Supramolecular Polymorphism in
Homo- and Heterochiral

Supramolecular Polymerizations

Dissertation zur Erlangung

des naturwissenschaftlichen Doktorgrades

der Julius-Maximilians-Universitiat Wiirzburg

vorgelegt von
Marius Wehner

aus Langenleiten

Wiirzburg 2020



il



Eingereicht bei der Fakultét fiir Chemie und Pharmazie am

Gutachter der schriftlichen Arbeit:
1. Gutachter: Prof. Dr. Frank Wiirthner

2. Gutachter: Prof. Dr. Gustavo Fernandez

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

2. Priifer: Prof. Dr. Gustavo Fernandez

3. Priifer: Prof. Dr. Dr. Lorenz Meinel

4. Priifer: Prof. Dr. Jiirgen Groll

5. Priifer: Prof. Dr. Claudia Hobartner

Datum des 6ffentlichen Promotionskolloquiums

10.09.2020

Doktorurkunde ausgehindigt am

il



v



fiir meine Familie



Vi



List of Abbreviations, Variables and

Physical Constants

Abbreviations

1D one-dimensional

2D two-dimensional

3D three-dimensional

AFM atomic force microscopy

At kinetically trapped aggregate

a.u. arbitrary unit

BCP block copolymer

B3LYP  Becke-3-parameter-Lee-Yang-Parr (exchange-correlation functional)
Boc tert-butoxy carbonyl

BTA benzene-1,3,5-tricarboxamide

CD circular dichroism

CDSA crystallization-driven self-assembly
cryo-TEM cryogenic transmission electron microscopy
DCTB trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile
DFT density functional theory

eq. equivalents

ESI electrospray ionization

FESEM field emission scanning electron microscopy
FT-IR Fourier-transform infrared

h hour(s)

HEWL hen egg white lysozyme

vii



HOPG
HRMS
ie.

LD

LSP
MALDI
MCH
min
Mono
MOPAC
MS

M
NEB
NMR
OPV
PBI
PDI
PIC
ppm
ref.

RMSD

SP
STM

TCE

highly oriented pyrolytic graphite
high-resolution mass spectrometry
that is (latin: id est)

linear dichroism

living supramolecular polymerization
matrix-assisted laser desorption/ionization
methylcyclohexane

minute(s)

monomer

molecular orbital package

mass spectrometry

kinetically trapped monomer
nudged elastic band

nuclear magnetic resonance
oligo(para-phenylene vinylene)
perylene bisimide

polydispersity index
pseudoisocyanine chloride

parts per million

reference

root-mean-square deviation
revolutions per minute

room temperature

second(s)

supramolecular polymer

scanning tunneling microscopy

1,1,2,2-tetrachloroethane

viii



THF tetrahydrofuran

TLC thin-layer chromatography

TOF time of flight

Tol toluene

UPy 2-ureido-4[1H]-pyrimidinone

uv ultraviolet

vis visible

VT variable temperature

Variables

A Absorbance

OAgg degree of aggregation

OlAgg-n degree of aggregated 7 surfaces

OMono fraction of monomers

CAge concentration of molecules incorporated in even-sized aggregates
coA‘;dg concentration of molecules incorporated in odd-sized aggregates
cD concentration of molecules incorporated in dimers
CMono monomer concentration

cT total concentration

d path length

Ag molar CD absorption

AG® standard Gibbs free energy

AH molar enthalpy release upon isodesmic aggregation
AHP standard molar enthalpy

AHE molar enthalpy release upon elongation

AS© standard molar entropy

X



EMono

EAge

K>

K~

m.p.

Heg

Te
Tm

\7A%

molar extinction coefficient

molar extinction coefficient of the monomer
molar extinction coefficient of the aggregate
association constant

association constant for dimerization
association constant for elongation
association constant for nucleation
wavelength

melting point

transition dipole moment

fluorescence quantum yield

nucleus size

cooperativity factor

temperature

time

critical elongation temperature

melting temperature

volumetric ratio

Physical constants

A

ks

dngstrom (107! m)
Boltzmann constant (kg = 1.380649 x 1072* J K1)

universal gas constant (R = 8.314462 J mol ! K™")



Table of contents

CHAPTER 1

INTRODUCTION AND AIM OF THE THESIS

CHAPTER 2 7
STATE OF KNOWLEDGE 7
2.1 SUPRAMOLECULAR POLYMERS 8
2.2 THERMODYNAMICS OF SUPRAMOLECULAR POLYMERIZATION 11
2.3 KINETICS OF SUPRAMOLECULAR POLYMERIZATION 16
2.4 SEEDED AND LIVING SUPRAMOLECULAR POLYMERIZATION 22
2.5 POLYMORPHISM IN SUPRAMOLECULAR POLYMERIZATION 29
2.6 SUPRAMOLECULAR POLYMERIZATION OF RACEMIC MIXTURES 33
CHAPTER 3 37
SUPRAMOLECULAR POLYMORPHISM IN ONE-DIMENSIONAL SELF-ASSEMBLY BY KINETIC
PATHWAY CONTROL 37
3.1 INTRODUCTION 39
3.2 RESULTS 42
3.2.1 SYNTHESIS OF (R,R)-PBI 42
3.2.2 SUPRAMOLECULAR SYNTHESIS AND CHARACTERIZATION OF THREE 1D
POLYMORPHS 42
3.2.3 THEORETICAL CALCULATIONS ON DIMERS AND THE ENERGY LANDSCAPE 49
3.2.4 ELUCIDATION OF THE THERMODYNAMICS OF THE SUPRAMOLECULAR
POLYMORPHISM OF (R,R)-PBI 53
3.2.5 ELUCIDATION OF THE KINETICS AND PATHWAY CONTROL OF THE
SUPRAMOLECULAR POLYMORPHISM OF (R,R)-PBI 58
33 DiscuUssIoN 61
34 CONCLUSION 65

xi



CHAPTER 4 67

CONTROL OF SELF-ASSEMBLY PATHWAYS TOWARD CONGLOMERATE AND RACEMIC

SUPRAMOLECULAR POLYMERS 67
4.1 INTRODUCTION 69
4.2 RESULTS 70
4.2.1 SYNTHESIS OF (S,S)-PBI 70
4.2.2 SUPRAMOLECULAR SYNTHESIS AND SPECTROSCOPIC STUDIES 71
4.2.3 THEORETICAL CALCULATIONS 77
4.2.4 KINETIC ANALYSES 78
4.2.5 THERMODYNAMIC ANALYSES 80
4.3 DISCUSSION 83
4.4 CONCLUSION 86
CHAPTERS 87
SUMMARY 87
CHAPTER 6 92
ZUSAMMENFASSUNG 92
CHAPTER 7 98
APPENDIX 98
7.1 SUPPORTING INFORMATION FOR CHAPTER 3: SUPRAMOLECULAR POLYMORPHISM IN
ONE-DIMENSIONAL SELF-ASSEMBLY BY KINETIC PATHWAY CONTROLL"”! 98
7.2 SUPPORTING INFORMATION FOR CHAPTER 4: CONTROL OF SELF-ASSEMBLY
PATHWAYS TOWARD CONGLOMERATE AND RACEMIC SUPRAMOLECULAR POLYMERS 117
REFERENCES 132
INDIVIDUAL CONTRIBUTION 147
ACKNOWLEDGEMENT / DANKSAGUNG 148

LIST OF PUBLICATIONS 151

xii



Chapter 1 Introduction and Aim of the Thesis

Chapter 1

Introduction and Aim of the Thesis

After Hermann Staudinger’s revolutionary proposal that polymers are high molecular weight
macromolecules consisting of short monomeric repeating units in 1920, polymer chemistry
witnessed a great upswing. Today a world without polymers in soft materials, electronics,
medical devices, coatings, households and many more sectors is unimaginable.!”! In classic
polymers, the covalent linkage of monomers usually leads to high kinetic and thermodynamic
stabilities which are on the one hand crucial for many applications but on the other hand might
give rise to increasing sustainability and recycling issues as well as limited processability.> 7]
In the last 30 years, however, supramolecular chemistry has developed as a powerful platform

to tackle these problems resulting in novel functional materials.!1%]

In contrast to covalently linked polymers, supramolecular polymers are polymeric arrays of
monomeric units that are interconnected by reversible and directional secondary interactions
such as metal-ligand coordination, hydrogen bonds, 77— stacking or combinations of them
(Figure 1).''! Accordingly, supramolecular polymers are of one-dimensional (1D) nature and
typically consist of a single chain as opposed to nano- or liquid-crystalline three-dimensional

(3D) materials.['?!

Covalent polymer Supramolecular polymer

Figure 1. Comparison between covalent and supramolecular polymers. The characteristic intermolecular

interactions within supramolecular polymers are indicated with blue dashes.

The strong intermolecular interactions within supramolecular polymers can not only recreate
some of the key properties of covalent polymers but also lead to a strikingly dynamic nature of

supramolecular polymers which enables several novel functionalities such as stimuli-
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responsiveness!'® 1315 or self-healing.['*!¥! Hence, supramolecular polymers have been applied
in a plethora of sophisticated materials’®’ with mechanical, optical, electronic or biological

functionalities.'% 17, 19-23]

While former studies on supramolecular polymers were mainly dedicated to analyze the
thermodynamics and self-assembly mechanism of those equilibrium structures by mathematical
models,!' 2431 recent academic interest shifts toward kinetically controlled supramolecular

polymerization and the generation of out-of-equilibrium species.*: 132371

One of the first examples of kinetically controlled aggregation processes of synthetic polymers
were reported in the early 1990s by Okamoto[*®! as well as Bouman and Meijer in 19955%) who
showed that the helical screw sense of optically active methacrylate polymer can be altered by
the pH value or that stereomutation occurred in thin films of a chiral, 3-substituted
polythiophene depending on the thermal history of the material, respectively. Similarly,
supramolecular polymerization processes of organic molecules might also be governed by a
complex interplay between thermodynamics and kinetics yielding different self-assembly
products of the same molecule (supramolecular polymorphs) depending on the history of the

32,37, 401 Within the research field of supramolecular chemistry, this phenomenon is

sample.|
termed “pathway complexity” and was systematically unraveled by the seminal work of Meijer
and coworkers, who provided profound mechanistic studies on the supramolecular
polymerization of a chiral oligo(para-phenylenevinylene) (OPV) dye.[*’! The precise control of
supramolecular polymerization pathways laid the foundation for the establishment of the first
seed-induced living supramolecular polymerization (LSP) of a zinc porphyrin derivative which
was reported by Sugiyasu and Takeuchi two years later.*!) In a seeded supramolecular
polymerization (SSP) or LSP, the spontaneous self-assembly of the molecular building blocks
into extended supramolecular polymers is prohibited due to the formation of kinetically trapped

[12.41-441 Under suitable conditions, the addition of seeds or initiator molecules — which

products.
act as preformed nuclei similar as in conventional crystallization processes — induces the
supramolecular polymerization of these kinetically trapped species. SSP and LSP are useful
methods for the preparation of highly ordered supramolecular polymers with small

41-42, 44

polydispersity indices (PDIs)! I'and are further discussed in Chapter 2.

Beyond that, supramolecular pathway control in one-dimensional (1D) self-assembly is
fundamental for a better understanding of three-dimensional (3D) crystallization processes
which can be regarded as “supramolecular reactions” per excellence involving specific

molecular recognition events leading to the self-assembly of the molecules into the periodic
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4547

crystal lattices.[**7] Similar to supramolecular polymerizations, the complex interplay between

thermodynamics and kinetics during crystallization can lead to different crystal forms of the

45481 Since the physical and chemical properties

same molecule which is called polymorphism.!
of a given compound strongly depend on its mutual packing arrangement, control of
polymorphism is of utmost importance for chemical industry where crystallization is an
attractive purification technique.[*® *%1 However, it still remains challenging to accurately
predict which polymorph will form during crystallization of organic molecules because
energies between different polymorphs might only differ by a few kJ mol ™! and crystallization
is usually under kinetic control and a function of experimental parameters like temperature,

k.[48-5%1 I contrast to

solvent, heating and cooling rates or other mechanical forces such as shoc
the crystallization of enantiopure compounds due to exclusively homochiral self-association,
crystallization of racemates either yields conglomerates by homochiral aggregation or racemic
crystals by heterochiral aggregation.>!33] Conglomerates are equimolar mixtures of crystals
containing only a single enantiomer while racemic crystals contain both enantiomers in an
ordered (racemic compound) or disordered fashion (solid solution).>!331 Although the early
stages of crystallization (nuclei formation and subsequent elongation) are decisive for
polymorph and conglomerate or racemic crystal formation, they are poorly understood at the

molecular level and experimentally difficult to assess.>46!]

