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Chapter 1 Introduction and Aim of this Thesis

Chapter 1

Introduction and Aim of this Thesis

Self-sorting, i.e., the ability of molecules to differentiate between self and non-self in
complex mixtures, ” is one of the most prominent prerequisites towards the development of
life. Its importance is clearly illustrated by the DNA double helix (Figure 1), which can be
considered the most sophisticated natural medium for data storage. The right base pairing in
the DNA helix ensures the genetic information to be passed on correctly and thus, life to
continue.’ Inspired by this model we realize how important the understanding of the
molecular codes involved in efficient self-sorting processes will be to mimic nature or
improve its creations. In final instance this knowledge will enable the development of
complex functional systems, and the prediction of their properties by the adequate election of

the constitutional components.

a) b)

Figure 1. a) Model of a DNA double helix structure in Berkeley, California.” b) Cartoon entitled: The
music of life (in the key of DNA)."

* www.chicagonow.com/blogs/doctors-next-door/DNA Double Helix Model

® License obtained from www.cartoonstock.com/newscartoons/cartoonists/cma/lowres/cman511
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Chapter 1 Introduction and Aim of this Thesis

The understanding of chiral self-sorting, i.e., the ability of two enantiomers to recognize

themselves or their chiral counterpart,®'

is also of paramount importance to answer the
question of the origin of homochirality of life.""""® Accordingly, unraveling the molecular
codes, which direct general and chiral self-sorting, should open countless possibilities for the
development of new materials. To understand the basic keys directing self-sorting, a literature
survey on this topic is given in Chapter 2. An exhaustive description and classification of the
molecular codes (size and shape, complementarity of hydrogen bonded systems, steric effects,
charge transfer and coordination sphere of metal ions) proven to drive efficient self-sorting
processes in mixtures of interacting synthetic molecules is presented. Special emphasis is
devoted to chiral self-sorting systems due to their great significance both in biological
processes and organic synthesis.

In this thesis perylene bisimide (PBI) dyes have been chosen to explore their self-sorting
abilities for two reasons. First, PBIs constitute a prominent class of chromophores widely
used for the development of new functional organic materials'* due to their optical and
electrochemical properties.”’ Secondly, it has been demonstrated by X-ray diffraction of
single crystal structures that the introduction of substituents in the bay area induces a twist of
the naphthalene units providing PBIs with atropisomerism, which qualifies these dyes for
chiral self-sorting studies.”** However, first some problems had to be solved to make PBIs
really suitable for such self-sorting studies. It is known that interconversion between the
resultant M and P atropo-enantiomers occurs even for PBIs with four bulky bay substituents
such as chloride.**® Our group developed a strategy to avoid this interconversion by the
introduction of two oligoethylene glycol (OEG) chains bridging the 1 and 7, and 6 and 12 bay

positions and shielding both m-surfaces.’**

To enable the study and quantification of the self-
sorting ability of such chiral conformationally stable PBIs by m—mn-stacking one of the
bridging units had to be removed in this thesis (Figure 2a).

The presence of only one bridging unit has several advantages: i) the interconversion
between M and P enantiomers is still avoided and ii) m—m-stacking becomes possible through

the free m-surface leading to the exclusive formation of dimers. Compared to earlier

investigations on extended m-stacks of chiral PBIs®® the restriction to monomeric and dimeric
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species simplifies the system proper analysis of homo-and heterochiral aggregates. As imide
substituent we have chosen 3,4,5-tridodecylphenyl because these groups provide solubility
and mesogenic properties in the condensed state, thus allowing the exploration of the effect of

core-chirality even in their condensed matter.

a)

b)

Self-Recognition

20
0.0 *

2x — E
[
Self-Discrimination Q

[

.

Figure 2. a) Chemical structure of new macrocyclic monobridged PBI target molecules. b) Schematic
representation of the possible chiral self-recognition vs. self-discrimination processes in these novel

macrocyclic PBIs.

In a racemic mixture of such chiral macrocyclic PBIs, both the formation of hetero or
homochiral dimers in, respectively, a self-discrimination or a self-recognition event is possible
(Figure 2b). Thus, the first aim of this thesis was the elucidation of the influence of
conformational chirality on the self-assembly of PBIs, investigating the chiral self-sorting in
racemic mixtures of novel chiral PBIs in solution, solid and condensed state. Chapter 3
presents the successful synthesis of the first conformationally stable chiral PBIs by
introducing a short OEG bridging unit shielding one nt-surface of the PBI core which restricts
the interconversion between M and P enantiomers and makes this PBI suitable for chiral self-

3



Chapter 1 Introduction and Aim of this Thesis

sorting studies. The achievement of such stable atropo-enantiomeric PBIs and their chiral
resolution allowed comparative investigations on the self-assembly of the racemate and its
pure enantiomers. Towards this goal mathematical models had to be established and various
spectroscopic techniques (UV/Vis, NMR) had to be explored. Chapter 4 shows a detailed
study on the condensed state properties for the same molecules presented in Chapter 3 in
order to reveal the influence of core chirality on the mesophase properties of such
macrocyclic PBIs.

The next step in this PhD was the generalization of the work presented in Chapter 3 by
modification of the bridge length of the PBI depicted in Figure 2a (Figure 3). The enlargement
of the bridging units is expected to provide the PBI aromatic cores with increasing flexibility.
We expect this increasing flexibility to have an impact on the self-recognition vs. self-
discrimination ratio in racemic mixtures of these macrocyclic PBIs. In Chapter 5 the
successful synthesis and resolution of these different bridged macrocyclic PBIs is presented
and the influence of increasing flexibility on molecular recognition in solution and in the
condensed state is investigated.

A summary of our findings related to the presented topics is given in Chapter 6 in English,

German and Spanish.

oeG= 90 fd_\"xo 0

Pip

Figure 3. Energy minimized structures of macrocyclic monobridged PBIs with different sized

bridging units using HyperChem, MM+. Imide substituents removed for clarity.
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Chapter 2 State of Knowledge

Chapter 2

State of Knowledge

Self-Sorting Phenomena in Complex

Supramolecular Systems

Abstract: This chapter shows that artificial molecules —similarly to biological— can be successfully designed
to exhibit high levels of selectivity in the molecular recognition or discrimination of surrounding species within
complex mixtures. A description and classification of the molecular codes studied by different research groups
(geometry, hydrogen-bonding complementarity, steric effects, charge transfer and coordination sphere of metal
ions) to drive efficient self-sorting processes in mixtures of synthetic interacting molecules is given. In a second
instance, special emphasis is devoted to chiral self-sorting systems due to their great significance both in

biological processes and organic synthesis




Chapter 2 State of Knowledge

2.1. Introduction

Nature successfully manages under extremely adverse conditions to accomplish intricate
functions responsible for the regulation and control of the vast majority of biological
processes that eventually sustain life on our planet.' Biological molecules are required to
carry out selective functions whilst often being hindered by surrounding agents which are
simultaneously competing to bind the same targets. This high degree of selectivity in nature
ultimately depends on the “molecular instructions” encoded in the chemical structure of the
interacting species responsible for every single recognition or discrimination event.” The
formation of the DNA double helix, for instance, requires the base-pairing (sorting) of
complementary nitrogenous bases (Adenine-Thymine (A-T) and Cytosine-Guanine (C-G)).>*
These high-fidelity recognition processes are crucial in the storage of genetic information
used in the development and functioning of all known living organisms and some viruses.
Other sophisticated superstructures such as microtubules,™® are built upon polymerization of
dimers of two different globular proteins (a- and B-globulin), giving rise to cylindrical
micrometric arrangements.” The formation of heterodimers composed of two different
proteins requires the self-discrimination of equals, and the simultaneous recognition of
complementary units. In the final instance, the small molecules of life (e.g., sugars, amino
acids and fatty acids) are able to assemble not only to form such above mentioned
macromolecules, but also to self-sort in one of the most efficient and complex processes
known in nature to build the functional basic unit of life: a cell.*” In a cell, multiple levels of
compartmentalization arising from the self-sorting of their molecular components allow the
coexistence of different functional architectures acting independently. This exceptional
selectivity in nature makes possible the existence of life on our planet.'*"!

Unlike the high complexity of natural or biological architectures, the majority of artificial
self-assembled systems reported in recent years have been investigated in isolation. This has
been mainly due to the lack of suitable characterization methods and technical or economic
constraints, which far exceed the resources of most research institutes. However, the
remarkable development of analytical tools is increasingly enabling scientists to pinpoint

intractable problems associated to multicomponent mixtures.'> In this context, Systems
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Chemistry has arisen in recent years as a new discipline that aims to investigate complex
mixtures of interacting molecules.>!” These mixtures can give rise to outstanding emergent
properties as a result of the interaction of the individual components and cannot be ascribed to
any of their components acting in isolation. Although this emerging discipline is still in its
infancy, ongoing research advances are enabling current (supramolecular) chemists to unravel
the behavior of individual molecules in multicomponent mixtures and to anticipate the
reasons that lead artificial molecules to bind or ignore a specific partner in a complex
multicomponent environment.

In this literature survey, we will discuss the external variables and intrinsic factors
(molecular codes) that influence the recognition or discrimination of supramolecularly
interacting chemical species in solution.'® The comprehension of this “molecular
programming” in artificial systems will define the variables that control self-sorting
processes, and may ultimately contribute to a better understanding of the self-assembly

pathways in natural systems.*

2.2. Self-Sorting: Definition, Types and Influence of External Variables
2.2.1. Types of Self-Sorting

The behavior of individual synthetic molecules in complex systems was first investigated in
mixtures of different helical metal complexes.”” Lehn and co-workers studied the co-assembly
of a mixture of two tris-bipyridine ligands (1 and 2 in Scheme 1), previously demonstrated to
self-assemble independently in the presence of Ni(II) and Cu(I) ions into well-defined triple
and double helicates, respectively. When a mixture of 2 equivalents of 2, 3 equivalents of 1, 3
equivalents of Cu’ and 3 equivalents of Ni*" was treated under appropriate conditions,
precipitation of only the corresponding double and triple helicates in quantitative yields takes
place. Fast atom bombardment (FAB) mass spectrometry and 'H NMR experiments provided

evidence supporting the recognition of the tetrahedrally coordinating copper ions by the

© By restricting ourselves to noncovalent bonds and self-sorting in solution we will not cover self-assembly

19,20

processes on solid surfaces and self-sorting phenomena based on reversible covalent bonds. However,

13,14

excellent reviews have recently become available by De Feyter'® and Otto,"*** which cover these topics.

9



Chapter 2 State of Knowledge

tritopic ligand 2 and the octahedrally coordinating nickel ions by the ligand 1, thereby ruling
out the formation of crossover, mixed or undesired species. This singular observation was
originally termed as self-recognition —or recognition of like from unlike and self from
nonself-'" to explain the preferential binding of like metal ions by like ligand strands,

disregarding other species in solution.

Scheme 1.

In recent years, this term has evolved to the current expression self-sorting suggested by

Isaacs and co-workers?®?!

and nowadays largely accepted by the scientific community. Self-
sorting can be defined as high fidelity recognition of self from non-self within complex
mixtures.”’ If affinity for others is shown we will call this assembly process self-
discrimination (social self-sorting),” and the affinity for itself will be called self-recognition
(narcissistic self-sorting) (Figure 1).” Self-sorting systems can in turn be subdivided into
those displaying thermodynamic or kinetic self-sorting: they have reached a thermodynamic
equilibrium, or they can be considered as trapped species under kinetic control. The majority
of the self-sorting systems described in literature operate under thermodynamic control.

Recently, Schalley and co-workers have further classified self-sorting systems into integrative

10
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or nonintegrative.** Nonintegrative self-sorting systems are characterized by the formation of
a set of discrete complexes, each of them containing a single recognition center that is
occupied by its complementary partner. In integrative systems, on the contrary, more than two
species are bound in two or more recognition events with positional control and integrated

into one global complex.

SELF-RECOGNITION SELF-DISCRIMINATION
(Narcissistic) (Social)

e_ o
’ SELF-SORTING

®

Figure 1. Schematic representation of the different types of self-sorting: self-recognition (narcissistic)

vs. self-discrimination (social).

Regardless of the classification, self-sorting events are directed by the same intermolecular

25-27

forces which govern any molecular recognition process, i.e., hydrogen bonds, metal-

28-34

ligand interactions electrostatic  interactions,”* m—m-stacking,” and solvophobic

36,37

effects, and therefore, the factors that influence these recognition events will compromise

the fidelity of the self-sorting processes.

2.2.2. External Variables Influencing the Outcome of a Self-Sorting Process
Similarly to any molecular recognition event or self-assembly process, several external
variables (temperature, concentration, solvent, stoichiometry, pH, etc) can affect the outcome
of a certain self-sorting process. The presence of water, for instance, prevents the stabilization
of hydrogen-bonded assemblies™® but, on the other hand, reinforces the interaction of nonpolar

3940 The effect of different external variables on individual

solutes by hydrophobic effect.
binding events is widely applied to initiate self-assembly processes. However, their influence
in complex mixtures of competing species, capable of self-recognizing or discriminating

through intermolecular forces remains nearly unexplored. The understanding of these

11
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variables in artificial self-sorting systems would undoubtedly pave the way for the
comprehension of the sophisticated architectures in nature.

Isaacs and co-workers were the pioneers to study the impact of different external factors in
mixtures of synthetic molecules containing hydrogen bonding groups, previously
demonstrated to wundergo self-assembly processes and give rise to well-defined

supramolecular architectures (Chart 1).%°

Chart 1.
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The authors selected two Davis” ionophores 3 and 4 (capable of self-assembling in the
presence of barium picrate into stacked decameric and octameric supramolecular architectures
respectively from the corresponding pentameric and tetrameric rosettes), Rebek’s calixarene
tetraurea 5 and molecular clip 6 (which have the ability to self-assemble into dimeric capsules
and tennis-ball-like structures, respectively), Reinhoudt’s pyrimidine-based calixarene 7
(capable of self-assembling into rosettes in the presence of barbituric derivative 8), Meijer’s
ureidopyrimidinone 9 (which dimerizes via complementary hydrogen bonding) and two
molecular clips 10 and 11 (able to form bimolecular tweezers) (Chart 1) and studied the
behavior of this mixture in chloroform solution through 'H NMR. On mixing 3—11 in the

presence of barium picrate, the resulting '"H NMR spectrum is nearly the superposition of the

12
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'H NMR spectra of the individual supramolecular architectures, along with small —hardly
distinguishable— resonances that might correspond to small amounts of heteromeric crossover
species. These results highlight that under these experimental conditions, the mixture of 3—11
and barium picrate clearly undergoes —almost in its entirety— self-recognition. In these
studies, the authors also questioned to what extent some external variables (temperature,
equilibrium constant, concentration and presence of hydrogen-bonding competitors) would
compromise the self-recognition events.

a) Temperature: At high temperatures (323 K) the resonances of the rosette 73-8¢ and
ureidopyrimidinone 9, assemblies broaden dramatically, whereas the other resonances remain
sharp, indicating their high stability. Interestingly, as the temperature is lowered back to 263
K, the majority of the resonances sharpen and new small resonances become noticeable, what
the authors attributed to crossover species. Although self-recognition still prevails to a great
extent in this system, temperature changes have been demonstrated to lead to an increased
amount crossover associates in mixtures of these pure hydrogen-bonding assemblies.

b) Equilibrium constants: The authors performed simulations of a simple two component
system comprising two monomers A and B, that can give rise to homodimers (A-A and B-B)
and a heterodimer (A-B), whose equilibria are governed by three equilibrium constants (Kaa,
Kgp and Kap). According to these simulations, when the equilibrium constant of homomeric
species is 100-fold or higher than that of heteromeric (Kap), self-recognition products A-A
and B-B represent more than 98% of the mixture. When this difference is reduced to only 10-
fold, narcissistic self-sorting still prevails to a great extent over social self-sorting.

c) Concentration: Whilst the influence of concentration is already significant for self-
assembly processes of individual species, it can be even more pronounced in complex
mixtures. Assuming the two component system A and B outlined in the previous section and
in the light of simulation experiments, when the concentration of one of the components (A)
is remarkably smaller than that of the other (B), self-association of A is less likely than
association with B, therefore favouring social self-sorting. However, when the concentration

of A approaches that of B, narcissistic self-sorting dominates. These experiments represent a

13
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rule-of-thumb for the construction of complex self-sorting systems: self-recognition is most
efficient when all components are present at the same concentration.

d) Competitive H-bonding species: Self-sorting can be compromised in the presence of
competitors for the hydrogen-bonding sites. When a self-sorted mixture of the corresponding
assemblies of 3, 4, 6, 9, 10 and 11 was treated with increasing amounts of 8, the assembly
formed by 3 is disrupted, whereas the remaining supramolecular architectures of 4, 6, 9, 10
and 11 barely underwent any appreciable change. These observations highlight that the
presence of competitors in high concentration may provoke remarkable changes in some
assemblies or, on the other hand, simply indifference. The match or mismatch of the
hydrogen-bonding competitors with the members of the self-sorted mixture in this particular
example plays a major role in the destabilization of pre-formed assemblies and the formation
of new crossover species.

The external variables that compromise the self-sorting of mixtures of thermodynamically
equilibrated H-bonding species, however, may not necessarily apply to self-sorted mixtures
involving other, e.g. stronger noncovalent, interactions. In fact, recent studies have
demonstrated that an increase of temperature can provoke quite distinct effects in
multicomponent metal coordination-driven self-assembled polygons (Figure 12).*' Stang and
co-workers investigated the self-sorting ability of nine different metallosupramolecular
architectures by simultaneous mixing of organoplatinum acceptors (molecular clips 12 and 16
in Figure 2) and a wide variety of pyridyl donors, well known to self-assemble in isolation
into a wide variety of discrete supramolecular 2D rectangles, triangles and rhomboids and 3D
triangular prisms or bipyramids. Each mixture was demonstrated to self-sort into multiple
discrete supramolecular polygons, precluding the less stable disordered social assemblies.

Two different mixtures of compounds 12—15 on one hand (SS1) and 13, 16—18 on the other
hand (SS2) were subjected to temperature and solvent changes and their influence on the self-

sorting phenomena was subsequently investigated. (Figure 2b).
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Figure 2. a) Chemical structure of the building blocks applied by Stang and co-workers in self-sorting
experiments. b) Graphical representation of diverse coordination-driven self-assembled systems: small
rectangle (Rg), large rectangle (R;) and small distorted triangular prism (DTPs) for SS1, and small
rhomboid (Rhs), large rhomboid (Rh;) and small triangle (Ts) for SS2.

a) Temperature: At ambient conditions, disordered oligomeric structures are formed as
major species by random combinations of the molecular subunits. These results reveal that the
self-assembly process occurs extremely slowly at room temperature and the equilibrium is not
reached even after 20 days. However, an increase of temperature to 65-70°C for 24 hours
causes a significant increase in the rate of the self-assembly process and the initially
disordered species can be dynamically self-corrected to the thermodynamically preferred
discrete supramolecular entities.*” These findings are in sharp contrast with those observed by
Isaacs in H-bonding self-sorted mixtures (Chart 1), where an increase of temperature
provoked the destabilization of some of the individual pairs. This notable divergence arises,
however, as a simple consequence of the different temperatures required in both systems to
reach thermodynamic equilibrium: Isaacs” hydrogen-bonded mixtures are able to reach
thermodynamic equilibrium at ambient conditions, whereas the higher binding strength of
metallosupramolecular interaction requires a higher thermal energy to self-correct kinetically

trapped species towards the thermodynamically most favoured self-sorted architectures.
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b) Solvent: Self-assembly processes are known to be highly sensitive to changes in solvent
owing to the different thermodynamic stabilities of intermediate and final species formed in
different media.”> From among the two self-sorted mixtures investigated in these studies
(Figure 2b), only the first one (SS1) formed from clip 12 underwent significant effects upon
changing the solvent from dg¢-acetone/D,O (1:1) to either CD,Cl, or ds-acetone/D,O (20:1)
whereas the second (SS2) formed from clip 16 showed no appreciable changes. In the
particular case of SS1, the initially organized structures Rg, Ry and DTPs could be reversibly
destructed or regenerated merely by changing the nature of the solvent. The choice of solvent
has thus been proven to be critical to the efficiency of coordination-driven self-sorting
systems.

In the light of these examples, it is evident that a certain external variable (solvent,
temperature, etc) alters not only the stability of different noncovalent interactions but can
even modify the composition of self-assembled objects formed by H-bonded or
metallosupramolecular interactions within complex mixtures. However, the effect of these
variables on complex mixtures of competing species in which several noncovalent
interactions participate —as it occurs in nature— remains mostly unexplored.

Isaacs and co-workers investigated the influence of temperature, concentration,
stoichiometry and pH in a sophisticated 12-component mixture in aqueous solution composed
of different compounds, previously known to generate host-guest complexes through a wider
variety of noncovalent forces (metal-coordination, ion-dipole, solvophobic forces, m—m-
stacking and charge-transfer interactions).”’ As expected, pH changes cause dissociation or
stabilization of some particular assemblies due to changes in protonation states. Interestingly,
concentration changes did not appear to influence the recognition events even at micromolar
scale. This fact is in contraposition with that observed in H-bonding self-sorting mixtures
described above. The relative stoichiometry of some aggregates can also compromise the
extent of self-sorting or ultimately generate new assemblies. On the basis of simulation
experiments, the authors concluded that social self-sorting systems may change partners over
a relatively narrow concentration range. This conclusion is in accordance with biological

systems, in which self-organization regulates specific reactions, often at very dilute (nM)
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concentrations while competing with a myriad of other possible reactants without physical
barriers.***’

Temperature variations, as expected, provoke substantial changes in the outcome of the
social self-sorted mixture. At high temperatures, the '"H NMR spectra become highly complex
due to the appearance of new sets of resonances, most likely attributed to crossover species.
In addition, the system undergoes an irreversible change when the temperature is lowered
back to ambient conditions, as a result of crossover interactions between some of the
members of the mixture.

In the light of these studies, it is not yet possible to derive a general rule how to apply
external variables to direct self-sorting processes in complex mixtures of interacting species
involving several noncovalent forces. Current research advances based on a larger variety of

self-sorting systems, however, augur well for the near future. These will be discussed in the

next section of this overview.

2.3. Molecular Codes for the Self-Sorting of Complex Mixtures

Disregarding the external factors that can influence the strength of different non-covalent
interactions, in this section we wish to investigate the encoded information that makes a given
molecule in a crowded environment behave the way it does. By molecular codes in the field
of self-sorting, we refer to the intrinsic information coded in the molecular structure of a
given interacting species that governs the strength of the intermolecular forces of the species
with itself and with the rest of the members of the mixture. Molecules will tend to bind their
ideal partner(s) by establishing the maximum possible number of intermolecular interactions,
which can only take place when the interacting species have been suitably programmed with
molecular codes.

There are different molecular codes that have been used in the literature by different
research groups to efficiently direct self-sorting processes (Figure 3):

a) Geometrical complementarity by size and shape is unquestionably the most general
molecular code that exhibits a strong impact on the strength of intermolecular interactions.*

Size and shape rule recognition events, as illustrated by the lock-and-key-principle.”’ In
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metal-coordination systems, for instance, ligands with different size, shape or rigidity can
self-sort into distinct supramolecular architectures in the presence of a metal ion (Figure 2 and
3). Hydrogen-bonding, as well as charge-transfer interactions, between two given molecules
require in the first instance a geometrical fit of the molecules involved to facilitate the
approach of the donor and acceptor groups that ultimately will interact with one another and
give rise to noncovalent bond formation.** Van der Waals forces and m—m stacking
interactions”’ are maximized as the contact area between the interacting building blocks
increases, which indeed depends on their size and shape.”

b) Complementarity in hydrogen-bonded systems: The match between the hydrogen-
bonding donor and acceptor groups can decide the outcome of self-sorting events if the size
and shape of the interacting species allows their approximation (Figure 3). Obviously,
complementary hydrogen-bonding sites that are not geometrically well positioned will not
give rise to bond formation.

c) Steric effects: The presence of bulky substituents in some of the building blocks can
prevent their interactions with sterically hindered species or eventually facilitate the exclusive
selection of unhindered components (Figure 3). This strategy is particularly suitable because a
great number of possible structures can be ruled out just by controlling the bulkiness of the
substituents of the interacting building blocks. However, the success of this approach is
limited to molecules with a high similarity both in terms of size and shape.

d) Coordination sphere in metal ligand interactions: The ability of the metal ions to
coordinate into different geometries upon coordination to ligands that can satisfy their
coordination sphere is —although thus far scarcely investigated— a powerful tool to drive self-
sorting processes. The coordination sphere and geometry of a metal ion depends
fundamentally on its size, charge and electronic configuration and the availability of properly
matched ligands. Different metal ions can coordinate alike ligands into diverse geometries
(Figure 3) which might become an increasingly relevant molecular code in the pursuit of
systems with high complexity.

e) Charge-transfer: Attractive interactions between species with opposing electron donating

and accepting character can also direct self-sorting processes, primarily when their size and
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shape is very similar. This molecular code is particularly attractive to create social assemblies

by organization of the donor and acceptor molecules in an alternating fashion (Figure 3).

SIZE AND SHAPE

Figure 3. Schematic representation of the different molecular codes considered in this literature

survey.

The final two molecular codes, coordination sphere in metal ligand interactions and charge
transfer, are in essence closely related. In the case of the coordination sphere of metal ligand
interactions, the spatial arrangement of the unoccupied orbitals of the metal ion (acceptor)
directs the coordination of the occupied orbitals of the ligand (donor) for ligand-to-metal
systems (the contrary for metal-to-ligand systems) in a determined manner.”' Similarly in
charge transfer interactions, the correct overlap between the HOMO and LUMO orbitals of
the donor and acceptor mt-systems participating in the assembly will govern the outcome of the
self-sorting process. Although, these two molecular codes could be unified into donor-
acceptor interactions, we will describe them separately owing to the dissimilarity of the
respective supramolecular building blocks.

In the following sections we will explain in more detail the impact of these molecular codes

in self-sorting events through different examples collected from the literature.
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2.3.1. Size and Shape

As mentioned above, size and shape are undoubtedly the foremost variables that regulate
the outcome of a self-sorting process, as demonstrated by significant number of examples
based on hydrogen-bonding, n—n-stacking and metal ion coordination molecular recognition
events. Regarding metal ion coordination-based self-sorting systems and shortly after the
pioneering example described by Lehn," Raymond and co-workers studied the self-sorting
behavior of a mixture of three rigid bis(bidentate) catecholamide ligands (19-21)
demonstrated in isolation to self-assemble into triple helicates of varying size in the presence

of trivalent metal ions.?®
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Figure 4. Chemical structure of ligands 19-21 and schematic representation of their self-recognition

into triple helices upon treatment with gallium acetylacetonate (I11).

The three ligands 19—21 were designed to increase the metal-metal distance systematically
in the dinuclear helicates to probe the effect that size has on the ability of the helicates to form
by self-assembly. Remarkably, when mixtures of any two or three of the ligands were reacted
with Ga(IIl), only complexes containing one type of ligand were formed and no trace of
mixed-ligand species could be observed in solution with "H NMR or electrospray ionization
(ESI) mass spectrometry (Figure 4). Along with Lehn’s example, this revealed that self-
recognition can be successfully achieved by controlling a geometrical variable, the distance
between two metal coordination sites, i.¢., size.

Stang and co-workers have extensively made use of rigid pyridyl-based donors and
organoplatinum acceptors for the construction of a wide variety of coordination-driven 2D

42,52-54

polygons and 3D cages (see Figure 2). This approach is based mainly on the size and
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shape that are encoded within the individual ligand building blocks, highlighting that
structural information can efficiently drive the self-sorting processes. Similarly, Dalcanale
and co-workers succeeded in the exclusive formation of self-recognizing nanoscale cavitand-

based coordination cages (Scheme 2).>

Scheme 2.

R "R 22

On treatment with Pd(II) or Pt(II) complexes, the cavitands self-assemble into dimeric
capsules of varying depth, depending on the length of the pyridyl anchoring units.
Interestingly, a competition experiment in which two cavitands of different length (22 and 23)
were mixed with a stoichiometric amount of metal precursor was performed to verify whether
a self-discrimination process takes place in this system or whether, as one might expect, a
more likely self-recognition process is operative. 'H NMR experiments of mixtures of 22, 23
and Pd(ethylendiamine)(CF3;SOs3), in acetone-ds showed the exclusive formation of signals
belonging to homocages 24 and 25 (Scheme 2). The geometrical mismatch between the biting
angles of two cavitand ligands disfavors heterocage formation during the self-assembly
process. On the basis of these observations we can conclude that self-recognition is most

efficient when the individual pairs are structurally most different from one another.
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Aside from metal complexes which are ultimately based on metal-ligand point interactions,
n—m-stacking interactions between aromatic scaffolds are also governed by the geometry of
the interacting surfaces involved.*** However, the surface area of intermolecular contact is in
this case remarkably large, so dispersion forces and desolvation are particularly important.
Thus, a strong influence of the size and shape of the available surface area on the outcome of

a self-sorting event is again anticipated for compounds bearing several aromatic building

blocks.
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Figure 5. Self-recognition of perylene bisimides 26—28 via n—mn-stacking governed by the contortion

of the m-surface.

Li and co-workers have recently examined the self-sorting behavior of a mixture containing

three bay-substituted perylene bisimide dyes 26—28 (Figure 5) that are characterized by a
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different twist angle between the two naphthalimide subunits.* It is established that bulky bay
substituents twist the perylene unit dihedrally out of the plane with angles from 0 to 37°,>"°
thereby influencing the available contact surface area for m—m-stacking. Molecules with
different twist angles were demonstrated through 'H NMR and UV/Vis spectroscopy in
chloroform to preferentially self-recognize into segregated nanostructures, even in the
presence of other building blocks, thus revealing their unique molecular encryption (Figure
5). The outcome of this self-sorting process can easily be rationalized from available binding
constants in methylcyclohexane at room temperature for the self-aggregation of perylene
bisimides related to 26 (K= 1.2 x 10° M™"),° 27 (K = 4.6 x 10° M") and 28 (K =30 M").%!
The significantly larger binding constant for the perylene related to 26 is attributed to the fact
that this is the only molecule in the given series that is perfectly flat. Accordingly, homo-
aggregates of 26 take advantage of larger contact surfaces at the closest possible n—mn-stacking
of about 3.5 A.®" Twisting the perylene cores efficiently decreases the m—m-stacking forces
and imprints a distinct molecular shape and a new self-assembly code.

The great majority of the examples described in literature involving narcissistic or social
self-sorting systems are investigated in organic solvents. This fact is in sharp contrast with
biological systems, which operate in aqueous media. Unlike conventional organic solvents,
water molecules are arranged into a peculiar infinite network of hydrogen bonds with a
localized structure,” which accounts for their extraordinary physical properties and also for
the hydrophobic effect. water molecules are predisposed to form a cage around very non-polar
solutes to minimize solvent-solute interactions.”’ Along with the molecular codes, this
premise will thus condition to a great extent the outcome of a self-sorting process in aqueous
media.

Cucurbit[n]urils (CB[n])*** and cyclodextrinsé("68

are undoubtedly among the most deeply
investigated building blocks within complex mixtures in aqueous media due to their ability to
form stable host-guest complexes in water.

Harada and co-workers have devoted extensive studies to the investigation of cyclodextrin-

based supramolecular architectures.®’® Recently, these authors have synthesized two isomers

of cinammoyl cyclodextrins 29 and 30 and investigated their self-assembly separately in
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aqueous solutions (Figure 6).” Cyclodextrin 29 was found to form a double threaded dimer
(29),, as demonstrated by single crystal X-ray analysis and supported by pulse field gradient
(PFG) NMR experiments. In contrast, cyclodextrin 30 formed extended supramolecular
polymers (30), above a concentration of 32 mM. Interestingly, two dimensional (2D)-ROESY
spectra of the mixture of both isomers did not show a correlation between the same species.
Rather, correlation peaks between cyclodextrins 29 and 30 were observed, which account for
the formation of an alternating supramolecular polymer (2930), (Figure 6b) and not a self or
random supramolecular complex. Although it is evident that solvophobic forces contribute to
a great extent to this behavior, the difference in the substitution position on a glucopyranose

unit —the shape— is far from being an innocent effect in the stabilization of these architectures.

Qg &
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Figure 6. a) Chemical structures and cartoon representation of cyclodextrins 29 and 30. b) Self-

assembly of isolated and mixed cyclodextrins 29 and 30. Reprinted with permission from ref. 73.

