Self-assembled Perylene Bisimide

Dimers and their Interaction with

Double-stranded DNA

Dissertation zur Erlangung
des naturwissenschaftlichen Doktorgrades

Julius-Maximilians-Universitat Wiirzburg

vorgelegt von
Jana Gershberg
aus Frunse

Wiirzburg 2016




—11—



Eingereicht bei der Fakultit fiir Chemie und Pharmazie am

Gutachter der schriftlichen Arbeit:
1. Gutachter: Prof. Dr. Frank Wirthner
2. Gutachter: Prof. Dr. Jiirgen Seibel

Priifer des 6ffentlichen Promotionskolloquiums
1. Priifer: Prof. Dr. Frank Wiirthner

2. Priifer: Prof. Dr. Jiirgen Seibel

3. Priifer: Prof. Dr. Ingo Fischer

Datum des 6ffentlichen Promotionskolloquiums

28.07.2016

Doktorurkunde ausgehandigt am

— 11—



—1v -



Fiir meine Familie



—Vi—



Danksagung

Mein besonderer Dank gilt Prof. Dr. Frank Wiirthner fiir die Chance an interessanten Forschungsthe-
men arbeiten zu diirfen, fiir die zahlreichen Hilfestellungen und die wertvollen Diskussionen und Rat-
schldge. Des Weiteren mochte ich mich fiir die zahlreichen Mdglichkeiten zum wissenschaftlichen
und internationalen Austausch von Forschungsergebnissen bedanken. Die besonders guten Arbeitsbe-
dingungen und das entgegengebrachte Vertrauen in meine selbststéindige Arbeit haben sehr zu meiner
wissenschaftlichen und personlichen Entwicklung beigetragen.

Dr. Ivo Piantanida und Dr. Marijana Radi¢ Stojkovi¢ danke ich fiir die sehr gute Zusammenarbeit und
den wissenschaftlichen Austausch, aus dem die gemeinsame Verdffentlichung hervorging. Die zahl-
reichen Besuche, sowohl meinerseits in Zagreb als auch die Besuche von Ivo und Marijana in Wiirz-
burg, haben entschieden zu den Ergebnissen dieser Arbeit beigetragen. Weiterhin bedanke ich mich
fiir den schonen Empfang in Zagreb und die angenehme Gesellschaft bei den freizeitlichen Unterneh-
mungen.

Ich danke Herrn Dr. Chantu Saha-Moller fiir die professionelle Unterstiitzung und Uberarbeitungen
der Manuskripte als auch das Korrekturlesen dieser Arbeit.

Herrn Dr. Matthias Griine und Frau Elfriede Ruckdeschel danke ich fiir die Messungen von NMR
Spektren und die Hilfsbereitschaft bei Riickfragen. Herrn Dr. Michael Biichner, Herrn Fritz Dadrich
und Frau Antje Hautzinger danke ich fiir die Aufnahme der Massenspektren. Bei Frau Liselotte Mi-
chels und Frau Sabine Timmroth bedanke ich mich fiir die Durchfithrung der CHN Elementaranalysen
am Institut fiir Anorganische Chemie. Bei Frau Christiana Toussaint bedanke ich mich fiir die Hilfe
bei allen organisatorischen Fragen.

Ich bedanke mich bei Frau Dr. Franziska Fennel fiir die Unterstiitzung bei der gemeinsamen Verof-
fentlichung und die vielen hilfreichen Diskussionen.

Bei Dr. Matthias Stolte bedanke ich mich herzlich fiir die Geduld und fiir die zahlreichen Hilfestellun-
gen bei physikalischen und spektroskopischen Fragestellungen und das Korrekturlesen der Arbeit.

Ich danke fiir die synthetische Unterstiitzung dem Laboranten Johannes Thein, den Masterstudentin-
nen Kerstin Miiller und Claudia Kupper, dem Bachelorstudenten Daniel Fersch und der Auszubilden-
den Carolin Christ.

Ich danke dem gesamten AK Wiirthner fiir die schone Zeit wihrend der Doktorarbeit und die vielen
lustigen Stammtischabende. Insbesondre danke ich M. Sc. Annike WeiBenstein und Dr. Sabin Suraru
fiir den schénen und amiisanten Laboralltag. Auflerdem danke ich Annike und M. Sc. Valentin Kunz
fiir das Korrekturlesen der Arbeit.

Ich denke meiner Familie und Freunden fiir die Unterstiitzung und den immerwahrenden Halt wahrend

der gesamten Zeit.

— Vil —



List of Abbreviations

A Adenine

AFM Atomic force microscopy

Ala Alanine

BTA Benzene-1,2,3-tricarboxamide

C Cytosine

CD Circular dichroism

DIPEA N,N-Diisopropylethylamine
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eqn Equation
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FT-IR Fourier transform infrared spectroscopy
HATU O-(7-azabenzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium hexafluorophosphate
HOBt Hydroxybenzotriazole

HOPG Highly oriented pyrolytic graphite
HOMO Highest occupied molecular orbital
HPLC High-performance liquid chromatography
ICD Induced circular dichroism

ITC Isothermal titration calorimetry

LAH Lithium aluminium hydride

LD Linear dichroism
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NMR Nuclear magnetic resonance

PBA Perylene tetracarboxylic bisanhydride

PBI Perylene-3,4:9,10-bis(dicarboximide) (often mentioned as perylene-3,4:9,10-
tetracarboxylic acid bisimide or perylene bisimide)

PDB Protein data bank

Phe Phenylalanine

RNA Ribonucleic acid

ROESY Rotating-frame nuclear Overhauser effect NMR

RT Room temperature

T Thymine

Boc tert-butyloxycarbonyl

TFA Trifluoroacetic acid

THF Tetrahydrofuran
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Aim of the thesis

Aim of the thesis

“Self-assembly” is a widely spread term emphasizing the association of components into ordered
structures without human interference which can be expanded on nature and technology.!!! The
parallels to nature are undisputed since the self-assembly is present in living organisms on differ-
ent scales inspiring the imitation in artificial non-living systems.!?! This field of research attracted
scientists of various disciplines for many decades for many reasons. Researches are animated to
apply the concept in designing materials and related functions to create new technologies. This
made the understanding of the self-assembly processes a greatly developing research field for
chemists, biologist and physicists.’! Each discipline tackles the problem or rather its solution
from different points of view. Learning from nature, biologist study organized patterns in cells or
tissues. Chemists synthesize or fabricate self-assembled compositions and physicists explore al-
ready arranged systems.!!! The entirety of these approaches will provide a comprehensive picture
of the self-assembly event.

Regarding chemical methods, self-assembly is an important part of supramolecular chemistry
which deals with molecular assemblies though intermolecular bonds as defined by J.M. Lehn.[*!
Terms like non-covalent interactions or ‘host-guest’ chemistry originally defining supramolecular
chemistry were largely expanded in the last decades, thus, molecular devices and machines, mo-
lecular recognition and ‘self-processes’ enriched this chemistry research area.[**! However, the
molecular self-assembly is still associated with non-covalent interactions of molecules which
might be van der Waals, electrostatic, hydrophobic or m-m-interactions, as well as hydrogen or
coordination bonds and many others. Other than defining the driving forces of the arrangement,
classifications and concepts were introduced to categorize the self-assembly to keep an overview
on the occurring self-organization pathways. Classes like strict or irreversible self-assembly, pre-
cursor modification followed by self-assembly, self-assembly with postmodification, assisted or
directed self-assembly and self-assembly with intermittent processing covered the main possible
events. However, each case has to be carefully evaluated because of the overlapping properties of
the classes.!

As already mentioned, the desire to explore the self-assembly process is mainly inspired by na-

ture. Self-assembly of proteins, pairing of DNA or building up of membranes and tissues are
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some of the interesting proceedings in living organisms making worth to enhance the knowledge
of their causes and effects. Although, these biological processes involve many complex individu-
al steps which are understood in many cases, they are difficult to mimic. Therefore, the self-
assembly is investigated on smaller and thereby simpler artificial systems. However, the manipu-
lation of the self-assembly processes, such as the size of a particular aggregate of artificial mole-
cules, is a notable challenge. Often, the size of aggregates is randomly distributed following the
isodesmic aggregation behavior,!®! whereby, the self-assembly of biological systems often pro-
ceed through the cooperative pathway which is more or less an all or nothing process. "' The
task to imitate this aggregation pathway has already been successfully mastered for many artifi-
cial systems.[®] However, the control of the size of aggregates on a certain level is a tough mission
which requires precise conditions and structure-property considerations.”!

Chromophores bearing large aromatic m-surfaces are attractive candidates to study their self-
assembly behavior due to the formation of intermolecular n-n-contacts. For instance, porphyrins,
phthalocyanines or perylenes are supposed to be appropriate dyes to fulfill the requirements, par-
ticularly because their electronic and photophysical properties make them appealing for applica-
tions.!!%! Perylene bisimide (PBI) dyes gained much attention because of their thermal and photo-
physical stability as well as their promising application in organic electronics.'!! Thus, many
diverse structural variations of the PBI dyes have been achieved and utilized in different research
fields.['?! Herein, the most interesting property of these dyes is the self-assembly behavior of bay-
unsubstituted chromophores as they are known to display a planar aromatic core which leads to
the formation of columnar stacks though the strong m-m-interactions.!'¥) Beside the structural
composition, factors like solvent, concentration and temperature may confine the size of a partic-
ular stack.' To find the right compromise between the structural and conditional possibilities
and desired functionalities pose definitely a challenge.

The aim of the thesis is to rationally design PBI dyes where the aggregate size can be controlled
by the right choice of conditions. For this purpose, a bay-unsubstituted PBI building block was
equipped with amide functions capable to form hydrogen bonds (red dashed lines in Figure 1).
Beside m-m-interactions, hydrogen bonds should contribute to the self-assembly as an additional
driving force that should direct the H-type self-assembly to the dimeric species (see Figure 1).
Furthermore, the variation of the external environment has to guide the self-assembly of these
dimers to larger stacks of even numbered size through the anti-cooperative aggregation pathway.

Finally, the interactions of the excitonically coupled PBI dimers with DNA/RNA are elucidated.
2
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Dimerization
- .
_—

Figure 1: Schematic representation of the dimerization process of a PBI dye functionalized with amide groups in the
imide positions. Red dashed lines illustrate the hydrogen bond contacts in the dimeric stack.

Chapter 1 gives an overview on interactions of small molecules with DNA. For this purpose,
DNA as a supramolecular building block and its functions are described in detail. The main bind-
ing modes occurring upon binding of ligands to DNA and their determination by spectroscopic
methods are illustrated. At the end, the literature examples of self-assembled m-systems interact-
ing with DNA are presented.

Chapter 2 is focused on the determination of the binding parameters of self-assembled systems
in the thermodynamically equilibrated state. The most important binding models are mathemati-
cally derived and examples from literature for each aggregation mode are listed. In the end of this
chapter, some of the experimental issues und possibilities to control the self-assembly are demon-
strated.

In Chapter 3, the dimerization processes of PBI dyes bearing L-alanine functions in the imide
position which are connected to different solubilizing side chains are presented. The control of
the aggregate size was realized by a delicate interplay of structural features of the PBI building
block and the choice of solvent. The dimerization process was followed mainly by UV/Vis and
NMR spectroscopy accompanied by some supplementary techniques.

The further growth of the mentioned dimers in the anti-cooperative fashion is described in Chap-
ter 4. The formation of even-numbered aggregates has been achieved by the variation of sol-
vents. Additionally, a newly developed K2-K model has been derived which process the obtained
absorption data with much more accuracy than the conventionally used K2-K model.

Chapter 5 presents the synthesis of a series of water soluble PBI dyes functionalized with amino
acids and cationic side chains. Afterwards, the self-assembly behavior of these dyes and their

interaction with DNA and RNA was elaborated using thermal denaturation, fluorimetric titration
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and circular dichroism experiments. The measurement provided the evidence for the formation of
stable complexes of the PBI dyes and the applied polynucleotides. The strength of interaction is
dependent on the number of positive charges, the chiral centers of the PBI dyes as well as the
secondary structure of DNA/RNA. Based on the obtained data, it was concluded that the PBIs
form excitonically coupled dimers in the grooves of DNA/RNA.

Finally, Chapters 6 and 7 conclude the thesis with summaries in English and German.
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Chapter 1
Interactions of w-conjugated molecular
building blocks with DNA

Abstract: This chapter provides a short introduction on features and functions of DNA as a su-
pramolecular building block and its interactions with small n-conjugated molecules and n-stacked
nanosystems. The most important binding modes such as electrostatic interaction, intercalation
and groove binding are described in more detail. The spectroscopic techniques such as UV/Vis
absorption, fluorescence and circular dichroism which are most important for this thesis are illus-
trated for general cases of interactions. Finally, examples of molecules were chosen to demon-
strate the interactions of aggregated m-systems with DNA.



Chapter 1 Interaction with DNA

1.1 Introduction

The deoxyribonucleic acid (DNA) is the source of the genetic information which is responsible
for all biological processes and development of cellular forms of life.l'! The gene expression
contains the transcription step, in which DNA sequences are copied into ribonucleic acid (RNA),
and translation process, in which these RNAs are decoded for protein synthesis. These cellular
regulations have included several molecular recognition events, mainly by proteins, which are
necessary for the frictionless transfer of genetic information. The recognition of DNA on the mo-
lecular level became interesting in the scientific world since the binding of guest molecules may
influence significantly the function of DNA as well as the binding molecule leading, for instance,
to modulation of biological processes.['®! The modifications of DNA behavior open a great field
in development of chemotherapeutical agents'!”! as well as in bioimaging!'®! and sensing research
areas.

The application of recognition processes requires its understanding on the molecular level which
includes the knowledge of the interacting molecules and responsible forces. Several requirements
for the guest molecules have to be fulfilled such as high selectivity and large association con-
stants.['®) Some of the important classes of molecules and their interaction with DNA will be dis-
cussed in the following sections.

As important as the rational design of the suitable guest molecules, is the understanding of the
DNA molecule and its change of functions upon binding of a guest molecule. The biomolecular
building block DNA is a complex molecule providing several binding sides for small molecules
leading to different interaction modes like major and minor groove binding, intercalation and
sugar-phosphate backbone binding, often called external or electrostatic interactions.!'® ) Other
recognition types are covalent binding and metal-coordination which won’t be discussed in this
literature survey. In the following sections, the most important binding modes and examples of
DNA dye interactions will be discussed. The interactions of guest molecules with RNA are not

the focus of this chapter but would be mentioned for comparison.

1.2 DNA as supramolecular building block

The natural DNA is a linear polymer with directional chains which compose of nucleotides con-

sisting of purine (adenine (A) and guanine (G)) and pyrimidine (cytosine (C) and thymine (T))

bases, a sugar moiety (deoxyribose) and a negatively charged phosphate backbone (see Figure
6
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2).151 To facilitate the information exchange in the scientific world, often abbreviations for nu-
cleotide sequences are used. For instance, poly (dA-dT): is a polynucleotide of alternating ade-
nine and thymine bases in a double-stranded DNA. These abbreviations will be used in the fol-

lowing chapters where necessary.
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Figure 2: By Watson and Crick proposed hydrogen bonded base pair patterns (A-T and G-C) pointing into major and
minor grooves. The bases are linked by glycoside bonds to the negatively charged phosphate backbone.['”]

Since Watson and Crick, the structure of double-stranded (ds) B-DNA is generally known.!?"]
Other double-helical forms such as the left-handed Z-DNA and the right-handed shorter and fat-
ter A-DNA are present in biological systems as well.'°? The three dimensional structure of the
B-DNA is a right-handed double helix from complementary antiparallel arranged nucleic acids
connected by hydrogen bonds (see Figure 3). The nucleic bases are arranged almost perpendicu-
lar to the helical axis and stack by n-m-interactions in a parallel fashion upon each other with an
interplanar distance of 3.5 A. The linear distance between the bases is around 0.34 nm and the
helical structure repeats every 3.4 nm which means one turn comprises ten bases. The entire di-
ameter of the helix is 2 nm. The stability of the helix is provided by hydrogen bonds (Watson-
Crick hydrogen bond recognition), n-n-stacking between the bases and the hydrophobic effect.
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3.4 nm major groove

minor groove

2nm

Figure 3: The crystal structure of the synthetic DNA dodecamer d(CpGpCpGpApApTpTpCpGpCpG) as representa-
tive example of DNA double helical structure.?!]

The hydrophobic bases are located in the core of the helix to avoid the contact to the aqueous
environment. The bases approach each other by weak van der Waals forces, thus the hydrogen
bonds can be formed. The large stabilization of the double helix results as a sum of all these forc-
es. The base pairs are connected to diametrically opposed glycoside bonds, this connection leads
to formation of wells in the double helix called minor and major groove. In the B-structure, the
major groove is of 1.2 nm width and 0.85 nm depth. In contrast to the major groove, the minor
groove is of 0.6 nm width and 0.75 nm depth. The donor- and acceptor atoms in the grooves al-
low potential interactions by hydrogen bonds with guest molecules. In the physiological media,
these interactions arise mainly from reversible, non-covalent interactions with proteins. These
structural features allow binding of molecules to DNA to change properties of both, the guest and
host molecule. Molecular recognition of DNA by small molecules can occur in several ways like
major and minor groove binding, intercalation and external electrostatic binding. These most im-
portant interactions will be described in the following sections.

Molecular and supramolecular chirality of DNA can be of significant importance in the recogni-
tion of DNA by chiral molecules. Therefore, stereochemical response can explain the mode of
interaction  which  allows differentiation between enantiomers giving  specific
enantioselectivity.??) The mechanisms of the binding events can be studied by different tech-
niques. The important one for this work is circular dichroism, which will be discussed in detail in

section 1.4.4.
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1.3 Binding modes

The biomacromolecules DNA provide several binding sites for guest molecules, for instance pro-
teins in the biological environment. The main binding motifs which are involved in the interac-
tion of small molecules with DNA are external binding, groove binding (to major and minor

groove) and intercalation (see Figure 4 for schematic representation), [16 190 19¢]

e &

Figure 4: Schematic representation of the main binding modes to (ds)-DNA. a) External electrostatic binding to the
phosphate backbone. b) Intercalation of a guest molecule. ¢) Groove binding of a guest molecule. The scheme is
based on a review of Ihmels and Otto.[') (Reproduced and adopted with permission from Springer, Copyright
(2016)).

The external binding originates in most cases from electrostatic interactions between positively
charged guest and negatively charged phosphates of DNA. Intercalation requires a planar aro-
matic molecule which interacts with base pairs by n-n-stacking. In contrast to that, binding of
molecules in the grooves of DNA is usually based on hydrogen bonds of the ligand to the func-
tional groups of the DNA, van der Waals and hydrophobic interactions. However, in the synthetic
design of small molecules all possible interactions have to be considered, since, more than one

binding mode can be involved in the binding event.

1.3.1 Electrostatic interactions

Electrostatic interactions (see Figure 4a) between ligand molecules and DNA often occur con-
comitant with other binding mechanisms like intercalation and groove binding.['*?! However, in
the physiological environment, the DNA double helix is stabilized by cations, for instance metal
ions, which form a counterionic shell around the negative charge density on the nucleic acids.
This phenomenon was already described in 1970s as counterion condensation.?*! The condensa-

9
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tion has the purpose to neutralize the overall negative charge of DNA. The interaction of binding
molecules with DNA leads to a release of the condensed ions which has a positive entropical con-
tribution to the binding free energy and a significant influence on the binding affinity of cationic
ligands. Thus, positively charged molecules, such as proteins, which bind by a binding mode oth-
er than the external binding additionally benefit from electrostatic interaction resulting in in-
creased binding strength. But this also means that the melting temperature, which will be ex-
plained in section 1.4.1, and the binding constants are strongly dependent on the salt concentra-
tion in the applied media.[?**! Electrostatic interactions are often non-specific and may be difficult
to follow spectroscopically. Nevertheless, there are examples of molecules which are known to
interact with DNA by electrostatic interactions. For instance, polyamines like spermine and
spermidine bind to DNA by electrostatic interactions (see Figure 5 for structure of natural poly-
amines).** These polyamines exhibit several functions in the cellular environment like DNA

packaging into chromatin as well as neutralization of charges in histones. [**!

H
HoN
HzN\/\/N\/\/\N/\/\NH2 2 \/\/\N/\/\NHz
H
spermine spermidine

Figure 5: Structure of the natural polyamines spermine and spermidine.

1.3.2 Intercalation

Insertion of planar aromatic polycyclic molecules?®! between the base pairs is termed intercala-
tion (see Figure 4b for schematic representation and Figure 6 for structural examples).?”! Classi-
cal intercalators are often inserted with their whole aromatic core between the base pairs (for in-
stance ethidium bromide!?®!, see Figure 6). Molecules with additional bulky side chains or inter-
acting units located in the grooves of DNA are threading intercalators®®! (for instance nogalamy-
cin,% Figure 6). Further examples are naphthalene diimide derivatives, which are known to in-
tercalate and interact with the major grooves of DNA by positively charged side chains!! as well
as several metal intercalators which can interact by both coordination to functional groups of

DNA and intercalation of the aromatic ligands attached to the metal core .*?!
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Figure 6: Examples for intercalating molecules.*!

An important driving force for successful intercalation is the transfer of a hydrophobic ligand
molecule from aqueous media into the hydrophobic site of DNA in which n-n-stacking interac-
tions can take place.’3] Additionally, the hydration shell around the ligand is dissolved resulting
in an entropically favorable release of surrounding water molecules of the ligand. Intercalation of
ligand molecules results in significant conformational changes of the DNA double helix. The
base pairs have to separate by 3.4 A to provide a large enough cavity for insertion of the incom-
ing molecule. Often, the intercalating molecules have positive charges in the side chains or the
aromatic core which could contribute to binding by electrostatic interactions with negatively
charged DNA backbone. In addition, the lengthening and unwinding of the helix increase the
distance between phosphates leading to a decrease of the charge density along the double helix
which has an additional positive entropic impact.>*!

Furthermore, favorable interactions between the frontier orbitals, the lowest unoccupied molecu-
lar orbital (LUMO) of the intercalating molecule and the highest occupied molecular orbital

(HOMO) of the adjacent purine bases seem to stabilize the intercalation complex shown in stud-
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ies of complexes of phenanthridinium cations (for instance, ethidium bromide, see Figure 6) and
DNA.?% Bathochromic shifts in the absorption spectra of the intercalation complexes originate
from these orbital interactions (see section 1.2.1).

Molecules can be incorporated by their long axis parallel or perpendicular to the binding pocket
between the base pairs which often results in different spectroscopic responses, especially in cir-
cular dichroism spectra which will be discussed later in this chapter. For instance, the antitumor
anthracycline derivative nogalamycin (Figure 6) is intercalated perpendicular to the helix axis, as
illustrated in the crystal structure in Figure 7, left. The nogalamycin sugar substituents are located
in both grooves of the DNA in which hydrogen bonds are formed for stabilization.**! In contrast
to nogalamycin, the antitumor agent N-(2-(dimethylamino)ethyl)acridine-4-carboxamidel*®!
(DACA, Figure 7, middle) and the natural anticancer plant product ellipticine®”! (Figure 7, right)
are intercalated in a parallel fashion into DNA. The side chain of DACA molecules is facing the
groove causing stabilization by the formed hydrogen bonds which is not the case for ellipticine
although the pyridine nitrogen is pointing to the groove of the DNA (see crystal structures of the

complexes in Figure 7).

Figure 7: Crystal structures of three molecules intercalation into DNA. Nogalamycin®®3 (left, PDB access code
182D), N-(2-(dimethylamino)ethyl)acridine-4-carboxamide*®! (DACA, middle, PDB access code 367D) and ellipti-
cinel” (right, PDB access code 1Z3F). All images were drawn with MacroModel.

It is important to note that the binding constants of intercalation (10* to 10® M) are in general
significantly lower than those of groove binding (10° to 10° M™!) which can be influenced by mul-
tiple binding modes or additional intercalating motives. After the intercalation of one ligand mol-

ecule, no second insertion of a second molecule in close vicinity takes place which is called
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‘neighbor exclusion principle’.*® This phenomenon is of importance in the design of bis-, tris-
and tetraintercalators because the connecting spacer chain has to be of appropriate length to en-
sure multiple intercalations. Further information concerning multiple intercalators can be found

in the corresponding literature.['®]

1.3.3 Groove Binding

Binding molecules can be distinguished whether they bind into the major or the minor groove of
the DNA double helix. Proteins of a-helical form are known to interact primarily with the major
groove of DNA via hydrogen bonding, hydrophobic and van der Waals interactions. Mainly be-
cause, the major groove provides required shape and space variations and great amount of donor
and acceptor groups for the formation of hydrogen bonds. Amino acids involved in the major
groove binding are often arginine, histidine, lysine, serine, asparagine, glutamine and glutamate.
But, it is not easy to predict which side chains of the amino acids interact with which base be-
cause hydrogen bonds can be formed between two stacked base pairs or even through bridging
water molecules between the protein surface and DNA groove.[*! For this reason, the design of
synthetic proteins for groove binding is challenging.!!”® Another examples for major groove
binders are oligonucleotides, which form Hoogsteen and reversed Hoogsteen hydrogen bonds!*"!
in the groove of DNA leading to the formation of triplex DNA which is only possible for double-
stranded DNA with purine base (A or G) rich regions. Oligonucleotides are not selective groove
binders but there are examples for oligonucleotide analogues which were used in clinical experi-
ments.[4!]

Major and minor grooves differ not only in their size, but also in the electrostatic potential, hy-
drogen bonding motifs, steric demand and hydration. Synthetic molecules, in contrast to proteins
and oligonucleotides, bind preferentially into the minor groove, mainly due to their size. Of sig-
nificant importance is the chemical structure of minor groove binders. Most of them consist of
aromatic rings which are connected by rotational bonds allowing the molecule to bend in an op-
timal crescent shape for fitting perfectly into the groove (see Figure 8 for examples).[*?!

To avoid the sterical hindrance because of the 2-aminoguanine moiety, many molecules bind
preferentially into minor grooves with AT-rich areas compared to GC including grooves and ex-
hibit selectivity for B- over the A-form of DNA and RNA.[**! However, some groove binders are

known in the literature which preferentially bind to GC base pairs rich regions.[**! Although hy-
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drogen bonding and hydrophobic interactions are important driving forces for binding, groove
binders often possess additional cationic units interacting with the negative charges of the DNA

backbone which contribute largely to the binding strength.

NH
- Co- O
N HaN, \
N N ! oS N NH,
H N

Hoechst 33258 OH

NH2
Berenil
NH
}’ NH2 (J\in
H i i 1

Distamycin A
Y Pentamidine NH,

Figure 8: Examples for groove binding molecules.!'*?

Moreover, the unfavorable hydration displacement is compensated by Van der Waals and hydro-
phobic interactions.[*) Generally, the interactions of inserted molecules in the grooves do not
cause a pronounced conformational change of the double helix as it is the case for intercalated
molecules.

Similar to the intercalating molecules, groove binders like the natural distamycin, the synthetic
diarylamidines (4',6-diamidino-2-phenylindole (DAPI), berenil, pentamidine) and bis-
benzimidazoles (such as Hoechst 33258) often have an important clinical application (Figure
8).142- 461 DAPI was previously used as an anti-parasitic agent, but nowadays a more common
application is as fluorescent staining molecule for DNA because of its easy transport into the cell.
It binds readily to AT-rich regions of the minor groove because of the larger space originating
from the absence of the guanine NH2 group. The phenyl and the indole rings lie parallel to the
groove walls and expand across the base pair sequences such as ATT. The nitrogen of the indole
ring forms a forked hydrogen bond to the O2 (see Figure 2) of the two thymine bases. Additional-
ly, the positively charged amidine groups at the end of DAPI molecule establish hydrogen bonds
to the adenine N2 (Figure 2), thus, these electrostatic interactions contribute positively to the

binding strength of DAPI to DNA (Figure 9, left).*”! Another prominent groove binder is
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Hoechst 33258 (Figure 9, right). The molecule, which is widely used as a staining agent, readily
enters the cell and binds strongly to the minor groove of DNA with AT-rich areas. The NH
groups of the benzimidazoles form bridging hydrogen bonds between adenine and thymine. By

the crescent structure of the molecule, it is able to span over four to five base pairs.[*®]

Figure 9: Crystal structure of 4',6-diamidino-2-phenylindole®*”! (left, (DAPI), PDB access code 1D30) and Hoechst
33258181 (right, PDB access code 8BNA).[*81 All images were drawn with MacroModel.

1.4 Determination of interaction

The right choice of the method or at least a combination of methods is essential for the determi-
nation of the interaction of a small molecule with DNA. Moreover, the binding modes have to be
distinguishable by the applied technique. Although, X-ray diffraction analysis provides the most
convincing information on the type of interaction, it is challenging to grow required single crys-
tals of DNA molecules containing a bound ligand. It is to note that an ensemble of techniques is
necessary to evaluate the kind of interaction between the ligand and DNA.* Here, the focus lies
on optical methods used for the determination of the interactions of small molecules with DNA.
Other methods like footprinting,[** 3 large number of assays®!l, electrochemical methods (for
instance cyclic voltammetry),’? calorimetry,*! dialysis,®* atomic force microscopy,! just to
name some of them, are described extensively in the literature. UV/Vis and florescence spectros-
copy as well as circular dichroism are the most important optical methods and therefore will be

described in details in the following sections.
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1.4.1 UV/Vis absorption spectroscopy

Ultraviolet-visible (UV/Vis) absorption spectroscopy is probably the most simple but, neverthe-
less, a very useful technique to obtain information on the stability of DNA/ligand complexes as
well as the mode of interaction. The UV/Vis absorption spectrum of DNA displays a broad band
in the range of 200 to 300 nm with a maximum at 253 — 270 nm and an extinction coefficient of
6000 — 9000 M™! cm™ per base which allows the determination of the concentration of DNA as
concentration of bases by measuring the absorbance.!*® This absorption originates from complex
electronic transitions in the purine and pyrimidine moieties.®”) Changes of the environment like
pH or ionic strength variations can result in changes on the position and intensity of the DNA
absorption which has to be considered in the investigations of the ligand binding. To evaluate if
interactions of a molecule with DNA take place, monitoring of the melting temperature can be
used where the fact is exploited that the single stands (ss) of the DNA have higher absorbance
than the double strand (ds) of the same DNA molecule. This observation is attributed to the hy-
pochromic effect (decrease of the absorbance) which occurs by the stacking of the base pairs in
the double strand.[®® The separation of DNA into single strands can be achieved by treating it
with denaturing agents or by the gradual increase of temperature. The simultaneous record of the
absorbance with increasing temperature the characteristic melting temperature (7m) of the applied
DNA can be detected which is defined as the temperature value corresponding to the transfor-
mation of 50% of the double strands into single strands. This value depends on the sequence, pH
and the ionic strength in the solution as well as the origin of the DNA. The point of inflection in
the absorbance/temperature plot at the absorption wavelength of DNA (260 nm) corresponds to
the transition of 50% of the ds-DNA into ss-DNA (see Figure 10, left).

The melting temperature value of DNA/ligand complex is shifted to higher temperature in com-
parison to the value of the free DNA molecule if stabilizing interaction takes place which pro-
vides the first indication whether interactions of ligand with DNA are present.!’]

Additionally, the interactions of a ligand with DNA are studied by the comparison of the absorp-
tion spectrum of the free ligand with the one of DNA/ligand complex which shows a visible shift
of the maximum (see Figure 10, right). In the case of intercalation, usually hypochromic (de-
crease of band intensity) and bathochromic (shift to longer wavelengths) effects occur upon bind-
ing which is attributed to the n-m interactions between the aromatic chromophore and base pairs

of DNA. Upon the interaction, the 7 electrons of the ligand and the ones of the DNA bases are
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combined which decreases the energetic level of the n-n* electron transition leading to the batho-

chromic shift.

[52b, 56, 60]
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Figure 10: Representative illustration of the thermal denaturation curves with the corresponding melting tempera-
tures (Tm) of free DNA and DNA ligand complex for the case of intercalation (left, Figure adopted from previous
report!'?, (Reproduced and adopted with permission from Elsevier, Copyright (2016)). Expected UV/Vis absorption
spectra of free ligand and DNA/ligand complex upon intercalation or groove binding. [!! (Reproduced and adopted
with permission from Taylor & Francis, Copyright (2016)).

Additionally, the hydrophobic environment in the binding pocket of DNA can lead to the red
shift of the absorbance of the ligand. In contrast to groove binding which results in similar or
weaker observations in the UV/Vis absorption spectrum as in the case of intercalation, external
binding sometimes leads to a hypsochromic shift.!®!) Furthermore, a hyperchromic effect in the
absorption region of DNA (increase of absorbance) can be observed upon external binding which
is correlated to conformational and structural changes of DNA after the DNA/ligand complex
formation. This phenomenon corresponds to the interaction of charged molecules with the nega-
tive phosphate backbone of DNA resulting in a contraction and overall disruption of the second-
ary structure of the helix.[6?!

Binding constants for the DNA-ligand association process were determined using several models,
the most used being Scatchard,'®® or its McGhee and von Hippel formalism,*® or Benesi and
Hildebrand.!® These models use different assumptions and simplifications but are sufficiently

applicable depending on the considered system. The derivation, variations and progressions of

the available models are described in details in the literature and are not part of this work.[®*]
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1.4.2 Viscosity measurements

UV/Vis absorption measurements and other optical methods may not provide sufficient indica-
tion on the binding mode of a small molecule with DNA. Hydrodynamic methods such as viscos-
ity measurements represent a technique for the study of interaction because it is sensitive to
changes of the DNA molecule length in solution. The intercalative binding mode of a ligand mol-
ecule to DNA provokes a lengthening of the DNA helix since the income of a binding molecule
causes a separation of the base pairs in order to accommodate the molecule which results in an
increase of the DNA viscosity. In contrast to intercalation, electrostatic interaction induces ag-
gregation of DNA molecules which leads to a decreased viscosity due to reduction of the freedom
of motion of DNA. The same is observed for groove binding since this binding mode causes a
bent or loop of the helix which reduces the length of the helix.[*!: ]

In the viscosity measurement the flow time of the sample solutions is determined after thermal
equilibrium is reached. The relative viscosity is calculated by the equation # ~ (¢ — 7)/t, where ¢
and ¢ are the flow times of the sample solution and pure solvent, respectively. Commonly, the
data are expressed as (5/70)"> against DNA/ligand ratio, where 7o is the viscosity of pure DNA
and 7 the one of DNA/ligand complex.[***! The obtained results can be confirmed by control ex-
periments in which known intercalators such as ethidium bromide are measured for
comparison.[”) Viscosity measurements are often combined with optical or microscopic tech-

niques to receive a comprehensive understanding of the binding mode.>> 68!

1.4.3 Fluorescence spectroscopy

Nucleotides are at room temperature almost non-fluorescent, nevertheless, fluorescence spectros-
copy is a useful method to explore DNA/ligand interactions for fluorescent ligands providing
important information on the binding mode and constants as well as orientation and localization
of the ligand within the DNA.7! While the latter is studied by fluorescence anisotropy and fluo-
rescence resonance energy transfer (FRET),®! additional information regarding the position of
the binding molecule can be obtained from quenching experiments. The fluorescence quenching
can have reasons like molecular rearrangements, energy transfer, and complex formation or ex-
cited state reactions and is described by the Stern-Volmer equation.!® The quenching experi-
ments with known quenchers, such as halide ions, provide useful information about the binding

of a ligand to DNA. The groove binders are stronger affected by quenchers than intercalators due
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to hindered accessibility of the ligand by the quencher and protective repulsion of the phosphate
backbone with the negatively charged quenching molecule. Owning to these reasons, the interca-
lating molecules exhibit lower Stern-Volmer quenching constant (Ksv).>!

However, the simple prediction of the emission properties of the DNA-ligand complex is difficult

to make. The observed signals have to be interpreted depending on the observed system.

1.4.4 Circular and linear dichroism

Measurement of differential absorption of right- and left-handed circularly polarized light is de-
fined as circular dichroism (CD) spectroscopy. It provides important information on the orienta-
tion of the binding molecule within the DNA. In addition, conformational changes upon binding
of small molecules to DNA can be assessed by the changes of the obtained signals. Achiral mole-
cules do not exhibit any CD signal. However, upon binding to DNA induced CD (ICD) signals
can occur, giving hints for the alignment of the bound molecule within DNA. This is a significant
advantage compared to the UV/Vis absorption experiments which display signals of all kind of
species, whether bound or unbound. Additionally, the binding of a ligand to DNA can provoke
conformational changes of the double helix. Thus, the characteristic signals of DNA in the UV
region can be approached for further information of the binding mode and strength.