In order to gain deeper insights into the initial stages of polymorphism as well as conglomerate
versus racemic crystal formation, the complexity of the self-assembly process needs to be
reduced from 3D crystallization to 1D supramolecular self-assembly. For this purpose, dye
molecules were designed that contain a perylene bisimide (PBI) chromophore as the central
unit which serves as “intermolecular glue” due to its strong 7—7 stacking ability and as a
sensitive probe for the packing arrangements of the monomers within the supramolecular
polymorphs,©*6%] thereby allowing to monitor polymorph formation by different spectroscopic
techniques such as UV/vis-absorption, circular dichroism (CD) or fluorescence
spectroscopy.?” %4 Due to their outstanding properties such as high thermal, chemical and
photochemical stability,!® PBI dyes have been extensively investigated for applications

§[71-72]

including dye lasers,[®7 optical sensors!®®7%l probes for biomacromolecule or as color

pigments or fluorescent dyes.[%% 73741

investigated the SSP and LSP of PBI organogelators** 757! such as PBI-1 (Figure 2)** and

Recently, Wiirthner and coworkers intensively

utilized kinetic polymerization conditions for the preparation of sophisticated block copolymer
structures combining two different bay-substituted PBIs.’87) The central requirement for

performing SSP and LSP was the control of the pathway complexity of these dyes and the

3
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establishment of kinetically metastable states which was achieved by tailored molecular design,
namely by introducing amide-appended side chains with C2[*3 7671 or C4 spacers!”! to the
imide positions of the central PBI moieties. It was demonstrated that amide-appended PBI-1
can form kinetically trapped monomers and thermodynamically stable 1D nanofibers by a
cooperative aggregation mechanism/*! while the introduction of two «@-CHj; groups in
structurally related PBI-2 (Figure 2) led to a single accessible anticooperative polymerization
pathway and nanoparticle formation (the respective aggregation mechanisms are discussed in
Chapter 2.2).181 In order to achieve a rich supramolecular polymorphism, PBI derivatives
(R,R)- and (S,S)-PBI were designed (Figure 2) which bear side chains that combine the
different structural elements derived from PBI-1 and PBI-2 (outlined in grey in Figure 2) that
favor either kinetic trapping and 1D nanofiber formation (amide-appended side chain with C2
spacer) or nanoparticle formation (a-CHj3 groups). This molecular design should increase the

number of potentially accessible supramolecular polymorphs compared to PBI-1 and PBI-2.

The aim of the first part of this thesis was to investigate (R,R)-PBI as a model system for
polymorphism at its origin by a supramolecular approach. The pathway complexity of (R,R)-
PBI was fine-tuned by experimental parameters such as solvent, temperature and concentration
to make several supramolecular polymorphs accessible (Figure 2). Mechanistic and quantum
chemical studies on the kinetics and thermodynamics of the supramolecular polymerization of
(R,R)-PBI were conducted to shed light on the initial stages of polymorphism. The second part
of this work deals with mechanistic investigations on the supramolecular polymerization of the
racemic mixture of (R,R)- and (S,S)-PBI with regard to homochiral and heterochiral
aggregation leading to conglomerates and racemic supramolecular polymers, respectively

(Figure 2).
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Figure 2. Chemical structures and schematic illustrations of the supramolecular nanostructures of previously

investigated PBI-114%3% and PBI-2[?%1 as well as those of the supramolecular polymorphs of (R,R)- and (S,S)-PBI

and their racemic mixture studied in this thesis.

Chapter 2 gives an overview of the historical development of supramolecular polymer
chemistry followed by a discussion of different thermodynamic models to analyze the self-
assembly of monomeric building blocks into supramolecular nanostructures. Furthermore,
kinetic control over aggregation pathways is described that ultimately led to the establishment
of seeded and living supramolecular polymerization as well as supramolecular polymorphism.
At the end of the chapter a literature survey about supramolecular polymerizations of racemic

mixtures is provided.

Chapter 3 deals with the self-assembly of (R,R)-PBI into three different supramolecular
polymorphs which were characterized by UV/vis, CD, fluorescence and Fourier-transform
infrared (FT-IR) spectroscopy as well as atomic force microscopy (AFM) and quantum
chemical calculations. The thermodynamic and kinetics features of the supramolecular
polymorphism were analyzed by concentration-, time- and temperature-dependent UV/vis

spectroscopy. The polymerization pathways towards different nanostructures were controlled

5
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physically by ultrasonication and chemically — in analogy to 3D crystallization experiments —
by seeding (SSP). Quantum chemical calculations provided insights into the nucleation

processes of the different polymorphs at the molecular level.

Chapter 4 describes the supramolecular polymerization of a racemic mixture of (R,R)- and
(S,8)-PBI which afforded two conglomerates by homochiral aggregation of the respective
enantiomers under kinetic control. In contrast, under thermodynamic conditions, a racemic
supramolecular polymer is formed with heterochiral contacts between (R,R)- and (S,S)-PBI.
The kinetics and thermodynamics of conglomerate versus racemic supramolecular polymer
formation were investigated in detail by UV/vis spectroscopy, AFM and quantum chemical

calculations.

Chapter 5 and Chapter 6 summarize the results of the present thesis in English and German,

respectively.
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Part of this chapter was published in:

M. Wehner, F. Wiirthner, Nat. Rev. Chem. 2020, 4, 38—53.
(https://www.nature.com/articles/s41570-019-0153-8?proof=trueMay.).

Adapted or reprinted with permission from reference!!?. Copyright 2019 Springer Nature.

Abstract. Supramolecular polymers exhibit fascinating structures, and their properties, and thus
applications, depend both on the strength and dynamics of the non-covalent bonds and on the
functional properties of the monomeric building blocks. In this chapter, the progress in methods
developed to control supramolecular polymerization based on physicochemical insights into
the thermodynamics and kinetics of non-covalent interactions is highlighted. Prerequisites for
polymer formation and stability, such as high binding strength (thermodynamics) between
complementary receptor units as well as common mathematical models for the analysis of
supramolecular polymerization processes are discussed, while the main focus is on the kinetic
control of pathway selectivity, which in recent years has allowed seed-induced living
supramolecular polymerization, chain growth-type supramolecular polymerization and the
preparation of specific supramolecular polymer polymorphs. Finally, recent examples of

supramolecular polymerization processes of racemic mixtures are presented.
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2.1  Supramolecular Polymers

The field of supramolecular chemistry emanated from research on host-guest complexes with
high association constants and selectivity for certain metal cations. Following the award of the
Nobel Prize in chemistry in 1987 to Pedersen, Lehn and Cram for their pioneering work in the
field,®!** it evolved into a much broader discipline. Lehn, in particular, broadened the
perspective in the following years with his vision of ‘chemistry beyond the molecule’!®!
towards the self-assembly of various structures, such as zero-dimensional cages, helicates and
grids right up to three-dimensional coordination polymers (metal-organic frameworks).[%¢]
Likewise, it was Lehn who introduced the concept of supramolecular polymerization in 1990
by using molecular recognition events based on complementary triple hydrogen bonding

between ditopic diacylaminopyridines and ditopic uracil derivatives to generate the first

supramolecular main-chain polymer (Figure 3).%

n+

nPFg
R=CgHi3
Ar = p-OCHy|
il
Early reports Nobel prize for Pedersen, Lehn and Supramolecular polymers formed by hydrogen bond-directed Cr ization-driven self- bly
on dye Cram for their work on supramolecular self-assembly of self-complementary receptors and metal ion of poly(ferrocenyl dimethylsilane)
aggregates host-guest chemistry coordination to ditopic ligands in coordination polymers block copolymers
1 I ] T
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Figure 3. A timeline highlighting the milestones in the development of supramolecular polymer chemistry starting
from early examples (white) of dye aggregates followed by thermodynamically (grey) and later kinetically
controlled supramolecular polymerizations (red). BTA: benzene-1,3,5-tricarboxamide; OPV: oligo(para-

phenylenevinylene); PBI: perylene bisimide.
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As is often the case in science, however, this widening of the field and integration of new
research topics led to the identification of earlier contributions that may be regarded as
supramolecular polymers as well. A particularly striking example in this regard is the J-
aggregates, which were discovered in the late 1930s by Scheibe!®*1 and Jelley®*!! (after
whom they are named). Scheibe dedicated much of his scientific career to the study of cyanine
dye aggregates and published around 100 articles in the period from 1937 to 1974 from his
laboratory at the Technical University of Munich. Unfortunately, his fundamental contributions
were published mainly in German and in journals that no longer exist. Accordingly, although
his research is well recognized in the community of physicists dedicated to research on exciton
transport in dye aggregates, chemists working in the now very active fields of aggregation-
induced emission®? and supramolecular polymers are less aware of his work. It is noteworthy
then that as early as his second article on J-aggregates of pseudoisocyanine chloride (PIC) dyes
in 1937, Scheibe concluded that ‘a special kind of polymerization’ is observed upon dissolution
of PIC in water and a sharp new absorption band formed upon increasing concentration,
concomitant with intense fluorescence and a strong increase of the viscosity leading to gelation
at concentrations above 1072 M. Finally, he concluded that the observed phenomena originate
from the ‘reversible polymerization of dye ions’. Thus, undoubtedly, Scheibe was fully aware
of the phenomena nowadays described as supramolecular polymerization and aggregation-
induced emission. Although the exact structure of the PIC aggregate is still a matter of debate,
proposed structural models such as doublestring cables (Figure 3) and hierarchically assembled

double-string cables appear quite reasonable.[*-*%!

A further seminal contribution to the development of supramolecular polymerization came from
Klug and coworkers who, by developing a new crystallographic electron microscopy technique,
were able to study complex biomacromolecules and biological self-assembly processes such as
the RNA-templated protein assembly of the tobacco mosaic virus, which follows a nucleation-
growth mechanism®>%! (see Chapter 2.2). Once again though, because these seminal
achievements of Scheibe and Klug were devoted to rather different objectives and the building
blocks of the assemblies under investigation were not the result of supramolecular design, the
research field of supramolecular polymerization was not truly launched until the mid-1990s.
The first challenge was to identify complementary supramolecular motifs with sufficient
binding strength to direct supramolecular polymerization even in dilute solution. This was
apparently not the case for Lehn’s diacylaminopyridine-uracil receptor pair, where the
hydrogen-bonded assembly of a 1:1 mixture of ditopic monomers prevailed only with the aid

of additional non-covalent interactions in liquid-crystalline mesophases.®”! Since the mid-

9



Chapter 2 State of Knowledge

1990s, however, many groups have described the formation of supramolecular polymer
architectures with extended chain lengths in dilute solution.®!: ?781 In all of these
supramolecular polymers, the constituent monomeric units are linked by highly directional,
reversible secondary interactions. The most common structures rely on hydrogen bonding,!

[100

metal ion coordination!!®) and 77 interactions,'*”) but approaches based on the antiparallel

1011 and rotaxane-typel!%1% threading of guest

stacking of dipolar dyes (electrostatics)!
molecules through macrocyclic receptors have also been widely applied. Most of these
interactions show fast equilibration and as a result thermodynamically equilibrated

supramolecular oligomers or polymers are formed.

Some of the most versatile and well-studied binding motifs are depicted in (Figure 3). The
champion among these is the small 2-ureido-4[1H]-pyrimidinone, which dimerizes on the
formation of self-complementary quadruple hydrogen bonds with an association constant of
6 x 10’ M 'in CHCI3.'" 1% In their seminal work, Meijer et al. showed that difunctional
compound 1 forms stable 1D supramolecular polymers with long chain lengths — which would
correspond to masses of up to 10°Da — that exhibit highly temperature- and concentration-
dependent viscoelastic properties as a result of reversible hydrogen bonding. In a slightly
different approach, the Rebek group created linear supramolecular polymers by guest-mediated
self-assembly of ditopic urea-functionalized calix[4]arenes, resulting in polymer-like
rheological behaviour with a strong concentration and temperature dependency in solution and
fibres with tensile strengths on the order of 10® Pa in the solid state.['%1%] Whereas these
examples are based on self-complementary ditopic binding sites to give [-A—A-],-type
supramolecular polymers, at about the same time Rehahn introduced metallosupramolecular
polymers based on the interaction of coordinating ligands with metal ions to give [-A—A-M-+],-
type coordination polymers (Figure 3).11%1 In all these cases, high degrees of polymerization
and properties similar to those of covalent polymers were demonstrated in dilute solutions.*>
101 In the following decade, mechanistic studies were devoted to the thermodynamics of
supramolecular polymerizations and brought the field to another level of understanding.
Steadily increasing computational power and the development of sophisticated mathematical
models facilitated the identification and mechanistic investigations of cooperative
supramolecular polymerizations which already allow under highly dilute conditions the
formation of elongated supramolecular nanofibres. In this regard, porphyrin derivatives,*!**
HI-116] bis(merocyanine), !> 101 1171201 g]io0(para-phenylenevinylene) (OPV)12% 1211231 3nd PBI

S[43, 64, 77, 124-126]

dye as well as benzene-1,3,5-tricarboxamides!'?’1?’ represent the best studied

10
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organic molecules with regard to the thermodynamics of their cooperative supramolecular

polymerizations.

2.2  Thermodynamics of Supramolecular Polymerization

Dye molecules are particularly well suited to study self-assembly mechanisms and the
thermodynamics of self-assembly processes by UV/vis spectroscopy 2> 27! which is a result of
the easily detectable spectral changes arising from exciton coupling of the dyes’ transition
dipole moments.'*®) By monitoring spectral changes upon changing concentration or
temperature, the concentration- or temperature-dependent degree of aggregation aagg at a
certain wavelength can be calculated according to equation (1) from the apparent molar
extinction coefficients ¢ and the molar extinction coefficients of the monomer &viono and
aggregate &agg, respectively.’!l The degree of aggregation ay,, which always lies in between
zero (only monomers are present) and unity (all molecules are incorporated into aggregates) is
the central variable for the determination of the thermodynamic parameters of supramolecular

polymerization processes.