With regards to other systems investigated in water, CB[n] derivatives constitute prime
components for the preparation of complex self-sorting systems primarily due to their high
affinity and selectivity for a wide variety of inclusion guests.”* CB[n]s are pumpkin-shaped
macrocycles featuring a hydrophobic cavity and two identical hydrophilic carbonyl containing
portals (Figure 7).”7 The hydrophobic cavity can be effectively exploited to host
hydrophobic guests, whereas the hydrophilic portals benefit from interactions with positively

charged groups through ion-dipole forces and H-bonding.” Although the hydrophobic effect
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is a decisive factor in the interaction of CB[n]s with guests, the affinities are ultimately
determined by the size of the hydrophobic pocket.

Isaacs and co-workers studied the binding ability of three members of the CB[n] family
(CBJ[6], CB[7] and CB[8]) towards a set of up to 24 different guests with different chemical

7 TH NMR competition experiments were used to measure the values of K for CB[6],

nature.
CBJ[7] and CBJ8] towards a variety of guests referenced to an absolute K, determined by
UV/Vis studies. Remarkably, the authors observed a high level of selectivity and affinity of
each member of the family and also high levels of selectivity exhibited by different members
of the family for a common guest, which anticipates their utility in the investigation of more
complex self-sorting systems. Several authors have subsequently proven the validity of
CB[n]s as ideal building blocks for the preparation of functional biomimetic systems.”**
Interestingly, these studies reveal that upon careful optimization of experimental conditions,
CBln]s undergo dynamic behavior that can be thermodynamically or kinetically controlled.
Recently, Tuncel and co-workers have investigated the self-sorting ability of CB[n]-based
pseudorotaxanes in aqueous media.®' In a first step, the affinity of an axle 31 (Figure 7)
equipped with two recognition sites —a central hydrophobic dodecyl chain and two
diammonium triazoles— towards CB[6] (32), CB[7] (33) and CBJ[8] (34) was investigated
independently through 'H NMR titrations. Driven by size selectivity and reinforced by
additional ion-dipole interactions, CB[6] prefers to bind the diaminotriazole sites, as triazole
has an appropriate size to fill the cavity of CB[6]. In contrast and driven by solvophobic
forces, CB[8] and CBJ[7] encapsulate the dodecyl protons but not the triazole units, since in
this way the nonpolar spacer maximizes the interactions with the hydrophobic cavity, thereby
finding refuge from the solvent (Figure 7a). Additionally, the authors examined what would
occur when both CB[6] and CB[8] are available to bind with the axle (Figure 7b).
Remarkably, '"H NMR experiments revealed that the coexistence of both species does not
influence each other’s ability to complex with the axle. These findings imply that CB[§]
remains associated with the dodecyl spacer whereas CB[6] prefers to bind the ammonium

triazoles, the analogous situation to that observed in isolation. After a certain time the reaction

reaches an equilibrium resulting in two species: hetero[4]pseudorotaxane minor and
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[3]pseudorotaxane major species (Figure 7b). These results are likely due to the blocking
effect of the peripheral CB[6] units that prevents CB[8] from being threaded on to the dodecyl

spacer.

O (6]
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Figure 7. a) Chemical structure and self-assembly of axle 31 in the presence of CB[n]s 32—-34. b) Self-
sorting of a mixture of axle 31 and CB[n]s 32 and 34.

In addition to CB[n]s, successfully demonstrated to self-sort into various pseudorotaxanes
in aqueous media, other authors have made use of this strategy to construct rotaxane-like
supramolecular polymers in organic solvents. Huang and co-workers synthesized two AB-
type heteroditopic monomers 39 and 40 and investigated their co-assembly into
supramolecular copolymers.*” Monomer 39 comprises a dibenzo-24-crown-8 (36) unit
attached to a paraquat derivative (38), whereas monomer 40 features a bis(p-phenylene)-34-
crown-10 (35) connected to a dibenzylammonium salt (37) (Figure 8). It is well-known that
crown ethers 35 and 36 can effectively form 1:1 complexes with paraquat derivatives and
dibenzylammonium salts, respectively.*** Preliminary self-sorting experiments carried out
on precursors 35-38 demonstrated that the complexation of crown ether 35 with paraquat
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derivatives is much stronger that the complexation with dibenzylammonium salts, while the
complexation of 36 with dibenzylammonium salts is stronger than that with paraquat
derivatives. These control experiments anticipate that monomers 39 and 40 arrange into
alternating supramolecular copolymers (Figure 8b). A thorough collection of experiments
(concentration-dependent 'H NMR, cyclic voltammetry (CV), viscosity, dynamic light
scattering (DLS) and scanning electron microscopy (SEM)) demonstrated the formation of
long high-molecular weight assemblies of alternating supramolecular copolymers. This
remarkably high degree of selectivity is clearly driven by the different size of the crown ether
moieties, and the complementarity of ion-dipole interactions between the macrocycles and the
positively charged recognition elements. Recently, this strategy has been exploited to

construct main-chain polyrotaxanes with supramolecular polymer backbones.®
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Figure 8. a) Chemical structure of precursors 35-38. b) Chemical structure and cartoon representation

of heteroditopic 39 and 40 and their self-sorting into alternating supramolecular polymers via

integrative self-discrimination. Reprinted with permission from ref. 82.

2.3.2. Complementarity in Hydrogen-Bonded Systems
Complementarity plays a particularly important role in the stabilization of hydrogen-bonded

assemblies, %

to the point that it facilitates the approximation of the functional groups
involved.* The pairing of nitrogenous bases (A-T and C-G) in the DNA double helix is
undoubtedly one of the most obvious examples of complementary systems in nature.*®
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Although appropriate geometrical correspondence of the interacting groups is always a
prerequisite, the match or mismatch between the pattern of hydrogen donors and acceptors
ultimately decides the outcome of a recognition event, since in this way only the “right” pairs
are allowed to form. In the stabilization of the DNA double helix, interactions among
pyrimidines (C, T) are unfavored because the molecules are too far apart whereas purine-
purine (A, G) pairings are too close, therefore leading to electrostatic repulsions. In the only
other possible pairings (G-T and A-C) the pattern of hydrogen donors and acceptors do not
correspond, which makes A-T and C-G the only remaining possibility in which base-pairing
can take place, stabilized both in terms of hydrogen bond complementarity and geometrical
fit. Thus, the importance of hydrogen-bonding complementarity in nature anticipates its
significant role in the stabilization of artificial self-sorting systems as well.

Reinhoudt, Timmerman and co-workers investigated the self-sorting of hydrogen-bonding-
based supramolecular systems for the first time in 1999.% Following their seminal work in
which they studied the formation of a (41)3¢(42)s box-like double rosette stabilized by 36
hydrogen bonds upon co-assembly of calixarene-based bismelamine derivative 41 and
barbiturate 42.*° they wondered whether the introduction of an additional bismelamine unit
would influence their behavior in the presence of barbiturate units (Figure 9). In a similar
manner to bismelamine derivatives 41a-b, tetramelamines 43a-b were demonstrated by 'H
NMR to self-assemble into tetra(rosettes), although with a remarkably lower stability than
bismelamine rosettes. When tetra(rosette) assembly (43a);*(42);2 was mixed with
bismelamines 41a or 41b, the stability order was reversed, and assembly (41)3°(42)s was
observed to form at the expense of (43a)3¢(42)12. The reduced stability of (43a)3;*(42)1, was
attributed to the inward curvature of the two rosette planes that prevent the complete filling of
the space between the two double rosettes. Finally, the self-sorting degree in mixtures of bis-
and tetramelamines in the presence of 42 was examined. Mixtures of 41a and 43a or 43b in a
2:1 ratio with a slight excess of 42 exclusively revealed the formation of homomeric
assemblies (41)3¢(42)¢ and (43)3°(42)12 and no trace of heteroassemblies was detected (Figure
9b). However, when equal amounts of 43a and 43b were mixed with 42, heteromeric

assemblies were observed. These results are a clear consequence of the interplay of various
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molecular codes, namely molecular shape and flexibility of the bis- or tetramelamine building

blocks and hydrogen-bonding complementarity.

42 41a (R = CH;CgHs)
41b (R = (CH;)3sCHj)

435(42),,

Figure 9. a) Chemical structure of derivatives 41-43 and their schematic representation. b) Self-

43a (X = CH, (m-CgH4)CH,)
b) 43b (X = (CH,)s)

recognition process in a mixture of 41-43.

The role of hydrogen bond complementarity has also been widely explored in the field of
supramolecular polymers.””” Meijer, Sijbesma and co-workers reported the formation of
supramolecular copolymers based on mixtures of 2-ureido-4[/H]-pyrimidinone 44 (Upy) and

2,7-diamido-1,8-naphthyridine 45 (Napy) building blocks (Figure 10).”*
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Figure 10. a) Chemical structures of precursors 44 (Upy) and 45 (Napy) and their self-assembly via
hydrogen-bonding. b) Chemical structures of oligomeric 46 and 47 and cartoon representation of the

self-discrimination process in a mixture of both.

Upy units were previously shown to yield self-complementary supramolecular polymers
with high degrees of polymerization in the bulk as well as in solution with dimerization

constants (Kgim) up to 6 x 10’ M in chloroform.”>*®

In an extension of this work, Li and co-
workers have demonstrated that quadruple hydrogen bonds between the 6[/H] tautomeric
form of 44 and Napy gives rise to complexes with binding constant of K, ~ 5 x 10° M
(Figure 10a).”” Despite of the lower value of this binding constant compared to the former,
Upy dimers are disrupted in the presence of one equivalent of Napy in CDCl;. This behavior
can be rationalized by the fact that the hydrogen bonding pattern of 45 is not self-
complementary. Accordingly, saturation of all hydrogen-bond donor and acceptor sites is only
achieved in the heteroassembled stack that is also the one with the lowest total Gibbs energy.
On the basis of these findings, a collection of Upy and Napy-based bifunctional monomers
(46, 47) were synthesized with the aim to study their self-assembly into supramolecular

copolymers. In all cases, mixtures of linear polymers along with their cyclic homologues were

observed, as indicated by '"H NMR and viscosity experiments. Interestingly, upon titration of
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bifunctional monomer 46 with 47, almost insignificant amounts of cyclic products were
observed. Instead, 47 was incorporated in the supramolecular polymer chain of 46 until an
alternating copolymer is obtained at a 1:1 ratio of monomers (Figure 10b). If the ratio of
monomer 47 exceeds that of 1:1, the excess of molecules of 47 act as end-cappers and the
chain length of the polymer is reduced. The selectivity of the copolymerization process was
also examined to be concentration dependent by 'H NMR dilution and fluorescence
spectroscopy experiments of Upy and Napy monomers. The combined techniques revealed a
value of minimum concentration (5 x 10~ M) above which the formation of heterodimers,
i.e., self-discrimination, is favored. Shortly afterwards, Zimmerman and Park showed another
beautiful example for the formation of alternating supramolecular multi-block copolymers
based on a Napy bifunctional monomer in combination with the butylurea of guanosine.'®
The concentration and the ratio of the blocks in the mixture were demonstrated to strongly
influence the degree of polymerization.

Rebek and co-workers as well as Atwood and co-workers have devoted extensive studies

0L102 These are

towards the investigation of hydrogen-bonded self-assembled capsules.
formed exclusively when, and only when suitable guests are present to fill the space inside.
Thus, capsule formation is biased by a combination of geometry, hydrogen-bonding

complementarity and the choice of a proper guest. For instance, six molecules of

resorcinarene 48 (Figure 11) rearrange into a hexameric capsule in the presence of eight

102 103,104

molecules of water, stabilized by 60 hydrogen bonds, = or with wet solvents such as
chloroform or benzene, or in the presence of large quaternary ammonium ions.'”'* On the
other hand, resorcinarene congener cavitand 49 self-assembles into a dimeric capsule through
a seam of eight hydrogen bonds encapsulating three molecules of chloroform. Alternatively,
on mixing the homomeric capsules 48¢ and 49, a hybrid structure 4849 that coexists with the

197 These results are attributed to the fact

homomeric capsules immediately forms (Figure 11).
that both capsules share resorcinarene modules with comparable dimensions, symmetries, and

hydrogen-bonding patterns. Accordingly, their codes are too similar to afford self-recognition.
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18+49 49+50

Figure 11. Chemical structures of derivatives 48—50 and energy-minimized structures of hexameric
capsule 48, cylindrical capsule 49,, hybrid capsule 4849, tennis ball 50, and hybrid capsule 49°50.
Peripheral alkyl and aryl groups (R = C;1Ha;, Ar = pC¢Hy-n(Bu),) in the calculated structures have

been removed for clarity. Reprinted with permission from ref. 109.

To explore the possibility to obtain high-fidelity social self-sorting capsule systems, the
authors questioned whether the “tennis-ball” capsule 50,,'® previously known to dimerize in
the presence of small guests such as methane, could give rise to hybrid capsules in the
presence of cavitand 49.'” At first glance, this assumption appears unlikely, given the
different sizes, symmetries and hydrogen-bonding patterns of 49, and 50,. However,

molecular modeling studies suggested that a slight torsion of the building blocks 49 and 50

can efficiently pair most of the hydrogen bond donor and acceptors, leaving only four imide
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oxygens unsatisfied. To their surprise, '"H NMR experiments proved the immediate and
exclusive formation of a hybrid assembly 49¢50 in CDCIl;, whereas no sign of homomeric
capsules was observed. This social capsule was also demonstrated to form in the presence of
solvent molecules other than chloroform such as tetrachloroethane, p-xylene and ethane to
name a few. Although this high selectivity depends to a great extent on the hydrogen-bonding
complementarity between the interacting capsules, the nature and size of the guest is also an
influence. The template effect of guest molecules was also recognized to have a vital

importance in the self-sorting behavior of metal-coordination-based cages.'"

2.3.3. Steric Factors

Steric effects arise as a consequence of the spatial arrangement and bulkiness of atoms or
substituents within a molecule. Accordingly, they are in essence geometrical codes related to
shape. However, due to the increasing attention devoted by several research groups to the
decisive effect of steric codes in self-sorting phenomena, we will regard them separately in an
independent section. Their contribution, however, will only play a determinant role when the
interacting building blocks are structurally similar in terms of geometry and/or hydrogen-
bonding pattern.

In 2002 a decisive contribution of steric codes in self-sorting events was investigated by
Zimmerman and co-workers in mixtures of hydrogen-bonded cyclic assemblies.”” This work
was based on earlier studies of the same group on hexameric self-assemblies of monomers 52
composed of complementary ADD and DDA hydrogen-bonding arrays in chloroform or even
in more polar 15% aq. THF mixtures.'"" To elucidate self-sorting effects these authors
examined the influence of the attachment of dendrons of different size (51, 52) on their self-
assembly (Figure 12).”” '"H NMR, size exclusion chromatography (SEC) and DLS
experiments demonstrated the formation of cyclic hexameric aggregates (51)¢ and (52)¢ from
the individual precursors 51 and 52, respectively. Next, the authors questioned whether self-
sorting in mixtures of third-(51) and first-(52) generation monomers would take place or, on

the other hand, crossover species would form (Figure 12b).
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Figure 12. a) Chemical structures of third and first generation dendrons 51 and 52 respectively and
cyclic assemblies formed thereof. b) Possible mixed aggregates formed from mixing of (51)¢and (52)s.

Reprinted with permission from ref. 27.

Statistically, a mixture of up to 11 distinct hexameric aggregates is probable to form.
Interestingly, the broadness of the SEC signal at intermediate mixing times suggests that
many, if not all, of these possible aggregates coexist. However, after longer periods of time a
progressive sharpening of the SEC peak takes place, suggesting that the initial mixture of
aggregates convert to a discrete structure, different from (52)¢ and (51)¢. Given the low

stability of the complex (51)¢, mainly due to steric constraints, the authors hypothesized that
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the destabilizing steric interactions between the peripheral dendrons can be minimized if the
fully mixed and alternating (5152)3 is formed. This hexamer would be particularly stabilized
in terms of geometry, symmetry, hydrogen-bonding complementarity and ultimately biased
by steric effects (Figure 12b).

More recently, the combination of steric and electronic codes has been applied for the self-

sorting of metallosupramolecular squares by Stang and co-workers (Figure 13).'"2

=0 - <

Unsymmetrical Square-planar Pt(Il)
dipyridyl donor acceptor
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Figure 13. Chemical structure and schematic representation of the different metallosupramolecular

squares that may form upon self-sorting of ligands 53—55 and Pt(II) acceptor 56.

A set of unsymmetrical bis(4-pyridyl)acetylene ligands (53—-56) was synthesized and their
self-sorting behavior in the presence of Pt(II) building blocks investigated. All ligands are
unsymmetrical, featuring one sterically hindered pyridyl ring connected to one or more
substituents (depicted as navy blue hexagons in Figure 13) and one uncrowded pyridyl group
(depicted as green). In the absence of any biasing interactions, there are four different isomers
that may be formed upon self-assembly with a 90° Pt(IT) acceptor unit (depicted as a golden
sphere): isomer A, in which all unsymmetrical donors are oriented in an alternating fashion
leading to identical coordination spheres at each Pt center (C4 symmetry), isomer D, in which
every acceptor is coordinated by two of the same pyridyl moieties leading to two distinct sets
of Pt corners (D, symmetry) and the less symmetrical isomers B and C that contain three
different types of Pt corners (symmetry Cs and C,, respectively) (Figure 13). Whereas ligands
53 and 55 may, in theory, form four isomeric [4+4] assemblies when combined with acceptor
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56, an even more complex set of isomeric cycles is possible for 54 depending on the relative
orientations of the a-Cl atoms within each square (A-D). Interestingly, upon mixing 53 and
56 in a 1:1 ratio, only one of the possible squares (isomer A) is formed, as demonstrated by
'H and *'P NMR in CD;NO,. This high degree of self-sorting appears to arise solely as a
result of interligand o-Me/o-Me steric interactions that prohibit the coordination of two of
the bulky dimethyl pyridyl moieties to the same Pt(II) center as well as electronic effects
associated to different electron-donating abilities. However, the efficiency of the self-sorting
process diminishes drastically when the sterically bulky methyl groups are replaced by one
(54) or two (55) Cl atoms in the presence of stoichiometric amounts of 56. This has been
mainly attributed to the decrease of the steric bulk of Cl atoms and the more similar electron-
donating character of Cl-substituted and unsubstituted pyridyl moieties. These conclusions
were supported by molecular modeling, which showed that the two chlorine atoms are too
remote from the Pt-N coordination site to have any significant steric influence. These overall
results highlight that unsymmetrical ditopic ligands can effectively direct self-sorting by steric
and electronic effects, ruling out —due to identical size and shape— any geometrical bias.

A number of groups have recently made use of steric codes to direct the efficient self-

113-115 . . .
which are known to form dimeric

sorting in mixtures of tetraurea calix[4]arenes
capsules."'®'""" In a recent particularly appealing example, Boshmer and Schalley and co-
workers studied the self-sorting behavior in a complex mixture comprising of up to eleven

structurally related building blocks (Figure 14).'"*

All calixarenes (57—67) are substituted by
four urea groups on their wide rim and fixed in the cone conformation by four pentyl ether
groups (Figure 14). They thus possess analogous size, shape and hydrogen-bonding patterns,
thereby precluding any geometrical or complementarity bias. Their only difference concerns
the nature —small or bulky— of the peripheral substituents attached to the urea groups.
Whereas sterically less crowded calixarenes 57—62 are known to dimerize through a seam of
16 hydrogen bonds,''®'"” dimerization is obstructed when adjacent urea residues are
covalently connected''® through one or more loops, as is the case of calixarenes 63—67.

Nevertheless 63—67 still have a strong tendency to dimerize if a suitable partner (for instance

“open chain” calixarenes 57—62)''"*'** equipped with non-bulky groups is available, whose
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113

urea substituents are small enough to penetrate the loops. ” If, on the contrary, the

substituents are too bulky, dimerization does not occur.
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Figure 14. a) Chemical structures of calixarenes 57-67. b) Cartoon representation of the self-sorting
process in the mixture of eleven tetra-urea calix[4]arene derivatives 57—67 into their six allowed

assemblies.

Statistically, the 11-component mixture can combine to form 66 different dimers. However,
taking into account the abovementioned premises and by controlling the stoichiometry, an
equimolar mixture of 57—67 should self-sort into only six different dimers: 57-67, 58-66, 59-

65, 60-64, 61-63 and 62-62."H NMR experiments in CDCl; were initially performed on a

slightly less complex mixture comprising calixarenes 57, 60, 64, 67 and 62 to evaluate the
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self-sorting processes. As anticipated, only the pairs 57-67, 60-64 and 62-62 were detected by
NMR, in agreement with the rationales explained above. Unfortunately, more complex 10 or
11-component mixtures could not be properly analyzed by 'H NMR. The authors therefore
made use of electrospray ionization Fourier transform ion cyclotron (ESI-FTICR) mass
spectrometry to analyze the mixtures. Initial control experiments performed on every
independent pair demonstrated that the expected heterodimers 57-67, 58-66, 59-65, 60-64, 61-
63 and 62-62 are by far the most abundant species. However, the spectrum of the mixture of
all eleven monomers also showed the appearance of unexpected peaks. The authors attributed
this observation to the liberation of monomers due to the low concentration regime in which
these MS experiments were performed. By increasing the concentration of hindered
compounds 63—67 in a 20% excess with respect to 57—62, the equilibria could be successfully
shifted back towards the exclusive formation of the expected capsules, thereby demonstrating
that small external influences may significantly alter the behavior of a mixture.

Based on pseudorotaxane structures from Huang,**'*' Stoddard and Williams'**'** (see
Scheme 3) a series of most illustrative examples on the utilization of sterical codes in self-
sorting systems was introduced by Schalley and co-workers. Secondary dialkylammonium
ions are able to thread through the cavity of benzo-21-crown-7 (C7) 71, leading to
pseudorotaxanes.'?' Phenyl groups can effectively suffice as stoppers in these systems to trap
71 on the axle. In contrast, dibenzo-24-crown-8 (C8) 70 units can form pseudorotaxanes with
secondary dibenzylammonium ions, revealing that phenyl groups are not bulky enough to act
as efficient stoppers for this larger macrocycle.'”*' These premises were subsequently
exploited to achieve efficient four component self-sorting systems composed of two crown
ether units (C8 (70) and C7 (71)) and two ammonium salts (68 and 69).** Crown ether 71 is in
principle too hindered to slip onto axle 68 due to the presence of sterically demanding benzyl
and anthracenyl stoppers on both sides, whereas sterically less demanding axle 69 fits too
loosely in the larger cavity of crown ether 70 (Scheme 3a). As anticipated by these
prerequisites, the ESI mass spectrum of an equimolar mixture of all four compounds in
dichloromethane revealed the presence of only two peaks corresponding to the complexes 72

and 73 which was further confirmed by '"H NMR experiments. This type of self-sorting was
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termed as nonintegrative, because it leads to a smaller than possible set of discrete complexes

from subunits each equipped with just one binding site (Scheme 3a).
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These investigations were later extended into integrative self-sorting systems, in which
more than two different subunits are bound in two or more recognition events with positional

24,124
control.”™

To this end, a divalent ammonium receptor axle 74 equipped with two binding
sites A and B was synthesized, and its self-sorting in the presence of crown ethers C7 71 and
C8 70 was investigated. 'H NMR studies revealed that on mixing, crown ether 71 binds
exclusively at site B of 74. In contrast, the addition of 1 equivalent of C8 70 provoked
changes for the protons corresponding to both A and B sites, but the changes in A were more
obvious, indicating that C8 70 prefers to bind A once the mixture has reached the equilibrium.
Accordingly, in the presence of both crown ethers 70 and 71, 75 is the major component.
Finally, this complex was subjected to an esterification reaction with benzoic anhydride to
yield a “stopper cascade”. In this rotaxane, the upper and middle phenyl ring of the axle
prevent the slipping of the C7 71 ring, whereas C8 70 can still slip over the central phenyl
group but not over C7 71, so that it is also trapped (Scheme 3b). Recently, the same authors

have expanded this concept for the design of highly sophisticated rotaxane-based self-sorting

systems comprising multiply threaded complexes.'**'*> ESI-FTICR mass spectrometry was
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demonstrated to be a very useful tool to monitor the self-assembly intermediates, wrongly
assembled structures as well as the final thermodynamic products of the self-sorted mixtures.
The examples described so far reveal that steric codes can significantly alter the self-sorting
equilibria in either metallosupramolecular or hydrogen bonding-based assemblies. Their
influence in systems assembled by means of other noncovalent forces remains, however,
almost unexplored. In one distinct example, Wiirthner and co-workers studied hydrogen-
bonding and n—r-stacking driven self-assembly, co-assembly and gelation ability of a series
of perylene bisimide dyes functionalized with benzamide groups at the imide position and
peripherally connected to different alkyl substituents (Figure 15).'*° Solvent and temperature-
dependent UV/Vis and circular dichroism (CD) experiments demonstrated that perylene
bisimide derivatives equipped with linear side chains (e.g. 77) formed H-type aggregates
(hypsochromically displaced major absorption band) giving rise to red gels,'>’ whereas by
introducing sterically demanding branched alkyl chains (e.g. 78) the formation of J-type
aggregates (bathochromically displaced major absorption band) yielding green gels was

observed (Figure 15a).'%8

This difference in self-assembly behavior was subsequently
exploited to investigate the co-assembly of mixtures of perylene bisimides equipped with
linear and branched chains. UV/Vis and CD studies performed on 80:20 mixtures of
methylcyclohexane/tetrahydrofuran revealed that, when dye 78 was mixed with dye 77 at low
78/77 ratio, an exclusive formation of red H-type aggregates containing both chromophores
was observed. However, the incorporation of the more bulky derivative 78 in these H-type 7t-
stacks is limited to an amount of about 50%, (Figure 15). This ratio implies that 78 is
incorporated in the mixed assembly with 77 in an alternate fashion, in which unfavorable
steric constraints among two adjacent face-to-face m-stacked 78 are prevented. When the
amount of 78 approaches 50% the system separates into H-type and J-type m-stacks and
ultimately leads to a narcissistic self-sorting in which 77 and 78 form their respective
independent assemblies. The latter situation is particularly favored at high ratios of 78 due to
the energetic penalty associated with the packing of 77 into slipped J-aggregate stacks and the

steric problems encountered upon incorporation of larger amounts of 78 into more compact

H-type mt-stacks (Figure 15b)
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Figure 15. a) Chemical structures and independent self-assembly pathways for perylene bisimides 77
and 78. b) Self-sorting processes in mixtures of perylene bisimides 77 and 78 depending on the

relative concentration of the components in the mixture.

Recently, another example for the self-sorting capability of extended supramolecular
networks was reported by Moffat and Smith.'” These authors demonstrated a significant
steric influence on the self-sorting ability of three different hydrogen-bonded organogelators.
Two organogelators possess amide groups anchored to long alkyl surface groups whereas the
remaining gelator features carbamate groups and lacks any additional chain. The joint effect
of hydrogen bond complementarity and steric factors was proposed to control the self-sorting
process, since only organogelators equipped with analogous hydrogen-bonding functionalities
and steric restraints were demonstrated to socialize. Mixtures of the most structurally different

gelators led, on the other hand, to complete self-recognition.
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2.3.4. Coordination Sphere

As illustrated in previous chapters, metal ion-ligand interactions are most useful for the
construction of supramolecular architectures. We have observed in chapter 3.1 that the size,
shape and predefined geometry of organic ligands can serve as an efficient molecular code to
direct self-sorting phenomena when combined with a metal ion (see for instance Figure 4 and
Scheme 2). The high selectivity in these recognition processes is primarily of geometrical
basis —for both systems all possible narcissistic or social assemblies involve the same metal
ion-ligand point interactions— what rules out any intrinsic influence of the metal on the self-
sorting phenomena. The situation, however, would be far more complex if two or more
different metal ions are available to bind with one or more ligands. Under these conditions, a
wide variety of combinations of metal complexes with numerous geometries is in theory
possible to form. This diversity of complexes will largely depend on the coordination sphere
in metal ion-ligand interactions,'*® which can be defined as the number of ligands attached to
the metal ion. Three main factors govern the coordination sphere in a complex: a) the size,
charge, hardness and polarizability of the metal atom,'*""** b) the identity (and sterics) of the
ligands and c) the electronic interactions between the ligands and the central atom or ion.'*
Ligands will follow the principle of “maximal site occupancy”®*"**!** by realizing metal
coordination at the maximum number of available sites, what is ultimately imprinted by the
interactions between s and p molecular orbitals of the ligands and the d orbitals of the metal
ions. Transition metals with vacant d-orbitals are known for their quite specific coordination
modes which obviously constitute most appealing molecular codes to direct self-sorting

19,133,135
phenomena. 7>

In general, atoms of larger radii give rise to high coordination numbers,
especially when the metal possesses a small number of valence electrons because that would
mean that the metal can accept more electrons from Lewis bases, like for instance in
[Mo(CN)s]*. Small metals, on the other hand, lead to low coordination numbers particularly
if the ions are rich in electrons, so that they are less able to accept electrons from any Lewis
bases that are potential ligands, e.g. [PtCL4]*. This high geometrical versatility when different

metal ions and ligands are combined should place metal ion-coordination among the most

relevant codes applicable for driving self-sorting processes in supramolecular systems.
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Indeed, in the field of dynamic combinatorial libraries, the coordination geometry of the metal
ion**"7 and steric constraints'*® have been applied to drive the outcome of reversible
chemical reactions. However, the influence of such metal ion coordination codes in mixtures
of different metal ions and ligands has been to date nearly unexplored, what prevents us from
drawing a realistic conclusion about their quantitative contribution.

In their seminal work Lehn and co-workers ' took advantage of the tetrahedral
coordination of Cu(I) ions and octahedral coordination of Ni(Il) to accomplish self-
recognition in mixtures of bipyridine-based ligands, yielding double and triple helicates
respectively (see Scheme 1). This example highlights that the ability of the metal ions to
coordinate into different geometries (along with the geometry of the ligands) can direct the
self-recognition process. Nevertheless, since this early investigation little attention has been
devoted to the study of systems comprising more than one metal ion in the presence of
different ligands.

In an exciting example, Schmittel and co-workers have revealed a self-sorting process in
mixtures of four different terpyridine or phenanthroline-based ligands (79-82) and two
different metal ions (Zn(II) and Cu(I))."**'** Out of 20 possible combinations, the self-sorting
library ended up with only two metal complexes: [Cu(80)(82)]" and [Zn(79)(81)]*" or
[Cu(79)(82)]" and [Zn(80)(81)]" depending on the relative stoichiometry chosen, as
demonstrated by '"H NMR, ESI-MS and differential pulse voltammetry (DPV). This high
degree of self-sorting has been mainly attributed to geometrical, steric and electronic factors
and, more importantly, to the extra stabilization gained from maximum site occupancy, that
is, the difference in coordination number associated to Zn(II) and Cu(I). In a subsequent step
these highly selective small building blocks were implemented into three polyfunctional
ligands 83—85 whose integrative self-sorting in the presence of Cu(l) and Zn(II) led
exclusively to the formation of a hitherto unknown supramolecular structure, a trapezoidal (T)
metal-ligand assembly, whereas no trace of the other possible large (Ry) or small (Rg)
rectangles could be observed (Figure 16). Recently, these authors have exploited their elegant
concept for the fabrication of a five-component supramolecular triangle from structurally

similar building blocks.""!
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Figure 16. a) Molecular structure of ligands 79—82 and their respective non-integrative self-sorting. b)
Chemical structure of polyfunctional ligands 83—85 and their integrative self-sorting in the presence of

Cu’ and Zn*".

2.3.5. Charge Transfer
Electroactive molecular materials'**'* have gained great attention in recent years for the
fabrication of optoelectronic devices, such as organic field effect transistors'*'* or
photovoltaic devices."*'** An adequate control of the nanometer-scale morphology between
electroactive molecules in such systems is a prerequisite for good performance.”*'** In the
particular case of bulk heterojunction organic solar cells, electron-donor and acceptor
molecules must segregate into chemically homogeneous domains with typical sizes of the

order of the exciton diffusion length (10—20 nm). This arrangement requires a good balance

between self-recognition into nanometric domains and the interaction between donor and
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acceptor molecules of different domains (social self-sorting) to ensure an efficient charge
transfer process at the interface.