For intercalation, a general model was developed which predicts the orientation of the binding
molecule relative to the fixed axis of DNA in which all sites have equal presumption toward
binding.[’”! The sign of a ICD signal is a product of two terms in which the first term is solely
dependent on the properties of the polynucleotide alone, hence, it is not supposed to change and
was empirically found to be negative for DNA. The second term is a function of the orientation
of the adduct transition relative to the polynucleotide structure. The schematic illustration of an
intercalated molecule between the base pairs is shown in Figure 11.

The xyZ is the coordinate system of the polynucleotide. The Z axis is the direction of the helix
and the base pairs are located on the plane perpendicular to this axis. The x axis lies along the
sector connecting the two ribose units and y axis is perpendicular to it. The intercalated molecule
is placed on the plane parallel to that of the base pairs. The position of the ligand is given by the
angle ¢@. The moment of the ligand can change along the directions X and Y which induce CD
signals of different signs. This means that the signals are negative in X direction and positive in

Y direction by taking into account the negative signal for DNA (see Figure 12a)."")
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base pair

adduct

base pair

Figure 11: Definition of the coordination system of an intercalation polynucleotide/ligand complex. xyZ and XYZ
are the axis of the base pairs and ligand, respectively, with A; and A, as ribose units and M as their midpoint. The
scheme is based on a report from Schipper et al. (Reproduced and adopted with permission from Elsevier, Copyright
(2016)). '

This model is just an approximate approach to explain the occurring ICD signals but can offer
information on the orientation of the binding molecule. At this point, it should be noted that exci-
ton coupling of self-stacked dyes in close vicinity would give both positive and negative
signals.!®!) The changes of the ICD signals of the polynucleotides in the UV region are sometimes
evaluated as indications for particular interaction mode. This analysis of the signals is often diffi-
cult to correlate to DNA signals because the intercalating molecule often shows transitions in the
same absorption region. Thus, the interpretation of the ICD signals in the DNA absorption region
can only be qualitative.[!]

In the case of groove binding, the position of the bound molecule can not be easily assessed as
described above. The position between the DNA helix and the transition moment of the ligand is
characterized by the distance of the moment from the helix and the angle between the distance
and the helix axis. The direction of the transition moment is limited by two angles, the one be-
tween the transition moment and the helix axis and the other between the projection of the transi-
tion moment on the plane perpendicular to the helix axis and the distance vector. Moreover, the
induced CD signals can depend on the binding pocket. Often, the bound molecule in the groove
own higher degree of freedom than the intercalated ligand which increases the number of possi-
ble positions and orientations of the ligand in the groove. Furthermore, in contrast to intercalation

where ICD signals are much lower than 10 Ae/M™' em™!, for groove binding the values are often
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higher and of positive sign, probably because groove binders have contacts to larger part of the
DNA (see Figure 12b).1!

In contrast to CD, linear dichroism (LD) uses light polarized parallel and perpendicular to the
macroscopic orientation axis. By this method, the angle between the transition dipole moment of
the complex and polynucleotide helix axis can be determined. The long polynucleotides are ori-

ented by a flow or an electric field, which orient the bound molecule as well and lead to specific

LD signals.!"!
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Figure 12: Schematic presentation of the expected CD and LD signals for the intercalation and groove binding of
small molecule to DNA. The scheme is based on a review of Biver (Reproduced and adopted with permission from
Taylor & Francis, Copyright (2016).)!]

The orientation of the ligand relative to the helix axis is translated into LD signals, which means
a 90° angle is indicative for an intercalative binding mode. Due to the fact that achiral molecules
do not show any LD signals and the signals of the polynucleotides are displayed in the UV re-

gion, the observed LD signals in the chromophore absorption region are indicative for the par-
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ticular binding mode. Furthermore, DNA of B-type conformation shows negative LD signals.
Correspondingly, the negative long wavelength band of the interacting ligand, which is slightly
bathochromically shifted, is typical for intercalation (see Figure 12¢). '!]

For the determination of the orientation of a groove binding molecule within the DNA by using
LD spectroscopy, the polarization axis of the dye has to be known. Often, groove binders with
elongated aromatic systems have transitions dipoles which are polarized along the long axis, thus,
they lie along the groove. Typically, this leads to LD signals of positive sign (see Figure 12d).
Similar to intercalation, the LD signals reflect those of absorption and are slightly red shifted in
comparison to the free ligand.[¢!!

The spectroscopic features of externally bound molecules are less informative. The LD and CD
spectra give no rise to significant changes upon electrostatic binding of a ligand when no struc-
tural or conformational changes of the polynucleotide occur. Therefore, this mode of binding
won’t be discussed in detail.

When ligand molecules are bound as dimers to DNA the absorption spectra are generally differ-
ent compared to monomers resulting in exciton coupling between the dyes. The LD and CD exci-
ton spectra may provide information about the orientation of such dimers. If the dimer is chiral,
which is the case when they are formed in the chiral DNA molecule, the CD spectrum shows a
typical bisignate CD signal (one positive and one negative CD band). Therefore, different param-
eters, for instance, magnitude of CD and interaction energy can be calculated. And, LD can also

be used for determination of angles between the helix axis and the two transition moments.[”!!

1.5 Interaction of supramolecular nanosystems with DNA

The above mentioned examples of molecules which interact with DNA by intercalation or groove
binding mostly form complexes by insertion of a single molecule. Supramolecular nanosystems
which are based on aggregates in solution may interact with the biomacromolecule as well. Here,
DNA may act as a template and change evident spectroscopic properties of the interacting lig-
ands. On the other hand, the function of the DNA molecule may change as well. In the following
sections, some examples are presented for ligand molecules interacting with DNA as aggregated

molecules in the groove of the DNA.
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1.5.1 Distamycin A and polyamides

One of the molecules interacting as a supramolecular complex with DNA is the pyrrole-amidine
antibiotic distamycin A (see Figure 8). This drug binds preferably to AT-rich minor grooves of
DNA rather than GC-rich sequences. The X-ray crystal structure of the 1:1 complex of distamy-
cin/DNA revealed a tight binding of the crescent molecule to the minor groove.’”) Later, NMR
studies of the interactions of distamycin with DNA possessed that the ligand binds as an antipar-
allel dimer into the minor groove.!”*) The 2D NMR studies confirmed that at ratios about 2 equiv.,
the binding of two ligand molecules is preferred over the 1:1 complex. Additionally, molecular
modelling indicated that the minor groove has to expand for the accommodation of the dimeric
distamycin A. The responsible forces for this complex formation could be identified as electro-
static interactions as well as hydrogen bonding between the ligands and DNA. Moreover, the
ligand-ligand and ligand-DNA stacking interactions have a significant contribution to the com-
plex stabilization. In the late 90ties the single crystal structure of the 2:1 complex of distamycin
and DNA octamer d(GTATATAC): was published which illustrates well the stacked dimer in the

minor groove (see Figure 13).[74
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Figure 13: Crystal structure of distamycin A and d(GTATATAC), complex (left, PDB 378D).[’™¥ Structures of
Netropsin and pyridine-2-carboxamide-netropsin (2-PyN, right). The image of DNA/distamycin A complex was
drawn with MacroModel.

Analogues to the natural products distamycin A and netropsin (for structure see Figure 13) which
have different aromatic rings connected by peptide bonds are known to bind specifically to the

minor groove. A replacement of the pyrrole ring, for instance by 1-methylimidazole or pyridine,
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change the recognition properties of the binding molecule. The polypeptide pyridine-2-
carboxamide-netropsin (2-PyN, see Figure 13) binds specifically the five base pair sequence
TGTCA by forming an antiparallel dimer in the minor groove of the ds-DNA. Additionally, the
affinity and the binding constants could be enhanced by covalent linkage of two 2-PyN molecules
by the introduction of alkyl spacers.l”>) Moreover, the introduction of a modified pyrrole ring, for
instance 1-methyl-3-hydroxy-pyrole, in various position of the ligand molecule resulted in conse-
quent structural recognition of TA instead of AT sequences. The specific recognition of TA base
pairs could be attributed to distinct hydrogen bonds between the base pairs and the dimeric bind-
ing molecule.[”®!

Many other polypeptide molecules, which contain various heterocyclic aromatic rings like in-
doles, furans or benzimidazoles showed binding to minor groove of ds-DNA by insertion of di-

mers into the binding pocket. GC base pair recognition is rare, however, was also observable.l””]

1.5.2 Cyanine dyes

Cyanine dyes contain typically two nitrogen-containing heterocycles and are connected by a
polymethine bridge of different length which specifies the absorption and emission properties of
the dyes. The various structural features allow the application of these chromophores as intercala-
tors!”® as well as groove binders.[””! Moreover, several cyanine dyes are known to change their
binding mode depending on the sequences of the applied DNA molecules.!®"]

More interesting for this thesis is the interaction of n-stacked cyanine dye aggregates with DNA.
For this purpose, cyanine dyes are appropriate molecules as they tend to aggregate in aqueous
solution because of their hydrophobic and polarizable character. In the UV/Vis titration experi-
ments of dicarbocyanine dye DiSCz(5) (see Figure 14a for the structure) and poly(dA-dT): the
formation of H-type aggregates of the cyanine dyes templated by the polynucleotide was ob-
served (see Figure 14b).8!) The binding of aggregates in the minor groove of DNA is driven by
van der Waals interactions and the hydrophobic effect. Interestingly, homopolynucleotide of AT
bases and the alternating GC polynucleotide didn’t template the aggregate formation. In contrast,
replacing of the guanine base by inosine (I) even promoted the aggregate formation of DiSCa(5)
in the minor groove of IC base pair sequences. These observations were attributed to different
reasons. The AT homopolynucleotide favors the binding of monomeric molecules rather than

dimers due to the particularly narrow minor groove. The steric hindrance of the amino group of
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guanine obviously prevents the favorable van der Waals interactions between the binding mole-
cules in the groove of GC rich sequences. This steric demand is evidently not present in IC rich
grooves which favors the binding of DiSCz(5) aggregates. Comparative experiments with AT
polynucleotides of various lengths revealed that DiSCa(5) binds as a face to face dimer to 5 AT
base pairs (AT-5) which was illustrated by molecular modelling studies (see Figure l4c for
schematic illustration). Furthermore, when the length of the polynucleotide is twice as long (AT-
10), DiSCaz(5) forms two dimers aligned in an end to end fashion in the minor groove ( see Figure
14c). CD experiments exhibited splitting of the CD signal of DiSC2(5) in the presence of AT-5
and poly(dA-dT): resulting in a pronounced Cotton effect due to the electronically coupled dyes
which were bound in a right-handed conformation in the minor groove of DNA (see Figure 14c

and Figure 14d).
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Figure 14: a) Structure of 3,3'-diethyldithiacarbodicyanine (DiSC»(5)). b) Changes of UV/Vis absorption spectra of
DiSC»(5) upon addition of poly(dA-dT), in an aqueous solution. Arrows indicate spectral changes upon increasing
DNA concentration. ¢) Schematic illustration of the DNA-templated assembly of DiSC,(5) dimers in AT-rich se-
quences. Binding sites are shown in blue. d) CD spectra of DiSCx(5) in the presence of poly(dA-dT), and polynucle-
otides containing 5 (AT-5) and 10 AT (AT-10) base pairs.[?! (Reproduced and adopted with permission from Ameri-
can Chemical Society Copyright (2016)).

In contrast, binding of a single DiSC2(5) dimer to AT-5 provoked only a weak positive CD sig-
nal. These dimeric aggregates of DiSC2(5) have to be of defined structure with quite rigid con-
formation because the UV/Vis absorption spectra of the bound dimers revealed a narrow transi-

tion band compared to the aggregates formed in aqueous solution. In an aggregate of indefinite
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Chapter 1 Interaction with DNA

size with random structure a broadening of the absorption band would be visible. Furthermore,
the binding of DiSCz(5) dimers is cooperative which means binding of the second dimer is fa-
vored leading to beneficial van der Waals interactions which was confirmed by additional CD
experiments. The binding of the second dimer is enabled by the widening of the minor groove for
the first dimer molecule facilitating the interactions of the two dimers. %%

Structural variations of the heterocyclic rings as well as the length of the polymethine chain
change the binding affinity of the dimer aggregates to DNA. Cyanine dyes with shorter polyme-
thine chain were preferentially bound than those with longer chains because the twisting of the
polymethine chain, which is needed for the groove binding, is prevented the longer the chain be-
comes. Additionally, the cyanine dyes with more hydrophobic heterocycles form dimers more
effectively in the groove of DNA. The introduction of positively charged groups or sterical hin-

drance can induce the formation of J-aggregates of cyanine dyes in the binding pocket of DNA

which opens additional application possibilities for cyanine aggregates.[®]

1.5.3 Perylene bisimide dyes

Beside the cyanine dyes, other dyes with extended aromatic n-systems, for instance perylene bi-
simide (PBI) dyes, were applied to target DNA. Mostly, PBI dyes were either covalently bound
to DNAB4 or their interaction with G-quadruplexes was studied.®! The reports of non-covalent
binding of PBI dyes to ds-DNA are rare. Nevertheless, two examples will be presented in which,
in particular, groove binding of PBI dyes is explored.

Several PBI dyes appended with polyamine chains of different length and number of positive
charges were investigated on their interaction with ds-DNA and G-quadruplexes in a comparative
manner.®®! Techniques like UV/Vis absorption and CD spectroscopy as well as various FRET
based assays were used to determine the interaction of the dyes with the two DNA structures. The
interaction of PBI dyes POL-3, POL-4 and POL-8 with DNA were analyzed by UV/Vis and CD
titration experiments as they showed highest selectivity in comparison to the other applied PBI
dyes (see Figure 15). The absorption spectra of the dyes alone in the MES/KCI buffer solution
exhibit broad signatures which are characteristic for PBI dyes in aqueous media. Upon addition
of ds-DNA or G-quadruplex DNA to each of the PBI molecules a bathochromic shift and a vi-

bronic structure of mostly monomeric chromophore was observed.
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Figure 15: Structures of the PBI derivatives POL-3, POL-4 and POL-8.[3¢!

The absence of isosbestic points indicates a complex equilibrium situation which includes more
than two species existing in solution. Further information was provided by CD spectroscopy
which showed differences in the signal features depending on the applied DNA structure (see
Figure 16). The CD signals of all applied PBI molecules displayed positive CD signals after the
addition of G-quadruplex solution Figure 16a). Furthermore, the shape of the signals was similar
to those of UV/Vis absorption spectra which was interpreted as strong coupling of the dyes with
the terminal G-quartet of the G-quadruplex DNA. The CD signals of POL-4 were of weaker in-
tensity compared to POL-3 and POL-8 which pointed to lower binding constant of POL-4 toward
G-quadruplexes. In contrast to the results obtained for the interaction of PBI dyes and G-
quadruplexes, the CD signals of PBI molecules showed bisignate Cotton effects after the addition
of ds-DNA (see Figure 16b). These CD spectroscopic features suggest that the dyes are arranged
as excitonically coupled aggregates in the groove of DNA. The arrangements of PBI dyes on the
top of G-quadruplex as well as in the groove of ds-DNA are illustrated in the molecular models in
Figure 16c. In the complex of POL-3 with G-quadruplex DNA, the PBI molecule interacts by -
n-stacking with the G-quartet. The stoichiometry of the complex is 1:1 or 2:1 in which the mon-
omeric PBI molecule is located on the terminal G-quartets of the G-quadruplex DNA which re-
flects the obtained CD signals (see Figure 16¢, C). The side chains of the PBI molecules point
into the groove of the G-quadruplex DNA and form hydrogen bonds to the phosphate groups. In
this particular study, the strength of the interaction is probably dependent of the number of posi-
tive charges in the side chains of the PBI molecules. But, structural and conformational differ-

ences of G-quadruplexes have to be considered for further investigations as well.
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Figure 16: CD spectra of POL-3 (¢ = 2 x 10 M) in the presence of G-quadruplex DNA (a) and ds-DNA (b) at in-
creasing DNA/POL-3 molar ratio (= 0.5, 1, 2, 4, 8, 12, 15, and 20) in MES/KCI buffer. ¢) Representative models of
POL-3 with ds-DNA (A and B) and G-quadruplex DNA (C).% (Reproduced and adopted with permission from
Elsevier, Copyright (2016)).

The model for the complex of the POL-3 and ds-DNA represents the excitonically coupled PBI
molecules (at least two) in the major groove of the DNA helix which agrees with the obtained
bisignate CD signals (see Figure 16c, A and B). The authors suggest that the interaction of the
PBI molecules with ds-DNA is rather weak because the charged side chains do not have many
contacts to the phosphate groups in the grooves.

Because the focus of the given studies was on G-quartet binding, groove binding was treated
quite superficial. A more comprehensive study on the interaction of PBI molecules with DNA
trough groove binding was provided by Wiirthner, Piantanida and coworkers.®”] They synthe-
sized two enantiomeric PBI molecules L-5 and D-5 which were functionalized with L- and D-

alanine and connected to spermine chains through amide bonds (see Figure 17).
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Figure 17: Structures of PBIs L-5 and D-5.
The self-assembly properties of the chiral PBI dyes in aqueous solution were strongly dependent
on the concentration. In the concentration-dependent UV/Vis absorption studies a transition from

monomeric to aggregated species was displayed. The aggregation behavior was attributed to the
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Chapter 1 Interaction with DNA

formation of dimers and subsequent growth to extended aggregates upon increasing concentration
which has already been observed for similar spermine functionalized PBI dyes before.®®! But it
has been noted that the dimerization is more favored than the formation of larger aggregates due
to the repulsion of positively charged spermine chains and sterical hindrance of the methyl
groups of the amino acids. Additionally, the CD spectroscopic studies revealed strong bisignate
CD signals for the concentrated solutions of the PBI molecules confirming the presence of the
helical m-stacks with P- and M-configuration, respectively. An important feature for the study of
the interaction with DNA, the PBI dyes were CD silent at low concentration supporting the fact
that the molecules are in the monomeric form and do not induce any CD signal. Moreover, the
aggregate growth could be initiated by the addition of aqueous NaCl solution and simultaneous
increase of ionic strength simulating the physiological conditions.

For the study of the interactions of the enantiomeric PBI pair with DNA, long synthetic polynu-
cleotides (poly(dA-dT)z2, poly(dG-dC)2, poly dA-poly dT and poly A-poly U) were used to avoid
the binding of the dyes at the end of the double strands and to ensure structural and conformation
variations of the DNA sequences. Thermal denaturation experiments showed clear stabilization
effect of the ds-polynucleotides caused by the formation of PBI/polynucleotide complexes asso-
ciated with large AT values already at the low PBI/polynucleotide ratio » of 0.05 even though
biphasic curves were observed in some cases. Furthermore, large binding constants (log Ks) be-
tween 9.4 and 9.8 were determined by fluorescence spectroscopic titration experiments accompa-
nied with complete fluorescence intensity quenching of PBIs upon the addition the ds-
polynucleotides (see Figure 18, left). The intensity decrease was attributed either to the formation
of PBI H-type aggregates, non-emissive PBI/DNA or PBI aggregate/DNA complexes. Besides
that, the analysis of the binding events according to the Scatchard equation/®! a saturation of the
binding sites at a PBI/polynucleotide phosphate ratio » of about 0.1 was determined which com-
prise ten polynucleotides as a PBI binding pocket.

Deeper insights into the binding mode of the PBI molecules to DNA were provided by CD spec-
troscopic studies. At similar PBI/polynucleotide ratios applied in the CD titration experiments,
different CD signatures in the absorption region of the PBI dyes were observed depending on the
kind of polynucleotide (Figure 18, right). Intercalation binding mode was excluded by viscometry
measurements, thus, the observed bisignate CD signals, respectively for the L- and D-enantiomer,
for poly(dA-dT)2, poly dA-poly dT and poly A-poly U were assigned to excitonically coupled

PBI dimers bound in the minor groove of DNA (Figure 18a-c, right).
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The growth to extended PBI aggregates is limited by the size of the minor groove as well as the
interaction of the positively charged spermine chains with the negative phosphate backbone. The
slightly different shapes of the CD signals of the respective enantiomers were attributed to varia-
tions of the arrangement of the PBI dimers in the groove. An exceptionally different CD pattern
was found for the GC polynucleotide expressed in no mirror-image correlation of the signals
(Figure 18d, right). In the long wavelength region positive signals occurred for both enantiomers,
whereas at short wavelengths a negative signal for the D- and no signal at all for the L-enantiomer
was observed. These observations were explained by the hindrance of the accommodation for the
L-enantiomeric PBI dimer caused by the steric impact of the guanine base which obviously
doesn’t play a role for the insertion of the D-enantiomeric PBI dimer. Alternatively, the embed-

ding of a single L-5 molecule in the groove of poly(dG-dC)2 may be possible.
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Figure 18: Left: Changes of fluorescence spectrum of D-5 (¢ =5 x 10”7 M) upon addition of poly dA-poly dT at pH
7.0, buffer sodium cacodylate, 7= 0.05 M. Arrow indicate spectral changes with increasing concentration of poly
dA-poly dT. Inset: Dependence of fluorescence intensity at Amax = 590 nm on the amount of poly dA-poly dT. Right:
CD spectra of L-5 and D-5 upon interaction with a) poly(dA-dT), b) poly dA-poly dT, c) poly A-poly U and d)
poly(dG-dC), at pH 7.0 in sodium cacodylate buffer, I = 0.05 M; polynucleotide concentration: 4 x 10° M; r [c¢
(PBD))/[c (polynucleotide)] = 0.15; L-configured PBI (solid line), D-configured PBI (dashed line).®” (Reproduced
and adopted with permission from Royal Society of Chemistry, Copyright (2016)).

In summary, the spectroscopic studies of L-5 and D-5 showed that the steric demand in the amino
acids of the PBI dyes and the chiral center plays a significant role for the molecular recognition
of polynucleotides. Both dyes form excitonically coupled dimers in the minor groove of DNA
and major groove of RNA forced by hydrophobic interactions and hydrogen bonding, thus, the

polynucleotides act as templates for a particular aggregate size of PBI dyes.
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Chapter 2
Determination of binding constants of
self-assembled supramolecular structures

Abstract: In this chapter, the most common aggregation models for dimerization (monomer-
dimer equilibrium) and growth into oligomers (isodesmic) are derived to describe composition of
supramolecular species in thermodynamic equilibrium. Additionally, the experimentally observa-
ble values obtained by UV/Vis and NMR spectroscopy are elucidated by means of the aggrega-
tion models. Afterwards, the conventional K>-K model is presented that has been utilized to de-
scribe cooperative supramolecular polymerization. For each type of aggregation behavior, exam-
ples are illustrated. Finally, issues arising from the accomplishment of experiments as well as
approaches to control the aggregation behavior are presented.
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2.1 Introduction

The self-assembly of molecules is an essential pathway in nature to obtain large structures with
complex functions. The protein self-association®®! or the creation of multicomponent architec-
tures like the tobacco mosaic virus® are guided by the concatenation of building blocks leading
to the formation of assembled supramolecular structures. The understanding of the self-assembly
processes directed researches into the application of this knowledge in various artificial systems.
Thus, self-organisation protocols are utilized in in surfactant chemistry,®!) preparation of elec-
tronic devices® or in biomedicine!®’). The physical understanding'® °Y and mathematical de-
scription [% %1 of the aggregate formation provided insights into structure-property relationships
needed to achieve particular self-assembled patterns. Assuming the presence of thermodynami-
cally equilibrated aggregates, several aggregation models were developed which describe the
experimental observations. The following sections will focus on the description of aggregation
processes under thermodynamic conditions which presume an equilibrium between the mono-
meric and the noncyclic aggregated state (for self-association involving cyclic aggregates, see the
review of Hunter and Anderson!®®). The common mathematical models, such as monomer-dimer
model, isodesmic model as well as the nucleation-elongation model describe the self-assembly in
a simple way which is often sufficient to describe the distribution of the species for the given
concentrations and temperatures. By taking into account kinetic phenomena, the self-assembly
behavior gets complicated, hence, further mathematical models are need.””! Additionally, exper-
imental limitations like insolubility or confined concentration range often hamper a proper math-
ematical evaluation of the self-assembly process. These drawbacks will be highlighted at the end

of this chapter.

2.2 Monomer-dimer model

The simplest situation can be described as an equilibrium between the monomeric species and the
smallest possible aggregate, the dimer aggregate.”>® Considering the equilibrium between mon-
omer (M) and dimer (D) in solution as M + M = M, the equilibrium (dimerization) constant K>

can be expressed as:[*?!

K, =M1/ [M]* = ¢p /01%/1 (1)

32



Chapter 2 Binding constants

In this expression, [M] = cm is the concentration of the monomers and [M>] = cp the concentration
of the dimers aggregate.

Using the eqn (1), the mass balance equation eqn (2) can be derived as:
c= cy+2cp = cy+2Kych = cy(1+ 2K,cy) , (2)

where c is the total concentration of molecules. The fraction of monomers am eqn (3) can be de-

rived using eqn (2) as follows:

c c 1
ay=M=_M_ , 3)
c cm+2cp 1+2K,cm

Using the expression eqn (3) of ay = cy/c and the division of eqn (2) by ¢ yields the equation

4.

cM(1+2Kem) _ com ZKZCI%/[

1= + = ay + am(2K;em) = am(1 + 2K;cy) - )

Cc c

By taking into account cy; = ayc, a quadratic expression can be derived (5) by the rearrangement

of the equation (4),
0 = ay(1+ 2K,cym) — 1 = ay(1 + 2K,cay) — 1 = 2K,cag +ay + 1, (5)
which has only one physically meaningful solution, eqn (6).

J8Kyc+1-1
= (6)
The equation (6) can be connected to changes of physical properties of a chromophore, for in-
stance NMR shifts or UV/Vis absorption spectra. For this purpose, the fraction of the dimer ag-
gregates (general description as ap) is defined as @, = 1 — ay. For a general situation, the phys-
ical property of the monomer is denoted as Zm and that of the dimer as Za. This provides the

equation (7).
Z=ZM0.'M+ZA0(A =ZMaM+ZA(1_aM) . (7)

Here, Z is the overall physically observed property. Generally, the physical properties of both

monomer and dimer are unknown. Thus, the equation (7) is transformed into (8) by using (6).

8K2c+1—1> + 7, (4ch+1—1/81(zc+1) ‘ ®)

4K2 Cc 4K2C

Z:ZM(
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The subtraction of Zm and rearrangement of this expression leads to equation (9).

Z =7y = (Za — Za1) (%) . 9)
Using the mass balance (2), the equation (10) can be formulated as a quadratic form,
0=2K,cq+cy—c, (10)

which has only one physically meaningful solution:

_ /BKzc+1-1 ' (11

™= T
Additionally, the mole fraction of the dimer aggregate can be written as:

_ 4K,c+1—/8Kyc+1 (12)

4K,c

a4y

The changes of physical properties upon dimerization which depend on the absolute concentra-

tion are obtained using the concentration of the dimer aggregate cp = a,c/2:

Z = ZMCM + ZACD =cC (ZMCZM + ZA (az—A)) =C (ZMO(M + ZA (1_2aM)> . (13)

By the subtraction of cZ)y and rearrangement the equation (13) can be written as:

Z—cZy=c ((zzM +7,) (1‘;‘M)) . (14)
The multiplication by ¢ through (1 — ay)/2 and applying of (6) give (15):

Z = cZy = 22y + Zp) (W“'— VSK’””) . (15)

8K2C

The same approach can be used to derive the equations using the dependence on am. There are
several methods to investigate the dimerization process. 'H NMR or UV/Vis dilution studies are
the most common ones for chromophores. Beside the experimental issues like limited solubility,
both methods can be applied in confined concentration ranges (10 to 10! for NMR and 1077 to
102 for UV/Vis). The derived equations (6) and (15) of the monomer-dimer model can be ap-
plied to concentration-dependent changes of e.g. the chemical shifts or extinction coefficients.

For concentration-dependent 'H NMR studies, the resonance signals of the dimer are defined as
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oa and that of the monomer as om. By applying these definitions to the above derived equations
expressions (16) and (17) are obtained for conditions of fast equilibrium (i. e. complex formation

and dissociation is fast on the NMR time scal.

6 — b = (8 — &) (). (16)
8K 1-1
6 = 8r = (O — 8 (L) (1)

Similarly, the changes of the apparent extinction coefficients €upon dilution are transformed into

the equations (18) and (19) which contain the extinction ea for the dimer aggregate and em for the

monomer:

— 4K,c+1—,/8Kyc+1

£— e = (e — a) (TR (1)
— 8K,c+1-1

£ en = (om — en) (L2 (19)

The aggregation behavior of many chromophores has been described by the monomer-dimer
model.””! The self-assembly behavior was suggested to be limited mainly by the sterical demand
of substituents or electrostatic interactions of the dye molecules. Noteworthy, often, there seems
to be no rational consideration to create a dimeric aggregate rather than the obtained results are
justified by particular molecular features. This observation can be explained by the fact that the
trapping of the aggregate size is essentially difficult. There are several examples of dye mole-
cules, for instance perylene bisimides (PBI), which were particularly designed to form only the
dimer aggregate. These examples are discussed in introduction of Chapter 3.1'* 1% Additionally,
the comprehensive investigation of the dimerization process of PBIs 5-9 is presented in the main

part of Chapter 3.

2.3 Isodesmic model

The self-assembly of extended aggregates (beyond the dimer) can be ideally evaluated by means
of the isodesmic model (equal K model).”>® This simple model is only valid under the assump-
tion of linear, noncyclic aggregates whereby all binding constants (K) of each aggregation step

are equal. Because each m-system or dye has two m-faces, it is not surprising that many aggrega-
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tion processes of these molecules have been evaluated by this model. The non-covalent binding

event can be written as:®

K=K2=K3=K4=...= Kn. (20)

The binding constant of the nth binding process is accordingly defined as:

Kn — [Mn] - Cn — Cn — Lee — Cn (21)

[Mn-1][M]  cn-1cm  Kn-1¢n-2Ci (K2K3K4Ks..Kn-1)cyy

The mass balance for the aggregating molecule is written as follows.
c = CM + 2K2Cl€[ + 3K2K3CI§/I + 4K2K3K4Cl‘\1'/[ + .- (22)
Rearranging of the equation and using the fact of equal binding constant gives:

c =cy(1+ 2Key + 3K%ck + 4K3ci + ) . (23)

Considering the Taylor series expansion 1 + 2x + 3x2 + -+ nx" ! = (1_136)2 for 0 < x <1 the

equation (24) is obtained.

Kcum

Kc = (1-Kcy)? *

24)

Using the definition of molar fraction of monomers am (3) which now can be formulated as

ayv = Kcy/Kc, the equation (24) can be transformed into (25).
apy = (1 —Key)? = (1 — ayKc)?. (25)

The multiplication of the bracket terms gives the quadratic expression which has only one physi-

cally meaningful solution (26).
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_ 2Kc+1—V4Kc+1

M 2K2c? (26)
Accordingly, the molar fraction of the extended aggregate is expressed as:
ay=1- ZKc+i-vakerl 27)

2K?c2

The application of the derived isodesmic model on the concentration-dependent 'H NMR or
UV/Vis absorption studies lead to the similar set of equations as those determined from the mon-

omer-dimer model.

—VAKc+1
§ = 6a = (8u — 8) (551 (28)
_ —VARc+1

g—ea=(em—ea) (P ) . (29)

Simple bay-unsubstituted perylene bisimide dyes are known to aggregate in organic solvents
trough m-m-interactions leading to the formation of infinite columnar aggregates. PBI dyes 1 and
2 which bear solubilizing tridodecyloxyphenyl and tridodecylphenyl groups, respectively, in the
imide positions (Figure 19a), show significant changes in the UV/Vis absorption spectra upon
concentration change. Upon aggregation, a transition from the well resolved vibronic absorption
bands of the monomeric species to the hypsochromically shifted band of decreased intensity were
observed in different solvents which indicates the formation of H-type aggregates (see Figure 19b
for a representative example of PBI 1 in toluene).[!3 1012 101b]

Nonlinear least-squares analysis of the degree of aggregation obtained by means of eqn (30) re-
veals a good agreement with the isodesmic model eqn (29) (see Figure 19c). Noteworthy, the fit
of the data to the monomer-dimer model does not show a good match, shown as dashed black
line for comparison in Figure 19.

@, = £tm (30)

B EA—EM
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Figure 19: a) Structures of PBI dyes 1 and 2. b) Concentration-dependent UV/Vis absorption spectra of PBI 1 in
toluene (¢ = 1.0 x 107 — 1.0 x 10> M). Arrows indicate the spectral changes upon increasing concentration. ¢) Analy-
sis of the concentration-dependent data according to the isodesmic (red line) and dimer (dashed black line) aggrega-
tion models (R? = 0.999). Inset: The proposed illustration of the structure for this columnar aggregate. ['>13- 101 (Re-
produced and adopted with permission from Royal Society of Chemistry, Copyright (2016)).

For PBI 1 in toluene, the aggregation constant K of 4.5 x 10* M"! was determined. Moreover,
comprehensive aggregation studies in other organic solvents showed aggregation through m-m-
stacking via the isodesmic pathway. '3 1% Here, the binding constants decreased from the non-
polar solvents like methylcyclohexane (K =1.5 x 107 M) to the polar solvents such as tetrahy-
drofuran (K = 5.4 x 10* M!). In solvents of intermediate polarity but high polarizability (chloro-
form, dichloromethane), the aggregation ability was exceptionally low (K=2.6 x 10> M and
1.6 x 10° M!, respectively). Interestingly, the alkylphenyl-substituted analogue PBI 2 which was
extensively studies by various methods such as NMR, UV/Vis spectroscopy and vapor pressure
osmometry (VPO) showed significant lower aggregation propensity in comparison to PBI 1.
1016] This observation was attributed to the charge transfer interactions between the electron poor
PBI core and electron rich trialkoxyphenyl substituents of neighboring dyes in the aggregate of
PBI 1.
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2.4 K>-K model

It has been realized by careful studies over a large concentration range that the isodesmic model
often doesn’t fulfil the requirements for the description of the self-assembly of many supramo-
lecular polymerizations.® ! The experimentally observed formation of a nucleus, characterized
by a critical concentration, at which the extended aggregates with larger stability were formed,
was not captured by this simple mathematical description of the aggregation process. In order to
develop an appropriate aggregation model the isodesmic model was modified by assuming that
the binding constant of the initial nucleation process differs significantly from the one of the
elongation process. [» %! In this work, only the nucleation to a dimer nucleus is relevant, there-
fore, for the general nucleation-elongation model the reader is referred to the appropriate litera-
ture.'?l Considering the nucleus s of 2, the same equilibria are obtained as described in section
2.3 for the isodesmic growth.

By defining the cooperativity factor of ¢ = K, /K, the binding constant is written as:
K:K2/02K3:K4:...: Kn. (31)

Taking into account the equilibrium (21) and the definition of the cooperativity factor ¢ the mass

balance (23) can be rearranged into (32):
c =cy(1+ 20Kcy +30K?cq + ) = cy(1 + 0(2Kcy + 3K?¢q + ) . (32)

Multiplication by K and application of the Taylor series expansion lead to the equation (33):

KC=KCM(1—J)+%. (33)
The transformation into the molar fraction of monomers am gives the expression:

(1-Kcy)? (1—amKc)?
AM = AKemz—Ke)(1-0) . (I—amKc(Z—agKe)(1-0) " (34)
The multiplication and rearrangement of (34) gives:
ayK?c?(c — 1) + agKc(Kc —2(c — 1) —ay(2Kc+1)—1) = 0. (35)

The solutions of this cubic equation may include complex numbers. Thus, the relevant solution

can be obtained by certain algorithms in different software packages. However, the calculation of
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Kc as a function of Kcm can be easily performed for particular ¢ values by using the equation
(36):

oKcm

KC=(1—O')KCM+m.

(36)

Finally, the aa is determined from the obtained values by using (37) which can be plotted against

the corresponding Kc values which is illustrated in Figure 20.

ap=1—ay=1--2 (37)

isodesmic (o =1

0.6+ anti-cooperative
(c>1)

3 0.4
| cooperative
0.2 (c<1)
0.0
10° 10" 10” 10° 10°

Figure 20: Schematic illustration of various K>-K aggregation processes. Plot of the fraction of aggregated molecules
ax as a function of the normalized concentration K¢ with different o values according to eqn (36) and (37). For the
curves from left to right o= 10%, 10, 10 (red curves), 1 (violet dashed curve) , 10-!, 102, and 10 (blue curves) were
applied.[®! (Reproduced and adopted with permission from Royal Society of Chemistry, Copyright (2016)).

Based on the above mentioned definition of the cooperativity factor o, three main cases can be
distinguished. For ¢ = 1, both the nucleation K> and the aggregation constant K are equal which is
represented by the isodesmic model (violet dashed line in Figure 20). The cooperative growth is
characterized by o <1 (blue curves in Figure 20). Here, the dimerization process proceeds till a
critical concentration of K™! is reached at which a sharp increase of aa occurs that correspond to
an instantaneous formation of extended aggregates. In the anti-cooperative aggregation process
the formation of the dimer is much more favored than further aggregation (¢ > 1, red lines in Fig-
ure 20).

