A
AFM
Investigation of a Miixture of 2’-Deoxyaadenosine- and Thy
ymidineF
Functional
lized Quateerthiophenees 52 and 54
5

Similar to the AFM
M measurem
ments of connjugates 52 and 54 the self-assembbling behaviour of a
a 54 was investigateed by Dr. Marta
M
Urdannpilleta in n--propanol/w
water 1:4
1:1 mixxture of 52 and
(c = 4 x 10-5 M) on
o HOPG as solid suppport. Due to
o the precippitation of tthe aggregaates after
several minutes thee observed features weere presumaably formedd in solutionn and transfferred to
the subsstrate.
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Figure 7.10 depicts large-scale images of the sample and shows the formation of several
aggregated species. The HOPG substrate is covered by a smooth layer of material with
amorphous clusters (white spots) and bundles of material on top which are scattered
throughout the terraces of the graphite substrate. The magnification of these bundles revealed
three different species of aggregates: helical fibers and non-helical ribbons as well as zigzaglike nanowires.
AFM investigation of the sample revealed small amounts of helical fibers. Despite different
heights and pitch lengths, the observed helicity is always left-handed (Table 7.2).
Furthermore, all measured widths of the fibers are smaller than 35 nm which fits to about 43
molecules parallel to each other. A more detailed specification of the width is not possible due
to the limits of lateral resolution which is dependent on the radius of the cantilever apex.
b
b

a

1

c

12
8
4
0

2

1

Height (nm)

0

100

200

300

400

500

600

6

4

2
0

100

200

Distance (nm)

Figure 7.10 AFM height images of 52::54 absorbed on HOPG and magnifications (top and bottom, left), height
profiles along both zoomed helixes, labeled with fiber 1 in b) and fiber 1 in c) (botton, right), prepared by spincoating of a n-propanol/water 1:4 solution, c = 4 x 10-5 M.
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Table 7.2 Characterization of helical fibers depicted in Figure 7.10, a) quadratic error.

helices

fiber 1 in Figure 7.10 b) fiber 1 in Figure 7.10 c)

helicity

left

left

pitch [nm]

39 ± 1a)

100 ± 2a)

width [nm]

 35

 35

height [nm]

7.3 ± 0.2a)

11.7 ± 0.2a)

In order to understand the growth of fibers containing base recognition of 52 and 54 and the
observed left-handed helicity, semi-empirical calculations were performed by Dr. MenaOsteritz. One possible model is shown in Figure 7.11 where a Watson/Crick-type base pairing
was assumed which led to an angle of about 43° between the oligothiophene planes. The
length of the hydrogen bonds between the complementary nucleosides in x- and y-direction
was determined to be 2.0 Å. Furthermore a forth long range hydrogen bond between the free
hydroxyl group in 5’-position of the sugar moiety and the N3 atom of adenosine would be
possible with a length of 3.2 Å.
The adjacent π-systems are separated by 8.1 Å and additionally the arrangement would be
stabilized by van der Waals attractions between the hexyl side chains and the alkyl spacer. In
order to further stabilize the assemblies, π-π stacks of the quaterthiophenes could be formed
through intercalation of a second plane of molecules as shown in Figure 7.4.
Most of the observed features correspond to non-helical ribbons with a high scattering of their
paramters. This is in agreement of CD spectroscopic measurements in chapter 6.2.1.3 because
the recorded CD spectra of a 1:1 mixture of 52 and 54 revealed an almost complete quenching
of the CD effects in comparison to individual spectra of 52 and 54.
Remarkably, also zigzag-like features of 52 and 54 were observed on the HOPG substrates
with rather different parameters. Figure 7.12 depicts a bundle of material and the
characterization data is listed in Table 7.3.
Like for the thymidine derivative 52 the even (2, 4 and 6 in Figure 7.12) and odd (1, 3 and 5
in Figure 7.12) labeled segments of the zigzags have almost the same height profile. Also the
height in the central part A of the segments with about 7 – 9 nm seems to be lower as the
joints B of the segments with a height of 12 – 14 nm (Table 7.3). This observation further
indicates that the observed features are due to a collapse of helices upon absorption on the
surface. Since the odd-labelled segments are slightly higher than the even-labelled ones (about
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1 – 2 nm)
n and com
mprise a sllope of the profile, it is argueable that the zzigzag-like features
correspoond to lefft-handed helices.
h
Fuuthermore, the differeent degreess of stretcching or
compresssion alongg the nanow
wires duringg the depossition mightt explain thhe scatterin
ng of the
observeed segmentss lengths (fr
from 69 nm
m up to 420 nm) and thhe angle beetween the odd and
even segments (froom 99° up to 156°). This
T
assump
ption is furtther supportted by the different
d
pitch lenngths obserrved for thee nanohelicees shown in
n Table 7.2 Collapse of the corressponding
fibers would
w
lead too zigzag-likke features with
w varying
g parameterrs.

a)

b)

Figure 7.11
7
Two diffferent views a) and b) off a semi-empiirical model of
o interactingg molecules 52
5 and 54
corresponnding to a leftt-handed fiberr growth, a more detailed section
s
of the base recognittion is given in a), view
b) visualiizes the helical twist of thhe quaterthiopphene moietiess from one sttack to anotheer, black: carb
bon, blue:
nitrogen, red: oxygen and
a yellow: suulfur.
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Figure 7.12 AFM height images and corresponding profiles of 52::54 absorbed on HOPG and magnification of
a zigzag-like nanowire, prepared by spin-coating of a n-propanol/water 1:4 solution, c = 4 x 10-5 M.

Table 7.3 Characterization of various zigzag-like features depicted in Figure 7.12.

zigzag
segment
length [nm]
segment
angle [°]
segment
width [nm]
Segment
height [nm]

Figure

Figure 7.12 b)

7.12 a)

c) not shown

d) not shown

even

83 ± 3

even

330 ± 20

odd

121 ± 3

odd

~ 420

69 ± 4

238 ± 8

99 ± 2

109 ± 3

140 ± 2

156 ± 3

 33

 56

 26

 48

4.6 ± 0.2

A
B

even

7.7 ± 0.7

odd

9.5 ± 0.6

14.3 ± 0.5

6.4 ± 0.2

A
B

even

8.9 ± 0.3

odd

9.0 ± 0.1

12.6 ± 0.5
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Nevertheless, the segments showed no curvature and also no fractures which indicate a high
flexibility of the structure. In the left bottom of Figure 7.12 a) some broken ribbons are visible
with straight and rigid units that have been separated through a fracture. Since this was not
observed for helices they should comprise a higher flexibility.
In summary, the binary mixture of the complementary conjugates 52 and 54 showed
formation of various aggregated species ranging from monolayers, amorphous clusters, lefthanded fibers to zig-zag like structures. This multitude reflects the whole plethora of
intermolecular forces responsible for the self-assembling process as well as the high
flexibility of the molecules.

7.2.4

Summary

The self-assembling properties of bisfunctionalized 2’-deoxyadenosine 54 and thymidinebearing quaterthiophenes 52 were investigated by means of atomic force microscopy.
Therefore, suitable deposition methods were elaborated in order to adsorb the molcecules on
the HOPG substrate.
Especially bifunctionalized conjugates 52 and 54 exhibited a high tendency to form
suprastructures already in solution which survive deposition and spin-coating processes
indicating that molecular/substrate interactions do not dominate the self-assembly of the
molecules. Notably, 2’-deoxyadenosine conjugate 54 revealed the formation of fibers with a
right-handed helicity, whereas for 52, small fibers of a left-handed helicity and predominantly
zig-zag-like features were resolved. This points towards a lower stability of 52 with respect to
54 since the helical superstructures partially collapse after deposition on the substrate in order
to form the zig-zag assemblies. Remarkably, the observed helicities correspond well with
results from CD spectroscopic measurements in solutions.
Conjugates 54 further exhibited small amounts of non-helical ribbons on the surface which
are slightly higher in number for thymidine analogue 52.
A binary 1:1 mixture of complementary conjugates showed also both, helical and zig-zag like
features. Compared to 52 the zig-zag features were observed to a much lower extend which
might be caused by a higher stability of the chiral fibers of 52:54, and thus the lower tendency
to callapse upon adsorption. Another possibility might be that the zigzag-like features could
be addressed to homo aggregates of 52 which showed a remarkably high tendency to organize
in zigzag morphologies.
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The fact that highest amounts of non-helical ribbons were formed for a binary 1:1 mixture of
52:54 corresponds very well with findings of CD spectroscopic measurements. CD spectra of
the mixture 52:54 revealed an almost complete quenching of the individual Cotton effects of
52 and 54.

Table 7.4 Summarized data of AFM investigation of conjugate 54, 52 and a 1:1 mixture of 54:52

CD
spectros.

helical fibers

non-helical
ribbons

zigzag-like
features

Compound
helicity

amount

helicity

amount

54 (A2-4T)

right

most

right

very few

no

52 (T2-4T)

left

more

left

few

yes

few

left

most

yes

54:52 1:1

left
(weak)

In conclusion, it has been shown that complementary quaterthiophenes 52 and 54 selfassemble into various suprastructures ranging from non-helical and helical fibers to zigzaglike features on HOPG surfaces.
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7.3 AFM Investigation of Monofunctionalized Quaterthiophenes
7.3.1

AFM Investigation of 2’-Deoxyadenosine-Functionalized Quaterthiophene 61

In order to generate self-assembled superstructures of TBDMS-protected monofunctionalized
2’-desoxyquaterthiophene 61 initial experiments with dichloromethane as a solvent (c = 10-4
M) were performed by Dr. Alexey Kopyshev. Figure 7.13, left shows the adsorbed 61 on a
freshly cleaved mica substrate after spin-coating (2000 rpm). It reveals the formation of a
monolayer with a height of 2.0 ± 0.2 nm which corresponds to the length of the short
molecular axis (Figure 7.15) and small uncovered parts leading to a network-like structure.
On top of the layer larger clustered aggregates with a height of 5 – 10 nm and a thickness of
200 – 600 nm were deposited. The overall coverage of the mica substrate was determined to
62 %.
The spin-coating technique leads to a rapid evaporation of dichloromethane and thus toluene
as a good solvent was used to reduce the evaporation rate and allow a rearrangement of the
molecules. Furthermore, drop-casting was applied to absorb 61 on a HOPG substrate. Figure
7.13, right displays a more uniform monolayer absorbed on the graphite surface with a height
of 2.0 ± 0.2 nm which corresponds well with the monolayer deposited from dichloromethane
solutions. Similarly, clusters on top of the monolayer were observed which were more
inhomogeneously spread on the surface and of a more irregular shape.

Figure 7.13 AFM tapping-mode image of 61, left: on a mica substrate, prepared by spin-coating from a
dichloromethane solution, c = 10-4 M, right: absorbed on HOPG, prepared by drop-casting from a toluene
solution, c = 10-4 M.

153

154

Self-Assembly on Surfaces
The solvent-cast morphologies may not be thermodynamically equilibrated due to the rapid
solvent evaporation and therefore, the resulting modified surface could primarily be a result of
solvent effects. These solvent effects may be excluded or at least reduced by thermal
annealing of the monolayers under appropriate conditions. Therefore, a sample of 61 on
HOPG (Figure 7.13, right) mentioned above was annealed at 120°C for 30 minutes (Figure
7.14). This gave rise to the formation of larger aggregates with a height of 10 - 30 nm and a
thickness of 0.3 ± 0.1 µm. These clusters were formed by partially fractured or fully collapsed
monolayesr and further growth in non-ordered 3-dimensional structures. Additionally, small
isolated fibers of up to 5 µm in length were identified with a thickness around 100 nm and a
height of 2.2 ± 0.2 nm.
In order to understand the formation of the features semi-empirical AM1 calculations were
performed to elucidate a stable conformation of adsorbed 61 which fits well to the measured
dimensions. Figure 7.15 shows a kinked structure of the molecule with x = 27.5 Å, y = 19.5 Å
and z = 12.5 Å as molecular parameters.

Figure 7.14 AFM images of 61 after thermal annealing at 120°C for 30 minutes, deposited from toluene on
HOPG, c = 10-4 M.
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Figure 7.15
7
Semi-emppirical model of 61, cyan: carbon, blue:: nitrogen, redd: oxygen, yeellow: sulfur and
a black:
hydrogenn with dimensiions of x = 277.5 Å, y = 19.55 Å and z = 12
2.5 Å.

The moodel shownn above (F
Figure 7.15) is only one conforrmation rellated to an
n energy
minimuum and onnly small energy
e
barrriers have to be crosssed in ordder to chaange the
conform
mation of the nucleosiddes through the
t flexible spacer. Duue to the preedominat mo
onolayer
formatioon molecuule/substratee interactiions seemeed to be rather hhigh compared to
intermoolecular forcces and theerefore, therrmal anneaaling processses led to thermodynaamically
equilibrrated supersstructures.

7.3.2

A
AFM
Invesstigation off Thymidin
ne-Function
nalized Quaaterthiopheene 59

The self-assemblinng propertties on sollid supportt of thymidine-functiionalized 59
5 were
investiggated by Drr. Alexey Kopyshev
K
byy drop-castiing of a tolluene solutiion (c = 10-4
M) on

HOPG. AFM imagges (Figuree 7.16) reveealed a fractured monoolayer form
mation and clustered
c
aggregaates on top with
w a heighht of 5 - 200 nm and a thickness
t
off 1 - 5 µm. In accordan
nce with
61 the height
h
of thhe monolayer (2.2 ± 0.2 nm) corrresponds wiith the shorrt molecularr axis as
can be evidenced
e
b a semi-em
by
mpirical moodel, shown
n in Figure 7.18.
7
Alongg with these features
the miccrographs reevealed forrmation of short fiberss up to 2 µm
µ even before anneaaling. In
contraryy, for adenoosine-functiionalized 611 no fiber formation
f
w observeed which co
was
orrelates
well wiith the assoociation connstants for the self-recognition of
o the nucleeosides. In case of
adenosine, the Ka value
v
is fouur times weaaker than fo
or thymidine with KAA < 5 l mol-1 and KTT
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< 20 l mol-1, respectively.10 The thickness of the fibers is around 120 nm and the height of the
fibers fits to the height of the monolayer with 2.2 ± 0.2 nm.
After annealing of the deposited adsorbates for 30 minutes at a temperature of 120°C the
AFM images (Figure 7.17) showed the formation of multilayers along with even longer fibers
up to 6 µm. In accordance with all previous results the layers and the fibers revealed a height
of 2.2 ± 0.2 nm. No changes in the fiber thickness of ~ 120 nm were observed upon
annealing.

Figure 7.16 AFM tapping-mode images of 59, absorbed on HOPG and prepared by drop-casting of a toluene
solution, c = 10-4 M.

Figure 7.17 AFM topography (left) and height (right) images of 59 after thermal annealing for 30 minutes at
120°C, absorbed on HOPG and prepared by drop-casting of a toluene solution, c = 10-4 M.

Self-Asssembly on Surfaces
In orderr to elucidaate the packking of the 59 molecu
ules within in the diffeerent featurees semiempirical calculatioons were peerformed. One
O stable conformatio
c
on of the coonjugate is depicted
mensions
in Figurre 7.18 whicch correspoonds well wiith the obseerved fibers with characcteristic dim
of x = 27.7
2
Å, y = 19.5 Å and z = 14.0 Å..

Figure 7.18
7
Semi-emppirical model of 59, cyan: carbon, blue:: nitrogen, redd: oxygen, yeellow: sulfur and
a black:
hydrogenn with dimensiions of x = 255.7 Å, y = 19.55 Å and z = 14
4.0 Å.

a only
The callculated moodel correspponds only to one eneergetic miniimum of thhe system and
small ennergies woould be neccessary to change
c
the conformatiion of the nnucleosidess via the
flexible alkyl spaccer. Furtherrmore, the molecule/su
m
ubstrate interactions seeemed to be
b rather
high coompared to intermolecuular attractiions since mostly
m
monnolayers weere observeed. Upon
thermal annealing, thermodynnamically more
m
favouraable superstrructures weere formed.

7.3.3

A
AFM
Invesstigation off Methyl Esster Quaterrthiophenee 83

In ordeer to gainn further insight intto the selff-assemblinng propertiies of nuccleosidefunctionnalized quatterthiophennes 61 and 59,
5 methyl ester
e
quaterrthiophene 883 was add
ditionally
investiggated by Drr. Alexey Kopyshev
K
byy means of AFM. In thhe absence of the nuclleosides,
self-asseembly wouuld be mainlly driven by -π stack
king and van der Waalls attraction
ns which
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allows to elucidate the influence of the hydrogen bonds on the generated morphologies. The
sample was prepared under the same conditions from a toluene solution, deposited on a
freshly cleaved HOPG substrate.
Before annealing the AFM height and amplitude images (Figure 7.19) revealed formation of a
fragmented monolayer with a thickness around 2 nm. Similar to the nucleoside-functionalized
quaterthiophenes 59 and 61 some irregular clusters were observed. Furthermore, the AFM
micrographs revealed small fibrillar structures and islands on top of the monolayer.

Figure 7.19 AFM height (left) and amplitude (right) images of 83, absorbed on HOPG and prepared by dropcasting of a toluene solution, c = 10-4 M.

After annealing the sample revealed the formation of very short fibers up to 2 µm in length
with a height of 1.6 nm and a thickness around 40 nm (Figure 7.20). Preliminary semiempirical calculations proved van der Waals interactions between the hexyl side chains have
to be the driving force for the supramolecular assembly of the 83 molecules.
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Figure 7.20 AFM height (left) and amplitude (right) images of Me-4T after thermal annealing for 30 minutes at
120°C, absorbed on HOPG and prepared by drop-casting of a toluene solution, c = 10-4 M.
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7.3.4

AFM Investigation of a Mixture of 2’-Deoxyadenosine- and ThymidineFunctionalized Quaterthiophenes 59 and 61

Initial attempts to investigate the influence of the complementary base-recogniton of 2’deoxyadenosine- and thymidine-substituted quaterthiophenes 61 and 51 were performed by
Dr. Alexey Kopyshev by depositing a 1:1 mixture of the conjugates in dichloromethane on
graphite by spin-coating. Due to the higher association constant Ka compared to the selfrecognition of adenine and thymine the samples already revealed besides the typical clusters
(white spots) the formation of isolated long fibers up to 10 µm in length before thermal
annealing (Figure 7.21, left). The height of the fibers was determined to be around 2.2 nm
with a thickness ~ 100 nm. Due to spin-coating of the samples, the outer regions of the HOPG
substrate (Figure 7.21, right) are covered by a more fragmented monolayer with a thickness of
about 2 nm, which is in accordance with the former cases mentioned above.