A charge transfer (or donor-acceptor) complex is formed when two or more molecules or
different parts of a large molecule associate, so that a fraction of electronic charge is donated
from D (donor) to A (acceptor) with weak covalent bond formation between the molecular
entities.” In the valence bond model this attraction can be related to the mixing of the neutral
state (AB) with a charge-separated state (A" B"). Charge transfer complexes often manifest by
the appearance of a weak electronic transition in the long-wavelength region of the absorption
spectrum. These optical transitions are often referred to as charge-transfer bands (CT bands).
Typical examples are mixtures of electron rich aromatic amines, i.e., aniline, and electron

poor dinitrobenzenes (Figure 17a).'>>!%
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Figure 17. a) Formation of charge-transfer complexes in mixtures of aniline/1,4-dinitrobencene (top)
and benzene/1,3,5-trinitrobenzene (bottom). b) Absorption spectra of benzene, 1,3,5-trinitrobenzene
and benzene/l,3,5-trinitrobenzene molecular complex recorded in n-heptane. Reprinted with

permission from ref. 156.

The UV/Vis spectra of aniline or dinitrobenzenes alone in chloroform solutions are
characterized by the absence of any absorption in the visible region. Mixtures of aniline and
either 1,3- or 1,4-dinitrobenzene, however, give rise to highly coloured solutions as a result of

the emergence of a new charge-transfer band centred at ~480 nm.'*

The presence of an
intermolecular charge-transfer transition at ~300 nm indicates the formation of a molecular
complex between benzene and 1,3,5-trinitrobenzene (Figure 17b)."*® The low value of binding
constant in this system (4.09 M, n-heptane) clearly reflects that charge-transfer interactions

make a very small contribution to the stability of the ground state of m-stacked molecular

complexes.””">” In contrast, by simply replacing the nitro groups of 1,3,5-trinitrobenzene by
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alkylamide substituents, the resulting discotic triamides are able to self-assemble into one-
dimensional rod-like associates of several micrometers by hydrogen-bonding and m-stacking,
affording binding constants of ~ 5 x 10* M™' in heptane.'**"'%

These findings highlight that charge-transfer interactions have a remarkably smaller weight
in comparison with similar systems assembled by stronger non-covalent interactions such as
hydrogen bonds, which allows us to hypothesize that charge-transfer contributions should
have only a modest influence on the outcome of a self-sorting mixture."”’ Nevertheless, when
the structural similarities and the type and number of participating noncovalent forces among
the interacting molecules reach a maximum, geometrical complementarity is obviously less
relevant and molecular codes that apparently have a small weight —such as charge transfer
events— become important to the point that they can bias the molecular recognition events.
This strategy has been applied successfully in several examples of m-conjugated self-sorting
systems published in the literature.'®''®

Torres and co-workers reported a convincing example in which similar geometry of the
involved molecules in the self-sorting process allows electronic charge transfer interactions to
be the chief driving force for the social self-sorting event.'®® They reported a dimeric system

composed of two phthalocyanines covalently connected by a [2,2]paracyclophane unit (86)

(Figure 18).

Figure 18. Chemical structure of phthalocyanine 86 and schematic representation of the self-

discrimination process within supramolecular aggregates.

Each of these covalently linked phthalocyanines possesses a different electronic character

due to the presence of electron donating alkoxy or electron withdrawing alkylsulfonyl

46



Chapter 2 State of Knowledge

substituents. The presence of a charge-transfer (CT) band in UV/Vis absorption spectra in
chloroform demonstrated that the molecules self-sort in a self-discriminating manner driven
by their complementary electronic character (Figure 18).

In another example Fujita and co-workers masterly captured the simultaneous influence of
geometrical as well as charge transfer codes for an efficient self-sorting process in

L 164-167
coordination cages.

They recently reported the interaction of cage 87 —formed by two
large organic panels with electron acceptor properties and D3, geometry, three rod like pillars
and six metal hinges— with naphthalenediimide acceptor 89 and three different donors
(triphenylene (88), perylene and pyrene) (Figure 19).'” As shown by a series of experiments,
if the number of stacked guest molecules » in the cavity (this can be controlled simply by
adjusting the length of the organic pillar sets) is odd, alternating donor-acceptor (D-A) arrays,
e.g. A-D-A-D-A, are favored, leading to self-discrimination driven by the electronic nature of
the molecules.'® On the other hand, when 7 is even, such preferred alternating D-A arrays are
excluded (Figure 19), which makes the prediction of the preferred stack structure less trivial.
A-A interactions were apparently better tolerated than D-D interactions, which turns cage 87
into a good candidate for exchange studies. The formation of the A-D-D-A complex 87+(88),
was achieved by treatment of cage 87 with pure donor 88. Next, 'H NMR studies
demonstrated that after addition of acceptor 89 to the former assembly 87+(88),, substitution
of one donor unit 88 by one acceptor 89 unit takes place, whereas A-A-A-A stacking
87+(89),, was not obtained. Moreover, cold spray ionization mass spectrometry (CSI-MS), 'H
NMR spectroscopy and X-ray diffraction experiments clearly supported the formation of the
A-D-A-A inclusion complex 87+(88+89) from a 1:1 mixture of donor 88 and acceptor 89
(Figure 19c). These results suggest that charge-transfer contributions are relevant for the final
arrangement of the guests inside the cage. The importance of the donor geometry could be
made evident by the calculated energy barriers for the exchange process between different
donors (triphenylene (88), perylene and pyrene) and acceptor 89 from temperature dependent
'H NMR data. Here, the highest energy barrier was observed for the exchange of the donor

triphenylene (C; symmetry) which is geometrically most related to the cage panel unit. Since
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dispersion and charge transfer interactions both depend on the area of the m—m contact surface

this is a very reasonable result.

> » O >

87(88), 87(88-89)

Figure 19. a) Chemical structure of cage 87, and guests 88 and 89. b) Structure of the resulting self-
assembly of inclusion complex 87+(88+89) in single crystals. ¢) Guest exchange between complexes

87+(88), and 87+(8889). Reprinted with permission from ref. 167.

The success in the socialization of different molecules possessing opposite electronic
nature, is therefore, strongly dependent on a good geometrical complementarity. When, on the
other hand, the structural fit is reduced, the weak charge transfer forces between the
interacting molecules can not overcome the penalty associated to the loss of dispersion
interactions that are in general larger between identical molecules owing to identical size of
the contact surface. As a consequence, the equilibrium will shift from self-discrimination
towards self-recognition. In this regard, an example from Shinkai and co-workers is quite
illustrative as it describes the self-sorting of electron rich quaterthiophene 90 and electron
poor perylene bisimide 91 organogelators(Figure 20).'°® UV/Vis, CD and SEM studies
revealed an independent formation of oligothiophene and perylene bisimide nanofibers from a
1:1 mixture of both molecules, respectively, which are in contact only in some nodes (Figure
20). Two main reasons have been identified by the authors why self-recognition dominates
the self-assembly of these molecules: i) the formation of four hydrogen bonds is possible
between two quaterthiophene 90 molecules whereas only two are formed between two

perylene bisimides 91, and ii) a much larger overlap of the m-surfaces can occur if equal
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molecules are stacked, i.e., similar geometry of the molecules favors m-stacking in a self-
recognition manner. These two joint effects account for the higher binding constant of 90
(>10° M™" in chloroform) compared to that of 91 (1.3 x 10> M in chloroform) Such
substantial difference (>100-fold) between the association constants of both components
suggests —as discussed by Isaacs and co-workers—>" an efficient self-recognition process if no
additional interactions come into play. Obviously, charge transfer interactions between
oligothiophenes and perylene bisimides are too weak to bias the system towards self-

discrimination.

Figure 20. Chemical structure of 90 and 91 and representation of their “orthogonal” self-assembly
into independent fibers of electron rich oligothiophene and electron poor perylene bisimide stacks with

only few p- n- heterojunction nodes (black arrows).

Particularly illustrative examples in this regard are bulk heterojunction solar cell materials
composed of poly(3-hexylthiophene) and Cgy or derivatives, e.g. PCBM ([6,6]phenyl-Cg;-

butyric acid methyl ester)'**'®

or merocyanine HB194 and fullerene derivatives (Figure
21)."°*!7° Both materials afford excellent power conversion efficiencies of about 5% owing to
the excellent segregation of the two constituent molecules in the bulk heterojunction active
layer. The rationale behind these self-recognition phenomena on the macroscopic scale
appears to be of geometrical origin: the denser and better packed solid-state material is

formed upon segregation of the globular fullerenes from the planar mw-conjugated

polythiophene or merocyanine molecules. Thus, obviously van der Waals interactions
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outweigh in these examples the energy gain from charge-transfer interactions between
electron-rich and electron-poor t-conjugated molecules. For the case of merocyanine dyes the

segregation has been also attributed to a pronounced propensity of these dipolar dyes for self-

171,172

recognition arising from substantial dipole-dipole interactions.

Figure 21. Nanosegregated domains in bulk heterojunction solar cells arising from self-recognition
phenomena. a) Poly(3-hexylthiophene) and [60]fullerene. b) Merocyanine dyes and [60]fullerene

materials.

On the basis of these observations one might anticipate that only members of a mixture
featuring nearly identical geometry and suitable complementarity of additional noncovalent
forces would allow electronic charge-transfer effects to determine the outcome of the self-
sorting process. For more complex aggregate systems, however, this is not necessarily the
case which can be illustrated by a series of studies on the co-assembly of
oligophenylenevinylenes (OPVs) and perylene bisimides.'”"’® Thus, an example for an
integrative co-assembly of structurally rather dissimilar molecules is given by the OPVs 92
and the electron poor perylene bisimides 93 (Figure 22).'*'”> OPV derivative 92 features,
besides a relatively large aromatic m—mn-surface, a self-complementary ureidopyrimidinone
(Upy) unit on one side and long alkyl chains on the opposite side to increase solubility in
nonpolar media. The joint contribution of m—m-stacking, quadruple hydrogen-bonding and
additional peripheral van der Waals contacts between alkyl chains leads to the formation of
H-type helical m-stacks upon self-assembly in heptane. Perylene bisimide 93, on the other
hand, self-assembles in nonpolar solvents via m—m-interactions and van der Waals forces

among peripheral alkyl chains into slipped stacks.®' Mixing 92 and 93 in a 1:1 ratio in hexane,
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however, results in the appearance of a weak charge transfer (CT) band in UV/Vis studies,

which points to the formation of a mixed assembly of 92 and 93 (Figure 22a).'”

Figure 22. a) Chemical structure of studied OPV 92 and perylene bisimide 93 and cartoon
representation of the social co-assembly process. b) Chemical structure of modified OPV 94 and

perylene bisimide 95 and schematic representation of their self-assembly into p- and n-type stacks.

Obviously, the opposite electronic character of 92 and 93 governs the co-assembly
including self-discrimination features that are favored by the attractive charge transfer
interaction between OPV donors and perylene bisimide acceptors. This effect appears to be
particularly pronounced for chlorinated perylene bisimides due to their strong electron
acceptor character.'”’” Further investigations addressed the question whether the opposite self-
sorting behavior could take place in mixtures of structurally different OPV 94 and perylene
bisimide 95, which are designed to form a hydrogen-bonded complex with each other (Figure
22b). UV/Vis studies in heptane revealed the appearance of a red shifted perylene bisimide
band. However, this band was a slipped m-stack of cofacially aggregated dyes 94 and 95.'” In

this mixture hydrogen-bonding and geometrical factors are clearly the most relevant codes
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that govern the desired narcissistic self-sorting of these functional dyes into supramolecular p-
n-heterojunction m-stacks.'”*'"

To summarize, charge transfer interactions between donor and acceptor m-systems in
solution are very weak, and only play an important role when other premises have been
fulfilled. It is also noteworthy to point out that charge transfer complexes are not always easy

to detect as the charge transfer bands are hidden beneath other absorption bands due to their

low intensity.

2.4. Chiral Self-Sorting

In the previous sections we have discussed the molecular codes that can independently or
jointly direct efficient self-sorting processes in artificial systems. Although it must be
underlined that the molecular codes directing chiral self-sorting are not distinct from those
discussed above for ‘“general” self-sorting, due to the relevant implications of chiral
recognition in natural systems we will draw special attention to chiral self-sorting systems
and, as such, will regard them separately.

Chiral recognition,'’*"* i.e., the ability of a chiral molecule to differentiate between two
enantiomers, is of great significance both in biological processes and organic synthesis as

demonstrated in asymmetric catalysis'®'"'*

or enantioselective recognition by enzymes and
protein receptor sites.'™'®> Nevertheless, the origin of homochirality of important natural
building blocks (e.g., L-amino acids and D-sugars and the biopolymers derived thereof) still
remains a fundamental question despite the great efforts invested in the last decades to
elucidate this matter.'**'" A better understanding of chiral recognition is thus a key for a
more rational catalyst design for asymmetric synthesis, new materials with intriguing chiral
properties and may contribute to a better understanding of the origin of homochirality in
biological molecules.

In accordance with the definition of self-sorting, chiral recognition between enantiomeric
pairs can lead to self-recognition or self-discrimination, depending on whether an enantiomer

preferentially recognizes itself or its mirror image, to generate homo- or heterochiral self-

assemblies respectively. However, an important consideration has to be taken into account
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regarding chiral systems, i.e., pairs of enantiomers, in contrast to the previously described
self-sorting systems, to which we will refer as “general”: in chiral self-sorting the physical
properties of the interacting monomers (enantiomers) are —except for their interaction with
polarized light— equal and hence, they exhibit identical spectroscopic features. These can only
be differentiated when both enantiomers interact with themselves or their mirror images to
afford homo- or heterochiral aggregates, which in turn possess diastereomeric nature and thus
display different spectroscopic properties. This constraint makes the analysis of chiral self-
sorting mixtures more challenging in comparison with “general” self sorting systems.
Consequently, the control of the molecular codes directing chiral self-sorting is a demanding
task.

As discussed previously in the chapter on “general” self-sorting, size and shape are
undoubtedly the most relevant molecular codes that make a particular pair of molecules
recognize (or discriminate) each other. In chiral self-sorting systems this molecular code has a
lower weight, as pairs of enantiomers possess identical size and shape and differ only in the
relative spatial orientation derived from their opposite chirality (i.e., mirror-image shape).
This suggests that geometrical factors will not exhibit such an overwhelming preponderance
as occurred in conventional self-sorting systems. Although in the past the greatest attention

3192193 (e will focus

has been devoted to the study of chiral self-sorting upon crystallization,
exclusively on those investigations carried out in solution to ensure that derived molecular
codes are of thermodynamic origin.

Extended twisted m-surfaces appear to be most suitable targets for such investigations
because they combine sufficiently large van der Waals contact areas —as required for self-
assembly in dilute solution— and pronounced chirality. However, most of the published
examples on chiral self-sorting take advantage from stronger intermolecular forces, such as
recognition by multiple hydrogen bonds or metallosupramolecular intermolecular forces. In
this regard, Aida and co-workers synthesized a racemic “S” shaped xylylene-bridged

bis(cyclic dipeptide) 96 which posses L and b chirality (Figure 23).""
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Figure 23. Chemical structure of “S” shaped xylylene-bridged bis(cyclic dipeptide) 96 and schematic
representation of its supramolecular polymerization in a self-recognition process. Reprinted with

permission from ref. 194.

The “S” shape of their molecules could be proven by the single crystal X-ray analysis of a
derivative of molecule 96. By means of SEC they could determine that these molecules form
a supramolecular polymer capable of self-associating with a high degree of enantioselectivity
(self-recognition). The reason for the exclusive formation of homochiral assemblies is the
shape complementarity derived from the “S” shaped molecules. In the case of homochiral
supramolecular polymerization, participation of the two diketopiperadine units in the
formation of four simultaneous hydrogen bonds via complementary H-bonding takes place.
This is not possible for a heterochiral assembly, in which only one diketopiperadine is
allowed to participate in the hydrogen-bonding formation due to the possible mismatch of the
hydrogen donor-acceptor arrays (Figure 23b).

Isaacs and co-workers investigated the self-recognition behavior in a series of chiral
molecular clips assembled by the accumulation of different intermolecular forces.'>'® They
described the synthesis and characterization of C-shaped methylene-bridged glycoluril dimers
bearing H-bonding groups attached at their aromatic rings (97a,b), which enables self-

assembly via hydrogen-bonding in combination with n—mn-stacking (Figure 24).

54



Chapter 2 State of Knowledge

-)—Q-RRj—(-

| 5‘97 ﬁiiﬁiiﬁ%i%%?éf‘
m/’ M
iy N~ W

Figure 24. a) Chemical structure of chiral clips 97a,b. b) Cartoon of their self-sorting process.

'H NMR in CDCl; and X-ray analysis of the crystalline structure obtained for 97b revealed
that these aggregates display high levels of chiral discrimination giving rise to heterochiral
dimers. The preference in the formation of heterochiral over homochiral dimers was attributed
to the possibility of simultaneous formation of m—m-interactions and two hydrogen bonds,
whereas the hypothetical homochiral dimer can only be stabilized by m—r-interactions and
one hydrogen bond. Accordingly, the spatial orientation of the H-bonding groups controls the
self-sorting process by favoring aggregates with the highest accumulation of intermolecular
contacts.

Osuka, Shinokubo and co-workers reported the synthesis of a racemic porphyrin 98 and the
resolution of its enantiomers by chiral HPLC (Figure 25a)."”® The binding constant of the pure
enantiomers and the racemate for the formation of homo- and heterochiral dimers could be
determined by concentration dependent fluorescence spectra in chloroform as Kpomo = 1.2 X
10" M™" and Ky, = 1.8 x 10® M, respectively. Using these binding constants given by the
authors the heterodimerization binding constant can be calculated as Kpetero) = 7 ¥ 108 M
1 197,198 Accordingly, a racemic mixture contains 3% homo vs. 97% heterochiral dimers, i.e.,
chiral self-discrimination takes place. Additional proof was provided by 'H NMR spectra for

solutions of the pure enantiomers and the racemic mixture, which revealed the presence of
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different assemblies. Single crystal X-ray analysis of the homochiral dimers obtained from the
solution of the pure enantiomers and that of the heterochiral dimers obtained from the racemic
mixture provided structural details to rationalize the preference for the formation of
heterochiral dimer aggregates. Whereas in the heterodimer the porphyrins are arranged in a
centrosymmetric fashion, homochiral dimers require the screwing of the porphyrin planes to
realize both metal-ligand contacts. As pointed out by the authors the former assembly is
electrostatically favored owing to the cancellation of the dipole moments (Figure 25b,c).
Additionally, minor structural differences observed between the crystal structures of the
hetero and homochiral dimers —small variations in the intermolecular distances and relative
position of the structures, distortion of the molecules in the case of the homochiral dimer to

enable the Zn-N coordinative bond— may influence the self-sorting process.

PlQ e
(R.S)98 A / \ AT (s.R)08

Ar = 3,5-di-fert-butylphenyl

Figure 25. a) Structures of enantiomeric (R,S)-98 and (S,R)-98. Schematic representation of b) hetero-
and ¢) homochiral dimer aggregates derived thereof. The arrows represent an approximation of the

orientation of the dipole moments.

In addition to geometry and complementarity of intermolecular forces, steric factors have
been demonstrated to be rather useful molecular codes to achieve high-fidelity chiral self-

199-202

sorting. Verlhac and co-workers reported a family of atropisomeric bidentate ligands

with a dissymmetric benzimidazole-pyridine binding site (99—101).2” Naphthyl (99), tolyl
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(100) and cumyl (101) substituents were introduced to study the steric impact in the fidelity of

chiral self-sorting after copper complexation (Figure 26).

B L & i
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MM-A PP-A

Figure 26. Chemical structure of ligands 99-101 and schematic representation of the possible isomers

formed upon complexation of ligands 99-101 with Cu’.

When two equivalents of 101 were treated with one equivalent of [Cu'(MeCN)4]™ in
CD,Cl,, a single symmetric C, metal species could be observed through '"H NMR in 95%
yield, which corresponds to the homochiral assembly pair MMA/PPA (Figure 26). Minor
traces (5%) of more sterically hindered MPA/PMA were also found, whereas no sign of the
most sterically hindered isomers MMA/PPA was observed. '"H NMR experiments revealed
that the decrease in the bulkiness of the substituents in 99 (naphthyl) and 100 (tolyl) leads to
larger amounts of MPA/PMA and even traces of MMA/PPA species, although in all cases the
major species remained the homochiral MMA/PPA assemblies. Figure 26 illustrates the key
structural features responsible for the metal ion directed self-recognition process. It is evident
that in the homochiral complexes MMA/PPA the bulky substituents are pointing in opposite
directions. The bulkiness of the substituents will determine to what extent the more sterically
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demanding heterochiral complexes MPA/PMA are formed, while the most hindered
homochiral MMA/PPA species in which both substituents are pointing in the same direction
are impeded. It can be realized from this study how the adequate selection of substituents with
different steric requirements can lead to highly efficient chiral self-sorting.

Bozec, Maury, Lacour and co-workers took advantage of the electrostatic nature of ionic
metal-ligand complexes to induce chiral-self-sorting in diastereomeric cation-anion propeller

pairs (Figure 27).2+2%
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Figure 27. a) Chemical structure of enantiopure TRISPHAT anion 102 and racemic

[Fe(4,4’. Me,bpy)s]*" (bpy = 2,2’-bipyridine) 103. b) Schematic representation of the formed

homochiral assemblies (left) and the unfavorable heterochiral assembly.

When enantiopure counterions are combined with chiral ions, two different diastereomeric
ion pairs which possess different chemical and physical properties and, consequently,
interaction energies can be formed. As a consequence, high levels of asymmetric recognition

. . . . 204-208
between chiral cations and anions can be achieved.

The authors rationalize the high
fidelity recognition to an optimization of the electrostatic interactions between cation and
anion propellers, as demonstrated for the TRISPHAT anion 102 and the [Fe(4,4’.Me2bpy)3]2+
(bpy = 2,2’-bipiridine) cation 103.2** As sketched in Figure 27, the anion/cation distance can
be reduced much more in the homochiral association than in the heterochiral to stabilize the
ionic pair.

The use of cation templates has been successfully exploited by Davis and co-workers to

209,210

program chiral self-sorting (Figure 28). Firstly, they probed the self-assembly of chiral

guanosine units (D,L)-104 and (D,L)-105 in the presence of K™ and Cs', respectively (Figure
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28a,b).>” '"H NMR in CD;CN and single crystal X-ray diffraction experiments, both in the
presence of templating cations, evidenced the formation of a defined decameric complex
(assembled by Cs'-templated stacking of two pentameric hydrogen-bonded cycles for 104),
and an octameric complex (assembled by K'-templated stacking of two tetrameric hydrogen-
bonded cycles for 105) for the enantiopure starting materials (Figure 28a,b). While in
assemblies of 104 sugar-base hydrogen bonds can be formed, this is not possible for 105. This
makes 104 an excellent candidate for chiral self-recognition. Indeed, a racemic mixture of
guanosine 105 in the presence of K showed more than ten separate signals in the 'H NMR
spectra, unlike the simple set of signals observed for the pure enantiomers, pointing to the
formation of a diastereomeric mixture of the racemate. In contrast, the racemic mixture of
guanosine 104 in the presence of Cs™ showed only one major set of signals. These signals
were different to those corresponding to the enantiomeric decamers, indicating the
predominance of a new species. After X-ray analysis of the supramolecular structure of (D,L)-
104 in the crystalline state it was confirmed that (D,L)-104 undergoes chiral self-sorting in the
presence of Cs' giving rise to a meso-decamer by stacking of a (D)-104 pentamer and (L)-104
pentamer. Similar experiments for guanosine (D,L)-104 with differently sized alkali cations
(Li", Na', K" or Rb") did not provide convincing evidence for such a self-sorting. Thus, the
size of the templating cation plays a major role. In further work, the authors showed that not
only can the size of the cation direct self-sorting, but the charge is also important.”'® "H NMR
in CD,Cl, and X-ray studies revealed that guanosine 105 self-assembles into homochiral
quadruplex stacks in the presence of Ba®’, whereas a mixture of heterochiral quadruplex
stacks was obtained in the presence of K* (Figure 28¢). Since the size of Ba*" and K is very
similar, the cation’s charge has been recognized as the driving force directing self-sorting.
The unfavorable entropy associated to the self-recognition of eight enantiomers can be
overcome by enthalpic stabilization derived from cation-dipole interactions, G-quartet
hydrogen bonds and G-quadruplex-picrate (counter-anion) interactions through the divalent

cation.
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Figure 28. Chemical structures of guanosine derivative 104 and hydrogen-bonded quintuplet (a) and
guanosine derivative 105 and corresponding hydrogen-bonded quadruplex (b) and chiral self-sorting
processes in the presence of alkali ions (a,b). ¢) Homochiral and heterochiral quadruplexes formed by

105 in the presence of Ba®" and K. Reprinted with permission from ref. 209.

A final, particularly elegant example of a self-sorting process was reported by Osuka, Kim
and co-workers,”''?"® based on meso-meso linked-pyridine-appended zinc(II) porphyrins
106a—c possessing axial chirality leading to non-interconvertible P and M enantiomers
(Figure 29).*'" In non-coordinating solvents such as CH,Cl,, dimeric porphyrins 106a—c self-
assemble into three-dimensional porphyrin boxes 107a—c (Figure 29), as evidenced by 'H
NMR studies and X-ray diffraction of their crystalline structures. These porphyrin boxes form
from racemic solutions with extraordinarily large binding constants through simultaneous
eight-point metallosupramolecular coordination. Boxes formed from 106a—c could be
demonstrated to be chiral by CD spectroscopy after resolution of their enantiomers using
chiral HPLC. As expected after chiral resolution, mirror image CD spectra were obtained. The
formation of these chiral boxes was attributed to a rather specific self-recognition process of
the dimeric porphyrins which can only form such boxes from identical, i.e., single

enantiomer, building blocks. Otherwise, upon co-assembly of both enantiomers polymeric
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structures would form. This last example is most illustrative for a predefined self-assembly
pathway that has been properly encoded in the molecular building blocks to direct a sequence
of self-recognition processes. The interplay between enthalpic and entropic contributions

obviously directs a high fidelity self-sorting process under the given experimental conditions.

N Ar = 3,5-dioctyloxyphenyl
a:n=0
b:n=1
c:.n=2

Figure 29. a) Chemical structures of chiral porphyrins 106a—c. b) Homochiral boxes 107a—c derived
thereof.

2.5. Conclusions

In this literature survey we have collected the first decade of research on artificial molecules
that were shown to exhibit high levels of selectivity in the molecular recognition or
discrimination of surrounding species within complex mixtures. We have discussed the
molecular codes (size and shape, complementarity in hydrogen-bonded systems, sterics,
coordination sphere of metal ions and charge transfer) that lead synthetic molecules in a
crowded environment to bind only to their ideal partner(s). We have shown that the
geometrical parameters size and shape play the most prominent role among these molecular
codes. Once this criterion is satisfied, other molecular codes can come into play and
eventually direct the self-sorting processes. Complementarity in hydrogen-bonded systems for

instance, requires an appropriate geometrical correspondence between the interacting arrays
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for the match or mismatch between the pattern of hydrogen donors and acceptors to take
place. This molecular code is most strikingly demonstrated in double strand DNA and has
been successfully exploited to direct social or narcissistic self-sorting in mixtures of
hydrogen-bonded assemblies.

In metallosupramolecular systems, the geometry and rigidity of the ligands as well as the
coordination sphere in metal-ligand interactions determine to a great extent the outcome of a
self-sorting mixture. Different ligands can coordinate into varying geometries, what has
already been exploited to construct unprecedented supramolecular architectures of amazing
size and shape. Several research groups have also elucidated steric and charge transfer effects
to direct high-fidelity self-assembly processes within complex mixtures. However, their
weight is quantitatively smaller in comparison with the abovementioned codes and can only
provide sufficient bias when the interacting building blocks are structurally most similar in
terms of size and shape, hydrogen-bonding pattern or coordination ability.

Due to the importance of chiral recognition in nature, we have dedicated an independent
section to chiral self-sorting systems. The high similarity of the molecules involved in chiral
self-sorting —pairs of enantiomers have equal size and shape, differing only in their mirror
image spatial orientation— makes their investigation particularly demanding. The examples
collected in this literature survey include those showing self-discrimination and those
showing self-recognition, however, mostly with rather modest bias.

It is not only intrinsic molecular codes which are important in the fidelity of self-sorting
events. Self-sorting processes depend to a great extent on the external variables (solvent,
temperature, concentration, pH, etc) that can influence differently the equilibrium and/or the
stability of independent recognition processes involving different non-covalent interactions.
To date we are still far from deriving a general rule that can predict how a complex mixture
involving different non-covalent forces would behave upon variation of a given external
variable.

However, the achievements to date in the field of supramolecular chemistry allow us to be
optimistic in the years to come. We currently know how to make use of the principles of self-

assembly to create supramolecular architectures of remarkable complexity with well defined
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size and shape by proper design of their small constitutive building blocks. Highly organized
structures such as vesicular assemblies —which are in essence small membrane-enclosed
containers that can transport substances— are nowadays already routinely constructed by
different research groups upon self-assembly of artificial amphiphilic molecules and used for
catalytic or transporting purposes.”’* The construction of superstructures that can resemble
nature’s creations require, therefore, advances in this direction, and self-sorting is
undoubtedly one of the indispensable means. Recently, synthetic amphiphilic molecules have
been successfully programmed to self-sort, so that distinct types of molecules self-assemble

215

into different domains or compartments in aqueous media.” ~ Compartmentalization is one of

the prerequisites for the emergence of life. The cell membrane, for instance, protects the inner
components from an adverse environment”'® and multi-compartmentalization is essential for
the achievement of simultaneous functions in isolated environments within cellular
organisms. The marriage between self-assembly and self-sorting will certainly open up
ground-breaking possibilities for the creation of sophisticated synchronous multifunctional
systems. We could envisage in a not too distant future the construction of artificial systems
that can resemble the intricacy of a cell. Whether or not this approach is a chimera, still

remains to be seen. But one issue is clear: self-sorting is one of the means towards this goal.
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Chapter 3

Chiral Self-Recognition and Self-Discrimination

of Strapped Perylene Bisimides by m-Stacking

Dimerization

Abstract: We present the successful synthesis of a conformationally stable chiral perylene bisimide (PBI) by
introduction of a bridging unit on one nt-face of the PBI core which restricts the interconversion between M and
P enantiomers, making such PBI suitable for chiral self-sorting studies. Our detailed self-assembly studies with
these hitherto unknown chiral PBI revealed that self-recognition prevails over self-discrimination in the chiral
self-sorting of PBIs. The results presented in this work construct the fundament for future studies to develop
controlled PBI chiral assemblies with new properties and may initiate activities on chiral recognition of other 7-

conjugated dyes towards a better understanding of self-sorting phenomena.
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3.1. Introduction

The importance of self-assembly and self-organization for the creation of higher order
functional structures is evident in natural systems.'” Both in biological processes and in
organic synthesis, chiral recognition,”” i.e., the ability of a chiral molecule to differentiate
between two enantiomers, is of great significance as demonstrated in asymmetric catalysis®®

and enantioselective recognition by enzymes and protein receptor sites.”'® Chiral recognition

11-14 15-22

between enantiomeric pairs can lead to self-recognition or self-discrimination,
depending on whether an enantiomer preferentially recognizes itself or its mirror image to
generate homochiral or heterochiral self-assemblies, respectively. Such stereoselective
recognition events may have intriguing consequences like the formation of homochiral
compounds from racemates in autocatalytic reactions.”*> Accordingly, a better understanding
of chiral recognition phenomena will ultimately enable a more rational catalyst design for
asymmetric synthesis and may even contribute to a better understanding of the origin of
homochirality in biological molecules (e.g., L-amino acids and p-sugars and the biopolymers
derived thereof). Despite such important prospects, little attention has been paid to the
elucidation of self-recognition versus self-discrimination phenomena of chiral compounds in
supramolecular systems. Most of the known examples for chiral recognition are based on the

26-29

rather strong “inorganic” metal-ligand'""*">?° and cation-anion interactions, whereas

examples based on weak “organic” interactions like hydrogen bonding and m—mn-interactions
remain relatively rare.'>'**!'*2

Perylene bisimide (PBI) dyes have attracted considerable attention during the past years as
fluorophores and organic semiconductor materials due to their unique optical and
electrochemical properties.”® Moreover, the concurrence of a large m-surface and a
pronounced quadrupole moment of PBIs enables exceptionally strong n—mn-stacking
interactions between these dyes.”' PBIs containing substituents in the bay positions (1, 6, 7,
12-positions) are of particular interest as they possess conformational chirality due to the

twisting of the perylene core, leading to atropo-enantiomers (P and M enantiomers).>*>*
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Figure 1. Structures of atropo-enantiomeric (P)-1 and (M)-1 and schematic representation of homo-

and heterochiral dimeric aggregates derived thereof.