For a long time, the self-assembly of PBI dyes was described by using mostly the isodesmic

model which seems to be an appropriate choice for simple PBI structures (see Section 2.3 for an
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example). However, the explanation of the aggregation behavior of hydrogen bonded PBI dyes
3a-e (Figure 21) fails by simply using the isodesmic model.'%]

R4
O e
HN . NH ' Rs
O O 3a Ry = Ry = Ry: OCqHas 3d Ry = Ry = Ry OCgHy7

R R 3b R, = H, Ry = Rg: OC1oHas M
3eR1=R2=R3: --0

PBI 3a-e 3c R3=H, R4 =Ry OC4oHy5

Figure 21: Structures of the PBI dyes 3a-e.

For instance, the tetra-bay-substituted PBI dye 3e self-assembles by forming J-type aggregates in
methylcyclohexane characterized by the bathochromically shifted band upon an increase of the
concentration (Figure 22a). The sterically demanding bay-substituents provoke a twist of the PBI
core which prohibits the formation of columnar long aggregates. The additional emergence of
intermolecular hydrogen bonds results in the formation of helical double string fibers which was

confirmed by several spectroscopic techniques (see the schematic illustration in Figure 22b).

a)100~

400 500 600 700
Alnm

Figure 22: a) Concentration-dependent UV/Vis absorption spectra of the chiral PBI 3e (¢ =7.3 x 10° - 1.9 x 107 M)
in methylcyclohexane. Arrows indicate the spectral changes upon increasing concentration Inset: Analysis of the
concentration-dependent data at 633 nm according to the K>-K model (lines from left to right: ¢ =1, 0.1, 0.01, 0.001,
0.0001 and 0.000001). b) Schematic illustration of the packing of PBI 3a-e into the slipped J-type aggregates. The
red blocks represent the PBI core and green lines are the hydrogen bonds.['%] (Reproduced and adopted with permis-
sion from American Chemical Society, Copyright (2016)).
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The analysis of the aggregation behavior of 3e by means of the K2-K model by applying a manual
fitting procedure resulted in a good fit for a cooperativity factor o of about 10°. The dimerization
constant K> of 13+ 11 M and an aggregation constant K of 2.3 x 10 M1 £ 0.1 x 10° M"! con-
firm the highly cooperative aggregation process which originates from the favorable interplay of
n-m-interactions and hydrogen bonding.

Both the isodesmic and K2-K model provide the possibility to determine the number-average DPN
and the weight-averaged degree of polymerization DPw which show the average size of an ag-
gregate or rather the number of molecules in a particular aggregate. For the mathematical deriva-
tion of these values the reader is referred to the corresponding literature. [ %!

Up to now, just the concentration-dependent measurements were taken into consideration to
elaborate the self-assembly behavior. Due to the often occurred experimental limitations of these
experiments, temperature-dependent measurements became prevalent owing to the accessibility
of large data sets. Therefore, models were developed which treat the temperature-dependent
changes in NMR or UV/Vis spectroscopical experiments accompanied by the aggregation phe-

nomenon. The corresponding mathematical derivation can be found in the literature.!'*¥

2.5 Experimental issues

Researchers are often confronted with three main difficulties during the investigations of the self-
assembly processes of supramolecular structures: experimental execution, mathematical descrip-
tion and combination of both. Concerning the experiments, the investigation of the self-assembly
processes require specific experimental conditions to follow the growth process. Both NMR and
UV/Vis spectroscopy are limited by the applicable concentration range. However, for the deter-
mination of reasonable binding constant values and confirmation of a particular model a concen-
tration range of at least two orders of magnitude is necessary. In situations where more than two
species are equilibrated the range has even to be expanded.[! To fulfill these experimental re-
quirements, the studied system has to be soluble over a wide concentration range and an experi-
mental technique is needed that is sensitive over the whole concentration range.

In contrast to the cooperative and isodesmic growth of supramolecular structures, very few ex-
amples are known in the case of the anti-cooperative aggregation.['®] The anti-cooperative case
seems to be difficult to monitor experimentally because the formation of large aggregates require

high concentrations which is often not accessible. Additionally, the whole transition from the
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monomeric to the aggregated state with the nucleus in between has to be spectroscopically re-
solved which is also difficult to achieve. An example of an anti-cooperative aggregation process
which was extensively studied and mathematically evaluated by a newly developed model is pre-
sented in Chapter 4.

Even if the experiments were successful, the mathematical description of the aggregation process
might be difficult to elaborate. A good fit between the data and model doesn’t mean automatical-
ly that this particular model is the best one to describe the aggregation behavior of the studied
system. A mathematic model containing many unknown parameter provides generally better fits
than the one with less free parameters. This fact might be acceptable if the obtained values do
physically and chemically (e.g. no negative binding constants, meaningless extinction coeffi-
cients or 'H NMR changes) make sense.®!

Recently, the issue of the indistinguishability of the monomer-dimer and the isodesmic model
was addressed in the literature.['%) Regarding the equations (18) and (28) or (19) and (29), re-
spectively, both became identical under the condition of 2K> = K, which indicates the indistin-
guishability of these two models. Therefore, the authors derive the mathematical origin of this
phenomenon which is not addressed here but can be found in the corresponding literature. 1%
More important are the qualitative statements made by the authors. Often the choice of a particu-
lar model is justified by the applicable concentration range. In the low concentration regime the
monomer-dimer model is selected by the investigator and the isodesmic model in the high con-
centration regime. The mathematical derivation of the models revealed that the indistinguishabil-
ity is valid for any concentration which makes this justification incorrect. Obviously, it is im-
portant to determine the aggregate size by using several techniques beside NMR and UV/Vis
spectroscopy thus the limitation to a dimer can be legitimated. Nevertheless, the authors propose
to base the choice of particular model on structural consideration and chemical intuition rather
than on the applied concentration range. The experimental indistinguishability of the monomer-
dimer and the isodesmic model is addressed in Chapter 3. The condition of 2K> = K could not be
reproduced for the described experimental data. In our cases the conditions of K> = K seems to be
valid. However, the reason for the similar fitting curves for the monomer-dimer and isodesmic

model could not be identified.
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2.6 Control of the self-assembly pathway

Inspired by the efficient control mechanisms in nature, researchers developed several strategies to
direct the self-assembly pathway. Generally, there are two possibilities to enable the desired
route, namely external and internal stimuli. The aggregation process of supramolecular systems is
externally promoted by the solvents, concentration and temperature. Internally, the rational de-
sign of molecular structure is the crucial feature. Of course, interplay of all factors can be deci-
sive which kind of aggregate is formed. The external control mechanisms were already addressed
a few times, and hence, the molecular features will be discussed in the following section.

As recognized earlier, the self-assembly via the isodesmic pathway mostly required solely n-mt-
interactions.”*! Very recently, Fernandez and coworkers reviewed strategies for self-assembly
through the cooperative pathway.[®] A notable feature of the (anti-)cooperative self-assembled
system is the interplay of several responsible forces. The influence of supplementary factors like
hydrogen bonding, metal-metal, metal-ligand, and dipole-dipole interactions or other weak forces
direct the self-assembly into (anti-)cooperative direction. Below, the focus lies on the impact of
hydrogen bonding, i. e. for other contributions the reader is referred to corresponding literature.®!
There are several molecule classes involving hydrogen bond motives which self-assemble in co-
operative fashion. On the other side, the same kind of molecules show isodesmic self-assembly
by avoiding the hydrogen bonded functional groups. The converse argument could be that the
anti-cooperative self-assembly of similar molecules should be possible as well. This might be
achieved by changing the hydrogen bond motive or rather the position of those functional groups
within the respective molecule (see Chapter 4).

The isodesmic and cooperative self-assembly of perylene bisimide dyes was exemplified in pre-
vious sections. Other prominent classes of m-systems aggregating through both isodesmic and
cooperative path are for instance benzene-1,2,3-tricarboxamides (BTAs), oligo(p-phenylene vi-
nylene)s (OPVs) or oligo(phenylene ethynylene)s (OPEs). The contrary self-assembly of these
molecules and other dyes was comparatively described in the review of Kulkarni et. al.[**!

For instance, the self-assembly behavior of the BTA molecules 1a,b and 2 was extensively stud-
ied by the Meijer group. By using temperature-dependent CD and UV/Vis spectroscopy, they
elucidated the cooperative aggregation behavior of the chiral BTA 1a and the achiral BTA 1b
(see Figure 23 and Figure 24a).l'%! While the chiral derivative show preferential right-handed

helicity in the H-type columnar stack the achiral analogue aggregates into helical stack without
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distinct direction of the helix. However, the self-assembly was described by the nucleation-
elongation model proposing the cooperativity factors ¢ of 104 — 10 for both. Beside n-n-
interactions, the driving forces for the supramolecular polymerization were attributed to the in-

termolecular triple hydrogen bonding between the amide functions.

e,
————
1aR= -.
/\l/\/\l/ .
IbR= _ - N
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R
¥ 0
§ o HN AR
‘R
BTA1a, b
2 isodesmic
E——

self-assembly

Figure 23: Structures of BTA 1a,b and 2 and the arrangement of them in the supramolecular stack through the coop-
erative and isodesmic aggregation pathway.l'% 197 (Figures reproduced and adopted with permission from Ameri-
can Chemical Society and Royal Society of Chemistry, Copyright (2016)).

In contrast to BTAs 1a and b, BTA 2 functionalized with 3,3’-bis(acylamino)-2,2’-bipyridine
groups shows completely different aggregation behavior. Indeed, BTA 2 forms helical structures
in the nonpolar solvent methylcyclohexane but the self-assembly has been described by the iso-
desmic model which was verified by temperature-dependent UV/Vis absorption studies (see Fig-
ure 23 and Figure 24b). Furthermore, X-ray and quantum chemical calculations predicate no for-
mation of intermolecular hydrogen bonds. On the contrary, six intramolecular hydrogen bonds
between the amide NH and nitrogen of the pyridine groups are present in the molecule leading to
growth of the helical stack only determined by m-m-interactions. The variation between the self-
assembly pathways of the BTA molecules originates obviously from the different hydrogen
bonding connectivity. The comparison of structural features of other classes of molecules ex-
posed similar observations.®*! Based on previously reported literature,*>> %8 Kulkarni et al.
concluded that dipole-dipole interactions and electrostatic interactions in the direction of growth

lead to cooperative self-assembly. Through the intermolecular directional hydrogen bonds in a
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complex long-range dipole-dipole interactions can lead to the formation of large stacks in a coop-
erative fashion. In contrast, the presence of solely m-m-interaction, hydrophobic and van der

Waals interaction without any electronic impact cause most likely isodesmic self-assembly.
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Figure 24: a) The degree of aggregation ¢, with fitted elongation regime (red line) as function of temperature for
BTA 1a in heptane at different concentrations (1.2 x 10° M (blue open triangle pointing down) to 3.8 x 10° M
(black open square)). The curves are shown with a 0.25 offset for each next concentration and as a function of the
normalized temperature 7/T. (7. as the elongation temperature).['%]. b) The degree of aggregation ¢, as a function of
temperature for different concentrations of BTA 2 (1.0 x 10° M (squares) to 3.5 x 10 M (triangles)) in methylcy-
clohexane with corresponding fit based on the sigmoidal function.['"”! (Reproduced and adopted with permission
from American Chemical Society and Royal Society of Chemistry, Copyright (2016))

They proved this concept by means of computational studies using molecules which aggregation
behavior has already been elucidated experimentally. The optimization of a tetrameric stack of
BTAs 3 and 4 using the BLYP/DZVP/B97D/CC-PVDZ level of theory and calculation of total
self-consistent field electron density captured on to isosurfaces of molecular potential was per-
formed (see Figure 25). BTA 3 exhibits a large dipole moment of 36 D and, in contrast, BTA 4
show very low dipole moment of 1.5 D. These results confirm the assumption made by the au-
thors that directional intermolecular hydrogen bonds in BTA 3 lead to cooperative self-assembly

and the lack of them to isodesmic growth.
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Figure 25: Structures of BTAs 3 and 4. Electrostatic potential isosurfaces plotted on electronic density isosurfaces of
4 x 10 e bohr for the tetramer of BTA 3 and 4, along with the dipole moment in the stack direction as obtained
from the BLYP/DZVP/B97D/CC-PVDZ level of theory. ®*! (Reproduced and adopted with permission from John
Wiley and Sons, Copyright (2016))

Considering these results, a parallel may be drawn between cooperative and anti-cooperative self-
assembly. The necessity of an additional driving force other than n-n-interaction has already been
ascertained for the anti-cooperativity. The directional intermolecular hydrogen bonds are obvi-
ously necessary but they have to be located on the nucleus, such as a dimer, disfavoring further
growth. As postulated, this might be achieved by rational structural design of molecules. One if

the approaches to achieve that will be presented in the following chapters.
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Chapter 3
Self-assembly of amide-functionalized
perylene bisimide dyes into dimer aggre-
gates™

Abstract: A series of homochiral perylene bisimide (PBI) dyes (5-8) functionalized at the imide
positions with amide groups, that are derived from L-alanine, are investigated in terms of their
self-assembly properties. Structural variation of the PBIs was made by changing the peripheral
substituents at the amide nitrogen atoms. PBI 5§ bearing peripheral 3,5-bis(dodecyloxy)benzyl
substituents was chosen as a prime example and its aggregation properties were thoroughly stud-
ied by a combination of different methods. Concentration-dependent 'H NMR and UV/Vis stud-
ies of this amide-functionalized homochiral PBI showed exclusive formation of dimers in chloro-
form. The m-m-interactions and hydrogen bonds were indicated as responsible forces for limiting
the aggregate size to dimers. Molecular modeling revealed a bracket like structure of PBI 5 dimer
aggregate that complies well with the obtained spectroscopic results. The involvement of hydro-
gen bonds in the dimer aggregate was confirmed by IR spectroscopy. 2D NMR techniques such
as diffusion ordered (DOSY) NMR and rotating-frame nuclear Overhauser effect (ROESY), va-
por pressure osmometry (VPO) and isothermal calorimetry (ITC) experiments confirmed finally
the size of the PBI 5 aggregate as a dimer. The self-assembly properties of PBI derivatives 6-8
were studied by concentration-dependent UV/Vis spectroscopy and NMR techniques. These PBIs
show similar aggregation behavior as the prime example 5 since they also form dimer aggregates
in chloroform. The dimerization constants (K2) of this series of PBIs are discussed in a compara-
tive manner revealing that the dimerization property of these PBIs is dependent on the nature of
the amide substituents.

*A part of this chapter was published by Jana Gershberg, Franziska Fennel, Thomas H. Rehm, Stefan Lochbrun-
ner, Frank Wiirthner, Chem. Sci. 2016, 7, 1729-1737. Reproduced and adopted with permission from The Royal
Society of Chemistry. Copyright (2016).
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3.1 Introduction

The organization of supramolecular systems by n-z-interactions!!®! and hydrogen bonds is a key

5.1 The application of this

feature in many biomolecular structures such as DNA and protein
principal to artificial nanosystems has accordingly gained much interest.[''!] Indeed, supramolec-
ular structures created by such intermolecular forces has been successfully applied in electronic
devices such as organic field-effect transistors and solar cells.[!!™ °2 112 Perylene bisimide (PBI)
dyes are promising candidates for the elucidation of self-assembly behavior of n-aromatic sys-
tems because their structural diversity allows a multifunctional utilization in solvents of different
polarities and broad ranges of concentration and temperature.['”!] Bay-unsubstituted PBIs with
functionalities in the imide positions are known to form columnar aggregates driven by n-m-
interactions.['*) However, realization of aggregates of particular size is challenging due to the
presence of randomly dispersed aggregate mixtures in solution. Investigations towards structure-
functional property relationships of PBI dyes were enabled by designing covalently bound PBI
dimers, trimers or oligomeric systems. !''*] However, much less examples are known to date in
which a particular aggregate size was trapped at a certain stage by non-covalent forces.

Wiirthner and coworkers introduced an unsymmetric PBI molecule, which contained imide sub-
stituents with significant sterical demand such as 2,5-di-tert-butylphenyl and benzyl groups.['¥
The self-assembly properties of this PBI were studied by means of concentration-dependent
NMR and UV/Vis spectroscopy in a solvent mixture of chloroform/methylcyclohexane (1:5) dis-
playing a discrete dimer formation. The bulky substituents prevent the growth of extended aggre-
gates because of restricted access of the m-surfaces at one side of the PBI core. Hence, a preferred
head-to-tail dimer stack composed of two PBI molecules with rotational displacement of 30° was
formed, which was confirmed by ROESY NMR in combination with molecular modeling. The
restriction of the aggregate size of this particular PBI molecule was achieved by the contribution
of the sterical constraints as well as particular selection of the solvent composition.

Recently, the same group reported examples of PBI dyes which form dimeric aggregate struc-
tures by metal complexation or by templating the self-assembly through the interaction with
DNA. In the first case, selective binding of Ba®>" to the crown ether substituents in the bay-
positions of the PBI molecules was exploited to accomplish the dimer formation. The formation
of the sandwich type dimer aggregate quenches the monomer emission which can be applied as a

“turn-off” sensor.['%%] In the case of DNA-templated PBI self-assembly, the aggregate size is
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limited to the width of the binding pocket in the minor groove of the double-stranded DNA. The
evaluation of the spectroscopic data pointed at a selective recognition of certain base pair se-
quences depending on the chirality, steric impact and the number of positive charges in the side
chains of the PBI dyes.[''4]

In 2002, Schenning and Meijer et al. reported a bay-unsubstituted homochiral PBI molecule con-
taining terminal carbamate groups at the imide positions.['%®! UV/Vis and CD spectroscopic ex-
periments of this carbamate-functionalized PBI showed the formation of aggregates in toluene,
chloroform and tetrachloroethane, whereas the monomeric species prevailed in THF. Apart from
the obvious m-m-interactions, intermolecular hydrogen bonding from the carbamate NH-group to
the carbonyl oxygen of the imide substituents made responsible for the aggregate formation as
revealed by IR spectroscopy. The authors proposed a dimeric structure for the PBI aggregate on
the basis of MALDI measurements. However, further in-depth investigations to confirm the pro-
posed dimeric structure were not provided.

As evident from the above discussion only very few examples of PBI molecules are known which
aggregate into discrete dimers. Thus, we synthesized new PBI molecules possessing functionali-
ties that should favor dimer formation. Several aspects in the molecular design of the new PBIs
were taken into account. The introduced didodecyloxybenzyl or didodecylbenzyl groups in the
periphery of the new PBIs 5 and 6 should provide the necessary solubility in organic solvents,
whereas the oligo(ethylene glycol) side chains in benzyl group of PBI 7 should facilitate studies
in aqueous media which might be of interest for future studies. The branched alkyl side chains at
amide nitrogen atoms of PBI 8 enable to evaluate the impact of the phenyl group on the aggrega-
tion behavior. Finally, the amide functions ascertain the formation of hydrogen bonds for all new-
ly synthesized PBI dyes. The expectation was that the specific interplay of n-m-interactions and
hydrogen bonds would restrict the size of the aggregate to the dimeric structures. For comparison
and completeness, the reference compound PBI 9 having an unbranched alkyl chain, which was
previously synthesized and analyzed by Thomas H. Rehm, was included in the following investi-
gations.!'”]

The amide-functionalized homochiral PBI 5 bearing dodecyloxy chains in the periphery was ex-
tensively studied as a prime example by several spectroscopic methods. The concentration-
dependent UV/Vis and NMR spectroscopic studies in chloroform confirmed that no extended
aggregates of PBI 5 beside dimers are formed. Structural evidence for a bracket-like dimer struc-

ture of PBI 5 was provided by 2D NMR and molecular modeling. Further complementary studies
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such as vapor pressure osmometry (VPO) and isothermal calorimetry (ITC) experiments corrobo-
rated the exclusive presence of dimers in solution. Due to the similar structural features of PBIs
6, 7 and 8 the investigations of their aggregation behavior were confined to concentration-

dependent UV/Vis and NMR studies. These PBIs also form dimer aggregates in chloroform.

3.2 Results and discussion

3.2.1 Molecular design and synthesis
Our molecular design of PBIs 5-8 is based on the functionalization of PBI scaffold at imide posi-
tions with hydrogen bonding amide groups derived from a homochiral amino acid and respective

benzyl or alkyl amines bearing solubilizing terminal substituents (Scheme 1).
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Scheme 1: Structures and the synthetic route to the newly designed PBI dyes 5-8 and the reference PBI 9.

(reference compound)!1®]

In contrast to previously investigated PBI organogelators,!!'®! in which the amide groups tethered
to the PBI supported a cooperative fibre growth by hydrogen bonds, in the present design a re-

versed connectivity of the amide group is applied. According to molecular modeling (vide infra),
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this design should support the formation of hydrogen-bonded dimers by intermolecular interac-
tions between the amide NH and the PBI carbonyl groups instead of cooperative supramolecular
fibre growth. On the basis of the abovementioned concept, we have designed the homochiral
PBIs 5-8 with appended L-alanine at the imide positions and bearing dialkoxybenzyl amide sub-
stituents, and synthesized these PBI dyes according to the route displayed in Scheme 1. The L-
alanine functionalized symmetrical PBI 4, which was used as a precursor for all PBIs, and benzyl
amine 1 used for PBI 5 were prepared according to literature procedures.!'* ''”) The peptide cou-
pling reaction of amino acid functionalized PBI 4 with amine 1 in the presence of the activation
reagents N,N-diisopropylethylamine (DIPEA) and O-(7-azabenzotriazol-1-yl)-N.N.N’,N’-
tetramethyluronium hexafluorophosphate (HATU) afforded the desired PBI building block S in
45% yield. The syntheses of the homochiral PBIs 6, 7 and 8 were based on the similar peptide
coupling approach of PBI 4 with the corresponding amines 2, 3 and 4 (Scheme 1). The syntheses
of the later amines are accomplished as follows.

The benzyl amine 2 was synthesized according to the procedure reported in the Bachelor thesis of
Annika Bothe (Scheme 2).l'"®! Compound 3 was synthesized by a Sonogashira cross-coupling
reaction of the commercially available 3,5-dibromobenzonitrile (1) and 1-dodecyne (2) in 88%
yield. The reduction of the nitrile group in 3 by LAH afforded the compound 4 in 93% yield. Af-
terwards, the second reduction by Pd/C and Hz gave the desired amine 2 with the yield of 91%.

C10H21 C1oH21
Br CroHzr 2 // Ci2H1s
Pd( PPhs Clo L|AIH4 THF  HyN Pd/C, Hp HoN

NC Em—
Cul HN(iPr), 0 C 1h EE,0°C,3h,

Br  THF, 55 °C, N2 6h 93% \\ 91% CioHis

88% .
1 3 C10H21 4 C10H21 Amine 2

Scheme 2: Synthetic route to the benzyl amine 2.

The oligo(ethylene glycol) functionalized benzyl amine 3 was synthesized according to the pro-
cedures previously applied for similar molecules (Scheme 3).l'!°! In the first step, tetra(ethylene
glycol) monomethyl ether (5) was tosylated and subsequently reacted with 3,5-dihydroxybezoate
(7). The obtained ester 8 was reduced by LAH to the corresponding alcohol 9, the latter was bro-
minated by the Appel reaction (CBrs/PPhs) to the bromide 10. The treatment of this bromide with
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sodium azide afforded the azide 11, which was reduced with LAH to the desired amine 3 with a

yield of 67% in the final step.
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Scheme 3: Synthetic route to the benzyl amine 3.

The synthesis of the branched alkyl amine 4 was accomplished in five steps according to the
route shown in Scheme 4. The reduction of the commercially available trocosan-12-one (12) with
LAH to trocosan-12-ol (13) and subsequent mesylation to compound 14 were performed accord-
ing to literature.['?"] The reaction of compound 14 with LiBr afforded bromide 15, the latter was
subsequently converted to nitrile 16 in yield 87% by using sodium cyanide. In the final step, the
reduction of 16 with LAH gave the desired alkyl amine 4 in quantitative yield.

The peptide coupling reaction of PBI 4 precursor with the amines 2, 3 and 4 in the presence of
DIPEA and HATU afforded the desired PBIs 6, 7 and 8, respectively, in 37-63% yields. These
new PBIs were characterized by '"H NMR, high-resolution mass spectroscopy and, where possi-
ble, with elemental analysis or *C NMR. The detailed synthesis procedures and product charac-

terization are reported in Experimental Section.
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Scheme 4: Synthetic route to the branched alkyl amine 4.

3.2.2 Concentration-dependent '"H NMR studies of PBI 5

NMR spectroscopy is a powerful technique to follow the formation of supramolecular structures
qualitatively and quantitatively as well. Thus, we have first studied the self-assembly of PBI 5 by
concentration-dependent '"H NMR spectroscopy in chloroform. Upon increasing the concentra-
tion of 5 from 6.5 x 10°® M to 1.3 x 10 M, the signal (a broad singlet) of the perylene protons
(H1) experiences a significant upfield shift from 8.7 to 7.7 ppm, indicating n-n-interactions be-
tween the PBI dyes (Figure 26).['* 2! In contrast, the signal of the amide NH proton (partially
overlapped by the solvent signal) undergoes a downfield shift upon increasing the concentration,
pointing at the formation of hydrogen bonds.['?”] The chemical shifts of the remaining more pe-
ripheral protons experience comparatively smaller changes (Ad < 0.2 ppm) upon concentration
change (Figure 26). For instance, protons H5/5° and H7 in the terminal group show a small
downfield shift at higher concentration which is suggestive of very weak C-H---O hydrogen
bonding to the carbonyl oxygen atom, while the small upfield shift of H2 and H6 protons may
relate to an aromatic shielding effect by the neighbouring PBI dye upon n-n-stacking. At higher
concentration (1.3 x 102 M), the hydrogen bonding of the amide groups provoked a splitting of
the diastereotopic protons H4 and H4’ into two well separated signals (Figure 26).
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Figure 26: Structure of one half of the symmetric PBI 5 with the significant protons numbered and changes of the
chemical shifts of PBI 5 protons H1 and NH (left) and H2, H4/4°, H5/5’, H6, and H7 (right) in concentration-
dependent '"H NMR spectra in CDCI3 at 298 K (1.3 x 102 M (bottom) — 6.5 x 10 M (top)).

The sharp signals observed in '"H NMR spectra of PBI 5 over the measured concentration range

suggest the formation of a n-stack of discrete size. Nonlinear least-squares analysis of the chang-

es of the proton resonance signals shows a good fit to the monomer-dimer model (for representa-

tive examples see Figure 27).
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Figure 27: Fitting of the concentration-dependent chemical shift (6) changes of protons H2 and H4/4’ to the dimer
model by means of nonlinear least-squares analysis as representative examples (correlation coefficient R? = 0.999).
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Details on the fitting procedure are given in the Experimental Section. By the fitting of the chem-
ical shift changes of each proton a dimerization constant K> in the range of about 1.2 x 10* M"!
could be obtained (Table 1). This high dimerization constant indicates an almost complete dimer
formation of PBI 5 in chloroform at the highest considered concentration (1.3 x 102 M). Indeed,

at this concentration, a degree of aggregation aa above 93% was found (Table 1).

Table 1 Dimerization constants (K>) and degrees of aggregation (aa) obtained in the considered concentration range
(6.5 x 10— 1.3 x 102 M) from the best fitting of the chemical shift changes of the protons of PBI 5 in chloroform.

Protons H1 H2 H3 H4 H4’ HS/5°

K, /10*M! 1.0+0.08 1.1+0.04 1.0+0.08 1.3+0.06 1.4+0.05 1.2+0.03
o’ 1 -98% 11 -95% 11-93% 13 - 94% 14 - 94% 12 - 95%

2 as values at the lowest concentration of 6.5 x 10 M and the highest concentration of 1.3 x 102 M

Compared with the binding constants of simple PBIs in chloroform, e.g. <20 M for PBI 2
(Scheme 5),13] the dimerization constant for PBI 5 is very high (K2 = 10* M™! in chloroform, Ta-

ble 1), which suggests a favorable interplay of m-m-interactions and hydrogen bonds in dimer

formation of PBI 5.1'3]
H25C12 o) O O O Ci2Has
H25C12 9 o CioHas
PBI 2

Scheme 5: Structure of PBI 2 that showed isodesmic self-assembly in chloroform.[!3- 101a, 101b, 123]

3.2.3 Evaluation of structure and size of PBI 5 aggregates

The structure and size of PBI 5 aggregates in solution have been explored by several spectroscop-
ic techniques. PBI 5 has amide functional groups, which are potentially able to form intermolecu-
lar hydrogen bonds. The feasible hydrogen bond acceptors are carbonyl oxygens either of the
imide or amide functional groups of another PBI molecule. As IR spectroscopy is a useful tool to
distinguish between hydrogen bonded and free NH stretching vibrations of amide groups, spectra
of PBI 5 were recorded at the concentration of 1.3 x 102 M and 4.1 x 10* M in chloroform
(Figure 28).
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Figure 28: FT-IR spectra of PBI 5 at the concentrations of 1.3 x 102 M (solid line) and 4.1 x 10 M (dotted line) in
chloroform at 293 K.

As displayed in Figure 28, in the extended region of the spectrum of the concentrated solution
(solid line) two sets of signals could be observed. The set of two prominent signals at 2853 and
2922 cm! could be assigned to the CH stretching vibrations, while the small broad band at 3370
cm’! to the hydrogen bonded NH stretching vibration. The stretching vibrations of free NH

100b] o ould not be detect-

groups, which usually appear in the region between 3500 and 3600 cm,[
ed, implying that all NH groups are involved in hydrogen bonds. At the lower concentration of
4.1 x 10* M, only weak bands are observed because of the instrumental limitations. However, no
stretching vibrations of free NH groups could be observed at this concentration.

Since diffusion ordered (DOSY) NMR spectroscopy provides information on aggregate size,
DOSY spectra of PBI 5 were measured in chloroform at a concentration of 1.3 x 10 M. The

hydrodynamic radius of PBI § was then determined from the diffusion coefficient (D) according

to the Stokes-Einstein equation:

_ kpT
6TNR

(3%)

with ks as the Boltzmann constant, 7 as temperature, # as the viscosity of the solvent and R as the
hydrodynamic radius.
The analysis of the DOSY spectrum of PBI 5 revealed a high value for the translational diffusion

coefficient D of 2.96 101 m? s in chloroform (Figure 29), pointing at the existence of small
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aggregates. According to the Stokes-Einstein equation a hydrodynamic diameter of 2.6 nm for
PBI 5 dimers in chloroform was calculated. By measuring the distance between the most distant
atoms in the OPLS2001* (MacroModel) geometry optimized dimer structure (bearing methoxy
instead of dodecyloxy substituents), an averaged size of the PBI 5§ dimer of 1.8 nm was identified
(see Figure 32). Taking into account the length of the alkoxy chains of ca. 1 nm, this size is in

good agreement with that obtained from the DOSY NMR experiments.
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Figure 29: DOSY NMR spectrum (600 MHz, 293 K) of PBI 5 at ¢ = 1.3 x 102 M in chloroform. The diffusion coef-
ficients D [m? s™'] are plotted in a logarithmic scale against the chemical shift § [ppm].

As next, vapor pressure osmometry (VPO) measurements were performed since this method pro-
vides the possibility to measure the total osmolality of fluids and to calculate the molecular mass
of compounds in aqueous and organic solutions. The solutions containing solutes have lower va-
por pressure than the pure solvent which leads to a vapor pressure difference, and thus to a tem-
perature difference (A7) during the measurement. This AT is proportional to the number of parti-
cles or number of moles dissolved in the solution. By this method concentrations or the molecular
mass can be determined. For the determination of the mass, benzil was used as a standard. For the
calibration, we measured voltages at a constant temperature of 303 K which are divided by the
concentration (molalities) and plotted against the molality of the calibrant (see Figure 30, left).
The linear regression leads to the calibration constant Kcal as the y-value at ¢ = 0. The values for
PBI 5 are plotted correspondingly to the calibration measurements. The ¢/ g kg™ value was ob-

tained by dividing the initial weight of PBI 5§ with the weight of the solvent (Figure 30, right).
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The extrapolation provides Kmes value. The molecular weight (M) is then determined by the
equation 39a. By dividing the obtained value M of 2955.6 g/mol with the molecular weight of
PBI, the number of molecules (N) in the aggregate can be determined (eqn 39b). For PBI 5, N=2
is obtained by this method. This result corroborates the hydrodynamic diameter of PBI 5 dimer
determined by DOSY measurements. It is to note that the latter method is often not very reliable
because the DOSY technique is constructed for spherical molecules that may not be present in the

case of the PBI dimer.

— Kcal — 9
M= featfy  =295569/ (39a)
N=M = 2.04 39b
/MPBI 5 (39b)
5 1.6
. = benzil = PBI5S
F'TEJ 4 K, = 4403.9 kg/mol _ 1.4 . Kmeas = 149 kg/g
o 'o
< " o 1.2
ooe 3 ‘__\z
o ‘o 1.0
|3 g
g 2 & 0.8
CD n
11 . 0.6

0.0 3.0x10°  6.0x10%; 9.0x10° O 2 4 6 8 10 12 14
¢/ mol kg c/gkg

Figure 30: VPO measurements of benzil (calibration curve, left) and PBI 5 in chloroform at 303 K (1.3 x 102 to
1.7 x 10-3 M, right). The K values are interpolated y-values at x = 0.

To further substantiate the formation of dimers and to get structural information, we performed
rotating-frame nuclear Overhauser effect (ROESY) NMR experiments with a sample of PBI 5 in
chloroform at the highest concentration (1.3 x 102 M) applied for the 'H NMR studies (Figure
31). If dimers were formed, cross-coupling between the protons of two PBI molecules in close
vicinity should be noticed. Indeed, three weak signals are observed in the ROESY NMR spec-
trum for the intermolecular cross-coupling of protons H2 and H5/5°, H2 and NH, and H3 and
H5/5’ (marked with red circles in the spectrum) which are attributed to intermolecular couplings.
These results also corroborate the formation of dimers which can be well illustrated by the mo-

lecular model.
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Figure 31: Significant part of the ROESY NMR spectrum (600 MHz, 298 K) of PBI 5 at ¢ = 1.3 x 102 M in chloro-
form. ROESY correlations between the protons of two PBI 5 molecules are indicated with red arrows (left).

As mentioned before, geometry-optimized dimer structure of PBI § was modelled by OPLS2001*
(MacroModel). The analysis of the dimer structure (Figure 32) shows that the two PBI molecules
with an interplanar distance of 3.3 A, twist angle of 40° and slip angle of 83° form a bracket-like

structure, in which the phenyl residues of the individual molecules clasp the counter molecule.

Figure 32: OPLS2001* (MacroModel) geometry-optimized structure of self-assembled PBI 5 dimer with dodecyloxy
chains replaced by methoxy groups.

The hydrogen bond contacts have already been verified by IR spectroscopy. However, the struc-
tural model shows that the bonds are formed between NH protons and carbonyl oxygen atoms of
the other PBI molecule (illustrated by the dashed red lines), and not between the amide groups of
the molecules (like in fiber formation) leading to the tightly bound dimer structure. According to

the modelled dimer structure, the distances between the cross-coupled protons are close to the
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5 A limit for ROESY experiments. The rigid dimer structure obtained from the molecular model-
ing illustrates well that the phenyl rings and their long alkoxy chains shield the PBI cores, thus
further n-m-stacking into larger aggregates becomes unlikely. Self-assembly into larger aggre-

gates is even disfavored by sterical effects.

3.2.4 UV/Vis spectroscopic and isothermal calorimetric studies of PBI 5 self-assembly

Further studies on self-assembly of PBI 5 were performed by the commonly used concentration-
dependent UV/Vis spectroscopy. Due to the good solubility of PBI 5 in chloroform, absorption
studies could be performed over a wide concentration range from 1.6 x 10 to 1.3 x 10> M. At
low concentrations, the spectra show a well-resolved vibronic structure with the 0-0, 0-1 and 0-2
transitions of the monomeric PBI molecule with the three most intensive bands at 528, 491 and

460 nm (Figure 33).
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Figure 33: a) Concentration-dependent UV/Vis absorption spectra of PBI 5 in chloroform (¢=1.6 x 10°— 1.3 x 102 M)
at 293 K. The dotted lines are the calculated monomer (M) and dimer (D) spectra from available data in terms of the
dimer model. Arrows indicate the spectral changes upon increasing concentration. b) Analysis of the concentration-
dependent data at 528 nm according to the dimer (red line) and isodesmic (black dashed line) aggregation models
(R2=0.999 for dimer fit). Left and right axes display the degree of aggregation and extinction, respectively, for a
direct comparison.