Uno = €Mono — € (1)
g™ ¢ -
Mono Agg

The simplest self-assembly process is the association of monomers into dimers. The
concentration-dependent degree of aggregation aagg can be calculated by equation (2), in which

K> is the dimerization constant and cr the total concentration of molecules.?”]

4‘K2CT +1-— 1/8K2CT +1 (2)

a =
Ase 4‘K2 (6

Although the monomer-dimer model has been successfully applied for aggregation processes

g 111, 131-134]

of phthalocyanines or merocyanine dye it is oversimplified for the analysis of higher

aggregate species that form if for example both dyes’ 7 surfaces show equal reactivity.*”!

11
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The three most common aggregation models for extended supramolecular stacks —

isodesmic,**27 3% cooperativel?3-27- 30-31. 122 1351 anq anticooperative with preferential dimer

formation'?®! — are illustrated in (Figure 4).

a b .
Supramolecular polymer dimer nucleus -H
1.0 1 P fatels _— I -
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Figure 4. (a) The fraction of aggregated « surfaces gz as a function of the normalized concentration Kcr with
different o values and a nucleus size of two. (b) Qualitative energy diagram of a cooperative (red), isodesmic
(purple) or anticooperative (blue) supramolecular polymerization with schematic illustrations of sections of
supramolecular polymers formed by the respective aggregation mechanisms (grey cuboids, 7 surfaces; cylinders
or cones, functional groups capable of forming two or one supramolecular contact(s) such as hydrogen bonds,

which are indicated with dashed blue lines).

They can be easily understood on the basis of the concept that each addition of a monomer to
the growing supramolecular polymer chain is characterized by the same binding constant
(isodesmic case) or that the nucleation is disfavoured (cooperative case) or favoured
(anticooperative case), which is attributed to electronic or steric peculiarities of the respective
supramolecular building block (Figure 4b).*! In an isodesmic supramolecular polymerization
(cooperativity factor o= Kn/Kg = 1; purple lines in Figure 4), the self-assembly of monomeric
building blocks to 1D aggregates is described by a single binding constant K (the nucleation
constant Kn equals the elongation constant Kg). This is usually the case for supramolecular
systems where only a single type of non-covalent bond (for example, only 7—= interactions;
purple box in Figure 4b) is formed and where crowding of the solubilizing side chains does not
play a role in the polymerization process. Such a situation is often found, for instance, for PBI

136]

dyes. For isodesmic self-assembly processes the concentration-dependent degree of

aggregation can be calculated according to equation (3):26-27]
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_ ZKCT+1—w/4KCT+1 (3)

Cage = 1 2K2c

In contrast to concentration-dependent studies, temperature-dependent spectroscopic
measurements at a fixed concentration allow to acquire a much larger data set in a single
measurement and hence, several mathematical models have been developed to describe

3031122 Accordingly, the temperature-dependent degree

temperature-dependent self-assembly.!
of aggregation of an isodesmic supramolecular polymerization can be derived from equation
(4), where AH is the molar enthalpy release upon aggregation, R the universal gas constant, T’
the absolute temperature and 7v the melting temperature, defined as the temperature where

Qinge = 0.5.3031]

1

1+ exp (—0.908AH r- ZM) “)
RT?

~

Qpgg

In reality, however, truly isodesmic self-assembly with equal binding constants for both z
surfaces appears likely to be the exception rather than the rule. The ubiquitous and quite
successful application of this model might in reality be the result of a too-limited concentration
range in many studies caused by poor solubility or technical limitations. With increasing
awareness of this problem, several different mathematical models for the formation of 1D

supramolecular polymerizations have been developed.

In contrast to isodesmic aggregation, for phthalocyanines, dimerization seems to be favoured
over the further elongation process.['!! Such anticooperative supramolecular polymerizations
(blue lines in Figure 4) are characterized by a nucleation that is energetically more favourable
compared with further elongation (o= Kn/Kg > 1). In general, anticooperative aggregation
processes can be described by the Goldstein—Stryer model according to equation (5) in which s

the nucleus size and ¢mono the monomer concentration.3! 133

13
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S o)

— n-1 n s—1 n _—

KECT - Zno_ (KECMono) + z no (KECMono) -
n=1 n=s+1

_ S(KECMono)SO-S_1 (KECMono)S-HO-S_1 KECMono(S(O-KECMono)S_1 B 1)

1- KECMono (1 - KECMono)z UKECMono -1 (5)

O-(KECMono)Z((O-KECMono)S_1 - 1)
(O-KECMono - 1)2

If exclusively dimer nuclei are formed, the Goldstein-Stryer model simplifies to the so-called

K>—K model given by equation (6).27-2%

O-KECMono
+ 6
(1 - KECMono)z ( )

KECT = (1 - U)KECMono

The concentration-dependent degree of aggregation can then be calculated by using equation
(5) for nuclei sizes s > 2 or in the case of dimer nuclei equation (6) in combination with equation

(7) in which Moo is the monomer fraction.[?% 31!

KECMono (7)

Apoe = 1 — =1-
Agg Mono KECT

However, for the most abundant anticooperative growth process of dye aggregates with dimer
nuclei, the dominance of aggregates consisting of even numbers of monomers is not covered
by the aforementioned model. Therefore, a modified K>—K model was developed by Wiirthner
and coworkers that accounts for the preferential formation of even-sized aggregates due to the
thermodynamically favoured dimerization, which 1is schematically illustrated for a
supramolecular polymer with multiple intermolecular contacts within a dimer unit but only

single intermolecular 7— interaction between the dimers®®! (Figure 4b, blue box).

According to the anticooperative K»—K model with preferential dimer formation, the total

concentration of molecules ct can be described by equation (8).?8! The second and third term
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in equation (8) denote the concentration of molecules incorporated into even- and odd-sized

aggregates, respectively.

2KZCI%/[ono KZKEC3Mono(3 - KZKECI%/[ono)

+ +
(1 - KZKECI%/[ono)2 (1 - KZKECI%/[ono)2

(8)

CT = CMono

The concentration of molecules in dimers ¢p and aggregates cage can be calculated from cmono

odd
Agg

cven

Aoe are the concentrations of molecules

according to equation (9) and (10) in which ¢}, and ¢

in even and odd-sized aggregates, respectively./?*!

Cp = 2KZCI\Z/Iono (9)
__ _even odd _ 2KZCI%/Iono KZKECI%/Iono(?’ - KZKECI%/Iono)
(1 - KZKECMOHO)2 (1 - KZKECMOHO)2

From this data, the concentration-dependent absorption spectra of a given compound can be

(28]

reconstructed by a global fitting routine.'”® In general, anticooperative supramolecular

polymerizations are to be expected for systems in which repulsive forces from steric

[137]

interactions build up with increasing aggregate size, or where particularly strong

electrostatic interactions as given in dipolar merocyanine dyes are strongly reduced after the

formation of a centrosymmetric dimer unit.['!]

With regard to the formation of extended supramolecular polymer chains, cooperative self-
assembly is the most interesting case. As soon as multiple types of non-covalent interactions
such as a combination of 7—r interactions and hydrogen bonds (Figure 4b, red box) are involved
in the self-assembly processes of organic molecules, cooperative supramolecular

(1191 A cooperative supramolecular

polymerizations (red lines in Figure 4) might occur.
polymerization following a nucleation-elongation mechanism can be separated into two
steps.!?> 3! First, a nucleus of a certain size s is formed by a linear isodesmic polymerization
with a lower association constant Kn. After the critical nucleus size has been reached, various
cooperative effects lead to a higher association constant Kg for the association of additional

monomers to the preformed nucleus. Further elongation may then proceed again as a linear
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isodesmic supramolecular polymerization characterized by the association constant Kg. It is
important to realize that in such a thermodynamic scenario neither dimers nor other small
oligomers are observed in significant quantity and, instead, at the critical concentration an
instantaneous growth of the supramolecular polymer chain occurs (Figure 4a, red line). The
general model describing the concentration-dependent cooperative self-assembly processes is
again provided by the Goldstein—Stryer model (equation (5) in combination with equation
(7)).B1 1351 For the simplest nucleation—elongation process, assuming dimer nuclei, the
simplified K,—K model (equation (6)) can be applied as well.[?%2"- 1381 Owing to the ease of data
acquisition and treatment, temperature-dependent studies are the preferred method for the

[30-31. 1221 Thereby, the temperature-dependent

analysis of cooperative self-assembly processes.
degree of aggregation aage of the nucleation and elongation regime are treated separately. In
the nucleation regime, aagg can be expressed by equation (11) where AHE is the enthalpy release

upon elongation and T the critical temperature at which elongation sets in.! 122]

H

_ AHg
tagg = Ky'>exp ((2/3 Ky 1/3—1)W(T—TE)> (11)
E

The thermodynamically more favorable elongation process can be described by equation (12)

in which the parameter asat was introduced to ensure that aage does not exceed unity.! 122!
_AH;
Opgg = OSAT 1- exp _Z(T - TE) (12)
RT;

2.3 Kinetics of Supramolecular Polymerization

In recent years, intensive efforts have been devoted to explore the kinetics of supramolecular
polymerizations. If strong or multiple non-covalent interactions with cooperativity are
involved, the final outcome of the self-assembly process might be dictated by kinetics rather
than thermodynamics. The former (strong interactions) is the case for many coordination bonds
(for example, the coordination between Ru?* ions and various azaaromatic ligands)!'®! and the
latter (multiple non-covalent interactions) is frequently the case for z-organogelator molecules,

where hydrogen bonding between amide or urea units supports the 7—r stacking interactions
16
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between the aromatic 7 surfaces.!'*) In such situations, the supramolecular architecture
corresponding to the aggregation pathway with the lowest activation barrier might form faster
than the thermodynamically most stable polymer. Depending on the energy barrier AG”, which
separates the kinetic product from the thermodynamically stable polymer, one distinguishes
between a kinetically metastable state (AG” ~ kgT, where kg is the Boltzmann constant and T is
the absolute temperature) and a kinetically trapped state (AG” >> kgT).3?! Kinetic models to
describe polymerization processes that follow a nucleation—elongation mechanism were
initially reported for protein polymerizations decades ago.[!3> 19141l However, their relevance
to supramolecular polymerizations was recognized only recently. Experimental studies of
kinetically controlled processes are far more challenging compared with the investigation of

all-equilibrated systems because in the case of kinetic assemblies the final outcome is largely

dependent on the preparation method,*> 4%l ranging from temperature modulation,?% 114 143-143]

different kinds of solvent processing!!?* 146-130] and the application of external stimulil!!>: 151-132]

[153]

to photochemical conversion. Additionally, supramolecular polymerizations can be

controlled by the constant influx of energy or matter and thus maintained in far-from-

equilibrium states (for example, induced gelation processes by consumption of a ‘chemical

[155 [156

fuel’,['* catalytic control over gel formation,'>*! redox-mediated self-assembly!'*®! leading to

self-oscillating supramolecular polymers!!>”!

helicity!!>%).

or enzymatic modulation of supramolecular

One of the first in-depth investigations of a supramolecular polymerization controlled by
underlying kinetic influences was reported by our group for the cooperative self-assembly of
bis(merocyanine) dye 2 (Figure 5a).l''% 131 On addition of the poor solvent methylcyclohexane
(MCH) to a solution of predominantly monomeric 2 in the good solvent tetrahydrofuran (THF)
two different types of nanorod products (named ‘H1 and H2 aggregates’ due to their
hypsochromically shifted absorption bands) were observed and distinguished by atomic force
microscopy (AFM) and their UV/vis and circular dichroism (CD) spectra (Figure 5b). At an
MCH/THF volume ratio of 70:30, time-dependent UV/vis, CD and AFM studies showed the
instantaneous formation of centrosymmetric dye pairs (directed by dipolar and 7z—= stacking
interactions; Figure 5c¢) between the chromophores of monomeric 2 to give a random-coil
supramolecular polymer (named the ‘D state’). However, within about 14 min, six of these
polymer chains intertwine to give extended helical nanorods (H1). Finally, as the time course
of the supramolecular polymerization progressed, a total inversion of the CD spectrum was
observed (supramolecular stereomutation) and a denser nanorod structure was formed (H2).

When the MCH content was increased to 80% in the MCH/THF mixture, kinetically metastable
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H1 was effectively trapped for days, which was explained by the strong electrostatic attraction
between the dipolar merocyanine dyes in a low-polarity environment. Mechanistic studies
revealed that the hierarchical self-assembly D — H1 — H2 requires the disassembly of the H1
nanorods before the formation of H2 (Figure 5c; H1 is an ‘off-pathway’ intermediate, vide
infra), which was also corroborated by majority-rules and sergeant-and-soldiers effect

experiments in subsequent studies.['2% 5]

In another series of investigations, the hierarchical self-assembly of OPV 3 (Figure 5d) and its
pathway complexity was investigated in great detail by the Meijer group.[?> 121-1221 On injection
of a monomeric solution of 3 in chloroform to an excess of the poor solvent MCH, 3 dimerized
by self-complementary fourfold hydrogen bonding of its ureidotriazine units, followed by
further assembly into helical 7 stacks. Stopped-flow measurements revealed that at 293 K and
at low concentrations (ct <9 x 107 M) (M)-helical OPV assemblies were formed, while at
higher concentrations in the initial stages of the self-assembly process, kinetically metastable
(P)-helical aggregates appeared, which converted into the thermodynamically stable (M)-
aggregates over time (Figure 5¢).*”! A mathematical model with two competing nucleated
growth pathways was introduced that accurately described the observed kinetics, revealing that
metastable (P)-assemblies appear only in the initial stages of the self-assembly process at
sufficiently high concentrations. Thus, (P)-nuclei are thermodynamically favored over (M)-
nuclei, while (M)-aggregates are thermodynamically favored over (P)-aggregates. Hence, (P)-
aggregates represent kinetically metastable off-pathway intermediates towards the formation of

the thermodynamically stable (M)-helical polymers (on pathway; Figure 5f).
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Figure 5. Chemical structures of bis(merocyanine) 2 (a) and OPV 3 (d). (b) Time-dependent UV/vis and circular
dichroism (CD) spectra of the kinetically controlled supramolecular polymerization of dipolar bis(merocyanine) 2
into helical H-aggregates that involves a supramolecular stereomutation via a supramolecular polymer chain
composed of dimer (D) units with negligible chiral bias. (¢) Schematic representation of the three different
supramolecular polymers that are involved in the supramolecular stereomutation of 2 shown in part b. (e) Time-
dependent CD spectrum of the transformation of metastable (P)-helical oligo(para-phenylene vinylene) 3
aggregates into the thermodynamically stable state with (M)-helicity. (f) Schematic representation of the two
competing cooperative aggregation pathways of OPV 3 directed by hydrogen-bonding and == stacking

interactions.