Very recently, Li and co-workers have elegantly explored the influence of core-twisting on
dynamic self-assembly (DSA) of conformationally flexible PBIs and their covalent
cyclodimerization.>~® However, for the investigation of chiral recognition properties of this
important class of functional dyes, conformationally stable enantiopure PBIs are required.
Due to the fast interconversion process between atropo-enantiomers of PBIs, such enantiopure
derivatives are rather scarce.*> Recently, we could accomplish epimerically pure tetra-
aryloxy-substituted PBIs by restricting the interconversion of atropisomers through bridging
the aryloxy bay-substituents.”> However, these chiral PBIs are not suitable for self-assembly
studies to explore the chiral recognition properties since both mt-faces of the perylene core are
blocked by bridging units. Therefore, to enable such studies, we have synthesized the chiral,
at bay position 1,7-disubstituted macrocyclic PBI 1 and resolved the atropo-enantiomers (P)-1
and (M)-1 (Figure 1). The bridging unit on one n-face of these strapped PBIs 1 allows only
dimerization by interaction of free m-faces and restricts the interconversion between M and P
enantiomers. Self-assembly studies with these new chiral PBIs revealed that self-recognition,
i.e., formation of homochiral dimers, prevails over self-discrimination, i.e., formation of
heterochiral dimers, by nm—m-stacking. One unexpected finding of our present studies is that
the formation of minor amounts of heterochiral dimers enables the determination of P/M
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enantiomeric ratios of chiral PBIs by 'H NMR spectroscopy without using any extern chiral

auxiliary.®’

3.2. Results and Discussion
3.2.1. Synthesis
The strapped PBI 1 was synthesized by macrocyclization of the corresponding 1,7-di(3-
hydroxyphenoxy)-substituted PBIs 2 through etherification with di(ethylene glycol) ditosylate

in the presence of cesium carbonate in THF (Scheme 1)

For the investigation of chiral
recognition process of these PBIs in solution, PBI 1 containing six long alkyl chains in imide
substituents was used. This derivative is soluble in nonpolar solvents like n-hexane or n-
heptane, in which aggregation of PBIs can be observed at rather low concentrations.”® The
starting compound N, N'’-dicyclohexyl-1,7-dibromoperylene- 3,4:9,10-tetracarboxylic acid
bisimide 3 was synthesized according to literature procedures.>”** Compound 4 was obtained
by nucleophilic substitution of the two bromine atoms of PBI 3 with 3-methoxyphenol
following Seybold’s strategy*' using NMP as solvent and potassium carbonate as base. After
saponification of 4, the insoluble perylene bisanhydride 5 could be obtained in nearly
quantitative yield. Perylene bisanhydride 5 was condensed with 3,4,5-tridodecylphenylamine,
which was synthesized according to literature procedures,* to afford PBI 6. The cleavage of
the ether groups of 4 was achieved with boron tribromide in dry dichloromethane to obtain 3-
hydroxyphenoxy-substituted PBI 2.* The free OH groups of the phenoxy substituents are
now available for the two-fold Williamson etherification (used also for the synthesis of
similar PBI macrocycles)* to give the desired PBIs 1 (Scheme 1) as racemate. The atropo-
enantiomers (P and M) of PBI 1 were resolved by semi-preparative HPLC on a chiral column
(Trentec, Reprosil 100 chiral-NR) using a mixture of dichloromethane and n-hexane as eluent.
The stereochemical assignment of the isolated enantiomers was achieved by comparison of
their circular dichroism (CD) spectra with those of the previously reported structurally similar

epimerically pure P- and M-configured macrocyclic PBIs.”
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Scheme 1. Detailed synthesis of strapped PBIs 1. The racemate was resolved by semi-preparative
HPLC on a chiral normal phase column (Trentec, Reprosil 100 chiral-NR) with a dichloromethane and

n-hexane mixture.

3.2.2. Circular Dichroism (CD) Studies
The CD spectra of monomeric (P)-1 and (M)-1 enantiomers in dichloromethane (¢ =5 x 10~
® M) show monosignated spectra in the visible region (400-600 nm) in a mirror image
relation (Figure 2, top panel, blue lines) due to intrinsic molecular chirality.33 In nonpolar n-
hexane a bisignate Cotton effect (zero crossing at 542 nm) is observed for both enantiomers at
a concentration of 5 x 10~ M (Figure 2, upper panel, red lines), which can be attributed to

45,46

chiral excitonic coupling of the transition dipole moments of the chromophores and thus
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the formation of dimeric aggregates in a helical t—r-stacking arrangement. The negative sign
of the exciton couplet (at 555 nm) for (P)-1 indicates a left-handed helicity (the opposite for

(M)-1) of the respective dimeric aggregate according to exciton chirality method.*>*’

604 (P)-1
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20
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w ©
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©
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Figure 2. Top panel: CD spectra of (P)-1 (solid lines) and (M)-1 (dashed lines) in CH,Cl, (5 x 10™° M)
(blue lines) and in n-hexane (5 x 10 M) (red lines) at 298 K. Bottom panel: concentration-dependent
UV/Vis absorption spectra of (rac)-1 in n-heptane at 331 K; arrows indicate spectral changes with

increasing concentration from 5 x 10°Mto 1 x 10° M.

3.2.3. Concentration-Dependent  UV/Vis  Absorption Studies and
Quantification of the Ratio of Homo and Heterochiral Dimers

The binding constants Kp for dimerization of (rac)-1, (P)-1 and (M)-1 were determined by
concentration-dependent UV/Vis absorption studies at 331 K in n-heptane. The concentration-
dependent UV/Vis absorption spectra (all experiments were repeated twice) of these three
samples are virtually identical, indicating similar aggregation behavior (see Figures 3-5). In
all cases, isosbestic points are observed at 526 and 466 nm, suggesting the presence of a
thermodynamic equilibrium between two species.*® The experimental data obtained from the
concentration-dependent UV/Vis absorption studies can be adequately fitted by nonlinear

49,50

regression analysis using the dimerization model (see Figures 3-5). In the dimerization
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model an exclusive equilibrium between monomer (M) and dimer (D) is assumed (Eq. (1))*'

(1)

The molar fraction of monomer species present in the solution is defined as ion =
[M]/[M]o, where [M], is the total dye concentration of the molecules. Furthermore, the
fraction of aggregated molecules can be written as ¢4ge = 1 — Gimon. By considering [M]o =
2[D] + [M] and Eq. (1), the monomer concentration [M] and molar fraction of monomers

(0mon) can be given in dependence of the dimerization constant and total dye concentration

(Eqgs (2),(3)).

[M]_—1+«/8KD|M|0+1

4K,
@)
-t KM
Hrn 4K M,
3)

In order to relate Eqs (1)—(3) to experimental data, the apparent molar absorptivity € of the

dye in solution can be expressed as

£= gMamon + (1 - amon )ED
(4)

where &y and & are the molar absorptivities of the monomer and the dimer species,

respectively. By combining Esq. (1)—(4), we obtain

1/8KD|M|0+ -1

£=
4K, [M],

(gM _SD)+8D

©)
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Nonlinear regression analysis applying the dimerization model (Eq. (5)) was performed at
the selected wavelengths wavelengths 506, 512, 516, 521 and 541 nm to yield Kp and ¢p. The
respective fraction of monomeric species (Omon) (see Figures 3b—5b) was then calculated for

each data point according to Eq. (6).

_£°&
Ev —&p

(6)

However, the optimal approach for the determination of Kp from concentration-dependent
UV/Vis absorption data is to take into account the complete spectral range through
multiwavelength analysis of the data set. Such an analysis was made possible by a custom-
made program’' in which a numeric stable fit-routine based on an exact physical model
(dimerization model presented above) is introduced. Such analysis allows not only a more
accurate calculation of the binding constants due to the larger amount of data included in the
fit, but also an exact deconvolution of the experimental absorption data into pure monomer
and dimer spectra and derived spectra for each experimental concentration. The results of this

multilinear fitting procedure are shown in Figures 3c—5c.
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First (left) and second (right) sets of concentration-dependent UV/Vis absorption studies for
(P)-1.
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Figure 3. a) Concentration-dependent UV/Vis absorption spectra of (P)-1 in n-heptane at 331 K ([M]o
=4 x10°M to 1 x 10° M), b) molar fraction of monomer species and dimerization constants
obtained from nonlinear regression analysis at selected wavelengths indicated in the inset, and c)
results from the multilinear fit routine showing the comparison of experimental (black) and derived
(red) spectra at respective concentrations as well as derived pure monomer (blue) and dimer (green)

spectra.
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First (left) and second (right) sets of concentration-dependent UV/Vis absorption studies for

(M)-1
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Figure 4. a) Concentration-dependent UV/Vis absorption spectra of (M)-1 in n-heptane at 331 K ([M]o
=4 x10°M to 1 x 10° M), b) molar fraction of monomer species and dimerization constants
obtained from nonlinear regression analysis at selected wavelengths indicated in the inset, and c)
results from the multilinear fit routine showing the comparison of experimental (black) and derived
(red) spectra at respective concentrations as well as derived pure monomer (blue) and dimer (green)

spectra.
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First (left) and second (right) sets of concentration-dependent UV/Vis absorption studies for

(rac)-1
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Figure 5. a) Concentration-dependent UV/Vis absorption spectra of (rac)-1 in n-heptane at 331 K
(Mlo=4 x 10° M to 1 x 107 M), b) molar fraction of monomer species and dimerization constants
obtained from nonlinear regression analysis at selected wavelengths indicated in the inset, and c)
results from the multilinear fit routine showing the comparison of experimental (black) and derived
(red) spectra at respective concentrations as well as derived pure monomer (blue) and dimer (green)

spectra.
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The comparison of the binding constants obtained from analysis at selected wavelengths
with those obtained by the multilinear fit procedure reveals slight deviations (Table 1).
However, since the amount of data introduced in the multilinear fit is much larger compared
to that of the analysis at selected wavelengths, the results from multilinear analysis are more
reliable. Here, nearly the same binding constant values are found for all dilution studies
involving pure enantiomer solutions, and also for the racemate reproducible values were
obtained. Notably, the derived spectra at given concentrations are in very good accordance
with the experimental ones, which additionally indicates the reliability of the multilinear
analysis method.

Table 1. Dimerization binding constants Kp of racemate and pure enantiomers of PBI 1 as obtained

from two independent studies by nonlinear regression analysis at selected wavelengths and multilinear

fit of the data, respectively.

Sample Kp [M]
Multilinear fit
506 nm 512 nm 516 nm 521 nm 541 nm

(error = 15 %)

(rac)-1 1410 £260 1390 +200 1430 + 240 1590 + 430 1100 + 300 1500

1280 +£240 1520 +250 1510+ 290 1660 + 510 980 +£170 1510

(M)-1 3280+ 520 2800+370 2750+470 2850+ 810 2110+ 620 2810

3830+380 3280+380 3370 +400 4020+ 870 2060 +270 2800

(P)-1 3120+ 420 2890+240 2860 + 260 2890 £430 2000+ 170 2810

3320+ 760 3200+330 3180+ 360 1230 + 400 1740 + 290 2800

The considered dimerization constants Kp of (rac)-1 and enantiomers (P)-1 and (M)-1 at
331 K calculated from the values obtained with the multilinear fit are collected in Table 2. It is
remarkable that the Kp values determined for the pure enantiomers are significantly larger
than that for the racemate, implying that the formation of homochiral dimers is

thermodynamically more favored.
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Table 2. Dimerization constants Kp determined for (rac)-1, (P)-1 and (M)-1 in n-heptane at 331 K by

multilinear fit of the concentration-dependent UV/Vis absorption data to the dimerization model.

Sample (P)-1 (M)-1 (rac)-1
Kp [M™] 2800 2800 1500

Quantitative information about the ratio of homochiral and heterochiral dimers can be
obtained from the Kp values of PBI 1. The Kp value obtained for enantiopure (P)-1 (or (M)-1)
is obviously related to the formation of homochiral dimers (i.e., Kp = Kp(nomo)), While in the
case of the racemate (rac)-1 the obtained Kpac) is the average value of homo- and hetero-
dimerization processes. According to Kol and co-workers,”” for racemates the binding
constant can be expressed as

D]

Kpae = W (7

and

K _ KD(hetero) + 2KD(homo)
D(rac) — 4

(8)

where [D] is the total dimer concentration (homo- and heterochiral dimers) and [M] is the free

monomer concentration. By applying the respective Kp values obtained for the enantiopure

(Kp(homo)) and racemic (Kpac)) PBI samples to Eq. (8), Kpetero) can be calculated as 400 M.
The concentration ratio of homo- and heterodimers can be expressed as shown in Eq. (9).

[Homodimer] _ [MM ]+ [PP]
[Heterodimer] - [MP]

)

For dimerization processes between M and P enantiomers, the following equilibria and

corresponding equilibrium constants have to be considered (Eqs (10)—(12)).

(10)
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(M ]

M + M 2 MM Ky = 11
m (11)
[MmP]

P + M 2 MP K,p= 12
R (12

where Kyns = Kpp = Kp(homo) and Kyp = Kpyr = Kphetero)- By applying Eqs (10)—(12) in (9) one
obtains Eq. (13).

[HomOdimer] — KD(homo) [M]2 + KD(homo) [P]2
[HeterOdimd] KD(hetero) [M][P]

(13)

In the case of the racemate it applies further that [M] = [P], thus, Eq. (13) can be written in

this case as

[HO mOdimer] — KD(homo) [M]2 + KD(homo) [M]2 - 2I<D(homcv) [M]2 - 2I<D(homcv)
[HeterOdimer] KD(hetero) [M ][M] KD(hetero) [M ]2 KD(hetero)

(14)

Finally, by applying the values for Kpmomo) = 2800 M~ and Kb(hetero) = 400 M 'in Eq. (14)
we obtain [Homodimer]/[Heterodimer] = 14, which corresponds to 93.4 % homodimers and
6.6 % heterodimers in the racemic solution. This result confirms the prevalence of chiral self-
recognition (homodimerization) over self-discrimination (heterodimerization) of these PBIs

by m-stacking dimerization.

3.2.4. Deduction of the Equilibrium Constant K' for the Formation of
Heterodimers from Homodimers

Once obtained the values of Kpmomoy and Kp(hetero) the equilibrium constant (K') and related

Gibbs energy (AG’) for the formation of heterodimers from a racemic mixture of homodimers

can be calculated. For the equilibrium between homo- and heterodimers, the equilibrium

constant is given as

2MP 4K'—M (15)

PP+ MM N

N

For this equilibrium, by substituting Eqs (10)—(12) in Eq. (15) one obtains Eq. (16) taking
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into account a statistical factor of 4.

— Kli(hetero) [M ]2 [P ]2 — K]i(hetero)
K li(homo) [M ]2 [P ]2 K ]i(homo)

4K

(16)

From the values for Kpmomoy = 2800 M~ and Kbheteroy = 400 M~ follows K’ = 5 x 107 ,
which corresponds to a Gibbs energy of 14.5 kJ mol™ according to AG'=—RTInK"' (where R
is the ideal gas constant and 7 is the temperature in Kelvin ) for the formation of heterodimers
from the racemic mixture of homodimeric species. Note that the obtained Gibbs energy has a
positive sign as the formation of heterodimers from homodimers is an energetically

disfavored process.

3.2.5. 'H NMR Spectroscopy

To get more insights into the chiral recognition behaviour of PBI 1, "H NMR investigations
in deuterated n-hexane at 331 K were performed. As expected, identical NMR spectra were
obtained for (P)-1 and (M)-1 enantiomers (¢ = 10~ M). However, significant differences were
observed in spectra of (rac)-1 (¢ =2 x 10~ M).” As can be seen in Figure 6a, the superposed
spectra of racemate (rac)-1 and enantiopure (P)-1 (or (M)-1) show significant differences in
chemical shift, particularly of the protons in the aromatic region. For the concentration and
temperature used in the "H NMR experiments, at least 60 % of dimeric species should be
present as estimated from UV/Vis studies (Figures 3-5). Thus, the observed differences
between the spectra of (rac)-1 and enantiopure (P)-1 (or (M)-1) should be related to the
contemporaneous presence of homo- and heterochiral dimers in the case of racemate. In order
to clarify the observed differences in chemical shifts of racemate and pure enantiomers, a
series of solutions in [Di4] n-hexane with varying enantiomeric excess (ee) ranging from 18 to

90 % ee at ¢ = 1 x 10~ M were investigated by 'H NMR. The spectra in Figure 6b show two

sets of signals for the aromatic protons of perylene core (denoted as H,H*, H>,H” and H",H)
in solutions with ee not equal to 0 or 100 %. The relative intensities of the respective signal

pairs are directly proportional to the % ee applied (Table 3).
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Table 3. Comparison of the experimental ee values with those calculated from integral ratios of signal

pairs of H*,H*, H",H" and H°,H""

% ee experimental % ee calculated
H* H" H° H” H®,H"
84 86 [a] [a]
76 79 [a] [a]
72 76 74 fa)
62 66 62 64
52 56 56 56
42 46 46 42
30 34 (el 33

[a] As the signals of H’,H" and H°,H are superimposed, no accurate calculation of the % ee is possible.

To understand the meaning of the split signals under fast exchange conditions, we have to
take into account that three equilibria are present in solution (Eqs (10)—(12)) if ee is not equal
to 100 %. In this case two set of signals for perylene protons are observed due to NMR non-
equivalence, which correspond to a weighted average of the three signals standing for [M],
[MM] and [MP] for oy, and for [P], [PP] and [MP] for dp. Accordingly, the relative intensities

of the signals in the mixture reflect the relative amounts of [M] and [P] in the sample. For [P]

> [M] we obtain Eqs (17)—(19) according to references >’
1,, = a([M]+2[MM |+ [MP)) (17)
I, = a([P]+2[PP]+[MP)) (18)
oo \cr=ey) (U =1,) (19)

(CP +CM) ([P +IM)
where / = intensity of NMR signal, ¢ = concentration and ¢ = constant.

This observation can be explained in terms of the different fractions of time spend by the
two parent (M) and (P) enantiomers in the monomeric, homodimeric and heterodimeric state
under fast-exchange conditions, giving rise to different averaged diastereotopic environments.
Obviously, this situation is given under the premise that the composition of enantiomers is not
racemic (cp. Figure 6), a sufficient amount of heterochiral dimer is present, and the homo-

and heterochiral dimers which are in diastereomeric relationship feature different chemical
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environments for the H* and H* protons (x = a, b or ¢) leading to magnetic non-equivalence of
those protons.”>>* We conjecture that the unexpected separation of the perylene H* and H*
proton signals arises from pronounced differences in the aromatic shielding of these protons

in homo- and heterodimers present in the equilibrium, and thus provoke signal split.

/
9.0 8.5 8.0 7.5 7.0 6.5 6.0

5/ ppm

a)

b)
% ee (P) jVLH HP HY JLHC,HC'
0
o —r . e

20 *J@LaHO N OHC_‘,/’*”L_JUL__._*
52 *.___»dLbHOQ{_JJ\,ML___
2 — O Y VS
0 — T OHa,_JmJL__
o R SO U
100 L ...,.Mk,

T T T 1
9.2 9.0 8.8 8.6 8.4 8.2 8.0 7.8
Jd/ ppm

Figure 6. a) 600 MHz 'H NMR spectra (aromatic region is shown) of (P)-1 (or (M)-1) (c =1 x 107
M) (red spectrum) and (rac)-1 (¢ =2 x 10~ M) (blue spectrum). b) 600 MHz "H NMR spectra (region
of PBI core protons) of solutions with different ee (%) referred to (P) enantiomer (¢ = 1 x 10~ M). All

spectra were measured in [Dy4] n-hexane at 331 K.

3.3. Conclusions

To conclude, we have successfully synthesized conformationally restricted chiral 1,7-
diaryloxy-substituted PBIs and resolved their atropo-enantiomers. The new chiral compounds
are adequately characterized by '"H NMR and high resolution mass spectrometry (HRMS).
Based on our spectroscopic studies of racemic and enantiopure PBI dyes, we could show for
the first time that self-recognition prevails over self-discrimination in nt-stacking dimerization

of PBIs. The formation of minor amounts of heterochiral dimers allows the direct
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determination of the ee of chiral PBIs by "H NMR without using any extern chiral auxiliaries.
Our findings may initiate activities on m-stacking dimerization of other chiral dyes towards a

better understanding of self-sorting phenomena, which is of general interest.

3.4. Experimental Section

Cesium carbonate (99 %), boron tribromide (> 99 %), 3-methoxyphenol (97 %), potassium
carbonate (> 99 %), dichloromethane and N-methyl pyrrolidone (NMP) (99.5 %) were
obtained from commercial suppliers. All chemicals and reagents were used as received, unless
otherwise stated. NMP was fractionally distilled prior to use, dichloromethane was distilled
under nitrogen from calcium hydride, and potassium carbonate was dried in vacuo at 100 °C
for 24 h. Diethylene glycol ditosylate’® and N, N'-dicyclohexyl-1,7-dibromoperylene- 3,4:9,10-
tetracarboxylic acid bisimide 3 were prepared according to literature procedures.”*° The two
regioisomers of dibromoperylene bisimide 3 (1,6- and 1,7-disubstituted) were not separated®
and 3 was applied in the next step as a regioisomeric mixture. As monitored by high field 'H
NMR spectroscopy (600 MHz), 3 contained about 5-10 % of the respective 1,6-isomers.
Flash column chromatography was performed using silica gel (Si60, mesh size 40-63 um)
from Merck. "H NMR spectra were recorded with a Bruker Avance 400 MHz and a Brucker
Advance DMX 600 MHz instruments. Chemical shifts are given in parts per million (ppm)
and are referred to TMS as internal standard. 'H coupling constants J are given in Hertz (Hz).
MALDI-TOF mass spectra were recorded on an Autoflex II from Bruker Daltonics and
HRMS were recorded on a MicrOTOF Focus from Bruker Daltonics. Analytical HPLC was
carried out on a JASCO system (PU 2080 PLUS) with a diode array detector (MD 2015),
equipped with a ternary gradient unit (DG-2080-533) and inline-degasser (LG 2080-02).
Semi-preparative HPLC was performed on a JASCO system (PU 2080 PLUS) with an
UV/Vis detector (UV 2077 PLUS). Vapor pressure osmometry (VPO) measurements were
performed on a KNAUER osmometer with a universal temperature measurement unit. Benzil
was used as standard and a calibration curve in terms of R (ohm) vs. molal osmotic

concentration (moles per kg n-hexane) was accomplished up to 0.016 molal.
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UV/Vis Absorption and Circular Dichroism (CD): For all spectroscopic measurements,
spectroscopic grade solvents (Uvasol®) from Merck were used. UV/Vis spectra were
recorded with a Perkin Elmer PE 950 equipped with a PTP-1 peltier element. CD spectra were

measured with a JASCO J-810 spectrometer equipped with a CDF-242 peltier element.

Detailed synthesis of PBIs 1:

N,N’-Dicyclohexyl-1,7-di(3-methoxyphenoxy)perylene-3,4:9,10-tetracarboxylic acid
bisimide (4): N,N'-Dicyclohexyl-1,7-dibromoperylene-3,4:9,10-tetracarboxylic acid bisimide
3 (500 mg, 0.70 mmol), 3-methoxyphenol (757 mg, 6.10 mmol) and potassium carbonate
(303 mg, 3.50 mmol) were dissolved in NMP (30 mL) and stirred for 1 h at 120 °C under
argon atmosphere. The reaction mixture was cooled to RT and added dropwise to 1 M
hydrochloric acid (50 mL) under stirring. The precipitate was collected by filtration and dried
in vacuo. Purification of the crude product was carried out by column chromatography (silica
gel, CH,Cly/n-hexane 4:1) and yielded 370 mg (0.46 mmol, 76 %) red solid in sufficient
purity for further reaction: m.p. 317-320 °C; '"H NMR (400 MHz, CDCls, 25 °C, TMS): § =
9.56 (d, J= 8.5 Hz, 2H), 8.58 (d, J = 8.3 Hz), 8.32 (s, 2H), 7.33 (t, J = 8.5 Hz, 2H), 6.80 (ddd,
J=28.2, 1.6 Hz, 2H), 6.72 (m, 4H), 4.99 (m, 2H), 2.51 (m, 4H), 1.88 (m, 4H), 1.73 (m, 6H),
1.45-1.26 ppm (m, 6H); MS (MALDI TOF, pos. mode, DCTB): m/z: calcd for CsoH4,N>Og
798.3 [M]+; found: 798.3; elemental analysis calcd for CsoH4,N,Os: C 75.17, H 5.30, N 3.51;
found: C 75.28, H 5.39, N 3.46; UV/Vis (CH,CL): Amax (€max) = 537 nm (49300 M 'cm™);

fluorescence (CH,Cly): Amax = 566 nm, &= 0.90.

Synthesis  of  1,7-di(3-methoxyphenoxy)perylene-3,4:9,10-tetracarboxylic  acid
bisanhydride (5) and  N,N-di(3,4,5-tridodecylphenyl)-1,7-di(3-methoxyphenoxy)
perylene-3,4:9,10-tetracarboxylic acid bisimide (6): N,N'-Dicyclohexyl-1,7-di(3-
methoxyphenoxy)perylene-3,4:9,10-tetracarboxylic acid bisimide 4 (690 mg, 0.86 mmol) and
KOH (3.45 g, 86.25 mmol) were dissolved in 35 mL isopropanol. The solution was stirred for
2 h under reflux. Subsequently, the mixture was added dropwise to 60 mL of acetic acid. The
precipitate was separated by filtration and washed with 50 mL water and 50 mL of a saturated

solution of NaHCOs. The product could be neither purified nor characterized by NMR due its
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insolubility in common solvents. The crude product 5 was used directly for the imidization
with 3,4,5-tridodecylphenylamine.

A portion of 300 mg (0.47 mmol) of 1,7-di(3-methoxyphenoxy)perylene- 3,4:9,10-
tetracarboxylic acid bisanhydride 5 (crude product), 3,4,5-tridodecylphenylamine (400 mg,
0.67 mmol), acetic acid (0.5 mL) and zinc acetate (30 mg, 0.16 mmol) were dissolved in 7 mL
NMP. The mixture was stirred at 140 °C under argon for 16 h. Afterwards the reaction
mixture was added dropwise into an aqueous HCI (15 %) solution. The resulting precipitate
was separated by filtration. The pure product 6 was obtained after column chromatography
(silica gel, n-hexane/CH,Cl; 4:6). Yield: 450 mg (0.25 mmol, 75 % refered to the amine). Red
amorphous solid: m.p. 205-212 °C; "H NMR (400 MHz, CDCl;, 25 °C, TMS): 6=9.63 (d, J
= 8.5 Hz, 2H), 8.67 (d, J = 8.5 Hz, 2H), 8.40 (s, 2H), 7.32 (t, J = 8.4 Hz, 2H), 6.85 (s, 4H),
6.78 (m, 2H), 6.74 (m, 2H), 6.72 (m, 2H), 3.82 (s, 6H), 2.63 (t, J = 8.2 Hz), 12H), 1.61 (m,
12H), 1.39-1.19 (m, 108H), 0.91-0.81 ppm (m, 18H); HRMS (ESI, pos. mode,
acetonitrile/chloroform 1:1): m/z caled for Ci2H;75N>Og [M+H]+: 1796.3304; found:
1796.3343.

N,N’-Di(3,4,5-tridodecylphenyl)-1,7-di(3-hydroxyphenoxy)perylene-3,4:9,10-
tetracarboxylic acid bisimide (2):

N,N'-Di(3,4,5-tridodecylphenyl)-1,7-di(3-methoxyphenoxy)perylene-3,4:9,10- tetracarbox-
ylic acid bisimide 6 (214 mg, 0.12 mmol) was dissolved in 20 mL dry dichloromethane under
argon atmosphere. The mixture was cooled to 0 °C and pure BBr; (0.08 mL, 0.91 mmol) was
added directly to the solution. The reaction mixture was stirred for 1 h at 0 °C and for
additional 3 h at RT. Afterwards, the solvent was removed by distillation and 20 mL
water/methanol (1:4) were added to the residue and treated for 45 min in ultrasound bath. The
solid crude product was separated by filtration. The purification was carried out by column
chromatography (dichloromethane/n-hexane 4:1). Yield: 160 mg (0.09 mmol, 79 %). Violet
solid: m.p. 168—170 °C; "H NMR (400 MHz, CDCls, 25 °C, TMS): 8= 9.41 (d, J= 8.6 Hz,
2H), 8.59 (d, J = 8.6 Hz, 2H), 8.28 (s, 2H), 7.24 (t, J = 8.3 Hz, 2H), 6.90 (s, 4H), 6.69 (m, J =
7.1 Hz, 2H), 6.63 (m, 2H), 6.60 (m, 2H), 5.70 (s, 1H, -OH), 2.60 (t, 12H), 1.60—1.53 (m,

12H), 1.37-1.19 (m, 108H), 0.91-0.84 ppm (m, 18H); HRMS (ESI, pos. mode,
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acetonitrile/chloroform 1:1): m/z caled for CjyH;71N2Og [M+H]+: 1768.2991; found:

1768.3030.

Macrocycle 1:

N,N'-Di(3,4,5-tridodecylphenyl)-1,7-di(3-hydroxyphenoxy)perylene-3,4:9,10- tetracarbox-
ylic acid bisimide 2 (150 mg, 0.08 mmol), diethylene glycol ditosylate (68 mg, 0.17 mmol),
and Cs;CO;3 (221 mg, 0.68 mmol) were dissolved in 250 mL dry THF. The mixture was
stirred under argon atmosphere at reflux during 24 h. The solvent was evaporated and the
residue was extracted three times with dichloromethane/water (1:1). The organic layer was
separated and the solvent was removed under reduced pressure. The purification was carried
out by column chromatography (silica gel, dichloromethane/n-hexane 45:55). Yield: 23 mg
(11.43 umol, 15 %). Orange amorphous solid: m.p. 245-248 °C; '"H NMR (400 MHz, CDCls,
TMS): 6=9.32 (d, J = 8.2 Hz, 2H), 8.61 (d, J = 8.2 Hz, 2H), 8.42 (s, 2H), 7.27 (t, J = 8.2 Hz,
2H), 6.69 (dd, J = 7.2 Hz, 2H) , 6.86 (s, 4H) , 6.43 (dd, J = 8.2 Hz, 2H), 5.63 (t, J = 2.0 Hz),
3.75-3.47 (m, 8H), 2.64 (t, J = 8.0 Hz, 12H), 1.59-1.55 (m, 12H), 1.32-1.18 (m, 108H),
0.83-0.78 ppm (m, 18H); HRMS (ESI, pos. mode, acetonitrile/chloroform 1:1): m/z caled for
Ci24H177N,09 [M+H]": 1838.3448; found: 1838.3485; UV/Vis (CH,CL): Amax (Emax): 528 nm
(64900 M 'em™); UV/Vis (n-hexane): Amax (&nax) = 517 nm (60000 M 'cm '); fluorescence
(CH,Cl,): Aax = 545 nm, @y = 0.09; fluorescence (n-hexane): Amax = 527 nm, @ = 0.88.

Resolution of enantiomers P-(+)-1 and M-(-)-1 by HPLC: Resolution of the enantiomers
was achieved on a semi-preparative chiral column (Trentec Reprosil 100 chiral-NR) in normal
phase with dichloromethane/n-hexane (25:75) as eluent. The flow rate used was 8 mL/min.
11.5 mg of each enantiomer were isolated with ee > 99 %. m.p. 106-114 °C.

M-(-)-1: Retention time (Trentec, Reprosil 100 chiral-NR, dichloromethane/n-hexane
(25:75), flow: 1.0 mL/min; @ = 0.8 cm): 11.0 min; Amay (4€): 527 nm (— 44 M 'em ™).

P-(+)-1: Retention time (Trentec, Reprosil 100 chiral-NR, dichloromethane/n-hexane
(25:75), flow: 1.0 mL/min; @ = 0.8 cm): 11.8 min; Amay (4€): 527 nm (+ 41 M 'em ™).