The ratio of 4°~%4°>! at the lowest concentration (1.6 x 10°® M) is larger than 1.6, which is a
characteristic spectral feature of monomeric bay-unsubstituted PBI dyes in solution.l'?*! Upon
increasing the concentration, a transformation to a broadened spectrum with a significantly lower
extinction coefficient at 498 nm occurs. The hypsochromic shift of the absorption maximum of
30 nm indicates a predominant H-type excitonic coupling, which was observed for many other

bay-unsubstituted PBI dyes.[**® 1912 1016] Qyer the whole concentration range two clear isosbestic
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points at 543 and 507 nm are evident, indicating an aggregation equilibrium between two species.
Nonlinear least-squares analysis of the concentration-dependent extinction coefficients at 529 nm
using the monomer-dimer model (eqn (40)) reveals a good fit (see Figure 33b and Experimental

Section).

)1/8K26+1—1

4'K2C + (SAO_O)min ’ (40)

Eq0-0 = ((gAO_O)max — (€40-0)min
where (€40-0)max and (&40-0)min are the maximum and minimum extinction coefficients as calcu-
lated by this analysis for the extinction of the monomer and dimer, respectively, and £,0-0 is the
respective concentration-dependent extinction. With the obtained values for (g40-0)max and

(e40-0)min the degree of aggregation aa was calculated according to eqn (41).

EAO—O —(EAO—O)max

ay (41)

(€40-0)min—(€40-0)max

It is to note that the calculation of oA as denoted in eqn (41) is only possible if just two distinct
species exist. These species have to be distinguishable by clearly different extinction coefficients
at a given wavelength.

By the nonlinear least-squares analysis of the apparent experimental extinction coefficients £,0-o
a dimerization constant K> of 1.41 x 10* M1 +£3.2x 10> M and a degree of dimerization oA
from 6% to 96% were calculated in the considered concentration regime between 1.6 x 10 and
1.3 x 102 M, indicating an almost complete transition from monomers to the dimer aggregate of
PBI 5. These results are in excellent agreement with those of '"H NMR studies discussed before.
Additionally, the calculated absorption spectra of monomer and dimer match very well with the
respective experimental spectra (Figure 33a, black dashed lines).

To obtain some thermodynamic parameters for the dimerization process of PBI 5, isothermal
calorimetry (ITC) dilution experiments were performed (Figure 34, left). Dilution ITC experi-
ments were performed by sequential injections of a concentrated solution of PBI 5 (7.5 x 10 M)
into the stirred calorimeter cell which contained at the beginning pure chloroform (1.43 mL). An
injection sequence of 127 x 1.5 uL in 2 min intervals was used. The positive heat flow signals

during the dilution of the concentrated solution of PBI § indicate that the dissociation is an endo-
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thermic process meaning, on the other hand, that the association/aggregation of the PBI mole-
cules is an exothermic process. The data were analyzed using MicroCal Origin and fitted to the
dimer dissociation model (Figure 34, right). These experiments revealed an enthalpy (AH®) value
of 36.5 kJmol! £ 1.5 kJ mol! for the dimer dissociation process. Accordingly, the exothermic
dimerization of PBI 5 is, as expected for hydrogen-bonding and m-m-stacking, an enthalpically
favoured process. It is to note that the dimerization constant (= 10* M) obtained from ITC ex-

periments agrees well with the value determined from UV/Vis experiments.
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Figure 34: Calorimetric data for the dissociation process of the PBI 5 in chloroform. Left: Raw data for injection of
PBI 5 with an injection concentration of 7.5 x 10~ M into chloroform at 293 K (end concentration of PBI 5 in the cell
is 1.1 x 10 M). Right: Integrated injection heats and fit (red line) to the dimer dissociation model with
Kaiss = 0.0968 £+ 0.011 mM (Kass = 1/Kgiss = 1.0 x 10* M!) and (36.5 = 1.5) kJ mol ..

3.2.5 Concentration-dependent UV/Vis studies of PBIs 6-9 in chloroform

The comprehensive investigations of the aggregation behavior of PBI 5 undoubtedly confirmed
the formation of dimer aggregates in the particular solvent chloroform. The other PBIs 6, 7, 8 in
this series and the reference compound 9 contain the same PBI scaffold functionalized with am-
ide group derived from the amino acid L-alanine as the prime example PBI 5. This structural fea-
ture is obviously responsible for the formation of discrete aggregate size due to n-n-stacking and
hydrogen bonding, the latter is enabled by the amide groups. Keeping this in mind, it can be as-
sumed that the PBIs 6-9 self-assemble in the same fashion as PBI 5§ under similar conditions.
However, differences in the binding strength can be expected owing to the different substituents

in the periphery of the PBI dyes. This aspect has already been addressed in the literature for more
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simple PBI chromophores.['*] To confirm this anticipation, the PBI dyes 6-9 were subjected to
concentration-dependent UV/Vis studies in chloroform.

The concentration-dependent UV/Vis studies of PBI 6 were performed in the concentration range
of 6.4 x 10° - 1.2 x 102 M in chloroform (Figure 35a). Similar to the absorption studies of PBI 5
in chloroform, the spectra display a characteristic vibronic structure of the monomeric PBI dye at
the concentration of 6.4 x 10 M. The 0-0, 0-1 and 0-2 transitions at 528, 491 and 460 nm exhibit
slightly lower extinctions than those of PBI 5. Upon increasing concentration to 1.2 x 102 M, the
spectra experience a hypochromic and hypsochromic shift to 496 nm, indicating the formation of
the H-type aggregates. The numerous isosbestic points at 541, 510 and 477 nm characterize the

aggregation equilibrium between two species in solution.
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Figure 35: a) Concentration-dependent UV/Vis absorption spectra of PBI 6 in chloroform (c=6.4x 10°—1.2x 10? M)
at 293 K. The dotted lines are the calculated monomer (M) and dimer (D) spectra from available data in terms of the
dimer model. Arrows indicate the spectral changes upon increasing concentration. b) Analysis of the concentration-
dependent data at 528 nm according to the dimer (red line) and isodesmic (black dashed line) aggregation models
(R?=10.999 for dimer fit). Left and right axes display the degree of aggregation and extinction, respectively, for a
direct comparison.

The nonlinear least-squares analysis by means of the dimer model (see eqn (40) and (41) and
Experimental Section) at the monomer absorption of 528 nm reveals a good fit to the model with
a dimerization constant K> of 1.3 x 10> M! + 40 M™! (see Figure 35b). Moreover, the calculated
absorption spectra of monomer and dimer (Figure 35a, black dashed lines) match very well with
the corresponding experimental spectra.

The K> value of 6 is one order of magnitude lower than the one determined for PBI 5. Additional-
ly, the degree of aggregation aa could only reach a maximum of 87% at the highest concentration

applied. Unfortunately, higher concentration could not be achieved because of the high optical
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density of the solution and instrumental limitations. The aggregation tendency of PBI 6 is obvi-
ously lower than that of PBI 5. Taking into account that the only difference between this two
dyes is the absence of oxygen atoms in the dodecyl side chains of PBI 6, it has to be considered
that the oxygen contribute significantly to the aggregation strength. This effect has already been
observed for more simple pair of PBIs 1 and 2, even though the aggregation model is different for
these PBIs.!'*! The aggregation constant K of 2.6 x 10> M! of PBI 1 in chloroform is also one
order of magnitude higher than that of PBI 2 (< 20 M™!). This observation was attributed to
charge-transfer interactions between the electron-poor PBI scaffold and electron-rich trialkoxy-
phenyl substituents of PBI 1. This is most likely also the case for PBI 5.

Next, the absorption properties of PBI 7, which is equipped with ethylene glycol chains at the
phenyl substituents, were investigated. For this purpose, the UV/Vis spectra in the concentration

range of 6.9 x 10 — 1.2 x 10> M were recorded in chloroform (Figure 36a).
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Figure 36: a) Concentration-dependent UV/Vis absorption spectra of PBI 7 in chloroform (¢=6.9 x 10°— 1.2 x 102 M)
at 293 K. The dotted lines are the calculated monomer (M) and dimer (D) spectra from available data in terms of the
dimer model. Arrows indicate the spectral changes upon increasing concentration. b) Analysis of the concentration-
dependent data at 529 nm according to the dimer (red line) and isodesmic (black dashed line) aggregation models
(R2=10.998). Left and right axes display the degree of aggregation and extinction, respectively, for a direct compari-
son.

For PBI 7, at low concentrations three absorption maxima at 529, 492 and 461 nm displaying
extinction coefficients that are in the same range as those of 5 and 6 were observed revealing the
presence of the monomeric dye. The increase of concentration leads to the formation of the H-
type aggregate with the absorption maximum at 499 nm which is accompanied by a hypochromic
shift of the absorption. The occurrence of two isosbestic points at 509 and 543 nm indicates an

equilibrium between two species allowing similar analysis of the absorption data as in the previ-
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ous cases (Figure 36b). Also for PBI 7, the data could be fitted by the monomer-dimer model,
leading to a dimerization constant K2 of 6.0 x 10° M™! = 224 M. Other than for PBI 6, an almost
complete transition from the monomer to the dimer could be reached in the applied concentration
range substantiated by the aggregation degree aa of 93%. Thus, both K> and aa values lie be-
tween those of PBI 5 and 6. As mentioned before, similar trend has already been observed for
other PBI dyes equipped which similar side chains.!!

Considering the aggregation behavior of PBI 1, 2 and other simple PBI dyes, it can be assumed
that the self-assembly tendency should be reduced in the absence of phenyl rings in peripheral
substituents of the PBI dyes. Thus for the purpose of completeness, PBI dye 8 and the reference
compound 9!!'%) that contain branched and straight alkyl chains, respectively, in the periphery of
the PBI scaffold are added to this study. The UV/Vis absorption spectra of PBI 9 have already
been recorded by T. Rehm.[''*) However, to acquire more detailed information, the measurements
were repeated for broader concentration range with smaller concentration steps. UV/Vis absorp-
tion spectra of 8 and 9 were recorded in chloroform in the concentration range of 1.4 x 10° —
3.0x 102 M and 4.7 x 10°® — 1.9 x 102 M, respectively (Figure 37a and Figure 38a). For both
dyes, at the respective lowest concentration, the transition maxima are located at 527, 490 and
459 nm with similar extinction coefficients. With increasing concentration, the formation of H-
type aggregates with a hypsochromically shifted absorption maxima to 494 nm was observed.
However, the spectra obviously keep the sharp vibronic structure at the respective highest con-
centration, implying that no complete transition to the aggregated species has been passed. It can
be assumed that by further increase of the concentration the broad and less structured spectra
might be obtained. But, the high optical density and the related instrumental limitations confine
further investigations. Nevertheless, the analysis of the absorption data at the monomer absorp-
tion of 527 nm by means of the monomer-dimer model revealed a good fit for both PBIs 8 and 9

(Figure 37b and Figure 38b).
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Figure 37: a) Concentration-dependent UV/Vis absorption spectra of PBI 8 in chloroform (¢ =1.4x 10°-3.0 x 10% M)
at 293 K. The dotted lines are the calculated monomer (M) and dimer (D) spectra from available data in terms of the
dimer model. Arrows indicate the spectral changes upon increasing concentration. b) Analysis of the concentration-
dependent data at 527 nm according to the dimer (red line) and isodesmic (black dashed line) aggregation models
(R2=0.998 for dimer fit). Left and right axes display the degree of aggregation and extinction, respectively, for a
direct comparison. Inset: photograph of PBI 8 in chloroform under UV light (¢=5.8x 103, 49x 104, 3.4x10? and
1.5x 102 M).
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Figure 38: a) Concentration-dependent UV/Vis absorption spectra of PBI 9 in chloroform (¢ =4.7 x 10° - 1.9 x 102 M)
at 293 K. The dotted lines are the calculated monomer (M) and dimer (D) spectra from available data in terms of the
dimer model. Arrows indicate the spectral changes upon increasing concentration. b) Analysis of the concentration-
dependent data at 527 nm according to the dimer (red line) and isodesmic (black dashed line) aggregation models
(R2=0.998 for dimer fit). Left and right axes display the degree of aggregation and extinction, respectively, for a
direct comparison.

Thus, dimerization constants K> of 1.1 x 10> M™! for PBI 8 and 3.8 x 10> M™! for PBI 9 could be
determined. Although both K> values are in the same range, the aggregation tendency of PBI 8 is
somewhat reduced due to the larger sterical impact imposed by the branched alkyl substituents.
The obtained degrees of aggregation aa reach the values of 68% and 77%, respectively, which

confirm the incomplete aggregation at the highest applicable concentrations.
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3.2.6 Comparison and critical evaluation of the aggregation constants of PBIs 5-9

All the studied PBIs 5-9 have structural similarities, i.e. a core-unsubstituted n-scaffold and am-
ide groups at the imide positions, which should lead to similar self-assembly behavior of these
PBIs. Undoubtedly, the m-m-interactions are important driving forces for the n-stacking the PBI
molecules. But, the limitation of the aggregate size is significantly dependent on the positions and
the orientation of the amide substituents. In the case of PBIs 5-9, the intermolecular hydrogen
bonding pattern is realized from the NH amide group to the carbonyl oxygen of the PBI core of
the other molecule and not to the carbonyl oxygen atom of the amide group. This feature is deci-
sive for the formation of discrete dimers instead of large aggregates as observed previously for
structurally quite similar organogelator.!!¢]

The obtained dimerization constants (K2) and the degrees of aggregation (aa) are summarized in
Table 2. The comparison of the data reveals that the highest K2 value of 1.4 x 10* M! is obtained
for PBI 5 bearing didodecyloxyphenyl group and the lowest one of 1.1 x 10> M™! for PBI 8 that
contains branched long alkyl chains directly at amide nitrogen. The phenyl substituent at amide
group contribute accordingly significantly to the self-assembly tendency as the K> values for PBI
5-7 are appreciably higher than those for 8 and 9. Moreover, the included oxygen atoms in the
side chains increase the stability of the bimolecular complex of the PBIs. This structural variation
has obviously a positive impact on the applicable range of concentration and the related scope of

spectroscopically observable species in solution.

Table 2: Dimerization constants (K>) and degrees of aggregation (aa) of the PBIs 5-9 in chloroform. The aggregation

constants (K) of the PBIs 5-9 determined by the isodesmic model are presented for comparison.

PBI 5 6 7 8 9
K,/ M?! 1.4x10* 1.3 x10° 6.0 x 10° 1.1x10° 3.8 x 10

o’ 6—96% 1-87% 7—-93% 1-68% 1-77%
K° /M - 9.8 x 107 - 1.2x10° 3.5 x 10?

3o value at the lowest concentration and at the highest concentration, respectively.
b aggregation constants K derived from isodesmic model.

At this point, it is important to highlight some interesting aspects of the way how the obtained
spectroscopic data are processed and which difficulties are encountered. The issue of experi-

mental limitations, which often lead to misinterpretation of the data, has already been addressed
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in Chapter 2. The application of several spectroscopic methods can circumvent this problem.
However, some of the above assigned data are good examples to demonstrate that misunderstand-
ing and wrong evaluation of the data may occur if only UV/Vis absorption spectroscopy is cho-
sen to rely on.

In Section 3.2.5, the procedure for fitting the absorption data has been explained. In the above
presented fitting curves only one wavelength was analyzed but also other wavelengths were sub-
jected to the fitting procedure leading to the same results (data not shown). The obtained absorp-
tion data at different wavelengths were fitted by the monomer-dimer and isodesmic model reveal-
ing that they clearly match with the monomer-dimer model rather than with the isodesmic model
in the case of PBIs 5 and 7 (Figure 39a, b). In contrast, for PBIs 6, 8 and reference 9, the differ-
ence between the two applied mathematical models is not that obvious anymore (Figure 39c,
d, e).

In the case of PBIs 5 and 7, the data points in the low and high concentration region evidently
make the difference between the two applied models. The data points of PBIs 6, 8 and 9 cover
mainly the region of low concentrations which hamper the discrimination of the two models. The
two last data points at the highest concentrations of PBI 6 (1.9 x 102 and 1.2 x 102 M, Figure
39¢) imply that the dimer model fits better, but surely, the used concentration range is too narrow
to draw a safe conclusion.

In Chapter 2, the issue of the indistinguishability of the monomer-dimer and isodesmic model
was addressed from the mathematical point of view. As discussed there, these models can not be
distinguished when 2K> = K is valid. During the analysis of the numerous absorption data and the
experience made in our group, we realized that in the most cases, where the data could not be
distinguished by these two models, very similar aggregation constants were obtained for the same
system by different models.!'>>! This is, indeed, the case for PBIs 6, 8 and 9 since both models
(monomer-dimer and isodesmic) afforded nearly identical aggregation constants of 9.8 x 10> M'!
£88 M, 1.2x10°M'+9 M and 3.5x 10> M + 34 M!, respectively, for these PBIs (see Ta-
ble 2). The only possibility to estimate which mathematical model fits the best for these three
systems is the extension of the study to other techniques such as NMR spectroscopy. Also, global
analysis of the absorption spectra might be helpful to overcome this problem which is addressed

in the next Chapter.
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Figure 39: Analysis of the concentration-dependent absorption data of PBI 5 (527 nm), b) PBI 7 (529 nm), c¢) PBI 6
(528 nm), d) PBI 8 (527 nm) and ¢) 9 (527 nm) according to the dimer (red line) and the isodesmic aggregation mod-
els (black dashed line).
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3.2.7 '"H NMR and DOSY NMR studies of PBIs 6-8

Due the structural similarities of PBIs 6-8 with 5, it is reasonable that the former ones also form
dimers in chloroform. To confirm the results obtained by UV/Vis absorption spectroscopy, 'H
NMR and DOSY studies for PBI 6 were performed in chloroform whereas for PBIs 7 and 8 only
DOSY spectra were recorded. The concentration-dependent '"H NMR spectra of PBI 6 were rec-

orded in the concertation range of 5.2 x 10 M to 1.1 x 102 M in chloroform (Figure 40a,b).
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Figure 40: a) Changes of the chemical shifts of PBI 6 protons (H2, H4/4°, H5/5° and H6) in concentration-dependent
"H NMR spectra (600 MHz) in CDCl; at 298 K (1.1 x 102 M (bottom) — 5.2 x 10- M (top)). b) Structure of one half
of the symmetric PBI 6 with numbering of significant protons. c) DOSY NMR (600 MHz NMR) spectrum of PBI 6
at ¢ = 2.0 x 102 M in chloroform at 293 K. The diffusion coefficients D [m? s'] are plotted in a logarithmic scale
against the chemical shift 6 [ppm]. d) Fitting of the concentration-dependent chemical shift (6) changes of protons

HI1 and NH to the dimer model by means of nonlinear least-squares analysis as representative examples (correlation
coefficient R? = 0.999).

As expected, the spectra display almost the same signal patterns as those of PBI 5 (vide supra).

With increasing concentration, the signals of the perylene protons (H1/1’) show a considerable
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upfield shift from 8.7 and 8.6 ppm to 8.1 and 7.7 ppm, respectively, indicating n-m-interactions
between the PBI molecules (black symbols in Figure 40d). % 12!l On the other hand, the signal of
the amide NH proton is displaced to the downfield, from 6.1 to 7.3 ppm, implying the formation
of hydrogen bonds (black symbols in Figure 40d). [1>2] As in the case of PBI 5, the signals of oth-
er protons of 6 exhibit only small changes (Ad < 0.4 ppm, see Figure 40a,b). The downfield shift
of H5/5’upon increasing concentration is referred to the weak C-H:--O hydrogen bonding to the
carbonyl oxygen atom. The similar upfield shift of H2 and H6 protons can be attributed to the
aromatic shielding effect by the neighboring PBI dye upon n-n-stacking. Also for PBI 6, the dia-
stereotopic protons H4 and H4’ are separated into two signals.

The nonlinear least-squares analysis of the changes of the proton signals displayed a good fit to
the monomer-dimer model nicely corroborating the results of UV/Vis spectroscopic studies as
illustrated in Figure 40d for the perylene protons H1/1’ and the amide NH proton. Details on the
fitting procedure are given in the Experimental Section. The fitting of the chemical shift changes
of the protons of PBI 6 indicated in the structure (Figure 40b) afforded an average dimerization

constant K> of 3 x 10° M™! and the degree of aggregation a.a between 1 and 90% (Table 3).

Table 3 Dimerization constants (K>) and degrees of aggregation (o) obtained in the considered concentration range

(5.2x 10— 1.1 x 102 M) from the best fitting of the chemical shift changes of the protons of PBI 6 in chloroform.

Protons H1 HT’ NH H2 H3 H4 H4’ HS/5°

K;/10°M!' 27+0.1 29+£0.1 34+0.1 29+£01 35+£01 3.1+£01 35£0.1 29+0.1
N 1-90% 1-90% 2-90% 1-90% 2-92%% 1-90% 2-92% 1-89%%

2 s value at the lowest concentration of 5.2 x 10°® M and the highest concentration of 1.1 x 102 M, respectively.

These values are in the same range as those obtained from UV/Vis absorption studies. Thus, both
spectroscopic methods provide congruent results on the aggregation process of PBI 6. Since the
PBIs 7 and 8 possess similar structural features, i.e. bay-unsubstituted PBI core and chiral amide
function at the imide positions, we assume that these PBIs will show very similar concentration-
dependent 'H NMR spectral changes as observed for PBI 6. Accordingly, the K2 and o values
should reflect those obtained by concentration-dependent UV/Vis absorption studies (Table 1).
Therefore, we evade performing concentration-dependent 'H NMR measurements for PBIs 7 and
8. However, DOSY NMR experiments of these PBIs 7 and 8, in comparison with PBI 6 (Figure
40c) were performed in chloroform at the concentration of 1.1 x 102 M 2.8 x 102 M, respective-

73



Chapter 3 PBI dimer aggregate

ly, to verify the formation of dimer aggregates (Figure 41). According to the Stokes-Einstein
equation (39), a hydrodynamic diameter of 2.4 nm for PBI 6 and 2.1 nm for PBI 7 were calculat-
ed. Unfortunately, the DOSY spectrum of PBI 8 is of inferior quality because for some of the
significant protons no signal was observed in the spectrum (Figure 41, right). Nevertheless, con-
sidering those belonging to the protons of the molecule, a hydrodynamic diameter of 2.6 nm
could be calculated. The hydrodynamic diameters for PBIs 6, 7 and 8 are in the same range as
observed previously of the dimer of PBI 5§ (2.6 nm), and thus the formation of higher aggregates
can be excluded for the former PBIs as well. Interestingly, the mass of the dimeric species of PBI
8 could be detected in the high resolution mass spectrum (Figure 42 in the Appendix) which was

not visible in the mass spectra of the related aryl-substituted PBIs 5-7.
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Figure 41: DOSY NMR (600 MHz) spectrum of PBI 7 (left) and 8 (right) at ¢ = 1.1 x 102 M and 2.8 x 102 M, re-
spectively, in chloroform at 293 K. The diffusion coefficients D [m? s™'] are plotted in a logarithmic scale against the
chemical shift 6 [ppm].

In addition, the reference PBI dye 9 was subjected to concentration-dependent 'H NMR studies,
revealing a dimerization constant K> of 149 — 345 M! + 20 M™! which is in accordance with the
value obtained from the UV/Vis absorption studies.!''*! A hydrodynamic diameter of 2.1 nm was
determined at the highest concentration of 2.5 x 10 M confirming the formation of small aggre-
gates. Further studies such as 2D NMR and FT-IR spectroscopy, verified the formation of dimers

due to m-m-interactions and formation of hydrogen bonds. 1]
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3.3 Conclusion

The comprehensive study of the aggregation behavior of PBI 5§ showed clearly that introduction
of amide substituents at certain positions in the side chains of the PBI dye can direct the self-
assembly pathway towards discrete dimers. In particular, the selection of the solvent for the ag-
gregation studies is of high importance because the polarity of the solvent defines the solvation of
the molecules. The interplay of n-n interactions and hydrogen bonding of PBI 5 specify the struc-
ture of the dimer aggregates in chloroform. Various spectroscopic techniques such as UV/Vis and
NMR spectroscopy, and VPO and ITC experiments as well as molecular modelling verified the
structure and the size of the PBI § dimer. The aggregation behavior of structurally similar PBI
dyes 6-8 and reference PBI 9 resemble that of the more extensively studied PBI 5. The concentra-
tion-dependent UV/Vis absorption and the NMR studies clearly showed the formation of dimers
caused by n-m-interactions and hydrogen bonds.

The structure-aggregation property relationship of PBIs 5-9 could be elaborated in a comparative
manner. The bay-unsubstituted PBI core and the hydrogen bonding amide functions derived from
the amino acid L-alanine are responsible for the formation of discrete and highly defined dimers
of these PBIs. The combination of w-m-interactions and hydrogen bonding functional groups in
the most appropriate positions in the molecule ensures particularly the limitation to the dimer

aggregate and exclude further growth.

3.4 Experimental section

3.4.1 Materials and Methods

Solvent and reagents were purchased from commercial sources, unless otherwise stated, and puri-
fied and dried according to standard procedures.!'?®! Reactions were monitored by TLC on silica
gel plates (Merck TLC silica gel 60 F254 aluminum sheets). All perylene bisimide derivatives are
colored compounds, thus no additional visualization of the spots was necessary. Column chroma-
tography was performed on silica gel (MerckSilica 60, particle size 0.04 — 0.063 mm). Gel per-
meation chromatography was performed on a Shimadzu Recycling GPC system (LC-20AD
prominence pump; SPDMA20A, prominence diode array detector) using three preparative col-
umns (JAIGEL-1H, JAIGEL-2H und JAIGEL-2.5H) from Japan Analytical Industries Co., Ltd.
and chloroform as eluent. NMR experiments were conducted on a Bruker Avance 400 or Bruker

DMX 600 spectrometer with TMS or residual undeuterated solvent as internal standard. The
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chemical shifts are reported in ppm relative to TMS or residual undeuterated solvent as internal
standard (o 'scale). The apparent coupling constants J are given in Hertz (Hz). The following ab-
breviations are used to describe the signal fine structure: s = singlet, d = doublet, t = triplet, q =
quartet, quint = quintet, dd = doublet of doublets, m = multiplet, bs = broad singlet, and bm =
broad multiplet. Melting point was measured on a polarization microscope BX41 of Olympus
equipped with MGW Lauda RM6 cooling systems and is uncorrected. All FT-IR spectra were
measured on a FT/IR-4100 spectrophotometer (Jasco). High-resolution electrospray ionization
(ESI) mass spectra were measured on a MicroTOF Focus instrument (Bruker Daltronik GmbH).
The UV/Vis absorption spectra were recorded in conventional quartz cells of appropriate path
length on a Perkin Elmer Lambda 35 spectrophotometer equipped with a Peltier system for tem-
perature control. Chloroform of spectroscopic grade were used for the measurements.

The vapor pressure osmometry (VPO) measurements were performed at 303 K on a KNAUER
osmometer with a universal temperature measurement unit. Benzil was used as standard to gener-
ate calibration curves in terms of R (ohm) vs. molal osmotic concentration in the respective sol-
vent.

Isothermal titration calorimetry (ITC) measurements were recorded on a VP-ITC instrument from
MicroCal. Dilution ITC experiments were performed by sequential injections of a concentrated
solution of PBI 5 (7.5 x 10> M) into the stirred calorimeter cell (1.43 mL) which contains at the
beginning pure solvent. An injection sequence of 127 x 1.5 uL in 2 min intervals was used. The

data were analyzed using MicroCal Origin.

3.4.2 Synthesis of N,N’-(L-alanyl(3,5-bis(dodecyloxy)benzyl))perylene-3,4:9,10-tetracarbo-
xylic acid bisimide (PBI 5)

O Q O OC12H2s
ey YA
e,
ReSaRetat
o 0 O OCq2H2s

OC1zHas
PBI 5
A suspension of the L-alanine functionalized PBI 4''7! (112 mg, 0.210 mmol, 1 equiv.), 3,5-
bis(dodycyloxy)benzylamine 1'% (300 mg, 0.630 mmol, 3 equiv.), O-(7-azabenzotriazol-1-yl)-
N,N,N’,N’-tetramethyluronium hexafluorophosphate (HATU) (119 mg, 0.313 mmol, 1.5 equiv.)

and catalytic amount of N,N-diisopropylethylamine (DIPEA) (1.6 mL) was stirred in dichloro-
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methane (20 mL) at room temperature for 16 h. After removal of the solvent in vacuo, the crude
product was purified by column chromatography (SiO2, CH2Cl./MeOH/NEt3, v/A/v =30:1:0.5)
and recycling GPC. Yield: 137 mg (0.095 mmol, 45%) of a red solid; MW (Co2H128N4O10)
1450.02 g/mol; m.p.: 88 — 90 °C; '"H NMR (400 MHz, CDCI3): 6 = 8.04 (bm, 10H, perylene pro-
tons and NH), 6.56 (d, %J = 2.0 Hz, 4H, Ph-H), 6.36 (t, *J = 2.4 Hz, 2H, Ph-H), 5.69 (q, *J = 6.8
Hz, 2H, CH), 4.99 (m, 2H, CH>), 4.38 (dd, °J=4.0 Hz, °J = 14.8 Hz, 2H, CH>), 4.00 (m, 8H,
CH>), 1.78 (quint, 3J = 6.8 Hz, 8H, CH>), 1.69 (d, °J = 6.8 Hz, 6H, CH3), 1.45 (m, 8H, CH>), 1.23
(m, 64H, CH:), 0.86 (t, 3J=6.8 Hz, 12H, CH3); HRMS (ESI pos.), calculated for
([M+H]": 1449.97032, found m/z = 1449.97386; calculated for ([M+Na]"): 1471.95227, found
m/z = 1471.95227; elemental analysis calculated (%) for Co1H126N4O10: C 76.11, H 8.84, N 3.90;
found: C 75.98, H 8.90, N 3.61; Amax(CHCl3)/nm 528, 491 and 460 (s/ M cm™134000,
81500 and 29900).

3.4.3 Synthesis of 2-undecyltridecan-1-amine (4)

Amine 4

LiAlH4 (315 mg, 6.44 mmol, 3 equiv.) was suspended in 5 mL anhydrous THF and cooled to
0 °C. 2-undecyltridecanenitrile (16) (751 mg, 2.15 mmol, 1 equiv.) in 7.5 mL anhydrous THF
was added to the mixture within 10 min. After the addition, the reaction mixture was stirred for
1 h at room temperature. The mixture was poured into 30 mL iced water and extracted with ethyl
acetate (3 x 30 mL). The combined organic phases were dried over Na:SOs. After removal of the
solvent in vacuo a colorless oil of amine 4 (758 mg, 2.14 mmol) was obtained in quantitative
yield. Yield: 751 mg (2.12 mmol, 99%); MW (C24HsiN) 353.40 g/mol; 'H NMR (400 MHz,
CDCl3): 6 = 8.32(bs, 2H, NH>), 2.88 (m, 1H, CH), 1.32 (m, 40H, CH>), 0.88 (t, °J = 6.9 Hz, 6H,
CHs3); HRMS (ESI pos.), calculated for ([M+H]": 354.4094, found m/z = 354.4099.
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3.4.4 Synthesis of N,N’-(L-alanyl(3,5-bis(dodecyl)benzyl))perylene-3,4:9,10-tetracarboxylic
acid bisimide (PBI 6)

H25C12\©ﬂ i ' . :i C12H2s
Ci2Ha2s Ci2H2s

PBI 6

A suspension of the L-alanine functionalized PBI 4''7! (116 mg, 0.210 mmol, 1 equiv.), 3,5-
bis(dodecyl)benzylamine 218 (289 mg, 0.651 mmol, 3 equiv.), O-(7-azabenzotriazol-1-yl)-
N,N,N’,N’-tetramethyluronium hexafluorophosphate (HATU) (200 mg, 0.526 mmol, 2.4 equiv.)
and catalytic amount of N,N-diisopropylethylamine (DIPEA) (1.6 mL) was stirred in anhydrous
dichloromethane (20 mL) at room temperature for 3.5 h. After removal of the solvent in vacuo,
the crude product was purified by column chromatography (SiO2, CH2Cl2/MeOH/NEts,
v/v/v=98:1.5:0.5). Yield: 163 mg (0.117 mmol, 54%) of a red solid; MW (Co2Hi128N4Oc)
1386.02 g/mol; m.p.: 80 — 82 °C; '"H NMR (400 MHz, CDCls): 6 = 8.00 (bm, 8H, perylene pro-
tons), 7.10 (s, 4H, Ph-H), 6.91 (s, 2H, Ph-H), 5.71 (q, °J = 6.9 Hz, 2H, CH), 4.95 (dd, °J = 7.1 Hz,
2J=15.1 Hz, 2H, CH>), 4.35 (dd, ’J=4.2 Hz, °J = 14.7 Hz, 2H, CH>), 2.59 (m, 8H, CH>), 1.70
(d,3J= 6.4 Hz, 6H, CH3) 1.23 (m, 80H, CH>), 0.86 (t, °J = 6.8 Hz, 12H, CH3); HRMS (ESI pos.),
calculated for ([M+Na]": 1408.9727, found m/z = 1408.9761; elemental analysis calculated (%)
for Co2H128N40s: C 79.72, H 9.31, N 4.04; found: C 79.40, H 9.31, N 3.97; Amax(CHCI3)/nm 528,
491 and 460 (¢/ M cm'86900, 52400 and 19300).

3.4.5 Synthesis of N,N’-(L-alanyl(3,5-bis(2,5,8,11-tetraoxatridecan-13-yloxy)benzyl) pery-
lene-3,4:9,10-tetracarboxylic acid bisimide (PBI 7)

o> \/\O/\/O\/\o

\O/\/O\/\O/\/OV\O
\/@O/\/O\/\O/\/O\/\O

o\/\o/\/o\/\ /\/o
PBI 7

A suspension of the L-alanine functionalized PBI 4!''7! (100 mg, 0.187 mmol, 1 equiv.), 3,5-
bis((2,5,8,11-tetraoxatridecan-13-yloxy)phenyl)methanamine ~ 3" (291 mg, 0.561 mmol,
3 equiv.), O-(7-azabenzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium hexafluorophosphate (HA-
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TU) (142 mg, 0.374 mmol, 2 equiv.) and catalytic amount of N,N-diisopropylethylamine (DI-
PEA) (5.4 mL) was stirred in anhydrous DMF (20 mL) at room temperature for 16 h. After re-
moval of the solvent in vacuo, the crude product was purified by column chromatography (SiOz,
CH2Cl2/MeOH v/v = 98:5) and recycling GPC. Yield: 179 mg (0.116 mmol, 63%) of a red vis-
cous solid; MW (CsoH104N4O26) 1537.69 g/mol; glass transition at 63 °C (DSC analysis); 'H
NMR (400 MHz, MeOD): ¢ = 7.47 (bs, 4H, perylene protons), 6.90 (bs, 4H, perylene protons),
6.58 (bs, 4H, Ph-H), 6.43 (bs 2H, Ph-H), 5.50 (bquart., 3J = 6.6 Hz, 2H, CH), 4.58 (bd, 2/ = 15.3
Hz, 2H, CH>), 4.35 (bs, °2J = 15.3 Hz, 2H, CH>), 4.15 (bs, 8H, CH>), 3.83 (bs, 8H, CH2), 3.62 (m,
40H, CH>), 3.48 (m, 8H, CH>), 3.31 (s, 12H, CH:) partially covered by the MeOD peak, 1.73 (bd,
3] = 6.6 Hz, 6H, CH3) ppm; 1*C NMR (100 MHz, MeOD): 6 = 171.6, 163.5, 161.6, 143.2, 133.5,
131.4, 128.4, 124. 6, 123.7, 122.7, 107.0, 101.7, 73.0, 71.8, 71. 6, 71. 4, 70. 9, 68.9, 59.2, 51.9,
443, 152 ppm; HRMS (ESI, pos.), calculated for [M+Na]" m/z=1559.6831, found
m/z=1559.6819; Amax(CHCl3)/nm = 529, 492 and 461 (¢/ M cm™ 112000, 70500 and 26100);

Amax (MeOH)/nm = 523, 488 and 457 (&/ M™! em™! 138000, 89000 and 33300).

3.4.6 Synthesis of N,N’-(L-alanyl(2-undecyltridecan-1-amine))perylene-3,4:9,10-tetracar-
boxylic acid bisimide (PBI 8)

O O O
£ SIP
32080 taty
atatetet
(0] [o)N6}

PBI 8

A suspension of the L-alanine functionalized PBI 4!!'7) (133 mg, 0.248 mmol, 1 equiv.), 2-
undecyltridecan-1-amine 4 (264 mg, 0.746 mmol, 3 equiv.), O-(7-azabenzotriazol-1-yl)-
N,N,N’,N’-tetramethyluronium hexafluorophosphate (HATU) (189 mg, 0.498 mmol, 2 equiv.)
and catalytic amount of N,N-diisopropylethylamine (DIPEA) (1.6 mL) was stirred in anhydrous
dichloromethane (20 mL) at room temperature for 4 h. After removal of the solvent in vacuo, the
crude product was purified by column chromatography (SiO2, CH2Cl/MeOH/NEt;,
v/v/v=97:2.5:0.5) and HPLC (CH2Cl2/MeOH, v/v = 98.2:0.8).