Figure 7.21 AFM images of 59::61 absorbed on HOPG (left) and outer regions of the substrate (right), prepared
by spin-coating of a toluene solution, c = 10-4 M.

In order to increase the amount of fibers the deposition was furthermore performed via dropcasting. The AFM images in Figure 7.22 show the topography of 59::61 after the slower
evaporation of the toluene solvent.
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Figure 7.22 AFM images of A-4TSi::T-4TSi absorbed on HOPG (left) and their magnification (middle),
prepared by drop-casting of a toluene solution, c = 10-5 M.

Thermal annealing of all samples led to the formation of large aggregates and very long
fibers, some of them even longer than 30 µm. The height of the fibers is 2.2 – 7 nm with a
width of around 120 nm. In Figure 7.23 some representative fibers are shown in the height
image mode as well in the amplitude mode to give a more detailed view of the fibers
connected to various clusters. Notably, some parts of the fibers exhibited some helical
substructure but the analysis of several tens of fibers did not reveal a preferred handedness.
This finding could be explained by the influence of the underlying monolayer or graphite
substrate.
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Figure 7.23 AFM images of A-4TSi::T-4TSi absorbed on HOPG after thermal annealing for 30 minutes at
120°C, topography (top) and their magnification (middle and bottom), prepared by drop-casting of a toluene
solution, c = 10-5 M.
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To furthher elucidatte the fiber formation and
a packing
g of the connjugates witthin the assemblies,
quantum
m chemicall calculations were peerformed on
o two-dimeensional stacks of intteracting
moleculles. The moodel in Figuure 7.24 cann shed light on the role of the diffeerent interm
molecular
forces potentially
p
involved in the stabiilization off such fiberrs. It depiccts the mosst stable
geometrry of 59::611 pairs and the
t base reccognition is created by two hydroggen bonds along
a
the
long molecular
m
axxis. In the perpendicuular directio
on a third hydrogen bbond stabillizes the
assemblly to the neext base pairr. The π-conjugated qu
uaterthiopheenes have a strong tend
dency to
be almoost planar annd parallel to
t each otheer and interaact by π-π stacking
s
witth a typical distance
of 0.38 nm. The caalculations revealed
r
thaat between in
nteracting oligothiophe
o
enes a displlacement
l
axis iss favourable. This pheenomenon was
w also
of half of a thiophhene unit allong their long
found in single crrystal analyyses of quaaterthiophen
ne moleculees.34 The asssemblies could
c
be
further stabilized by
b means of
o van der Waals attrractions bettween the hexyl chain
ns in positionns of the thhiophene moieties.
m
Thhis could allso explain the formattion of fibeers from
referencce compounnd 83, althhough thesee fibers are much lesss extandedd compared
d to the
complem
mentary sysstem 59::611.

Figure 7..24 Calculatedd model for thhe fiber growtth, including details
d
of the molecular
m
inteeractions involved (oval
and squarre insets) and the molecularr dimensions.
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Since the CD spectroscopic investigations on the self-assembling properties of all
nucleoside/oligothiophene conjugates in mixtures of n-propanol and water resulted in the
formation of chiral aggregates (chapter 6.2, page 88) these solutions were also deposited on
HOPG. AFM images, shown in Figure 7.25, were prepared by spin-coating on freshly cleaved
HOPG from a mixture of n-propanol/water 4:1 with a concentration of c = 10-4 M.

Figure 7.25 AFM images of 59::61 absorbed on HOPG (left) and their magnification (right), prepared by spincoating of a n-propanol/water 4:1 solution, c = 10-4 M.

The micrographs reveal the formation of a fractured monolayer with an average height of
about 4 nm. On top of the layer bundles of fibers were observed which appear to be of an
almost crystallinic nature. Figure 7.25, left, shows the height along three different profiles and
the average fiber thickness was determined to be about 20 nm.

Self-Assembly on Surfaces
7.3.5

Summary

In this chapter the self-assembling properties of monofunctionalized conjugates 59 and 61 as
well as their 1:1 mixture 59:61 compared to methyl ester reference 83 were investigated by
means of atomic force microscopy. The AFM micrographs predominantly revealed the
formation of monolayers with amorphous clusters on top for all four samples (Table 7.5). In
addition, small fibers up to 2 ± 5 nm were observed for thymidine conjugate 59 and slightly
longer ones (10 ± 2) of the complementary mixture 59:61. The fiber formation is most likely
due to the higher association constants for self-recogngition of 59 (KTT < 20 l mol-1) and base
pairing of 59 and 61 (KAT = 32 l mol-1) compared to 2’-desoxyadenosine derivative 61 (KAA <
5 l mol-1). The height of the fibers corresponded well with the calculated length of the short
molecular axis.
Upon annealing fiber formation was observed. This finding proves high molecule/substrate
interactions and annealing enables the molecules to rearrange in order to form
thermodynamically more stable assemblies. Longest fiber growth was obtained for the
complementary mixture 59:61 which indicates the higher stability due to base recognition of
the nucleosides. Furthermore, the same trend as before was observed with respect to their
lengths. Very small fibers of 2 µm were identified on the surface for refrence 83 and slightly
longer ones for pure 61 and 59. In contrary, the 1:1 mixture of 59:61 revealed the formation
of very extended fibers, some of them even longer than 30 µm.

Table 7.5 Summarized AFM data of drop-casted films of conjugates 59 and 61, a 1:1 mixture 59:61 and
reference 83 on graphite (HOPG) before and after annealing.

comp.

fiber dimensions before

fiber dimension after

annealing

annealing

length

width

height

other

length

width

height

other

[µm]

[nm]

[nm]

morphol.*

[µm]

[nm]

[nm]

morphol.*

83 (Me-4T)

-

-

-

ML

2 ± 0.5

40

~ 1.6

C

61 (A-4TSi)

-

-

-

ML + C

<5

100

~ 2.2

C

59 (T-4TSi)

2 ± 0.5

120

2.2

ML + C

<6

~ 120

~ 2.2

L

59::61

10 ± 2

100

2.2

ML

>30

~ 120

2.2 - 7

C

* ML = monolayer, L = multilayer, C = amorphous clusters
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In conclusion, monofunctionalized TBDMS-protected conjugates 59 and 61 revealed a
predominant formation of monolayers with clustered aggregates on top. The self-recognition
of conjugate 59 and the complementary recognition of 59:61 further induced the growth of
achiral fibers.

Experimental Section.

.
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General remarks:

DCC and DMAP were purchased from Fluka, 5-bromovaleric acid, n-butyl lithium (1.6 M in
n-hexane), thiophene-3-carbaldehyde, EDC, lithium aluminium hydride, diisopropylamine,
triethylamine, sodium sulfate, sodium bicarbonate, hydrochlorid acid and elementary copper
from

VWR.

Sodium

azide,

2-isopropoxy-4,4,5,5,-tetramethyl-1,3,2-dioxaborolane,

trimethylsilanyl acetylene and Cu(CH3CN)4PF6 were purchased from Sigma Aldrich.
Pd2(dba)3CHCl3 and HP(tBu)3BF4 were purchased von Acros. All solvents were purchased
from VWR and used without further purification, unless otherwise noted. Tetrahydrofurane
and diethylether were dried over sodium with benzophenone as indicator.
Thin layer chromatography was carried out on aluminium sheets, pre-coated with silica gel,
Merck Si60 F254. NMR spectra were recorded on a Bruker DRX400 instrument in CDCl3
solutions. Chemical shift values are expressed in parts per million using residual solvent
protons (1H NMR, H = 7.26 for CDCl3, H = 3.57 for THF-d8 and H = 2.50 for DMSO-d6; C
NMR, C = 77.0 for CDCl3, C = 67.2 for THF-d8 and C = 39.4 for DMSO-d6). The splitting
patterns are abbreviated as follows: s (singlet), d (doublet), t (triplet) and m (mulitplet). The
atom labels in the structures displayed in this chapter were assigned with respect to NMR
spectra and do not correspond to IUPAC nomenclature. Melting points were determined by
using a Büchi B-545 apparatus. Elemental analysis was performed on an Elementar Vario EL
(C, H and N) and a Carlo Erba 1104 (S). High resolution mass spectra were measured at a
micrOTOF-Q 43 with electron spray ionization and atmospheric pressure chemical ionization.
EI and CI mass spectra were recorded on a Finnigan MAT SSQ-7000. Matrix-assisted laser
desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS) measurements
were carried out on a Brucker Daltonik Reflex III spectrometer. UV/vis spectra were recorded
on a Perkin-Elmer Lambda 19 spectrometer using 1 cm cuvettes with Merck Uvasol grade
solvents. Fluorescence spectroscopy was performed on a Perkin Elmer LS 55. CD
spectroscopy was performed on a JASCO J-810 spectropolarimeter using 10 mm cuvettes. As
HPLC system a Merck LaChrom unit was used with a L-7100 pump, L-7455 diode array
detector, D-7000 interface and an L-7200 autosampler with a EC 250/4.6 nucleosil 100-5 NO2
(250 mm x 4.6 mm) column from Macherey-Nagel. Recycling Gel Permeation
Chromatography (Recycling GPC) was performed on a Shimadzu equipment with a SPD-20A
UV/vis detector, a LC-8A pump and a CBM-20A communication bus module. A PSS SDV
500 Å and a PSS SDV 1000 Å GPC column connected in series were used as stationary
phase.
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Cyclic voltammetry experiments were performed with a computer-controlled EG&G PAR
273 potentiostat in a three-electrode single-compartment cell with a platinum working
electrode, a platinum wire counter electrode and an Ag/AgCl reference electrode. All
potentials were internally referenced to the ferrocene/ferrocenium couple. For the
measurements freshly destilled and deairated dichloromethane and 0.1 M tetrabutylammonium hexafluorophosphate (Fluka, recrystallized twice from ethanol and dried under
vaccum) were used.
The AFM images were obtained with a Nanoscope IIIa (Veeco Instruments Inc.) using
standard silicon-cantilevers (spring constant: 50 N/m, frequency: 300 kHz) in tapping-mode.
Height, phase and amplitude images were recorded simultaneously. Highly oriented pyrolytic
graphite was purchased from Omicron Nanotechnology with 2nd grade quality.
Theoretical calculations:
Quantum chemical calculations were performed on a semiempirical basis with the INDO
based method Austin Model 1 (AM1) from the Hyperchem (Hypercube, Inc., FL) software
package. From all possible starting conformations of a molecule the ones having the alkyl
bridge stretched was choosen for the model because they show the deepest energy minimum
in the hypersurface potential and provide the most densely molecular packing in the twodimensional model. Van der Waals attractions, hydrogen bonding and electrostatic interactions have been taken into account for the model shown in this contribution.
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Synthesis of 5’-O-(tert-butyldimethylsilyl)-3’-O-(5-bromopentanoyl)-thymidine 37.
550 mg (1.5 mmol) of 5’-O-tert-butyldimethylsilyl-thymidine80 36, 19 mg (0.15 mmol, 0.10
eq.) DMAP and 320 mg (1.5 mmol, 1 eq.) DCC were dissolved in 15 ml dichloromethane and
cooled to 0 °C. 418 mg (2.3 mmol, 1.5 eq.) 5-bromovaleric acid in 5 ml dichloromethane
were added and the mixture was stirred for 3 hours. After filtration over Celite® the solvent
was removed in vacuo and the product was purified by column chromatography (ethyl
acetate/n-hexane, 2:1, Rf = 0.64). 570 mg (1.1 mmol, 71 %) of product 37 were obtained as a
colourless solid.
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M.p.: 93 -95 °C
1

H NMR (CDCl3, 400 MHz): δ = 0.13 (s, 6H, H13), 0.92 (s, 9H, H14), 1.80 (m, 2H, H7), 1.90

(m, 2H, H8), 1.92 (d, 3H, J = 1.0 Hz, H11), 2.10 (ddd, 1H, J = 6.6, 9.6, 14.1 Hz, H4), 2.40
(m, 3H, H4’ + H6), 3.42 (t, 2H, J = 6.6 Hz, H9), 3.91 (m, 2H, H1), 4.07 (m, 1H, H2), 5.25 (d,
1H, H3), 6.36 (dd, 1H, J = 5.1, 9.1 Hz, H5), 7.54 (d, 1H, J = 1.0 Hz, H10), 9.08 (bs, 1H, H12)
ppm.
13

C NMR (CDCl3, 100 MHz): δ = -5.5, 12.5, 18.3, 23.3, 25.9, 31.9, 32.9, 33.1, 38.0, 63.6,

75.5, 84.7, 85.4, 111.3, 135.0, 150.4, 163.6, 172.8 ppm.
Elemental analysis for C21H35BrN2O6Si (Mw = 519.5 g mol-1) : calc.: C 48.55, H 6.79, N 5.39
%, found: C 48.56, H 6.78, N 5.30 %.
MS (EI): m/z = 519, 521 (M+), 505 (M-CH3)+, 461 (M-C(CH3)3)+, 439 (M-Br)+, 393 (MC5H5N2O2)+, 339 (M–C5H8BrO2)+, 225 (M–C5H8BrO2)+, 145 (C7H17BrN2O6Si)+.

Synthesis of 5’-O-(tert-butyldimethylsilyl)-3’-O-(5-azidopentanoyl)-thymidine 38.
530 mg (1.0 mmol) of nucleoside 37 and 330 mg (5.0 mmol, 5 eq.) sodium azide in 15 ml
DMF were heated to 80 °C and stirred over night. After removal of the solvent in vacuo, the
residue was dissolved in diethyl ether and washed with sat. NaHCO3-solution. The aqueous
phase was extracted three times with diethyl ether and the combined organic layers were dried
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over sodium sulfate. The solvent was removed in vacuo and the product 38 was purified by
column chromatography (ethyl acetate/n-hexane, 3:1, Rf = 0.70). 403 mg (84 mmol, 82 %) of
38 as colorless oil were obtained.
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38

1

H NMR (CDCl3, 400 MHz): δ = 0.13 (s, 6H, H13), 0.92 (s, 9H, H14), 1.68 (m, 4H, H7 +

H8), 1.92 (d, 3H, J = 1.0 Hz, H11), 2.10 (ddd, 1H, J = 6.1, 9.4, 13.8 Hz, H4), 2.39 (m, 3H,
H4’ + H6), 3.31 (t, 2H, J = 6.5 Hz, H9), 3.91 (m, 2H, H1), 4.07 (m, 1H, H2), 5.25 (d, 1H, J =
6.1 Hz, H3), 6.37 (dd, 1H, J = 5.6, 9.6 Hz, H5), 7.54 (d, 1H, J = 1.0 Hz, H10), 8.97 (bs, 1H,
H12) ppm.
13

C NMR (CDCl3, 100 MHz): δ = -5.5, 12.5, 18.3, 21.9, 25.9, 28.2, 33.5, 38.0, 51.0, 63.6,

75.5, 84.6, 85.4, 111.3, 135.0, 150.4, 163.6, 172.8 ppm.
Elemental analysis for C21H35N5O6Si (Mw = 481.6 g mol-1): calc. C 52.37 H 7.32 N 14.54 %,
found C 52.44 H 7.20 N 14.54 %.
MS (CI): m/z = 482 (M+), 424 (M-C(CH3)3)+, 356 (M – C5H5N2O2)+, 127 (C5H9N30)+.
IR (film, NaCl):  = 843 (m), 1125 (m), 1256 (s), 1365 (w), 1470 (s), 1699 (vs), 1736 (vs),
2100 (vs), 2859 (m), 2928 (vs), 2955 (s), 3064 (w), 3191 (w) cm-1.

Synthesis of 3’-O-(5-bromopentanoyl)-thymidine 39.
To a stirred solution of 100 mg (0.19 mmol) nucleoside 37 in dry methanol were added 2.2
mg (28 µmol, 0.15 eq.) acetyl chloride. The reaction was stirred for 1 hour. After completion
of the reaction dichloromethane was added, the reaction mixture was neutralized with a sat.
NaHCO3-solution and washed with water. Finally, the organic layer was dried and
concentrated in vacuo. The residue was purified on silica gel (ethyl acetate/methanol 10:1). 69
mg (0.17 mmol, 88 %) of 39 as white solid were obtained.
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M.p.: 88 - 90 °C
1

H NMR (CDCl3, 400 MHz): δ = 1.78 (m, 2H, H7), 1.89 (m, 5H, H11 + H8), 2.38 (m, 4H,

H6+ H4), 2.99 (bs, 1H, H12), 3.41 (t, 2H, J = 6.4 Hz, H9), 3.90 (m, 2H, H1), 4.07 (m, 1H,
H2), 5.36 (d, 1H, H3), 6.24 (dd, 1H, J = 6.1, 8.3 Hz, H5), 7.53 (m, 1H, H10), 9.30 (bs, 1H,
H12) ppm.
13

C NMR (CDCl3, 100 MHz): δ = 12.5, 23.3, 31.8, 32.8, 33.1, 37.2, 62.4, 74.8, 85.1, 85.9,

111.3, 136.3, 150.5, 163.9, 172.8 ppm.
Elemental analysis for C15H21BrN2O6 (Mw = 406.2 g mol-1): calc. C 44.46 H 5.22 N 6.91 %,
found C 44.75 H 5.43, N 6.59 %.
MS (EI): m/z = 405, 407 (M+), 439 (M-Br)+, 325 (M-C5H5N2O2)+.