The stereochemical assignment of the isolated enantiomers was achieved by comparison of
their circular CD spectra with those of the previously reported, structurally similar,

epimerically pure P- and M-configured macrocyclic PBIs.**
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Chapter 4

Impact of Core Chirality on Mesophase Properties

of Atropo-Enantiomeric Perylene Bisimides

Abstract: The three dimensional organization of a racemic core-twisted perylene bisimide (PBI) 1 and its pure
atropo-enantiomers ((P)-1 and (M)-1) are compared in the condensed state to elucidate the impact of core
chirality in such materials. Our studies revealed distinctive differences in the condensed state properties of the
racemic and enantiopure PBIs. While the racemic material forms a soft crystalline phase, the pure enantiomers
(P)-1 and (M)-1 exhibit a smectic liquid crystalline mesophase of much lower viscosity as evidenced by
differential scanning calorimetry (DSC), polarization optical microscopy (POM), X-ray diffraction of extruded
samples and atomic force microscopy (AFM) investigations. Two different packing models for the condensed
state of the racemate and its pure enantiomers have been proposed based on the observed mesophase properties

and force field calculations.
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4.1. Introduction

Highly organized self-assembled nanomaterials are of great importance for

4

optoelectronic devices,'™ catalysis,”® sensing’”’ and chiral recognition.'®'? Liquid

13-16

crystals and, in particular, columnar mesophases' ° have attracted considerable

interest in the past years due to their intriguing electronic and optical properties.”'** Their
self-organization, self-healing of structural defects and the facile low-temperature

processing of oriented thin films make liquid crystals highly attractive for the

24-26

development of novel, highly organized materials. The introduction of chirality in

27-32

liquid crystals may endow such materials with some specific functionalities such as

33-36 37,38

polar order and second order nonlinear optical properties, and selective reflection

or full color thermal imaging.***' Chiral discotic liquid crystalline molecules can be

achieved mainly through two different approaches: i) by attaching chiral side chains to the

42-45

. cey . . . . . . 46.4
central aromatic core, and ii) inducing chirality in the aromatic core.***” The former

approach has been widely applied to introduce helicity in columnar phases. However, only
few examples of core chiral nonracemic discotic liquid crystals have been reported so far.
Among them, helicenes*® and binaphthyl derivatives®’ revealed helical self-organization in
columnar phases owing to the presence of chiral aromatic cores.

Helicenes (and helicene-like derivatives),”®>* binaphthyl”™’ and biphenyl®*®
derivatives are the most prominent examples of chiral aromatic compounds with stable
inherent chirality. For larger polycyclic aromatic hydrocarbons inherent chiral aromatic

cores are accessible by the twisting of the extended m-systems by attaching sterically

63-69

demanding substituents in the bay area. This strategy has been successfully applied in

a large number of m-conjugated organic semiconductor systems such as triphenylenes,®*%*

65-67

acenes and perylene bisimide (PBI) dyes.”""!

The outstanding optical and electronic properties of PBI dyes’” have been proved to be

of great advantage for a variety of applications, e.g., light emitting diodes (LEDs),**"*"*

578 and solar cells.?*7%%¢ Moreover, in our recent

organic field effect transistors (OFETs)
studies, we could demonstrate high charge carrier mobilities not only for planar®™ but

also for core-twisted PBIs.* The twisting of the PBI core affords the desired core
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chirality, and the proper choice of the bay substituents allows the chiral resolution to
enantiopure bay-substituted PBIs. However, it has been demonstrated that even for bulky
substituents such as bromine in bay-positions (1,6,7,12-positions), racemization of the
atropo-enantiomers (M and P enantiomers) occurs at ambient temperature.”’ Recently,
epimerically pure tetra-aryloxy-substituted PBIs could be obtained by restricting the
interconversion of their atropisomers through bridging the aryloxy bay substituents.*%
However, their intrinsic rigidity and both sterically hindered m-surfaces prevent their
aggregation through mn—m interactions. To overcome this drawback, we recently
synthesized the chiral macrocyclic PBI 1 bearing a bridging unit at 1,7 positions and
hence suitable for self-assembly, and its atropo-enantiomers ((P)-1 and (M)-1, see Figure
la) were resolved as reported elsewhere (Chapter 3).”° The formation of chiral dimeric
aggregates was demonstrated in solution and the predominance of homochiral self-
assemblies over the heterochiral ones was evidenced, with a difference of 14.5 kJ mol™ in
the Gibbs energy for the formation of heterodimers from a racemic mixture of
homodimers.” Thus, preferential formation of excitonically coupled homochiral dimers is
anticipated also in the condensed state of PBIs 1 owing to this considerable
thermodynamic bias.

Liquid crystallinity of PBI derivatives was observed in materials with multiple long
flexible alkyl chains attached at the imide positions. This strategy has been previously

789 as well as in core-twisted PBIs.®” As the macrocyclic

successfully applied in planar
PBIs 1 possess long flexible alkyl chains at the imide positions and a large chiral aromatic
core, liquid crystallinity of the configurationally fixed core chiral PBIs 1 is expected.
Although liquid crystals based on chiral carbohydrate cores have been appreciably
studied,””* and the effect of chirality in metallomesogens has been investigated by using

3132 1o our knowledge, there are only few

racemates and their respective enantiomers,
reports on comparative studies of racemic and enantiopure core chiral atropo-enantiomeric
mesogens.

The set of racemic and enantiopure PBIs 1 now offers the unique opportunity to explore

the effect of core chirality on the condensed state properties of such mesogens. Here we
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report that the PBIs 1 with twisted chiral core exhibit thermotropic phases. More
interestingly, our comparative studies with the racemic and enantiomerically pure (P)-1
and (M)-1 have revealed that the racemate possesses a soft columnar crystalline phase,
while the enantiomerically pure PBIs organize in lamellar smectic liquid crystalline
phase. Such distinctive condensed state properties of racemic and the respective pure
enantiomers are unprecedented for aromatic core chiral molecules. This novel chirality
effect is rationalized on the basis of the efficient alternate packing of MM and PP
homochiral dimers in racemic PBI 1 which is triggered by favorable non-bonding
interactions of the molecular bridges (Figure 1b), while for the enantiomerically pure PBIs

such a packing is unfavorable for steric reasons (Figure 1c).

Figure 1. a) Structure of atropo-enantiomeric PBIs (P)-1 and (M)-1, b) schematic representation
of the stacking through the bridging unit of two different MM (red) and PP (yellow) and c) two
equal MM (red) homochiral dimers.

4.2. Results and Discussion

4.2.1. Thermotropic Behavior

The thermotropic properties of PBIs (rac)-1, (M)-1 and (P)-1 were characterized by
differential scanning calorimetry (DSC), polarized optical microscope (POM) and X-ray
diffraction.

DSC thermograms for the second heating and cooling cycles are depicted in Figure 2
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and the obtained thermodynamic properties are summarized in Table 1.
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Figure 2. DSC thermograms (heating and cooling runs at a scanning rate of 10 °C min') of a)

(rac)-1, b) (P)-1 and c) (M)-1; second cycle is shown. Cr,, is indicative of a soft crystalline

rectangular phase, whilst Sm represents a smectic phase.

All compounds (rac)-1, (M)-1 and (P)-1 revealed only one transition from a birefringent
to an isotropic phase in the studied temperature range from 0 to 250 °C. For compound
(rac)-1 an endothermic transition at 245 °C was observed with a relatively high transition
enthalpy of 32.2 kJ mol ' (Figure 2a). In contrast, the pure enantiomeric (M)-1 and (P)-1
showed a transition temperature at 115 °C with a transition enthalpy of 4 kJ mol™'. No
significant differences between (M)-1 and (P)-1 are observed, which is actually expected
for a pair of enantiomers (Figure 2b,c). It is noteworthy that the clearing temperature and
transition enthalpy of (rac)-1 are significantly higher than for pure enantiomers (M)-1 and

(P)-1, indicating higher thermodynamic stability of the packing of the racemate with
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regard to that of the pure enantiomers (Table 1). The high transition enthalpy and
transition entropy of (rac)-1 point to a transition from a highly ordered crystalline
structure to an isotropic phase, while the relatively low values for (M)-1 (or (P)-1) are in
proper agreement with a liquid crystal phase transition. Large differences in the
isotropization temperature between the racemate and pure enantiomers have been
previously reported for crystalline compounds,’®' however, such studies are scarce for

liquid crystalline materials.”"**>%

Table 1. Thermodynamic data obtained from DSC studies of (rac)-1, (P)-1 and (M)-1.

T (°C) AH (Jmol™")  AS(Jmol'K™)

(rac)-1 245 322 62.2
(P)-1 117 43 10.3
(M)-1 117 4.1 10.2

POM studies revealed that (rac)-1 does not exhibit any typical texture for liquid
crystals, instead, birefringent, fibrous-like structures were growing very fast at 240 °C
(cooling rate 0.1 °C min ') (Figure 3a). Such a texture is not characteristic for a classical
liquid crystalline phase but rather reminiscent of a growing crystal. However, the material

could still be sheared, pointing to their soft nature.

Figure 3. Textures observed for a) (rac)-1 and b) (M)-1 (or (P)-1) under POM.

93,94 were

In contrast, well defined fan-shaped textures typical for a lamellar phase
observed for (M)-1 and (P)-1 (Figure 3b) after cooling down from the isotropic phase
(cooling rate 0.1 °C min ). The low viscosity of this mesophase could be demonstrated by

shearing, which produced a homeotropic alignment of the sample between two glass slides
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(Figure 4). In combination with the typical fan-shaped texture, these results are indicative

of a lamellar liquid crystal phase of SmA type for the enantiomerically pure materials.

Figure 4. Pictures of a (M)-1 sheared sample at different rotation angles respective to the light beam in

the polarization microscope with the polarizator in perpendicular mode.

The data for the thermotropic behavior of (rac)-1 and (M)-1 (or (P)-1) suggest
significantly different supramolecular organizations of the mesophases of racemic and

enantiopure materials that could be illustrated by a contact zone experiment (Figure 5).

Figure 5. POM pictures of the contact zone between (M)-1 (right) and (P)-1 (left) after cooling
from 250 °C to 240 °C (a) and 80 °C (b) at a cooling rate of 0.1 °C min".

In this experiment, the enantiomers (M)-1 and (P)-1 were placed between two glass
slides creating a contact zone in which an enantiomeric excess gradient was expected. The
probe was first melted at 120 °C and further heated to 250 °C, the transition temperature
of the racemate. A texture identical to the one previously observed for (rac)-1 could be

revealed in the contact zone of both enantiomers at 240 °C upon cooling at a rate of 0.1 °C
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min~' (Figure 5a). The areas left and right to the contact zone remained isotropic until the
phase transition temperature for the enantiomerically pure samples was reached (Figure
5b). These results indicate that only the almost exact 1:1 mixture and the neat
enantiomeric compounds are able to form anisotropic mesophases with a large gap of
mixing in between. This implies that (rac)-1 builds one distinct more stable phase with a
significantly different supramolecular organization and physical properties compared to
those of the pure enantiomers. Similar observations were reported previously for mixtures
of donor and acceptor discotic mesogens.””*

Structural investigations of the observed phases were performed by WAXS and MAXS
on aligned samples after extrusion of the material to fibers at about 30 to 50 °C below the
transition temperature to the isotropic phase.® Compound (rac)-1 exhibits a typical fiber

pattern consisting of equatorial and meridional reflections reminiscent of a columnar self-

organization (Figure 6a).

i meridian ! meridian

(i) 3
b squaorl
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Figure 6. Diffraction pattern corresponding to (a) (rac)-1 at 149 °C and (b) (M)-1 at 80 °C.

The observed six equatorial reflections (i) (indicated by arrows in Figure 6a) point to a two-
dimensional order of columns (Table 2). The best least square fit was obtained assuming a
centered rectangular order with lattice parameters a = 65.1 A and b = 18.2 A (see Figure 8a).
The large arcs of the reflections indicate a poor alignment or a considerable degree of disorder
of the columnar material. The reflections are relatively sharp compared to liquid crystalline

materials but too broad for genuine crystals, indicating a soft crystalline nature of the phase. A

4 Studies performed in collaboration with Prof. Matthias Lehmann.
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diffuse, broad halo (ii) at 4.6 A observed for (rac)-1 can typically be attributed to disordered
liquid-like aliphatic chains. The diffuse part of the halo, however, is superposed by a second
halo at 4.5 A with a much smaller, unusual half-width corresponding to 45 correlated CH,
units. This may indicate that there is a portion of highly ordered aliphatic components. Two of
the three reflections (iii) on the meridian corresponding to 9.6 A and 4.9 A can be indexed as
002 and 004. The third reflection at 5.1 A is not positioned at an expected layer line, and thus
point to only short range intracolumnar order attributed to the aromatic cores separated by the

bridge of the PBI that partitions the aromatic cores along the column (see Figure 7).

Figure 7. Columnar stack showing the 5.1 A distance, which presumably has its origin in two

aromatic entities separated by the bridges.

The height of a columnar unit, and thus that of the three-dimensional orthorhombic unit cell,
amounts to 19.2 A. It is highly remarkable that PBIs sterically blocked at one n-face by the
bridging unit are still able to stack in columnar aggregates. The dimer formation by the free m-
face of the chiral molecules can proceed through n-stacking which is highly favorable in MM
or PP dimer aggregates, and these are indeed the predominant species in solution as
previously shown in Chapter 3. These dimers can then generate columnar stacks by a
centrosymmetric packing of bridging units. Only when PP and MM dimers alternate, the long
axes of the PBI chromophores point almost to the same direction which allows such an
efficient centrosymmetric packing and nanosegregation of the polar centers from the nonpolar

flexible chains (Figures 1b and 8b), and that is the driving force towards the columnar
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structure. Consequently, the unit cell must contain a PPMM sequence along the c-direction,
which is in agreement with the mixing experiment revealing the columnar soft crystalline

phase only in the vicinity of the contact zone between P and M enantiomer.

Table 2. Experimental and calculated d-values of (rac)-1 at 149 °C in its orthorhombic soft crystalline

phase with parameters: a =65.1 A, b=18.2 A and c=19.2 A.

hkl d (measured) / A d (calculated) / A Correlation length / A

200 32.6 32.6 468 (= 14 columns)
110 17.5 17.5
310 14.1 14.0
510 10.5 10.6
020 9.0 9.1
220 9.0 8.8
420 8.0 8.0
002 9.6
- 5.1
004 4.9 4.8
halo 4.6 (4.5) (202)

Based on these results, the packing in soft crystalline material of (rac)-1 with
orthorhombic three-dimensional order and eight PBI molecules in the unit cell (two
columns with two dimers each) was modeled with the program Package Materials Studio
and geometry minimized by the force field module Forcite Plus (COMPASS) (Figure 8).°
First, a single stack of four PBI mesogens MPPM was assembled in a perfectly aligned
fashion, placed in a large orthorhombic cell and the cell parameters a/2 and ¢ were slowly
adjusted to the experimental values, while optimizing the geometry of the assembly.
During this procedure, the PBIs which are slightly rotated to each other in the m-stack

remained at their positions and mainly the bridges and dodecyl chains were optimized for

¢ Calculations carried out in collaboration with Prof. Matthias Lehmann.
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packing and space filling. Subsequently, the cell was enlarged by the factor of two from
a/2 to a and the value for parameter b was selected that a second MPPM stack did not
experience any steric interaction with the first, when the assemblies were positioned at x =
a/4 and y = b/4 for the first and x = 3a/4 and y = 3b/4 for the second column. Before b
was now stepwise reduced, two lateral aliphatic chains were folded back from each
molecule to fill the space along the long axis of the PBIs. Thus, in total 16 of 48 chains
are folded in that way in order to reduce the steric interaction and hence to maintain a high

order of the aliphatic chains when the cell size is reduced.
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Figure 8. a) Simplified model of the centered rectangular columnar order of (rac)-1. b) Model of
the columnar phase of (rac)-1 minimized by the force field COMPASS (Forcite Plus module).
Top view (TOP) and side view (BOTTOM) of the proposed orthorhombic unit cell. For the
highlighted column, chains are visualized by line representations, bridging units by the ball stick

model and PBIs by the CPK model.

The parameter b was then stepwise reduced by 2 A and in each step the cell was geometry

optimized (500 iterations). The stacks were positioned in order to maintain the centered
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rectangular order, before b was reduced again until the experimental value was obtained. The
final cell was geometry optimized until a minimum was reached. Subsequently, a supercell
(2a, 2b, c¢) containing four unit cells was formed and exposed to five annealing cycles
between 300 K and 700 K for a total of 50ps. The structure was again geometry minimized
until the calculation did converge. Figure 8b depicts a top and a side view. It is interesting to
note that, although the modeling starts from perfectly stacked PBIs, the minimization in the
proposed unit cell results always in a slight translation of the PBI cores thereby optimizing the
overall non-bonding interactions. The densely packed structure appears to be a compromise
between packing of rigid cores, flexible bridging units and aliphatic chains.

The calculated density based on the X-ray results amounts to 1,07 g cm™ at 149 °C, a
typical and reasonable value for organic materials and especially for materials with a large
portion of aliphatic chains.” For an ideal columnar model assuming perfect
nanosegregation of aliphatic chains and aromatic PBI cores, calculation of the cross-
section of the columnar core (4core) (Table 3) may confirm a non-tilted disposition of PBI
units. The calculation starts with the volume occupied by the aliphatic chains V¢pains of one
molecule which can be estimated using temperature-dependent data published by B.
Donnio et al.!?’ Subtraction of N Venain (V being the number of molecules present in a unit
cell) from the cell volume V. gives the core volume, which divided by the parameter ¢
affords the cross-section of two columnar cores. Acore amounts to 138 cm?® and is thus
slightly larger than the rhombohedral surface calculated for the cross-section of a PBI
(Table 3),'"" indicating that the dense packing of aliphatic chains leaves enough space for

columns of non-tilted PBI cores.

Table 3. Calculation of the PBI core surface taking into account the model depicted in Figure 8a.

T / °C Vchains/ A3 Vcell/ A3 N Acore / AZ [a]Arhombohedral / AZ
149 2186 22784 8 138 133
[Calculated

Interestingly, the a parameter of the unit cell reveal a very small temperature
dependence with 64.6 A at 149 °C, 65.4 A at 80 °C and 65.8 A at 30 °C. Generally, the
distance between columns for discotic mesogens increases upon cooling with

simultaneous decrease of the intracolumnar distance. This process can be rationalized in
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terms of a decreasing of the m—m-distance accompanied by a larger fraction of s-trans
conformation of the aliphatic chains. In the case of (rac)-1 the bridging units prevent a
strong compression along the columns by increasing m—m-interactions, and thus a strong
temperature-dependence of the columnar diameter and intracolumnar distances was not
expected. Indeed, the ¢ parameter decreases form 19.2 A at 149 °C to 18.8 A at 30 °C, i.e.
a decrease of only 2%.

The WAXS diffraction pattern of enantiopure (M)-1 (Figure 6b) shows significantly
broader reflections than observed for (rac)-1. Only one refelxion at the equator and a halo
at the meridian are monitored for (M)-1. The single reflection at the equator corresponds
to a distance of 35.3 A at 80 °C and 35.4 A at 30 °C. These values reveal a larger
separation of the perylene chromophores along the molecular long axes compared with the

separation of molecules in the soft crystalline (rac)-1 (Figure 9b).

Figure 9. a) Trial to stack homochiral dimers into columnar stacks. Rotation of the dimers does not
favor a dense packing. Dimers (orange) can be regarded as calamitic mesogens. b) Model developed

for a lamellar phase of the homochiral dimers.

The absence of any meridional reflections excludes the presence of columnar order. The
halo observed with a maximum at 4.4 A might originate from overlapping signals of the
average separation of aliphatic chains and dimers of PBI (M)-1. It becomes evident that

the bridging units in enantiomerically pure molecules do not allow for nanosegregation
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and efficient stacking along a column. The steric constraints imposed by the bridging units
prevent further aggregation between MM (or PP) dimers into extended one-dimensional
columnar entities (Figure 9a). The dimeric unit, however, can be regarded as a calamitic
mesogen with a rather rigid dimeric core and nonpolar long, flexible alkyl chains at the
two extremities. Nanosegregation of the rigid, polar core and the nonpolar chains being
then the driving force for the formation of a lamellar structure, which can be easily
rationalized starting from the rectangular order of dimers in the orthorhombic soft crystal
by the extension of the cell along the a-direction (Figure 9b, yellow arrow). The two-
dimensional positional information between the dimers will be lost with the increase of
parameter a and only information on the distance between lamellae will remain available.
The less favorable contact surfaces between MM (or PP) equally homochiral dimers as a
consequence of the steric shielding of the bridging units may even allow the molecules to
displace translationally and rotate in a layer. This model describes a smectic A (SmA)
phase and is in agreement with POM studies, showing a characteristic SmA texture
(Figure 4b).

The different mode of self-assembly for (rac)-1 and (M)-1 (or (P)-1) is clearly a
consequence of the molecular chirality of these PBIs and predominant chiral self-
recognition, leading to the formation of homochiral dimeric building blocks. The
subsequent self-assembly of these dimer aggregates into soft materials is then controlled
by the nanosegregation of the different molecular subunits, and thus by the optimization
of weaker non-bonding interactions with particular importance of the sterical constraints
imposed by the bridging units. The conditions for threedimensional ordering are better
fulfilled when MM and PP dimers can alternate along a column, which is possible in the
case of the racemate, but not for enantiomerically pure PBIs. Thus, the condensed phase

of pure enantiomers possesses a much higher fluidity and lower order.

4.2.2. Thin Film CD and UV/Vis Studies
The self-assembly of (rac)-1, (M)-1 and (P)-1 in n-hexane at a concentration of 10° M

has recently been investigated and the formation of m—mn-stacking dimers has been proved
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(Chapter 3). All performed CD experiments were tested to rule out possible linear

dichroism (LD) effects (Figure 10).
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Figure 10. CD spectra of thin films of (P)-1 (red line) and (M)-1 (blue line) measured perpendicular to
the light beam at three different angles: 0° (solid line), 45° (dashed line) and 90° (dotted line).

In Figure 11, the CD and UV/Vis spectra of highly concentrated solutions and thin films of

(P)-1 and (M)-1 are presented for comparison.
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Figure 11. Top panel: CD spectra of (P)-1 and (M)-1 in thin films (solid lines) and n-hexane
5

solution (¢ = 107 M) (dotted lines), at RT. Bottom panel: UV/Vis absorption spectra'® in thin

109



Chapter 4 Impact of Core Chirality on Mesophase Properties of Atropo-Enantiomeric PBIs

film (solid line) and n-hexane solution (¢ = 10~ M) (dotted line) at RT. For better comparison, the
solution spectra are normalized to the maxima of the thin film spectra.

As it can be realized, for both solution and thin film similar spectral patterns are observed.
The CD spectra of (M)-1 and (P)-1 thin films and solution are shown ((rac)-1 has no CD
signal) and, as expected for an enantiomeric pair, they are mirror images (Figure 11, top
panel). Small differences observed in the intensity of the CD signals of (M)-1 and (P)-1 in
thin films are due to the fact that their thickness was not rigorously controlled. Bisignate
Cotton effect is observed in solution and thin film spectra, which is a result of chiral excitonic
coupling between the chromophores. It is to note that the positive and negative areas of the
couplet do not match the additivity rule.'”'® However, it should be emphasized that this rule
is only valid for helical aggregates formed from inherently achiral building blocks, and thus
not truly applicable to the present system.'® The presence of bisignate Cotton effect in the
films confirms the supramolecular chiral nature of the dimers present in the liquid crystalline
phase, being (P)-helical dimers formed by (M)-1 and (M)-helical supramolecular dimers

formed by (P)-1 according to exciton chirality method. '*'*

4.2.3. Surface Morphology

The surface morphologies of the thin films of (rac)-1 and (M)-1'"® were investigated by
AFM on a glass surface in air using taping-mode. For (rac)-1, a homogeneous distribution
of multilayer structures can be recognized by AFM (Figure 12a), while for (M)-1 regular
multilayer structures with layer-height up to 20 nm irregularly dispersed on the surface are
observed (Figure 13a,b). In order to obtain a better orientation on the surface, thin films of
(rac)-1 and (M)-1 were heated to the isotropic phase, slowly cooled down and annealed at
200 °C for (rac)-1 and at 80 °C for (M)-1. The surface morphology of these annealed
samples measured at room temperature shows significant differences between (rac)-1 and
(M)-1 and in comparison with the untreated samples shown in Figure 12a and 13a,b.
Organization into multilayers with a regular layer height of 4.0 + 0.5 nm stacked up to
five layers (Figure 13c) can be visualized for (M)-1. These data are in accordance with an

edge-on orientation of PBI molecules on the glass surface (aromatic core perpendicular to
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the glass surface). The layer height of 4.0 + 0.5 nm found for (M)-1 thin film is in perfect
accordance with the X-ray diffraction data. For (rac)-1 a lower height of the layers of 3.0
+ 0.4 nm is estimated in agreement with X-ray results for the homogenously aligned

columns. Moreover, the packing of (rac)-1 seems much tighter than for (M)-1.

Figure 12. AFM height images of (rac)-1 measured during a heating-cooling cycle on glass
surface: a) at RT after evaporation of the solvent of the drop-casted n-hexane solution (¢ = 10~
M); b) melting drops at 235 °C; c) first nanocrystals formed at 200 °C; d) close view of
nanocrystal after cooling down from 235 °C to RT, insert shows cross-section profile along the
yellow line; e) nanocrystal at RT; f) magnification of image (e) showing details of the layers
(yellow arrow). The scale bar is 5 um (a—d), 30 um (e), and 1.5 pm (f). The z scale is 30 nm (a),
100 nm (b—e), and 80 nm (f).

250 500 nm

Figure 13. AFM height images of (M)-1 measured during a heating-cooling cycle on glass
surface: a) thin film at RT prepared by drop-casting of n-hexane solution (¢ = 10> M); b)
enlargement of image (a) showing additionally the cross-section profile along the yellow line; c)
thin film resulted from cooling down from the isotropic phase. The scale bar is 4 um (a,c) and 1

um (b). The z scale is 50 nm (a,b) and 40 nm (c).

To verify the higher viscosity of the racemate, measurements of the elasticity module
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were carried out for both, racemate and pure enantiomer.'®” For (M)-1, it was not possible
to obtain an elasticity module value due to the liquid crystalline, fluid nature of the film
on the glass surface. A value of 0.052 MPa was obtained for the film of (rac)-1
confirming its higher viscosity compared with the enantiomerically pure material, and
thus consistent with the soft crystalline nature of this mesophase (Figure 14).
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Figure 14. Deflection of the AFM tip as a function of the square of the indentation depth for (rac)-1
and corresponding applied equation for obtaining the elasticity module, where d is the vertical
displacement of the cantilever, kc is the stiffness of the cantilever, Jis the indentation depth and E is

the elasticity module.

4.3. Conclusions

With our careful examination of the thermal properties and the packing of chiral PBIs 1
in the condensed state we have been able to elucidate molecular codes of relevance for
self-assembled soft materials. We have demonstrated here for the first time the impact of
chirality induced by the twisting of the aromatic core for the condensed state properties of
PBIs. The simultaneous presence of equal amounts of each enantiomers in (rac)-1 allows
this material to self-organize in a soft columnar crystalline phase of higher
thermodynamic stability in comparison to the enantiopure (M)-1 (or (P)-1), which
organizes in lamellar liquid crystalline phase. In the light of experimental data supported
by force field calculations of the condensed state packing, and taking into account the
preference for the formation of m—mn-stacked homochiral dimers for (rac)-1 and (M)-1 or
(P)-1 as demonstrated previously in solution, our results indicate that nanosegregation and

interaction between the bridging units are the crucial parameters for the difference in their
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condensed state properties. Alternation of MM and PP homochiral dimers in the
condensed phase of (rac)-1 allows for excellent nanosegregation and dense packing of the
dimeric supramolecular building blocks in columns. In contrast, for enantiomerically pure
(M)-1 (or (P)-1) the bridging units can be regarded as sterically shielding entities
preventing nanosegregation into columns, leading consequently to a lamellar organization
of the chromophores and a highly fluid mesophase. The realization of mesophases of low
viscosity which are very uncommon for such large polycyclic aromatic hydrocarbons
might be of considerable interest for other groups that are interested in alignment of

organic semiconductors by simple techniques such as shearing.

4.4. Experimental Section
Materials and Methods

Macrocyclic PBIs 1 were synthesized according to the procedure reported recently.”

Instruments

For all spectroscopic measurements, spectroscopic grade solvents (Uvasol®) were used.
UV/Vis spectra were measured on Perkin Elmer PE 950 under ambient conditions.
Circular dichroism (CD) spectra were measured with a JASCO J-810 spectrometer
equipped with a CDF-242 peltier element. Differential scanning calorimetry (DSC)
measurements were carried out using a TA Q1000 calorimeter with a heating/cooling rate
of 10 °C min'. At least two heating—cooling cycles were performed for each compound.
Optical textures of the liquid crystal phases at crossed polarizer were acquired with an
Olympus BX-41 polarization microscope equipped with a Linkam THMS 600 hot stage

and a temperature controller unit.

UV/Vis and CD Measurements

CD and UV/Vis experiments of (rac)-1, (M)-1 and (P)-1 thin films were performed and
compared with previous studies in solution (n-hexane, ¢ = 10~ M). Thin films were
prepared by spin-coating of a 5 x 10> M solution in chloroform on a quartz surface in two

steps, first at 1500 rpm and after 5 seconds at 3000 rpm for additional 10 seconds, in order
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to obtain a good dispensing of the liquid at low speeds and homogenization at higher

speed.

X-ray Diffraction

X-ray diffraction measurements were performed on extruded samples in glass capillaries
of 1.5 mm diameter. The wide angle X-ray scattering (WAXS) measurements were carried
out using a standard copper anode (2.2 kW) source with pinhole collimation equipped
with an X-ray mirror (Osmic type CMF15-sCu6) and a Bruker detector (Highstar) with
1024 x 1024 pixels. The diffraction data were calibrated by using silver behenate as a
calibration standard.'® The X-ray patterns were analyzed with the datasqueeze software

(http://www.data squeezesoftware.com/).

Modeling
The modeling of the columnar structure was performed using the program package
Materials Studio from Accelrys. The structures were geometry minimized and annealed by

employing the force field COMPASS in the module Forcite Plus.

Atomic Force Microscopy (AFM)

The AFM images were recorded on Nanoscope IV controller Veeco Multi Mode by using
an E-scanner with a maximum scan area of 15 X 15 mm. Silicon cantilevers with a
nominal spring constant of 34.0-71.0 N m~' and with resonant frequency of 300 kHz, and
a typical tip radius of 7 nm (OMCLACI160TS, Olympus) were employed. Solution of PBI

1 in n-hexane (¢ = 4 x 10~ M) was spin-coated onto a glass surface under 7000 rpm.
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Chapter 5

Impact of Flexibility on Binding Strength and
Self-Sorting of Chiral w-Surfaces

Abstract: In this chapter the successful synthesis of a series of conformationally stable chiral perylene
bisimide (PBI) dyes is presented via introduction of different sized oligoethylene glycol (OEG) bridging units
that shield one m-surface of the PBI aromatic core —allowing the exclusive formation of self-assembled dimers—
and restrict the interconversion between M and P enantiomers. '"H NMR and vapour pressure osmometry (VPO)
studies offer valuable structural information of the dimeric self-assembled species. Circular dichroism (CD)
investigations show the consequences of flexibility changes in the PBI naphthalene subunits —related to changes
on the chiral surface of these macrocyclic PBIs— and the chiral supramolecular nature of the formed dimers.
Concentration-dependent UV/Vis studies allow us to calculate the binding constants for the dimerization
processes and quantify the ratio homo vs. heterochiral dimers of the different bridged PBIs illustrated in this
work. Quantum mechanical calculations and experimental data revealed the differences between the relative
energies of hetero vs. homodimers. Whilst in Chapter 3 the prevalence of self-recognition over self-
discrimination in the dimerization process in solution and condensed state was demonstrated for a short bridged
atropo-enantiomeric PBI, here it is revealed how a subtle change in the structure flexibility affects the chiral self-
recognition efficiency and binding strength in the dimerization process and consequently the properties of these

atropo-enantiomeric PBIs in solution and condensed state.
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5.1. Introduction

A first example for Chiral Self-Sorting of perylene bisimide (PBI) dyes was introduced in
Chapter 3 based on a stable atropo-enantiomeric macrocyclic PBI. Perylene bisimide (PBI)
dyes are an outstanding class of chromophores which due to their optical and electronic
properties' have been widely used for the development of functional organic materials such as
organic light emitting diodes (OLEDs),z'4 organic field effect transistors (OFETs)**® and solar

9-11
cells.