From the mechanistic point of view, it is important to distinguish two possible situations for
such supramolecular polymerizations. In the first, the initial product is an off-pathway
aggregate which must disassemble before polymerization into the thermodynamically stable
state. By contrast, in the second situation, the thermodynamically stable supramolecular
polymer is directly built from the initial product by a rearrangement process without

disassembly into monomers, and is thus called an ‘on-pathway intermediate’.l'*”] Both of the

19



Chapter 2 State of Knowledge

previously discussed examples, bis(merocyanine) 2 and OPV 3, can be assigned to the former
situation (that is, initial formation of an off-pathway aggregate). These studies demonstrate how

profound knowledge of the thermodynamic characteristics together with detailed kinetic

40, 160]

analysis paved the way for control of supramolecular polymerization pathways,' yielding

kinetic intermediates and products with distinct structural and functional properties.!!¢!-164 By
elucidation of the pathway complexity in a variety of supramolecular self-assembly

processes,[!12 114 165-166]
2

a multitude of examples were discovered where different
nanostructures (polymorphs) were formed depending on the choice of solvent, temperature and
monomer concentration (Chapter 2.5).147- 77 128, 161 167-168] 1 Fioyre 6, a selection of the most
recent examples of pathway control by additives or external stimuli leading to the formation of

(metastable) supramolecular polymorphs is summarized.3? 37- 4]

Additives

op’®
%

Solvents <

Chaperones

Weakly kinetically
trapped supramolecular
polymer

trapped supra-
molecular polymer
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—
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stable supramolecular
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Thermodynamically J %

Figure 6. Qualitative energy landscape of supramolecular polymerization processes in which on increasing the
concentration different kinetically trapped states or the thermodynamically stable supramolecular polymer are

accessible.

In nature, protein self-assembly processes frequently occur under the control of ‘additives’

called ‘molecular chaperones’.'17% Many chaperone families use energy released from the
20
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hydrolysis of adenosine triphosphate to assist folding and unfolding or to prevent or reverse
aggregation of their substrates and hence control the supramolecular pathway of protein self-
assembly towards the native state.l!'>17!) Such additive-controlled supramolecular pathways
indicated by green arrows in Figure 6 have also been reported for artificial supramolecular
systems, yet in a much less sophisticated way than in nature.

In the simplest case, the addition of solvents and the order of addition serve as modulators for

32,1471 The Rybtchinski group studied the profound effect of

supramolecular polymerizations.!
water as a cosolvent in supramolecular polymerizations and showed that a PBI-terpyridine
complex in THF/water solutions with high water contents remained in a kinetically trapped
state, while a higher THF amount led to rapid equilibration and the formation of the
thermodynamically stable supramolecular polymer (Figure 6, dotted green arrow).['46]
Recently, Meijer and coworkers reported that the aggregation pathway can be modulated by
tiny amounts of water that influence the energy landscape of a tetraamide-substituted biphenyl

(172] For low water content (8 ppm), only a single

derivative with three accessible polymorphs.
polymorph is produced in MCH on cooling, whereas with 47-ppm water, two additional
polymorphs are formed in which either 0.5 or 2 equivalents of water are incorporated into the
respective supramolecular structures. This group has also shown that hydrogen bond-mediated
co-assembly and subsequent removal of (S)-dibenzoyl tartaric acid directs the supramolecular
polymerization of OPV 3 (Figure 5d) towards a kinetically metastable aggregate.[*”) As shown
by Aida and coworkers, in the most extreme case, the typical thermal signature of enthalpy-
driven supramolecular polymerization (that is, disassembly into monomers on heating) can be
altered by hydrogen-bond donor solvents such as n-hexanol towards a thermally bisignate

supramolecular polymerization with aggregates at low and high temperatures and monomers at

intermediate temperatures.['*]

Furthermore, external stimuli such as ultrasonication,** 77! stirring,[*> 7% 1731 jrradiation!! >3 174!
and seeding (Chapter 2.4), have been used to either generate (Figure 6, blue arrows) or, more
frequently, transform kinetically trapped species into different kinetically or
thermodynamically stable supramolecular polymers (Figure 6, dotted and dashed red arrows).
In this regard, stirring might be a valuable tool to select supramolecular pathways, as
convincingly demonstrated by the seminal work of Ribo et al., who showed that vortex stirring
on slow rotary evaporation of a solution of an achiral porphyrin led to the preferential formation
of aggregates with a helicity that was dictated by the vortex direction.['”* It was also reported
that stirring increases or decreases the transformation rate of kinetically trapped nanoparticles

into off-pathway nanofibers or on-pathway nanosheets, respectively, which might result from
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a disruption of the kinetically metastable nanoparticles./**) External stimuli can also be applied
to generate a kinetically metastable, transient product from the thermodynamically stable
ribbon-like assembly as demonstrated by the De Cola group.['>¥] They studied a luminescent
platinum(Il) complex which forms a kinetic, a transient, and a thermodynamic nanocrystalline
self-assembly product in water/dioxane mixture with distinct emission properties that allowed
real-time visualization of the self-assembly processes. Notably, such nanocrystalline self-
assembly products are strictly speaking no supramolecular polymers.l'?! On irradiation of the
thermodynamically stable nanocrystals with intense laser light, they are quantitatively
converted into the unstable transient assemblies. Furthermore, the kinetic polymorph could be
transformed into its thermodynamically stable assembly by addition of seeds (small aggregate
fragments) of the thermodynamic product, which eliminates the energy barriers for the
interconversion (Figure 6, dashed red line). Such seed-induced supramolecular polymerizations
that usually bear characteristics of conventional living polymerizations!!”! constitute a
groundbreaking development in the field of supramolecular chemistry for the fabrication of
highly ordered supramolecular polymers with small polydispersities (PDI) and tailored
functional properties.*!: 441 Accordingly, the next chapter is dedicated to this exciting new
research avenue of seeded (SSP) and seed-induced living supramolecular polymerization

(LSP).

2.4 Seeded and Living Supramolecular Polymerization

Seed-induced LSP essentially resembles covalent living polymerization, a term coined by
Szwarc in 1956.1'761 A covalent living polymerization is a special case of a chain-growth
polymerization in which inactivated monomers react with suitable initiators to produce chain
ends that always remain active for further monomer addition, while termination or chain-

transfer reactions are either slow or ideally completely absent.[!”>177]

To conceptually understand this approach for its supramolecular counterpart, LSP, we must
first discuss its features in some more detail: When the initiation of a LSP is precisely controlled
by the addition of seeds larger than the critical nucleus size (Figure 7a) in the presence of a
sufficiently high nucleation barrier (Figure 4b), undesired spontaneous nucleation may be
prevented and the supramolecular system is directly shifted into the elongation phase (Figure
7b, dark grey arrows), where a chain growth-type addition of monomers occurs from the seed

termini.[#! 178]
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Figure 7. (a) Schematic illustration of a seeded supramolecular polymerization (SSP) performed by the addition
of seeds (red) to a solution of a kinetically trapped state (blue). (b) Qualitative Gibbs free energy diagram of a
supramolecular polymerization with a monomer (M) that can form either a kinetically trapped off-pathway
monomer (Mw) or an aggregate (Aw) and the thermodynamically stable supramolecular polymer (SP). (¢)
Temperature-dependent degree of aggregation aage of a kinetically controlled supramolecular polymerization in
which the kinetically trapped state is generated on cooling of a monomer solution according to part b. g refers
to the thermodynamically stable SP. (d) Seeded and living polymerization of zinc porphyrin derivative 4.1 The

cartoons depict the relative arrangements of 4 within its different aggregates.

Due to the cooperative aggregation mechanism required for a seeded supramolecular
polymerization (SSP), the resulting supramolecular polymer should always remain active for
further monomer addition (since Kg > Kn), which means that most SSPs display a living
character.!?>-261 However, it should be emphasized that supramolecular polymerizations should
be termed ‘living supramolecular polymerization” only if multicycle experiments unequivocally
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prove that the aggregate termini are active for further supramolecular polymerization after the
first SSP cycle. The successive growth over time should be followed by both spectroscopic
techniques to reveal the kinetics and microscopic techniques to prove the structural growth in
a living manner. In the absence of such a proof, the supramolecular polymerization is called
“seeded supramolecular polymerization”. Several prerequisites have to be fulfilled to perform
a seed-induced LSP of monomeric building blocks:**! (1) supramolecular polymerization has
to be kinetically controllable to retard spontaneous supramolecular polymerization, which is
referred to as ‘kinetic trapping’ (Figure 7b,c); (2) the supramolecular polymerization must occur
through a cooperative nucleation-elongation mechanism where nucleation is much slower than
elongation to ensure that polymer growth by ‘incorporation’ of the kinetically trapped species
occurs only from the seeds’ termini; and (3) the seeds can be externally prepared (for example,
by ultrasonication of the elongated supramolecular polymer nanofibers). To obtain
supramolecular polymers with narrow dispersity that are stable for a certain time, it is
furthermore crucial that chain exchange and reshuffling!!*! are both slow processes. Usually,
the biggest hurdle for the establishment of LSP of a building block is to have experimental
conditions (solvent, temperature, processing methods and so on) that lead to a kinetically
delayed supramolecular polymerization. Such a lag phase can be easily noticed by the
appearance of a thermal hysteresis!*!: 43 76 17-181] (Fjgyre 7¢) between the heating cycle and the
cooling cycle during temperature-dependent measurements (in most cases UV/vis or CD

spectroscopy).

While heat-induced disassembly of supramolecular polymers SP usually proceeds under
thermodynamic control (Figure 7b, dashed red line), cooling with high cooling rates (more than
5 K min!) often leads to the formation of kinetically trapped states since the structural changes
of the molecules required for supramolecular polymerization are too slow for such rapid
temperature changes.[** 7®! Thus, instead of supramolecular polymerization, the formation of
trapped monomers (M) or trapped aggregate species (Atr) is observed (Figure 7b, dashed blue
lines). This behaviour is well known for crystallization processes where rapid cooling often
leads to the formation of amorphous agglomerates instead of crystals.*! However, for pristine
supramolecular polymerizations that is, the formation of a single chain of self-assembled
molecules by a small number of specific intermolecular interactions (a different situation from
the larger surface areas important in crystallization), there is a conceptual difference. In this
regard, several seminal articles showed that such a thermal ‘hysteresis window’ (Figure 7c¢)
which provides an effective range for the performance of SSPs can be tuned by the cooling rate,

[41, 43, 179, 182

solvent composition and concentration of the kinetically trapped state. 1 Usually,
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faster cooling rates lead to a more efficient kinetic trapping and to an ‘opening’ of the hysteresis
window, while slow cooling rates favor an equilibration of the system towards the
thermodynamically stable state (that is the thermal hysteresis is narrowed) (Figure 7c¢).
Conditions that favor formation of a kinetically trapped off-pathway monomer M«*! (that is,
low concentration) lead to a widening the hysteresis window, while the formation of kinetically
trapped off-pathway aggregates Aq is facilitated by increasing concentration.*!> 1 Such
amorphous off-pathway aggregates might be kinetically stable over long periods and either do
not or only slowly transform into the respective thermodynamically stable supramolecular
polymer. Hence, in a plot of the degree of aggregation (aags), referring to the
thermodynamically stable supramolecular polymer, versus temperature, aage = 1 might not be
reached (Figure 7¢). The role of solvent polarity is not always obvious because the relative
Gibbs free energies of the supramolecular states as well as nucleation barriers are both

influenced by the solvent composition.[1#3-184]

Conceptually important input for the control of supramolecular polymerization processes was
provided by Winnik and Manners (Figure 3), who studied the formation of cylindrical block
copolymer (BCP) micelles from covalent BCPs by ‘living’ crystallization-driven self-assembly
(CDSA),!135-186] and by Aida and coworkers, who prepared a supramolecular p—n heterojunction