Yield: 110 mg (0.0912 mmol, 37%) of a red solid; MW (C7sH116N4Os) 1205.78 g/mol; m.p.: 69—
71 °C; 'H NMR (400 MHz, CDCl3): 6 = 8.66 (bs, 4H, perylene protons), 8.56 (bs, 4H, perylene
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protons), 5.94 (bs, 2H, CH), 5.71 (bq, °*J= 6.9 Hz, 2H, CH), 3.35 (bm, 2H, CH>), 3.24 (bm, 2H,
CHa), 1.76 (d,3J = 6.9 Hz, 6H, CH3) 1.25 (m, 80H, CH>), 0.86 (t, °J = 6.8 Hz, 12H, CH3);

HRMS (ESI pos.), calculated for ([M+Na]": 1227.8788, found m/z = 1227.8771; calculated for
([M+K]": 1243.8527, found m/z = 1243.8516; elemental analysis calculated (%) for C78H116N4Os:
77.70, H 9.70, N 4.56; found: C 76.96, H 10.00, N 4.56; Amax(CHCI3)/nm 527, 490 and 459
(e/ M1 em™ 69000, 41600 and 14900).

3.4.7 Application of the monomer-dimer model'®' on "H NMR data
The mathematical description of the equilibrium between monomer (M) and dimer (D) in solu-

tion can be written as M + M = D, and the equilibrium constant K> can be expressed as:

K, = [M; 1/ [M]* = [cp ]/Czel (ED)

where [M] = cum is the concentration of the monomers and [M:] = ¢p the concentration of the di-

mers.
The fraction of monomers am (eqn (E2)) and the fraction of aggregated species aa (eqn (E3)) can

be calculated as follows:

ay =cy /c (E2)
a,=1-— ay (E3)

where ¢ denotes the total concentration.

Considering ¢ = 2¢p + ¢m the following equations for cm, am and aa as functions of K2 and ¢ can

be derived:
8K,c+1-1
M= (E4)
8K,c+1-1
= (ES)
oty = 4Kyc+1—,/8K5c+1 (E6)

4K,c
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Using eqn (ES) and (E6) to describe the change of the chemical shifts with concentration, the dimer
model can be fitted to the NMR data of PBI 5 in chloroform in the concentration range 6.5 x 10° M —

1.3 x 102 M yielding the results presented in the main text (Figure 27 and Table 1).

3.5 Appendix
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Figure 42: HRMS spectrum of PBI 8.
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Chapter 4 Anti-cooperative supramolecular polymerization

Chapter 4
Anti-cooperative supramolecular
polymerization: a new K>-K model applied
to the self-assembly of perylene bisimide
dye proceeding via well-defined hydro-
gen-bonded dimers *

N PBI Dimer
04; h—
odd

0.2 —1
Kﬂ'ﬂD]

0.0
even

10° 10* 107 10°

Abstract: A perylene bisimide dye bearing amide functionalities at the imide positions derived
from amino acid L-alanine and a dialkoxy-substituted benzyl amine self-assembles into tightly
bound dimers by n-n-stacking and hydrogen bonding in chloroform. In less polar or unpolar sol-
vents like toluene and methylcyclohexane, and in their mixtures, these dimers further self-
assemble into extended oligomeric aggregates in an anti-cooperative process in which even num-
bered aggregates are highly favoured. The stepwise transition from dimers into oligomers can not
be properly described by conventional K2-K model, and thus a new K2-K aggregation model has
been developed, which interprets the present anti-cooperative supramolecular polymerization
more appropriately. The newly developed K2-K model will be useful to describe self-assembly
processes of a plethora of other n-conjugated molecules that are characterized by a favored dimer
species.

*This chapter was published by Jana Gershberg, Franziska Fennel, Thomas H. Rehm, Stefan Lochbrunner, Frank
Wiirthner, Chem. Sci. 2016, 7, 1729-1737. The new mathematical model was developed by Franziska Fennel.
Reproduced and adopted with permission from the Royal Society of Chemistry.
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4.1 Introduction

Supramolecular polymers of (A)n-type are formed by molecules with two self-complementary
binding sites when the concentration range is reached at which the interaction enthalpy between
the receptor groups can overcome the entropic penalty associated with self-association. & %) As
n-conjugated aromatic molecules have two faces that may act as self-complementary binding
sites for self-assembly by dispersion and electrostatic forces, it is thus no surprise that the majori-
ty of supramolecular polymers of such systems consist of columnar n-stacks (scheme Figure 43).
Interestingly, for many decades the so-called isodesmic or equal K model (K = K>, violet curve in
Figure 43a and c¢) was preferably applied to analyze concentration- and temperature-dependent
supramolecular polymerizations through m-n-stacking!'?”! for all kinds of dye aggregates, for in-

s,%¢1 hexabenzocoronenes,'®! conjugated oligomers,['*”! and perylene

stance, phthalocyanine
bisimides.[!3 101a 1016123 Oply about a decade ago, the generality of isodesmic growth was ques-
tioned and experimental proof was provided that numerous isodesmic aggregation processes,
including many of those reported previously, follow indeed a cooperative nucleation-elongation
growth model in which the formation of smaller aggregates is considerably less favoured than the
further elongation into extended aggregates (blue curves in Figure 43a and d).[6 8 95-96. 116a, 130]
While the mathematical models to evaluate cooperative self-assembly processes are obviously

more complicated than those applicable to isodesmic self-assembly, 4 104¢. 131]

it is at least exper-
imentally quite easy to distinguish between isodesmic and cooperative systems because the latter
are characterized by a critical temperature or concentration at which monomers self-assemble
directly into larger oligomers, see Figure 43a, d).

The most simple nucleation-elongation self-assembly process where dimerization affords a dimer
nucleus (characterized by the dimerization constant K2), followed by more favorable further ag-

gregation (characterized by elongation constant K, Figure 43), the so-called K>-K model

(eqn (42)) can be applied to concentration-dependent studies.

oKcy

ith @, =1 K
(ZLTCM)Z with ay = 1 (42)

Kc=(1—-0)Kcy + o

Here, c is the total concentration, cm the monomer concentration and o= K>/K the cooperativity
factor (see the section K2-K model in Experimental Section for details).!'%219] The main physical
variable which describes cooperative growth is the cooperativity factor ¢. In order to allow a

comparison between different systems the degree of aggregation is often plotted in dependence of
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the concentration ¢ normalized with the elongation constant K, as this result in a degree of aggre-

gation a.a which only depends on the cooperativity factor ¢ and is independent on the aggregation

constants.
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Figure 43: a) Schematic illustration of a K>-K aggregation process. Plot of the fraction of aggregated molecules aa as
a function of the normalized concentration K¢ with different o values according to eqn (42). For the curves from left
to right = 10°, 102, 10, 1, 10", 102, and 10 were applied.’®! b), ¢) and d) Oligomer size distribution for representa-
tive o values for anti-cooperative (b, ¢ = 10), isodesmic (¢, 6 = 1), and cooperative (¢, o= 0.1) aggregation with a
nucleus size of s = 2. In the anti-cooperative case a strong prevalence of the dimer is observed for a large concentra-
tion regime, whereas in the cooperative case long oligomers are formed as soon as the critical concentration K¢ =1 is
reached. In the isodesmic case a continuous size distribution can be observed.

For a compound with known aggregation constants K2 and K, the concentration of molecules in

aggregates with a size of n, ¢» can then be calculated by

¢, = nK, K" 2cl (43)

Thus, the plot of the degree of aggregation o = cn/c against the concentration leads to a continu-
ous distribution of aggregate sizes (see Figure 43b, ¢ and d). As exemplified for c =0.1 and
o =10 in Figure 43b and d there is either an accumulation of dimers in the intermediate concen-

tration range (Figure 43) or an instantaneous formation of extended aggregates (Figure 43d).
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Remarkably, while a broad variety of cooperative self-assembly processes (¢ < 1) have mean-
while been characterized in great detail, work demonstrating the opposite case of anti-cooperative
growth (6 > 1) is scarce.[® 105 1312 1321 Thjg is even more surprising because a large number of

[133]

molecules are known to self-assemble into dimers for instance by hydrogen bonding,'' >~ or elec-

trostatically driven m-stacking of dipolar dyes.[* 134]

Accordingly, the situation of anti-cooperative growth with preferential dimerization (see area
marked as dimer in Figure 43b) and subsequent less favorable growth into larger aggregates (de-
noted as grey areas) should be more prevalent than known to date. During our investigations of
such an anti-cooperative aggregation process we became aware of some problems inherent in the
common K>2-K model for the case of anti-cooperative growth. For instance, for anti-cooperative
aggregation with a nucleus size of two a dominance of aggregates consisting of an even number
of monomers should be prevail due to the stacking of dimers. This circumstance is not covered at
all by eqn (42) and (43) because these equations do not distinguish between even and odd num-
bered aggregates. Therefore, the development of a more elaborate model for the proper analysis
of anti-cooperative K2-K self-assembly processes is necessary.

Perylene bisimide (PBI) dyes appear as good choice to derive a suitable model system for the
elucidation of anti-cooperative self-assembly for many reasons. First, PBIs exhibit a pronounced
aggregation strength enabling aggregate formation in dilute solutions.!''® 33 Second, their self-
assembly by m-m-stacking can be easily monitored by concentration- or temperature-dependent
changes in UV/Vis absorption spectra. And third, PBI derivatives show a variable aggregation
behavior in dependence on the substituents. For instance, there are several PBI derivatives such
as 2 (for structure see Scheme 6) whose aggregation has been proven to be isodesmic, i.e. show-
ing equal binding constants K for the stepwise growth of the aggregate,[!3 1012 1016 123] ywhereas
some more sophisticated structures were shown to self-assemble into dimers.['4 87 994, 100a, 114]
Such PBI dimers were realized, for example, by the introduction of sterically highly demanded

(14, 99d

substituents, I'embedding of PBI dimer aggregates into the minor groove of DNAP 114l to

prohibit further growth, and by strengthening of the dimerization by metal ion-crown ether!!?%!

or
hydrogen-bonding interactions.['%%] Accordingly, towards our envisioned goal, and inspired by
the hydrogen-bonded example of Syamakumari et al.,'®®® we have designed PBI 5 (Scheme 6)
for which the dimerization should be privileged with regard to further aggregation by additional

intermolecular hydrogen bonds between two n-stacked PBI molecules.
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Scheme 6: Structure of PBI 2 that showed isodesmic self-assembly,!! 1012 1015, 1231 and newly designed PBI 5.

4.2 Results and discussion

4.2.1 Self-assembly in toluene

In the previous concentration-dependent UV/Vis spectroscopic studies in chloroform only dimers
of PBI 5 could be observed within the explored concentration range (see Chapter 2). This can be
rationalized by the fact that all available amide NH units are involved in the formation of the di-
mer, hence further aggregate growth is not supported anymore by hydrogen bonding, and/or even
hindered by the orientation of the didodecyloxyphenyl substituents in the bimolecular complex
(see Figure 32, Chapter 2). Our previous work on the aggregation of PBI dyes by only n-m-
stacking interactions suggested that the binding strength can be considerably increased by reduc-
ing the solvent polarity. For instance, aggregation constants of K< 20 M in chloroform,
K =590 M in toluene, and K= 9.7 x 10* M"! in methylcyclohexane were determined for the
non-hydrogen bonding PBI 2.['*! Thus, a rational choice of solvent would provide the possibility
to tune the aggregation properties and disclose the transition from discrete dimers to oligomers,
and finally to extended aggregates. Therefore, we performed aggregation studies of PBI 5 in less
polar toluene by concentration-dependent (¢ =2.0 x 10”7 — 1.3 x 102 M) UV/Vis spectroscopy.
Similar to chloroform, the spectra in toluene at low concentrations showed the vibronic features
of the monomeric dye 5 with maxima at 529, 493 and 460 nm (see Figure 44a). Likewise, the
spectra also experienced a broadening and hypsochromic shift of the absorption maximum to
499 nm upon increasing the concentration to 1.3 x 102 M, indicating the formation of H-type
aggregates. In contrast to the absorption spectra in chloroform, however, the spectra in toluene do

not show isosbestic points over the whole concentration range. Moreover, at concentrations
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above 2.1 x 10* M a pronounced decrease of absorption strength (hypochromism) was observed.
The disappearance of the isosbestic points with increasing concentration suggests the presence of

an equilibrium between more than two species.
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Figure 44: a) Concentration-dependent UV/Vis absorption spectra of PBI 5 in toluene (¢ =2.0 x 107 — 1.3 x 102 M)
at 293 K. Arrows indicate the spectral changes upon increasing the concentration. b) Analysis according to isodesmic
(dashed black line) and K»>-K (red line) aggregation models.

The simplest explanation for this observation might be that the dimerization constant K> differs
from K values for further growth into larger aggregates.[® °°® By plotting aa values obtained from
the monomer absorption maximum at 529 nm as a function of K¢ with the nucleus size of s =2, ¢
value of 50 and K =2.20 x 10° M"!, a good fit with the common K>-K model'%*'%] can be de-
duced (see Figure 44b). From 6 = K2/K, a dimerization constant K> of 1.10 x 103 M™! is obtained.
The high ¢ value indicates that the aggregation process is of anti-cooperative character, meaning
that dimers are more easily formed than larger aggregates. The aggregation constant K of
2.2x10° M is in the range of known values for PBI n-stacking in toluene,!'*! while the high
dimerization constant obviously originates from the formation of hydrogen bonds which was fur-
ther confirmed by FT-IR spectroscopy (see Figure 51 in the Appendix of this Chapter).

In toluene, the size of the aggregates is still small as observed by DOSY NMR experiments. At
the PBI 5 concentration of 1.3 x 102 M, a translational diffusion coefficient D of 2.76 x 10
"m? s! and a hydrodynamic diameter of 2.8 nm are obtained (see Figure 52, left, in the Appen-
dix of this Chapter). The small diameter indicates that even at the highest concentration of

1.3 x 102 M the aggregates are still of small size. This implies that mainly dimers are formed,
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which could be further confirmed by VPO measurements (see Figure 53 in the Appendix of this
Chapter).

Based on our so far acquired understanding, dimers are the prevailing species. In more concen-
trated solutions or aggregation supporting solvents, the further growth should favor even num-
bered aggregates. Unfortunately, such a process cannot properly be described by the conventional
K>-K model (eqn (42) and (43)), because this model does not consider the differentiation between
the even and odd numbered aggregates. Therefore, the development of a new model that consid-

ers such differentiation is in demand.

4.2.2 Self-assembly in methylcyclohexane and mixtures of methylcyclohexane and toluene

To promote the growth of larger aggregates, we performed aggregation studies in nonpolar
methylcyclohexane and mixtures of methylcyclohexane and toluene. Absorption studies were
first conducted in methylcyclohexane in the concentration range of 1.1 x 10° to 1.3 x 102 M (see
Figure 45a). At the highest concentration (1.3 x 102 M), a broad spectrum with a maximum at
499 nm is observed. Upon decreasing the concentration, the spectral features remain unchanged
but experience a slight hypsochromic shift to 495 nm and a hyperchromic effect (increase of ab-
sorbance for smaller aggregates). Even at low concentrations, no transition to the spectrum of
PBI 5 monomers is observed. This indicates that a large amount of hydrogen-bonded dimers
(structure is probably similar to that shown in Figure 32, Chapter 2 but with didodecyloxyphenyl
groups oriented outwards) seems to exist even at the lowest concentration. These dimers then
grow into larger (even numbered) aggregates upon increasing concentration.!**) One option to
characterize this aggregation behavior is to assume a complete dimerization and to describe the
further aggregation by an isodesmic growth with the dimer as the smallest repeat unit. Based on
these assumptions, the absorption data at 530 nm in methylcyclohexane could be fitted according
to isodesmic model (see Figure 45b). The degree of aggregation increases with increasing con-
centration from 1% to 93%, and a binding constant K of 1030 M™' = 60 M! is obtained for the 7-
n-stacking of the PBI H-dimers into larger aggregates. It is noteworthy that such analysis antici-
pates that all larger oligomers are composed of dimeric units, hence the aggregates are of even
numbered size. However, the analysis of the absorption data at some other wavelengths revealed
a plateau for the extinction coefficients in the concentration range from 1 x 10” to 5 x 10 M (for

representative example see Figure 54a).
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Figure 45: a) Concentration-dependent UV/Vis absorption spectra of PBI 5 in methylcyclohexane (¢ = 1.1 x 10 —
1.3 x 102 M) at 293 K. Arrows indicate the spectral changes upon increasing concentration. b) Analysis of the ab-
sorption data according to isodesmic model at 530 nm (R? = 0.995).

Such a plateau is indicative for more complex aggregation behavior and shows that the assump-
tion of a complete dimerization at low concentration is wrong and therefore the description with
the isodesmic model fails (see Figure 54a in the Appendix of this Chapter). Consequently, we
tried to analyze the data with a successive description by the dimer model for low concentrations
(Figure 54b in the Appendix of this Chapter) and the isodesmic model for higher concentrations,
where the dimer is considered to be the smallest repeat unit (Figure 54c in the Appendix of this
Chapter). This fitting procedures lead to a dimerization constant K> of 8.3 x 10° M™! + 7 x 10* M!
and to an elongation constant K of 890 M™! + 50 M"!. This kind of successive analysis is obvious-
ly prone to significant errors, because the concentration regimes for dimerization and elongation
are not always sufficiently separated. Especially, for the sub-step of dimerization the analysis is
crude since a small dynamic dimerization range from 23% — 85% is covered. Desirable for a
proper modelling is an environment where the whole dynamic range from monomers to long ag-
gregates is observable.

As an ideal solvent to cover the entire range of species from monomers to extended aggregates, a
particular mixture of toluene and methylcyclohexane should be most appropriate. Therefore, the
absorption spectra of PBI 5 in various mixtures of methylcyclohexane and toluene at a concentra-
tion of 1.6 x 10°® M were analyzed, which displayed the expected transition from the monomeric
PBI in pure toluene to the aggregated species for 90% methylcyclohexane content (see Figure 55
in the Appendix of this Chapter). A 30:70 mixture of methylcyclohexane/toluene proved to be the
best suitable solvent for further investigations. At the lowest concentration of 2.7 x 10”7 M in this

solvent mixture, the spectrum displayed the characteristic vibronic structure of the monomeric
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species (A’7Y%A%! = 1.5) with three prominent bands at 528, 491 and 460 nm (see Figure 46a
and Figure 57, top panel, in the Appendix of this Chapter). With increasing concentration up to
1.3 x 102 M, the spectrum of the aggregated species appears with the hypsochromically shifted
maximum at 498 nm. The analysis of the absorption data at distinct wavelengths again showed a
plateau region at intermediate concentrations similar to the observations made in pure methylcy-
clohexane (for representative example see inset in Figure 46a). By the separate fitting of the data
for the two regimes, i.e. by the monomer-dimer model for the formation of dimers and the iso-
desmic model for the aggregation of the dimers to larger assemblies, a value for K> of
1.13x 10° M1 +£2.3 x 10* M™! and for K of 1.80 x 10* M™! + 600 M™! were determined (see Figure
56 in the Appendix of this Chapter).

4.2.3 K>-K model for anti-cooperative supramolecular polymerization

Clearly, as mentioned before, this method of analysis is of un-satisfactory accuracy and is com-
pletely useless if the two processes are not sufficiently separated as it is the case for weak anti-
cooperativity. Moreover, as already pointed out, the conventional K2-K model is also not suitable
because it does not distinguish between more favoured even and less favoured odd aggregate
species. Thus, to evaluate anti-cooperative supramolecular polymerization processes via the most
common dimer intermediates and subsequent growth into even numbered aggregates, an appro-
priate mathematical model had to be derived. For this purpose, we elaborated a model which is
based on the K>-K model but distinguishes between even and odd numbered aggregates (for de-
tails see Experimental Section).

Dimers are formed by the assembly of two monomers M with a dimerization constant K>:

M+M = D; [M,] = K,[M]? (44)

where [M] = cm is the monomer and [M2] = ¢p the dimer con-centration. The n-surfaces of the
dimers are shielded by the substituents, and hence leading to a less favorable aggregation with an
elongation constant K. The dimer can be extended either with another monomer, leading to tri-

mers with a trimer concentration [M3] of:

D+M = M;; [M3] = K [M;] [M] (45)
or with another dimer, leading to tetramers with a concentration [Ma4] of:
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D+ D = My [M,] = K[M,]? (46)
Further association leads to

n-—1 n—1

[Mn] = K, 2 K2 [M]" (47)

or odd numbered aggregates and to

[M,] = K,% K% [M]" (48)

for even numbered aggregates. These equations indicate that as soon as an aggregation degree is
reached where dimers dominate with respect to monomers the formation of even numbered ag-
gregates is favoured.

If the sum over all odd, as well as for all even n is performed, the resulting concentration of mol-
ecules in odd aggregates is given by

odd _ K [M][Mz] B—K [M])
AT Tk M) %)

and for molecules in even aggregates (including dimers) by

even _ __ 2[M2]
€A T ok )2 (30)

The total concentration of molecules is then given by

c =cy +c5% + cgrer (51)

This model is fitted globally to the absorption data of PBI 5 in the solvent mixture methylcyclo-
hexane/toluene 30:70 and thereby the aggregation constants K> and K as well as the absorption
spectra of monomer, dimer and oligomer are extracted. Details on the fitting procedure are given
in the Experimental Section.

By using this modified K2-K model for anti-cooperative supra-molecular polymerization, the
whole data set at 476 nm (see inset in Figure 46a) as well as for all other wavelengths (Figure 57,
bottom panel, in the Appendix of this Chapter) can be fitted perfectly, covering the complete

curve formed by the experimental data points. Additionally, the entire absorption spectra at each

92



Chapter 4 Anti-cooperative supramolecular polymerization

concentration are in very good agreement with the spectra calculated by the newly derived model
(Figure 46a, black dashed lines; for complete data set see Figure 57, top panel, in the Appendix
of this Chapter). It has to be noted that the calculation of aa from the spectra by means of
eqn (41), Chapter 3, is not possible in this case due to the fact that three different species (mono-

mers, dimers, larger aggregates) with significant different extinction contribute to the spectra.
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Figure 46: a) Concentration-dependent UV/Vis absorption spectra (colored lines) and the spectra reconstructed by
the new K>-K model for anti-cooperative supramolecular polymerization (black dashed lines) of PBI 5 in a methyl-
cyclohexane/toluene (30:70) mixture (¢ =2.7 x 107 — 1.0 x 102 M) at 293 K, the complete data set is shown in the
Appendix. Arrows indicate the spectral changes upon increasing concentration. Inset: Comparison between fit (black
line) and the concentration dependent extinction at the wavelength of 476 nm (red symbols) for stepwise aggregation
of PBI S. b) Degree of aggregation a (red line) and the size distribution of n-mer aggregates of PBI 5 (light grey for
even numbered aggregates and dark grey for add numbered aggregates) calculated according to the new anti-
cooperative K>-K model (eqn (47) and (48)). Even numbered aggregates dominate in the sample as expected.

The calculated dimerization constant K> of 4.5 x 10° M and the elongation constant K of
1.1 x 10* M! are in the same range as the ones obtained before by separating of the 476 nm data
into two ranges, but now describe the aggregation process in total. Furthermore, the calculated
amount of odd numbered aggregates at the highest concentration of 1.0 x 10> M is about 16%
(eqn (E18)) and even numbered aggregates accordingly indeed prevail (~ 84%) as expected.

From the plot of an as a function of Kc the distribution of the distinct species in methylcyclohex-
ane/toluene mixture can be obtained (Figure 46b and Figure 58). Starting from the lowest concen-
tration, the amount of monomers decreases to zero while the amount of the favoured dimer spe-
cies accumulates at intermediate concentrations up to > 60%. At higher concentrations, the
growth into larger aggregates starts, leading most likely to a columnar zn-stack. In such stack each

dye molecule has a more close (supported by hydrogen bonding and n-n-stacking) and a distant
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neighbor (just m-m-stacking). Figure 47 illustrates the proposed aggregation pathway and the
prevalence of even numbered aggregates. Due to the accumulation of dimers, the formed oligo-
mers consist mainly of an even number of molecules resulting in an alternating distribution of
even and odd numbered aggregates (see light and dark grey areas in Figure 46b and the histogram
in Figure 58 in the Appendix of this Chapter). The newly developed K2-K model for anti-
cooperative supramolecular polymerization is capable to describe the prevalence of even num-
bered aggregates which is obviously not possible by the conventional K>-K model which exhibits

a continuous size distribution for anti-cooperative aggregation (see Figure 43b).

K5 K
+[|V|] +[D] +[D] even

PBI 5

Figure 47: Schematic illustration of the new model for supramolecular polymerization which describes the aggrega-
tion pathway of PBI 5.

At the highest concentration of our study (1.0 x 102 M), a broad distribution of dominantly even
numbered oligomers exists and only <20% of the molecules are found in small stacks composed
of less than 10 units (see shaded area in Figure 46b). Additionally, the global analysis of the ex-
perimental spectra with the anti-cooperative aggregation model gives the distinct spectra of mon-
omer, dimer and aggregate (see Figure 48). The spectrum of the monomer shows the characteris-
tic vibronic structure, while the ones of the dimer and longer aggregates display significant dif-
ferences. The dimer spectrum still exhibits significant vibronic structure, which seems to vanish
in the aggregate spectrum. This is an important finding and may be rationalized by less defined
contacts between the respective dimers, i.e. a broader distribution of translational and rotational
displacements for the non-hydrogen-bonded contacts (i.e. disorder) compared to the structurally

more homogeneous hydrogen-bonded dimers.
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Figure 48: Calculated monomer, dimer and aggregate spectra of PBI 5§ according to the new anti-cooperative K»-K
model.

Moreover, the extinction coefficient of dimers per chromophore is obviously higher than the one
of the larger aggregate species, which is in accordance with the theory of hypochromism that was
derived to explain this effect for m-stacked oligonucleotides in DNA already half a century
ago.¥! With the new K>-K model for anti-cooperative supramolecular polymerization, we can
now also analyze the concentration-dependent absorption spectra obtained in pure toluene. Even
though the analysis of the data with the simple K2-K model (as used for cooperative supramolecu-
lar polymerization) provided a quite good fit, the resulting distribution with equal amounts of odd
and even numbered species left us unsatisfied (see above). In this regard, the outcome of our
analysis employing the new K>-K model is quite pleasing because the obtained dimerization con-
stant K2 of 9.8 x 10* M! and elongation constant K of 1.9 x 10> M! are indeed quite similar to
those determined by the conventional K>-K model, but the amount of odd numbered aggregates is
below 14% over the whole investigated concentration range in toluene according to our advanced
analysis. The calculated distribution of species in toluene shows that small aggregates up to hex-
amers prevail in the investigated concentration range up to 1.3 x 10> M (data not shown).

Our studies have shown that the newly designed PBI molecule is properly suited for a complete
analysis of the self-assembly process in various solvents. The new K>-K model provides a com-
prehensive description of the anti-cooperative stepwise association pathway of this PBI dye.

Thus, this new model may be applied to other n-conjugated systems.
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4.2.4 Macroscopic studies of PBI S in toluene and methylcyclohexane

The morphologies of the aggregates of PBI § were studied by AFM in both toluene and methyl-
cyclohexane. In both solvents, images were recorded at three different concentrations on HOPG
surface. At the highest concentration of ¢ = 1.4 x 10 M, the AFM images displayed an area cov-
ering film consisting of nanoparticles of 9 to 10 = 1 nm (Figure 59 and Figure 60 in the Appendix
of this Chapter).

In methylcyclohexane, the size of nanoparticles didn’t change with decreasing concentration to
2.3x10° M and 6.8 x 10> M. However, at the lowest concentration the particles could be well
resolved. The height of the agglomerated globular subjects is 2.7 to 2.8 + 0.2 nm (Figure 49 and
Figure 61 in the Appendix of this Chapter). Taking into account the tip broadening effect,!'*”) the
values are in accordance with the value obtained from DOSY experiments of PBI § in methylcy-

clohexane (see Figure 52 in the Appendix of this Chapter).

Figure 49: AFM height images of spin-coated samples of PBI 5 (5.000 rpm, ¢ = 6.8 x 10 M, methylcyclohexane)
onto HOPG.

In comparison to the nanoparticles in methylcyclohexane, which had the same size at the three
measured concentrations, in toluene the size decreased with decreasing concentration. At the
concentration of 1.3 x 10° M, nanoparticles of two different diameters of 9+2 nm and
4.5 £ 1.0 nm were monitored (Figure 50). The average height of the particles was 1.4 to 1.5 nm.

At the tenfold lower concentration (1.3 x 10 M), only monolayers on the HOPG surface were
visible. The lamella-form like structures exhibit periodicity of 4.2 + 0.2 nm and the height of
0.55 nm of the ordered and disordered domains (see Figure 62 in the Appendix of this Chapter).
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Figure 50: AFM height images of spin-coated samples of PBI 5 (10.000 rpm, ¢ = 1.3 x 10* M, toluene) onto HOPG.

A comparison of the aggregates of PBI 5 in solution and on the surface is questionable because of
the different measurement techniques. Nevertheless, some assumptions can be considered. In
methylcyclohexane as well as toluene, neither in solution nor on the surface long aggregates of
PBI 5 could be observed suggesting that similar aggregate structures could be formed in/on both
media which have to be of oligomeric size. In methylcyclohexane, the particle size does not
change over the whole concentration range. Similar behavior was observed in the UV/Vis absorp-
tion studies indicating, additionally, the similarity of the formed oligomers. Furthermore, the na-
noparticle sizes, spin-coated from the concentrated samples in methylcyclohexane and toluene,
are the same which could mean that the formed structures are of similar size and shape in solu-
tions as well. Finally, the reduction of the aggregate size in toluene was noticed in solution as

well as on the surface confirming the similarities of the formed aggregate structures.

4.3 Conclusion

In this chapter, an anti-cooperative supramolecular polymerization process is elucidated for the
first time in detail from both the experimental and theoretical point of view. For this purpose, a
new perylene bisimide dye (PBI 5) was designed and synthesized, which shows a strong prefer-
ence for the formation of dimers by the assistance of hydrogen bonds from the alanine driven
amide function at the imide position to the carbonyl groups which was elucidated in detail in
Chapter 2.

For this PBI dye, the aggregation process from monomers via dimers to larger oligomers was
characterized by various spectroscopic techniques which also disclosed the responsible driving

forces for the formation of aggregates, i.e. m-n-stacking interactions and hydrogen bonds. The
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stepwise aggregation process with increasing concentration via dimers, tetramers, hexamers, etc.
is confirmed and elucidated in detail by a newly derived K2-K model for anti-cooperative supra-
molecular polymerization. This new model should also be the choice for the analysis of other
anti-cooperative self-assembly processes. The oligomeric aggregates could be visualized on the
surface and their morphology was investigated by AFM. The obtained images showed agglomer-

ated nanoparticles of relatively small size which mostly confirmed the observations in solution.

4.4 Experimental section

4.4.1 Materials and Methods

NMR experiments were conducted on a Bruker Avance 400 or Bruker DMX 600 spectrometer
with TMS or residual undeuterated solvent as internal standard. The chemical shifts are reported
in ppm relative to TMS or residual undeuterated solvent as internal standard (o scale). The appar-
ent coupling constants J are given in Hertz (Hz). The following abbreviations are used to describe
the signal fine structure: s = singlet, d = doublet, t = triplet, q = quartet, quint = quintet, dd = dou-
blet of doublets, m = multiplet, and bm = broad multiplet. All FT-IR spectra were measured on a
FT/IR-4100 spectrophotometer (Jasco). The UV/Vis absorption spectra were recorded in conven-
tional quartz cells of appropriate path length on a Perkin Elmer Lambda 35 spectrophotometer
equipped with a Peltier system for temperature control. Chloroform, toluene and methylcyclo-
hexane of spectroscopic grade were used for the measurements.

The vapor pressure osmometry (VPO) measurements were performed at 303 K on a KNAUER
osmometer with a universal temperature measurement unit. Benzil was used as standard to gener-
ate calibration curves in terms of R (ohm) vs. molal osmotic concentration in the respective sol-
vent.

The AFM measurements were performed on MultiMode™ 8 AFM-system operating in tapping
mode. Silicon cantilevers (Olympus, Japan) with a resonance frequency of ~ 300 kHz and a
spring rate of 40 Nm™! were used. The solutions of PBI 5 were spin-coated (5.000 or 10.000 rpm)
on highly oriented pyrolytic graphite (HOPG, NanoTechnology Instruments, Netherlands).
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4.4.2 Conventional K>-K model'® %5l
Taking into account that the equilibrium constant of the dimerization differs from the elongation
constant, the isodesmic model has to be modified. With the nucleus of s =2, the equilibrium is

described as follows:

Ky#K;=..K,=K (E7)
By defining ¢ = K2/K, the concentration of n-mer cn and the total concentration ¢ can be obtained
with the following equations:

¢, = KKV 2cl = oK™ 1l (ES)
(E9)

oCpm

c= cy+ YnpnoK (K™ = (1= o)ey + (1-Kcp)?

By multiplying eqn (E3) with K, eqn (42) shown in the main text is obtained.

4.4.3 K>-K-model for anti-cooperative supramolecular polymerization

The K>2-K model for anti-cooperative supramolecular polymerization describes an aggregation
behavior where the formation of dimers is favoured by a strong interaction between the involved
molecules, e.g. by the formation of H-bonds. As the dimerization leads to a saturation of the bond
donating unit, further elongation is disadvantaged due to a much weaker stacking force. There-
fore, the elongation constant K is considerably smaller compared to the dimerization constant K>.
Such an aggregation behavior favors the formation of even numbered aggregates. In the follow-

ing, the equations that describe the aggregation behavior are derived.

Even numbered aggregates:

Monomers grow into dimers with the dimerization constant K>. The stacking of dimers into even

numbered aggregates continues with the elongation constant K.

M+M <= D [M,] = Kyciy (dimer) (E10)
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D+D = D, [M,] = K[M,]? (tetramer) (E11)
D,+D = Dy [M¢] = K[M,][M,] = K?[M;]3 (hexamer) (E12)
Dp1+D= Dy [M2n] = K[M,]" "} [M;] = K" [M]" ((2n)-mer)  (E13)

where [M,, ] is the concentration of aggregates which contain 2z monomers. To obtain the num-
ber of monomers in an aggregate with a size of 2rn monomers, eqn (E13) has to be multiplied by
2n.

The concentration of molecules in even numbered aggregates is calculated by performing the sum

over all possible » starting at n = 1 (dimer) up to infinity:

cav = 2% [My] + 2% 2[My] + 2% 3[Mg] + -+ 2n % [Mp,] = 2 % Y7 1n[Mps] = 2 %

0o - 2 voo
Yn=1 nK" M, = E2n=1 nK"[M,]" (E14)
The sum is evaluated making use of the geometric power series

Yo ng" = # with ¢ = K[M,] <. (E15)

Consequently, the concentration of molecules in an even numbered aggregate is given by:

even _ 2 _ K[Mp] Kycpm? .
CA - K (1—K[M2])2 - 2 (1—KK2CI%,I)2 Wlth K[MZ] < 1 (E16)

Odd numbered aggregates:

Odd numbered aggregates are constructed either by the elongation of an even numbered aggre-
gate with a monomer or of an odd numbered aggregate with a dimer. In both cases the aggrega-

tion process is quantified by the elongation constant K describing the weaker interaction.