Synthesis of 3’-O-(5-azidopentanoyl)-thymidine 40.
200 mg (0.49 mmol) of starting material 39 were dissolved in 5 ml DMF and 160 mg (2.5
mmol, 5 eq.) sodium azide were added. The mixture was stirred at 80 °C over night. DMF
was removed in vacuo and the residue dissolved in 30 ml ethyl acetate. The mixture was
washed with sat. NaHCO3-solution and three times with water. After drying and evaporation
of the solvents the product 40 was purified by column chromatography (ethyl
acetate/methanol 10:1). 160 mg (0.42 mmol, 86 %) of a white solid were obtained.

Experimental Section
M.p.: 98 - 99 °C
1

H NMR (CDCl3, 400 MHz): δ = 1.68 (m, 4H, H7 + H8), 1.91 (m, 3H, H11), 2.39 (m, 4H,

H6 + H4), 3.02 (bs, 1H, H13), 3.31 (t, 2H, J = 6.5 Hz, H9), 3.90 (m, 2H, H1), 4.07 (m, 1H,
H2), 5.36 (d, 1H, H3), 6.26 (dd, 1H, J = 6.0, 8.4 Hz, H5), 7.56 (m, 1H, H10), 9.04 (bs, 1H,
H12) ppm.
13

C NMR (CDCl3, 100 MHz): δ = 12.6, 21.9, 28.2, 33.5, 37.2, 50.9, 62.5, 74.8, 85.1, 85.9,

111.4, 136.4, 150.5, 163.8, 172.8 ppm.
Elemental analysis for C15H21N5O6 (Mw = 367.4 g mol-1): calc. C 49.04 H 5.76 N 19.06 %,
found C 48.97 H 5.66 N 18.54 %.
MS (CI): m/z = 368 (M+H)+, 242 (thymidine)+, 225 (M-C5H8N3O2)+. 127 (thymine)+.
IR (film, NaCl):  = 997 (w), 1095 (s), 1161 (m), 1253 (s), 1387 (s), 1599 (m), 1674 (vs),
1735 (s), 2097 (m), 2869 (m), 2931 (s), 3331 (m) cm-1.

Synthesis of 5’-O-(tert-butyldimethylsilyl)-3’-O-(5-bromopentanoyl)-2’-deoxyadenosine 43.
730 mg (2.0 mmol) of 5’-(tert-butyldimethylsilyl)-2’-deoxyadenosine82 42, 340 mg (2.2
mmol, 1.1 eq.) EDC and 24 mg (0.20 mmol, 0.10 eq.) DMAP were dissolved in 10 ml
dichloromethane and 360 mg (2.0 mmol, 1 eq.) 5-bromovaleric acid were added in one ml
dichloromethane at 0 °C. The mixture was stirred at room temperature for three hours and
after the reaction had finished the mixture was washed three times with water. The aqueous
layer was extracted with dichloromethane and after drying and evaporation of the solvent
product 43 was purified by column chromatography (ethyl acetate/methanol, 10:1, Rf = 0.69).
820 mg (1.6 mmol, 78 %) of a white solid were obtained.
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M.p.: 134 - 135 °C
1

H NMR (CDCl3, 400 MHz): δ = 0.11 (s, 3H, H13), 0.12 (s, 3H, H13’), 0.91 (s, 9H, H14),

1.86 (m, 4H, H7 + H8), 2.41 (m, 2H, H6), 2.62 (m, 2H, H4), 3.42 (t, 2H, J = 6.6 Hz, H9), 3.92
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(d, 2H, J = 3.0 Hz, H1), 4.19 (m, 1H, H2), 5.42 (m, 1H, H3), 5.76 (bs, 2H, H12), 6.51 (dd,
1H, J = 5.8, 8.8 Hz, H5), 8.19 (s, 1H, H10), 8.36 (s, 1H, H11) ppm.
13

C NMR (CDCl3, 100 MHz): δ = -5.5, 18.3, 21.9, 25.9, 28.2, 33.5, 39.1, 50.9, 63.6, 75.5,

84.1, 85.6, 119.7, 138.3, 149.6, 153.0, 155.6, 172.6 ppm.
Elemental analysis for C21H34BrN5O4Si (Mw = 528.5 g mol-1): calc. C 47.72, H 6.48, N 13.25
%, found C 47.77 H 6.53 N 13.10 %.

Synthesis of 5’-O-(tert-butyldimethylsilyl)-3’-O-(5-azidopentanoyl)-2’-deoxyadenosine 44.
A solution of 87 mg (0.16 mmol) of the nucleoside 43 and 54 mg (0.82 mmol, 5 eq.) sodium
azide in 5 ml DMF was stirred over night. After the reaction had finished, DMF was removed
in vacuo. The residue was dissolved in ethyl acetate, washed with sat. NaHCO3-solution and
water. After the combined aqueous phases were extracted twice with ethyl acetate, the
combined organic layers were dried over sodium sulfate and the solvent was removed in
vacuo to give 70 mg (0.14 mmol, 87 % yield) of 44 as a colorless oil.
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1

H NMR (CDCl3, 400 MHz): δ = 0.11 (s, 3H, H13), 0.12 (s, 3H, H13’), 0.92 (s, 9H, H14),

1.77 (m, 4H, H7 + H8), 2.41 (m, 2H, H6), 2.62 (m, 2H, H4), 3.33 (t, 2H, J = 6.6 Hz, H9), 3.92
(d, 2H, J = 3.0 Hz, H1), 4.19 (m, 1H, H2), 5.43 (m, 1H, H3), 5.59 (bs, 2H, H12), 6.51 (dd,
1H, J = 6.0, 9.0 Hz, H5), 8.19 (s, 1H, H10), 8.36 (s, 1H, H11) ppm.
13

C NMR (CDCl3, 100 MHz): δ = -5.6, -5.4, 18.4, 23.3, 25.9, 31.9, 32.8, 33.2, 39.1, 63.6,

75.5, 84.1, 85.7, 119.7, 138.5, 149.7, 153.1, 155.5, 172.6 ppm.
Elemental analysis for C21H34N8O4Si (Mw = 490.3 g mol-1): calc. C 51.41, H 6.98, N 22.84
%, found C 51.43 H 7.01 N 22.75 %.
MS (CI): m/z = 491 (M+H)+ , 433 (M-C(CH3) 3)+, 348 (M – C5H8N3O2)+, 136 (adenine+H)+.
IR (NaCl):  = 837 (m), 1007 (w), 1125 (m), 1151 (m), 1245 (s), 1300 (m), 1368 (w), 1474
(m), 1598 (m), 1644 (s), 1742 (s), 2103 (s), 2859 (s), 2929 (vs), 2954 (vs), 3166 (s), 3319 (s)
cm-1.

Experimental Section
Synthesis of 3’-O-(5-bromopentanoyl)-2’-deoxyadenosine 45.
100 mg (0.19 mmol) of TBDMS-protected nucleoside 43 were dissolved in 2 ml of dry
methanol and 2.2 mg (28 µmol, 0.15 eq.) acetyl chloride were added. After the reaction was
stirred for 60 min, 20 ml sat. NaHCO3-solution were added and the aqueous phase was
extracted with dichloromethane. Drying, removal of the solvent and purification by column
chromatography (ethyl acetate/methanol 10:1) yielded 61 mg (0.15 mmol, 78 %) 45 as white
solid.

M.p.: 128 - 130 °C
1

H NMR (CDCl3, 400 MHz): δ = 1.88 (m, 4H, H7 + H8), 2.40 (m, 3H, H6 + H4), 3.19 (ddd,

1H, J = 5.7, 9.9, 14.1 Hz, H4’), 3.43 (t, 2H, J = 6.4 Hz, H9), 3.91 (m, 2H, H1), 4.24 (m, 1H,
H2), 5.57 (d, 1H, H3), 6.10 (bs, 2H, 12, 6.27 (dd, 1H, J = 5.4, 9.8 Hz, H5), 6.53 (bs, 1H,
H13), 7.85 (s, 1H, H10), 8.30 (s, 1H, H11) ppm.
13

C NMR (CDCl3, 100 MHz): δ = 23.3, 31.9, 32.9, 33.2, 37.7, 63.2, 76.5, 87.4, 87.5, 121.1,

140.0, 148.6, 152.5, 156.1, 172.4 ppm.
Elemental analysis for C15H20BrN5O4 (Mw = 414.3 g mol-1): calc. C 43.49 H 4.87 N 16.91 %,
found C 43.68 H 5.06, N 16.94 %.
MS (EI): m/z = 414, 416 (M+).

Synthesis of 3’-O-(5-azidopentanoyl)-2’-deoxyadenosine 46.
340 mg (0.81 mmol) of 2’-deoxyadenosine 45 were dissolved in 5 ml DMF and 260 mg (4.0
mmol, 5 eq.) sodium azide were added. The mixture was stirred over night at 80 °C. DMF
was removed in vacuo and the residue dissolved in 30 ml ethyl acetate. The mixture was
washed with sat. NaHCO3-solution and three times with water. After drying and evaporation
of the solvents the product was purified by column chromatography (ethyl acetate/methanol
10:1). 275 mg (0.73 mmol, 90 %) of 46 as white solid were obtained.
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M.p.: 142 - 143 °C
1

H NMR (CDCl3, 400 MHz): δ = 1.71 (m, 4H, H7 + H8), 2.41 (m, 3H, H6 + H4), 3.20 (ddd,

1H, J = 5.6, 9.9, 13.9 Hz, H4’), 3.32 (t, 2H, J = 6.6 Hz, H9), 3.94 (m, 2H, H1), 4.25 (m, 1H,
2), 5.58 (m, 1H, H3), 5.88 (bs, 2H, H12), 6.26 (dd, 1H, J = 5.4, 9.9 Hz, H5), 6.63 (dd, 1H, J =
2.5, 11.4 Hz, H13), 7.85 (s, 1H, H10), 8.32 (s, 1H, H11) ppm.
13

C NMR (CDCl3, 100 MHz): δ = 22.0, 28.2, 33.6, 37.7, 51.0, 63.2, 76.5, 87.6, 87.7, 121.3,

140.1, 148.5, 152.5, 156.0, 172.4 ppm.
Elemental analysis for C15H20N8O4 (Mw = 376.4 g mol-1): calc. C 47.87 H 5.36 N 29.77 %,
found C 47.77 H 5.41 N 29.69 %.
MS (CI) m/z = 377 (M+H)+, 342 (M-CH2O)+, 250 (M-C5H8N3O)+, 234 250 (M-C5H8N3O2)+,
136 (adenine+H)+.
IR (NaCl):  = 3430 (bs), 2928 (m), 2097 (s), 1735 (s), 1691 (s) 1645 (s), 1610 (s), 1574 (m),
1423 (w), 1375 (m), 1339 (m), 1300 (m), 1248 (w), 1107 (s), 940 (m) cm-1.

Synthesis of ({3,3'''-dihexyl-5'''-[(trimethylsilyl)ethynyl]-2,2':5',2'':5'',2'''-quaterthien-5yl}ethynyl)(trimethyl)silane 49.
460 mg (0.61 mmol) of diiodoquaterthiophene83 48, 18 ml dry triethyl amine, 5.0 mg (47
µmol, 0.8 mol-%) di-palladium-tris(dibenzylideneacetone)chloroform complex, 46 mg (180
µmol, 30 mol-%) triphenyl phospine and 6.0 mg (30 µmol, 5 mol-%) copper iodide were
added in a Schlenk tube. The reaction mixture was degassed with argon and stirred at room
temperature for 15 minutes. Then 420 µl (3.0 mmol) trimethylsilyl acetylene and 100 ml of
dry N,N-diisopropyldiamine were added to the mixture which was heated at 70 °C over night.
The mixture was poured into water and extracted with dichloromethane. The organic layer
was washed with brine and dried over sodium sulfate. The solvents were removed and the
product 49 was purified by column chromatography (n-hexane, Rf = 0.12). 377 mg (0.55
mmol, 89 %) of an orange solid were obtained.

Experimental Section

M.p.: 78 - 79 °C
1

H NMR (CDCl3, 400 MHz): δ = 0.23 (s, 18H, H10), 0.89 (t, 6H, J = 6.9 Hz, H9), 1.35 (m,

12H, H6 + H7 + H8), 1.62 (m, 4H, H5), 2.72 (t, 4H, J = 7.8 Hz, H4), 7.02 (d, 2H, J = 3.6 Hz,
H1), 7.07 (s, 2H, H3), 7.12 (d, 2H, J = 3.6 Hz, H2) ppm.
13

C NMR (CDCl3, 100 MHz): δ = -0.1, 14.1, 22.6, 29.1, 29.2, 30.3, 31.6, 97.4, 99.9, 120.9,

124.1, 126.9, 132.1, 134.5, 135.7, 137.0, 139.4 ppm.
Elemental analysis for C38H50S4Si2 (Mw = 691.2 g mol-1): calc. C 66.03 H 7.29 S 18.56 %,
found C 65.88 H 7.16 S 18.70 %.
MALDI-TOF (DHB): m/z = 690.2 (M+), found 690.5.

Synthesis of 5,5'''-diethynyl-3,3'''-dihexyl-2,2':5',2'':5'',2'''-quaterthiophene 50.
A solution of 180 mg (3.2 mmol, 10 eq.) potassium hydroxide in 10 ml aqueous methanol was
dropped under argon to a solution of 220 mg (0.32 mmol) protected ethynyl-quaterthiophene
49 in 10 ml THF. After stirring at room temperature for 4 h ice and dichloromethane were
added to the reaction mixture. The organic layer was washed with 0.6 N HCl, a saturated
solution of NaHCO3 and water. The combined aqueous layers were once again extracted with
dichloromethane. The organic layer was dried over sodium sulfate and after removal of the
solvent in vacuo the product was purified by column chromatography (n-hexane). 170 mg
(0.31 mmol, 97 %) of 50 were obtained as a yellow-orange solid.
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M.p.: 74 - 75 °C
1

H NMR (CDCl3, 400 MHz): δ = 0.89 (t, 6H, J = 6.9 Hz, H9), 1.34 (m, 12H, H6 + H7 + H8),

1.62 (m, 4H, H5), 2.73 (t, 4H, J = 7.9 Hz, H4), 3.39 (s, 2H, H10), 7.04 (d, 2H, J = 3.8 Hz,
H1), 7.12 (s, 2H, H3), 7.13 (d, 2H, J = 3.8 Hz, H2) ppm.
13

C NMR (CDCl3, 100 MHz): δ = 14.1, 22.6, 29.1, 29.2, 30.4, 31.6, 76.9, 82.1, 119.7, 124.1,

127.1, 132.4, 134.3, 136.0, 137.1, 139.5 ppm.
Elemental analysis for C32H34S4 (Mw = 546.9 g mol-1): calc. C 70.28 H 6.27 S 23.45 %,
found C 70.02 H 6.28 S 23.71 %.
MS (CI): m/z = 547 (M + H)+, 475 (M – C5H11)+, 85 (C6H13)+.

Synthesis of 5-(4-{1-(4-carboxy-butyl-(2R,3S,5R)-2-(tert.-butlydimethylsilanyloxymethyl)-5(5-ethyl-2,4-dioxo-3,4-dihydro-2H-pyrimidin-1-yl)-tetrahydrofuran-3-yl-ester)-1H[1,2,3]triazol-4-yl-]-3,3’’’-dihexyl-[2,2’:5’,2’’:5’’,2’’’]quaterthiophen-5-yl}-[1,2,3-triazol-1yl]-pentan-säure-(2R,3S,5R)-2-(tert.-butlydimethylsilanyloxymethyl)-5-(5-methyl-2,4-dioxo3,4-dihydro-2H-pyrimidin-1-tetrahydrofuran-3-yl-ester 51 (T2-4TSi).
260 mg (0.47 mmol) Diethynyl quaterthiophene 50 and 450 mg (0.93 mmol, 2 eq.) of azidefunctionalized nucleoside 38 were dissolved in 10 ml of a 4:1 mixture of dichloromethane and
methanol. 70 mg (0.19 mmol, 0.4 eq.) of Cu(CH3CN)4PF6 and 12 mg (0.19 mmol, 0.4 eq.) of
elementary copper were added and the mixture was stirred over night. After evaporation of
the solvent the residue was dissolved in dichloromethane and washed with water. The
combined aqueous layers were extracted three times with dichloromethane, dried over sodium
sulfate and the crude product was purified by column chromatography (ethyl acetate/nhexane, 2:1, Rf = 0.22), size exclusion chromatography and recycling GPC. 607 mg (0.40
mmol, 86 %) of 51 were obtained as a brown solid.

Experimental Section
1

H NMR (CDCl3, 400 MHz): δ = 0.13 (s, 12H, H23), 0.89 (t, 6H, J = 7.1 Hz, H9), 0.92 (s,

18H, H24), 1.32 (m, 12H, H6 + H7 + H8), 1.68 (m, 8H, H5 + H13), 1.92 (d, 6H, J = 1.0 Hz,
H21), 2.07 (m, 6H, H12 + H16), 2.40 (m, 6H, H14 + H16), 2.78 (m, 4H, H4), 3.91 (m, 4H,
H19), 4.07 (m, 2H, H18), 4.42 (t, 4H, J = 7.1 Hz, H11), 5.24 (m, 2H, H15), 6.35 (dd, 2H, J =
5.1, 9.1 Hz, H17), 7.06 (d, 2H, J = 3.5 Hz, H1), 7.14 (d, 2H, J = 4.0 Hz, H2), 7.25 (s, 2H, H3),
7.54 (d, 2H, J = 1.0 Hz, H20), 7.69 (s, 2H, H10), 8.58 (bs, 2H, H22) ppm.
13

C NMR (CDCl3, 100 MHz):  = -5.5, -12.4, 14.0, 18.3, 21.6, 22.5, 25.9, 29.4, 29.5, 29.6,

30.4, 31.6, 33.2, 38.0, 49.9, 63.5, 75.6, 84.6, 85.3, 111.2, 119.0, 123.9, 126.5, 127.1, 129.9,
130.6, 134.9, 135.0, 136.7, 140.3, 142.5, 150.5, 163.7, 172.4 ppm.
Elemental analysis for C74H104N10O12S4Si2 (Mw = 1510.1 g mol-1): calc. C 58.86 H 6.94 N
9.28 %, found C 59.02 H 7.00 N 9.00 %.
MALDI-TOF (DHB): m/z = calc. 1508.6 (M+), found 1508.8.