(1871 Combining

(BCP) by stepwise co-assembly of dispersed hexabenzocoronene derivatives.
this knowledge with mechanistic insights into biological supramolecular polymerization
processes such as amyloid fibril formation observed in prion infection!'#-1%°! and the previously
discussed research on the control of self-assembly pathways in supramolecular polymerizations
under kinetic control, Sugiyasu and Takeuchi established the first seeded LSP using a rather
simple dye molecule in 2014.1*!1 They exploited the aggregation behaviour of zinc porphyrin 4,
which forms two different aggregates — a kinetically trapped J-aggregate 4-A« and the
thermodynamically stable supramolecular polymer 4-SP (H-aggregate) as depicted in Figure
7d. These two dye aggregates are clearly distinguishable by their different absorption maxima
that are either bathochromically shifted (J-aggregate) or hypsochromically shifted (H-
aggregate) with regard to the monomer absorption maximum. On rapid cooling of a hot MCH
solution, 4 initially self-assembles into kinetically trapped nanoparticulate J-aggregates 4-A¢«r
in an isodesmic fashion as a result of the lower activation barrier compared with that for the
second aggregation pathway, which proceeds according to the nucleation-elongation
mechanism and leads to the thermodynamically stable supramolecular polymer 4-SP. In the
absence of mechanical agitation (such as stirring), these off-pathway J-aggregates are stable for

days because of a low monomer concentration that does not reach the critical concentration

25



Chapter 2 State of Knowledge

needed for nucleation of 4-SP. However, on addition of presonicated H-aggregate fragments
(4-SPseed), monomeric 4 (4-M) is ‘consumed’ from its equilibrium with 4-A« and the
transformation into 4-SP (Figure 7b,d) is accomplished within hours depending on the amount
of seed added. By this approach, highly ordered supramolecular polymers with small PDIs of
about 1.1 were realized. Furthermore, in a multicycle UV/vis experiment, the transformation of
4-Au to the thermodynamically stable 4-SP was demonstrated by the plotting of the time-
dependent changes in absorbance at a particular wavelength after successive addition of
kinetically trapped 4-Aw to seeds (first cycle) or to the resulting polymer solution of 4-SP
(second to fourth cycle). After each polymerization cycle, the characteristic absorption (at a
given wavelength) of 4-SP was ‘restored’, concomitant with an increase of the polymer length
as evidenced by dynamic light scattering and AFM studies, which clearly proved the living
character of the supramolecular polymerization of 4. Furthermore, AFM studies revealed that
polymer growth of nanofibrous 4-SP occurred from the termini of 4-SPseed by the incorporation
of monomers that are removed from the dynamic equilibrium with 4-A¢.*! 1781 While the
aforementioned experiments were constrained to the formation of 1D nanofibers (4-SP), the
same group recently reported control over 1D and two-dimensional (2D) SSP for a slightly
modified zinc porphyrin derivative bearing hexyloxy or heptyloxy groups instead of methoxy

substituents at the phenyl rings attached to the porphyrin core.[*?!

While this first example relied on ill-defined off-pathway aggregates A«, several ingenious
strategies have recently been developed to encode the molecular information for kinetic

trapping into out-of-equilibrium states to achieve programmable LSP (Figure 8).[43-44 7576 174.

180, 190-1911 1n 2015, our group,**! as well as Aida and Miyajima’s groups,**! introduced the first
examples for the kinetic trapping of molecules by the formation of intramolecular hydrogen
bonds instead of off-pathway aggregates (Figure 8a,b). Amide-appended PBI-1 self-assembles
according to a nucleation-elongation mechanism.*}! The structure shown in Figure 8a is that of
a kinetically trapped monomer (PBI-1-M¢) in which intramolecular hydrogen bonds are
formed between the amide protons and the adjacent imide oxygens. The accessibility of such a
structure results in a pronounced hysteresis effect (Figure 7c) between the
thermodynamically controlled heat-induced disassembly and the kinetically controlled
assembly process that occurs on cooling. Within the hysteresis loop, the addition of small

nanofibrous seeds obtained by ultrasonication of PBI-1-SP instantaneously induces the

transformation of PBI-1-M¢ into PBI-1-SP according to an LSP mechanism!*! (Figure 7b,c).
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Figure 8. (a) Kinetic trapping of PBI-1, PBI-3 and PBI-4 by formation of intramolecular hydrogen bonds.[3: 7>

761 b) Structures of deeply kinetically trapped corannulene derivative 5 on fivefold intramolecular hydrogen
bonding and molecular initiator 6.1 (¢) Kinetic trapping of pyrene-substituted diamide 7 by formation of an
intramolecular hydrogen bond and folding.['* (d) Structure of platinum complex 8 undergoing living
crystallization-driven self-assembly.['! (¢) Counterion-modulated kinetic trapping of palladium complexes 9 and

10.1°°11 () Kinetic trapping of azobenzene dye 11 regulated by photoisomerization.[!#

The greater solubility of PBI-3 (with two methoxy groups in the bay region) allowed the
kinetics of such an LSP of a PBI molecule to be analyzed by multicycle UV/vis spectroscopy.
Successive additions of kinetically trapped species led to the growth of thermodynamically
stable, emissive nanofibers with J-type exciton coupling.’" In a further study, the effect of the
length of the alkyl spacer between the imide and amide nitrogen atoms on the aggregation
pathways of the respective (bay-unsubstituted) PBI molecules was elucidated.[>! Whereas PBI-
1 can be kinetically trapped in a monomeric state through the formation of intramolecular
hydrogen bonds, monomers of the analogous butylene-tethered PBI-4 instead self-assemble

into kinetically trapped amorphous aggregates (Figure 8a).l">]
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Whereas the kinetically trapped states of these PBI derivatives were found to be metastable and
could only retard (but not inhibit) the spontaneous supramolecular polymerization, Cs-
symmetric corannulene derivative 5 (Figure 8b) carrying amide-appended thioalkyl side chains
forms a kinetically deeply trapped monomer by fivefold intramolecular hydrogen bonds
between the amide groups (5-Meu) in nonpolar MCH, thereby completely preventing the

[44. 192] With this uniquely designed corannulene

spontaneous supramolecular polymerization.
derivative, Aida, Miyajima and coworkers realized the first chain-growth supramolecular
polymerization using molecular initiators instead of an SSP (Figure 8b).*¥! In this case,
supramolecular polymerization is initiated by the addition of the N-methylated analogue 6,
which cannot form intramolecular hydrogen bonds. However, 6 forms intermolecular hydrogen
bonds with a molecule of 5-Mt, which is itself then ‘opened’ to form further intermolecular
amide-amide hydrogen bonds. Thus, 6 initiates the supramolecular polymerization of 5-Mir
leading to the formation of 1D nanofibers (5-SP) with small PDIs between 1.2 and 1.3. The
supramolecular polymer continuously grew when a fresh feed of 5-Mu« was provided, which
was verified by dynamic light scattering and diffusion-ordered NMR measurements,
confirming the living character of the SSP. In further experiments, initiators bearing a

stereogenic center proximal to the amide groups were used, allowing the optical resolution of a

racemic mixture of kinetically trapped chiral derivatives of 5-Mr.!*¥

Whilst this initiator-controlled LSP remains a unique example (in all other cases LSP was
initiated by seeds rather than initiator molecules), the method of creating a kinetically
metastable state either by off-pathway aggregation or by intramolecular hydrogen bonding in
the cooperative self-assembly of organic dye molecules and subsequent seed-induced LSP
already proved to be quite general. It has meanwhile been applied for several other compound

181-182] and naphthalene diimides!'®* %%

classes, such as amide-appended N-annulated perylenes!
or pyrene-substituted amino acid-based diamide 7, for which a new kinetic trapping concept
based on a combination of an intramolecular hydrogen bond and folding was reported (Figure
8¢).18% A similar kinetic trapping strategy was applied by Ogi and Yamaguchi for an amide-

functionalized diketopyrrolopyrrole dye leading to a seed-induced LSP in aqueous media.!'*#

Further examples of LSP with metal-organic compounds were reported by De Cola and

[190, 195 Nl

Manners I for square-planar amphiphilic Pt" complex 8 (Figure 8d), which polymerizes
according to a ‘living’ CDSA mechanism and by Che etal. for pincer Pd"-isocyanide
complexes 9 and 10 modulated by the respective counteranions (Figure 8¢).1'”!! In the latter
case, ClO4  counteranions delay the supramolecular polymerization of the positively charged
Pd entities into thermodynamically stable 1D chains with short Pd"-Pd" distances owing to the
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formation of counteranion-blocked cation pairs (kinetically trapped state). By changing the
counteranion to PF¢ , a fast supramolecular polymerization to the thermodynamically stable 1D
chain polymer was observed, which then served as a seed for the elongation of the kinetically
trapped Pd"-ClO4 complex into its respective polymer. Another strategy for establishing an
LSP was provided by Yagai, Sugiyasu and Takeuchi, who coupled the photoisomerization of
azobenzene chromophore 11 with its supramolecular polymerization (Figure 8f).!"* The dye
is kinetically trapped as a monomer in its cis conformation. On irradiation with visible light,

the trans form is generated and is prone to LSP.

The LSP approach is not restricted to processes in solution. Besenius, Ravoo and coworkers
demonstrated the production of surface-anchored peptide-based supramolecular polymers by
stepwise addition of oppositely charged peptide-based comonomers (that is, by charge
regulation of the active chain ends).['*"! Later, Besenius, Hermans and coworkers described that
the hydrogelation of a benzene-1,3,5-tricarboxamide—peptide conjugate could be initiated at the
solid-liquid interface of an acidified poly(dimethylsiloxane) (PDMS) surface.'*”) Further recent
advancements in the field of LSP were described by Balasubramanian, George and coworkers,
who demonstrated that transient self-assembly and seed-mediated LSP of phosphate receptor-
functionalized monomers can be controlled biomimetically by the consumption of the chemical
fuel ATP.['¥1 Vemula, George and coworkers later showed that the living growth of a charge-
transfer amphiphile constructed from a potassium coronene salt donor and a methyl viologen-

derived acceptor could be modulated by the addition of several amines.!!*!

2.5 Polymorphism in Supramolecular Polymerization

The phenomenon of polymorphism — defined as the ability of a chemical compound to exist in

200

more than one crystalline form — was recognized almost 200 years ago by Mitscherlich,?° who

discovered different crystal forms of the same compound in a number of phosphate and arsenate
salts.[46: 482011 Ten years later, Liebig and Wohler reported the first example of a polymorphic

202-203

organic compound, that is benzamide.! 1 Up until now, knowledge on polymorphism has

2041 disappearing!?®! and

tremendously increased and many aspects like conformational,!
concomitant polymorphs?*®! or polymorphism in the context of crystal engineering!*”> > have

been addressed.?°!-207]

Notably, polymorphism is not restricted to the crystallization of inorganic and organic small
molecules but can also be observed during the supramolecular assembly of nascent polypeptide

chains into biologically active proteins.['”!> 2081 An important class of naturally occurring
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polymorphic proteins are amyloid fibrils which are involved in several diseases including
Alzheimer’s or Parkinson’s disease.!7!:29-21%1 [n this regard, detailed studies on the fibrillation
of hen egg white lysozyme (HEWL) which is homologous to human lysozyme revealed a rich
polymorphism.!?!'212] Upon incubation at 90 °C at a pH = 2, HEWL amyloid-aggregation first
yielded amyloid-like filaments which assemble laterally into twisted ribbons and further into
helical ribbons. These helical ribbons progressively close into nanotubes.?!!2!2l Further
examples of supramolecular polymorphism in biological systems include the diverse assembly
of tubulin, the main protein component of microtubules,’*'*! or the pH- or ionic-strength-
dependent transformations between tubular polymers of the tobacco mosaic virus as

demonstrated by seminal work of Klug (Figure 3).12!4-215]

In recent years, kinetic pathway control of supramolecular polymerizations paved the way for
the identification of a variety of artificial supramolecular systems displaying morphological
transitions due to changes in experimental parameters such as solvent, temperature or
concentration or in response to external stimuli (Chapter 2.3).12:13:15.32.37. 401 From these
studies, two recently published examples were extracted where supramolecular polymorphism
was investigated in great detail.'?® 7] Inspired by polymorphism in biological systems,
Palmans, Lin, Meijer and coworkers designed carboxylic-acid functionalized water-soluble
BTA 12 which shows reversible temperature-dependent supramolecular polymorphism in water

(Figure 9).[128]

Figure 9. (a) Chemical structure and (b) hypothesized packing model of BTA-derivative 12. Cryo-TEM images
of a centrifuged sample of 12 at 293 K (c¢) and a sample heated to 333 K (d) in water, respectively. Adapted with
permission from reference!'?®! (https://pubs.acs.org/doi/abs/10.1021/jacs.8b07697). Copyright 2018 American
Chemical Society.
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The self-assembly of BTA 12 into ribbons, membranes and hollow nanotubes is governed by a
maximization of hydrophobic interactions between the aliphatic spacer units providing a local
environment where pairwise hydrogen-bond formation between the BTA’s carboxylic acid
groups as well as triple hydrogen-bonding of the amide moieties can be realized (Figure 9b). A
combination of different experimental techniques such as small angle X-Ray scattering,
cryogenic transmission electron microscopy (Cryo-TEM, Figure 9¢,d) and UV/vis spectroscopy
revealed that 12 forms a mixture of membranes and tubes at room temperature (Figure 9¢) while
heating to 333 K resulted in a structural transition into perfectly straight hollow nanotubes
(Figure 9d). Hydrogen-deuterium exchange mass spectrometry studies indicated that the overall
packing of the BTA strands within the membranes and nanotubes becomes more flexible and
accessible to solvent exchange at higher temperatures. This ultimately resulted in an ordering
of ill-defined species into straight nanotubes upon heating which was attributed to the