D + M \_—\ M3 [M3] == K[Ml] [Mz] == KKZC]?/I (trimer) (E17)
D,+M = M; [Ms] = K[M,][M,] = K[M,][M3] = KZKZZCIS\,, (pentamer) (E18)
Dp+M =2 My [Monq] = KF 'K g™t = ey K™ [M,]" ((2n+1)-mer) (E19)
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The concentration of molecules in odd numbered aggregates (with a size of at least 3 monomers)

can be calculated with the help of eqn (E15) by:

9% = 3% [Ms] + 5% [Ms] + -+ (2n+ 1) * [Ma]"K™cpy = ooy (2n + 1) * [Ma]" K™cpy =

[00] [o'e] M>|K+1
2w * Bieon * (Ma1K)™ + ¢ % Beo([M K™ =y = Cyu s = e =
[Mp]Kem(3=[Ma]K) _ KKpcm?(3-KKpcm?) : 2
R R T, with KK,cp? < 1 (E20)

The term —c,, has to be added in order to change the lower limit of the summation index » from
1toO.
The total concentration ¢ in the system can be calculated in dependence of the monomer concen-

tration cum by:

_ 2K, cpp? KKycp2(3—KKycpm?)
CTMT oy T -Kiew?)? (E21)
T even T odd
The ratio between even and odd numbered aggregates is given by:
3 _ Kem[Ma]G=[Ma]K) (1=[M]K)* _ Kem(3=[M]K) (£22)

gt T (1-[M,]K)? 2[M,] 2

For simplification, the abbreviation K[M,] = a is used. This leads to an expression for the mon-
omer concentration of ¢, = ’ﬁ . Insertion of the latter term into eqn (E22) and reformulation
2

leads to:

g = f £ (3-a) (E23)

The term %(3 —a) <1 for all a < 1. Therefore, the maximal fraction of molecules in odd

numbered aggregates is always smaller than the square root of the aggregation constants:
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odd

L4 £
Civen < K (E24)

4.4.4 Fit algorithm to analyze the anti-cooperative supramolecular polymerization
The K>-K model for anti-cooperative supramolecular polymerization is fitted to the data by vary-
ing the aggregation constants K> and K. Additionally, the extinctions of the three distinct species,
monomer, dimer and oligomer are optimized. The fitting routine is implemented in Labview and
optimizes the model parameters globally in order to describe the two dimensional, experimental
data set of concentration-and wavelength-dependent extinction data(A, c). The fit algorithm is
comparable to our previously reported procedure,!'*!®! the basic steps are:

0. The start values of the aggregation constants K> and K are chosen manually.

1. An array of size N for the monomer concentration cu is constructed by following way:

The minimum value of the monomer concentration is chosen to be caymin = 1 x 107 M and

the maximum monomer concentration for anti-cooperative supramolecular polymerization

. . . 1 .

is given by the aggregation constants Cp gy = /ﬁ . The maximum monomer concen-
2

tration is reached asymptotically for high dye concentrations and a small variation of the
monomer concentration for a large interval of the total concentration is inherent for anti-
cooperative supramolecular polymerization. Therefore, a non-equidistant grid is used for
the monomer concentration with large intervals for low dye concentrations, i.e. the first

N/2 steps and small steps for high dye concentrations in the second half of the cu - axis.

-1
N CM,max " y
n=1..=:Cyn = Cymin * | —— 2 (E25)
2 ’ ’ CM,min
N CMmax~Cy N/ N
n=-+1..N: chn=cM,N/2+N—/22*(n—;) (E26)

2. The concentration of molecules in dimers and in aggregates is calculated in dependence of

the monomer concentration ca,». The concentration of molecules in dimers is given by

cp =2 K,c} (E27)

The concentration of molecules in aggregates is the sum of molecules in odd (eqn E20)) and even

(eqn (E18)) numbered aggregates minus the concentration of molecules in dimers:
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cq = % + cgvem — cp (E28)
The total concentration is calculated with eqn (E21).

CM,D,A

and the to-

3. The fraction of molecules in a distinct species is calculated by ay p 4 =

tal concentration c is interpolated to the measured concentrations for comparison.

4. The extinction of each species (monomer, dimer and aggregate) is calculated for the given
set of aggregation constants by £y p 4(1) = data(4, c)a(c)[a” (c)a(c)] *with a(c) =
lam ap a,].

5. The aggregation constants K2 and K are optimized and step 1 to 5 are repeated until the er-

ror between the fitted and measured extinction is minimized.

4.5 Appendix

4.5.1 FT-IR measurements in toluene

70 T T 1
2500 3000~ 1 3500 4000
vliem”

Figure 51: FT-IR spectra of PBI 5 at the concentrations of 1.3 x 102 M (solid line) and 4.1 x 10* M (dotted line) in
toluene (right) at 293 K. The spectra of PBI 5 show two sets of signals. The prominent signals at 2853 and 2922 cm'!
are assigned to the CH stretching vibrations. The small broad band at 3367 cm’! in toluene is attributed to the hydro-
gen bonded NH stretching vibration. The stretching vibrations of free NH groups which can usually be found in the
region between 3500 and 3600 cm™! could not be detected, which means that all NH groups are involved in hydrogen
bonds. 100

4.5.2 DOSY NMR experiments toluene

The hydrodynamic radius R of PBI 5 is determined from the diffusion coefficient D using the
Stokes-Einstein equation (eqn (Al)):
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__ kgT
- 6mnR (Al)

where ks is the Boltzmann constant, 7 the temperature, and # the viscosity of the solvent. The

diffusion constant in turn results from DOSY NMR measurements.
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Figure 52: DOSY NMR spectrum of PBI 5 at ¢ = 1.3 x 102 M in toluene (left) and methylcyclohexane (right) rec-
orded at 600 MHz NMR at 293 K. The diffusion coefficients D [m? s'] are plotted in a logarithmic scale against the
chemical shift 6 [ppm].

4.5.3 VPO measurements in toluene

— Kcal — g

M= /Kmeas = 3068597/, (A2)
—_— M —_—

N /MPBI5 2.12N (A3)
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Figure 53: VPO measurements of benzil (calibration curve, left) and PBI 5 in toluene at 303 K (1.3 x 102 to 1.7 x 10
3 M, right). The K values are obtained by interpolating the data to x = 0.

4.5.4 Analysis of absorption data of PBI 5 in methylcyclohexane at 502 nm
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Figure 54: a) Concentration-dependent absorption data of PBI 5 in methylcyclohexane at 502 nm. b) Fit of the data
to the monomer-dimer model (¢ =2.3 x 107 to 2.2 x 107 M, R? = 0.978); dashed line: isodesmic model for compari-
son. c) Fit of the data to the isodesmic model (¢ = 1.3 x 102 to 1.1 x 10° M, R? = 0.994).
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4.5.5 Absorption spectra of PBI S in methylcyclohexane/toluene mixtures
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Figure 55: Solvent-dependent UV/Vis absorption spectra of PBI 5 (methylcyclohexane content from 0 to 90%) at the
concentration of 1.6 x 10® M recorded at 293 K. Arrows indicate the spectral changes upon increasing methylcyclo-
hexane content.

4.5.6 Analysis of absorption data of PBI 5 in a methylcyclohexane/toluene (30:70) mixture
at 476 nm

a i 476 nm 4 A eeec==za
)1.0 = isodesmic model b)1.0 476 nm -
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Figure 56: a) Fit of the isodesmic model (R? = 0.998) to the data obtained at the concentration range ¢ = 1.0 x 10 to
9.5x 10°°M. b) Fit to the monomer-dimer model (R>=0.998) of the data obtained at the concentration range
¢=9.5x10%t0 2.7 x 107 M. Dashed line: isodesmic model for comparison.
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4.5.7 Analysis of the concentration-dependent UV/Vis spectra of PBI 5 in a methylcyclohex-

ane/toluene mixture of 30:70 by the K>-K model for anti-cooperative supramolecular

polymerization
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Figure 57: Concentration-dependent UV/Vis absorption spectra (colored lines) and the spectra reconstructed by the
new K>-K model for anti-cooperative supramolecular polymerization (black lines) of PBI 5 in a methylcyclohex-
ane/toluene (30:70) mixture (¢ =2.7 x 107 — 1.0 x 102 M) at 293 K (top). Arrows indicate the spectral changes upon
increasing concentration. Fit of the K»>-K model for anti-cooperative supramolecular polymerization to the concentra-
tion-dependent absorption data at various wavelengths (bottom).
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Figure 58: Histograms obtained from eqn (E13) and eqn (E19) for five different concentrations showing the aggre-
gate size distribution up to an aggregate size of ten. A prevalence for even numbered aggregates is observed as soon
as the system starts to aggregate.
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4.5.8 AFM studies of PBI S in toluene and methylcyclohexane

Figure 60: AFM height (a,b) and phase (c) images of spin-coated samples of PBI 5 (10.000 rpm, ¢ = 1.4 x 102 M,
methylcyclohexane) onto HOPG.

Figure 61: AFM height image of spin-coated sample of PBI 5 (10.000 rpm, ¢ = 2.3 x 10 M, methylcyclohexane)
onto HOPG.

0 nm I (1.5 nm 0 nm BT |1 nm
Figure 62: AFM height images of spin-coated samples of PBI 5 (10.000 rpm, ¢ = 1.3 x 10 M, toluene) onto HOPG.
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Chapter 5
Sensing of double-stranded DNA/RNA
secondary structures by water soluble
homochiral perylene bisimide dyes*

Abstract: A broad series of homochiral perylene bisimide (PBI) dyes were synthesized that are
appended with amino acids and cationic side chains at the imide positions. Self-assembly behav-
ior of these ionic PBIs has been studied in aqueous media by UV/Vis spectroscopy, revealing
formation of excitonically coupled H-type aggregates. The interactions of these ionic PBIs with
different ds-DNA and ds-RNA have been explored by thermal denaturation, fluorimetric titration
and circular dichroism (CD) experiments. These PBIs strongly stabilized ds-DNA/RNA against
thermal denaturation as revealed by high melting temperatures of the formed PBI/polynucleotide
complexes. Fluorimetric titrations showed that these PBIs bind to ds-DNA/RNA with high bind-
ing constants depending on the number of the positive charges in the side chains. Thus, spermine-
containing PBIs with six positive charges each showed higher binding constants (log Ks=9.2 —
9.8) than their dioxa analogues (log Ks= 6.5 —7.9) having two positive charges each. Induced
circular dichroism (ICD) of PBI assemblies created within DNA/RNA grooves was observed.
These ICD profiles are strongly dependent on the steric demand of the chiral substituents of the
amino acid units and the secondary structure of the DNA or RNA. The observed ICD effects can
be explained by non-covalent binding of excitonically coupled PBI dimer aggregates into the
minor groove of DNA and major groove of RNA which is further supported by molecular model-
ing studies.

*This chapter was published by: J. Gershberg, M. Radi¢ Stojkovi¢, M. Skugor, S. Tomi¢, T. H. Rehm, S. Rehm, C.
R. Saha-Mdller, 1. Piantanida, F. Wiirthner, Chem. Eur. J. 2015, 21, 7886-7895. Reproduced and adopted with per-
mission from John Wiley and Sons (Copyright 2016).

The (N)-series PBIs were synthesized by S. Rehm and T. H. Rehm. Studies of interaction of the (N)-series PBIs with
DNA/RNA were performed by M. Radi¢ Stojkovié and M. Skugor. Molecular modelling was performed by S.
Tomic.
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5.1 Introduction

Nucleic acids are most important biomolecules as they code the information of life. Thus, small
molecules targeting deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) have attracted
significant scientific interest due to medicinal, biochemical and biological implications of such
molecular recognition events.['*] For instance, sequence specific detection of double-stranded
(ds)-DNA and (ds)-RNA by molecular recognition has become increasingly more valuable as
diagnostic tool in molecular biology and medicine.!'**) Non-covalent recognition of DNA/RNA
by small molecules very often relies on single dominant binding mode such as intercalation,
groove binding, or electrostatic sugar-phosphate backbone binding.['*”) Only in the last decade
small molecules combining two or more dominant non-covalent binding modes have been stud-
ied to a larger extent,['*”) aiming for new compounds to be able to selectively report on structural
differences of DNA and RNA secondary structure. In the recent years, researchers have focused
attention on molecules with extended n-cores such as pyrene!'*!! and perylene!'*?! derivatives.!!*’]
However, only recently interaction of perylene bisimide (PBI) dyes with DNA and RNA have
gained appreciable attention. PBI dyes have been covalently attached to DNA to create DNA
conjugates, which self-assemble into duplex and triplex structures by m-m-interactions of PBI
molecules.!34 84 1441 Moreover, PBIs have been studied for selective non-covalent interactions

[145] However, only limited information is available on non-covalent interac-

with G-quadruplexes.
tions of PBIs with other DNA and RNA structures, like triple helices or specific double-stranded
structures.[14> 1] Even there studies were often performed as parallel experiments to those with
G-quadruplexes.®® 471 Investigations of PBI-DNA conjugates have shown that stacked PBI mol-
ecules within the DNA scaffold give specific induced circular dichroism (ICD) profiles, which
are strongly dependent on the freedom of adjustment of PBI molecules in the DNA.!'*®! This find-
ing suggests that PBI dyes can be used as sensitive probes for the chiral environment of polynu-
cleotides and as non-covalently interacting sensors for various DNA and RNA structures.

In the last decade, Piantanida et al. have been particularly interested in small molecules able to
bind efficiently via non-covalent interactions to the most of naturally occurring ds-DNA/RNA as
well as to report different signals for each of the most common secondary structures of ds-DNA
and RNA by sensitive and biologically applicable methods (e. g. UV/Vis, CD, fluorescence, sur-

face-enhanced Raman spectroscopy).['*! The development of such single-molecule sensors with

several properties could replace the necessity of multiple dyes each being specific for one par-
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ticular DNA or RNA target. The signal selectivity could be achieved by the fine tuning of the
interaction of chromophores with secondary structures of polynucleotides which include the in-
troduction of sterically demanding or binding modulating substituents attached to the dye. 1 In
this regard, one of the most effective approaches seems to be the variation of selectivity-
controlling substituents, which are closely and rigidly attached to the chromophore.

During the last decade, self-assembly of a huge variety of PBI dyes have been investigated and
their aggregates have found various applications as (opto-)electronic materials.['!> 1122 1351 Ag PBI
dyes possess a hydrophobic extended 7z-core, a particular challenge being the exploration of the
aggregation properties of PBI dyes in water which is, however, required for the application of
these dyes in biological systems.!'>%! Beside other approaches, including ionic self-assembly,!3%
150¢] the attachment of polyamine chains at the imide positions of PBIs provides the necessary
solubility of core-planar PBIs in water which make them interesting for the investigation of inter-
actions with biomacromolecules such as DNA.['8 8. 1511 Recently, we have communicated the
first examples of spermine-functionalized homochiral PBIs with unique properties such as strong
thermal stabilization and high binding affinity towards ds-DNA and RNA.[?7]

Here we present our comprehensive studies on the interaction of PBI dyes with a broad variety of
polynucleotides by applying a broad new series of homochiral PBIs (L)- and (D) PBI 17, (L)- and
(p) PBI 18 and (L)- and (D) PBI 19. These PBIs are appended with amino acids possessing sub-
stituents of varied sterical demand at the chirality centers and incorporate spermine or 4,9-dioxa-
1,12-dodecanediamine side chains at the imide positions (Scheme 7). For the purpose of compari-
son, we have included in this study the achiral reference compound PBI 20 %) and the previously
reported compounds (L)- and (D) PBI 16.37! We have investigated the spectroscopic response of
the PBIs for structurally different double-stranded DNA and RNA under biologically relevant
conditions. For these studies, we have chosen synthetic polynucleotides instead of short oligonu-
cleotides because the latter are not suitable for our investigations due to the “capping” binding of
PBIs at the exterior side of alternating basepairs which would strongly compete with the few
binding sites along the double strands of oligonucleotides.'*> 12 In contrast, polynucleotides
consisting of more than 100 basepairs will assure large excess of binding sites along the double
helix, thus the “capping” effect should be negligible. Our detailed thermal denaturation experi-
ments, fluorimetric titrations and CD spectroscopic measurements corroborate strong interactions
of the homochiral ionic PBIs with the employed polynucleotides and the formation of excitoni-

cally coupled dimer aggregates in the grooves of the ds-DNA/RNA. The binding properties of
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these PBIs with ds-DNA/RNA are found to be dependent on the number of the positive charges,
chirality and sterical hindrance of the PBIs. Thus, a structure-property relationship could be es-

tablished.

5.2 Results and discussion

5.2.1 Synthesis

A series of symmetric, homochiral perylene bisimides (denoted as (L)- and (p) PBI 16, (L)- and
(p) PBI 17, (L)- and (D) PBI 18 and (L)- and (D) PBI 19 that are appended with a-amino acid
derivatives as imide substituents, bearing spermine or its dioxa analogue as side chains, were
synthesized from commercially available perylene-3,4:9,10-tetracarboxylic bisanhydride (PBA)
in three steps according to the route outlined in Scheme 7.

The reaction of PBA with homochiral (L- or D-enantiomer) alanine or phenylalanine in imidazole
afforded the corresponding amino acid functionalized symmetrical PBIs (L)-!''") or (p) PBI 10
and (L)- or (D) PBI 11 in excellent yields. The successive amidation of the PBI-appended dicar-

boxylic acids with threefold Boc-protected spermine Boc-(N)!3!

using the activation reagents
dicyclohexylcarbodimide (DCC) and hydroxylbenzotriazole (HOBt) in DMF led to the spermine-
bearing PBI derivatives (L)- or (D) PBI 12 and (L)- or (D) PBI 13 in 29 to 72% yields. Deprotec-
tion of the Boc-groups with trifluoroacetic acid (TFA) afforded the desired products (L)- or (D)
PBI 16 and (L)- or (D) PBI 17 as trifluoroacetic salts in quantitative yields, which were then ly-
ophilized from water to obtain them in pure form. For the amidation of the dicarboxylic acids
with Boc-protected 4,9-dioxa-1,12-dodecanediamine Boc-(0)!'3*, however, the activation rea-
gents  N,N-diisopropylethyl-amine ~ (DIPEA)  and O-(7-azabenzotriazol-1-yl)-N,N,N’,N’-
tetramethyluroniumhexafluoro-phosphate (HATU), instead of DCC and HOBt were required.
The deprotection of Boc-groups in the resulted (L)- or (D) PBI 14 and (L)- or (D) PBI 15 with
TFA afforded the products (L)- or (D) PBI 18 and (L)- or (D) PBI 19 in 84 to 97% yields, which

were subsequently purified by lyophilization from water.
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R = Me, X =NBoc: (L) or (D) PBI 12 (44%; 61%)
R =Bz, X =NBoc: (L) or (D) PBI 13 (29%; 72%)
R=Me, X=0: (L) or () PBI 14 (26%; 46%)
R=Bz, X=0: (L) or (D) PBI 15 (50%; 60%)

(0]
O
+
H
oR

R =Me, X =NH,* n=6: (L) or (0) PBI 16
R =Bz, X=NH,", n=6: (L)or(p)PBI17
R=Me, X=0,n=2: (L) or (D) PBI 18
R=Bz,X=0,n=2: (L) or (0) PBI 19

n x CF3COO"

(ca. 100%)[87]
(ca.100%)
(93%; 97%)
(84%; 93%)

Scheme 7: Synthetic route to amino acid appended homochiral perylene bisimide dyes. Please note that both chirality
centers of each of these homochiral PBIs have identical conformation, i.e. either L,L or D,D. For simplicity and easier

comparison they are denoted as L- and D-enantiomer.

The alanine-functionalized compounds (L)- and (D) PBI 16 have previously been reported in our

communication.’®”) The reference achiral compound PBI 20 was prepared according to the litera-

ture.® All the new compounds were characterized by '"H NMR, high-resolution mass spectros-

copy and, where possible, also by elemental analysis. The details of the synthesis and characteri-

zation data of the new compounds are given in the Experimental Section.
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5.2.2 UV/Vis spectroscopic studies of homochiral PBIs

To ascertain the appropriate conditions for the investigation of interactions of these homochiral
PBIs with double-stranded (ds)-polynucleotides by different spectroscopic methods such as
UV/Vis, fluorescence and circular dichroism (CD), we have initially performed concentration-
dependant UV/Vis studies of these PBIs in water and DMSO (Figure 63 and Figure 70 in the Ap-
pendix of this Chapter). As a representative example of the spermine-containing PBIs (denoted as
(N)-series), the concentration-dependent absorption spectra of (L) PBI 17 in pure water are dis-
played in Figure 63a. At a low concentration of 5 x 10 M, this dye exhibits for PBI monomers
typical vibronically resolved spectrum with maxima at 537, 500 and 467 nm. With increasing
concentration up to 5 x 10 M the intensities of monomer bands decreased with concomitant ap-

pearance of a strongly hypsochromically shifted band at 508 nm and a slightly
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Figure 63: Concentration-dependent UV/Vis spectra (c =5 x 10 to 5 x 10~ M) of a) (L) PBI 17, b) (L) PBI 18, c)
(L) PBI 19 in water and d) (L) PBI 18 in DMSO (c = 8 x 10 to 2 x 10~ M) as representative example. Arrows indi-
cate the spectral changes upon increasing concentration.
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red-shifted band at 546 nm, indicating the formation of aggregates with H-type excitonic cou-
pling.['* Identical concentration-dependent spectral changes were observed for the corresponding
D-enantiomer in water (spectra not shown). The concentration-dependent absorption properties of
these phenylalanine-functionalized PBIs resemble those of the alanine analogues (L)- and (D) PBI
16.87 Since for the latter dimer formation, and no further growth to extended aggregates due to
electrostatic repulsion of positive charges, was confirmed in the given concentration range, simi-
lar behavior can be assumed for the phenylalanine derivatives (L)- and (D) PBI 17. In contrast to
spermine-bearing PBIs (the (IN)-series), the absorption spectra of their dioxa analogues (L)- and
(D) PBI 18, and (L)- and (D) PBI 19 revealed over the whole concentration range from 5 x 107 to
5x 107 M existence of aggregated species in pure water. Upon increasing the concentration, hy-
pochromic shift of the absorption bands at 500 and 535 nm for each of (L)- and (D) PBI 18, and at
503 and 538 nm for each of (L)- and (D) PBI 19 occurred (Figure 63b,c and Figure 70a,b in the
Appendix of this Chapter). In contrast to the PBIs of the (IN)-series, the dioxa derivatives form
more extended aggregates and hence tend slowly to precipitate in pure water due to decrease of
positive charges and incorporation of more hydrophobic oxygen atoms in the side chains. How-
ever, the positions of the absorption maxima and the spectra shapes suggest that similar H-type
aggregates as for the (N)-series are formed. On the other hand, the concentration-dependent
UV/Vis spectra of the (O)-series in DMSO revealed the presence of well dissolved monomeric
species over the whole concentration range from 8 x 10 to 2 x 10~ M (the absorption spectra of
(L) PBI 18are shown as representative example in Figure 63d). Thus, stock solutions of (O)-
series PBIs were prepared in DMSO for the studies with DNA/RNA (see next Section).

For the investigation with DNA/RNA, it is also of importance to know whether the addition of
salts has any influence on the ionic self-assembly behavior of the newly synthesized homochiral
PBIs, since such experiments are performed in buffer solutions of defined ionic strength. Thus,
aggregation behavior of these PBIs at different salt concentrations has been studied by UV/Vis
spectroscopy by adding up to 0.1 M of 1 M NaClaq solution to the water solution of a particular
PBI. Upon addition of increasing amounts of NaCl solution (from 0 to 0.1 M) to the aqueous so-
lution of (L)- (c=5x 10°M) or (D) PBI 17 (1.25 x 10° M) the monomeric bands at 537 and
500 nm (for each of the enantiomers) gradually decreased (Figure 71a,b in the Appendix of this
Chapter). Similar ionic strength induced aggregation was previously observed for (L)- and (D)
PBI 16.B7] As mentioned above, due to higher aggregation propensity of the less charged dioxa

derivatives (L)- and (D) PBI 18 and (L)- and (D) PBI 19, aggregate bands of these PBIs are evi-
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dent even at a low concentration of ¢ = 5 x 10 M (for each) in water. The addition of NaCl solu-
tion (from 0 to 0.1 M) to aqueous solutions of these PBIs at this concentration provoked hypo-
chromic shift and changes in relative intensity for the vibronic excitonically coupled absorption
bands, clearly indicating growth of larger PBI aggregates (Figure 71c-f in the Appendix of this
Chapter).

5.2.3 Thermal denaturation of ds-DNA in the presence of PBIs

We have explored the interaction of homochiral PBIs (L)- and (D) PBI 16, (L)- and (D) PBI 17,
and their dioxa analogues (L)- and (D) PBI 18, and (L)- and (D) PBI 19 with ds-polynucleotides
by the commonly used DNA thermal denaturation method. By this method the differences in
melting temperatures (A7m) of free ds-polynucleotides and their complexes with ligands (small
molecules) are determined by UV/Vis spectroscopy, which provide valuable information on non-
covalent interactions between DNA and small molecules.['*>! Based on the results of UV/Vis ab-
sorption studies discussed before, for the DNA experiments stock solutions of spermine-
containing PBI derivatives ((N)-series) were prepared in water (¢ ~ 10* M, no salt nor buffer
added), while those of dioxa analogues ((O)-series) in DMSO (c ~ 10 M). By using DMSO
stock solutions, time- and temperature-stable solutions of (Q)-series PBIs in cacodylate buffer
(pH =7) could be obtained in which the content of DMSO never exceeded 1 vol%. Afterwards,
mixtures of a chosen polynucleotide and one of the present PBIs were prepared by adding stock
solution of the respective PBI to dissolved polynucleotide in cacodylate buffer (pH = 7) reaching
a particular concentration ratio » = [¢ (PBI)] / [¢ (polynucleotide)].

Since in many cases precipitation was observed at » > 0.1, thermal denaturation experiments were
performed on solutions with »=0.025 — 0.1. The thermal denaturation of poly(dA-dT). with (L)
PBI 18 is shown as representative example in Figure 64.

All of the present PBIs provoked an enhancement of the melting temperatures of the employed
ds-polynucleotides even at these low concentration ratios. At » = 0.05 — 0.1, for the complexes of
spermine-containing PBI derivatives (L)- and (D) PBI 16 and (L)- and (D) PBI 17 with all of the
applied ds-polynucleotides ATm values between 7 and > 35 °C were observed, while the corre-
sponding dioxa analogues showed considerably lower ATm values between 3 and 30 °C (see Ta-

ble 4).
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Figure 64: Thermal denaturation of poly(dA-dT), upon addition of (L) PBI 18 as a representative example; » = [c
(compound)] / [¢ (polynucleotide)] = 0.01-0.025, at pH 7.0, buffer sodium cacodylate, /= 0.05 M.

Obviously, due to larger number of positive charges (six each) the ATm values of the (N)-series
are higher than those observed for the (O)-series (two positive charges each). Notably, at
r=0.025 — 0.05 most of the DNA denaturation experiments showed biphasic curves consisting of
a transition of the PBI non-bound polynucleotide moiety (7m similar to that of the respective free
DNA/RNA) and a transition at the significantly higher 7m corresponding to the
PBI/polynucleotide complex (see Figure 64 for an example).

However, at »=0.05 — 0.1 transitions of the free polynucleotides are either not present or ob-
served in few cases with negligible intensity, which suggest complete saturation of PBI binding
sites with the applied DNA and RNA at the ratio of »=0.1. Only (L)- and (D) PBI 18 with calf
thymus (ct)-DNA and (D) PBI 18 with poly(dA-dT): showed biphasic transitions even at » = 0.1,
which is indicative of mixed binding modes.

Since at » = 0.1 most of the denaturation curves are monophasic, and thus reveal the transition of
the respective PBI/polynucleotide complex, a comparison of the melting temperature difference
(ATm) at this » value is most insightful. Spermine-containing achiral reference PBI 20 showed
with ds-DNA (ct-DNA, poly dA-poly dT and poly(dA-dT)2) ATm values above 20 °C and a lower
ATm value of 16 °C with RNA (poly A-poly U). The chiral spermine-functionalized analogues
displayed with all of the used ds-polynucleotides A7Tm values above 14 °C, in some cases even
higher than 35 °C, with the exception of (D) PBI 17. The latter displayed the weakest enhance-

ment of the 7m value of 8 °C with ct-DNA in comparison to other spermine-substituted deriva-
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tives. This is most likely owing to the weak binding of (D) PBI 17 to the GC-basepairs rich se-
quences of ct-DNA.

Table 4: The AT, values (°C) of polynucleotides upon addition of PBIs to give different ratios 7 at pH 7.0, buffer
sodium cacodylate, /= 0.05 M.

ct-DNA poly A-poly U poly dA-poly dT poly(dA-dT),

PBI WPl= " 0.05 0.1 0.05 0.1 0.05 0.1 0.05 0.1

PBI 20 17 >2001 1614 16 26 25 23 23
(L) PBI 16° >200 >0l 15 - 15/>350kd - 132514 [
(D) PBI 16! 17€ >17tel 1373500 >350 16/>350d >35(c 17 (e]
(L) PBI 17 16 >20c] 33 33 17/>280d - 1179 18
(D) PBI 17 7 8 33 31 154294 15/>304 13 14
(L) PBI 18 4/>1419 6/>154 10 10 - 4/1014 14 15

(D) PBI 18 /1014 3/111 10 10 - 379 41040 6/1119

(L) PBI 19 3 5 8 9 - 29 - 5
(D) PBI 19 3 4 9 10 - 30 7 7

[a] Error in ATy, £ 0.5 °C. [b] = [c (compound)] / [¢ (polynucleotide)]. [c] Tm of complex > 100 °C. [d] Biphasic
thermal denaturation transitions. [e] Previous reported data are shown for comparison.!

Oxygen bearing PBIs ((L)- and (D) PBI 18, and (L)- and (D) PBI 19) exhibited larger variations in
ATwm values at the ratio of »=0.1 depending on the applied polynucleotides. (L) PBI 18 and (D)
PBI 18 showed generally stronger DNA stabilization effect compared with that of the corre-
sponding phenylalanine-substituted PBIs with ATm values of higher than 10 °C. The phenylala-
nine-substituted PBIs (L)- and (D) PBI 19 revealed smaller ATm values between 4 and 10 °C. This
difference between the alanine- and the phenylalanine- substituted PBIs of the (O)-series reveals
stronger influence of the steric hindrance at the chiral centers of the amino acids on the interac-
tion of these PBIs with DNA compared to that of the (N)-series PBIs. The steric impact seems to
be more pronounced when the amount of positive charges in the side chains is reduced. For the
complexes of homonucleotide poly dA-poly dT with (L)- and (D) PBI 19 exceptionally high val-
ues around 30 °C were observed which is remarkable for the quite narrow minor groove of this
polynucleotide.['") In the case of RNA no difference between the alanine- and phenylalanine-

substituted PBIs could be observed since for both systems an average A7m value of around 9 °C
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was determined. Apparently, the wide RNA groove provides sufficient space thus the steric hin-
drance does not play a significant role.'>”) Moreover, several DNA/PBI complexes were
submitted to slow cooling to room temperature after thermal denaturation to allow re-annelation
of the complexes and again thermally denaturated, whereby excellent reproducibility between the
first and second denaturation cycle was observed (representative examples are displayed in Fig-

ure 72a,b in the Appendix of this Chapter), indicating the formation of the same type of complex.

5.2.4 Fluorimetric titrations of PBIs with DNA/RNA

We have then determined the binding constants for the complexes of present PBIs with different
ds-polynucleotides by fluorimetric titration experiments. To avoid reabsorption, emission intensi-
ties were monitored above A4 > 590 nm upon excitation at a wavelength of Aex =498 nm. Pro-
cessing of the fluorescence titration data by means of non-linear fit to Scatchard equationl*® ]
provided binding constants log Ks for PBI/ds-polynucleotide complexes and pointed at saturation
of dominant binding sites at 7 [c¢ (PBI] /[ ¢ (polynucleotide)]) = 0.1. The binding constants ob-
tained for the investigated PBIs with different polynucleotides are summarized in Table 5. The
fluorescence titration spectra of the enantiomeric pair (L)- and (D) PBI 17 with poly(dG-dC): are
shown as representative examples in Figure 73, and those of the oxygen analogues (L)- and (D)
PBI 19 with poly(dG-dC): and poly(dA-dT)2, respectively, in Figure 74 (see Appendix of this
Chapter). The interaction of the ds-polynucleotides with (N)-series PBIs led to very high binding
constants (log Ks =9 — 9.8). These values are significantly higher than those reported so far for
non-covalently interacting molecules.!'*®! The addition of the employed polynucleotides to highly
charged spermine-functionalized derivatives ((L)- and (D) PBI 16, (L)- and (D) PBI 17), respec-
tively, completely quenched their fluorescence at the saturation regime (Int. = 0, see Table 5).
This emission quenching can be attributed to the formation of non-fluorescent H-type PBI aggre-
gates 8% 159 and their binding to polynucleotides.®® 11 In contrast to (N)-series PBIs, the dioxa
analogues (L)- and (D) PBI 18, and (L)- and (D) PBI 19 remained even upon saturation of
DNA/RNA binding sites at the end of titration to some extent fluorescent (Int. = 0.07 to 0.46).
Analysis of the binding parameters revealed that the dioxa analogues with two positive charges
each bind more weakly to polynucleotides (log Ks = 6.5 to 7.9) than the spermine derivatives with
six positive charges (log Ks > 9). Moreover, in contrast to the spermine derivatives, for dioxa ana-

logues no trend between binding affinity and fluorescent properties of the formed
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PBI/polynucleotide complexes was observed. For example, the binding constants of (L) PBI 19
with poly(dA-dT)2, poly(dG-dC). and poly dA-poly dT are within the narrow range of 6.5 — 6.9,
but the fluorescence intensities at saturation regime appreciably vary from 0.15 to 0.42 (see Table

5).

Table 5: Binding constants log K,*! determined from the fluorescence titration data of PBIs with ds-polynucleotides
at pH 7.0, buffer sodium cacodylate, / = 0.05 M.

poly(dA-dT), poly(dG-dC), poly dA-poly dT poly A-poly U

log K, / Int.[”! log K, / Int.l®! log K / Int.[*) log K / Int.[)
PBI 20 8-9ldl 8-9dl 8-9[d 8-91d
(L) PBI 16/° 9.7/0 >9l1 /0 9.4/0 9.8/0
(D) PBI 16 9.6/0 9.5/0 9.5/0 9.5/0
(L) PBI 17 9.5/0 >9[e1 /0 9.7/0 9.4/0
(D) PBI 17 9.4/0 9.7/0 9.6/0 9.2/0
(L) PBI 18 7.9/0.13 6.9/0.07 75/03 6.9/0.27
(D) PBI 18 7.3/0.15 7.2/0.22 7.6/0.3 7.5/0.4
(L) PBI 19 6.8/0.15 6.5/0.23 6.9/0.42 7.6/0.39
(D) PBI 19 6.8 /0.46 6.8 /0.25 6.7/0.37 7.5/0.19

[a] The best Scatchard fit was obtained for ratio n ([bound PBI] / [polynucleotide]) = 0.2 — 0.1, and for easier com-
parison all binding constants were re-calculated for the fixed ratio n ([bound PBI] / [polynucleotide]) = 0.1. [b]

Int. = fluorescence emission intensity at the end of titration. [c] Previously reported data added for comparison.®”]
[d] Oscillation of PBI 20 fluorescence during titration with DNA/RNA allowed only estimation of the affinity within

the given order of magnitude. [e] Almost linear emission quenching till Int. = 0 (reached at » [¢ (PBI)] / [c (polynu-
cleotide)] = 0.1), which allowed only an estimation by Scatchard fit.

Possible explanation for this observation could be delivered by fluorescence lifetime experi-
ments. The single exponential fluorescence decay and the fluorescence lifetime of 4.5 ns were
recorded for the (L) PBI 18/ct-DNA complex under the same conditions as applied for fluorimet-
ric titrations (see Figure 75 in the Appendix of this Chapter). This could be explained by an equi-
librium between the emissive PBI monomer and the non-emissive PBI aggregate within the ds-
polynucleotides binding site. The huge excess of DNA/RNA used allows enough binding space
within the grooves to accommodate such dimer-monomer equilibrium. The equilibrium is shifted
towards strongly bound PBIs to ds-polynucleotides in the case of the (N)-series PBIs caused by
additional interactions of the multiple positive charges of the side chains. Accordingly, these

PBIs bind more strongly with ds-polynucleotides than their dioxa analogues.
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5.2.5 CD spectroscopic studies of PBI/ds-polynucleotides complexes

To gain more insight into the DNA/RNA binding properties of chiral PBIs, we have performed
circular dichroism (CD) spectroscopy studies by using a set of polynucleotides that possess spe-
cific minor groove features. Since achiral small molecules were reported to entail induced CD
spectrum (ICD) upon binding to polynucleotides, providing useful information on DNA-binding
modes, ' we have first investigated the achiral glycine-bridged reference PBI 20. This inherent-
ly CD silent PBI, indeed, showed distinct ICD bands depending on the employed polynucleotide
(Figure 65).
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Figure 65: CD spectra of achiral reference PBI 20 upon interaction with a) poly(dA-dT),, b) poly dA-poly dT, c)
poly A-poly U and d) poly(dG-dC); at pH 7.0 in sodium cacodylate buffer, /= 0.05 M; polynucleotide concentration:
4 x 10° M; r [c (PBI)] / [c (polynucleotide)] = 0.16.