Synthesis

of

5-(4-{3,3'''-dihexyl-5'''-[1-(4-methoxycarbonyl-butyl)-1H-[1,2,3]triazol-4-yl]-

[2,2';5',2''; 5'',2''']quaterthiophen-5-yl}-[1,2,3]triazol-1-yl)-pentanoic acid 3’-O-thymidine
ester 52 (T2-4T).
Synthesis by deprotection of 51:
10 mg (6.5 µmol) of conjugate 51 were dissolved in 3 ml dry THF at 0 °C and 6 ml dry
methanol were added. Then, one drop of acetyl chloride was added and the mixture stirred for
60 minutes. After the reaction had finished 20 ml sat. NaHCO3-solution were added and the
aqueous phase was extracted three times with dichloromethane. Drying over sodium sulfate,
removal of the solvent and purification by column chromatography (ethyl acetate/methanol
10:1), size exclusion chromatography and recycling GPC yielded 7.5 mg (5.9 µmol, 88 %) of
product 52 as yellow solid.
Synthesis by “click chemistry” of 50 and 40:
250 mg (0.36 mmol) Diethynylquaterthiophene 50 and 270 mg (0.72 mmol, 2 eq.) azidefunctionalized nucleoside 40 were dissolved in 10 ml of a 4:1 mixture of dichloromethane and
methanol. 54 mg (0.14 mmol, 0.4 eq.) Cu(CH3CN)4PF6 were added and the mixture was
stirred over night. After evaporation of the solvent, the residue was dissolved in
dichloromethane and washed with water. The combined aqueous layers were extracted several
times with dichloromethane, dried over sodium sulfate and the crude product was purified by
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column chromatography (ethyl acetate/methanol 10:1), size exclusion chromatography and
recycling GPC. 380 mg (0.30 mmol, 82 %) of 52 were obtained as yellow solid.

1

H NMR (CDCl3, 400 MHz): δ = 0.91 (t, 6H, J = 6.9 Hz, H9), 1.32 (m, 12H, H6 + H7 + H8),

1.71 (m, 8H, H5 + H13), 1.95 (d, 6H, J = 1.0 Hz, H21), 2.05 (m, 4H, H12), 2.44 (t, 4H, J =
7.1 Hz, H14), 2.45 (m, 4H, H16), 2.75 (bs, 2H, H23), 2.80 (t, 4H, J = 7.8 Hz, H4), 3.95 (m,
4H, H19), 4.09 (m, 2H, H18), 4.45 (t, 4H, J = 6.8 Hz, H11), 5.38 (m, 2H, H15), 6.22 (dd, 2H,
J = 5.8, 8.6 Hz, H17), 7.08 (d, 2H, J = 3.9 Hz, H1), 7.17 (d, 2H, J = 3.9 Hz, H2), 7.26 (s, 2H,
H3), 7.55 (d, 2H, J = 1.0 Hz, H20), 7.72 (s, 2H, H10), 8.45 (bs, 2H, H22) ppm.
13

C NMR (THF-d8, 100 MHz): δ = 13.0, 14.8, 22.9, 23.8, 30.5, 30.6, 30.8, 31.7, 33.0, 34.1,

38.6, 50.7, 63.4, 76.8, 85.9, 86.6, 111.3, 120.6, 125.3, 127.5, 127.6, 130.3, 133.6, 136.5,
136.6, 137.7, 141.2, 143.1, 151.8, 164.4, 173.2 ppm.
Elemental analysis for C62H76N10O12S4 (Mw = 1281.6 g mol-1): calc. C 58.10 H 5.98 N 10.93
%, found C 58.29 H 6.03 N 10.94 %.
MALDI-TOF (DHB): m/z = calc. 1280.4 (M+), found 1280.6.

Synthesis

of

5-(4-{5’’’-[1-(4-carboxyl-butyl-(2R,3S,5R)-5-(amino-purin-9-yl)-2-(tert.-

Butyldimethyl-silan-eyloxy-methyl)-tetrahydrofuran-3-yl-ester)-1H-[1,2,3]triazol-4-yl-]3,3’’’-dihexyl-[2,2’:5’,

2’’:5’’,2’’’]-quaterthiophen-5-yl}-[1,2,3-triazol-1-yl)pentansäure-

(2R,3S,5R)-5-(amino-purin-9-yl)-2-(tert.-Butyldimethyldilanyloxymethyl)-tetrahydrofuran-3yl-ester 53 (A2-4TSi).
75 mg (0.14 mmol) of quaterthiophene 50 and 134 mg (0.27 mmol, 2 eq.) of corresponding
azide 44 were dissolved in 10 ml 4:1 dichloromethane/methanol and 20 mg (55 µmol, 0.4 eq.)
of Cu(CH3CN)4PF6 were added. The mixture was stirred over night and after the reaction had

Experimental Section
finished the solvents were removed in vacuo, the residue was dissolved in dichloromethane
and washed with water and sat. NaHCO3-solution. After drying with sodium sulfate the
solvent was removed and the product purified by column chromatography (ethyl acetate 
ethyl acetate/methanol, 10:1), size exclusion chromatography and recycling GPC. 164 mg
(0.11 mmol, 79 %) of 53 as yellow solid were obtained.

1

H NMR (CDCl3, 400 MHz): δ = 0.10 (s, 6H, H23), 0.11 (s, 6H, H23’), 0.88 (m, 24H, 9 +

24), 1.32 (m, 12H, H6 + H7 + H8), 1.68 (m, 8H, H5 + H13), 2.07 (m, 4H, H12), 2.43 (t, 4H, J
= 7.1 Hz, H14), 2.64 (m, 4H, H16), 2.77 (t, 4H, J = 7.6 Hz, H4), 3.91 (m, 4H, H19), 4.18 (m,
2H, H18), 4.44 (t, 4H, J = 7.1 Hz, H11), 5.41 (m, 2H, H15), 5.81 (bs, 4H, H22), 6.49 (dd, 2H,
J = 5.6, 8.6 Hz, H17), 7.04 (d, 2H, J = 3.5 Hz, H1), 7.13 (d, 2H, J = 3.5 Hz, H2), 7.25 (s, 2H,
H3), 7.69 (s, 2H, H10) 8.20 (bs, 2H, H21), 8.36 (bs, 2H, H20) ppm.
13

C NMR (CDCl3, 100 MHz):  = -5.5, 14.1, 14.2, 18.4, 21.0, 21.7, 22.6, 22.7, 25.9, 29.2,

29.3, 29.4, 29.5, 29.6, 29.7, 30.4, 31.4, 31.6, 31.9, 33.3, 36.4, 39.0, 50.0, 60.4, 63.6, 75.6,
77.3, 84.2, 84.6, 85.6, 119.0, 124.0, 126.5, 127.1, 130.0, 130.6, 135.0, 136.8, 138.5, 140.3,
142.6, 152.9, 155.7, 162.5, 171.1, 172.3 ppm.
Elemental analysis for C74H102N16O8S4Si2 (Mw = 1528.1 g mol-1): calc. C 58.16 H 6.73 N
14.67 %, found C 58.13 H 6.77 N 14.77 %.
MALDI-TOF (DHB): m/z = calc. 1527.7 (M+), found 1527.9.

Synthesis

of

5-(4-{5’’’-[1-(4-carboxyl-butyl-(2R,3S,5R)-5-(amino-purin-9-yl)-2-(hydroxy-

methyl)-tetra-hydrofuran-3-yl-ester)-1H-[1,2,3]triazol-4-yl-]-3,3’’’-dihexyl-2,2’:5’,2’’:5’’,
2’’’]quaterthio-phen-5-yl}-[1,2,3-triazol-1-yl)pentanoic acid 3’-O-2‘-deoxyadenosine ester
54 (A2-4T).
Synthesis by deprotection of 53:
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Experimental Section
10 mg (6.5 µmol) of conjugate 53 were dissolved in 3 ml dry THF at 0 °C and 5 ml dry
methanol was added. Then, one drop of acetyl chloride was added and the mixture stirred for
60 minutes. After the reaction had finished, 20 ml sat. NaHCO3-solution were added and the
aqueous phase was extracted three times with dichloromethane. Drying over sodium sulfate,
removal of the solvent and purification by column chromatography (ethyl acetate/methanol
5:1), size exclusion chromatography and recycling GPC yielded 14 mg (7.4 µmol, 87 %) of
product 54 as a yellow solid.
Synthesis by “click chemistry” of 50 and 46:
180 mg (0.33 mmol) Diethynyl quaterthiophene 50 and 250 mg (0.66 mmol, 2 eq.) of azidefunctionalized nucleoside 46 were dissolved in 10 ml of a 4:1 mixture of dichloromethane and
methanol. 49 mg (0.13 mmol, 0.4 eq.) Cu(CH3CN)4PF6 were added and the mixture was
stirred over night. After evaporation of the solvent, the residue was dissolved in
dichloromethane and washed with water. The combined aqueous layers were extracted three
times with dichloromethane, dried over sodium sulfate and the crude product was purified by
column chromatography (ethyl acetate/methanol 5:1), size exclusion chromatography and
recycling GPC. 345 mg (0.27 mmol, 81 %) of 46 were obtained as a yellow solid.

1

H NMR (CDCl3, 400 MHz): δ = 0.88 (t, 6H, J = 6.8 Hz, H9), 1.32 (m, 12H, H6 + H7 + H8),

1.68 (m, 8H, H5 + H13), 2.04 (m, 4H, H12), 2.35 (dd, 2H, J = 5.6, 14.1 Hz, H16), 2.43 (t, 4H,
J = 7.1 Hz, H14), 2.76 (t, 4H, J = 7.8 Hz, H4), 3.17 (dddd, 2H, J = 5.6, 9.8, 13.9 Hz, H16‘),
3.91 (m, 4H, H19), 4.22 (m, 2H, H18), 4.44 (t, 4H, J = 6.8 Hz, H11), 5.56 (m, 2H, H15), 5.90
(bs, 4H, H22), 6.26 (dd, 2H, J = 5.6, 10.1 Hz, H17), 6.67 (d, 2H, J = 11.6 Hz, H23) 7.04 (d,
2H, J = 3.5 Hz, H1), 7.12 (d, 2H, J = 3.5 Hz, H2), 7.24 (s, 2H, H3), 7.69 (s, 2H, H10), 7.93 (s,
2H, H21), 8.31 (s, 2H, H20) ppm.

Experimental Section
13

C NMR (CDCl3, 100 MHz):  = 14.1, 21.7, 22.6, 29.2, 29.4, 29.5, 30.4, 31.6, 33.3, 37.6,

50.0, 63.3, 77.2, 87.5, 87.7, 119.0, 121.3, 124.0, 126.5, 127.1, 130.0, 130.4, 134.9, 136.8,
140.3, 140.4, 142.7, 148.5, 152.4, 155.9, 172.1 ppm.
Elemental analysis for C62H74N16O8S4 (Mw = 1299.6 g mol-1): calc. C 57.30 H 5.74 N 17.24
%, found C 57.11 H 5.86 N 17.06 %.
MALDI-TOF (DHB): m/z = calc. 1299.6 (M+), found 1299.1.

Synthesis of 3,3'''-dihexyl-2,2':5',2'':5'',2'''-quaterthiophene-5-carbaldehyde 55.
230 µl (3.0 mmol, 1.5 eq.) DMF were dissolved in 3.2 ml of dry dichloroethane and 270 µl
(3.0 mmol, 1.5 eq.) phosphoryl chloride were added dropwise. After stirring for 1.5 hours at
room temperature, the mixture was heated to reflux and 1.0 g (2.0 mmol) 3,3'''-dihexyl[2,2';5',2'';5'',2''']quaterthiophene 47 in 5 ml dichloroethane were added. The reaction was
refluxed for additional two hours and quenched by addition of 20 ml sat. NaHCO3-solution.
After two hours the phases were separated and the aqueous phase was extracted with
dichloromethane. The combined organic layers were dried over sodium sulfate, the solvents
were removed in vacuo and the product was purified by column chromatography (DCM,
monoaldehyde 55: Rf = 0.82, dialdehyde 56: Rf = 0.50). The product was obtained as a red
solid (653 mg, 1.24 mmol, 62 %).

M.p.: 52 -54 °C
1

H NMR (CDCl3, 400 MHz):  = 0.90 (m, 6H, H13), 1.35 (m, 12H, H10 + H11 + H12), 1.68

(m, 4H, H9), 2.81 (m, 4H, H8), 6.95 (d, 1H, J = 5.1 Hz, H3) 7.04 (d, 1H, J = 3.7 Hz, H6),
7.18 (m, 4H, H1 + H2 + H4 + H5), 7.59 (s, 1H, H7), 9.83 (s, 1H, H14) ppm.
13

C NMR (CDCl3, 100 MHz):  = 14.0, 14.1, 22.5, 22.6, 29.1, 29.2, 29.3, 29.4, 30.2, 30.6,

31.6, 31.7, 124.0, 124.1, 124.5, 126.6, 128.3, 130.0, 130.1, 133.6, 136.0, 136.3, 138.9, 139.1,
140.1, 140.3, 140.4, 140.9, 182.4 ppm.
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Elemental analysis for C29H34OS4 (Mw = 526.8 g mol-1): calc. C 66.11 H 6.50 S 24.35%,
found C 66.13 H 6.54 S 24.13 %.
MALDI-TOF (DCTB): m/z = calc. 526.2 (M+), found 526.2.

Synthesis of 5-ethynyl-3,3'''-dihexyl-2,2':5',2'':5'',2'''-quaterthiophene 58.
38 mg (0.95 mmol, 10 eq.) Sodium hydride were suspended in 3 ml of dry THF. 130 µl (0.95
mmol, 10 eq.) dimethyl-2-oxopropylphosphonate were added dropwise at 0°C and the reaction mixture was stirred for 40 min at this temperature. Afterwards 190 mg (0.95 mmol, 10
eq) tosyl azide were added at once and the reaction mixture was stirred for another 10 min.
The mixture was filtered through a short plug of silica and rinsed with ethyl acetate. After
evaporation of the solvent the residue was dissolved in 2 ml THF and added to a solution of
50 mg (95 µmol) of the corresponding aldehyde 55 and 200 mg (1.4 mmol, 15 eq.) potassium
carbonate in 3 ml dry methanol and 7 ml THF. After 31 hours the solvents were removed in
vacuo and the residue was dissolved in dichloromethane, washed with water and the aqueous
layer was extracted with dichloromethane. The combined organic layers were dried over
sodium sulfate and the solvent was removed in vacuo. After purification by a short silica
column (n-hexane), 44 mg (0.08 mmol, 89 %) of 58 were obtained as a yellow oil (purity 98
% by HPLC).

1

H NMR (CDCl3, 400 MHz,): δ = 0.89 (m, 6H, H13), 1.32 (m, 12H, H10 + H11 + H12), 1.68

(m, 4H, H9), 2.73 (t, 2H, J = 8.1 Hz, H8), 2.78 (t, 2H, J = 8.1 Hz, H8’), 3.38 (s, 1H, H14),
6.94 (d, 1H, J = 5.1 Hz, H3), 7.03 (d, 1H, J = 3.5 Hz, H6), 7.04 (d, 1H, J = 3.5 Hz, H2), 7.12
(m, 3H, H1 + H5 + H7), 7.18 (d, 1H, J = 5.1 Hz, H4) ppm.
13

C NMR (CDCl3, 100 MHz): δ = 14.1, 14.1, 22.6, 22.7, 29.1, 29.2, 29.3, 29.7, 30.3, 31.2,

31.6, 31.7, 77.2, 82.0, 119.8, 123.8, 123.9, 124.1, 126.6, 127.1, 130.1, 130.2, 132.5, 134.1,
135.7, 136.0, 136.5, 137.5, 139.4, 140.0 ppm.
HRMS for C30H34S4: m/z = calc. 522.1538 (M+), found 522.1548.

Experimental Section
Synthesis of 5’-O-(tert-butyldimethylsilyl)-3’-O-{5-[4-(3,3'''-dihexyl-2,2';5',2'';5'',2'''-quaterthiophen-5-yl)-1H-1,2,3-triazol-1-yl]pentanoyl}tymidine 59 (T-4TSi).
240 mg (0.45 mmol) of quaterthiophene 58 and 220 mg (0.45 mmol, 1 eq.) azido-component
38 were dissolved in 5 ml of a 4:1 of dichloromethane/methanol mixture and 34 mg (90 µmol,
0.2 eq. Cu(CH3CN)4PF6 and 5.7 (90 µmol, 0.2 eq.) elementary copper were added at room
temperature. The mixture was stirred over night and then the solvents were removed in vacuo,
the residue was dissolved in dichloromethane and washed with water. The aqueous layer was
extracted three times with dichloromethane. After drying over sodium sulfate the solvent was
removed and the product purified by column chromatography (ethyl acetate/n-hexane 10:1),
size exclusion chromatography and recycling GPC. 312 mg (0.31 mmol, 69 %) of 59 as
brown oil were obtained.
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59 (T-4TSi)

1

H NMR (CDCl3, 400 MHz): δ = 0.13 (s, 6H, H27), 0.87 (m, 6H, H13), 0.92 (s, 9H, H28),

1.32 (m, 12H, H10 + H11 + H12), 1.68 (m, 6H, H9 + H17), 1.92 (d, 3H, J = 1.0 Hz, H25),
2.06 (m, 3H, H16 + H20), 2.40 (m, 3H, H18 + H20), 2.78 (m, 4H, H8), 3.91 (m, 2H, H23),
4.07 (m, 1H, H22), 4.42 (t, 2H, J = 7.1 Hz, H15), 5.25 (m, 1H, H19), 6.35 (dd, 1H, J = 5.2,
9.3 Hz, H21), 6.94 (d, 1H, J = 5.6 Hz, H3), 7.02 (d, 1H, J = 3.5 Hz, H6), 7.05 (d, 1H, J = 4.0
Hz, H2), 7.13 (d, 2H, J = 3.5 Hz, H1 + H5), 7.18 (d, 1H, J = 5.1 Hz, H4) 7.26 (s, 1H, H7),
7.54 (d, 1H, J = 1.0 Hz, H24), 7.69 (s, 1H, H14), 8.66 (bs, 1H, H26) ppm.
13

C NMR (CDCl3, 100 MHz): δ = -5.6, 12.4, 14.0, 18.2, 21.5, 22.5, 25.8, 29.1, 29.2, 29.4,

29.4, 30.3, 30.5, 31.5, 33.2, 33.8, 37.9, 49.9, 63.5, 75.5, 84.6, 85.3, 111.2, 119.1, 123.8, 126.4,
127.1, 129.9, 130.0, 130.1, 130.4, 134.8, 134.9, 135.3, 136.5, 139.8, 140.2, 142.4, 150.6,
163.8, 172.4 ppm.
Elemental analysis for C51H69N5O6S4Si (Mw = 1004.5 g mol-1): calc. C 60.98 H 6.92 N 6.97
%, found C 60.81 H 6.97 N 6.97 %.