1281 Notably, a tailored molecular design

alleviation of some strain energy in the assemblies.!
was the crucial prerequisite for achieving supramolecular polymorphism and slight
modifications of the aliphatic carboxylic acid chain, namely shortening or introduction of
water-soluble oligo(ethylene glycol) units, resulted in strikingly different self-assembly

behaviors without such pronounced supramolecular polymorphism.[!28]

Another elaborate study on supramolecular polymorphism was recently provided by Sanchez
and Fernandez who studied the self-assembly behavior of oligo(phenylene ethynylene)-based
dichloro(bis)pyridyl-Pt" complex 13 (Figure 10).['57) Pt-complex 13 polymerizes in MCH into
two different metallosupramolecular polymers, namely a slipped state A which is stabilized by
unconventional N—H--Cl-Pt interactions and a pseudoparallel state B with N—H-*Oayi
interactions (Figure 10a) as evidenced by FT-IR and NMR spectroscopy as well as quantum
chemical calculations.!'®”? AFM revealed flexible nanofibers for state A (Figure 10b) while state
B shows longer, thicker and more rigid fibers with a strong bundling tendency (Figure 10c).
Furthermore, the authors were able to control the supramolecular pathways towards state A and
B by fine-tuning the temperature, concentration and cooling rate which allowed them to
construct a phase diagram of the investigated system (Figure 10d). While low concentrations
(cr<5.0 x107° M) and fast cooling rates (2 K min!) favor the formation of the slipped
polymorph A, higher concentrations (ct > 5.0 x10~> M) and slow cooling rates (0.1 K min ")
stabilize the pseudo-parallel polymorph B.
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Figure 10. (a) Chemical structure of Pt complex 13 and calculated packing models of 13 (slipped state A vs.

pseudoparallel state B). AFM height images of species A (b) and B (c) as well as a phase diagram (d) illustrating
the  self-assembly  behavior of 13.  Adapted  with  permission  from  referencel!®”]

(https://pubs.acs.org/doi/abs/10.1021/jacs.8b11011). Copyright 2019 American Chemical Society.

Most interestingly, at an intermediate concentration of ¢t =15.0 X107 M and cooling rate of
0.5 K min!, both supramolecular polymerization pathways are accessible resulting in the
concomitant appearance of both polymorphs A and B which are kinetically stable for weeks.
Only upon annealing, polymorph A slowly transforms into the thermodynamically more stable

supramolecular polymer B.17]

These studies demonstrate that with tailored molecular building blocks valuable insights into
polymorphism can be obtained by a supramolecular approach. While the aforementioned
studies were devoted to achiral systems, control of the supramolecular polymorphism of chiral
compounds and successive investigations of the self-assembly of racemic mixtures would be
highly desirable for mechanistic studies of the crystallization of racemates at a lower level of

hierarchy, namely 1D supramolecular self-assembly (Chapter 2.6).
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2.6  Supramolecular Polymerization of Racemic Mixtures

Due to the recent advancements in the control of supramolecular polymerization pathways

25, 2161 jt seems likely that

(Chapter 2.3) and characterization of supramolecular polymers,!
racemic mixtures of chiral building blocks showing different supramolecular polymorphs are
well-suited to study the solid-state phenomena of conglomerate and racemic crystal formation
at their origin. In general, crystallization of organic racemates affords in over 90% of all cases
racemic crystals which can be further classified either as racemic compounds or solid solutions
with a regular or random packing of the R- and S-enantiomers within the same crystal,
respectively (Figure 11).15% 2172181 However, in rare cases (< 10%) conglomerates are formed
which are defined as mixtures of homochiral crystals containing only one of the two

enantiomers present in a racemate (Figure 11).12!"]
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Figure 11. Schematic illustration of possible packing arrangements of R- and S-chiral molecules within crystals

obtained by crystallization of racemates.

Comparing 3D crystallization with 1D supramolecular polymerization, conglomerate formation
by homochiral aggregation is analogous to narcissistic self-sorting whereas racemic crystal

formation is comparable to social self-sorting induced by heterochiral aggregation.[220-221]

Due to the paramount importance of 3D conglomerate and racemic compound formation for

[222-225]

the purification of racemates in chemical industry, considerable efforts were devoted to

mechanistic investigations on the thermodynamics and kinetics of these phenomena.[?26-230]
However, these studies demonstrate that it still remains a major scientific challenge to

understand nucleation well enough to predict whether a conglomerate or racemic crystal will
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form.[??7- 221 In this regard, reducing the complexity of 3D crystallization to 2D self-assembly
on surfaces or 1D supramolecular polymerization might serve as a viable approach to gain
deeper mechanistic insights into conglomerate and racemic crystal formation at the molecular
level. For 2D conglomerate and racemic compound formation on surfaces,!® 23!l elaborate
studies have been reported including homodimer formation of racemic cysteine on Au (110)
surface!?31232 or the assembly of racemic heptahelicene on a Cu (111)%3! or Ag (100)
surface.”®¥ A particularly interesting example at the intersection between 2D and 1D
conglomerate vs. racemic compound formation was provided by De Feyter and Schenning.?*]
The authors studied the self-assembly behavior of a racemic mixture consisting of OPV-
phenylglycinamide derivatives (R)- and (S)-14 (Figure 12) at the interface between 1-
phenyloctane and highly oriented pyrolytic graphite (HOPG) by scanning tunneling microscopy

(STM) and demonstrated a length-scale dependent formation of conglomerates and racemic

compounds (Figure 12b,c).

Hydrogen
bonding

van der
B Waals
interactions interactions
_> _ '

Figure 12. (a) Chemical structures and self-assembly behavior of OPV derivatives (R)- and (S)-14. STM images
of the (R)- and (5)-14 racemate at the 1-phenyloctane-HOPG interface showing tetramers (b) that further assemble
into lamellar structures (¢). Red and yellow rectangles indicate the lamellae formed by (R)- and (S)-14,
respectively. (d) FESEM image of a dried gel of the racemate in octane. Adapted with permission from
referencel>>! (https://pubs.rsc.org/en/Content/ArticleLanding/CC/2013/C3CC45806G#!divAbstract). Copyright
2013 The Royal Society of Chemistry.
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When the racemic mixture of (R)- and (S$)-14 is deposited on a HOPG surface, intermolecular
hydrogen-bonding between the amide moieties of (R)- and (S)-14 leads to the formation of
homochiral counter-clockwise and clockwise twisted tetramers, respectively, which further
polymerize due to 77— interactions into enantiopure lamellae (Figure 12a—c). The enantiopure
strands further aggregate into racemate bundles by heterochiral aggregation (Figure 12a,c).
Hence, at the tetramer level, conglomerates are observed while at the lamellar level enantiopure
nanofibers of (R)-14 are surrounded by those of (§)-14 suggesting a racemic compound.?*”]
Additionally, the self-assembly of the racemic mixture was studied in octane solution where
gelation was observed at a concentration of cr = 5.0 x10~> M resulting in an entangled fibrillar
network as revealed by field emission scanning electron microscopy (FESEM, Figure 12d).
Combining these studies with further AFM and temperature-dependent UV/vis results, the
authors hypothesized that the racemic mixture shows in solution the same aggregation behavior

as in the solid state.?3>]

In contrast to conglomerate and racemic compound formation in two and three dimensions,
knowledge on these phenomena in 1D supramolecular polymerization is mainly restricted to
systems where either homochiral or heterochiral aggregates prevail and, hence, conglomerate
and racemic supramolecular polymer formation within the same racemic mixture is rarely

observed [220-221, 236]

One particularly profound mechanistic study on supramolecular
conglomerate formation was reported by Percec and coworkes who elucidated the 1D and 3D
assembly of a racemic mixture of dendronized cyclotriveratrylenes (CTVs) (R)- and (S)-15

(Figure 13).237]

In dodecane or n-butanol solution the racemic mixture polymerizes according to a nucleation-
elongation mechanism into an 1:1 mixture of single-handed columns. 1D supramolecular
conglomerate formation was indicated by temperature-dependent UV/vis spectroscopy
revealing similar elongation temperatures of the racemic mixture and a half as concentrated
solution of the enantiopure compounds. Further evidence was obtained by majority-rules
experiments!?*®! that show an almost linear increase of the net helicity with increasing

2371 However,

enantiomeric excess (ee) meaning that heterochiral aggregation is disfavored.!
deeper structural and mechanistic insights into supramolecular conglomerate formation were
drawn from a multitude of different experiments on solid samples of the racemic mixture of
(R)- and (S)-15.127] X-Ray diffraction (XRD) studies revealed that the racemic mixture packs

into columns with approximate triple 121 helix conformation in the bulk.
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333K

Figure 13. Chemical structures of (R)- and (S§)-15 and schematic illustration of the self-assembly of their racemic

mixture comprising a deracemization of a solid-solution like columnar hexagonal lattice into an ordered

conglomerate upon annealing.[>*]

The same packing model was assumed for the supramolecular polymers of the racemic mixture
in solution based on almost identical CD spectra of the enantiopure compounds in solution and
thin film (note that the racemic mixture does not exhibit any CD signal). Most notably, the
authors monitored a transition from a less ordered racemic crystal with a columnar hexagonal
lattice into a more ordered crystalline conglomerate upon annealing at 60 °C for 2 h by
differential scanning calorimetry, solid-state NMR spectroscopy and XRD measurements.
From these studies it can be concluded that (R)- and ($)-15 show a pronounced tendency for
homochiral aggregation which is further facilitated by fast motions, either in solution!'?*! or by

annealing in the bulk, leading to 1D and 3D conglomerates.
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Chapter 3

Supramolecular Polymorphism in One-

Dimensional Self-Assembly by Kinetic

Pathway Control

This chapter and the corresponding supporting information (Chapter 7.1) were published in:

M. Wehner, M. L. S. R6hr, M. Biihler, V. Stepanenko, W. Wagner, F. Wiirthner, J. Am. Chem.
Soc. 2019, 141, 6092—-6107.
(https://pubs.acs.org/doi/10.1021/jacs.9b02046).

Adapted or reprinted with permission from referencel’”). Copyright 2019 American Chemical

Society.

Abstract. Controlling polymorphism in molecular solids is of great interest since the properties
and performances of molecular materials depend on the molecules’ mutual packing

arrangements. Herein, we describe a perylene bisimide (PBI) organogelator molecule (R,R)-
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PBI that self-assembles into three different one-dimensional supramolecular polymorphs (Agg
1-3) in the same solvent and at the same concentration at room temperature. The three
supramolecular polymorphs were characterized by UV/vis, CD, fluorescence and FT-IR
spectroscopy, atomic force microscopy (AFM), and theoretical calculations, revealing that their
packing arrangements are governed by distinct z—z stacking modes and unique hydrogen-
bonding patterns. Nudged elastic band (NEB) calculations for the nucleation processes toward
Agg 2 and Agg 3 indicate that nucleation starts from a central kinetically trapped state Agg 1
and involves the reorganization of Agg 1 dimers. Time-, concentration-, and temperature-
dependent UV/vis experiments provided insights into the thermodynamic stability of the
supramolecular polymorphs of (R,R)-PBI and the kinetics for their interconversion. On the
basis of this information the production of a certain polymorph could be accomplished either
physically by ultrasonication or chemically by seeding. This work contributes to the
understanding of polymorphism at the lowest level of hierarchy that is the generation of self-

assembled 1D aggregate structures.
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3.1 Introduction

Polymorphism, defined as the occurrence of more than one crystalline phase resulting from
different packing arrangements of the same compound in the solid state, is a ubiquitous
phenomenon which is of great importance not only for academia but also to chemical industry

e.[46: 48811 In polymorphs, the mutual

where crystallization is an attractive purification techniqu
arrangement of molecules, atoms, or ions differ, which can have substantial implications on
their physical and chemical properties, such as morphologies, solubilities, electric

conductivities, or varying processabilities.[*¢: 48 811

This i1s dramatically illustrated in
pharmaceutical industry where inadvertent production of undesired drug polymorphs can lead
to dosage forms that are either toxic or ineffective because the bioavailability of the respective
drug is dependent on the solubility of the polymorph.*”! Further industry-relevant examples of

239]

polymorph-dependent properties are pigment colors,! detonation sensitivities of

46,49, 240] For instance,

explosives,?*’l or performances of waxes, soaps, or petroleum products.
for the most important class of color pigments based on copper phthalocyanines, ten different
polymorphs are known whose color range is from the greenish cyan f-polymorph up to the
reddish blue e-polymorph.[>*!! Therefore, it is highly desirable to control the polymorphism of
organic compounds which is practically difficult to address since polymorphism arises due to
the complex interplay between thermodynamics and kinetics within the crystallization
process.[*¥! Thermodynamic considerations deal with the stability of the respective polymorphs

171,145 ¥ while kinetic pathways determine how fast a

which usually differ only by a few kJ mo
certain polymorph is formed which depends on their activation barriers for nucleation.[*"]
Comparable to most chemical reactions wherein covalent bonds are built or broken, the
formation of a certain polymorph is usually under kinetic control and therefore a complex
function of experimental variables such as solvent, temperature, and heating and cooling
rates.[*®) From the molecular point of view, crystallization of a certain polymorph can be
regarded as a supramolecular reaction involving the initial self-assembly of the molecules into
energetically suitable aggregates (nuclei) due to noncovalent intermolecular interactions