Moreover, by means of X-ray diffraction analysis of different bay-substituted PBIs it
could be demonstrated that the introduction of substituents in the bay area leads to a twist of
the two naphthalene units of the former planar perylene core caused by repulsive interactions
of these substituents in the bay area.®'*'” The extent of this twisting is related to the bulkiness

%' up to 37° for

of the bay substituents varying from 4° for a 1,7-difluorosubstituted PB
1,6,7,12-tetrachloro derivatives.'®*° A most interesting feature of the twisted perylene core is
symmetry breaking leading to inherent chirality of the backbone. However, the isolation of
single atropo-enantiomeric PBIs has been scarcely achieved as in most of the reported bay-

substituted PBIs the two enantiomers are in a dynamic equilibrium.?"*

To prevent
racemization and thus, to achieve conformationally stable atropo-enantiomeric and
diastereomeric PBIs our group has attached one or two bridging units shielding one or two of
the PBI m-faces, respectively.”* Similar approaches have been applied also for other dyes,

30,31

e.g. porphyrins by Osuka®®” and coworkers and oligothiophenes by Takeuchi and

234
3234 and coworkers to

coworkers or for some special liquid crystalline substances by Swager
induce intriguing mesophase properties. In a recent communication we have shown by NMR
and concentration-dependent UV/Vis studies the formation of m—m-stacked dimers with
preferential self-recognition, i.e. MM and PP dimers for a derivative with a rather short
bridging unit connected to the 1- and 7- bay positions (Chapter 3).” Other studies of self-
sorting (chiral and general) of PBIs have been reported by Li and co-workers, however with
conformationally unstable atropisomeric PBIs.*” They provided strong evidence that the chiral
self-recognition process was favored due to the better overlapping of the m-surfaces between

the equal enantiomers. They also reported that the extent of twisting of the PBI cores caused

by different sized bay substituents can be used as efficient molecular code leading to self-
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recognition.”® In our actual work we present the synthesis of a series of PBIs, bearing
oligoethylene glycol (OEG) bridges of different length between the 1 and 7 bay positions. It
has to be noted that the substituents directly attached at the 1,7-bay positions are in all cases
phenoxy units which afford identical repulsive interactions between the bay substituents and
thus an equal twist of the naphthalene entities. However, elongation of the OEG bridging units
provides the molecules with greater flexibility, leading to a larger conformational space and a
less “imprinted” inherent chirality (see Figure 1), which seriously affects two determinant
features: chiral self-sorting of these molecules and binding strength in the dimerization
process. We observed that the increase of flexibility in the PBI cores affects negatively the
self-recognition process previously demonstrated for PBI 4a (Chapter 3).>> On the contrary,
increase of the binding strength by this dimerization process upon elongation of the bridging

37,38

units have been observed, which revealed that induced-fit play a determinant role in our

system. The induced-fit principle has been widely applied to explain the complexation process

P! and synthetic***’ host-guest systems, in which the flexibility of the

in various natura
structures allow undergoing structural changes to form more stable host-guest complexes or
selective binding of specific guests. Similarly, our differently flexible macrocyclic PBIs can

undergo structural changes in order to form more stable self-assembled structures optimizing

the m—m-contact surfaces.

Figure 1. Schematic representation of novel strapped atropo-enantiomeric PBIs 4a—c and variation of

the naphthalene units twisting angle depending on the bridge length.

Moreover, the condensed and solid state properties of the new synthesized PBIs are
deeply influenced by changes on the structure flexibility, reflected on significant differences

between the racemates and their respective pure enantiomers —due to the different extent of
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chiral self-sorting—, as well as between the different bridged PBIs —related to the different

OEG units, which give different packing possibilities—.

5.2.Results and Discussion

5.2.1. Synthesis

OO © /—[_\/—]_\05 QQ Q /—[_\/—]_\S ° ©

—_— -

OO Cs,CO;,, DMSO, QQ Cs,CO;, THF,
100°C, ar o 100 °C, ar Q OO

/N (6]
R
@ 1 3a:13 % 4a:15 % N"So
3b: 23% 4ab: 22%
3c: 15% | 4c: 15% Q
CiaHas Ciats
l Chiral resolution by HPLC l CizHas

) /P\ /1\\ :
(0] Rno 0 o no
Q © N/ o o N/R 12
o 5 =5 S Wats
=5 A e
’ © N
/

C@ C12H25
o an=1
b:n=2
c:n=3
(P)-3a,b,c (M)-3a,b,c
4ab.c 4ab,c

Scheme 1. Synthesis of macrocyclic PBIs 3 and 4.

PBIs 3 and 4 were synthesized from previously reported precursors 1 and 2, respectively
(see Chapter 3). The 3,4,5-trisdodecylphenyl substituents in PBIs 4a—c¢ were introduced to
provide the molecules with mesogenic properties and better solubility, while the cyclohexane
substituents in PBIs 3a—c facilitate the single crystal growth. The free OH groups of PBIs 1
and 2 are available for a two fold Williamson etherification with different sized ditosylates.48
The macrocyclization reaction takes place in the presence of cesium carbonate, which is
known to facilitate ring closures.* A solution of the respective ditosylate was slowly dropped
over several hours using a syringe pump into a solution of the precursors 1 or 2 in DMSO or

THEF, respectively. After work up of the reaction mixtures the desired macrocycles 3a—c¢ and
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4a—c could be isolated as racemates. The chiral resolution of those could be achieved by
HPLC on a chiral column (Trentec Reprosil 100 chiral-NR) using different experimental

conditions for each macrocycle in a purity of over 99% (see below for details).

5.2.2. Optical Properties of the Monomers
The optical properties of monomeric macrocycles 3 and 4 were investigated by UV/Vis,
fluorescence and circular dichroism (CD) spectroscopy. The UV/Vis absorption of the
racemates (no changes are observed in comparison with the UV/Vis spectra of the
enantiomers) and CD spectra of their respective enantiomers in dichloromethane (DCM) are

shown in Figure 2 and their optical data are summarized in Tables 1 and 2.
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=
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' 7
g 40 5 501
L 401 S 40+
m‘g m‘g 30A
= 204 T 201
104
T T T T 0 T T T T
300 400 500 600 300 400 500 600
Al nm Al nm

Figure 2. Bottom panel: UV/Vis absorption spectra of racemic solution in DCM at 5 x 10°® M. Top
panel: CD spectra of P enantiomer (solid lines) and M enantiomers (dashed lines) in DCM at 5 x 10

M. Figure (a) corresponds to macrocycles 3a—c and Figure (b) to macrocycle 4a—c.

The absorption spectra of macrocyclic PBIs 3a—c¢ and 4a—c reveal So-S; transition with
three vibronic progressions between 527-524 nm, 492—490 nm and 462-459 nm in DCM
(Figure 2). The higher energetic So-S; transition has almost disappeared in the case of 3a and

4a while for 3¢ and 4c it is clearly visible. The absorption coefficients are lower for 3a—c
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derivatives than for the respective derivatives 4a—c (Table 1 and 2). This appears to be a
general absorption phenomenon and has been observed for other PBIs with alkyl and aromatic
substituents in imide positions.”® Some minor changes in the shape of the UV/Vis spectra are
observed for 3/4a, 3/4b and 3/4c¢ that should be attributed to structural changes related to the
different bridge lengths. The CD spectra of M and P enantiomers of 3a—c and 4a—c (top
panels, Figure 2) are mirror images as expected for pure enantiomers. The stereochemical
assignment of these enantiomers was achieved by comparison of the respective CD spectra
with those of previously reported structurally similar epimerically pure P- and M-configured

macrocyclic PBIs.”!

Table 1. Optical properties of macrocyclic PBIs 3a—¢ in DCM.

Amaxabsy/ DM &/ M 'em™ Apyem)/ N BrL Ae (P} Aeg (M)
3a 525 56000 538 27% 51 —49
3b 522 64000 533 33% 43 —44
3¢ 525 56000 550 57% 36 -33

* Determined for maximum emission of Sy-S; transition

Table 2. Optical properties of macrocyclic PBIs 4a—¢ in DCM.
/’ifmax(abs)/ nm e/ Milcmil ﬂ'max(em)/ nm ¢FL Ae (P)a Ae (M)a

4a 525 65000 545 9% 49 —47
4b 522 76000 534 14% 43 —45
4c 525 65000 553 25% 37 -33

?Determined for maximum emission of Sy-S; transition

Bisignate Cotton effects are not observed in the visible region. This observation supports
the exclusive presence of monomeric species at this concentration (¢ = 5 x 10° M) in DCM
and the absence of excitonic coupling in the Sy-S; transitions spectral range. The fact that the
CD signal decreases in intensity upon increasing the bridge length (top panels, Figure 2, Table
1 and 2) is another evidence that this CD band solely originates from the twisted core. The
drop of the signal intensity is about 33% from 3,4a (shortest bridge) to 3,4¢ (largest bridge) in
the visible region. The latter effect is even more pronounced in the ultraviolet region with a
descent in the intensity of about 58%. Here a distinct bisignate Cotton effect is observed that

can be attributed to the chiral excitonic coupling between transition dipole moments that are
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polarized perpendicular to the long molecular axis within the two naphthalene subunits in the
PBI aromatic core. The magnitude of Ae for such excitonic coupling is directly related to the
twist angle which is a consequence of repulsive interactions between the sterically
encumbered bay substituents.'*'*** Although racemization via atropo-enantiomeric
interconversion is not possible for PBIs 3 and 4 due to the bridging unit on one m-surface, the
decrease of the intensity of the CD signal especially in this ultraviolet region is a clear
indication that on average a less pronounced twisting angle is adopted upon increasing the
bridge length, pointing to partial planarization or even temporary flip of the naphthalene units
as suggested in Figure 1 for the most flexible PBIs 3¢ and 4c. For these two macrocyclic PBIs
with the longest OEG chains a partial interconversion between M and P forms can be
imagined based on molecular modeling studies. However, on average the total chirality is
preserved as evidenced by the sign of the CD spectra. Therefore all these macrocyclic PBIs
can be considered as conformationally stable chiral molecules.

The fluorescence spectra of 3 and 4 are the mirror images of their UV/Vis spectra, however,
with less pronounced progression upon increasing bridge length. The detected emission
maxima are between 532 and 553 nm (Figure 3). The emission maxima at longest
wavelengths are concomitant with the largest Stockes shifts observed for 3¢ and 4¢ suggesting
more pronounced structural relaxation processes of these more flexible molecules in the
excited state. Similarly large or even larger Stokes shifts have been observed for tetraphenoxy
substituted PBIs that were attributed to pronounced reorientation of those substituents.”
Again, no significant spectral differences are found for the racemic mixtures and their
respective pure enantiomers. The fluorescence quantum yields have been determined in DCM
(Table 1 and 2) using N’-di(2,6-diisopropylphenyl)-3,4:9,10-tetracarboxylic acid bisimide as
reference (®y = 1.00 in CHCI3). It can be noticed that the quantum yield increases upon
enlarging the bridging unit. This phenomenon has been already observed and explained for

similar double bridged PBIs.**
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Figure 3. UV/Vis absorption (5 x 10° M, solid lines) and normalized emission fluorescence spectra
(~10"7 M, dashed lines) in DCM of 3a—c (a) and 4a—c (b): 3/4a (black line), 3/4b (red line) and 3/4¢
(blue line).

5.2.3. Dimer Formation in Solution
'H NMR studies of 4b,c (racemates and their respective pure enantiomers) in n-hexane-d 4
at 331 K were performed. At the concentration of 10~ M dimers are the major species, as
indicated by vapor pressure osmometry (VPO) and concentration-dependent UV/Vis studies
(about 80 % and 90 % of dimers are present in 4b and 4c, respectively, according to the data
shown in Figures 9b and A1b—AS5b in the appendix). VPO measurements of 4b and 4¢ (¢ = 1
x 107=5 x 107 M) in n-hexane at 328 K using benzil for calibration gave aggregation

numbers N of 1.81 and 2.05 respectively (N = Kca/Kmean), confirming the exclusive presence

of dimers in highly concentrated solutions of these dyes (Figure 4).
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Figure 4. VPO measurements of a) benzil (calibration curve), b) 4b and c¢) 4¢ in n-hexane at 45 °C.
The obtained signal divided into the measured concentration against the concentration in mol kg™ is

represented. The shown K values are in each case the extrapolated value of the y axis when x = 0.

In contrast to the spectra measured at RT, the '"H NMR signals obtained at 331 K are sharp
allowing a quantitative work-up of the NMR data. The superposed spectra of the racemates
and their respective enantiomers revealed some differences in the shift of the aromatic
protons, especially the ones corresponding to the protons of the PBI core. In Chapter 3 we
have already demonstrated that the observed differences between the racemates and their
respective pure enantiomers are related to the contemporaneous presence of homo and
heterochiral dimers in the racemic solution.” For macrocycle 4a it was found that for
solutions with % ee not equaling 0 or 100 % at ¢ =2 x 10~ M two sets of signals appear for
each aromatic resonance of PBI core protons (H* H*, H* H> and H® H®) (Chapter 3). The
signal splitting of these protons is related to the different chemical environments of H* and H*
(being x = a, b or ¢) when they are in a homodimer or in a heterodimer, or what is the same,
diastereomeric relationships between homo and heterodimers cause NMR non-equivalence
between H* and H* protons. The relative intensities of the two signals related to one proton
(H* H*) of 4a are directly proportional to the % ee and thus, the integration of the NMR
signals can be used as direct measure of the % ee. Such correlation of the intensities of NMR

signals and the ee indicates that the system is under fast exchange conditions.”*

Similarly,
splitting of the signals at % ee different from 0 and 100% was found for 4b and 4c¢, pointing

to diastereomeric relationships of the dimers (homo- and heterochiral) present in solution
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(Figure 5).
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Figure 5. 600 MHz '"H NMR spectra of solutions with different ee in n-hexane-[D];4 at 331 K (c =2 x
10~ M) (range of PBI protons) for 4b (a) and 4c¢ (b).

However, for 4b the splitting of the signals is less pronounced than for 4a, and the splitting

of 4c¢ is even less pronounced than for 4b (Figure 5). This phenomenon indicates that upon

increasing the bridge length and thus the flexibility of the molecules, the diastereomeric

relationship between the homo and heterochiral dimers becomes less evident. Consequently,

the observed splitting discovered in NMR is also less pronounced for the macrocyclic PBIs

with larger bridging units (4b and 4c¢) which prohibits a proper analysis of the data over the

entire concentration range. Nevertheless, at least for 4b the % ee can be determined from H®,

H® between 100 and 26 % (Table 3).
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Table 3. Comparison of the experimental ee values with those calculated from integral ratios of signal

pairs of H*,H*, H’,H" and H,H* for 4b (a) and 4c¢ (b).

a)
% ee experimental % ee calculated
H* H" H°,H> H°,H"'
70 Le] 70 70
44 @ [ 46
26 @ e 25
16 [a] [a] [a]
8 [a] [a] [a]

[a] As the signals are superimposed, no accurate calculation of the % ee is possible.

b)
% ee experimental % ee calculated
H* H" H°,H" H°,H
70 [a] [a] 70
50 [a] [a] [2]
30 [a] [a] [a]

[a] As the signals are superimposed, no accurate calculation of the % ee is possible.

ROESY and COSY NMR Spectroscopy

Several attempts to obtain proper ROESY spectra were performed with macrocycles (P)-
4a—c (or (M)-4a—c) at 331 K and 298 K in n-hexane at a concentration of 2 x 10 M (at this
concentration mostly dimeric aggregates are present in solution). The advantage of the
measurements at high temperature (331 K) is the sharpening of the NMR signals.
Unfortunately no intermolecular cross peaks at this temperature could be observed in any of
the ROESY experiments performed for these pure enantiomeric PBIs. We attribute this fact to
the fast exchange conditions at this temperature. To overcome this drawback experiments at
298 K were performed with (P)-4a—c. At this temperature the NMR signals of macrocyclic
(P)-4a and (P)-4c are too broad especially in the aromatic region for ROESY measurements.
Fortunately for (P)-4b signals which are sharp enough for recording a successful ROESY

spectrum were found at RT (Figure 6a).
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Figure 6. 600 MHz ROESY (a) and COSY (b) NMR experiments of (P)-4b in n-hexane-[D]4 at 298
K (c=2 x 10°M™) (range of PBI protons).

As expected, intramolecular cross peaks between neighboring aromatic protons H* and H"
can be observed in the ROESY spectrum. More interestingly, a much weaker cross peak
appears between the distant aromatic protons H* and H (Figure 6a). To rule out the possibility
that this cross peak originates from the coupling between H* and H® protons through the
aromatic naphthalene unit a COSY experiment was carried out under the same conditions as
for the ROESY one. As can be appreciated in Figure 6b, expected intramolecular cross peaks
between aromatic protons H* and H can be observed. However, no trace of the cross peak
resulting of the coupling between aromatic protons H* and H° is present. Accordingly this
cross peak is attributed to an intermolecular contact in the homochiral dimer where these

protons come into close proximity (see DFT calculations also).

5.2.4. Optical Properties of the Dimers
The aggregation behaviour of PBIs 4a—c¢ (racemate and pure enantiomers) was investigated

by concentration-dependent UV/Vis, CD and fluorescence spectroscopy in a concentration

* As COSY experiments are much more sensitive than ROESY ones, if the cross peak signal arises from an intramolecular
coupling of the protons, it must be present in both ROESY and COSY spectra. As it is not the case, this cross peak between
aromatic protons H* and H® can be exclusively attributed to intermolecular interactions between the PBIs in the homochiral

dimers
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range between 10 and 10~ M in n-hexane (for CD and fluorescence) and n-heptane (for
UV/Vis) at RT."

Concentration-dependent UV/Vis studies of 4a—e¢ show pronounced spectral changes,
including a hypsochromic shift of the absorption maxima upon increasing concentration
(Figure 7, bottom panels). This clearly indicates the formation of H-type aggregated species in
n-heptane.” Concentration-dependent UV/Vis spectra show no evident differences between
racemates and pure enantiomers (for spectra of pure enantiomers see Figures A1-A2 in the
Appendix). Spectral changes, however, are observed in the shape of the absorption bands for
differently bridged PBIs 4a—c, being most pronounced for the aggregate spectrum of 4c¢
(Figure 7¢). Two clear isosbestic points are observed at about 470 and 525 nm (more or less
shifted for 4a, 4b or 4c¢), confirming the presence of two species in equilibrium.

CD spectra of 4a—c M and P enantiomers were measured at 5 X 10 (strongly aggregated)
and 5 x 10°® M (not aggregated) in n-hexane at RT (see Figure 7, top panels). Hypsochromic
shifts of the CD maxima are observed in accordance with the spectral changes recorded in
UV/Vis spectra. Characteristic bisignate Cotton signals are present for all studied macrocyclic
PBIs, indicating the helical nature of the formed dimers in solution, as it has been previously
demonstrated for PBI 4a (Chapter 3).” The negative sign of the exciton couplet for (P)-4a—c
points to a left-handed helicity (the opposite for (M)-4a—c) of the respective dimeric aggregate

according to exciton chirality method.**%*

Interestingly, the intensity of the bisignate signal in
the ultraviolet region corresponding to the chiral exciton coupling between the transition
localized in the two naphthalene subunits of the PBI core is reduced in the case of the dimeric
aggregates compared to the respective monomers forms 4a—c. This result can be attributed to
a decrease of the core twisting angle of these macrocyclic PBIs upon m—mn-stacking after
optimization of the contact surfaces of the interacting naphthalene subunits. It is reasonable
that this special case of “induce-fit” mechanism is most pronounced for the less twisted PBI

monomer 4¢ (Figure 7¢) in which the greater flexibility allows the largest changes in order to

stabilize the self-assembled dimer, while less structural changes can be undergone by the

# Such studies are not possible for macrocycles 3a—c due to solubility problems at the required concentrations in nonpolar

solvents.
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Figure 7. Concentration-dependent UV/Vis absorption (racemates, bottom panels) and CD spectra (M-
and P- enantiomers top panels) of 4a—c in n-heptane and n-hexane, respectively in the range from
5%x10°Mto 1 x 10~ M (solid lines) at RT for 4a (a), 4b (b) and 4c (c). Arrows indicate changes upon

increasing concentration.

Concentration-dependent fluorescence spectra of 4a—c¢ are shown in Figure 8. The most
remarkable feature is that fluorescence spectra of highly concentrated solutions (¢ = 5 x 10
M) show similar excimer-type emission characteristics as observed for extended m-stacks.”***
% The pronounced concentration dependence indicated that this excimers are not formed from
excited monomeric PBIs by diffusion but originated from photoexcited PBI dimers. To further
elucidate the fluorescence properties of these macrocyclic PBIs 4a—c lifetime experiments
were carried out. The fluorescence decay times monitored at the monomer band (535 nm) and
the aggregate band (610 nm) are collected in Table 4. Lifetime decay values of about 4 ns and
32 ns for the monomer and dimer bands, respectively, were found in all cases, in good
accordance with values found for extended self-assembled m-stacks of PBIs®"® and
covalently fixed dimeric m-stacks.® It is remarkable, that neither the shape of the fluorescence
spectra nor the fluorescence decay values are strongly affected by the length of the bridge unit
in 4a—c which is in striking contrast to UV/Vis and CD spectra. The rationale behind these

differences might be that all the dimer aggregates exhibit more similar structures in the

relaxed excited state than in the ground state. Quantum mechanical calculations have
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suggested that less crewed arrangement of PBI dimers in the excimer state due to excitonic

coupling”® which might indeed be quite similar for all three derivatives.
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Figure 8. Normalized concentration-dependent fluorescence spectra of 4a (a), 4b (b) and 4¢ (¢) in n-

hexane at 5 x 10°*M (dashed line) to 5 x 10°*M (solid line) at RT measured in a front face set up.

Table 4. Fluorescence lifetimes of 4a—e¢ measured at 610 and 535 nm (excitation wavelength 525 nm)

at a concentration of 5 x 10~* M in n-hexane at RT using front face set up.

7/ ns
(rac) (M) P)

610 nm 33.16+1.12 3258+ 1.77 32.68+1.12
da 535 nm 3.90 £0.05 3.65+0.04 3.50+0.0

610 nm 29.61 £ 1.11 33.33+2.06 33.93+1.47
4b 535 nm 4.02 +£0.05 3.66+0.1 3.91£0.15

610 nm 32.43+1.07 3094+1.39  30.31+1.47
i 535 nm 3.57+£0.05 3.90+0.03 3.97+0.01
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5.2.5. Quantification of Chiral Self-Sorting and Effect of Temperature

The binding constants Kp for the dimerization of (rac)-4a—c, (P)-4a—c¢ and (M)-4a—c were
determined by concentration-dependent UV/Vis absorption 331 K (Figure 9 and A1-AS in
Appendix) in n-heptane. The concentration-dependent UV/Vis absorption spectra of the
racemates and their respective pure enantiomers (all experiments were repeated twice) of
these three macrocyclic compounds appear virtually identical, indicating similar aggregation
behavior. The fitting of the experimental data obtained from the concentration-dependent
UV/Vis absorption studies can be carried out by nonlinear regression analysis using the
dimerization model”""" or applying a multilinear analysis of the data carried out by a custom
made program.” Self-recognition at 331 K in n-heptane could recently be proven for
compound 4a using concentration-dependent UV/Vis studies.” Thus, similar studies on 4b
and 4¢ will provide enough information to unravel the influence of the increasing flexibility
of the PBI structures on the chiral self-sorting of PBIs. Moreover, all measurement were
repeated at 298 K (see Figures A6-A14 in Appendix) to show the possible influence of
temperature in the efficiency of chiral self-sorting events. The summarized data obtained at
298 K will be included together with the data at 331 K in the same Tables for better
comparison of the data.

In Figures 9 and A1-AS in the Appendix concentration-dependent UV/Vis studies of (rac)-
4b,c, (P)-4b,c and (M)-4b,c at 331 K in n-heptane in a concentration range between 10~ and
10° M are shown, as well as their fit by nonlinear regression analysis at selected
wavelengths, and their multilinear fit. Analog to what was recently reported for 4a (Chapter
3),” macrocyclic PBIs 4b and 4¢ show well defined isosbestic points at 465 and 525 nm for
4b and at 469 and 531 nm for 4c. Non-linear regression analysis of the data at selected
wavelengths (506, 510, 514, 518, 522 and 539 nm for 4b and 508, 512, 516, 520, 524 and 540
nm for 4c¢) show coherence between the dimerization constants Kp obtained at each
wavelength. Moreover, consistent results are obtained through multilinear analysis of the data,
which is confirmed by the good accordance between the calculated and the experimental
UV/Vis spectra at each measured concentration. Due to the larger amount of data processed in

the multilinear analysis, we consider these results being more reliable in comparison to those
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obtained by single wavelength fit of the data. Therefore, for further analysis only the Kp

values obtained through multilinear routine will be considered.
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Figure 9. Illustration of the applied data acquisition and evaluation procedure based on two
independent experiments (left and right). a) Concentration-dependent UV/Vis absorption spectra of
(rac)-4b in n-heptane at 331 K (M]o=4 x 10° M to 5 x 10* M), b) molar fraction of monomer
species and dimerization constants obtained from nonlinear regression analysis at selected
wavelengths indicated in the inset, and c¢) results from the multilinear fit routine showing the
comparison of experimental (black) and derived (red) spectra at respective concentrations as well as

derived pure monomer (green) and dimer (blue) spectra.
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Table 5. Dimerization constants Kp of racemate and pure enantiomers of PBI 4b obtained from two
independent studies by nonlinear regression analysis at selected wavelengths and multilinear fit of the

data at 331K, respectively.

Sample Kp [M]

Multilinear fit

506 nm 510 nm 514 nm 518 nm 522 nm 539 nm
(error = 15 %)

3300 + 3400 + 3600 + 3600 + 3900 + 3800 +

300 300 300 400 800 700 3230
(rac)-4b

3300 + 3300 £ 3100 £ 3300 £ 3200 £ 2900 £ 3000

500 400 400 500 900 600
5100 + 5200 £ 5700 £ 6700 £ 8000 + 4500 £ 5000

(M)-4b 600 500 600 1000 2800 600
4800 + 5100 £ 5200 £ 6000 £ 8000 + 6600 £ 4990

500 400 400 700 2500 900
4600 + 4700 + 4700 + 4900 + 5000 £ 5000 £ 5070

(P)4b 300 300 600 500 500 1200
5400 + 5200 £ 5300 £ 5900 £ 8200 + 3600 £ 5400

600 400 500 800 1600 500

Table 6. Dimerization constants Kp, of racemate and pure enantiomers of PBI 4¢ obtained from two
independent studies by nonlinear regression analysis at selected wavelengths and multilinear fit of the

data at 331 and 298 K, respectively.

Sample Kp [M]

Multilinear fit
(error = 15 %)

508 nm 512 nm 516 nm 520 nm 524 nm 540 nm

6100 + 6500 + 6500 + 6300 + 6400 + 9100 +

(rac)-4c 7020
700 500 500 600 700 1300
7300 + 7400 + 7100 + 7100 + 7000 + 7700 + Solo
600 400 4000 500 600 800
9900+ 12000+ 9800 + 10000 + 9600+ 14200 +
(M)-4¢ 9500
1400 1000 800 900 1300 2600
8900 + 9400 + 9400 + 9300 + 9300 + 7200 + 0000
900 600 700 800 1100 4000
9900+ 10400+ 10600 + 9900 + 9900 + 9500 +
(P)-4c 9000
1300 900 900 900 1300 2000
7500 + 8500 + 8800 + 8500 + 7100+ 19000 + 0100
700 600 600 600 700 180

The results obtained from non-linear regression analysis at selected wavelength as well as

from multilinear regression analysis (Figure 9 and A1-A5) are summarized in Tables 5 and 6.
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The Kp values obtained after multilinear analysis of the concentration-dependent UV/Vis data
of 4b and 4c at 331 K and 298 K in n-heptane for the quantitative analysis of chiral self-
sorting are collected in Table 7 (some data of 4a already presented in Chapter 3 are also

included, for clarity in further discussion).

Table 7. Dimerization constants Kp determined for (rac)-4a—c, (P)-4a—c and (M)-4a—c in n-heptane at

331 and 298 K by multilinear fit of the concentration-dependent UV/Vis absorption.*

Sample T/K )/ If]D M M)/ Kp [M']  (rac)/ Kp [M™']

331 K 2800 2800 1500

4a
298 K 12100 12000 6100
331 K 5200 5000 3100

4b
298 K 19700 18100 12000
331 K 9100 9300 7000

4c
298 K 38400 39200 29900

*Values are averaged from two independent data sets

Applying Eq. 17 to the values collected in Table 7 quantitative information about the ratio
of homo and heterochiral dimers in a racemic solution can be obtained (Table 8). As
described in Chapter 3 the Kp of enantiopure (P)-4a—c (or (M)-4a—c) is related to the
formation of homochiral dimers (i.e., Kp = Kpmomo)), While the obtained Kpgac) from (rac)-

4a—c is the average value of homo- and hetero-dimerization processes.

K, +2K
K _ (hetero) D(homo)
D(rac) — 4 ( 1 )

The results in Table 8 clearly show that the increasing flexibility from PBIs 4a to 4c¢
achieved by the introduction of more extended bridging units between 1 and 7 positions
decreases the fidelity of chiral self-sorting in the dimerization process. Thus, upon increasing
the bridge length the amount of heterochiral dimers present in the racemate increases from 1-7
% 1in 4a, to 18-21% in 4b, and to 34-35% in 4¢. Macrocyclic PBI 4a with the shortest bridge

shows the highest fidelity for chiral self-recognition, which must be directly related to the
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higher rigidity of its twisted structure. The shortness of the bridge does not allow the twist
angle of the PBI core to flip and hence no temporary planar conformation can be achieved,

which restricts the stacking possibilities for the dimerization of PBIs 4a.

Table 8. Dimerization constants Kpgeero) Obtained from the values of Table 7 after applying Eq.1
determined for (rac)-4a—c, (P)-4a—c and (M)-4a—c in n-heptane at 331 and 298 K, the ratio of homo-
versus heterodimers derived thereof, and corresponding percentage of homodimers present in each of

the studied racemates.

h hetero] =
Sample  T/K Koono/ M1 Koeery/ [M™'] [homo]/[hetero] % Homo
2KD(homo)/ KD(hetero)
331 2800 400 14 93
4a
298 12100 200 121 99
331 5100 2200 4.63 82
4b
298 18900 10200 3.70 79
331 9200 9600 1.92 66
4c
298 38800 42000 1.84 65
2 331K 55000 + 5400

[ See Figure 15A in the Appendix.

It has already been shown by CD studies that the twisting angle in the aromatic core region
decreases on average upon increasing the length of the bridging unit, which can be explained
by a partial planarization of the molecules resulting from the flipping of the naphthalene units,
being more pronounced for larger bridges. The flipping process of molecules 4b and 4¢ (being
more pronounced for 4¢, due to the larger bridging unit) provides the molecules with more
stacking possibilities, some of them allowing a better overlapping of the aromatic surfaces in
the heterochiral dimers (temporary planarization and/or flipped structures). These results point
to a larger mixing rate upon increasing the bridge length and consequently the flexibility of
the molecules, which is associated with a decreasing of the average twisting angle of the PBI
core. Moreover, the quantity of homochiral dimers at both temperatures for the three studied
racemic compounds is nearly the same. In the light of this data we can conclude that

temperature has a very small effect in the fidelity of the chiral self-recognition of 4a—c. This
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i1s in good accordance with other reported systems, in which temperature only plays an
important role when the thermodynamic equilibrium has not been achieved.”*”

It is also notable that the binding constants increase progressively for larger bridging units,
being the largest value for the nonbridged precursor 2. From 4a to 4b and from 4b to 4c¢ the
binding constants double upon increasing the OEG bridge, and this trend is lost for precursor
2, which has a much higher binding constant than 4¢ —about six times higher than Kpnomo) and
eight times higher than Kpga—. This can be rationalized by the induced-fit effect, by which
the PBIs go to an appreciable change in their threedimensional structure in their self-assembly
process to form a more stable assembly. The induced fit is directly related to the flexibility of
the molecules. The most flexible molecule, precursor 2, is able to adopt the largest number of
structural changes to fit other PBI molecule and self-assemble. The tremendous difference
between the binding constants of 2 and (rac)-4¢ can be explained by two features of molecule
2: 1) the possibility of complete flipping of the naphthalene units from M to P atropo-
enantiomers and ii) the possibility of the phenoxy groups attached to the 1,7-bay positions to
freely rotate and adopt the most favorable conformation to stabilize the self-assemblies. The
structural changes of these phenoxy units are considerably limited by the presence of the OEG
bridges, thus, only the effect of the more or less restricted flipping of the naphthalene units
will contribute to the induced fit process for the dimerization process of 4a—c. Thus, the
increasing flexibility in PBI aromatic cores has a positive influence on the induced-fit effects
in the dimerization process as reflected in the calculated binding constants, whilst it clearly

damages the quality of the chiral self-sorting process.

5.2.6. Equilibrium Constant K' for the Formation of Heterodimers from
Homodimers

As indicated in Chapter 3, the equilibrium constant (K') and related Gibbs energy (AG’) for

the formation of heterodimers from a racemic mixture of homodimers can be calculated

applying the values obtained for Kpnomoy and Kphetero) into equation 12, and the obtained K’

into AG'=—RTInK"' (where R is the ideal gas constant and T is the temperature in Kelvin).