185

186

Experimental Section
MALDI-TOF (DHB): m/z = calc. 1004.4 (M+), found 1004.7.

Synthesis of 3’-O-{5-[4-(3,3'''-dihexyl-2,2';5',2'';5'',2'''-quaterthiophen-5-yl)-1H-1,2,3-triazol1-yl]pentan-oyl}tymidine 60 (T-4T).
Synthesis by deprotection of 59:
20 mg (20 µmol) of conjugate 59 were dissolved in 0.5 ml dry THF at 0 °C and 1 ml dry
methanol was added. Then, 230 µg (3.0 µmol, 0.15 eq.) acetyl chloride were added and the
mixture stirred for 60 minutes. After the reaction had finished 20 ml sat. NaHCO3-solution
were added and the aqueous phase was extracted three times with dichloromethane. Drying
over sodium sulfate, removal of the solvent and purification by column chromatography
(ethyl acetate/methanol 10:1), size exclusion chromatography and recycling GPC yielded 14
mg (16 µmol, 79 %) of the product 60 as a brown solid.
Synthesis by “click chemistry” of 58 and 40:
90 mg (0.17 mmol) Ethynylquaterthiophene 58 and 63 mg (0.17 mmol, 1 eq.) of azidefunctionalized nucleoside 40 were dissolved in 5 ml of a 4:1 mixture of dichloromethane and
methanol. 13 mg (34 µmol, 0.2 eq.) of Cu(CH3CN)4PF6 were added and the mixture was
stirred over night. After evaporation of the solvent the residue was dissolved in
dichloromethane and washed with water. The combined aqueous layers were extracted three
times with dichloromethane, dried over sodium sulfate and the crude product was purified by
column chromatography (ethyl acetate  ethyl acetate/methanol 10:1), size exclusion
chromatography and recycling GPC. 120 mg (0.14 mmol, 79 %) of 60 were obtained as a
brown solid.
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60 (T-4T)
1

H NMR (CDCl3, 400 MHz): δ = 0.89 (t, 6H, J = 6.6 Hz, H13), 1.35 (m, 12H, H10 + H11 +

H12), 1.67 (m, 6H, H9 + H17), 1.92 (d, 3H, J = 0.9 Hz, H25), 2.03 (m, 2H, H16), 2.42 (t, 2H,

Experimental Section
J = 7.2 Hz, H18), 2.37 (m, 3H, H20 + H27), 2.78 (t, 4H, J = 7.7 Hz, H8), 3.92 (m, 2H, H23),
4.07 (m, 1H, H22), 4.42 (t, 2H, J = 6.9 Hz, H15), 5.37 (m, 1H, H19), 6.21 (dd, 1H, J = 5.8,
8.5 Hz, H21), 6.94 (d, 1H, J = 5.1 Hz, H3), 7.02 (d, 1H, J = 3.9 Hz, H6), 7.05 (d, 1H, J = 3.9
Hz, H2), 7.13 (d, 2H, J = 3.8 Hz, H1 + H5), 7.18 (d, 1H, J = 5.1 Hz, H4) 7.25 (s, 1H, H7),
7.53 (d, 1H, J = 0.9 Hz, H24), 7.69 (s, 1H, H14), 8.58 (bs, 1H, H26) ppm.
13

C NMR (CDCl3, 100 MHz): δ = 12.5, 14.1, 21.6, 22.6, 29.2, 29.3, 29.4, 29.5, 29.5, 30.5,

30.6, 31.6, 33.3, 37.1, 50.0, 62.6, 75.0, 85.1, 86.4, 111.4, 119.1, 123.8, 123.9, 126.5, 126.6,
127.2, 130.1, 130.2, 130.5, 134.8, 135.5, 136.5, 136.6, 137.0, 139.9, 140.3, 142.6, 150.3,
163.4, 172.5 ppm.
Elemental analysis for C45H55N5O6S4 (Mw = 890.2 g mol-1): calc. C 60.71 H 6.23 N 7.87 %,
found C 60.75 H 6.10 N 7.87 %.
MALDI-TOF (DHB): m/z = calc. 890.3 (M+), found 890.5.

Synthesis of 5’-O-(tert-butyldimethylsilyl)-3’-O-{5-[4-(3,3'''-dihexyl-2,2';5',2'';5'',2'''-quaterthiophen-5-yl)-1H-1,2,3-triazol-1-yl]pentanoyl}-2’-deoxyadenosine 61 (A-4TSi).
120 mg (0.22 mmol) Ethynylquaterthiophene 58 and 110 mg (0.22 mmol, 1 eq.) azidefunctionalized nucleoside 44 were dissolved in a 4:1 mixture of dichloromethane and
methanol. 17 mg (44 µmol, 0.2 eq.) Cu(CH3CN)4PF6 and 2.8 mg (44 µmol, 0.2 eq.) elementary copper were added and the mixture was stirred over night. After evaporation of the solvents
the residue was dissolved in dichloromethane and washed with water. The combined aqueous
layers were extracted three times with dichloromethane, dried over sodium sulfate and the
crude product was purified by column chromatography (ethyl acetate/n-hexane, 10:1), size
exclusion chromatography and recycling GPC. 174 mg (0.17 mmol, 77 %) of 61 were
obtained as a brown solid.
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Experimental Section
1

H NMR (CDCl3, 400 MHz): δ = 0.11 (d, 6H, J = 2.4 Hz, H27), 0.89 (m, 6H, H13), 0.91 (s,

9H, H28), 1.32 (m, 12H, H10 + H11 + H12), 1.67 (m, 6H, H9 + H17), 2.04 (m, 2H, H16),
2.44 (m, 2H, H18), 2.65 (m, 2H, H20), 2.78 (m, 4H, H8), 3.92 (m, 2H, H23), 4.20 (m, 1H,
H22), 4.43 (t, 2H, J = 7.1 Hz, H15), 5.41 (m, 1H, H19), 6.29 (bs, 2H, H26), 6.51 (dd, 1H, J =
5.2, 9.3 Hz, H21), 6.94 (d, 1H, J = 5.6 Hz, H3), 7.02 (d, 1H, J = 3.5 Hz, H6), 7.05 (d, 1H, J =
4.0 Hz, H2), 7.13 (d, 2H, J = 3.5 Hz, H1 + H5), 7.18 (d, 1H, J = 5.1 Hz, H4) 7.25 (s, 1H, H7),
7.69 (s, 1H, H14), 8.21 (bs, 1H, H24), 8.36 (bs, 1H, H25) ppm.
13

C NMR (CDCl3, 100 MHz): δ = -5.5, 14.0, 18.3, 21.6, 22.5, 25.9, 29.1, 29.2, 29.4, 29.5,

30.4, 30.5, 31.6, 33.2, 39.0, 49.9, 63.5, 75.6, 84.1, 85.6, 118.9, 123.7, 123.8, 126.4, 127.0,
129.9, 130.0, 130.2, 130.5, 134.8, 135.4, 136.5, 136.8, 138.4, 139.8, 140.2, 142.5, 149.5,
152.8, 155.5, 172.3 ppm.
Elemental analysis for C51H68N8O4S4Si (Mw = 1013.5 g mol-1): calc. C 60.44 H 6.76 N 11.06
%, found C 60.42 H 6.89 N 11.04 %.
MALDI-TOF (DHB): m/z = calc. 1013.4 (M+), found 1013.5.

Synthesis of 3’-O-{5-[4-(3,3'''-dihexyl-2,2';5',2'';5'',2'''-quaterthiophen-5-yl)-1H-1,2,3-triazol1-yl]pentan-oyl}-2’-deoxyadenosine 62 (A-4T).
Synthesis by deprotection of 61:
20 mg (20 µmol) of conjugate 61 were dissolved in 0.5 ml dry THF at 0 °C and 1 ml dry
methanol was added. Then, 230 µg (3.0 µmol, 0.15 eq.) acetyl chloride were added and the
mixture was stirred for 60 minutes. After the reaction had finished 20 ml sat. NaHCO3solution were added and the aqueous phase was extracted three times with dichloromethane.
Drying over sodium sulfate, removal of the solvent and purification by column
chromatography (ethyl acetate/methanol 10:1), size exclusion chromatography and recycling
GPC yielded 13 mg (15 µmol, 73 %) of the product 62 as a brown solid.
Synthesis by “click chemistry” of 58 and 46:
170 mg (0.32 mmol) Ethynylquaterthiophene 58 and 120 mg (0.32 mmol, 1 eq.) azidefunctionalized nucleoside 46 were dissolved in 5 ml of a 4:1 mixture of dichloromethane and
methanol. 24 mg (64 µmol, 0.2 eq.) of Cu(CH3CN)4PF6 were added and the mixture was
stirred over night. After evaporation of the solvent, the residue was dissolved in
dichloromethane and washed with water. The combined aqueous layers were extracted three
times with dichloromethane, dried over sodium sulfate and the crude product was purified by

Experimental Section
column chromatography (ethyl acetate/methanol 10:1), size exclusion chromatography and
recycling GPC. 230 mg (0.26 mmol, 81 %) of 62 were obtained as a brown solid.
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62 (A-4T)

1

H NMR (CDCl3, 400 MHz): δ = 0.88 (m, 6H, H13), 1.32 (m, 12H, H10 + H11 + H12), 1.68

(m, 6H, H9 + H17), 2.05 (m, 2H, H16), 2.38 (dd, 1H, J = 5.4, 14.0 Hz, H20), 2.44 (t, 2H, J =
7.2 Hz, H18), 2.78 (m, 4H, H8), 3.18 (ddd, 1H, J = 5.6, 9.9, 4.2 Hz, H20’), 3.93 (m, 2H,
H23), 4.23 (m, 1H, H22), 4.44 (t, 2H, J = 6.8 Hz, H15), 5.57 (m, 1H, H19), 5.87 (bs, 2H,
H26), 6.28 (dd, 1H, J = 5.4, 9.8 Hz, H21), 6.63 (bs, 1H, H27), 6.94 (d, 1H, J = 5.2 Hz, H3),
7.02 (d, 1H, J = 3.6 Hz, H6), 7.05 (d, 1H, J = 3.6 Hz, H2), 7.13 (m, 2H, H1 + H5), 7.18 (d,
1H, J = 5.2 Hz, H4) 7.25 (s, 1H, H7), 7.68 (s, 1H, H14), 7.95 (s, 1H, H24), 8.32 (s, 1H, H25)
ppm.
13

C NMR (CDCl3, 100 MHz): δ = 14.1, 21.6, 22.6, 22.6, 29.2, 29.3, 29.4, 29.4, 30.4, 30.6,

31.6, 33.3, 37.6, 50.0, 63.3, 87.5, 87.7, 119.0, 121.3, 123.9, 123.9, 126.5, 126.6, 127.1, 130.1,
130.1, 130.2, 130.4, 134.8, 135.4, 135.6, 136.9, 139.9, 140.3, 140.4, 142.6, 148.5, 152.3,
155.9, 172.2 ppm.
Elemental analysis for C45H54N8O4S4 (Mw = 899.2 g mol-1): calc. C 60.11 H 6.05 N 12.46 %,
found C 60.08 H 6.18 N 12.38 %.
MALDI-TOF (DHB): m/z = calc. 898.3 (M+), found 898.6.

Synthesis of 2-[3'''-(1,3-dioxolan-2-yl)-2,2':5',2'':5'',2'''-quaterthien-3-yl]-1,3-dioxolane 72.
In 50 ml abs. THF 6.0 g (38 mmol) 2-thiene-3-yl-[1,3]dioxolane 70 were dissolved and
cooled to -78 °C. After addition of 28 ml (44 mmol, 1.2 eq.) n-butyl lithium (1.6 M in nhexane), the mixture was stirred for 30 min and warmed to room temperature. Then, the
reaction was recooled to -78 °C and 9.3 g (50 mmol, 1.3 eq.) 2-isopropyl-4,4,5,5-tetra-
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methyl-[1,3,2]-dioxaborolane were added. After additional 30 min at this temperature and one
hour at room temperature 50 ml of diethyl ether were added and the mixture washed with sat.
NaHCO3-solution. The organic layer was dried over sodium sulfate and the solvent was
evaporated under reduced pressure. 9.6 g (34 mmol, 88 %) of 71 as colourless solid were
obtained and 6.2 g (22 mmol, 3 eq.) of 71 were dissolved together with 2.4 g (7.3 mmol) of
2,2’-dibromo-5,5’-bithiophene in 120 ml THF. After the addition of 21 g potassium
bicarbonate in 50 ml water 190 mg (0.18 mmol, 3 mol-%) of di-palladiumtris(dibenzylideneaceton) chloroform complex and 210 mg (0.73 mmol, 10 mol-%) tri-tertbutylphosphonium-tetra-fluoroborate were added. After the mixture was refluxed for 24 hours
THF was removed in vacuo, the residue was dissolved in 100 ml dichloromethane and washed
with sat. NaCl-solution. The aqueous layer was extracted with dichloromethane and the
combined organic layers dried over sodium sulfate. The solvent was evaporated under
reduced pressure and the product 72 was purified by column chromatography
(dichloromethane/n-hexane 4:1, Rf = 0.32). 3.2 g (6.8 mmol, 93 %) of a bright orange solid
were obtained.

M.p.: 136 - 138 °C
1

H NMR (CDCl3, 400 MHz):  = 4.12 (m, 8H, H6), 5.95 (s, 2H, H5), 7.20 (m, 8H, H1 + H2 +

H3 + H4) ppm.
13

C NMR (CDCl3, 100 MHz):  = 65.4, 99.1, 124.4, 124.7, 127.2, 128.1, 133.4, 135.2, 135.4,

137.8 ppm.
Elemental analysis for C22H18O4S4 (Mw = 474.6 g mol-1): calc. C 55.67 H 3.82 S 27.02 %,
found C 55.57 H 3.91 S 26.21 %.
MS (CI): m/z = 475 M+, 431 (M-C2H4O)+, 387 (M-C4H8O2)+.

Synthesis of 2,2':5',2'':5'',2'''-quaterthiophene-3,3'''-dicarbaldehyde 73.
3.3 g (7.0 mmol) of quaterthiophene 72 were dissolved in 300 ml THF and 50 ml water and
100 mg (0.53 mmol) of p-toluenesulfonic acid monohydrate were added. The mixture was

Experimental Section
stirred over night and after the reaction had finished the precipitate was filtered and washed
with water. After drying in vacuo, 2.5 g (6.6 mmol, 95 %) of an orange, almost insoluble solid
were obtained. The product 73 was used without further purification.

M.p.: 247 - 250 °C
1

H NMR (DMSO-d6, 400 MHz):  = 7.50 (d, 2H, J = 3.9 Hz, H3), 7.51 (d, 2H, J = 5.4 Hz,

H1), 7.54 (d, 2H, J = 3.9 Hz, H2), 7.64 (dd, 2H, J = 0.6, 5.4 Hz, H4), 10.11 (s, 2H, H5) ppm.
13

C NMR (DMSO-d6, 100 MHz):  = 125.5, 126.1, 127.2, 130.1, 131.4, 136.4, 137.6, 144.2,

184.1 ppm.
Elemental analysis for C18H10O2S4 (Mw = 386.5 g mol-1): calc. C 55.93 H 2.61 %, found C
55.85 H 2.68 %.
HRMS for C18H10O2S4: m/z = calc. 386.9636, found 386.9634.
MS (CI): m/z = 387 M+.

Synthesis of (3'''-hydroxymethyl-2,2';5',2'';5'',2'''-quaterthien-3-yl)-methanol 74.
570 mg (15 mmol, 2 eq.) of lithium aluminum hydride were suspended in 100 ml THF (dried
over CaCl2) and 2.9 g (7.5 mmol) of dialdehyde 73 in one liter of THF were added as a
suspension. The mixture was stirred over night and the orange suspension turned into a yellow
solution. 100 ml of cold 0.6 N HCl and 200 ml diethyl ether were added and the separated
aqueous phase was extracted twice with diethyl ether. The combined organic layers were
dried over sodium sulfate and after evaporation of the solvents the crude product was purified
by column chromatography (DCM  THF, Rf,DCM = 0.10). 2.8 g (7.2 mmol, 96 %) of 74
were obtained as a yellow solid.
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M.p.: 191 - 193 °C
1

H NMR (DMSO-d6, 400 MHz):  = 4.57 (d, 4H, J = 5.6 Hz, H5), 5.34 (t, 2H, J = 5.6 Hz,

H6), 7.18 (d, 2H, J = 5.1 Hz, H4), 7.21 (d, 2H, J = 3.7 Hz, H3), 7.37 (d, 2H, J = 3.7 Hz, H2),
7.49 (d, 2H, J = 5.1 Hz, H1) ppm.
13

C NMR (CDCl3, 100 MHz):  = 57.4, 124.8, 125.1, 127.2, 130.4, 130.5, 134.2, 135.8, 139.9

ppm.
Elemental analysis for C18H14O2S4 (M = 390.6 g mol-1): calc. C 55.36 H 3.61 % found C
55.23 H 3.75 %.
HRMS for C18H14O2S4 + Na: m/z = calc. 412.9769, found 412.9763.
MS (CI): m/z = 390 M+, 373 (M-OH)+.