[46-48] To gain mechanistic

followed by translation into a three-dimensional (3D) structure.
insights into polymorphism, the thermodynamics and kinetics as well as the initial nucleation
event and transformations between certain polymorphs need to be addressed which are often

either too rapid or too slow to be studied adequately.[3- 34

Supramolecular chemistry provides a powerful tool to tackle these issues because experimental

parameters such as solvent composition, concentration, temperature, or mechanical forces can
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be fine-tuned (Chapter 2.3) to study self-assembly and polymorph-transformations in an
appropriate timescale and therefore polymorphism at its origin. Here a most suitable
simplification arises if the self-assembly is not of three-dimensional character as in above-
discussed crystallization phenomena but of one-dimensional character as given in
supramolecular polymerizations. Interestingly, this field dealt for many years with the
thermodynamics,® 2> 24?) that is, the generation of equilibrium structures, and only recently
academic interest shifted toward the kinetic control®1% 32 159 of self-assembly processes and
the establishment of out-of-equilibrium species.!'*> 134 157 283] Key to the exploitation of the
potential of kinetics for the production of supramolecular polymorphs (aggregates) is to
understand the pathway complexity* 1 Jeading to kinetically trapped off-pathway!?®- 153 179
or on-pathway!*> 146 168, 2441 sroducts. Inspired by research on crystallization-driven block
copolymer self-assembly from crystal facets by Manners,'*>2#] the concept of kinetic trapping
was utilized for the supramolecular counter-part of seed-induced crystal growth of a variety of
dyes by “living” supramolecular polymerization, supported by z—x stacking and intramolecular

196]

hydrogen-bonding,#!: 4344 75, 180, 193] charge regulation on the active chain end,!'®® or

(1741 A1l these concepts have in common that kinetic trapping leads to a

photoisomerization.
retarded supramolecular polymerization, which can be initiated by seeding, a process
commonly used in crystal engineering to produce different polymorphs from super-saturated
solutions.[*® 48 811 The seeding method constitutes a beautiful example of how three-
dimensional self-assembly processes leading to different solid-state polymorphs can be
mimicked at lower complexity, that is, the seed-induced formation of 1D helical fibers or 2D

networks such as organogels!'* by a supramolecular approach.

Herein, we report to the best of our knowledge the first example of a molecule, (R,R)-PBI, that
forms three different one-dimensional supramolecular polymorphs (Figure 14) in the same
solvent at the same concentration, which is exceptional, since three or more different packing
motifs are often only achieved by changing the solvent,®7 48 246l the sequence of solvent

153

addition,!'*”] combination of solvent processing and photochemical conversion,!3! or by

247-2501 or temperature changes.!'?®! (R,R)-PBI is also distinct from structurally

concentration!
related PBI-1, PBI-2, and PBI-5 of our previous research whose self-assembly always afforded
a single polymorph (Figure 14). For PBI-1 and PBI-5, these were one-dimensional helical
nanofibers with H-type (PBI-1)®% and J-type (PBI-5)*3!252] exciton couplings formed by
cooperative nucleation-elongation growth, while for PBI-2 hydrogen-bonded dimers were
formed which in an anticooperative growth process further self-assembled into smaller-sized

oligomers.[*®]
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Figure 14. Chemical structures of PBI-1, PBI-2, PBI-5 and (R,R)-PBI. For PBI-1, PBI-2 and PBI-5, only one-
half of the symmetric molecules are shown and their aggregate structure together with the hydrogen-bonding
pattern within the different aggregates is schematically depicted next to the respective molecule. (R,R)-PBI
exhibits supramolecular polymorphism, and the unique hydrogen-bonding patterns within the three polymorphs
(R,R)-PBI Agg 1-3 (for simplicity denoted as Agg 1-3 within Chapter 3) are depicted. Note that for Agg 1, only
one-half of the PBI molecules are shown. Ar denotes in all cases the aromatic side chain shown in the respective

chemical structure.

Compared to PBI-1, PBI-2, and PBI-5, the energy landscape of (R,R)-PBI is, however, more
complex and enables the formation of a variety of supramolecular polymer structures by proper
control of the self-assembly conditions. All polymorphs were kinetically stable at room
temperature in solution over weeks which was exploited to prepare the same polymorphs in the
solid state. With this model system, we studied supramolecular polymorphism at its infancy
and gained kinetic and thermodynamic insights into the first stages of polymorphism, namely

polymorph formation and transformation.
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3.2 Results

3.2.1 Synthesis of (R,R)-PBI

Following literature known methods,!’> 8% 2531 (R, R)-PBI was synthesized through imidization
of perylene-3,4:9,10-tetracarboxylic acid bisanhydride (20) with (R)-N-(2-aminopropyl)-3.4,5-
tris(dodecyloxy)benzamide ((R)-19) in imidazole and isolated as a red solid in a yield of 61%
(Scheme 1). The benzamide precursor was prepared from 3,4,5-tris-(dodecyloxy)benzoic acid
(16)**¥ by amidization with (R)-tert-butyl (1-aminopropan-2-yl)carbamate ((R)-17)[7> 235-25]
and successive cleavage of the tert-butyloxycarbonyl (Boc) protecting group with
trifluoroacetic acid. The synthetic details and characterization data of the compounds are

provided in Chapter 7.1.

o (o}

H
H2SC120D)LOH it bl zaC 2t N/\./N‘Boc CF3CO,H H25C120 N/\/NHz
> H i —_— H £
H25C120 2) 1y AHBoC Hp5C120 CHClI3 HpsC 120
OC12Hzs 2 H (R)17 OC1oHas reﬂrL,X211 f:nin OCioHas
NEt;, DCM ’
1 f, 30 min (R)-18: 75% (R)-19: 84%
H25C120,
O
H25C120‘©_( Q O 0 o
A~ 2 s el
H25C120 _§_N . N_i_ OC12Has OO @
Sg8e Bt Javava
© ° OC1aHzs imidazole
O
(R,R)-PBI: 61% OC12Hos 100 °C, 5 h

Scheme 1. Synthesis of (R,R)-PBI starting from literature known 3,4,5-trisdodecylbenzoic acid (16). The synthesis

of (R,R)-PBI was reported in reference**3!,

3.2.2 Supramolecular Synthesis and Characterization of Three 1D

Polymorphs

To get access to different supramolecular polymorphs, the Gibbs free energy surface of the
supramolecular system has to show minima which can be reached while the activation barriers
between different polymorph states have to be low enough to be overcome over time or by
applying “physical stress” such as mechanical agitation. After first time-dependent UV/vis
absorption spectroscopy studies of (R,R)-PBI in different solvents and solvent mixtures, we
found that a mixture of methylcyclohexane (MCH) and toluene (Tol) with a volume ratio of
MCH/Tol = 5:4 was suitable to study the supramolecular polymorphism of (R,R)-PBI. In this

particular solvent mixture, (R,R)-PBI can self-assemble driven by 7—x stacking and hydrogen-
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bonding to give initially polymorph Agg 1 which transforms into polymorph Agg 2 within two
weeks according to time-dependent UV/vis studies (for simplicity, the enantiopure
supramolecular polymorphs (R,R)-Agg 1-3 will be abbreviated as Agg 1-3 within Chapter 3).
Unfortunately, precipitation of Agg 2 hampered an accurate evaluation of these initial studies.
Since precipitation in amide-functionalized PBI organogelators usually results from the
bundling of the nanofibers,[*** ¥! we next applied ultrasonication (for experimental details see
Chapter 7.1) for several reasons:!*>"2%2] (i) precipitation can be avoided due to scission of
(bundled) nanofibers and (ii) ultrasonication provides energy to overcome activation barriers
between different polymorphs. Although it is not fully understood how ultrasound can direct
self-assembly pathways, it is hypothesized that ultrasound helps the nucleation process by
modifying supersaturation conditions through the mechanism of cavitation accompanied by
collapsing bubbles leading to local spots of extreme conditions (e.g., high concentrations or

).[257262] Therefore, ultrasound provides the ideal tool to access different

rapid cooling rates
aggregation pathways yielding distinct polymorphs by modifying the nucleation conditions.
Indeed, three different supramolecular polymorphs of (R,R)-PBI, termed as Agg 1 to Agg 3,
could be obtained by this ultrasonication-assisted supramolecular polymerization: Agg 1
formed directly by dissolving (R,R)-PBI in MCH/Tol (5:4, v/v) at a total concentration of
cr=3.0x10*M, and Agg 2 and Agg 3 were prepared by ultrasonication (for experimental
details see the Chapter 7.1) of Agg 1 solutions at 293 — 298 K for 45 min or at 308 K for
180 min, respectively (Figure 15). Notably, all polymorphs were prepared at the same

concentration (ct=3.0 x 10* M) in the same solvent mixture MCH/Tol (5:4, v/v) and are

kinetically stable (day to months, depending on ct) at room temperature.

5 293 —-298 K
| I®l % 45min p
T| or ¢t / |

. — . Agg 2
l i F\A |-
Monomer Agg1 1 308K
¥ 180 min
= /|
= Ultrasonication i |

Agg 3

Figure 15. Supramolecular polymerization of three different 1D polymorphs of (R,R)-PBI, which are designated
as Agg 1to Agg 3.
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Spectroscopic techniques such as UV/vis absorption, circular dichroism (CD), and steady-state
fluorescence spectroscopy (Figure 16a,b) were applied to elucidate the relative arrangement of
the chromophores (insets in Figure 16c—e) within the supramolecular polymorphs. AFM was
used to investigate the structures of the polymorphs (Figure 16c—e and Chapter 7.1, Figure 34)
and FT-IR spectroscopy to clarify the hydrogen-bonding pattern within the polymorphs (Figure
17).
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Figure 16. (a) UV/vis-absorption and CD spectra of monomeric (cr = 2.0 x 107 M, 357 K) (R,R)-PBI and its
three polymorphs (cr = 3.0 x 107* M, 298 K) in MCH/Tol (5:4, v/v). (b) Normalized absorbance (solid lines) and
fluorescence spectra (dashed lines) of monomeric (R,R)-PBI in CHCI; and of its three polymorphs Agg 1-3 in
MCH/Tol (5:4, v/v). The respective excitation wavelengths are indicated in the spectra. AFM height images of
Agg 1 (c), Agg 2 (d), and Agg 3 (e) spin-coated (10000 rpm) on HOPG from MCH/Tol (5:4, v/v). Z scale is 3 nm
(¢), 11 nm (d), and 14 nm (e).* For more details, see Chapter 7.1, Figure 34. Insets in (c—e): Schematic depiction
of the arrangement of the PBI molecules and their transition dipole moments s (shown as double arrows) within
the three polymorphs derived from UV/vis and CD spectra as well as theoretical calculations. The centers of the

respective PBI molecules are illustrated as orange points.

Monomeric (R,R)-PBI shows the typical vibronic progressions of the So — S; electronic

transition of bay-unsubstituted PBIs!®*! with an absorption maximum at A = 522 nm and is CD

263

silent (Figure 16a).126%! The fluorescence spectrum of monomeric (R,R)-PBI shows a maximum

at A =536 nm and resembles a mirror image of the absorption spectrum (Figure 16b).

* AFM measurements were performed by V. Stepanenko.
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Upon cooling to 298 K and increasing the concentration to cr = 3.0 x 10 M, the absorption
maximum of monomeric (R,R)-PBI was hypsochromically shifted to 4 = 496 nm with a loss of
vibronic fine structure and the concomitant appearance of a weaker band at A = 543 nm (Agg 1,
Figure 16a). These spectral features are commonly found in rotationally displaced x stacked
PBI H-aggregates such as PBI-2.[?% 252264 The rotational displacement of the PBIs is further
supported by a strong CD signal with positive and negative maxima at A =490 and 557 nm
corresponding to the two absorption maxima in the UV/vis spectrum of Agg 1. The fluorescence
spectrum of Agg 1 shows a strongly red-shifted broad emission profile characteristic for the
formation of a PBI excimer (Figure 16b).[26426¢] AFM studies (Figure 16c and Chapter 7.1,
Figure 34a,b) revealed a nanoparticle-like morphology with a diameter of 3.8 + 0.3 nm which
corresponds to small 1D helical oligomers of up to 12 molecules under the assumption of an
interplanar 7—x distance of 3.6 A (taken from the calculated dimer structure of Agg 1, Chapter

3.2.3).

The shape of the absorption spectrum of Agg 2 (Figure 16a) between 4 =450 and 520 nm
resembles that of Agg 1, although its absorption maximum is blue-shifted by 31 nm to
/.= 463 nm compared to Agg 1.1267-2681 Additionally, several maxima/shoulders are observable,
and a particularly defined band shows up at A = 536 nm, which may be attributed to the J-type
excitonic transition upon rotational displacement of the PBI chromophores relative to each
other.[25% 2642691 A similar absorption spectrum was observed for PBI-1 and attributed to an
aggregate structure with tripodal contacts formed by two amide-amide hydrogen bonds at a
hydrogen-bonding distance of ~2 A and PBI aggregation at a 7—= stacking distance of ~ 3.5 A
(Figure 14).14%- 6439 [ the CD spectrum of Agg 2, two maxima at 1 = 472 and 488 nm and one
minimum at 4 = 553 nm are observed corresponding to the respective absorption bands in the
UV/vis spectrum (Figure 16a). Similar to Agg 1, also Agg 2 shows an excimer emission profile
in the fluorescence spectrum (Figure 16b), while its morphology, that is highly defined 1D
helical nanofibers with a unimolecular width of 4.7 = 0.2 nm, lengths between 50 — 600 nm and
a helical pitch of 5.5 + 0.3 nm, differs significantly from that of Agg 1 as revealed by AFM
(Figure 16d and Chapter 7.1, Figure 34c—e).