Addition of poly(dA-dT) (4x 10°M in sodium cacodylate buffer, pH=7) to this PBI
(r [c (PBI)]/ [¢ (polynucleotide)] =0.16) provoked clear bisignate Cotton effect in the So— Si
electronic transition region of PBI (> 400 nm) with maxima at 558 nm (-3.65 mdeg) and 498 nm
(2.48 mdeg). Such bisignate CD signals are indicative of excitonic coupling of dyes which is only
possible for dimers or larger aggregates with helical arrangement. Likewise, for poly(dG-dC)2
bisignate CD bands, but with opposite signs, at 564 nm (1.18 mdeg) and 492vnm (-0.72 mdeg)
were observed. The signs of the CD signals with poly(dA-dT): are similar to those previously
reported for (L) PBI 16 with this polynucleotide,®”! which suggest the preference of the same
type of PBI dimer aggregate in the groove of poly(dA-dT): also for PBI 20. The guanine amino

groups protruding into the GC-DNA minor groove may restrict the space to accommodate PBI 20
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dimer in minor groove of poly(dG-dC)z, and thus less intensive bisignate CD signals are observed
with this polynucleotide. The opposite signs of the respective signal with poly(dG-dC)2, com-
pared with those with poly(dA-dT)2, obviously point at a different orientation of the anticipated
PBI dimer in the groove. As shown in Figure 65, for the much narrower minor groove of poly
dA-poly dT.,'%2l PBI 20 exhibited similar CD spectral profile with maxima at 583 nm
(1.03 mdeg) and 498 nm (1.37 mdeg) as observed for poly(dA-dT)2 but with one significant dif-
ference, i.e. the opposite sign of the long-wavelength band (> 550 nm), which might be due to the
existence of more than one binding mode. Addition of PBI 20 to A-U RNA resulted only in nega-
tive CD bands with maxima at 553 nm (-1.24 mdeg) and 506 nm (-1.58 mdeg). The absence of
bisignate CD signals suggests the presence of single intercalated PBI 20 molecule into RNA as a
dominant binding mode.[®"> 844l Possible explanation for this might be that PBI 20 does not have
any significant steric hindrance due to the absence of a chiral substituent at the imide position,
enabling intercalation into the minor groove of RNA that is wider than that of DNA 16

Next, we have investigated the CD spectroscopic profiles of chiral PBI derivatives in the pres-
ence of different polynucleotides that were also used for the achiral PBI 20. The CD spectroscop-
ic features of alanine-functionalized derivatives (L)- and (D) PBI 16 with these polynucleotides
have been reported previously.[*”] Their hitherto unknown dioxa analogues (L)- and (D) PBI 18,
which contain significantly less positive charges (each two) compared with their (N)-counterparts
(each six), have been investigated in a comparative manner to assess the impact of positive
charges on DNA/RNA binding properties that should be evident in CD spectra with different
polynucleotides. The CD spectra of (O)-series PBIs are shown in Figure 66 and Figure 77 and,
for the purpose of comparison, those of (L)- and (D) PBI 16 in Figure 76 (see Appendix of this
Chapter).

The decrease of the positive charges in (L)- and (D) PBI 18 resulted in higher aggregation tenden-
cy of these oxygen-bearing PBIs, compared to the respective (N)-analogues, leading to relatively
strong bisignate CD signals at a concentration of 6 x 10® M in water in the absence of any poly-
nucleotide. These bisignate CD signals originate from excitonic coupling of stacked PBI dyes and
demonstrate the influence of the chiral substituents at the imide groups on the helicity of the co-
lumnar PBI 7stack.['* The (L) PBI 18 displayed CD signals at 557 nm (-4.2 mdeg) and 496 nm
(5.2 mdeg) and the corresponding D-enantiomer at 558 nm (3.9 mdeg) and 496 nm (-4.6 mdeg).
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Figure 66: CD spectra of (L)- and (D) PBI 18 (note that CD spectra of (L)- and (D) PBI 18 at 6 x 10°° M in water
without polynucleotides are depicted above) upon interaction with a) poly(dA-dT),, b) poly dA-poly dT, c) poly A-
poly U and d) poly(dG-dC); at pH 7.0 in sodium cacodylate buffer, / = 0.05 M; polynucleotide concentration: 4 x 10
SM; r [c (PBI)] / [¢ (polynucleotide)] = 0.15; L-configured PBI (solid line), D-configured PBI (dashed line).

The two enantiomers share one isoelliptic point at 514 nm (Figure 66, top). CD spectra of differ-
ent polynucleotides (4 x 10° M in 0.05 M sodium cacodylate buffer at pH 7) measured upon ad-
dition of varied amounts of each of these PBIs (r [c (PBI)]/ [c (polynucleotide)] upto 0.15) re-
vealed emergence of excitonically coupled CD signals in the So — S1 electronic transition region
of PBI (> 400 nm) with the strongest intensities at a ratio of » = 0.15 (see Figure 77 in the Appen-
dix of this Chapter). At this ratio, the CD spectra of the enantiomeric (L)- and (D) PBI 18 showed
for the applied polynucleotides distinctive spectral pattern (Figure 66). The CD signals of (D) PBI
18 with the various polynucleotides resemble those of PBI alone in water regarding both intensity
and shape, which would mean that the PBI dimers formed in the grooves of DNA are similar to
those formed in water in the absence of polynucleotides. The CD signals of the L-enantiomer
with all of the applied polynucleotides are of weaker intensity compared to those of the counter
enantiomer, and PBI alone in water (Figure 66). Moreover, the CD signals of different shapes are
observed for (L) PBI 18with polynucleotides of diverse minor groove properties, indicating a dif-
ferent arrangement of the anticipated PBI dimers in the groove.

In contrast to (L)- and (D) PBI 18, phenylalanine derivatives of both (O)- and (N)-series display

negligible CD signals at the concentration of 6 x 10° M in water in the absence of polynucleo-
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tides (Figure 78, Figure 79 in the Appendix of this Chapter and Figure 67, top spectra). This re-
sult complies with our earlier finding that the bulky phenylalanine substituents prohibit the ag-
gregation of the PBI dyes and that accordingly monomeric dyes are present at this low concentra-
tion (see Figure 63 and Figure 70).

Interestingly, in the presence of polynucleotides these phenylalanine bearing PBIs showed, in
most of the cases, CD bands in the region > 400 nm that confirm the interaction between these
PBIs and the chiral DNA scaffold. The CD spectral pattern of (L)- and (D) PBI 17 at » =0.15 re-
vealed even bisignate Cotton effects with poly dA-poly dT and poly A-poly U at 570 nm and

490 nm which suggest the incorporation of PBI dimers in the minor grooves.
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Figure 67: CD spectra of (L)- and (D) PBI 17 upon interaction with a) poly(dA-dT)2, b) poly dA-poly dT, c) poly A-
poly U and d) poly(dG-dC)2 at pH 7.0 in sodium cacodylate buffer, 7 = 0.05 M; polynucleotide concentration: 4 x 10
SM; r[c (PBI)]/ [c (polynucleotide)] = 0.15; L-configured PBI (solid line), D-configured PBI (dashed line). CD
spectra of (L)- and (D) PBI 17 at 6 x 10 M in water alone are depicted at the top.

The intensities of around 1.5/ -1.0 mdeg for the L-enantiomer and around -4.0 / 2.7 mdeg for the
D-enantiomer (Figure 67) are, however, lower compared to those of the respective alanine deriva-
tives (L)- and (D) PBI 17 (Figure 76 in the Appendix of this Chapter). This might be again due to
the steric hindrance of the phenylalanine substituent. (D) PBI 17 exhibited rather negligible, small
CD signals for poly(dA-dT)2 and poly(dG-dC)2, whereas for the L-enantiomer comparatively

strong bisignate CD signals at 550 nm (2.4 mdeg) and 500 nm (-0.98 mdeg) with these polynu-
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cleotides were observed. These configuration-dependent CD spectral properties are intriguing as
they reveal that relatively small minor grooves of poly(dA-dT): and poly(dG-dC): can still ac-
commodate dimers of L-configured PBI, and obviously not those of D-configured one. Compared
with (L)- and (D) PBI 18, the phenylalanine derivatives (L)- and (D) PBI 19 showed less pro-
nounced CD signals revealing the impact of the steric hindrance of the benzyl substituent at-
tached at the chiral centers of these PBIs. The CD spectral pattern of (L)- and (D) PBI 19 showed
bisignate Cotton effects with poly dA-poly dT and poly A-poly U at 575 nm and 490 nm with

intensities of around 1.5/-1.3 mdeg for the L-enantiomer and around -2.3 / 1.0 mdeg for the D-

enantiomer (Figure 68).

——(L)PBI19
34 (D) PBI 19

CD / mdeg

—— poly (dA - dT)o

CD / mdeg

_3;(:)
3 ——poly (dG - dC),

319
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Alnm

Figure 68: CD spectra of and (L)- and (D) PBI 19 upon interaction with a) poly(dA-dT),, b) poly dA-poly dT, c) poly
A- poly U and d) poly(dG-dC), at pH 7.0 in sodium cacodylate buffer, /= 0.05 M; polynucleotide concentration:
4 x 103 M; r [c (PBI)]/ [c (polynucleotide)] = 0.15; L-configured PBI (solid line), D-configured PBI (dashed line).
CD spectra of (L)- and (D) PBI 19 alone at a concentration of 6 x 10° M in water are depicted at the top.

(L) PBI 19 exhibited with poly(dA-dT)> and poly(dG-dC). CD signals at 560 nm (0.90 mdeg)
and 490 nm (0.80 mdeg), while the CD signals of the respective D-enantiomer are nearly negligi-
ble. These results indicate again high preference for one enantiomer (in this case L-enantiomer) in
the minor groove of these polynucleotides. Moreover, upon thermal denaturation followed by
slow cooling, the ICD band pattern was fully reconstituted (a representative example is shown in

Figure 79 in the Appendix of this Chapter), pointing at the consistency of the complex formed.
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Such enantioselective sensing of polynucleotide secondary structure with small molecules has
rarely been reported, thus homochiral PBIs are of high interest for potential application in

DNA/RNA sensing.

5.2.6 Molecular modeling

Our spectroscopic results have clearly shown that PBI dimers are formed in the groove of ds-
DNA/RNA. For the visualization of the PBI dimer/polynucleotide complexes and to corroborate
our spectroscopic results, we have performed molecular modeling studies. For these studies, we
have chosen (L) PBI 18 as a representative example for PBI derivatives and ds-polynucleotides
poly(dA-dT): (Figure 69a) and poly(dG-dC): (Figure 69b) with minor grooves of different widths
and performed 10 ns molecular modelling simulations.

The positions of positively charged aliphatic substituents are expected to change between various
interaction contacts (e.g. with phosphate backbone) in thermodynamic equilibrium due to their
own flexibility as well as the dynamic nature of DNA, while the main aim of modelling study is
to give insight into the orientation of PBI dimer within the DNA binding site as well as orienta-
tion between two PBI molecules within the dimer. This will allow not only visual perception the
structure of the complex formed, but also suggest possible inter- and intramolecular interactions
of PBI within the binding site (minor groove), which should be instructive for the design of new
compounds.

During 10 ns simulations (see Supporting Information for details) of the (L) PBI 18 di-
mer/poly(dA-dT)2 complex at room temperature, the PBI molecules nicely accommodated into
the minor grove of the polynucleotide. In this orientation the (L) PBI 18 dimer aggregate is bound
to the poly(dA-dT): by four strong hydrogen bonds formed between the terminal protonated
amine groups and the phosphate groups of the DNA backbone. This model of the PBI/DNA
complex illustrate that, although the PBI dimer aggregate retained in the left-handed (/) helical
configuration, the mutual position of the two PBI molecules is not perfectly centered as depicted
in the molecular model of the free (L) PBI 18 dimer aggregate (Figure 69c). This difference in
molecular structure of free PBI dimer and PBI/DNA complex explains the differences in the CD
signal patterns observed for the complex of (L) PBI 18 with polynucleotides and free (L) PBI 18
in water (see Figure 66). During the 6 ns simulations of the (L) PBI 18 dimer/poly(dG-dC)2 com-

plex the PBI dimer was not inserted deeply into the polynucleotide minor groove, as in the case

128



Chapter 5 PBI/DNA interactions

of poly(dA-dT).. This is apparently due to the steric hindrance of guanine amino groups in
poly(dG-dC)2. Nevertheless, the complex was stabilized by the hydrophobic interactions, two
hydrogen bonds between the terminal protonated amine groups and the phosphate groups of the
polynucleotide as well as one additional NH phosphate hydrogen bond (Figure 69b).

Figure 69: Modeled structure of the a) (L) PBI 18 dimer/poly(dA-dT), complex and b) (L) PBI 18 dimer/poly(dG-
dC), complex obtained after 10 ns simulations in water at room temperature, reflecting the orientation and the ar-
rangement of the PBI dimer aggregate within the minor groove of the ds-polynucleotide. ¢) Modeled structure of the
free (L) PBI 18 dimer with left-handed (M-configuration) helicity in water (OPLS 2001 %*).

Consequently, the dimer aggregate of (L) PBI 18 is more exposed to the aqueous environment
outside the DNA and is less penetrated into the minor groove. Thus, the PBI dimer gains orienta-
tion freedom along the DNA helical axis which enables various possible arrangements, leading to
much weaker CD signals with respect to those of the (L) PBI 18 dimer/poly(dA-dT)2 complex.
The outcome of molecular modeling studies strongly supports our conclusion made on the basis
of the results of UV/Vis, fluorescence and CD spectroscopic investigations that PBI dimer aggre-

gates with pronounced excitonic coupling are formed in the minor groove of the ds-DNA.
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5.3 Conclusion

In summary, we have synthesized three new enantiomeric pairs of amino acid functionalized am-
phiphilic perylene bisimide dyes. Our in-depth studies with this broad series of homochiral ionic
PBIs possessing varying number of positive charges, steric hindrance and the chiral information
revealed convincing structure-property relationships for the interaction of PBI dyes with ds-
polynucleotides. Thermal denaturation experiments, fluorimetric titrations and CD measurements
confirmed the formation of stable PBI/polynucleotide complexes for the investigated PBIs. The
spermine-containing PBIs having six positive charges each exhibited stronger DNA stabilization
effect and higher binding constants compared with their dioxa analogues having only two posi-
tive charges each, thereby the latter PBIs showed more specific differences depending on their
structural features. The CD spectroscopic studies revealed marked differences in ds-DNA/RNA
binding properties of PBIs depending on the steric hindrance of the amino acids attached at the
imide positions of the PBIs and their configuration, on the one hand, and groove properties of the
employed ds-DNA/RNA, on the other hand. The formation of the excitonically coupled PBI di-
mer aggregates in the minor groove of ds-DNA and the major groove of ds-RNA can be implied
from the spectroscopic results, and the structures of PBI/polynucleotide complexes obtained from
molecular modeling reinforce the spectroscopic results. Based on our highly interesting findings,
we can conclude that the present homochiral PBI dyes should be relevant for the enantioselective

sensing of DNA/RNA secondary structures.

5.4 Experimental section

5.4.1 General methods and materials

Solvent and reagents were purchased from commercial sources, unless otherwise stated, and puri-
fied and dried according to standard procedures.['**! Polynucleotides poly A-poly U, poly dA-
poly dT, poly(dA-dT)2, poly(dG-dC): and calf thymus ct-DNA (according to the producer decla-
rations the average length of polynucleotides used is > 500 in base pairs), and perylene bisanhy-
dride (PBA) was obtained from commercial suppliers. Reactions were monitored by TLC on sili-
ca gel plates (Merck TLC silica gel 60 F254 aluminium sheets). All perylene bisimide derivatives
are colored compounds, thus no additional visualization of the spots was necessary. Amines were
visualized by spraying the TLC plate with ninhydrine solution.!'®*! Column chromatography was

performed on silica gel (MerckSilica 60, particle size 0.04 — 0.063 mm). Semipreparative HPLC
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was performed on a Jasco system (PU 2080 PLUS) with a UV/Vis detector (UV2077 PLUS) us-
ing a semipreparative NUCLEOSIL 100-5 NO2 column (Macherey & Nagel). NMR experiments
were conducted on a Bruker Avance 400 spectrometer with TMS or residual deuterated solvent
as internal standard. The chemical shifts are reported in ppm relative to TMS or residual deuter-
ated solvent as internal standard (J scale). The apparent coupling constants J are given in Hertz
(Hz). The following abbreviations are used to describe the signal fine structure: s = singlet, br
s =broad singlet, br d =vbroad doublet, d =doublet, t=triplet, q=quartet, quint= quintet,
dt = doublet of triplets, tt = triplet of triplets, and m = multiplet. Melting points were measured on
a polarization microscope equipped with mgw Lauda RM6 cooling systems and are uncorrected.
IR spectra of the solid compounds were measured on a FT/IR-4100 Type A spectrophotometer.
High-resolution electrospray ionization (ESI) mass spectra were measured on a MicroTOF Focus
instrument (Bruker Daltronik GmbH) and MALDI-TOF measurements were carried out on a

Bruker Autoflex II.

5.4.2 DNA melting experiments

Thermal melting curves for DNA/RNA and their complexes with the present PBI compounds
were determined with UV/Vis spectroscopy by monitoring the absorption change at 260 nm and
262 nm as a function of temperature.['®) Absorbance of the PBI ligands was subtracted from the
respective melting curve and the absorbance scale was normalized. The melting temperature 7m
values are the midpoints of the transition curves, determined from the maximum of the first de-
rivative and checked graphically by the tangent method.['®) ATy, values were calculated by sub-
tracting 7m of the free nucleic acid from that of the respective complex with A7Tm values are the

average of at least two independent measurements and the error in A7m is ca. £0.5 °C.

5.4.3 Spectroscopic measurements

The absorption spectra were obtained on a Varian Cary 100 Bio and Perkin—Elmer Lambda 35
spectrometer. The fluorescence spectra were recorded with a PTI QM-4/2003 instrument. The
CD spectra were recorded on a JASCO J815 spectrophotometer. The samples were placed in
Hellma precision cells 100-QS (10 mm) made of Quartz SUPRASIL™ of appropriate path
length. The spectroscopic studies were performed in aqueous buffer solution (pH 7, sodium caco-

dylate buffer, /=0.05 M). Polynucleotides were dissolved in sodium cacodylate buffer,
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I1=0.05M, pH 7. Calf thymus (ct)-DNA was additionally sonicated and filtered through a
0.45 pum filter.'”! Polynucleotide concentration was determined spectroscopically.['®”] Spectro-
scopic titrations were performed by adding portions of polynucleotide solution into the solution
of the studied PBIs. Obtained data were corrected for dilution. Titration data were processed by

63, 168

Scatchard equation,! I'and satisfactory correlation coefficients (> 0.999) were obtained for the

binding constants (Ks).

5.4.4 Molecular Modeling

Double-stranded DNA poly(dA-dT): and poly(dG-dC). were created with the program NU-
CGEN, which is a part of the AMBER11 program suite. Substrate ((L) PBI 18 dimer) was docked
manually into the polynucleotide minor groove by using the program Insight II. The obtained
complexes were neutralized (Na* ions added), solvated (TIP3P water was used), energy mini-
mized, equilibrated (temperature was adjusted to 300 K and the water density to about 1 g/cm?)
and simulated at 300 K for 10 ns (with a step of 1 fs) without any constrains. The simulations
were accomplished using Periodic Boundary conditions (PBC). Temperature and pressure were
kept constant during the simulation by Langevin dynamics (thermostat) and Berendsen barostat,
respectively. The Particle Mesh Ewald (PME) method was used for the calculation of long-range

electrostatic interactions.

5.4.5 Synthesis and characterization of PBIs

General procedure for the synthesis of PBIs (L)- or (D) PBI 11: Perylene tetracarboxylic
bisanhydride PBA (1.00 mmol, 1 equiv), the appropriate a-amino acid L- or D-Phe (2 equiv) and
imidazole (40 mmol) were mixed and heated to 120 °C for 30 minutes. After cooling down to
85 °C the pH value was adjusted to 3-4 with 1 N hydrochloric acid. The precipitate was collected

by suction filtration, washed with water and dried in high vacuum.

N,N’-(L-phenylalanyl)perylene-3,4:9,10-tetracarboxylic acid bisimide ((L) PBI 11): yield:
824 mg (1.20 mmol, 96%) of a dark red solid; MW (Ca2H26N20s) = 686.66 g/mol; m.p.: > 400
°C; 'H NMR (400 MHz, [Ds]DMSO): 6 = 8.87 (d, J= 8.2 Hz, 4H, perylene protons), 8.51 (d,
J=17.8 Hz, 4H, perylene protons), 7.19 (d, J= 1.3 Hz, 4H, Ph-H), 7.15 (t, /= 7.2 Hz, 4H, Ph-H),
7.04 (t, J=7.2 Hz, 2H, Ph-H), 5.92 (q, /=5.3 Hz, 2H, CH), 3.60 (dd, J=14.8 Hz, J=5.9 Hz,

2H, CH»), 3.38 (dd, J = 14.2 Hz, J= 9.5 Hz, 2H, CH>, partially superimposed by the water peak);
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FT-IR: 3027 (w), 2936 (W), 1696 (s), 1655 (s), 1590 (s), 1575 (s), 1495 (m), 1434 (m), 1401 (m),
1363 (s), 1342 (s), 1252 (m), 1196 (m), 1128 (m).

N,N’-(D-phenylalanyl)perylene-3,4:9,10-tetracarboxylic acid bisimide ((p) PBI 11): yield:
823 mg (1.19 mmol, 98%) of a dark red solid; MW (C42H26N20s) = 686.66 g/mol; m.p.: > 400
°C; 'H NMR (400 MHz, [Ds]DMSO): = 8.84 (d, J= 8.3 Hz, 4H, perylene protons), 8.50 (d,
J=17.6 Hz, 4H, perylene protons), 7.20 (d, J= 1.3 Hz, 4H, Ph-H), 7.15 (t, /= 7.2 Hz, 4H, Ph-H),
7.05 (t, J=7.2 Hz, 2H, Ph-H), 5.91 (dd, J = 5.4 Hz, 2H, Ph-H), 3.60 (dd, J= 14.4 Hz, J= 5.9 Hz,
2H, CH»), 3.40 (dd, J=14.0 Hz, J=9.5 Hz, 2H, CH2); FT-IR: 3027 (w), 2940 (w), 1731 (m),
1695 (s), 1655 (s), 1591 (s), 1576 (s), 1496 (m), 1434 (m), 1401 (m), 1363 (s), 1341 (s), 1252
(m), 1168 (m), 1128 (m);

Synthesis of Boc-protected amine 7Boc-4,9-dioxa-1,12-dodecanamine (Boc-(0Q)) (for the
structure see Scheme 7in the main text): 4,9-Dioxa-1,12-dodecanediamine (5 g, 24.5 mmol,
5.23 mL, 2.5 equiv) was dissolved in dichloromethane / methanol (3:2, 250 mL) under argon at-
mosphere. A solution of di-tbutyl dicarbonate (2.15 g, 9.85 mmol, 1 equiv) in methanol (10 mL)
was added dropwise within 10 minutes. The reaction solution was stirred for additional 48 h un-
der argon atmosphere at room temperature. After removal of the solvent in vacuo, the highly vis-
cous oil was purified by column chromatography (Si02, CH2Cl2/MeOH: NEt; = 10:3:0.5 v/v/v)
to obtain the desired product as a light yellow oil in 76% yield (2.27 g, 7.46 mmol). MW
(C1sH32N204) = 304.43 g/mol; Rr=0.8 (CH2Cl2:MeOH:NEt3 =10:4:1); 'H NMR (CDCl3):
0=4.93 (br s, 1H, NH), 3.45 (m, 8H, CH>), 3.21 (m, 2H, CH2), 2.82 (t, /= 6.7 Hz, 2H, CH>),
2.26 (br s, 2H, NH2), 1.73 (quint, J = 6.2 Hz, 4H, CH>), 1.64 (quint, /= 3.1 Hz, 4H, CH>»), 1.45
(s, 9H, CH3); MS (MALDI-TOF, matrix: DHB 2:1 in methanol): m/z =305.243; calcd for
[M+H]": 305.244.

General procedure for the synthesis of PBIs (L) or (D) PBI 13: A solution of the respective PBI
(0.28 mmol, 1 equiv), threefold /Boc-protected spermine Boc-(N) (2.1 equiv), DCC (3 equiv),
HOBE (0.8 equiv) and Hiinig’s base (EtN(iPr)2, 0.1 mL) were stirred in DMF (5 mL) at 80 °C for
4 h. After the mixture is being cooled down to room temperature, water (50 mL) and CH2Cl2
(50 mL) were added. The phases were separated and the aqueous phase was extracted with

CH2Cl2 (2 x 50 mL). The combined organic phases were washed with water (200 mL) and con-
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centrated under reduced pressure. The crude product was purified by column chromatography

(Si02, CH2Cl2/MeOH = 99:1 to 97:3) and subsequent HPLC (CH2Cl2/MeOH = 97:3).

N,N’-(L-phenylalanyl(tri-sfBoc-spermine))perylene-3,4:9,10-tetracarboxylic acid bisimide
(ry PBI 13): Yieldd 76mg (046 mmol, 29%) of a pink solid; MW
(Co2H122N10018) = 1656.01 g/mol; R¢= 0.26 (SiO2, CH2Cl2:MeOH = 97:3); m.p.: 91 — 93 °C; 'H
NMR (CDCl): 0 =8.51 (d, J= 8.0 Hz, 4H, perylene protons), 8.44 (s, J= 8.3 Hz, 4H, perylene
protons), 7.62 (br s, 2H, NH), 7.06 (m, 10H, Ph-H), 6.00 (dd, J=5.9 Hz, J=4.6 Hz, 2H, CH),
3.79 -3.74 (m, 2H, CH2), 3.57 (m, 2H, CH2), 3.07 (m, 24H, CH2), 1.56 (m, 8H CH2), 1.42 (s,
46H, CH2, CHs), 0.80 (s, 16H, CH2, CH3); HRMS (ESI pos.): m/z=1677.8836; calcd for
[M+Na]*:1677.8831; UV/Vis (CH2Cl2, ¢=5 x 10° M): Amax (nm) [emax (M'em™)] =459
[18400], 491 [50800], 527 [85000].

N,N’-(D-phenylalanyl(tri-sfBoc-spermine))perylene-3.,4:9,10-tetracarboxylic acid bisimide
() PBI 13): Yield: 430mg (0.26 mmol, 72%) of a pink solid, MW
(Co2H122N10018) = 1656.01 g/mol; Rr= 0.26 (SiO2, CH2Cl2:MeOH = 97:3); m.p.: 92— 93 °C; 'H
NMR (CDCl): 6 =8.57 (d, J= 8.3 Hz, 4H, perylene protons), 8.44 (s, J= 6.6 Hz; 4H, perylene
protons), 7.69 (br s, 2H, NH), 7.12 (m, 10H, Ph-H), 6.06 (dd, /=4.2 Hz, J=5.0 Hz, 2H, CH),
3.84 (m, 2H, CH2), 3.65 (m, 2H, CH>), 3.14 (m, 24H, CH2), 1.61 (m, 8H, CH2), 1.42 (s, 46H,
CH:, CHs), 0.87 (s, 16H, CH2, CH3); HRMS (ESI pos.): m/z=1677.8852; calcd for
[M+Na]*:1677.8831; UV/Vis (CH2Clz, ¢ = 5 x 10 M): Zmax (nm) [emax (M lem™)] = 459 [18200],
491 [50600], 527 [85000].

General procedure for the synthesis of PBIs (L) or (D) PBI 14 and (L) or (D) PBI 15: A sus-
pension of the respective PBI (0.240 mmol, 1 equiv), Boc-protected amine Boc-(O) (3 equiv), O-
(7-azabenzotriazol-1-yl)-N,N,N’ ,N’-tetramethyl-uronium hexafluorophosphate (HATU)
(2.2 equiv) and Hiinig’s base (2 equiv) was stirred in dry DMF (15 mL) at room temperature for
24 h under argon atmosphere. After removal of the solvent in vacuo, water (100 mL) was added
and extracted with CH2Cl2 (4 x 80 mL).The combined organic phases were dried over MgSO4
and concentrated under reduced pressure. The crude product was purified by column chromatog-

raphy (SiO2, CH2Cl2/MeOH = 20:1).
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N,N’-(L-alanyl(rfBoc-4,9-dioxa-1,12-dodecanamine))perylene-3,4:9,10-tetracarboxylic  acid
bisimide ((L) PBI 14): Yield: 121 mg (0.108 mmol, 46%) of a red solid; MW
(C6oH78N6O14) = 1107.29 g/mol; Re= 0.16 (SiO2, CH2Cl2:MeOH = 20:1); m.p.: 274 — 276 °C; 'H
NMR (CDCl): 0 =8.60 (d, J= 8.0 Hz, 4H, perylene protons), 8.59 (d, J = 8.1 Hz, 4H, perylene
protons), 6.74 (t, /= 5.0 Hz, 2H, NH), 5.71 (q, /= 6.9 Hz, 2H, CH), 4.85 (br s, 2H, NH), 3.57 (t,
J=15.7Hz, 4H, CH»), 3.49 (m, 4H, CH»), 3.41 (t, J=5.9 Hz, 4H, CH>), 3.36 (m, 4H, CH>), 3.17
(m, 4H, CH2), 1.85 (m, 4H, CH»), 1.73 (d, /= 7.0 Hz, 6H, CH3), 1.69 (m, 4H, CH2), 1.41 (br s,
26 H, CHz2, CH3); MS (MALDI-TOF, matrix: DCTB 1:3 in chloroform): m/z = 1106.399; calcd
for [M]: 1106.560; elemental analysis calcd (%) for CeoH7sN6O14: C 65.08, H 7.10, N 7.59;
found: C 64.46, H: 7.50, N 7.42; UV/Vis (CH2Clz, ¢ =5x 10° M): Jmax (nm) [emax (M'cm
] =459 [17900], 490 [51700], 526 [85400].

N,N’-(D-alanyl(fBoc-4,9-dioxa-1,12-dodecanamine))perylene-3,4:9,10-tetracarboxylic  acid
bisimide ((p) PBI 14): Yield: 65.1 mg (0.059 mmol, 26%) of a red solid, MW
(CsoH7sN6O14) = 1107.29 g/mol; Re= 0.16 (SiO2, CH2Cl2:MeOH = 20:1); m.p.: 275 — 276 °C; 'H
NMR (CDCl): 0 = 8.58 (d, J= 8.0 Hz, 4H, perylene protons), 8.44 (d, J= 8.2 Hz, 4H, perylene
protons), 6.78 (t, /= 4.8 Hz, 2H, NH), 5.71 (q, /= 7.0 Hz, 2H, CH), 4.89 (br s, 2H, NH), 3.58 (t,
J=15.8 Hz, 4H, CH>), 3.49 (m, 4H, CH2), 3.43 (t, /= 6.0 Hz, 4H, CH>), 3.37 (m, 4H, CH>), 3.17
(m, 4H, CH2), 1.86 (m, 4H, CH2), 1.73 (d, /= 7.0 Hz, 6H, CH3), 1.69 (m, 4H, CH>), 1.42 (br s,
26 H, CHz, CH3); MS (MALDI-TOF, matrix: DCTB 1:3 in chloroform): m/z=1106.308; calcd
for [M]: 1106.560; elemental analysis calcd (%) for CeoH78sNe¢O14: C 65.08, H 7.10, N 7.59;
found: C 64.84, H: 7.27, N 7.44; UV/Vis (CH2Cl2, ¢ =5x 10> M): Amax (nm) [emax (M lcm®
1] =459 [17500], 490 [50300], 526 [83700].

N,N’-(L-phenylalanyl(rBoc-4,9-dioxa-1,12-dodecanamine))perylene-3,4:9,10-tetracarboxylic
acid bisimide ((L) PBI 15): Yield: 144 mg (0.114 mmol, 50%) of a red solid; MW
(C72HgeN6O14 = 1259.49 g/mol; Rr=10.17 (SiO2, CH2Cl2:MeOH = 20:1); m.p.: 81 —83°C; 'H
NMR (CDCl): 0 = 8.46 (d, J= 8.0 Hz, 4H, perylene protons), 8.34 (d, J= 8.2 Hz, 4H, perylene
protons), 7.21 (d, J= 8.6 Hz, 4H, Ph-H), 7.11 (t, J=7.1 Hz, 4H, Ph-H), 7.03 (t, J=7.3 Hz, 2H,
Ph-H), 6.69 (br s, 2H, NH), 6.00 (dd, J= 6.3 Hz, 2H, CH), 4,83 (br s, 2H, NH), 3.62 (m, 4H,
CH>), 3.49 (m, 6H, H4, CH>), 3.34 (m, 10H, CH2), 3.29 (m, 4H, CH2), 3.13 (m, 4H, CH), 1.82

(quint, J= 6.1 Hz, 4H, CH2), 1.65 (quint, 4H, J=6.1 Hz, CHs), 1.51 (quint, J=3.0 Hz, 8H,
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CH>), 1.42 (s, 18H, CH3); MS (MALDI-TOF, matrix: DCTB 1:3 in chloroform): m/z = 1258.429;
calcd for [M]: 1258.620; elemental analysis calcd (%) for C72HssNeO14: C 68.66, H 6.88, N 6.67;
found: C 68.93, H: 7.24, N 6.48; UV/Vis (CH2Clz, ¢ =5x 10° M): Jmax (nm) [emax (M'cm
1] =459 [18400], 491 [52400], 527 [86400].

N,N’-(D-phenylalanyl(fBoc-4,9-dioxa-1,12-dodecanamine))perylene-3,4:9,10-tetracarboxylic
acid bisimide ((p) PBI 15): Yield: 181 mg (0.113 mmol, 60%) of a red solid; MW
(C72HssN6O14) = 1259.49 g/mol; Rr=0.14 (SiO2, CH2Cl2:MeOH = 20:1); m.p.: 82 -84 °C; 'H
NMR (CDCIl3): 0 =8.55 (m, 8H, perylene protons), 7.19 (d, J=6.8 Hz, 4H, Ph-H), 7.10 (t,
J=17.6 Hz, 4H, Ph-H), 7.03 (t, /= 7.0 Hz, 2H, Ph-H), 6.56 (br s, 2H, NH), 6.00 (dd, J= 6.5 Hz,
2H, CH), 4,80 (br s, 2H, NH), 3.61 (m, 4H, CH2), 3.48 (m, 6H, H4, CH2), 3.32 (m, 10H, CH>),
3.27 (m, 4H, CH2), 3.11 (m, 4H, CH>), 1.77 (quint, J=5.3 Hz, 4H, CH2), 1.64 (quint, 4H,
J=06.1 Hz, CH2), 1.46 (quint, J= 3.0 Hz, 8H, CH2), 1.40 (s, 18H, CH3); MS (MALDI-TOF, ma-
trix: DCTB 1:3 in chloroform): m/z =1258.378; calcd for [M]: 1258.620; elemental analysis
calcd (%) for C72HssN6O14: C 68.66, H 6.88, N 6.67; found: C 68.66, H: 7.11, N 6.53; UV/Vis
(CH2Clz, ¢ = 5 x 107 M): Jimax (nm) [emax (M 'em™)] = 459 [17700], 491 [50300], 527 [82900].

General procedure for the synthesis of PBIs (L)- and (p) PBI 17, (L)- and (p) PBI 18, and
(O)- (L)- and (p) PBI 19: A solution of the respective PBI (1 equiv) in trifluoroacetic acid
(3 mL) was stirred for 1-5 h at room temperature and subsequently concentrated in vacuo. MilliQ
water (5 mL) was added to the residue, yielding a dark red solution, which was then lyophilized

twice to obtain pure compound.

N,N’-(L-phenylalanyl(spermine))perylene-3,4:9,10-tetracarboxylic acid bisimide ((L) PBI
17):  Yield: 13.9mg (8x10°mol, quantitative) of a red fluffy solid; MW
(C74HgoF18N10018) = 1739.45 g/mol; m.p.: >400°C; 'H NMR ([Ds]DMSO): §=8.95 (d,
J=28.0 Hz, 4H, perylene protons), 8.72 (br s, 4H, NH), 8.53 (br d, J = 7.6 Hz, 6H, perylene pro-
tons, NH), 8.22 (t, /J=6.0 Hz, 2H, CH), 7.88 (br s, 4H, NH2), 7.05 (m, 10H, Ph-H), 5.82 (dd,
J=10.0 Hz, J=5.2 Hz, 2H, CH>), 3.65 (dd, J=14.0 Hz, J=5.6 Hz, 2H, CH>), 3.17 (m, 4H,
CH2), 2.91 (m, 20H, CHz2), 1.89 (quint, J= 7.2 Hz, 4H, CH2), 1.73 (m, 4H, CH2), 1.66 (br s, 8H,
CH2); HRMS (ESI pos.): m/z=1055.5842; calcd for [M+H]":1055.5866; UV/Vis (H:0,
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c=5x10%M): max (nm) [emax (M lem™)] =469 [19400], 500 [52600], 537 [84900]; fluores-
cence (H20, dex =475 nm): Amax (nm) = 549; &= 0.79.