The calculated results for 4a—c at 298 K and 331 K are summarized in Table 9.
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2
4K'= —Kg“‘e‘e“’) (12)
K D(homo)

The data in Table 9 indicate that AG’ values stay positive for the whole series. Thus, the
formation of heterodimers from the respective homodimers remains in all cases a disfavored
process. The highest fidelity of chiral self-recognition, i.e. preference for homo- versus
heterodimer formation, is found for the shortest bridging unit. Upon increasing the bridge
length and hence the flexibility of the structures of 4a—c, the formation of heterodimers
becomes energetically less unfavorable, enabling an increasing amount of heterochiral dimers
in the racemic solution. The tendency shown by these data anticipates that a long enough

bridging unit could provide a system in which the formation of heterodimers is favored over

the formation of homodimers, or at least equally favorable.

Table 9. Calculated equilibrium constant (K") and related Gibbs energies (AG") for the formation of

heterodimers from a racemic mixture of homodimers of 4a—c at 298 and 331 K.

Sample Kbhomey [M™'] Kbhetero) [M™'] K’ AG' [kJ mol™]
4a 12000 200 6.94 x 107 23.40
298 K 4b 18900 10200 0.073 6.40
4c 38800 42000 0.293 3.00
4a 2800 400 0.005 14.58
331K 4b 5100 2200 0.049 8.30
4c 9200 9600 0.280 3.47

For a better understanding of the experimental results, structure optimization of homo and
heterodimers formed by 4a were performed at RI-BLYP-D/TZV(P)-level for the different
diastereomers (MM, PP and MP)." Two different structure types with energetically similar

minima could be found (Figure 10). One of the structures shows an ecliptic order, with the

# Calculations carried out by Manuel Renz and Prof. Martin Kaupp, Institut fiir Physikalische und Theoretische Chemie,

Wiirzburg University.
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PBIs almost superimposed and very small rotational displacement (Figure 10a). The second

energetically favored structure presents two stacked PBIs with rotational displacement of

about 30° (Figure 10b). This arrangement is in good accordance with previous experimental

and theoretical results for unsubstituted PBIs '® and our CD data at high concentrations in n-

hexane whose bisignate Cotton effects indicate the presence of dimers with rotational

displacements. Thus, only these dimeric species will be considered for further discussion.

Figure 10. Two different structures found after energy minimization of the homodimer. a) Structure

showing ecliptic order with slight rotational displacements and b) structure with a rotational

displacement of about 30°.

MP-Dimer

PP-Dimer

MM-Dimer

-158.1 kJ/mol

-14.7 kl/mol -14.5 kJ/mol

-172.8 kJ/mol -172.3 kJ/mol

Figure 11. Energy diagram of the different supramolecular diastereomers of 4a.

The energies obtained for both homochiral dimers are, as expected, equal in the range of

error of the calculations (Figure 11). The heterochiral dimer was calculated to be 14.5 kJ
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mol ' less stable than the homodimers, which is in excellent accordance with the experimental
values (Table 11), supporting the validity of the calculations. Thus, the higher stability of
homochiral dimers over their heterochiral counterparts has been demonstrated both
experimentally and theoretically. The reason of this extra stabilization in the case of the
homodimers is clearly the better overlapping of the m-surfaces in comparison to the
heterochiral dimers as can be appreciated in Figure 12. In Figure 12a the better fit between the
aromatic surfaces is depicted, which in the case of the homodimer are self-complementary.
This is not the case for the heterodimer which leads to less tight m—m-stacking and some
distortion of the monomeric structures in the dimerization (Figure 12b). Such geometrical
factors have been previously proven to be determinant in the efficiency of both chiral and

. 2
“general” self-sorting processes.”* %77

&+ 8

Figure 12. Energy minimized structures of a) MM-homodimer and b) PP-heterodimer of 4a. Views

through the long and short axis of the PBIs, respectively. The OEG are represented in grey, the

phenoxy units in blue and the PBI core in red for M-enantiomer and orange for P-enantiomer.

5.2.7. Condensed State Properties

The liquid crystalline properties of racemic and enantiopure samples of macrocycle 4a have
been characterized in detail by differential scanning calorimetry (DSC), polarization optical
microscopy (POM), atomic force microscopy (AFM) and X-Ray diffraction studies (Chapter
4). It is remarkable that important differences between (rac)-4a and (P)-4a (or (M)-4a) were
found, showing the influence of chirality on the condensed properties of such macrocyclic
mesogens.

Similarly, DSC and POM studies were carried out with macrocycles 4b and 4¢ (racemates

and pure enantiomers) to determine their condensed state properties. DSC thermograms of
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(rac)-4b and (P)-4b are shown in Figure 13. For (rac)-4b a phase transition at about 185 °C
with a transition enthalpy of 18 kJ mol is observed in the second heating cycle. Upon
cooling two very close transitions are observed at 164 and 160 °C (Figure 13a). For (P)-4b a
phase transition can be assigned at 109 °C with a very low transition enthalpy (~2 kJ mol ™),
typical for a transition from a liquid crystalline into the isotropic phase. Upon cooling down a
slightly higher transition enthalpy is found at 100 °C (~5 kJ mol™") (Figure 13b). The
transition to the isotropic phase occurs at much higher temperature and is energetically higher
for (rac)-4b than for (P)-4b (or (M)-4b) (as it has been previously observed by 4a). The
transition enthalpy values point to a soft crystal in case of (rac)-4b while for (P)-4b (or (M)-

4b) liquid crystallinity can be assumed.

a) 0.5 gim qéc'e | b) —— First cycle 109°C

. coondevee 184°C —— Second cycle “
llo3agr 0.2 ¥ 1g’

(17.5kJ mol™) (2.1 kJ mol

0.0

-0.51

-1.04

-1.51

Heat Flow (W/g)
Heat Flow (W/g)
. 5 &
T

160°C
44Jgc"
-2.0 (8.3kJ mol™)

164°C
36Jgr"
(6.8 kJmol™)

_25 T T T T T T T T T T 1 T T T T T T T T T T 1
0 20 40 60 80 100 120 140 160 180 200 220 0 20 40 60 80 100 120 140 160 180 200 220
Temperature (°C) Temperature (°C)

Figure 13. DSC profiles of a) (rac)-4b and b) (P)-4b with heating and cooling rates f 10 °C min "

POM studies were performed for further insight into the condensed phase properties of
compound 4b. For (rac)-4b two different textures were observed (Figure 14). The first texture
was observed after cooling down from the isotropic phase at a rate of 0.2 °C min' to 150 °C.
Some radial-growing structures can be observed, however they do not correspond to any
known liquid crystalline texture but are reminiscent to crystal growth (Figure 14a). The
second texture (Figure 14b) was obtained after cooling down from the isotropic phase to 160
°C at a rate of 0.1 °C min'. Here some hardly shearable very large fan-shape-like structures

appear pointing again to a soft crystalline structure of (rac)-4b.
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a) b)

Figure 14. POM textures of (rac)-4b. a) Texture obtained after cooling down (0.2 °C min') up to 150
°C. b) Texture obtained after cooling down (0.1 °C min™") up to 160 °C from the isotropic phase.

POM studies of (P)-4b show the formation of a fan-shape texture upon cooling down from
the isotropic phase at a rate of 0.1 °C min™' (Figure 15). Its shearability and the low transition
enthalpy to the isotropic phase found for (P)-4b indicate the liquid crystalline nature of the

material in accordance to DSC data.

Figure 15. POM textures of (P)-4b after cooling down (0.1 °C min ") up to 96 °C from the isotropic
phase.

DSC and POM studies for macrocycles (rac)-4¢ and (P)-4¢ are shown in Figures 16 and 17,
respectively. DSC chromatograms of (rac)-4c show a distinct phase transition at about 153 °C
with a similar transition enthalpy of 23 kJ mol™' whereas a less characteristic thermal behavior
is found for (P)-4¢ with a very low transition enthalpy (~5 kJ mol ") around 109 °C (Figure
16). For (rac)-4c a transition at 121 °C upon cooling can be recorded (Figure 16a). The
transition enthalpy observed for (rac)-4c is relatively high, but an unambiguous classification
into liquid or plastic soft crystal phase cannot be carried out without further X-ray diffraction
data. Remarkably, in the cooling cycles for (P)-4¢ or (M)-4¢c no phase transition from the
isotropic phase can be observed, indicating that a glassy material is formed for these

enantiomers upon cooling.
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Figure 16. DSC profiles of (rac)-4¢ (a) and (P)-4c¢ (or (M)-4c¢) (b) (10 °C min™").

To further elucidate the condensed state properties of macrocyclic PBI 4¢c POM studies of
(rac)-4c and (P)-4c¢ (or (M)-4¢) were performed (Figure 17). Different textures were obtained
for (rac)-4¢ upon cooling down from the isotropic phase at a cooling rate of 0.1 °C min"’
depending on the thickness of the respective sample. For a thicker sample an unknown texture
could be observed (Figurel7a). In a thinner sample a texture could be observed at 143 °C that
seems to correspond to a nematic phase (Figure 17b). Both textures could be easily sheared
supporting the liquid crystalline nature of (rac)-4c¢. (P)-4c¢ (or (M)-4c¢) did not show formation

of any textures in the POM in agreement with an amorphous state (see DSC).

a)

Figure 17. POM textures of (rac)-4c. a) Texture obtained after cooling down (0.1 °C min™") up to 110
°C in a thick sample. b) Texture obtained after cooling down (0.1 °C min") from the isotropic phase

up to 143 °C in a thin sample.

The obtained thermotropic parameters of macrocycles 4a—c are collected in Table 10. It is
remarkable that the transition temperature to the isotropic phase is progressively decreasing
upon increasing the bridge length, in particular for the racemates. This indicates that the

increasing flexibility and consequently the motional degrees of freedom of the macrocycles
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have an important influence on the condensed state properties of PBIs 4a—c¢. Another notable
point are the higher transitions temperatures and enthalpies of all the racemates in comparison
to their respective pure enantiomers. This can be related to the better three dimensional
packing of the PBIs in the racemates than in the enantiopure samples. The impact of the
bridging units for the packing of (MM)- and (PP)-dimers has been discussed in detail in

Chapter 4 for compound 4a.

Table 10. Thermal parameters of compounds 4a—c.

(rac)-4 (M)-4 (or (P)-4)

Transition AH (kJ mol ™) Transition AH (kJ mol ™)
a 245 °C 32.2 117 °C 4.3
b 184 °C 17.6 109 °C 2.1
c 153 °C 223 109 °C 5.4

5.2.8. Surface Morphology

The surface morphologies of 4b and 4¢ thin films (racemates and pure enantiomers) on
glass surface were investigated by AFM in air using taping-mode (Figures 18—-20). The
measurement of pure enantiomeric 4¢ could not be performed due to the low viscosity of
the sample. For samples of (rac)-4b and (M)-4b similar homogeneous films can be
observed at RT after drop-casting from a 107°M solution in n-hexane. After melting the
samples and cooling down again some changes in the surface-structures can be observed,
although no defined layer structure is present in any of the films (Figure 18b,c and Figure
19b—d). Similar studies were performed for (rac)-4c (Figure 20). After cooling down
from the transition temperature multilayer structures with a step-height between 2.7 to 3.2
nm can be observed. This corresponds to the height of a PBI molecule if some
interdigitation of the alkyl chains is taken into account. Accordingly this data point to a
more defined surface structure than the ones observed for compounds (rac)-4b and (M)-4b
(or (P)-4b).

Information about the viscosity of the samples could be obtained by measuring the
elasticity module of the prepared thin films. The results obtained for compounds 4b and

4c¢ and the previously recorded data for macrocycle 4a are summarized in Table 11.
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Figure 18. AFM height images of sample (rac)-4b: a) at 25 °C after drop-cast preparation from a
107°M solution in n-hexane; b,c) at 25 °C (after melting of sample at 190 °C); d) deflection of the
tip as a function of its vertical displacement; ¢) deflection of the tip as a function of the square of

the indentation depth 4.
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Figure 19. AFM height images of sample (M)-4b: a,b) at 25 °C after drop-cast preparation from a
107°M solution in n-hexane; c,d,e) at 25 °C (after melting of sample at 110 °C); f) deflection of
the tip as a function of its vertical displacement; g) deflection of the tip as a function of the square

of the indentation depth 4.
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Figure 20. AFM height images of sample (rac)-4c: a) at 25 °C after drop-cast preparation from a
10~°M solution in n-hexane; b,c,d) at 100 °C (after melting of sample at 146 °C); d) 3D surface plot
showing steps of crystals (height of steps is 2.7-3.2 nm); e) deflection of the tip as a function of its

vertical displacement; f) deflection of the tip as a function of the square of the indentation depth J.

A larger value of the elasticity module implies a lower viscosity of the samples. Upon
increasing the bridges the racemic samples gain in fluidity, in accordance with the decreasing
transition temperatures observed by DSC. This can be explained by a looser packing of the
PBIs due to a larger flexibility of the structures and bridging units combined with a greater
extent of heterodimeric structures. In the case of the pure enantiomers only the measurement
of 4b was possible, while for 4a and 4c the structures were too fluid to be measured. Thus, in
all cases lower viscosity is shown for the pure enantiomers than for the racemates, supporting

the data obtained by DSC, in which the transition enthalpies were higher for racemic samples.

Table 11. Values of the elasticity module of macrocyclic PBIs 4a—c.

E / [MPa] 4a 4b 4c
rac 0.052 0.68 0.99
M (or P) [a] 0.25 [a]

[a] The viscosity of the sample was too low to aquire reliable data from the measurement.
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5.3. Conclusions

We have successfully synthesized a series of conformationally restricted chiral 1,7-
diaryloxy-substituted PBIs that are distinguished by different sized bridging units and
resolved their atropo-enantiomers. The new chiral compounds have been fully characterized
by HRMS spectrometry and UV/Vis, fluorescence, 'H NMR and CD spectroscopy. Moreover,
their condensed state properties have been investigated by DSC, POM and AFM techniques.

This series of core-twisted dyes enabled for the first time the elucidation of the
conformational parameters (rigidity of a chiral m-scaffold) on binding constants for
dimerization via m—n-stacking and selectivity of chiral recognition (homo- versus heterochiral
dimerization). Already CD spectra of monomeric pure enantiomers revealed the greater
flexibility of the PBI structures equipped with larger bridging units owing to a more
pronounced M/P interconversion of the chiral PBI scaffold for the larger bridges.
Spectroscopic studies of racemic and enantiopure PBI dyes 4a—c provided unambiguous
evidence for preferential chiral self-recognition over self-discrimination in 7-stacking
dimerization of these PBIs. However, the amount of heterochiral dimers present in the
corresponding racemates increases for more extended bridging units. This demonstrates that
the fidelity of chiral self-sorting in PBIs is compromised by an increasing flexibility of the
structures. Less rigid scaffolds bearing longer bridging units were shown to enable more
planarized m-scaffolds upon n—mn-stacking (induced-fit) leading to higher binding strength but
lower enantioselectivity for the recognition of the homo- or heterochiral partner molecule.

The relevance of chirality induced by the twisting of the aromatic core and the impact of
the rigidity on the condensed state properties could also be elucidated for these macrocyclic
atropo-enantiomeric PBIs 4a—c. Increasing flexibility has been demonstrated to deteriorate the
packing of the studied macrocycles, as higher fluidity and lower transition temperature have
been found for larger bridged PBIs.

To conclude, we have revealed for the first time the impact of rigidity on chiral self-sorting
processes for core-twisted m-scaffolds. Conformational flexibility was shown to improve the
binding strength via induced-fit mechanism but to compromise the quality of chiral self-

recognition between chiral mt-surfaces.
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5.4. Experimental Section

Cesium carbonate (99 %), and potassium carbonate (= 99 %), were obtained from
Sigma-Aldrich and Merck. All chemicals and reagents were used as received, unless
otherwise stated. Potassium carbonate was dried in vacuo at 100 °C for 24 h. Diethylene
glycol ditosylates were prepared according to literature procedures.” Flash column
chromatography was performed using silica gel (S160, mesh size 40—63 pm) from Merck.
'H NMR spectra were recorded with Bruker Avance 400 MHz and Bruker Advance DMX
600 MHz instruments. Chemical shifts are given in parts per million (ppm) and are
referred to TMS as internal standard. 'H coupling constants J are given in Hertz (Hz).
High resolution mass spectra (HRMS) were recorded on a MicroTOF Focus from Bruker
Daltonics. Analytical HPLC was carried out on a JASCO system (PU 2080 PLUS) with a
diode array detector (MD 2015), equipped with a ternary gradient unit (DG-2080-533) and
inline-degasser (LG 2080-02). Semi-preparative HPLC was performed on a JASCO
system (PU 2080 PLUS) with an UV/Vis detector (UV 2077 PLUS). Preparative recycling
GPC LC-9105, Japan Analytical Industry Co., Ltd. (JAI) was used in recycling mode for
the separation of some of the racemates. Vapor pressure osmometry (VPO) measurements
were performed on a KNAUER osmometer with a universal temperature measurement
unit. Benzil was used as standard and a calibration curve in terms of R (ohm) vs. molal
osmotic concentration (moles per kg n-hexane) was accomplished up to 0.016 molal.
Differential scanning calorimetry (DSC) measurements were carried out using a TA
Q1000 calorimeter with a heating/cooling rate of 10 °C min'. At least two heating—
cooling cycles were performed for each compound. Optical textures of the liquid crystal
phases at crossed polarizer were acquired with an Olympus BX-41 polarization
microscope equipped with a Linkam THMS 600 hot stage and a temperature controller
unit. The AFM images were recorded by using an E-scanner with a maximum scan area of
15 x 15 mm. Silicon cantilevers with a nominal spring constant of 34.0-71.0 N m-' and
with resonant frequency of 300 kHz, and a typical tip radius of 7 nm (OMCLAC160TS,

Olympus) were employed.
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UV/Vis Absorption and Fluorescence Spectroscopy, and Circular Dichroism (CD): For
all spectroscopic measurements, spectroscopic grade solvents (Uvasol®) from Merck were
used. UV/Vis spectra were recorded with a Perkin Elmer PE 950 equipped with a PTP-1
peltier element. CD spectra were measured with a JASCO J-810 spectrometer equipped with a
CDF-242 peltier element. Fluorescence spectra were recorded with a PTI QM-4/2003
instrument. All fluorescence measurements were performed under ambient conditions and
fluorescence spectra are corrected against photomultiplier and lamp intensity. The
fluorescence quantum yields were determined as the average value for three different
excitation wavelengths using N,N'-di(2,6-diisopropylphenyl)-3,4:9,10-tetracarboxylic acid
bisimide as reference (@5 = 1.00 in chloroform) by applying high dilution conditions (4 <
0.05).508!

For the measurements at high concentrations front-face set up with 30° light beam angle
deviation and 1 mm cells were used. Fluorescence lifetimes were measured under ambient
conditions by using a PTI LaserStrobe fluorescence lifetime spectrometer system containing a
GL-3300 nitrogen laser (337.1 nm, pulse width 600 ps, pulse energy 1.45 mJ) coupled with a
dye laser GL-302 (pulse width 500 ps, pulse energy 220 pJ at 550 nm) as an excitation source
and a stroboscopic detector. Laser output was tuned within the emission curves of the laser
dyes supplied by the manufacturer (PLD 421, 500, 579, 665, 735). The time resolution
following deconvolution of experimental decays is 200 ps. The instrument response function
was collected by scattering the exciting light of a dilute, aqueous suspension of Silica
(LUDOX). Decay curves were evaluated using the software supplied with the instrument
applying least square regression analysis. The quality of the fit was evaluated by analysis of
x2 (0.9 —1.1), DW factor ( > 1.75) and Z value ( <—1.96, confidence level 0.95) as well as by
inspection of residuals and autocorrelation function.

Synthesis of 3b,c (for the synthesis of the precursors 1 and 2 see Chapter 3) by
N,N’-Dicyclohexyl-1,7-(3-hydroxyphenoxy)perylene-3,4:9,10-tetracarboxylic acid bisimide 1
(230 mg, 0.30 mmol for 3b and 400 mg, 0.52 mmol for 3¢), and cesium carbonate (1.7 g, 5.21
mmol for 3b and 3 g, 9.20 mmol for 3c) were dissolved in DMSO (150 mL for 3b and 500

mL for 3c¢) and heated to 120 °C for 7 h. The addition of the correspondent tri or
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tetra(ethylene glycol) distosylate (280 mg, 0.57 mmol and 520 mg, 1.00 mmol, respectively)
dissolved in DMSO (20 mL) was carried out with a syringe pump over a period of 3 h. The
reaction mixture was cooled to ambient temperature and dropped into 0.33 M hydrochloric
acid (150 mL) under stirring. The resulting precipitate was collected by filtration and dried in
vacuo (10 mbar). Silica gel column chromatography with DCM for 3b and alox (neutral) with
DCM for 3¢ and precipitation with methanol from DCM afforded 0.069 mmol of 3b (23%
yield) as an orange solid and 0.078 mmol of 3¢ (15% yield) as a red solid.

3b: Mp. 318-319 °C. "H NMR (CDCls): §9.42 (d, 2H, J = 8.2), 8.55 (d, 2H, J = 8.2), 8.38 (s,
2H), 7.32 (t, 2H, J = 8.3), 7.10 (m, 2H), 6.48 (m, 2H), 5.80 (s, 2H), 5.00 (m, 2H), 3.82-3.73
(m, 4H), 3.63-3.42 (m, 8H), 2.53 (m, 4H), 1.89 (bd, 4H), 1.74 (bd, 6H), 1.53-1.25 (m, 6H).
HRMS (ESI-TOF, pos. mode, DCM:acetonitrile = 1:1): m/z calc. for Cs4HgoN2O;o [M+H]':
885.3309, found: 885.3382. UV/Vis (CH2CL): Ama/nm (&na/M 'em™) 522 (64000), 486
(39900), 454 (14800), 266 (33200). Fluorescence (CH>Cl,): Apar = 532 nm, @ = 0.33.

3c: Mp. 210-211 °C. "H NMR (CDCls): 9. 53 (d, 2H, J = 8.5), 8.58 (d, 2H, J = 8.5), 8.34 (s,
2H), 7.38 (t, 2H, J = 8.2), 7.11 (m, 2H), 6.63 (m, 2H), 6.03 (t, / = 2.3 Hz, 2H), 5.00 (m, 2H),
3.88-3.78 (m, 4H), 3.65-3.61 (m, 4H), 3.51-3.44 (m, 8H), 2.53 (m, 4H), 1.89 (bd, 4H), 1.74
(bd, 6H), 1.53-1.25 (m, 6H). HRMS (ESI-TOF, pos. mode, DCM:acetonitrile = 1:1): m/z calc.
for Cs¢Hs;N,OpNa [M+Na]™: 951,3469, found: 951.3463, Apa/im (Ene/M 'em™) 525
(55800), 488 (35500), 458 (13800), 265 (35200). Fluorescence (CHxCla): Apax = 551 nm, @y
=0.57.

Separation of enantiomers P-(+)-3 and M-(-)-3 by HPLC

Separation of the enantiomers was achieved on a semi-preparative column (Trentec Reprosil
100 chiral-NR) using different mixtures of n-hexane and DCM.

3b: 3b was eluted in a 3/2 mixture of DCM /n-hexane using a flow of 8 ml/min. The
separation was done on a scale of 15 mg.

M-(—)-3b: Retention time (Trentec Reprosil 100 chiral-NR, DCM/n-hexane (3/2), flow: 8.0
mL min™; @ = 2.5 cm): 22.0 min. Aye/nm (AgM 'em™) 518 (— 47), 484 (- 31), 454 (- 12),
286 (— 86), 262 (+ 64).

P-(+)-3b: Retention time (Trentec Reprosil 100 chiral-NR, DCM/n-hexane (3/2), flow: 8.0
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mL min"'; @ = 2.5 cm): 32.0 min. CD (CH2CL): Apa/nm (AgM 'em™) 518 (+ 44), 484 (+ 30),
454 (+ 11), 286 (+ 86), 262 (— 64).
3c: 3¢ was eluted in a 4/1 mixture of DCM/n-hexane using a flow of 8 ml/min. The separation
was done on a scale of 15 mg.
M-(-)-3c: Retention time (Trentec Reprosil 100 chiral-NR, DCM/n-hexane (4/1), flow: 8.0
mL min™; @ = 2.5 cm): 10.0 min. CD (CH2Cly) Apa/nm (AgM 'em™) 522 (- 34), 486 (- 23),
458 (- 9), 287 (- 59), 264 (+ 36).
P-(+)-3c: Retention time (Trentec Reprosil 100 chiral-NR, DCM /n-hexane (4/1), flow: 8.0
mL min"'; @ = 2.5 cm): 12.0 min. CD (CH2CL): Ape/nm (A&M'em™) 522 (+ 37), 486 (+ 24),
458 (+9), 287 (+47), 264 (- 39).
Macrocyclization of 2
N,N’-Di(3,4,5-tridodecylphenyl)-1,7-di(3-hydroxyphenoxy)perylene-3,4:9,10-
tetracarboxylic acid bisimide 2 (300 mg, 0.17 mmol), and cesium carbonate (1 g, 3.06mmol)
were dissolved in dry THF (400 mL) and heated to 120 °C for 7 h. The addition of the
correspondent tri or tetra(ethylene glycol) distosylate (150 mg, 0.31 mmol and 170 mg, 0.32
mmol, respectively) dissolved in THF (20 mL) was carried out with a syringe pump over a
period of 6 h. The reaction mixture was cooled to ambient temperature and dropped into 0.33
M hydrochloric acid (150 mL) under stirring. The resulting precipitate was collected by
filtration and dried in vacuo (10 mbar). Silica gel (b: DCM /n-hexane, 1/1 ¢: DCM/n-hexane,
3/2) column chromatography and precipitation with methanol from DCM afforded 0.078
mmol of 4b (22% yield) and 0.026 mmol of 4¢ (15% yield) as an orange solid.
4b: Mp. 180-190 °C. '"H NMR (CDCls): §9.52 (d, 2H, J = 8.2), 8.64 (d, 2H, J = 8.2), 8.48 (s,
2H), 7.33 (t, 2H, J = 8.3), 7.10 (m, 2H), 6.93 (m, 2H), 6.50 (s, 2H), 5.87 (m, 2H), 3.90-3.62
(m, 4H), 3.55-3.48 (m, 8H), 2.64 (t, 12H), 1.59-1.55 (m, 12H), 1.32-1.18 (m, 108H),
0.83-0.78 (m, 18H). HRMS (ESI-TOF, pos. mode, DCM:acetonitrile = 1:1): m/z calc. for
CiaHigiN2Oyg  [M+H]: 1882.3716, found: 1882.3711. UV/Vis (CHCly): Ape/nm
(Ena/M'cm™) 524 (77700), 488 (48100), 457 (18100), 263 (43000). Fluorescence (CH,Cl):
Amax = 534 nm, @;=0.14.

4c: Mp. 148 °C—155 °C. 'H NMR (CDCls): §9.62 (d, 2H, J=8.3), 8.67 (d, 2H, J = 8.3), 8.44
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(s, 2H), 7.37 (t, 2H, J = 8.2), 7.11 (m, 2H), 6.93 (m, 2H), 6.03 (t, J = 2.3 Hz, 2H), 6.10 (m,
2H), 3.92-3.82 (m, 4H), 3.67-3.65 (m, 4H), 3.55-3.48 (m, 8H), 2.64 (t, 12H), 1.59-1.55 (m,
12H), 1.32-1.18 (m, 108H), 0.83-0.78 (m, 18H). HRMS (ESI-TOF, pos. mode,
DCM:acetonitrile = 1:1): m/z calc. for Cjy7H;5N>0p [M+H]": 1926,39001, found:
1926.39729, Ape/nm (Ene/M 'em™) 526 (64900), 491 (41300), 461 (15800), 263 (43000).
Fluorescence (CH,Cly): Ayax = 551 nm, @ =0.25.

Separation of enantiomers P-(+)-4 and M-(-)-4 by HPLC

Separation of the enantiomers was achieved on a semi-preparative column (Trentec Reprosil
100 chiral-NR) using different mixtures of n-hexane and DCM.

4b: 4b was eluted in a 65/35 mixture of chloroform/n-hexane using a flow of 3.5 mL min™.
The separation was done in the JAI recycling system, after 7 cycles and two iterations on a
scale of 10 mg.

M-(=)-4b: CD (CH,Cly): Apar/nm (Ag/M 'em™) 522 (— 43).

P-(+)-4b: CD (CH,CLy): Ape/nm (AgM 'em™) 522 (+ 45).

4c: 4¢ was eluted in a 7/3 mixture of chloroform/n-hexane using a flow of 10 mL min™. The
separation was done in the JAI recycling system, after 7 cycles and several iterations on a
scale of 5 mg.

M-(=)-4¢: CD (CH:CL) Apa/nm (Ag/M 'em ™) 525 (= 33).

P-(+)-4¢: CD (CH,CL): Ape/nm (Ag/M 'em™) 525 (+ 37).
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Chapter 6

Summary

This thesis included the synthesis of conformationally stable chiral perylene bisimide (PBI)
dyes, the study of their optical properties in solution and their chiral self-sorting behaviour in
nonpolar solvents in which dimerization via m—mn-stacking takes place. Furthermore, the
influence of PBI core chirality on the properties of these dyes in the condensed state has been
also studied.

In Chapter 2 an overview of the work on general and chiral self-sorting carried out during
the last ten years on synthetic supramolecular systems was given. Different definitions
according to the pioneering authors were presented, as well as a classification of what we
consider the main molecular codes which have been recognized to play a significant role
directing self-sorting processes of molecules. We anticipate that, upon developing a better
understanding of the variables influencing the efficiency of self-sorting, we will be able to act
upon these variables to create supramolecular functional systems of high degree of
complexity.

In Chapter 3 the first successful synthesis of a conformationally restricted chiral
macrocyclic 1,7-diaryloxy-substituted PBI and resolution of its atropo-enantiomers was
presented (Figure la, n = 1). Concentration-dependent UV/Vis studies enabled the
quantification of homo vs. heterochiral dimers, and thus the extent of self-recognition vs. self-
discrimination in the racemate of this macrocyclic PBI. We showed for the first time that self-
recognition prevails over self-discrimination in m-stacking dimerization of core twisted PBIs
(Figure 1b) in an extent of 93% of homochiral dimers against only 7% heterochiral dimers at
331 K. Circular dichroism (CD) studies revealed the helical arrangement of the two PBIs

within the formed dimers, in agreement with previous X-Ray diffraction studies on similar
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macrocyclic PBIs.' It was demonstrated that the formation of minor amounts of heterochiral
dimers allows the direct determination of the ee of chiral PBIs by 'H NMR without using any
extern chiral auxiliaries, due to the diastereomeric relationships arising between homo and

heterochiral dimers.

a)
Q°
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Ci2Hz2s
Ci2Hzs
Ci2Has
b) Monomeric

Interconversion Q
2 # 2 —
-
Self-Recognition / \Self—Discrimination

[ - 0
[ —
Supramolecular 2
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c) Self-Recognition Process Depending on the Bridge Length

Figure 1. a) Chemical structures of newly synthesized conformationally stable chiral macrocyclic
PBIs. b) Cartoon of the different possible equilibria present in a racemic mixture of chiral macrocyclic
PBIs. ¢) Minimized structures of macrocyclic PBIs with increasing bridge length (n = 1-3). Imide

substituents removed for clarity.

"Peter Osswald, PhD Thesis, University of Wiirzburg, (Germany), 2007.
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The presence of 3,4,5-tridodecylphenyl units in imide position provides these new chiral
macrocyclic PBIs with intriguing liquid crystalline properties. In Chapter 4 the detailed study
on the influence of core-chirality on the mesophase properties of the PBIs with the shortest
bridge (Figure la, n = 1) was presented. It was demonstrated using differential scanning
calorimetry (DSC), polarization microscope (POM), atomic force microscopy (AFM) and X-
ray diffraction that the simultaneous presence of equal amounts of each enantiomer in the
racemate allows this material to self-organize in a highly organized soft columnar crystalline
phase. On the contrary enantiopure (M) (or (P)) organizes in a less stable, highly fluid
lamellar liquid crystalline phase. With the premise that exclusively homochiral w-stacking
dimers are formed in the racemate (demonstrated in Chapter 3) a model of alternating MM
and PP homochiral dimers in the condensed phase of the racemate, which allows for excellent
nanosegregation and dense packing in columns, was proposed. This model was supported by
calculations of the condensed state packing with the force field COMPASS in the module
Forcite Plus. In contrast, for pure enantiomers (M) (or (P)) the bridging units act as sterically
shielding entities preventing nanosegregation into columns, which leads to a lamellar
organization of the chromophores. Thus, we found strong evidence that mt-dimer formation,
nanosegregation and optimized packing of the bridging units are the crucial parameters for the
differences in the condensed state properties of the racemate and the pure enantiomers.