Synthesis of 3,3'''-bis{[2-(2-methoxyethoxy)ethoxy]methyl}-2,2':5',2'':5'',2'''-quaterthiophene
75.
To a suspension of 870 mg (36 mmol, 5 eq.) sodium hydride in THF (dried over CaCl2) a
solution of 2.8 g (7.2 mmol) of alcohol 74 in THF were added and the mixture was heated at
reflux for 30 min. Then the reaction was cooled to room temperature and 9.9 g (36 mmol, 5
eq.) of toluene-4-sulfonic acid 2-(2-methoxy-ethoxy)-ethyl ester were added. After refluxing
for four days the mixture was cooled to room temperature and quenched with water. The
aqueous layer was extracted three times with diethyl ether and ethyl acetate and the combined
organic layers were dried over sodium sulfate. Removal of the solvent and purification by
column chromatography (n-hexane  DCM/MeOH 10:1) yielded 3.4 g (5.7 mmol, 79 %) of
75 as a red oil.

Experimental Section

1

H NMR (DMSO-d6, 400 MHz):  = 3.22 (s, 6H, H10), 3.42 (m, 4H, H9), 3.52 (m, 4H, H8),

3.58 (m, 8H, H7 + H6), 4.54 (s, 4H, H5), 7.17 (d, 2H, J = 5.1 Hz, H4), 7.25 (d, 2H, J = 4.0
Hz, H3), 7.37 (d, 2H, J = 4.0 Hz, H2), 7.53 (d, 2H, J = 5.1 Hz, H1) ppm.
13

C NMR (DMSO-d6, 100 MHz):  = 58.0, 65.9, 69.1, 69.6, 69.7, 71.3, 125.0, 125.2, 127.5,

130.9, 132.9, 133.8, 135.6, 136.1 ppm.
Elemental analysis for C28H34O6S4 (Mw = 594.8 g mol-1): calc. C 56.54 H 5.76 S 21.56 %,
found C 56.41 H 5.68 S 21.57 %.
MALDI-MS (dithranol): m/z = calc. 594.2 (M+), found 594.1.

Synthesis of 3,3'''-bis{[2-(2-methoxyethoxy)ethoxy]methyl}-2,2':5',2'':5'',2'''-quaterthiophene5-carbaldehyde 76.
97 µl (1.3 mmol, 1.5 eq.) N,N-Dimethylformamide were dissolved in two ml dry
dichloroethane and 110 µl (1.3 mmol, 1.5 eq.) phosphoryl chloride were added dropwise.
After stirring for 1.5 hours at room temperature, 500 mg (0.84 mmol) of quaterthiophene 75
were added in two ml dichloroethane at reflux. The mixture was refluxed for additional 0.5
hours and the reaction was finished by addition of 20 ml sat. NaHCO3-solution. The mixture
was stirred over night and 20 ml water and dichloromethane were added. The phases were
separated and the aqueous phase was extracted seven times with dichloromethane. The
organic layer was dried over sodium sulfate, the solvents were removed in vacuo and the
product was purified by column chromatography (ethyl acetate, Rf = 0.10). 0.26 mg (0.41
mmol, 49 %) of 76 as a red oil were obtained.
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1

H NMR (DMSO-d6, 400 MHz):  = 3.23 (s, 6H, H13), 3.44 (m, 4H, H12), 3.54 (m, 4H,

H11), 3.59 (m, 6H, H9 + H10), 3.67 (m, 2H, H9’), 4.55 (s, 2H, H8), 4.62 (s, 2H, H8’), 7.18
(d, 1H, J = 5.1 Hz, H1), 7.27 (d, 1H, J = 3.5 Hz, H2), 7.44 (m, 2H, H3 + H5), 7.49 (d, 1H, J =
4.1 Hz, H4), 7.53(d, 1H, J = 5.6 Hz, H6), 8.04 (s, 1H, H7), 9.88 (s, 1H, H14) ppm.
13

C NMR (DMSO-d6, 100 MHz):  = 58.0, 65.8, 68.7, 69.0, 69.3, 69.6, 69.6, 71.2, 74.1,

125.1, 125.4, 125.9, 127.5, 129.8, 130.8, 132.3, 132.7, 134.6, 135.5, 135.8, 139.8, 140.5,
141.7, 169.8 ppm.
Elemental analysis for C29H34O7S4 (Mw = 622.8 g mol-1): calc. C 55.92 H 5.38 %, found C
55.68 H 5.38 %.
HRMS for C29H34O7S4 + Na: calc. 645.1080, found 645.1087.
MALDI-MS (DHB): m/z = calc. 641.1 (M+ + Na), found 645.3.

Synthesis of 5-ethynyl-3,3'''-bis{[2-(2-methoxyethoxy)ethoxy]methyl}-2,2':5',2'':5'',2'''quaterthiophene 77.
64 mg (1.6 mmol, 10 eq.) of sodium hydride (60 % suspension in paraffin oil) were suspended
in three ml dry THF and 220 µl (1.6 mmol, 10 eq.) dimethyl(2-oxopropyl)phosphonate were
added dropwise at 0 °C. The reaction was stirred for 40 minutes and 320 mg (1.6 mmol, 10
eq.) of tosyl azide were added. After stirring for another 10 minutes the mixture was filtered
through a short plug of silica and washed with ethyl acetate. The solvents were removed in
vacuo, the residue was dissolved in 2 ml dry THF and added to a solution of 100 mg (0.16
mmol) quaterthiophene 76 and 330 mg (2.4 mmol, 15 eq.) potassium carbonate in 3 ml dry
methanol and 7 ml dry THF. After 13 hours the solvents were removed, the residue was
dissolved in dichloromethane and washed with water. The aqueous layer was extracted with
dichloromethane and the combined organic layers dried over sodium sulfate. Then, the

Experimental Section
solvents were removed in vacuo and the product 53 was purified by column chromatography
(ethyl acetate, Rf = 0.45). 73 mg (0.12 mmol, 73 %) of monoethynyl quaterthiophene 77 were
obtained as brownish red oil.
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1

H NMR (DMSO-d6, 400 MHz):  = 3.37 (s, 3H, H13), 3.38 (s, 3H, H13’), 3.40 (s, 1H, H14),

3.55 (m, 4H, H12), 3.65 (m, 12H, H9 + H10 + H11), 4.57 (s, 2H, H8), 4.63 (s, 2H, H8’), 7.14
(m, 4H, H1 + H2 + H3 + H5), 7.21 (d, 2H, J = 5.2 Hz, H4 + H6), 7.29 (s, 1H, H7) ppm.
13

C NMR (DMSO-d6, 100 MHz):  = 59.0, 66.6, 66.8, 69.4, 69.5, 70.5, 70.5, 70.5, 71.9, 76.6,

82.4, 120.1, 124.2, 124.4, 124.6, 127.4, 127.9, 130.3, 133.1, 134.0, 134.6, 134.8, 135.3, 135.7,
136.1, 137.0, 138.0 ppm.
HRMS for C30H34O6S4 + Na: m/z = calc. 641.1130, found 641.1132.
MALDI-MS (DHB): m/z = calc. 618.1 (M+), found 618.2.

Synthesis

of

3'-O-{5-[4-(3,3'''-bis{[2-(2-methoxyethoxy)ethoxy]methyl}-2,2':5',2'':5'',2'''-

quaterthiophen-5-yl)-1H-1,2,3-triazol-1-yl]pentanoyl}thymidine 78 (T-4TO).
87 mg (0.24 mmol) Alkoxy-functionalized quaterthiophene 77 and 150 mg (0.24 mmol, 1 eq.)
of azide 39 were dissolved in 5 ml of a 4:1 mixture of dichloromethane and methanol and 18
mg (47 µmol, 0.2 eq.) Cu(CH3CN)4PF6 were added at room temperature. The mixture was
stirred for two hours, the solvents were removed in vacuo and the residue dissolved in
dichloromethane. The solution was washed with water and the aqueous layer extracted three
times with dichloromethane. After drying over sodium sulfate, the dichloromethane was
removed and the product was purified by column chromatography (ethyl acetate/n-hexane
10:1, Rf = 0.28), size exclusion chromatography and recycling GPC. 170 mg (0.17 mmol, 74
%) of 78 as brown/orange solid were obtained.
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78 (T-4TO)

1

H NMR (CDCl3, 400 MHz): δ = 1.71 (m, 2H, H17), 1.91 (d, 3H, J = 1.0 Hz, H25), 2.03 (m,

2H, H16), 2.31 (m, 1H, H20), 2.43 (m, 3H, H18 + H20’), 2.59 (bs, 1H, H27), 3.38 (s, 3H,
H13), 3.39 (s, 3H, H13’), 3.56 (m, 4H, H12), 3.67 (m, 4H, H11), 3.73 (m, 8H, H9 + H10),
3.88 (m, 2H, H23), 4.06 (m, 1H, H22), 4.43 (t, 2H, J = 6.8 Hz, H15), 4.65 (m, 4H, H8), 5.37
(m, 1H, H19), 6.21 (dd, 1H, J = 5.8, 8.5 Hz, H21), 7.14 (m, 5H, H1 + H2 + H3 + H5 + H6),
7.22 (d, 1H, J = 5.1 Hz, H4), 7.45 (s, 1H, H7), 7.59 (d, 1H, J = 1.0 Hz, H24) 7.81 (s, 1H,
H14), 9.08 (bs, 1H, H26) ppm.
13

C NMR (THF-d8, 100 MHz): δ = 12.4, 22.4, 30.3, 33.7, 38.1, 50.2, 58.8, 62.9, 70.3, 70.4,

71.1, 71.2, 71.3, 72.8, 76.3, 85.4, 86.1, 110.8, 120.2, 124.5, 125.2, 127.2, 127.9, 128.0, 131.1,
132.7, 133.0, 134.1, 135.3, 135.4, 136.1, 136.9, 137.3, 137.8, 137.9, 142.5, 151.3, 163.9,
172.7 ppm.
Elemental analysis for C45H55N5O12S4 (Mw = 986.2 g mol-1): calc. C 54.80 H 5.62 N 7.10 %,
found C 54.71 H 5.68 N 6.99 %.
MALDI-TOF (DHB): m/z = calc. 985.3 (M+), found 985.6.

Synthesis

of

3'-O-{5-[4-(3,3'''-bis{[2-(2-methoxyethoxy)ethoxy]methyl}-2,2':5',2'':5'',2'''-

quaterthiophen-5-yl)-1H-1,2,3-triazol-1-yl]pentanoyl}-2'-deoxyadenosine 79 (A-4TO).
100 mg (0.27 mmol) of alkoxy-functionalized quaterthiophene 77 and 170 mg (0.27 mmol, 1
eq.) of azide 44 were dissolved in 5 ml of a 4:1 mixture of dichloromethane and methanol and
20 mg (54 µmol, 0.2 eq.) Cu(CH3CN)4PF6 were added at room temperature. The mixture was
stirred for two hours, the solvents were removed in vacuo and the residue was dissolved in
dichloromethane. The solution was washed with water and the aqueous layer was extracted

Experimental Section
three times with dichloromethane. After drying over sodium sulfate, the dichloromethane was
removed and the product was purified by column chromatography (ethyl acetate/n-hexane
10:1, Rf = 0.28), size exclusion chromatography and recycling GPC. 220 mg (0.22 mmol, 83
%) of 79 a brown/orange solid were obtained.
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79 (A-4TO)

1

H NMR (CDCl3, 400 MHz): δ = 1.72 (m, 2H, H17), 2.05 (m, 2H, H16), 2.40 (m, 1H, H20),

2.43 (t, 2H, H18), 3.13 (m, 1H, H20’), 3.35 (s, 3H, H13), 3.36 (s, 3H, H13’), 3.54 (m, 4H,
H12), 3.65 (m, 4H, H11), 3.71 (m, 8H, H9 + H10), 3.85 (m, 2H, H23), 4.22 (m, 1H, H22),
4.42 (t, 2H, J = 6.8 Hz, H15), 4.62 (m, 4H, H8), 5.55 (m, 1H, H19), 6.23 (bs, 2H, H26), 6.23
(dd, 1H, J = 5.5, 9.6 Hz, H21), 7.15 (m, 5H, H1 + H2 + H3 + H5 + H6), 7.19 (d, 1H, J = 5.6
Hz, H4), 7.38 (s, 1H, H7), 7.72 (s, 1H, H14), 8.03 (s, 1H, H24), 8.29 (s, 1H, H25) ppm.
13

C NMR (THF-d8, 100 MHz): δ = 13.0, 14.8, 22.9, 23.8, 30.5, 30.6, 30.8, 31.7, 33.0, 34.1,

38.6, 50.7, 63.4, 76.8, 85.9, 86.6, 111.3, 120.6, 125.3, 127.5, 127.6, 130.3, 133.6, 136.5,
136.6, 137.7, 141.2, 143.1, 151.8, 164.4, 173.2 ppm.
Elemental analysis for C45H54N8O10S4 (Mw = 995.2 g mol-1): calc. C 54.31 H 5.47 N 11.26
%, found C 54.16 H 5.43 N 11.28 %.
MALDI-TOF (DHB): m/z = calc. 994.3 (M+), found 994.2.

Synthesis of methyl 5-[4-(3,3'''-dihexyl-2,2':5',2'':5'',2'''-quaterthien-5-yl)-1H-1,2,3-triazol-1yl]pentano-ate 83 (Me-4T).
12 mg (77 µmol) Quaterthiophene 58 and 40 mg (77 µmol, 1 eq.) of 5-azidopentanoic acid
methylester 82 were dissolved in 5 ml of a 4:1 mixture of dichloromethane and methanol and
5.7 mg (15 µmol, 0.2 eq.) Cu(CH3CN)4PF6 and 0.97 mg (15 µmol, 0.2 eq.) of elementary
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copper were added at room temperature. The mixture was stirred over night and the solvents
were removed in vacuo, the residue was dissolved in DCM and washed with water. The
aqueous layer was extracted three times with dichloromethane. After drying over sodium
sulfate the dichloromethane was removed and the product purified three times by column
chromatography (10:1 ethyl acetate/n-hexane). 41 mg (60 µmol, 79 %) of 83 as orange solid
were obtained.

M.p.: 78 - 79 °C
1

H NMR (CDCl3, 400 MHz): δ = 0.89 (m, 6H, H13), 1.33 (m, 12H, H10 + H11 + H12), 1.67

(m, 6H, H9 + H17), 2.01 (m, 2H, H16), 2.38 (t, 2H, J = 7.3 Hz, H18), 2.78 (m, 4H, H8), 3.68
(s, 3H, H19), 4.41 (t, 2H, J = 7.1 Hz, H15), 6.94 (d, 1H, J = 5.6 Hz, H3), 7.02 (d, 1H, J = 4.0
Hz, H6), 7.06 (d, 1H, J = 3.5 Hz, H2), 7.13 (d, 2H, J = 3.5 Hz, H1 + H5), 7.18 (d, 1H, J = 5.1
Hz, H4), 7.26 (s, 1H, H7), 7.66 (s, 1H, H14) ppm.
13

C NMR (CDCl3, 100 MHz): δ = 14.1, 21.8, 22.5, 22.6, 29.2, 29.3, 29.5, 29.6, 30.4, 30.6,

31.6, 33.1, 50.0, 51.6, 118.9, 123.8, 123.9, 123.9, 123.9, 126.5, 127.1, 130.0, 130.1, 130.3,
130.6, 135.0, 135.4, 136.7, 136.9, 139.9, 140.3, 142.6, 173.3 ppm.
Elemental analysis for C36H45N3O2S4 (Mw = 680.0 g mol-1): calc. C 63.58 H 6.67 N 6.18 %,
found C 64.07 H 6.99 N 5.86 %.
MALDI-TOF (dithranol): m/z = calc. 680.3 (M+), found 680.2.

Synthesis

of

5-(4-{3,3'''-dihexyl-5'''-[1-(4-methoxycarbonyl-butyl)-1H-[1,2,3]triazol-4-yl]-

2,2';5',2''; 5'',2'''quaterthiophen-5-yl}-[1,2,3]triazol-1-yl)-pentanoic acid methyl ester 84
(Me2-4T).
59 mg (0.11 mmol) Diethynyl quaterthiophene 58 and 34 mg (0.22 mmol, 2 eq.) of 5azidopentanoic acid methyl ester 82 were dissolved in 10 ml of a 4:1 mixture of
dichloromethane and methanol. 16 mg (43 µmol, 0.4 eq.) Cu(CH3CN)4PF6 and 2.7 mg (43
µmmol, 0.4 eq.) of elementary copper were added and the mixture was stirred over night.

Experimental Section
After evaporation of the solvent the residue was dissolved in dichloromethane and washed
with water. The combined aqueous layers were extracted three times with dichloromethane,
dried over sodium sulfate and the crude product was purified by column chromatography
(ethyl acetate/n-hexane, 2:1, Rf = 0.61), size exclusion chromatography and recycling GPC.
84 mg (0.10 µmol, 90 %) of 84 were obtained as orange/red solid.

M.p.: 116 - 118 °C
1

H NMR (CDCl3, 400 MHz):  = 0.89 (m, 6H, H9), 1.33 (m, 12H, H6 + H7 + H8), 1.68 (m,

8H, H5 + H13), 2.01 (m, 4H, H12), 2.38 (t, 4H, J = 7.1 Hz, H14), 2.79 (t, 4H, J = 7.6 Hz,
H4), 3.68 (s, 6H, H15), 4.41 (t, 4H, J = 7.1 Hz, H11), 7.06 (d, 2H, J = 4.0 Hz, H1), 7.15 (d,
1H, J = 3.5 Hz, H2), 7.26 (s, 2H, H3), 7.66 (s, 2H, H10) ppm.
13

C NMR (CDCl3, 100 MHz):  = 14.1, 21.8, 22.6, 29.2, 29.5, 29.6, 30.4, 31.6, 33.1, 50.0,

51.6, 118.9, 124.0, 126.5, 127.1, 129.9, 130.7, 135.1, 136.8, 140.4, 142.6, 173.3 ppm.
Elemental analysis for C44H56N6O4S4 (Mw = 861.2 g mol-1): calc. C 61.36 H 6.55 N 9.76 %,
found C 61.21 H 6.60 N 9.69 %.
MALDI-TOF (dithranol): m/z = calc. 861.2 (M+), found 861.5.