N,N’-(D-phenylalanyl(spermine))perylene-3,4:9,10-tetracarboxylic acid bisimide ((p) PBI
17):  Yield: 139mg (8x10%mol, quantitative) of a red fluffy solid; MW
(C74HsoF18N10018) = 1739.45 g/mol; m.p.: >400°C; 'H NMR ([Ds]DMSO): 5=28.95 (d,
J=28.0 Hz, 4H, perylene protons), 8.78 (br s, 4H, NH), 8.58 (br s, 2H, NH), 8.53 (d, /= 8.0 Hz,
4H, perylene protons), 8.21 (t, J= 6.0 Hz, 2H, CH), 7.91 (br s, 4H, NH>), 7.06 (m, 10H, Ph-H),
5.82(dd,J=10.4 Hz, J= 5.6 Hz, 2H, CH»), 3.66 (dd, J = 14.4 Hz, J= 5.6 Hz, 2H, CH>), 3.17 (br
s, 4H, CH2), 2.93 (m, 20H, CH2), 1.91 (quint, J= 8.0 Hz, 4H CH2), 1.73 (m, 4H, CH2), 1.66 (br s,
8H, CHz); HRMS (ESI pos.): m/z = 1055.5866; calcd for [M+H]":1055.5866.

N,N’-(L-alanyl(4,9-dioxa-1,12-dodecanamine))perylene-3,4:9,10-tetracarboxylic acid bis-
imide ((L) PBI 18): Yield: 115mg (0.101 mmol, 97%) of a red fluffy solid; MW
(Cs4Hs4FsN6O14) = 1135.11 g/mol; m.p.: 103 —105 °C; 'H NMR ([D4]MeOH): J=8.54 (d,
J=8.2 Hz, 4 H, perylene protons), 8.47 (d, J = 8.0 Hz, 4H, perylene protons), 5.67 (q, /= 7.0 Hz,
2H, CH), 3.49 (m, 20H, CH>), 3.02 (t, J=7.0 Hz, 4H, CH2), 1.88 (m, 4H, CH2), 1.80 (m, 4H,
CH»), 1.78 (d, J=17.0 Hz, 6H, CH3), 1.61 (m, 8H, CH2); HRMS (ESI pos.): m/z=929.4254;
calcd for [M+Na]": 929.4420; elemental analysis calcd (%) for CsaHsaFsN6O14 + 2 H20: C 55.38,
H 5.85, N 7.18; found: C 55.29, H 5.86, N 7.13; UV/Vis (H20, ¢ =5 x 10°® M): Jmax (M) [€max
(M-'em™)] = 500 [30000], 535 [22800], fluorescence (H20, Jex = 480 nm): Amax (nm) = 543, 585;

N,N’-(D-alanyl(4,9-dioxa-1,12-dodecanamine))perylene-3,4:9,10-tetracarboxylic acid bis-
imide ((p) PBI 18): Yield: 59.6 mg (0.053 mmol, 93%) of a red fluffy solid; MW
(Cs4Hs4FsNgO14) = 1135.11 g/mol; m.p.: 104 —-106 °C; 'H NMR ([D4]MeOH): 6 =8.54 (d,
J=28.1 Hz, 4 H, perylene protons), 8.47 (d, /= 8.0 Hz, 4H, perylene protons), 5.67 (q, J = 7.0 Hz,
2H, CH), 3.50 (m, 20H, CH>), 3.02 (t, J=7.0 Hz, 4H, CH2), 1.90 (m, 4H, CH2), 1.79 (m, 10H,
CHz, CH3), 1.62 (m, 8H, CH2); HRMS (ESI pos.): m/z = 929.4271; calcd for [M+Na]": 929.4420;
elemental analysis calcd. (%) for CssHeaFsNeO14 + 2 H20: C 55.38, H 5.85, N 7.18; found: C
55.72, H 6.07, N 7.20; UV/Vis (H20, ¢ = 5 x 10° M): Jmax (nm) [emax (M"'em™)] = 500 [33300],
535 [25900], fluorescence (H20, Jex = 480 nm): Amax (nm) = 543, 585.

137



Chapter 5 PBI/DNA interactions

N,N’-(L-phenylalanyl(4,9-dioxa-1,12-dodecanamine))perylene-3,4:9,10-tetracarboxylic acid
bisimide ((L) PBI 19): Yield: 180 mg (0.140 mmol, 93%) of a red fluffy solid; MW
(CesH72F6NsO14) = 1287.30 g/mol; m.p.: 104 —106 °C; 'H NMR ([D4]MeOH): 5=8.70 (d,
J=17.9 Hz, 4H, perylene protons), 8.49 (d, J = 7.9 Hz, 4H, perylene protons), 7.13 (d, J = 8.0 Hz,
4H, Ph-H), 7.04 (t, J="7.5 Hz, 4H, Ph-H), 6.97 (t, /= 7.4 Hz, 2H, Ph-H), 5.99 (dd, /= 5.6 Hz,
2H, CH), 3.63 (m, 4H, CH), 3.53 (m, 6H, CH2), 3.46 (m, 10H, CH2), 3.38 (m, 4H, CH2), 3.02 (t,
J=17.0 Hz, 4H, CH2), 1.88 (quint, J= 6.0 Hz, 4H, CH2), 1.78 (quint, J = 6.5 Hz, 4H, CH2), 1.62
(m, 8H, CHz); HRMS (ESI pos.): m/z=1081.5023; calcd for [M+Na]": 1081.5046; elemental
analysis calcd (%) for CesH72FsN6O14 + H20: C 60.73, H 5.71, N 6.44; found: C 60.33, H 5.75, N
6.42; UV/Vis (H20, ¢ = 5 x 10 M): Amax (nm) [emax (M 'ecm™)] = 503 [23000], 538 [24900], fluo-
rescence (H20, Aex = 480 nm): Amax (nm) = 545, 588.

N,N’-(D-phenylalanyl(4,9-dioxa-1,12-dodecanamine))perylene-3,4:9,10-tetracarboxylic acid
bis-imide ((p) PBI 19): Yield: 180 mg (0.140 mmol, 93%) of a red fluffy solid; MW
(CesH72F6N6O14) = 1287.30 g/mol; m.p.: 101 —103 °C; 'H NMR ([D4]MeOH): 6 =8.65 (d,
J=1.9 Hz, 4H, perylene protons), 8.47 (d, J = 8.0 Hz, 4H, perylene protons), 7.14 (d, /= 7.4 Hz,
4H, Ph-H), 7.05 (t, J="7.1 Hz, 4H, Ph-H), 6.98 (t, /= 7.2 Hz, 2H, Ph-H), 6.00 (dd, J= 5.5 Hz,
2H, CH), 3.63 (m, 4H, CH), 3.54 (m, 6H, CH2), 3.47 (m, 10H, CH2), 3.37 (m, 4H, CH>), 3.07 (t,
J=7.0 Hz, 4H, CH>), 1.88 (quint, J= 6.4 Hz, 4H, CH2), 1.79 (quint, J = 6.3 Hz, 4H, CH2), 1.60
(m, 8H, CHz2); HRMS (ESI pos.): m/z=1081.5023; calcd for [M+Na]": 1081.5046; elemental
analysis calcd (%) for CesH72FsN6O14+ H20: C 60.73, H 5.71, N 6.44; found: C 60.11, H 5.78, N
6.45; UV/Vis (H20, ¢ = 5 x 10 M): Amax (nm) [emax (M 'cm™)] = 504 [27500], 538 [28800], fluo-
rescence (H20, Aex = 480 nm): Amax (nm) = 545, 588.
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Figure 70: Concentration-dependent UV/Vis spectra of a) (D) PBI 18and b) (D) PBI 19 in water (¢ =5 x 103 to 5 x
10 M). Arrows indicate the spectral changes upon increasing concentration.
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Figure 71: Changes of UV/Vis spectra of PBI a) (L) PBI 17 (¢ = 5 x 10 M), b) (D) PBI 17 (¢ = 1.25 x 107 M), ¢) (L)
PBI 18 (¢ =5x 10°M), d) (D) PBI 18 (¢ =5 x 10° M), ¢) (L) PBI 19 (¢ =5 x 10° M) and f) (D) PBI 19 (¢ =5 x 10°°
M) in water upon addition of aliquots of 1 M NaClyq (0 to 0.1 M). Arrows indicate spectral changes upon increasing

concentration of NaCl.
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Figure 72: Thermal denaturation of a) the free polynucleotide poly(dA-dT), upon heating to 95 °C and reformation
of the double stand upon cooling to 25 °C and b) poly(dA-dT), upon addition of (L) PBI 17and (L) PBI 19, r [c
(PBD)] / [c (polynucleotide)] = 0.1, at pH 7.0, buffer sodium cacodylate, / = 0.05 M. The small hysteresis of 2 and
1 °C is close to the error of the method (£ 0.5 °C). Second heating curve represent the reproducibility of the dena-

turation experiment.
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Figure 73: Changes of fluorescence spectra of a) (L) PBI 17 (¢ = 7.4 x 107 M) and b) (D) PBI 17 (¢ = 5.0 x 107 M)
upon addition of poly(dG-dC), at pH 7.0, buffer sodium cacodylate, / = 0.05 M. Arrows indicate spectral changes
with increasing amount of poly(dG-dC),. Inset: Dependence of fluorescence intensity at Amax = 594 nm on the con-
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141



Chapter 5 PBI/DNA interactions

a) b) 1.0{e
1.2 —  10{e 1.2+ T oslh
z SE ]
© € 08{ ¢ S € 06 .
T = =N
1o £qosl ° ~ S804 ..
el 5 % S g 2 o) 0 . .
s = 04 L) E T,
s 0-81 E® Steees . = &
o @ 02 £ 0.0 : .
= 0.6 @ e 2.0x10° 4.0x10°
s o0 = ly(dG - dC), / M
2 00 1.0x10° 2.0x10° 3.0x10° 3 ¢ (poly( ),
E 0.4 c(poly(dA-dT),/M o
0.2
' 0.0 Y
0.0 . i ==
550 600 650 550 600 650
Al nm Al nm

Figure 74: Changes of fluorescence spectra of a) (L) PBI 19 (¢ = 5.0 x 10-® M) upon addition of poly(dA-dT), and b)
(D) PBI 19 (¢ = 5.0 x 10®* M) upon addition of poly(dG-dC), at pH 7.0, buffer sodium cacodylate, / = 0.05 M. Ar-
rows indicate spectral changes with increasing amount of poly(dA-dT), and poly(dG-dC),. Inset: Dependence of
fluorescence intensity at Amax = 592 nm on the concentration of poly(dA-dT), and poly(dG-dC),.
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Figure 75: a) Fluorescence intensity decay and b) normalized fluorescence intensity decay (1x=490 nm, gt = 547
nm) of (L) PBI 18 (¢ = 5.0 x 10-® M) upon addition of ct-DNA at pH 7.0, buffer sodium cacodylate, / = 0.05 M. Ar-
rows indicate spectral changes with increasing amount of ct-DNA.
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Figure 76: CD spectra of (L)- and (D) PBI 16 upon interaction with a) poly(dA-dT),, b) poly dA-poly dT, c) poly A-
poly U and d) poly(dG-dC), at pH 7.0 in sodium cacodylate buffer, / = 0.05 M; polynucleotide concentration: 4 x 10
> M; 7 [e (PBI)] / [c (polynucleotide)] = 0.15; L-configured PBI (solid line), D-configured PBI (dashed line), shown
for the purpose of comparison.®”!
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Figure 77: Changes of CD spectra upon addition of increasing amounts of (L) PBI 18 (left) and (D) PBI 18 (right) to

various DNA/RNA (¢ = 4 x 10 M) at different ratios 7; pH 7.0 in sodium cacodylate buffer, 7 = 0.05 M. Arrows

indicate spectral changes upon increasing concentration of (L)- and (D) PBI 18.
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Figure 78: Changes of CD spectra upon addition of increasing amounts of (L) PBI 17 (left) and (D) PBI 17 (right) to
various DNA/RNA (¢ = 4 x 10 M) at different ratios 7; pH 7.0 in sodium cacodylate buffer, 7 = 0.05 M. Arrows
indicate spectral changes upon increasing concentration of (L)- and (D) PBI 17.
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Figure 79: Changes of CD spectra upon addition of increasing amounts of(L) PBI 19 (left) and (D) PBI 19 (right) to
various DNA/RNA (¢ = 4 x 107 M) at different ratios r; pH 7.0 in sodium cacodylate buffer, 7 = 0.05 M. Arrows
indicate spectral changes upon increasing concentration of (L)- and (D) PBI 19.
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Figure 80: a) Changes of CD spectra of (L) PBI 19 / poly (dA-dT), complex (c (poly (dA-dT);) =4 x 10° M; r =
[compound] / [polynucleotide] = 0.1) with increase of temperature; pH 7.0 in sodium cacodylate buffer, / = 0.05 M.
Arrows indicate spectral changes with increase of temperature from 25 — 90 °C; b) CD spectra at 25 °C (start and

return temperature) and 90 °C.
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Chapter 6
Summary

The self-assembly of molecules based on m-n-interactions and hydrogen bonding is of significant
importance in nature. These processes enable the formation of complex supramolecular structures
with diverse functions. For the transfer of the concepts from nature to artificial supramolecular
structures, a basic understanding of those processes is needed. For this purpose, m-conjugated
aromatic molecules with an easy synthetic access are suitable as their functionalities can be
changed effortless. Perylene bisimide (PBIs) dyes are attractive candidates since they fulfill these
requirements owing to their tendency to self-assemble in solution due to their large aromatic -
surfaces. Furthermore, the changes of the optical properties (for instance absorption, emission or
circular dichroism) of PBI dyes, caused by their self-assembly, are easy to study experimentally.
Structural variations of PBI dyes including additional non-covalent interactions, such as hydro-
gen bonding, enable to direct their self-assembly process. Thus, the formation of interesting su-
pramolecular structures of PBI dyes could be realized, although, often of undefined size. The aim
of this thesis was to develop strategies to restrict the aggregate size of PBI dyes. Therefore, de-
fined structural features of PBI molecules were combined and a variation of external influences
such as solvent and concentration included. Furthermore, DNA was utilized as a template for the
limitation of the aggregate size of PBI dyes.

Chapters 1 and 2 provide general information and describe examples from literature which are
necessary to understand the following experimental work. The first chapter is based on the inter-
actions of various molecules with DNA. Therefore, DNA is considered as a supramolecular bi-
omacromolecule containing specific structural and functional features to interact with small mol-
ecules. Afterwards, the main interaction modes of small molecules with DNA such as electrostat-
ic interaction, intercalation and groove binding with corresponding examples are discussed.
Among all techniques applied to study the interaction of ligands with DNA, UV/Vis absorption,
fluorescence and circular dichroism spectroscopy were described in detail. At the end of this
chapter, examples of already pre-associated systems showing interactions with DNA are present-

ed.
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The second chapter is focused on the determination and mathematic evaluation of the self-
assembly processes. The simplest models such as monomer-dimer and isodesmic model are de-
scribed and supplemented by examples. Furthermore, the simplest modification of the isodesmic
model, the K2-K model, is presented. Additionally, experimental problems, which may arise dur-
ing the investigations of the self-assembly processes, are addressed. For the description of the
entire self-assembly process, a sufficiently large concentration range and an appropriate meas-
urement method that is sensitive in this concentration range is necessary. Furthermore, the full
transition from the monomeric to the aggregated species has to be spectroscopically ascertaina-
ble. This enables an accurate mathematic evaluation of the self-assembly process and provides
meaningful binding constants. The self-assembly pathway can be controlled by the variation of
solvent, concentration or temperature. However, this pathway can also be directed by a rational
design of the molecular structure of the considered system. For example, a specific interplay of -
n-interactions and hydrogen bonding may promote isodesmic as well as cooperative growth into
large structures.

The main focus of this thesis is to develop strategies to control the aggregate size of PBI dyes
(Chapter 3). For this purpose, a PBI scaffold was designed which contains hydrogen bonding
amide functions at the imide positions derived from the amino acid L-alanine and solubilizing
side groups in the periphery (Figure 81). The variations of the residues R/R’ range from di-
dodecyloxyphenyl, didodecylphenyl, dioligo(ethylene glycol)phenyl to branched and linear alkyl

chains.
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Figure 81: Structures of PBIs 5-9.

(reference compound)

The most extensive study of the aggregation behavior was performed for the PBI dye 5. Concen-
tration-dependent '"H NMR and UV/Vis absorption measurements clearly revealed the formation
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of dimers in chloroform. Further investigations by means of 2D NMR, VPO and ITC confirmed
the exclusive presence of dimer aggregates of PBI 5 in the investigated concentration range. Mo-
lecular modelling studies, supported by NMR and FT-IR experiments, provided structural reasons
for the absence of further growth into larger aggregates. The specific combination of n-w interac-
tions and hydrogen bonds between the NH groups of the amide groups and the carbonyl oxygen
atoms of the PBI core are decisive for the formation of the discrete dimer stack (see Figure 82).
The investigations of the aggregation behavior of PBIs 6-9 were less extensive but consistent
with the results obtained for PBI 5. However, the determined binding constants vary over a con-
siderable range of 1.1 x 10> M'! (PBI 8) to 1.4 x 10* M™! (PBI 5). These differences could be at-
tributed to structural variations of the dyes. The electron-rich phenyl substituent promoted the
aggregation tendency of PBIs 5-7 compared with 8 and 9 that carry only alkyl side chains. Thus,
the m-m interactions of bay-unsubstituted PBI cores in combination with hydrogen bonding of the

amide functions control the formation of discrete dimers of these PBI dyes.

Figure 82: OPLS2001* (MacroModel) geometry-optimized structure of self-assembled PBI 5 dimer with dodecyloxy
chains replaced by methoxy groups.

The variation of conditions, such as solvent, change the aggregation behavior of PBI dyes. In the
solvents toluene and/or methylcyclohexane, anti-cooperative growth into larger aggregates of PBI
5 was observed (Chapter 4). The important feature of this self-assembly process is the absence of
isosbestic points over the whole concentration range in the UV/Vis absorption measurements.
The preference for the dimeric species of PBI 5 remained in both solvents as well as in mixtures
of them, but upon increasing the concentration these dimers self-assemble into larger aggregates.

An important feature of the self-assembly process is the preferred formation of even-numbered
aggregates compared to the odd-numbered ones (see Figure 83). Although, the conventional K>-K
model provides plausible binding constants, it is not capable to describe the aggregation behavior
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adequately, since it considers a continuous size distribution. The gradual aggregation process
over dimers, tetramers, hexamers, etc. was therefore analyzed with a newly developed K>-K mod-
el for anti-cooperative supramolecular polymerization. By the global analysis of the UV/Vis ab-
sorption spectra a very good agreement between the experimental and simulated spectra, which
were based on the new K>-K model, was obtained. Furthermore, the calculated UV/Vis absorp-
tion spectra of a dimer and an aggregate highlighted the most important structural differences.
The absorption spectrum of the dimer still has a pronounced vibronic structure which gets lost in

the spectrum of the aggregate.

Figure 83: Schematic illustration of the new model for supramolecular polymerization which describes the aggrega-
tion pathway of PBI 5.

In another part of this work, a series of water soluble PBI dyes were described which contain
similar PBI scaffolds as PBIs 5-8 (Chapter 5). These PBI dyes self-assemble into similar dimer
aggregates in water due to their positively charged side chains causing electrostatic repulsion
between the molecules (see Figure 84). Here, however, the self-assembly behavior has not been

studied thoroughly in water due to the similarities of already reported PBI dyes.

(0] (0]
+ s O s +
H R R H
(0] 6]

nx CF3CO0~

R =Me, X=NH,", n=6: (L) or (D) PBI 16

R =H, X=NH,*, n=6:PBI 20 R =Bz X=NH,*, n=6: (L)or (D) PBI 17
(reference compound) R=Me, X=0,n=2: (L) or (D) PBI 18
R=Bz,X=0,n=2: (L) or (D) PBI 19

Figure 84: Structures of water soluble PBIs 20, (L)- and (D) PBI 16, (L)- and (D) PBI 17, (L)- and (D) PBI 18, und (L)-
and (D) PBI 19.
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Instead, the focus here is on the characterization of the interactions of these dyes with
DNA/RNA. The comprehensive studies using thermal denaturation experiments showed the high
stability of these PBI/polynucleotide complexes. The spermine-functionalized PBI dyes having
six positive charges showed strong interactions with DNA/RNA which was expressed in a signif-
icant increase of the melting temperatures of DNA/RNA (ATm values between 7 and > 35 © C).
The dioxa analogues containing only two positive charges had lower enhancement of the melting
temperature of DNA/RNA (AT values between 3 and 30 ° C). A similar trend has been observed
in the fluorimetric titrations. The spermine-functionalized PBI dyes showed high binding con-
stants (log Ks = 9.2 - 9.8), independently of the used polynucleotides. In contrast, the dioxa ana-
logues displayed smaller binding constants (log Ks = 6.5 - 7.9) without any correlation between
binding affinity and binding strength of the PBI dyes and the applied polynucleotides. The CD-
spectroscopic measurements revealed significant differences in the binding properties of the dyes
with DNA/RNA. They were dependent on the steric hindrance of the amino acid residues at the
imide position and their configuration on one side and the grooves properties of ds-DNA/RNA on
the other side. The spectroscopic results confirmed the formation of excitonically coupled PBI
dimers in the minor groove of ds-DNA and the major groove of ds-RNA. Depending on the se-
quence, the grooves of the polynucleotides provide different amount of space for embedding
molecules. The guanine amino groups protrude into the minor groove of the polynucleotide
poly(dG-dC):2 increasing the steric hindrance, which is not the case for poly(dA-dT).. Molecular
modeling studies showed that the PBI dimers penetrate deeper into the groove of poly(dA-dT):
due to the absence of the steric hindrance, in comparison to the groove of poly(dG-dC): (see Fig-

ure 85).

Figure 85: Molecular structures of a) (L) PBI 18 dimer/poly(dA-dT), and b) (L) PBI 18 dimer/poly(dG-dC), com-
plexes showing the orientation and the arrangement of the PBI dimers in the minor groove of ds-polynucleotides.
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Chapter 7
Zusammenfassung

Die Selbstassemblierung von Molekiilen, die auf m-n-Wechselwirkungen und Wasenstoftbrii-
ckenbindungen basiert, ist von entscheidender Bedeutung in der Natur. Selbstassemblierungspro-
zesse ermoglichen den Aufbau von komplexen supramolekularen Strukturen mit vielféltigen
Funktionen. Um Konzepte aus der Natur fiir kiinstliche supramolekulare Systeme nutzen zu kon-
nen, miissen die wesentlichen Abldufe der Selbstassemblierungsprozesse verstanden werden.
Dazu eignen sich n-konjugierte aromatische Molekiile, die einen relativ einfachen synthetischen
Zugang bieten und vielfiltig funktionalisiert werden konnen. Perylenbisimid-Farbstoffe (PBI)
stellen fiir diesen Zweck eine attraktive Substanzklasse dar, da sie aufgrund von groB3en aromati-
schen m-Flachen zur Selbstassemblierung tendieren. Zusétzlich kénnen durch die Selbstassemb-
lierung einhergehenden Anderungen der optischen Eigenschaften (beispielsweise Absorption,
Emission oder Circulardichroismus) von PBI-Farbstoffen einfach experimentell studiert werden.
Die vielen strukturellen Variationsmoglichkeiten von PBI-Farbstoffen erlauben das Einbeziehen
von weiteren nichtkovalenten Wechselwirkungen zwischen den Molekiilen, beispielsweise Was-
serstoffbriickenbindungen, sodass der Selbstassemblierungsprozess dirigiert werden kann. Mit
diesem Ansatz gelang es bisher interessante supramolekulare Strukturen von PBI-Farbstoffen
aufzubauen, allerdings waren diese oft von undefinierter Grof3e. Daher war das Ziel dieser Arbeit
die Entwicklung von Konzepten um die Aggregatgrofle von PBI-Farbstoffen zu begrenzen. Hier-
zu wurden definierte Strukturmerkmale von PBI Molekiilen kombiniert, der dullere Einfluss wie
Losungsmittel und Konzentration variiert und DNA als Templat fiir die groBenlimitierte Aggre-
gatstruktur der PBI-Farbstoffe eingesetzt.

Die Kapitel 1 und 2 geben allgemeine Informationen und diskutieren Beispiele aus der Literatur,
die ndtig sind, um die nachfolgend diskutierten experimentellen Arbeiten zu verstehen. Das erste
Kapitel diskutiert die Wechselwirkungen verschiedener Molekiilen mit DNA. Hierbei wird DNA
als ein supramolekulares Biomakromolekiil betrachtet und seine spezifischen strukturellen und
funktionalen Eigenschaften beschrieben, die fiir die Interaktionen mit kleinen Molekiilen aus-
schlaggebend sind. Die wichtigsten Interaktionsformen wie elektrostatische Wechselwirkungen

mit dem Phosphatriickgrat, Interkalation durch n-n-Wechselwirkungen mit den Basenpaaren und
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Furchenbindung durch Wasserstoffbriickenbindungen und van der Waals-Wechselwirkungen
werden anhand ausgewihlter Beispiele diskutiert. Von der Vielzahl moglicher Techniken, die
angewendet werden, um Wechselwirkungen zwischen Liganden und DNA zu untersuchen, wer-
den UV/Vis-, Fluoreszenz- und Circulardichroismus-Spektroskopie in Detail erldutert. Am Ende
des Kapitels werden Beispiele von Wechselwirkungen von bereits pra-assoziierten supramoleku-
laren Systemen mit DNA vorgestellt.
Das zweite Kapitel beschéftigt sich mit der Bestimmung und mathematischen Beschreibung von
Selbstassemblierungsprozessen. Die einfachsten Modelle, wie das Monomer-Dimer und das iso-
desmische Modell, werden beschrieben und mit Beispielen ergidnzt. Des Weiteren wird die ein-
fachste Modifikation des isodesmischen Modells, das K>-K Modell vorgestellt. Anschlieend
wird auf experimentelle Probleme eingegangen, die bei der Untersuchung von Selbstassemblie-
rungsprozessen auftreten konnen. Um den Assemblierungsprozess vollstindig beschreiben zu
konnen, wird ein ausreichend groBer Konzentrationsbereich und eine entsprechende Messtechnik,
die fiir diesen Konzentrationsbereich empfindlich genug ist, bendtigt. Des Weiteren sollte der
vollstindige Ubergang vom Monomer zum assemblierten System spektroskopisch erfassbar sein.
Dies ermdglicht eine akkurate mathematische Auswertung des Selbstassemblierungsprozesses
und liefert sinnvolle Bindungskonstanten. Der Selbstassemblierungspfad kann oft durch Variati-
on des Losungsmittels, Konzentration und Temperatur kontrolliert werden. Dariiber hinaus be-
steht die Moglichkeit, den Selbstassemblierungspfad mit Hilfe eines spezifischen Designs der
molekularen Struktur von dem untersuchten System zu dirigieren. Es konnte gezeigt werden, dass
ein besonderes Zusammenspiel von n-n-Wechselwirkungen und Wasserstoftbriickenbindungen
sowohl zum isodesmischen als auch kooperativen Wachstum von groB3en Strukturen fiihren kann.
Der Hauptfokus dieser Arbeit liegt in der Entwicklung von Strategien fiir die Kontrolle der
AggregatgroBBe von PBI Farbstoffen. (Kapitel 3). Um dieses Ziel zu erreichen, wurde ein PBI
Geriist entworfen, das Amidfunktionen in den Imidpositionen fiir die Ausbildung von Wasser-
stoffbriickenbindungen enthélt, die von der Aminosdure L-Alanin abgeleitet wurden. Zusétzlich
wurden in der Peripherie des Farbstoffgeriists jeweils 16slichkeitsfordernde Seitengruppen R/R°
wie Didodecyloxyphenyl, Didodecylphenyl, Dioligo(ethyleneglykol)phenyl sowie verzweigte
oder lineare Alkylketten eingefiihrt (siche Abbildung 81). Der PBI-Farbstoff 5 wurde ausfiihrlich
im Hinblick auf sein Aggregationsverhalten untersucht. Konzentrationsabhéngige 'H NMR- und
UV/Vis Absorptionsmessungen haben klar gezeigt, dass im Losungsmittel Chloroform dimere

Strukturen ausgebildet werden.
156



Chapter 7 Zusammenfassung
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Abbildung 81: Strukturen der PBI-Farbstofte S-9.

(Referenzverbindung)

Begleitende Untersuchungen (2D NMR, VPO und ITC) bestitigten die ausschlieBliche Prasenz
von Dimeren von 5 im experimentell zuginglichen Konzentrationsbereich. Molekulare Modellie-
rungs-Studien, die durch NMR und FT-IR Untersuchungen unterstiitzt werden, illustrieren sehr
gut die Ursachen fiir das Ausbleiben einer weiteren Aggregation zu grofleren Strukturen. Die
besondere Kombination aus den m-n-Wechselwirkungen und den Wasserstoftbriickenbindungen
zwischen den NH-Gruppen der Amidfunktionen und den Carbonylsauerstoffen des PBI-Kerns
sind demzufolge entscheidend fiir die Bildung des diskreten Dimer-Stapels (sieche Abbildung 82).

Abbildung 82: OPLS2001* (MacroModel) geometricoptimierte Struktur des aggregierten PBIs 5. Die Dodecyloxy-
Seitenketten wurden aus Ubersichtlichkeitsgriinden durch Methoxygruppen ersetzt.

Die Untersuchungen zum Aggregationsverhalten der PBI-Farbstoffe 6-9 waren weniger ausfiihr-
lich, stehen aber im Einklang mit den fiir PBI 5 gefundenen Ergebnissen. Die ermittelten Bin-
dungskonstanten variieren jedoch iiber einen beachtlichen Bereich von 1.1 x 10> M (PBI 8) bis
1.4 x 10* M (PBI 5). Diese Unterschiede konnten auf strukturelle Variationen der Farbstoffe
zuriickgefiihrt werden. Der elektronenreiche Phenylsubstituent forderte die Assemblierungsten-

denz von PBIs 5-7 im Vergleich zu 8 und 9, die nur Alkylseitenkennten tragen. Die m-m-
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Wechselwirkungen der in den Buchpositionen unsubstituierten PBI-Kerne in Kombination mit
wasserstoftbriickenbildenden Amidfunktionen steuern somit die Ausbildung diskreter Dimere
dieser PBI-Farbstoffe.

Durch die Variation der Bedingungen, beispielsweise des Losungsmittels, dndert sich das Aggre-
gationsverhalten der PBI-Farbstoffe. In den Losungsmitteln Toluol und/oder Methylcyclohexan
wurde fiir das PBI 5 anti-kooperatives Wachstum zu groBeren Aggregaten beobachtet (Kapitel 4).
Das entscheidende Merkmal dieses Selbstassemblierungsprozesses ist das Fehlen von isosbesti-
schen Punkten {iber den kompletten Konzentrationsbereich in den UV/Vis Absorptionsmessun-
gen. Die Bevorzugung der dimeren Struktur von PBI S blieb in beiden Losungsmitteln bzw. de-
ren Mischungen erhalten, allerdings assemblierten diese Dimere durch den Anstieg der Konzent-
ration in groBere Aggregate. Ein wichtiger Schritt im Selbstassemblierungsprozesses ist die be-
vorzugte Bildung von geradzahligen Aggregaten gegeniiber den ungeradzahligen Aggregaten

(siche Abbildung 83).

Abbildung 83: Schematische Darstellung des neuen Modells fiir die supramolekulare Polymerisation, die den Aggre-
gationspfad von PBI 5 beschreibt.

Das konventionelle K2-K Modell liefert zwar plausible Bindungskonstanten, kann dieses Aggre-
gationsverhalten aber nur ungeniigend beschreiben, da hier von kontinuierlicher GroBenvertei-
lung ausgegangen wird. Der schrittweise Aggregationsprozess iiber Dimere, Tetramere, Hexame-
re usw. wurde daher im Folgenden mit einem neu entwickelten K>-K-Modell fiir anti-
kooperatives supramolekulares Wachstum analysiert. Durch die globale Analyse von UV/Vis
Absorptionsspektren konnte eine sehr gute Ubereinstimmung zwischen den experimentellen und
den auf das neue K2-K Modell basierenden, simulierten Spektren erhalten werden. Des Weiteren

zeigten berechnete UV/Vis Absorptionsspektren eines Dimer- und Aggregatspektrums die wich-
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tigsten strukturellen Unterschiede. Das Absorptionsspektrum des Dimers weist immer noch eine
ausgepragte vibronische Struktur auf, welche im Spektrum des Aggregats verloren geht.

In einem weiteren Teil dieser Arbeit wird eine Serie von wasserloslichen PBI-Farbstoffen be-
schrieben, die ein dhnliches durch Aminosduren funktionalisiertes PBI-Geriist wie PBIs 5-8 auf-
weisen (Kapitel 5). Aufgrund der positiv geladenen Seitenketten, die fiir die elektrostatische Ab-
stoBung zwischen den Molekiilen sorgen, aggregieren diese Farbstoffe in Wasser zu dhnlichen
Dimerstrukturen (siche Abbildung 84). Hier wurde allerdings das Selbstassemblierungsverhalten
in Wasser aufgrund der strukturellen Ahnlichkeit zu bereits publizierten PBI-Farbstoffen nicht

eingehend untersucht.

0 o
: P aVaVall i
H H
R J o R

n x CF;CO0 "~

R =Me, X = NH,", n =6: (L) oder (D) PBI 16

R =H, X=NH,*, n=6:PBI 20 R =Bz X =NH,*, n=6: (L) oder (D) PBI 17
(Referenzverbindung) R=Me, X=0,n=2: (L) oder (D) PBI 18
R=Bz, X=0,n=2: (L) oder (D) PBI 19

Abbildung 84: Strukturen von wasserlslichen PBI-Farbstoffen PBI 20, (L)- und (D) PBI 16, (L)- und (D) PBI 17, (L)-
und (D) PBI 18, und (L)- und (D) PBI 19.

Stattdessen lag der Fokus hier auf der Charakterisierung der Wechselwirkungen dieser Farbstoffe
mit DNA/RNA. Die umfassenden Studien mit Hilfe von thermischen Denaturierungsstudien zeig-
ten eine hohe Stabilitdt der PBI/Polynukleotid-Komplexe. Die Spermin-funktionalisierten PBI-
Farbstoffe, welche sechs positive Ladungen aufweisen, zeigten starke Wechselwirkungen mit
DNA/RNA, was sich durch deutliche Schmelzpunkterh6hung der DNA/RNA (ATm-Werte zwi-
schen 7 und > 35 °C) duflerte. Die analogen Dioxa-Verbindungen mit nur zwei positiven Ladun-
gen wiesen geringere Schmelztemperaturerhohungen der jeweiligen DNA/RNA (ATwm-Werte zwi-
schen 3 und 30 °C) auf. Dieser Trend wurde auch in den fluorimetrischen Titrationsstudien beo-
bachtet. Die Spermin-funktionalisierten PBI-Farbstoffe zeigten hohe Bindungskostanten
(log Ks =9.2 —9.8), unabhéngig von den verwendeten Polynukleotiden. Im Gegensatz dazu wie-
sen die Dioxa-Analoge kleinere Bindungskonstanten (log Ks= 6.5 —7.9) auf, wobei kein Zu-
sammenhang zwischen Bindungsaffinitit und Bindungsstirke zwischen den PBI-Molekiilen und

den verwendeten Polynukleotiden hergestellt werden konnte. Die CD-spektroskopischen Mes-
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sungen verdeutlichten die signifikanten Unterschiede in den Bindungseigenschaften der Farbstof-
fe mit DNA/RNA. Entscheidend waren die sterische Hinderung der Aminosdurereste in den
Imidposition und deren Konfiguration auf der einen Seite und die Furcheneigenschaften von ds-
DNA/RNA auf der anderen Seite. Die spektroskopischen Ergebnisse belegten die Bildung von
exzitonisch gekoppelten PBI-Dimeren in der kleinen Furche von ds-DNA und der grof3en Furche
von ds-RNA. Die Furchen der Polynukleotide bieten unterschiedlich viel Raum fiir das Einbetten
von Molekiilen, was von der jeweiligen Sequenz abhédngt. Die Guanin-Aminogruppen ragen in
die kleine Furche des Polynukleotids poly(dG-dC)2, wodurch die sterische Hinderung im Ver-
gleich mit dem Polynukleotid poly(dA-dT): zunimmt. Molekulare Modellierungsstudien beleg-
ten, dass die PBI-Dimere tiefer in die Furche von poly(dA-dT):, als in die Furche von poly(dG-
dC)2 eingeschlossen werden, was auf die eben genannte sterische Hinderung zuriickgefiihrt wer-

den kann (sieche Abbildung 85).

Abbildung 85: Modellierte Strukturen von a) (L) PBI 18 Dimer/poly(dA-dT), und b) (L) PBI 18 Dimer/poly(dG-dC),
Komplexen, die die Orientierung und Anordnung der PBI-Dimere in den kleinen Furchen der ds-Polynukleotide
veranschaulichen.
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