Finally, the synthesis of conformationally restricted chiral 1,7-diaryloxy-substituted PBIs
with different oligoethylene glycol (OEG) bridging units and the resolution of their atropo-
enantiomers were discussed in Chapter 5 (Figure 1c). CD studies of the monomers and
dimeric species provided strong evidence that the structures increase in flexibility upon
elongation of the OEG bridging units. Similarly as in Chapter 3, the quantification of the
extent of chiral self-recognition was carried out after analyzing the concentration-dependent
UV/Vis data applying the dimer model. It was found that the presence of homochiral dimers
in the racemates was about 95 % forn =1, 80 % for n = 2 and 65 % for n = 3 at 298 K and
331 K (Figure la). Thus, the fidelity of chiral self-sorting in PBIs is compromised by the
increasing flexibility of the structures, which was attributed to a partial planarization process
and/or a flipping of the naphthalene core units. Less restricted conformations enable more

packing possibilities, some of them obviously favoring the formation of heterochiral dimers.
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It was proven that temperature does not play a role in the efficiency of chiral self-sorting.
Quantum mechanical calculations confirmed the preference of homodimers in comparison to
the less energetically favored heterodimers (Figure 1b), which is in accordance with the
experimental data. 'H NMR studies demonstrated that all aggregates of macrocyclic PBIs (n =
1-3) self-assemble under fast exchange conditions and ROESY studies show intermolecular
crossing peaks corresponding to m-stacked dimers. The investigations carried out by DSC,
POM and AFM proved that the condense state properties of this series of macrocyclic PBIs is
strongly affected by the elongation of the EOG bridging units, which is both related to the
chirality of the PBI cores and the increasing flexibility of the structures.

In conclusion, we have demonstrated and quantified the prevalence of chiral self-
recognition over self-discrimination in m-stacking dimerization of PBIs. It has been shown
that this self-recognition event is compromised by the increasing flexibility of the structures
related to the size of the OEG bridging units. Moreover, the inherent chirality of these PBIs
has been proven to strongly influence their condensed state properties, for which large
differences between the pure enantiomers and the racemates were revealed, as well as

between the different bridged macrocyclic PBIs.
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Zusammenfassung

Das Ziel der vorliegenden Arbeit war die Synthese von konformationsstabilen chiralen
Perylenbisimidfarbstoffen (PBI), die Bestimmung ihrer optischen Eigenschaften in Losung
und ihrer chiralen Selbstsortierung in unpolaren Losungsmitteln, in denen Dimerisierung
durch n-  Stapelung stattfindet. Des Weiteren wurde noch der Einfluss der PBI Kernchiralitét
auf die fliissigkristallinen Eigenschaften untersucht.

In Kapitel 2 wurde zuniichst ein Uberblick iiber die aktuellen Arbeiten der letzten zehn
Jahre im Bereich der allgemeinen und chiralen Selbstsortierung supramolekularer Komplexe
gegeben. Es wurden sowohl verschiedene Definitionen der Pioniere dieses Gebietes als auch
die Klassifizierungen der molekularen Codes, welche die molekulare Selbstsortierung
maligeblich beeinflussen, vorgestellt. Durch das vollstindige Verstindnis der molekularen
FEigenschaften, die die Effizienz der Selbstsortierung beeinflussen, sollen zukiinftig
funktionale supramolekulare Systeme von sehr hoher Komplexitét zuginglich werden.

Kapitel 3 beschreibt die erfolgreiche Synthese der ersten konformationsfixierten chiralen
makrozyklischen 1,7-diaryloxy-substituierten PBIs und die Trennung ihrer Atropo-
Enantiomere (Figure la, n=1). Konzentrationsabhingige UV/Vis-Studien ermoglichten die
Quantifizierung von homo- gegeniiber heterochiralen Dimeren und dadurch die Bestimmung
des Verhiltnisses von Selbsterkennung und Selbstdiskriminierung im Racemat dieses
makrozyklischen Farbstoffes. Es konnte zum ersten Mal gezeigt werden, dass die
Selbsterkennung gegeniiber der Selbstdiskriminierung bei der m-Dimerisierung von
kernverdillten PBIs mit einem Verhéltnis von 93% homochiralen Dimeren gegeniiber nur 7%
heterochiralen Dimeren bevorzugt wird (Figure 1b). Mit Hilfe von CD-Untersuchungen
konnte auBerdem die supramolekulare Natur der gebildeten Dimere belegt werden, in
Einklang mit kristallographischen Ergebnissen fiir dhnliche makrozyklische PBIs. Es wurde
ferner gezeigt, dass die Bildung kleiner Anteile von heterochiralen Dimeren die direkte

Bestimmung der ee-Werte der chiralen PBIs mit Hilfe von 'H NMR gestattet. Dies ist

J Peter Osswald, Doktorarbeit, Wiirzburg Universitét, (Deutschland), 2007.
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aufgrund der diastereomeren Beziehung zwischen homo- und heterochiralen Dimeren ohne
die Verwendung von externen chiralen Hilfsreagenzien moglich.

Die Verwendung von 3.,4,5-Tridodecylphenyl-Einheiten in den Imidpositionen fiihrte zu
interessanten fliissigkristallinen Eigenschaften fiir diese neuen chiralen makrozyklischen
PBIs. In Kapitel 4 wird der Einfluss der Chiralitit des m-Systems auf die Mesophase der PBIs
mit der kiirzesten Briicke (Figure 1a, n=1) beschrieben. Mit Hilfe von Pulverrontgenbeugung,
DSC-, POM-, und AFM-Messungen konnte bewiesen werden, dass bei Anwesenheit gleicher
Anteile beider Enantiomere im Racemat eine Selbstsortierung unter Ausbildung kolumnarer
soft-kristalliner Phasen stattfindet. Im Gegensatz dazu bildet das enantiomerenreine Material
eine lamellare fliissigkristalline Phase aus. Unter der Voraussetzung, dass nur homochirale n-
gestapelte Dimere im Racemat gebildet werden (gezeigt in Kapitel 3), wird ein Model von
wechselnden MM und PP homochiralen Dimeren in der Mesophase des Racemats vorgestellt.
Dieses fiihrt zu einer Nanosegregation und ermoglicht eine dichte Packung in den Kolumnen.
Das Model wird durch Berechnungen fiir die verdichtete Phase mit dem Kraftfeld COMPASS
Forcite Plus unterstiitzt. Fiir reine Enantiomere (M) (oder (P)) agiert die Briickeneinheit
dagegen als sterische Abschirmung, welche die Nanosegregation in den Kolumnen verhindert.
Dies fiihrt zu einer lamellaren Anordnung der Chromophore. Auf diese Weise konnte
tiberzeugend gezeigt werden, dass die Nanosegregation und die Optimierung der Packung der
Briickeneinheiten die entscheidenden Parameter fiir die Unterschiede in den kondensierten
Phasen des Racemats und des reinen Enantiomeren sind.

Im letzten Kapitel 5 wird die Synthese von konformationsbeschrankten chiralen 1,7
diaryloxy-substituierten PBIs mit verschieden langen Oligoethyleneglykol-Briickeneinheiten
und ihre Auftrennung in ihre atropo-Enantiomere beschrieben (Figure 1¢). Die durch langere
Briickeneinheiten gegebene erhohte Flexibilitét zeigte sich in den CD-Spektren der Monomer-
und Dimereinheiten. Vergleichbar zu Kapitel 3 konnte der Uberschuss von chiraler
Selbsterkennung gebildeter Homodimere durch Analyse der konzentrationsabhéngigen
UV/Vis Daten erfolgen. Im Racemat konnten sowohl bei 298 als auch bei 331 K 95 % (fiir
n=1), 80 % (fiir n=2) bzw. 65 % (flir n=3) homochirale Dimere nachgewiesen werden. Die
Priaferenz fiir die chirale Selbstanordnung der PBIs wird somit durch die groBer werdende

Flexibilitdit der  Strukturen verringert. Dies kann mit einem erleichterten
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Planarisierungsprozess bei Vorliegen weniger rigider Naphthalineinheiten erkldrt werden. Ein
moglicher Temperatureinfluss wurde untersucht und ausgeschlossen. Quantenmechanische
Berechnungen unterstiitzen die experimentellen Daten fiir die Bevorzugung von
Homodimeren im Vergleich zu energetisch weniger begiinstigten Heterodimeren. 'H NMR
Messungen bewiesen des Weiteren, dass alle Aggregate einem schnellen molekularem
Austausch unterliegen. Zusétzlich konnten intermolekulare Kreuzsignale der ROESY
Messungen den entsprechenden m-gestapelten Dimeren zugeordnet werden. DSC-, POM- und
AFM-Messungen zeigten auch, dass die Festkorpereigenschaften dieser Reihe von
makrozyklischen PBIs stark durch die Briickeneinheiten gepriagt werden, da diese direkt die
Chiralitdt der PBI Kerne und ihre strukturelle Flexibilitdt beeinflussen.

Zusammenfassend konnte im Rahmen dieser Arbeit die Bevorzugung der chiralen Selbst-
Erkennung gegeniiber der Selbst-Diskriminierung in m-gestapelten dimerisierten PBIs
quantifiziert und bewiesen werden. Eine erhohte Flexibilitdt der Molekiile durch Verlingerung
der OEG Briickeneinheiten verringert jedoch die Qualitdt dieses Selbsterkennungsvorgangs.
Des Weiteren hat die Chiralitdt dieser PBIs einem sehr starken Einfluss auf die Eigenschaften
der kondensierten Materie, in welcher grofe Unterschiede fiir reine Enantiomere und das

Racemat sowie zwischen PBIs mit unterschiedlichen Briickeneinheiten gefunden wurden.
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Resumen

Esta tesis trata de la sintesis de perileno-bisimidas (PBI) quirales conformacionalmente
estables, el estudio de sus propiedades opticas en disolucién y su comportamiento de auto-
seleccion quiral en disolventes apolares en los que tiene lugar un proceso de dimerizacion a
traves de apilamiento m—m . Por ultimo desvelamos la influencia de la chiralidad del centro
aromatico del PBI en las propiedades de cristal liquido de este tipo de moleculas.

En el Capitulo 2 se ofrece una vision general sobre el trabajo llevado a cabo en los ultimos
afios en comportamiento auto-selectivo ordinario y quiral. Diferentes definiciones de acuerdo
con los autores pioneros en este tema son presentadas asi como una seleccion en lo que
nosotros consideramos los codigos moleculares que se han manisfestado como mas relevantes
y fructiferos en los procesos de auto-seleccion. Adelantamos que la comprension de las
variables que influyen en la eficiencia de procesos de auto-seleccion nos llevard a poder
actuar sobre estas variables para crear sistemas supramoleculares que muestren la complejidad
de sus contrapartes naturales.

En el Capitulo 3 se muestra la sintesis de PBIs macrociclicas quirales 1,7-diaryloxy-
sustituidas con la conformacion restringida ademas de la la resolucion de sus atropo-
enantiomeros (Figure la, n = 1). Estudios de UV/Vis dependientes de la concentracién han
permitido la cuantificacion de la relacion homo vs. heterodimeros chirales, y por lo tanto el
grado de auto-reconocimiento vs. auto-discriminacion en el racemato de estas PBI
macrociclicas. Hemos podido demostrar por primera vez que el auto-reconocimiento
prevalece sobre la auto-discriminacion a traves de apilamiento 7 en la dimerizacion de PBIs
(Figure 1b) en una extension del 93% de homodimeros frente a solo el 7% de heterodimeros a
331K. Estudios de dicroismo circular (CD) han revelado la naturaleza quiral de estos dimeros
supramoleculares, apoyada por anteriores estudios de difraccion de rayos X en PBIs
macrociclicas similares. Se expone que la formacion de pequefias cantidades de dimeros
heterochirales permite la determinacién directa del ee de PBIs quirales usando '"H RMN sin

utilizar ningin auxiliar quiral externo, debido a las relaciones diastereoméricas que surgen

*peter Osswald, Thesis Doctoral, Universidad de Wurzburgo (Alemania), 2007.
166



Chapter 6 Resumen

entre homo y heterodimeros quirales.

La presencia de unidades de 3,4,5- tridodecanofenol en las posiciones imida proporcionana
interesantes propiedades de cristal liquido a estas nuevas PBIs quirales. En el Capitulo 4 se
presenta un estudio detallado sobre la influencia del ntcleo quiral en las propiedades de la
mesofase de las PBIs con el menor puente (Figura 1a, n = 1). Se pudo demostrar mediante
calorimetria diferencial de barrido (DSC), microscopio de polarizacion (POM), microscopia
de fuerza atdmica (AFM) y difraccion de rayos X que la presencia simultanea de cantidades
iguales de cada uno de los enantidmeros en el racemato de este material permite la auto-
organizacion en una fase cristalina columnar suave con una mayor estabilidad en comparacion
con los enantiomeros puros (M) (o (P)), que se organizan en fase laminar liquido cristalina.
Con la premisa de que en el racemato se forman casi exclusivamente homodimeros por
apilamiento 1 (demostrado en el Capitulo 3) se ha propuesto un modelo en el que los dimeros
homochirales MM y PP se apilan alternativamente en la fase condensada del racemato
permitiendo una nanosegregacion excelente y una alta densidad del material. Este modelo se
apoya en los calculos del empaquetamiento del racemato realizado con el programa de campo
de fuerza COMPASS en el médulo Forcite Plus del estado condensado. En cambio, para los
enantiomeros puros (M) (o (P)), las unidades-puente actuan como blindajes estéricos que
impiden a las entidades la nanosegregacion en columnas, que conduce a una organizacion
laminar de los cromoforos. Asi, encontramos una fuerte evidencia de que la nanosegregacion
y la optimizacién del empaquetamiento de las unidades-puente son los parametros
fundamentales para la diferencia en las propiedades de estado condensado del racemato y los
enantidomeros puros. En consecuencia, podemos afirmar que la quiralidad del nucleo
aromatico del PBI juega un papel crucial en el auto-ensamblaje de estos PBIs en el estado
condensado.

Por ultimo, en el Capitulo 5 se muestra la sintesis de PBIs 1,7-diaryloxy-sustituidos de
conformacion quiral restringida con diferentes tamafios de unidades-puente ademas de la
resolucion de sus atropo-enantidmeros (Figure 1c). Estudios de CD de los monomeros y
dimeros de estas nuevas especies proporcionan una fuerte evidencia de que la flexibilidad de
estas estructuras aumenta con el alargamiento de las unidades-puente. Del mismo modo que

en el Capitulo 3, la cuantificacion de la magnitud de auto-reconocimiento quiral ha podido
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llevarse a cabo después del procesamiento de los datos UV/Vis dependientes de la
concentracion. Se encontré que la presencia de dimeros homoquirales en el racemato es
alrededor del 95 % paran =1, 80 % paran=2y el 65 % paran =3 a 298 K y 331 K. Por lo
tanto, la fidelidad de auto-seleccion quiral en PBIs se ve comprometida por la creciente
flexibilidad de las estructuras, lo que se atribuye al proceso planarizacioén parcial que tiene
lugar por interconvesion de las unidades basicas de naftaleno. Se ha demostrado que la
temperatura no tiene ninguna influencia en la eficiencia del proceso de auto-seleccion quiral.
Célculos de mecénica cuantica han confirmado la prevalencia de homodimeros en
comparacion con los heterodimeros —menos energéticamente favorecidos— (Figura 1b), de
acuerdo con los datos experimentales previos. Estudios de '"H RMN han demostrado que
todos los sistemas estan en condiciones de intercambio rapido y los estudios de ROESY
muestran sefiales correspondientes al apilamiento 7w intermolecular de dimeros. Las
investigaciones por DSC, POM y AFM muestran que las propiedades de cristal liquido de esta
serie de PBIs macrociclicas se ven afectadas en gran medida por el alargamiento de las
unidades-puente y a su vez por la quiralidad en los nucleos aromaticos de estas PBIs y el
aumento de la flexibilidad de las estructuras.

En conclusion, hemos probado y cuantificado la prevalencia del auto-reconocimiento sobre
la auto-discriminacion quiral en la dimerizacion de apilamiento  de PBIs. Se ha demostrado
que el auto-reconocimiento se ve comprometido por la creciente flexibilidad de las
estructuras, lo que esta relacionado con el tamafio de las unidades-puente. Por otra parte, la
quiralidad inherente en estas PBIs ha demostrado tener una fuerte influencia sobre sus
propiedades en la mesofase, en la que se ha observado grandes diferencias entre los

enantidbmeros puros y racematos, asi como entre las diferentes PBIs macrociclicas.
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Supplement to Chapter 5
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Figure Al. Illustration of the applied data acquisition and evaluation procedure based on two
independent experiments (left and right). a) Concentration-dependent UV/Vis absorption spectra of
(P)-4b in n-heptane at 331 K ([M]o=4 x 10°® M to 1 x 10~ M), b) molar fraction of monomer species
and dimerization constants obtained from nonlinear regression analysis at selected wavelengths
indicated in the inset, and c) results from the multilinear fit routine showing the comparison of

experimental (black) and derived (red) spectra at respective concentrations as well as derived pure

monomer (green) and dimer (blue) spectra.
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independent experiments (left and right). a) Concentration-dependent UV/Vis absorption spectra of
(M)-4b in n-heptane at 331 K ((M]p=4 x 10° M to 1 x 10~ M), b) molar fraction of monomer species
and dimerization constants obtained from nonlinear regression analysis at selected wavelengths
indicated in the inset, and c) results from the multilinear fit routine showing the comparison of

experimental (black) and derived (red) spectra at respective concentrations as well as derived pure

0 450

monomer (green) and dimer (blue) spectra.

171

e/ 10°M" em™

e/ 10°M" cm”

80+
70
60
50
40-
30
20

109 4

1.0
094 = 506 nm; K, = 4800 + 500

: ® 510 nm; K, = 5100 + 400
0.8+ 4 514 nm; K, = 5200 + 400
0.7 & 518 nm; K, = 6000 + 700
06- * 522 nm; K, = 8000 + 2500
0'5 539 nm; K, = 6600 + 900
0.4 1
0.3 1
0.2
0.14
0.0 T T T T T T T T T T 1

10° 10® 107 10° 10®° 10* 10® 10 10™ 10° 10" 10

c/moll’
801 K_=4990 M" —— Calculated
704 D . —— Experimental
A —— Calc. Monomer

604 — Calc. Dimer
50
40
304
204
10

0 : ; eI

400 450 500 550 600



Appendix

70+ 70+

£/ 10°M" cm
e/ 10°M" cm™

400 450 500 550 600 400 450 500 550 600

Al nm Al nm
b)
1.0+ = 508 nm; K_= 9940 + 1400 1.0 o 4
nm: %y * = 508 nm; K, = 8900 + 900 M
0.9 o 512 nm; K, = 10200 1000 0.9 o 512nm; K, = 9400 600 M’
0.8 4 516 nm; K = 9830 + 800 0.8 A 516nm; KD=940017OOM'1
074 ¢ 520 nm; K, = 10000 + 900 074 o 520 K <6300 £ 800 M
* 524.nm; K, = 9610 £ 1300 06 "o = )
061 540 nm; K, = 14200 + 2600 7 * 524 nm; K, = 9300 + 1100 M
0.5 0.5 540 nm; K_ = 14200 + 2600 M"
o . 0.4+ o . 0.4+
0.3 Y 0.3
0.2+ 0.2-
0.14 0.1
0.0 T T T T T T T : T T ] 0.0 T T T T T T T T T T ]
10°10® 107 10° 10° 10* 10® 10 10™ 10° 10" 107 10° 10® 107 10° 10®° 10* 10® 10 10™ 10° 10" 10
c/mol I’ c/moll’
c)
707 K = 9500 M Calculated 701 K_=9000 M’ —— Calculated
60 D~ Experimental 60 b Experimental
b A Calc. Monomer 7 Calc. Monomer
—— Calc. Dimer / —— Calc. Dimer
504 50
e 404 e 404
o o
s 30- s 304
2 20 2 20
> > \
104 104 N
— NN
. N\ . N\
400 450 500 550 600 400 420 440 460 480 500 520 540 560 580 600
Al nm A nm

Figure A3. Illustration of the applied data acquisition and evaluation procedure based on two
independent experiments (left and right). a) Concentration-dependent UV/Vis absorption spectra of
(M)-4¢ in n-heptane at 331 K ((M]Jo=4 x 10° M to 1 x 10 M), b) molar fraction of monomer species
and dimerization constants obtained from nonlinear regression analysis at selected wavelengths
indicated in the inset, and c) results from the multilinear fit routine showing the comparison of
experimental (black) and derived (red) spectra at respective concentrations as well as derived pure

monomer (green) and dimer (blue) spectra.
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Figure Ad4. Illustration of the applied data acquisition and evaluation procedure based on two
independent experiments (left and right). a) Concentration-dependent UV/Vis absorption spectra of
(P)-4¢ in n-heptane at 331 K ([M]o=4 x 10° M to 1 x 10~ M), b) molar fraction of monomer species
and dimerization constants obtained from nonlinear regression analysis at selected wavelengths
indicated in the inset, and c) results from the multilinear fit routine showing the comparison of
experimental (black) and derived (red) spectra at respective concentrations as well as derived pure

monomer (green) and dimer (blue) spectra.
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Figure AS. Illustration of the applied data acquisition and evaluation procedure based on two
independent experiments (left and right). a) Concentration-dependent UV/Vis absorption spectra of
(rac)-4c in n-heptane at 331 K ((M]p=4 x 10° M to 1 x 10~ M), b) molar fraction of monomer
species and dimerization constants obtained from nonlinear regression analysis at selected
wavelengths indicated in the inset, and c¢) results from the multilinear fit routine showing the
comparison of experimental (black) and derived (red) spectra at respective concentrations as well as

derived pure monomer (green) and dimer (blue) spectra.
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Figure AG6. Illustration of the applied data acquisition and evaluation procedure based on two
independent experiments (left and right). a) Concentration-dependent UV/Vis absorption spectra of
(P)-4a in n-heptane at 298 K ([M]o=4 x 10° M to 1 x 10~ M), b) molar fraction of monomer species
and dimerization constants obtained from nonlinear regression analysis at selected wavelengths
indicated in the inset, and c) results from the multilinear fit routine showing the comparison of
experimental (black) and derived (red) spectra at respective concentrations as well as derived pure

monomer (green) and dimer (blue) spectra.
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Figure A7. Illustration of the applied data acquisition and evaluation procedure based on two
independent experiments (left and right). a) Concentration-dependent UV/Vis absorption spectra of
(M)-4a in n-heptane at 298 K ([M]o=4 x 10° M to 1 x 10~ M), b) molar fraction of monomer species
and dimerization constants obtained from nonlinear regression analysis at selected wavelengths
indicated in the inset, and c) results from the multilinear fit routine showing the comparison of
experimental (black) and derived (red) spectra at respective concentrations as well as derived pure

monomer (green) and dimer (blue) spectra.
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Figure AS8. Illustration of the applied data acquisition and evaluation procedure based on two
independent experiments (left and right). a) Concentration-dependent UV/Vis absorption spectra of
(rac)-4a in n-heptane at 298 K ([M]o=4 x 10° M to 1 x 10 M), b) molar fraction of monomer
species and dimerization constants obtained from nonlinear regression analysis at selected
wavelengths indicated in the inset, and c¢) results from the multilinear fit routine showing the
comparison of experimental (black) and derived (red) spectra at respective concentrations as well as

derived pure monomer (green) and dimer (blue) spectra.

177



Appendix

80+ 80+
70 70
_ 604 _ 604
g 501 g 50
S 404 S 404
2 304 2 30
< <
204 204
104 104 )
400 450 500 550 600 400 450 500 550 600
2/ nm A/ nm
1.0+ 1.0
0.9 = 506 nm; K, = 18100 + 1600 M 091 = 506 nm; K, = 16300 + 1600 M
0.8 e 510 nm; K, = 18100 + 1200 M 0.8 e 510 nm; K, = 17500 1000 M"
0.7- 4 514 nm; K = 18200 + 1200 M 0.7- 4 514 nm; K, = 17400 + 900 M
0.6- ¢ 518 nm; K, = 17100 + 1600 M" 064 ¢ 518 nm; K, = 16900 + 1400 M"
05- * 522 nm; K, = 13700 + 3500 M" 0.5- * 522 nm; K, = 10800 1900 M"
. D ; ) o :
%o 044 539 nm; K, = 21400 £ 5000M" g -, | 539 nm; K = 35300 + 8400 M
0.3 0.3
0.2 0.2
0.1 0.1
0.0 t—mm—m—mmmm——tT 0.0 —r—r—r—r—r—r—r— T
10° 10® 107 10® 10° 10* 10® 10 10™ 10° 10" 10 10°10® 107 10° 10° 10* 10° 10% 10" 10° 10" 10°
c/mol I c/mol I’
c)
801 K_=18100 — Calcu!ated 801 K_=18050 — Calcu!ated
D Experimental D Experimental
70 P! 70 (o]
Calc. Monomer Calc. Monomer
604 Calc. Dimer 604 Calc. Dimer
Tg 50 Tg 50
< 40 < 40
= =
‘o 304 ‘o 304
> 20 < 204
10 10
0 T T 0 T T .
400 450 500 550 600 400 450 500 550 600
A1 nm A1 nm

Figure A9. Illustration of the applied data acquisition and evaluation procedure based on two
independent experiments (left and right). a) Concentration-dependent UV/Vis absorption spectra of
(P)-4b in n-heptane at 298 K ([M]o=4 x 10°® M to 1 x 10~ M), b) molar fraction of monomer species
and dimerization constants obtained from nonlinear regression analysis at selected wavelengths
indicated in the inset, and c) results from the multilinear fit routine showing the comparison of
experimental (black) and derived (red) spectra at respective concentrations as well as derived pure

monomer (green) and dimer (blue) spectra.
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Figure A10. [llustration of the applied data acquisition and evaluation procedure based on two
independent experiments (left and right). a) Concentration-dependent UV/Vis absorption spectra of
(M)-4b in n-heptane at 298 K ([M]o=4 x 10 °® M to 1 x 10~ M), b) molar fraction of monomer species
and dimerization constants obtained from nonlinear regression analysis at selected wavelengths
indicated in the inset, and c) results from the multilinear fit routine showing the comparison of
experimental (black) and derived (red) spectra at respective concentrations as well as derived pure

monomer (green) and dimer (blue) spectra.
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Figure All. Illustration of the applied data acquisition and evaluation procedure based on two
independent experiments (left and right). a) Concentration-dependent UV/Vis absorption spectra of
(rac)-4b in n-heptane at 298 K ([M]o=4 x 10° M to 1 x 10° M), b) molar fraction of monomer
species and dimerization constants obtained from nonlinear regression analysis at selected
wavelengths indicated in the inset, and c¢) results from the multilinear fit routine showing the
comparison of experimental (black) and derived (red) spectra at respective concentrations as well as

derived pure monomer (green) and dimer (blue) spectra.
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Figure A12. Illustration of the applied data acquisition and evaluation procedure based on two
independent experiments (left and right). a) Concentration-dependent UV/Vis absorption spectra of
(P)-4¢ in n-heptane at 298 K ([M]o=4 x 10° M to 1 x 10~ M), b) molar fraction of monomer species
and dimerization constants obtained from nonlinear regression analysis at selected wavelengths
indicated in the inset, and c) results from the multilinear fit routine showing the comparison of
experimental (black) and derived (red) spectra at respective concentrations as well as derived pure

monomer (green) and dimer (blue) spectra.
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Figure A13. Illustration of the applied data acquisition and evaluation procedure based on two
independent experiments (left and right). a) Concentration-dependent UV/Vis absorption spectra of
(M)-4¢ in n-heptane at 298 K ([M]o=4 x 10° M to 1 x 10 M), b) molar fraction of monomer species
and dimerization constants obtained from nonlinear regression analysis at selected wavelengths
indicated in the inset, and c) results from the multilinear fit routine showing the comparison of
experimental (black) and derived (red) spectra at respective concentrations as well as derived pure

monomer (green) and dimer (blue) spectra.
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Figure A14. Illustration of the applied data acquisition and evaluation procedure based on two
independent experiments (left and right). a) Concentration-dependent UV/Vis absorption spectra of
(rac)-4c in n-heptane at 298 K ([M]o=4 x 10° M to 1 x 10~ M), b) molar fraction of monomer
species and dimerization constants obtained from nonlinear regression analysis at selected
wavelengths indicated in the inset, and c¢) results from the multilinear fit routine showing the
comparison of experimental (black) and derived (red) spectra at respective concentrations as well as

derived pure monomer (green) and dimer (blue) spectra.
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Table Al. Dimerization binding constants Kp of racemate and pure enantiomers of PBI 4a as obtained
from two independent studies by nonlinear regression analysis at selected wavelengths and multilinear

fit of the data at 298K, respectively.
Sample Kp [M']

Multilinear fit

(error £ 15 %)

506 nm 512 nm 516 nm 521 nm 541 nm

8800 + 6400 + 5500+ 5200+ 4200 +

(rac)-4a 6050
900 500 400 400 600
5500 = 5300 + 5100+ 4500 + 5100 = €100
800 400 400 500 800
13600+ 11600+ 9700+ 9700 + 7700 +

(M)-4a 12010
2500 1200 1000 1000 1000
20800+ 15200+ 14100+ 13600+ 7200+ 110
3000 900 800 1200 900
7800 + 13500+ 13500+ 14500+ 7800 +

(P)-4a 12100
900 1500 950 1200 900
24900+ 17800+ 20200+ 17500+ 6700+ 11900
4800 2200 2400 2700 700

Table A2. Dimerization binding constants Kp of racemate and pure enantiomers of PBI 4b as obtained
from two independent studies by nonlinear regression analysis at selected wavelengths and multilinear

fit of the data at 298K, respectively.

Sample Kp [M]

Multilinear fit

(error £ 15 %)

506 nm 510 nm 514 nm 518 nm 522nm 539 nm

12100 + 12300 + 11900 + 1400 + 9100 + 13300

(rac)-4b 11950
900 700 700 1100 1800 +1900

10200+ 10900+ 10300 + 9200 + 7600+ 15000 12070
1000 900 800 900 1400 + 1600
20400+ 20100+ 19700 + 19600+ 18200+ 18900

(M)-4b 19500
1300 900 900 1400 3500 +2800

25400+ 24500+ 23200 + 25100+ 19800+ 13600 1000
2600 1900 1800 3000 5600 +1500
18100+ 18100+ 18200 + 17100+ 13700+ 21400

(P)-4b 18100
1600 1200 1200 1600 3500 + 5000

16300+ 17500 + 17400 + 16900 + 10800+ 35300
1600 1000 900 1400 1900 + 8400
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Table A3. Dimerization binding constants Kp, of racemate and pure enantiomers of PBI 4¢ as obtained

from two independent studies by nonlinear regression analysis at selected wavelengths and multilinear

fit of the data, respectively, at 298 K.

Sample Kp [MT]
Multilinear fit
508 nm 512 nm 516 nm 520 nm 524 nm 540 nm
(error £ 15 %)
44800 = 35600 + 31300 + 28300 + 25800 + 13300 +
(rac)-4c 29970
6900 2500 1800 2000 2600 2800
42100 = 34400 + 30900 + 29400 + 26600 + 17300 + 20750
6600 2300 1700 2000 2600 3700
54700 £ 48600 + 46500 + 45100 + 44400 + 35900 +
(M)-4c 38900
8000 4000 3100 3100 3000 7200
19000 + 52200+ 47600 + 45500 + 53200 + 19000 + 39500
3900 6100 4500 5000 8900 3900
56900 + 46600 + 41100 £ 38500 + 35800+ 26000 +
(P)-4c 37400
9400 3600 2500 3000 3500 4900
51600 + 43800 + 41400 + 37800 £ 35400 + 19700 + 39400
6800 2200 2100 2800 3000 3600
a
). b)
50 * 1,04
1 ® 564 nm; K = 45800 + 8400 M
40 0,8- e 528 nm; K = 58100 + 3500 M
- 4 523 nm; K = 58800 + 3500 M
e ] & 517 nm; K = 57500 + 6100 M"
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Figure A1S5. a) Concentration-dependent UV/Vis absorption spectra of 2 in n-heptane at 331 K ([M]y=

1 x10° M to 8 x 10* M) and b) molar fraction of monomer species and dimerization constants

obtained from nonlinear regression analysis at selected wavelengths indicated in the inset applying the

equal K model. Arrows indicate changes upon increasing concentration.
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