Synthesis of 5’-O-(tert-butyldimethylsilyl)-3’-O-(5-bromopentanoyl)-N-methylthymidine 86.
280 mg (0.76 mmol) of 5’-O-tert-butyldimethylsilyl-N-methylthymidine 85, 9.2 mg (76 µmol,
0.10 eq.) DMAP and 160 mg (0.76 mmol, 1 eq.) DCC were dissolved in 15 ml dichloromethane and cooled to 0 °C. 210 mg (1.1 mmol, 1.5 eq.) 5-bromovaleric acid were
added and the mixture was stirred for three hours. After filtration over Celite® the solvent was
removed in vacuo and the product purified by column chromatography (ethyl acetate/nhexane, 2:1, Rf = 0.84). 370 mg (0.70 mmol, 92 %) of product 86 were obtained as a
colourless solid.
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M.p.: 96 -98 °C
1

H NMR (CDCl3, 400 MHz): δ = 0.12 (s, 6H, H13), 0.92 (s, 9H, H14), 1.80 (m, 2H, H7),

1.90 (m, 2H, H8), 1.92 (d, 3H, J = 1.0 Hz, H11), 2.10 (ddd, 1H, J = 6.2, 9.2, 13.9 Hz, H4),
2.39 (t, 2H, J = 7.2 Hz, H6), 2.40 (m, 1H, H4’), 3.34 (s, 3H, H12), 3.41 (t, 2H, J = 6.5 Hz,
H9), 3.91 (m, 2H, H1), 4.07 (m, 1H, H2), 5.25 (m, 1H, H3), 6.38 (dd, 1H, J = 5.3, 9.1 Hz,
H5), 7.52 (d, 1H, J = 1.0 Hz, H10) ppm.
13

C NMR (CDCl3, 100 MHz): δ = -5.5, 13.2, 18.3, 23.3, 25.9, 27.9, 31.9, 32.8, 33.2, 38.1,

63.3, 75.4, 85.4, 85.5, 110.2, 132.8, 151.1, 163.6, 172.7 ppm.
Elemental analysis for C22H37BrN2O6Si (Mw = 533.5 g mol-1): calc. C 49.53 H 6.99 N 5.25
%, found C 49.25 H 7.07 N 5.13 %.
MS (CI): m/z = 532, 534 (M+).

Synthesis of 3’-O-(5-bromopentanoyl)-N-methylthymidine 87.
To a stirred solution of 350 mg (0.66 mmol) nucleoside 86 in dry methanol were added 12 mg
(0.16 mmol, 0.25 eq.) acetyl chloride. The reaction was stirred for one hour. After completion
of the reaction dichloromethane was added, the reaction mixture was neutralized with sat.
NaHCO3-solution and washed with water. Finally, the organic layer was dried and
concentrated in vacuo. The residue was purified on silica gel (ethyl acetate/n-hexane, 2:1, Rf =
0.39). 230 mg (0.55 mmol, 83 %) of 87 as white solid were obtained.

Experimental Section
M.p.: 93 - 94 °C
1

H NMR (CDCl3, 400 MHz): δ = 1.77 (m, 2H, H7), 1.87 (m, 2H, H8), 1.91 (d, 3H, J = 1.0

Hz, H11), 2.37 (t, 2H, J = 7.2 Hz, H6), 2.40 (m, 2H,H4), 2.84 (bs, 1H, H13), 3.31 (s, 3H,
H12), 3.40 (t, 2H, J = 6.4 Hz, H9), 3.89 (m, 2H, H1), 4.05 (m, 1H, H2), 5.35 (m, 1H, H3),
6.23 (dd, 1H, J = 6.0, 8.3 Hz, H5), 7.50 (d, 1H, J = 1.0 Hz, H10) ppm.
13

C NMR (CDCl3, 100 MHz): δ = 13.3, 23.3, 27.9, 31.9, 32.8, 33.2, 37.1, 62.6, 74.7, 85.1,

87.2, 110.4, 134.2, 151.1, 163.5, 172.8 ppm.
Elemental analysis for C16H23BrN2O6 (Mw = 419.3 g mol-1): calc. C 45.83 H 5.53 N 6.68
found C 45.73 H 5.66 N 6.42.
MS (EI): m/z = 419, 421 (M+H)+, 339 (M-Br)+, 279, 281 (M-thymine)+, 141 (thymine+H)+.
HRMS for C16H23BrN2O6 + Na: m/z = calc. 441.0635, found 441.0632.

Synthesis of 3’-O-(5-azidopentanoyl)-N-methylthymidine 88.
230 mg (0.55 mmol) of nucleoside 87 and 180 mg (2.7 mmol, 5 eq.) sodium azide in 5 ml
DMF were heated to 80 °C and stirred over night. After removal of the solvent in vacuo, the
residue was dissolved in diethyl ether and washed with sat. NaHCO3-solution. The aqueous
phase was extracted three times with diethyl ether and the combined organic layers were dried
over sodium sulfate. The solvent was removed in vacuo and the product 88 was purified by
column chromatography. 200 mg (0.52 mmol, 95 %) of a white solid were obtained.

M.p.: 98 - 100 °C
1

H NMR (CDCl3, 400 MHz,): δ = 1.64 (m, 2H, H7), 1.73 (m, 2H, H8), 1.94 (d, 3H, J = 1.0

Hz, H11), 2.23 (bs, 1H, H13), 2.41 (m, 4H, H4 + H6), 3.31 (t, 2H, J = 6.6 Hz, H9), 3.34 (s,
3H, H12), 3.91 (m, 2H, H1), 4.07 (m, 1H, H2), 5.36 (m, 1H, H3), 6.22 (dd, 1H, J = 5.9, 8.4
Hz, H5), 7.44 (d, 1H, J = 1.0 Hz, H10) ppm.

201
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Experimental Section
13

C NMR (CDCl3, 100 MHz): δ = 13.3, 22.0, 27.9, 28.2, 33.5, 37.2, 51.0, 62.6, 74.8, 85.1,

87.1, 110.4, 134.1, 151.1, 163.5, 172.8 ppm.
Elemental analysis for C16H23N5O6 (Mw = 381.4 g mol-1): calc. C 50.39 H 6.08 N 18.36 %,
found C 50.51 H 6.23 N 18.46 %
MS (CI): m/z = 382 (M+H)+, 239 (M-C5H8N3O2)+, 141 (thymine+H)+.
HRMS for C16H23N5O6 + Na: m/z = calc. 404.1547, found 404.1541.
IR (film, NaCl):  = 897 (w), 975 (w), 1103 (s), 1158 (s), 1298 (m), 1369 (m), 1474 (s), 1643
(vs), 1672 (vs), 1703 (vs), 1737 (s), 2098 (s), 2872 (m), 2928 (m) cm-1.

Synthesis
2,2';5',2'';

of

5-(4-{3,3'''-dihexyl-5'''-[1-(4-methoxycarbonyl-butyl)-1H-[1,2,3]triazol-4-yl]5'',2'''-quaterthiophen-5-yl}-[1,2,3]triazol-1-yl)-pentanoic

acid

3’-O-N-

methylthymidine ester 89 (MeT)2-4T.
130 mg (0.23 mmol) of diethynyl quaterthiophene 56 and 180 mg (0.47 mmol, 2 eq.) of
corresponding azide 72 were dissolved in 10 ml of a 4:1 mixture of dichloromethane and
methanol and 35 mg (94 µmol, 0.4 eq.) Cu(CH3CN)4PF6 were added. The mixture was stirred
over night and after the reaction had finished the solvents were removed in vacuo the residue
was dissolved in dichloromethane and washed with water and sat. NaHCO3-solution. After
drying with sodium sulfate the solvent was removed and the product purified by column
chromatography (ethyl acetate), size exclusion chromatography and recycling gel permeation
chromatography. 250 mg (0.19 mmol, 81 %) of 89 as yellow solid were obtained.

1

H NMR (CDCl3, 400 MHz): δ = 0.89 (m, 6H, H9), 1.32 (m, 8H, H7 + H8), 1.40 (m, 4H,

H6), 1.70 (m, 8H, H5 + H13), 1.94 (m, 6H, H21), 2.02 (m, 6H, H12 + H23), 2.34 (ddd, 2H, J
= 2.0, 5.9, 14.1 Hz, H16), 2.42 (t, 4H, J = 7.2 Hz, H14), 2.50 (d, 2H, J = 6.6, 8.4, 14.7 Hz,

Experimental Section
H16’), 2.78 (t, 4H, J = 7.8 Hz, H4), 3.34 (s, 6H, H22), 3.91 (m, 4H, H19), 4.08 (m, 2H, H18),
4.43 (t, 4H, J = 6.8 Hz, H11), 5.36 (m, 2H, H15), 6.20 (dd, 2H, J = 5.0, 8.6 Hz, H17), 7.06 (d,
2H, J = 4.0 Hz, H1), 7.14 (d, 2H, J = 4.0 Hz, H2), 7.28 (s, 2H, H3), 7.47 (d, 2H, J = 1.0 Hz,
H20), 7.70 (s, 2H, H10) ppm.
13

C NMR (THF-d8, 100 MHz): δ =13.3, 14.1, 21.6, 22.6, 27.9, 29.2, 29.4, 29.5, 30.5, 31.6,

33.3, 37.1, 62.6, 75.0, 85.1, 87.5, 110.5, 119.2, 124.0, 126.6, 127.4, 130.5, 134.5, 136.9,
151.1, 163.5, 172.5 ppm.
Elemental analysis for C64H80N10O12S4 (Mw = 1309.6 g mol-1): calc. C 58.69 H 6.16 N 10.70
%, found C 58.85 H 6.34 N 10.36 %.
MALDI-TOF (DHB): m/z = calc. 1309.6 (M+), found 1309.2.
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Summary
The topic of the present thesis was the functionalization of semiconducting oligothiophenes
with complementary nucleosides 2’-deoxyadenosine and thymidine. These conjugates were
investigated with respect to their self-assembling behaviour, generated by a recognitiondriven process in solution as well as on solid support.
Synthesis was realized based on Cu(I)-catalyzed 1,3-dipolar cycloadditon of azides and
terminal alkynes, frequently referred as “click” reaction. Therefore, mono- and diethynylsubstituted quaterthiophenes and azido-bearing 2’-deoxyadenosine and thymidine were
prepared as versatile buildings blocks.
The general procedure includes the connection of the important building blocks,
oligothiophene and nucleoside, through a flexible alkyl spacer that should provide more
flexibility and might benefit the self-assembling properties. In addtion to the recognition by
hydrogen bonding the conjugates comprise highly amphiphilic character and can exert various
competing intermolecular forces such as π-stacking, van der Waals attractions or solvent
effects. Figure 1 gives an overview of all synthesized conjugates and their molecular
recognition through base pairing.
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Figure 1 Molecular structure of the synthesized nucleoside/oligothiophene conjugates.
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Summary
Furthermore, several reference compounds were synthesized in order to evaluate the
optoelectronic and electrochemical properties of the conjugates and gain more insight into
self-assembling processes (Figure 2).
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Figure 2 Molecular structure of synthesized reference compounds.

Investigations on optoelectronic and electrochemical properties of all conjugates as well as
the corresponding 1:1 mixtures in good solvents like dichloromethane or tetrahydrofurane did
not reveal any significant changes compared to the parent quaterthiophene unit which
indicates that the π-systems are molecularly dissolved and do not aggregate.
Base pairing of the complementary conjugates was investigated by means of 1H NMR
spectroscopy. Job plots of all three sets of compounds revealed a 1:1 stoichoimetry of the
complexes. Association constants in the range of 30 – 100 l mol-1 were determined by titration
of the respective thymidine compound with the corresponding 2’-desoxyadensoine derivative.
Within the alkyl-functionalized derivatives association constant increased with increasing
hydrophilicity of the conjugates. This might be due to a lower solubility which brings the
nucleosides into closer proximity.
Furthermore, recognition of the complementary conjugates in gas phase was proven by means
of electrospay-ionizaiton mass spectrometry. Besides the complementary T::A dimer also
T::T and A::A aducts were found and since the intensities of the signals corresponded well
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with their association constants, base pairing of the complementary conjugates can be
deduced clearly.
Upon changing the solvent system from good solvents like dichloromethane or n-propanol to
very polar n-propanol/water 1:3 mixtures, formation of aggregated species of compounds 51,
52, 54 and 62 was observed. UV/vis spectra revealed broad shoulders in the longer
wavelength region of the π-π* transition of the quaterthiophene moiety and a corresponding
blue-shift of the absorption maximum pointing towards the formation of both, H- and J-type
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Figure 3 Normalized UV/vis and fluorescence spectra of 52 (left) and 54 (right) in propanol (black) and
propanol/water 1:3 (orange), cUV = 5 x 10-5 M, cFl = 2 x 10-6 M.

These results were further supported by CD spectroscopic measurements. The appearance of
bisignate Cotton effects indicated a helical arrangement in close proximity of the πchromophores due to exciton coupling of the quaterthiophene moieties in case of 51, 52 and
62. For 54 the distances between the chromophors seemed to be too high for exciton coupling
which might be caused by a higher supramolecular order of the 1,2,3-triazoles or the
nucleosides leading to a higher distortion of - stacking. In summary, the zero-crossing of
all conjugates is slightly blue-shifted compared to the corresponding absorption maximum
which indicates a stacked arrangements of the quaterthiophenes. Furthermore, shoulders in the
longer wavelength region observed in UV/vis measurements is also reflected in the CD
spectra and points towards an arrangement along the long molecular axis of the π-systems. All
conjugates precipitated after some minutes due to the increasing size of the aggregated species
whereas protected 51 seemed to be stable in solution and the CD effect drastically increased
up to 700 mdeg during interval measurements.

Summary
Remarkably, conjugates 52 and 54 showed an opposite aggregate helicity despite the same
stereochemistry of the sugar moieties. This might be caused either by different steric effects
of the nucleobases or of corresponding solvent shells leading to differences in the molecular
packing of the chromophores (Figure 4, blue and orange) or by varying orientations of the
free hydroxl group at the sugar moiety. This assumption is further supported by presented
semi-empirical calculations for formation of chiral fibers on HOPG.
A 1:1 mixture of complementary conjugates 52 and 54 showed an almost complete quenching
of the Cotton effect which is most likely caused by the superposition of several aggregated
species of 52 and 54 (Figure 4, black). This assumption is further supported by AFM
measurements when the aggregates formed in solution were deposited on HOPG substrates
and formation of different superstructures was visualized. The self-assembling behaviour in
solution was investigated at different ratios of adenosine- and thymidine-functionalized
conjugates. A maximum of the CD intensity was detected at a 1:10 ratio of 52 to 54.
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Figure 4 CD spectra of 52 and 54 as well as a 1:1 mixture of 52:54 and 54:89, c = 5 x 10-5 M.

In order to additionally prove the base pairing in the polar n-propanol/water systems Nmethylated conjugate 89 (Figure 2) was synthesized. The methyl group at the thymine moiety
should prevent the recognition of the complementary nucleobases and led to almost no CD
effect at all. In contrary, the 1:1 mixture showed a strong enhancement of the CD intensity
together with the apparance of three distinct shoulders at lower energies which is the opposite
effect compared to non-methylated 52 (Figure 4, grey). Together with IR spectroscopic
measurements of the aggregated species, base recognition of the complementary molecules
can be taken as given and seems to play a crucial role in their self-assembly.
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Furthermore, investigations according to the “seargants and soldiers” principle were carried
out by additon of achiral methyl ester 84 to 52 and 54, respectively. At a 1:2 ratio of 84 to 52
the intensity of the Cotton effect reached a maximum with further additon of 84 the helicity of
the aggregated species was inverted and assimilates to the shape of pure 52. Similarly, upon
the additon of 84 to the adenosine derivative 54 the CD intensity increased until a ratio of 1:2
was reached which exceeded the CD effect of the pure conjugate more than twice. The chiral
amplification seems to be more dominant for adenosine-functionalized quaterthiophene 54
than for thymidine compound 52.
From these results it can be concluded that an amplification of chirality in the supramoleculur
stacks is present but high amounts of the chiral “soldiers” are necessary. However, it shows
that the molecular packing seems to be more effective in 1:2 mixtures of the conjugates and
the achiral reference which might be due to the sterically less demanding methyl groups with
respect to the nucleosides. This indicates once more the high influence of steric effects on the
chiral superstructers. Together with the complementary helicities for 52 and 54, respectivley,
it can be conluded that the stereocenters at the nucleoside moieties of course induce the
chirality of the assemblies, but the sign of helicity is predominantly caused by steric effects.
Additionally, the influence of traces of impurities on the self-assembling behaviour of 52 was
investigated. Before the conjugate was purified by recycling GPC CD spectra exhibited for
both solvent systems, n-propanol and n-propanol/water 1:3, bisignate Cotton effects with an
opposite helicity of the aggregates. After purification, aggregation of 52 could only be
determined in n-propanol/water mixtures in hand with a strong increase of the CD intensity.
These results clearly demonstrate that small amounts of impurities can have a drastic effect on
molecular packing. Therefore, suprastructure formation in solution and in the bulk was
studied after purification of all conjugates by recycling GPC.
Investigation of the self-assembling properties in the solid state of bifunctionalized conjugates
52 and 54 was performed by deposition of solutions in n-propanol/water mixtures on HOPG
substrates (Figure 5). In all cases the formation of a monolayer with amorpous clusters and
bundles of achiral and chiral fibers on top was observed. Notably, the self-assembly already
occurred in solution and the generated superstructures were deposited on HOPG substrates.
The 2’-deoxyadenosine derivative 54 revealed the formation of fibers with a right-handed
helicity whereas thymidine-functionalized 52 exhibited smaller left-handed ones. The 1:1
mixture of both conjugates exclusively revealed only left-handed helicities. In order to
understand the growth of the fibers semi-empirical calculations were performed and a
Watson/Crick-type base pairing was assumed. The adjacent π-systems interact via π-π
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them even longer than 30 µm. In this case, the recognition of the complementary nucleobases
through hydrogen bonds seems to be more efficient than self-aggregation and the fiber length
corresponds well to the trend of the association constants (KAA < KTT < KTA). Furthermore, no
preferred handedness of the fibers was found. Semi-empirical AM1 calculations suggested
that the base recognition is built on two hydrogen bonds along the long molecular axis which
is additionally stabilized in the perpendicular direction by a third one to an adjacent
nucleobase. The quaterthiophenes are displaced by half of a thiophene and interact via π-π
stacking through a distance of 0.38 nm.
In summary, the present thesis showed that by combination of semi-conducting
oligothiophenes with complementary nucleosides novel recognition-driven superstructures are
formed in solution and in the solid state. Driving forces for the molecular arrangement vary
from the investigated molecule to the applied method for investigation of self-assembling
properties. In solution polarity and thus, the solubility of the molecules seems to be an
important factor since the tendency of self-assembly increases with lower solubility of the
conjugates. For example, very stable aggregates were formed of hardly soluble 52 in npropanol/water mixtures which precipitated after a few minutes, whereas more soluable 51
formed aggregates which were stable in solution leading to a thermodynamically equilibrated
system. However, despite the stereocenters of the nucleosides of course induce the chirality
into the -stacks, the observed helicity depends predominantly on steric effects.
On surfaces, the self-assembly of lower soluble conjugates 52 and 54 was mainly driven by
the intermolecular forces which led to very stable aggregates. In contrary, the self-assembling
process of better soluable 59 and 61 was dominated by molecule/substrate interactions and
upon annealing the thermodynamically more favoured morphologies were generated.
These findings revealed that the self-assembling process is still a result of a whole plethora of
parameters such as flexibility and polarity of the molecules as well as their solubility, steric
effects, solvent interactions and the applied method for their investigation which make a
precise prediction of the formed suprastructures up to now still challenging. The present thesis
revealed which factors predominantly benefit to the molecular arrangement of the prepared
nucleoside/ oligothiophene conjugates, so that a rational tuning might become possible in
future projects.

197

Zusammenfassung

ZUSAMMENFASSUNG

220

Zusammenfassung
Ziel der vorliegenden Arbeit war die Funktionalisierung von halbleitenden Oligothiophenen
mit den beiden komplementären Nukleosiden 2’-Deoxyadenosin und Thymidin sowie die
Erzeugung von selbstorganisierten Überstrukturen durch molekulare Erkennung sowohl in
Lösung als auch auf Oberflächen.
Die Darstellung der Hybridmoleküle konnte mithilfe der unter dem Schlagwort “ClickChemie” bekannten Cu(I)-katalysierten 1,3-dipolaren Cycloadditon von Aziden und
terminalen Alkinen erreicht werden und beinhaltet die Verknüpfung des Ethynylfunktionalisierten Quaterthiophen- und azido-subsitutierten Nukleosidbausteins mittels einer
flexiblen Alkylkette.
Zusätzlich zur Ausbildung von Basenpaaren via Wasserstoffbrückenbindungen zeichnen sich
die Konjugate durch ihren hohen amphiphilen Charakter und zahlreiche andere
intermolekulare

Kräfte

wie

π-π-

und

van

der

Waals-Wechselwirkungen

oder

Lösungsmitteleffekte aus. Abbildung 1 zeigt einen Überblick über alle dargestellten Hybride,
sowie deren molekulare Erkennung durch Wasserstoffbrückenbindungen.
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Abbildung 1 Struktur der dargestellten Nukleosid/Oligothiophen-Hybride.
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Zusammenfassung
Zusätzlich zu den komplementären Konjugaten aus Abbildung 1 wurden methylierte
Referenzverbindungen dargestellt, welche Rückschlüsse auf den Einfluss der Nukleoside in
Bezug auf ihre optoelektronischen und elektrochemischen Eigenschaften und den
Selbstorganisationsprozessen ermöglichen sollten.
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Abbildung 2 Struktur der dargestellten Referenzverbindungen.

Die Untersuchung der optoelektronischen und elektrochemischen Eigenschaften der Hybride
und ihrer komplementären 1:1-Mischung zeigte in guten Lösungsmitteln wie Dichlormethan
oder Tetrahydrofuran keine signifikanten Abweichungen im Vergleich zum reinen
Quaterthiophenkern. Dies macht deutlich, dass die π-Systeme molekular gelöst und nicht
aggregiert vorliegen müssen.
Die Basenpaarung der komplementären Konjugate wurde mittels 1H NMR Spektroskopie
untersucht. Hierfür wurde zunächst die Stöchiometrie der gebildeten Komplexe durch die
Methode der kontinuierlichen Variation (Job Plot) bestimmt, und wie zu erwarten, konnte ein
1:1-Verhältnis nachgewiesen werden. Durch Titration der Thymidinderivate mit den entsprechenden Adenosinverbindungen konnten Assoziationskonststanten von 30 – 100 l mol-1
berechnet werden, deren Größenordnung im Bereich von literaturbekannten alkylfunktionalisierten Adenin-Thymin-Komplexen liegt. In der Reihe der hexyl substituierten
Hybridmoleküle steigt die berechnete Assoziationskonstante mit steigender Hydrophilie der
Konjugate, was unter Umständen auf die schlechtere Löslichkeit und der daraus

221

Zusammenfassung
resultierenden höheren Wechselwirkung zwischen den polaren Nukleobasen zurückzuführen
ist.
Weiterhin wurde die molekulare Erkennung der Hybride in der Gasphase durch ElektrosprayIonisations-Massenspektrometrie untersucht. Neben dem komplementären TA-Addukt
konnten ebenfalls die Massen des TT- und AA-Adduktes detekiert werden, deren Intensität
gut mit dem Trend der Assoziationskonstanten der unterschiedlichen Komplexe
übereinstimmt. Dieses Verhalten belegt deutlich die Aggregation der Moleküle durch
Wasserstoffbrückenbindungen.
Der Wechsel von guten Lösungsmitteln wie beispielsweise Dichlormethan oder n-Propanol zu
sehr polaren n-Propanol/Wasser (1:3) Gemischen führte zur Aggregation der meisten
Konjugate. Die UV/vis-Spektren von 51, 52, 54 und 62 zeigten breite Schultern bei höheren
Wellenlängen des π-π*-Übergangs der Quaterthiopheneinheit und eine dazugehörige
Blauverschiebung des Absorptionsmaximums (Abbildung 3). Dies macht deutlich, dass neben
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Abbildung 3 UV/vis- und Fluoreszenzspektren von 52 (links) und 54 (rechts) in Propanol (schwarz) und
Propanol/Wasser 1:3 (orange), cUV = 5 x 10-5 M, cFl = 2 x 10-6 M.

Die Aggregate wurden ferner mittels CD Spektroskopie untersucht und für die Hybride 51, 52
und 62 konnte ein bisignater Cotton-Effekt detektiert werden. Dies belegt die Ausbildung
chiraler Überstrukturen und die Kopplung der angeregten Zustände der π-Systeme. Dagegen
konnte für 54 kein eindeutig bisignater Effekt nachgewiesen werden, was auf größere
Abstände der -Systeme schließen lässt. Der Nulldurchgang des bisignaten CD Effektes aller
Konjugate ist etwas blauverschoben im Vergleich zum dazugehörigen Absorptionsmaximum
des Quaterthiophens, was für eine Stapelung der π-Systeme in H-Aggregaten spricht.
Zusätzlich konnte die in den UV/vis-Spektren beobachteten Schultern bei niedrigeren

Zusammenfassung
Energien auch in den aufgenommenen CD-Spektren nachgewiesen werden, was wiederum auf
die Ausbildung von J-Aggregaten hinweist. Aufgrund der steigenden Aggregatgröße schieden
sich alle Hybride im Laufe einiger Minuten aus der Lösung ab. Nur die Aggregate des
TBDMS-geschützten 51 zeigten sich stabil in Lösung und die Intensität des CD Signals stieg
während der durchgeführten Intervallmessungen drastisch auf über 700 mdeg an.
Interessanterweise wiesen die beiden Konjugate 52 und 54 trotz der gleichen Stereochemie
des Zuckers unterschiedliche Helizitäten der Aggregate auf (Abbildung 4, blau und orange).
Dies könnte unter Umständen auf unterschiedliche räumliche Ansprüche der Nukleobasen
oder der entsprechenden Lösungsmittelhüllen zurückzuführen sein und zu unterschiedlichem
Packungsverhalten der Chromophore führen. In semi-empirischen Berechnungen konnte
allerdings nachgewiesen werden, dass die Stellung der freien Hydroxylgruppe am Zuckerrest
ebenfalls einen starken Einfluss auf die entstehenden Aggregathelizitäten hat.
Dagegen zeigte eine 1:1-Mischung von 52 und 54 eine nahezu ausgelöschte CD Intensität
(Abbildung

4,

schwarz),

was

wahrscheinlich

durch

die

Überlagerung

mehrerer

Aggregatformen begründet werden kann. Diese Annahme wird ebenfalls durch AFM
Untersuchungen unterstützt, da die in Lösung gebildeten Überstrukturen auf HOPG
Substraten aufgebracht werden konnten und unterschiedliche Aggregatformen aufzeigten. Das
Selbstorganisationsverhalten der beiden Konjugate in Mischung wurde ebenfalls bei
unterschiedlichen T:A Verhältnissen untersucht, wobei ein Maximum der CD Intensität bei
einem 1:10-Verhältnis nachgewiesen wurde.
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Abbildung 4 CD Spektren von 52 und 54, sowohl einer 1:1-Mischung von 52:54
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Propanol/Wasser 1:3, c = 5 x 10 M.

und 54:89 in n-
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Zusammenfassung
Um nun die Ausbildung der Basenpaare in n-Propanol/Wasser Gemischen zu belegen, wurde
das N-methylierte Derivat 89 (Abbildung 2) der Thymidinkomponente hergestellt. Die
Methylgruppe verhindert die molekulare Erkennung der Basen und führte zu einem CottonEffekt von sehr geringer Intensität. Dagegen konnte für eine 1:1-Mischung aus 54 und 89 ein
drastischer Anstieg der Intensität zusammen mit dem Auftreten von drei definierten Schultern
bei höheren Wellenlängen beobachtet werden (Abbildung 4, grau). Dieses Verhalten steht im
Gegensatz zu dem der komplementären Verbindung 52. Zusammen mit IR-spektroskopischen
Untersuchungen der abgeschiedenen Aggregate kann die Ausbildung von Basenpaaren mittels
Wasserstoffbrücken als nachgewiesen betrachtet werden und eine der Haupttriebkräfte für die
Aggregatbildung darzustellen.
Zustätzlich wurden Untersuchungen zur Chiralitätsverstärkung durch die Zugabe von
achiralem Methylester 84 zu 52 und 54 durchgeführt. Die Intensität des CD Effektes erreichte
bei einem 1:2 Verhältnis von 89 zu 52 ein Maximum und eine weitere Erhöhung des achiralen
Anteils führte schließlich zur Inversion der Helizität und zu einer Angleichung an das
Spektrum von reinem 52. Gleichermaßen konnte ebenfalls bei einem 1:2-Verhältnis von 84 zu
54 ein Maximum für die Intensität des CD Signals detektiert werden, welches jedoch reines
54 um über das Zweifache überstieg. Die chirale Verstärkung scheint für die Adenosinfunktionalisierte Verbindung 54 deutlich ausgeprägter zu sein, als für das enstprechende
Thymidinderivat 52, allerdings werden immer noch zu hohe Mengen der chiralen
Komponente benötigt, um wirklich von einem Befehlsprinzip (“sergants and soldiers”)
sprechen zu können.
Diese Ergebnisse zeigen, dass die effektivste Packung der -Systeme bei einem Verhältnis
von 1:2 bezogen auf die methylierte Referenz 84 und dem jeweiligen Konjugat erreicht wird.
Dies ist wahrscheinlich auf eine dichtere Packung aufgrund des geringeren sterischen
Anspruchs der Methylgruppe zurückzuführen und beweist einmal mehr den starken Einfluss
von sterischen Effekten auf die Chiralität der gebildeten Superstrukturen. Mit den
komplementären Helizitäten, die für die Konjugate 52 und 54 erhalten wurden, lässt sich
zusammenfassen, dass die Stereozentren der Nukleoside selbstverständlich die Chiralität der
Morphologien induziieren, die Richtung der Helizität allerdings überwiegend durch sterische
Effekte bestimmt wird.
In weiteren CD-Messungen wurde der Einfluss von geringfügigen Verunreinigungen auf das
Selbstorganisationsverhalten von 52 untersucht. Vor der Aufreinigung mittels repetitiver GPC
zeigte das Hybrid sowohl in n-Propanol als auch in n-Propanol/Wasser (1:3) bisignate CottonEffekte von unterschiedlicher Helizität. Nach der Aufreinigung konnte die Aggregation
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Zusammenfassung
Bemerkenswert ist das Auftreten von zickzack-förmigen Nanostrukturen für Thymidin
Derviat 52 und die komplementäre 1:1-Mischung, welche nach bestem Wissen für organische
Moleküle in der Literatur bisher noch nicht beschrieben sind. Möglicherweise werden diese
Strukturen durch das Kollabieren von Helices während der Abscheidung auf der
Graphitoberfläche gebildet.
Es lässt sich festhalten, dass die bis-funktionalisierten Konjugate 52 und 54 eine hohe
Tendenz zur Selbstorganisation bereits in Lösung besitzen, deren Aggregate die
mechanischen Belastungen der Adsorption und des spin-coating Prozesses überdauern. Dieses
Ergebnis lässt darauf schließen, dass die Molekül/Substrat-Wechselwirkungen den
Selbstorganisationsprozess nicht dominieren. Weiterhin weist das überwiegende Auftreten
von zick-zack-Strukturen des Hybrids 52 auf eine geringere Stabilität der chiralen Fasern im
Vergleich zur komplementären 2’-Desoxyadeosinverbindung 54 hin.
Die

Untersuchung

der

Selbstorganisationseigenschaften

der

mono-funktionalisierten

Konjugate 59 und 61, sowie deren 1:1-Mischung auf Graphitoberflächen führte in
leichtflüchtigen Lösungsmitteln wie Dichlormethan oder Chloroform überwiegend zur
Ausbildung von Monoschichten mit daraufliegenden, amorphen Aggregaten. Dagegen konnte
durch die Deposition von Toluollösungen und anschließendem Tempern der Proben eine
Faserbildung beobachtet werden. Für die reinen Derivate 59 und 61 konnten Fasern mit einer
Länge bis zu 6 µm auf der Oberfläche identifiziert werden, wohingegen die komplementäre
Mischung beider zu einer Faserlänge von über 30 µm führte. Dieser Trend stimmt sehr gut
mit den dazugehörigen Assoziationskonstanten überein, welche über die Selbsterkennung der
Adenosin- und Thymidin-Verbindungen bis hin zur komplementären Basenpaarung
zunehmen (KAA < KTT < KTA). Für die abgeschiedenen Fasern konnte keine bevorzugte
Helizität beobachtet werden.
Zum besseren Verständnis des Faserwachstums wurden weiterhin AM1 Berechnungen
durchgeführt. Demnach findet die Basenpaarung entlang der Molekülachse mittels zwei
Wasserstoffbrückenbindungen statt, zusätzlich stabilisiert durch eine weitere in senkrechter
Richtung. Die Quaterthiopheneinheiten sind um eine halbe Thiopheneinheit versetzt und
ermöglichen π-π-Wechselwirkungen über einen Abstand von 0.38 nm.
Im Rahmen der vorliegenden Arbeit konnte gezeigt werden, dass die Kombination von
halbleitenden Oligothiophenen mit komplementären Nukleosiden neue Überstrukturen in
Lösung und auf Oberflächen mittels molekularer Erkennung ermöglicht. Die Triebkraft für
die Ausbildung der Überstrukturen variiert von den Eigenschaften des untersuchten Moleküls
bis hin zur verwendeten Untersuchungsmethode. In Lösung scheint die Polarität und somit die

Zusammenfassung
Löslichkeit der Konjugate von übergeordneter Bedeutung. So konnten z.B. sehr stabile
Aggregate des schwerlöslichen 52 gebildet werden, welche innerhalb von ein paar Minuten
aus der Lösung ausfielen, wogegen die Aggregate des besser löslichen 51 stabil in Lösung
gehalten werden konnten, was zur Ausbildung eines thermodynamischen Gleichgewichts
führte. Weiterhin zeigte sich, dass die Stereozentren der Nukleoside zwar für eine Induktion
der Chiralität verantwortlich sind, die Richtung der Helizitäten allerdings überwiegend durch
sterische oder konformative Effekte dirigiert wird.
Auf Oberflächen wurde das Selbstaggregationsverhalten der schwerer löslichen Konjugate 52
und 54 überwiegend durch intermolekulare Kräfte gesteuert, was zu äußerst stabilen
Morphologien führte. Dagegen wurden Aggregate der besser löslichen Verbindungen 59 und
61 hauptsächlich von Molekül/Substrat-Wechselwirkungen dominiert, welche schließlich
durch Tempern in thermodynamisch begünstigte, faserförmige Superstrukturen überführt
werden konnten.
All diese Ergebnisse reflektieren, dass der Selbstorganisationsprozess der Hybride aus einer
Vielzahl von Parametern, wie beispielsweise die Flexibilität und Polarität der Moleküle, deren
Löslichkeit,

sterische

Effekte,

Lösungsmitteleinflüsse

und

der

angewandten

Untersuchungsmethode resultiert, was eine präzise Vorhersage der Überstrukturen immer
noch zu einer Herausforderung macht. Die vorliegende Arbeit konnte aufzeigen, welche
Faktoren überwiegend zur molekularen Anordnung der synthetisierten NukleosidOligothiophen Konjugate beitragen, um somit ein rationales Design im Rahmen möglicher
weiterer Projekte zu ermöglichen.
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