In sharp contrast to the other supramolecular polymorphs, Agg 3 shows a broad and
unstructured absorption profile (Figure 16a) with a huge exciton bandwidth from 4 = 420 nm to
> 600 nm. The most striking spectral feature of Agg 3 is the bathochromically shifted
absorption band at A= 575 nm, which results according to theoretical calculations from
longitudinally and transversally displaced PBI molecules with a small rotational offset (Chapter
3.2.3). According to recent theoretical studies for such a slipped packing arrangement of PBIs,
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a rather strong coupling between Frenkel and charge transfer mediated excitons is expected
which may account for the large bandwidth of the absorption band.[®* Similar UV/vis spectra
were reported for PBI-5 aggregates/?!-2*21 and different PBI-based pigments.?’”) In the CD
spectrum of Agg 3 pronounced changes were detectable, namely a reduced CD signal intensity
compared to Agg 1 and Agg 2 and an altered band shape with a minimum at A =442 nm and
two maxima at A =493 and 588 nm (Figure 16a). Agg 3 shows a more defined fluorescence
spectrum with a maximum at 4 =621 nm and no bathochromically shifted excimer emission
was observed (Figure 16b). AFM measurements reveal a 1D nanofiber morphology of Agg 3
(Figure 16e and Chapter 7.1, Figure 34f—h). Compared to Agg 2, the nanofibers of Agg 3 show
a unimolecular width (4.6 £ 0.2 nm) but are more rigid and shorter (45 — 450 nm) and have an

about three times larger helical pitch of 16 £ 2 nm.

From these studies in combination with theoretical calculations (Chapter 3.2.3), the relative
orientation of the transition dipole moments of the Sp — Si electronic transition (pointing along
the long molecular axes of the PBI chromophores)!®*! within the polymorphs were deduced and

schematically depicted in the insets of Figure 16c—e.

Further characterization of the (R,R)-PBI polymorphs by FT-IR spectroscopy revealed distinct
differences for all three polymorphs, indicative of specific hydrogen-bonding patterns (Figure
17). In our previous studies on amide-functionalized PBI organogelators, we carefully
examined the different hydrogen-bonding patterns by FT-IR spectroscopy and showed that
N-H stretching frequencies of non-hydrogen-bonded N—-H groups appear around
3470 — 3430 cm™ !, while those of intramolecularly hydrogen-bonded N—Hamide::-O=Cimide
groups are shifted to lower energies of around 3420 — 3395 cm 114> 75761 A second IR band of
interest arises from the C=O stretching frequency whose characteristic band for
intramolecularly hydrogen-bonded amide carbonyl groups (amide I band) appears around
1656 cm™'.[* 2711 The formation of intermolecular hydrogen bonds, either between amide
protons and imide oxygens!?®! or between amide protons and amide oxygens,’® 8%-251:272] Jeads
to a further shift of the C=0 and N—H stretching frequencies to lower wavenumbers of about
1652 —1620 cm™' and 3380 — 3220 cm!, respectively. Notably, intermolecular hydrogen
bonds between amide groups are found to be stronger (lower wavenumbers of the respective
stretching frequencies) than intermolecular hydrogen bonds between amide protons and imide
oxygens of the adjacent chromophore. For PBI-1, the C=0 and N—H stretching frequencies of
intramolecularly hydrogen-bonded amide groups (N—Hamide'*-O=Cimide) Were reported to be
1654 and 3409 cm ! and those of intermolecular amide-amide hydrogen bonds were 1653 and
3271 ecm™!, respectively.[* 3%
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In CHCI5 solution at 323 K, (R,R)-PBI has a monomer-like band shape in the UV/vis spectrum
(Chapter 7.1, Figure 35a), and intramolecular hydrogen bonds between amide protons and
imide oxygens were observed showing the characteristic C=0O stretching frequency of
intramolecularly bound amide carbonyl groups at 1656 cm™' and the corresponding N—H
stretching frequency at 3406 cm ™! (Figure 17, for enlarged spectra see Chapter 7.1, Figure
35b,¢).
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Figure 17. FT-IR spectra of the C=0 (a) and N—H (b) stretching vibration of mostly (~ 85%) monomeric (R,R)-
PBI (cr = 4.0 x 10* M, CHCl;, 323 K) and of its three supramolecular polymorphs (ct = 5.0 x 10* M, MCH/Tol
(5:4,v/v), 298 K). The approximate spectral regions corresponding to the stretching vibrations of intramolecularly
(blue) and intermolecularly hydrogen-bonded (red) C=0O and N—H groups are indicated based on literature known
amide-functionalized PBI-organogelators.[2 43757680, 251 The respective hydrogen-bonding patterns are illustrated
under the spectra. Note that between 3420 — 3390 cm™' both intra- and weakly intermolecularly hydrogen-bonded

N—H stretching frequencies can be observed.

In the FT-IR spectrum of Agg 1, the aforementioned characteristic band at 1656 cm ™! is missing
(Figure 17a). Instead, its C=O stretching vibration is shifted to 1649 cm™' indicative of the
formation of intermolecular hydrogen bonds, which is further corroborated by the appearance

of a band at 3377 cm™! in the N—H stretching region which is characteristic for intermolecular
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hydrogen bonds between amide protons and imide oxygens of the neighboring PBI molecule
within a dimer (Figure 17b).[8! We note that Agg 1 shows also a minimum at 3406 cm ™!, which
is in this case also attributed to a weaker intermolecular N—Hamide* - - O=Cimide hydrogen bond
(same type as before) and not to an intramolecular hydrogen bond since the characteristic peak

at 1656 cm™! is not observed.

Agg 2 and Agg 3 both show a C=0 stretching vibration at 1656 cm™ ! and a N—H stretching
vibration at 3406 cm™! attributable to intramolecular hydrogen bonds between an amide proton
and imide oxygen (Figure 17). Additionally, a second type of hydrogen bonds with C=0O and
N-H stretching frequencies at 1649 and 3336 cm ™' (Agg 2) and 1640 and 3297 cm ™! (Agg 3),
respectively, can be observed, which are characteristic for the formation of intermolecular
hydrogen bonds between the amide groups of the spacer units.l’% 8251272 The N—H frequencies
are shifted to lower wavenumbers compared to those of Agg 1, meaning that the intermolecular
hydrogen bonds within Agg 2 and Agg 3 are stronger, as is the case for intermolecular amide-

amide hydrogen bonds.

Considering the calculated dimer structures of Agg 2 and Agg 3 (Figure 18), the occurrence of
two different types of hydrogen bonds can be explained by the rotational displacement of
longitudinally and transversally shifted adjacent PBI chromophores within the aggregates
creating a long and short side with respect to the distances between the amide nitrogens of
adjacent PBI molecules (Chapter 7.1, Figure 36, the long and short side are in the following
designated as “peripheral” and “inner” side, respectively). On the inner side with shorter
distances between the amide nitrogens of 5.1 and 4.6 A in calculated dimers of Agg 2 and
Agg 3, respectively, strong intermolecular hydrogen bonds are formed (Figure 17), while on
the peripheral side the respective distances are 0.6 and 0.4 A larger which disfavors the
formation of intermolecular hydrogen bonds. Instead, the system adjusts with the formation of
an intramolecular hydrogen bond between an amide proton and imide oxygen leading to a
minimization of the Gibbs free energy of the system by 15.3 kJ mol ' compared to non-
hydrogen-bonded open form as calculated for an individual molecule within Agg 2. Summing
up, Agg 1 shows two slightly different intermolecular N—Hamide" - -O=Cimide hydrogen bonds
between neighboring chromophores, while both Agg 2 and Agg 3 have one intramolecular
N—Hamide" - *O=Cimide hydrogen bond on the long side and one intermolecular hydrogen bond
between the spacer unit amide groups on the short side, which is stronger for Agg 3 compared

to Agg 2.
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Additionally, the same three supramolecular polymorphs were also ‘“‘synthesized” and
characterized in the solid state by UV/vis and FT-IR spectroscopy (for experimental details see
Chaper 7.1 and Figure 37). In contrast to the FT-IR spectrum of Agg 1 in MCH/Tol (5:4, v/v),
in the N—H stretching region of the solid-state FT-IR spectrum of Agg 1 only one broad band
occurs at 3339 cm™!, which further corroborates the picture of having a single type of hydrogen
bond in Agg 1. Apart from that, all UV/vis and FT-IR results of the solid-state polymorphs
resembled those obtained in solution. Together with the fact that all supramolecular polymorphs
were prepared at the same concentration in the same solvent and are kinetically stable at room

temperature, the designation as true “supramolecular polymorphs” is justified.

3.2.3 Theoretical Calculations on Dimers and the Energy Landscape

On the basis of our detailed information from optical and infrared spectroscopy for the different
polymorphs, we sought to get further insight on the packing arrangement of the individual PBI
molecules within the polymorphs by quantum chemical calculations.* Therefore, we
constructed dimer systems for Agg 1, Agg 2, and Agg 3 by taking into account all structure
information obtained from the experiments. The subsequent optimization with PM6-D3H4[2"*
2731 as implemented in MOPAC?7®! and subsequent validation by additional DFT-calculations

(B3LYP/def2-SVP)[27>277-2781 gqve rise to relaxed structures that are presented in Figure 18.

Agg 1 Agg 2 Agg 3

Figure 18. Geometry-optimized dimer structures obtained from DFT calculations (CAM-B3LYP/def2-SVP) of
Agg 1 (a), Agg 2 (b), and Agg 3 (¢).* Dodecyloxy groups are replaced by methoxy groups for simplicity. The

dashed green lines represent hydrogen bonds.

* Quantum chemical calculations were performed by M. I. S. R6hr and M. Biihler.
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For Agg 1, the geometry-optimized dimer structure appears as an almost centrosymmetric stack
of two crossed PBI cores (rotational twist: 41°) with an interplanar distance of 3.6 A
interconnected on both sides by intermolecular hydrogen bonds between the amide protons and
the imide oxygens of the adjacent PBI chromophore. All methyl groups point in an outward
direction and direct the phenyl residues of the individual molecules to clasp the neighbor
molecule. Notably, this dimer structure is very similar to the one observed for PBI-2 in our
previous work (Figure 14) which described the first example for an anticooperative
supramolecular polymerization with preferential formation of even-sized aggregates due to the

very high stability of the hydrogen-bonded dimer species.?*!

In Agg 2, the PBI molecules show a small longitudinal and transversal displacement of 0.2 and
0.4 A, respectively, a rotational twist of 29°, a 7—r distance of 3.7 A, and all a-CHj3 groups
point into the same direction (in the shown case upward). Notably, this geometry is very similar
to the energy minimum found for the PBI dimer aggregates in the absence of additional
hydrogen-bonding units (i.e., pure 7—x stacking interaction).?’”) Owing to the additional
hydrogen-bonding interactions, the PBI dimer of Agg 2 is, however, not centrosymmetric
anymore. Only the amide units on one side involve in the hydrogen-bond directed
supramolecular polymerization, while those on the other side are intramolecularly connected to
the adjacent imide carbonyl groups. In sharp contrast to Agg 1 and Agg 2, the dye molecules in
Agg 3 show a significantly larger longitudinal displacement of 3.7 A, a transversal displacement
of 0.3 A, the smallest rotational twist of only 5°, and a 7—= distance of 3.7 A. The a-methyl
groups in Agg 3 all point in one direction on one side and in the opposite direction on the other
side. Similar as for Agg 2, intermolecular N—Hamide' - *O=Camide hydrogen bonds are found
between the adjacent chromophores in Agg 3 on one side and intramolecular

N—Hamide* - *O=Cimide hydrogen bonds on the other side (Figure 17).

These geometry-optimized dimer structures of Agg 1, Agg 2, and Agg 3 constitute three energy
minima on an energy landscape. Such energy landscapes are well-known from biology (e.g.,

171, 2801 wwhere they encode the relative

polymorphism in protein folding and self-assembly),!
thermodynamic stabilities of the different unfolded, folded, or self-assembled states as well as
the kinetic barriers separating them. Inspired by such energy landscapes of complex

biomolecular self-assembly processes,?8!!

we sought to construct a quantitative potential
energy surface diagram for the dimeric polymorphs of (R,R)-PBI (for details, see Chapter 7.1),
accounting for the complex interplay between thermodynamics and kinetics resulting in the

supramolecular polymorphism of (R,R)-PBI. This allows the elucidation of the transformation
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pathways between the polymorphs Agg 1 and Agg 2 or Agg 1 and Agg 3 on a microscopic,

molecular level.

It should be emphasized that the limitation to dimeric species strongly favors Agg 1, which is
the only self-consistent aggregate species with four internal hydrogen bonds. In contrast, for
the dimers of Agg 2 and Agg 3 upon addition of adjacent PBI molecules, further 7—x stacking
and hydrogen-bonding provide additional stabilization. Accordingly, Agg 2 and Agg 3 dimers
may be considered as the still high-energy and disfavored nuclei from which a cooperative self-
assembly process is initiated. For this purpose, we have employed the nudged elastic band
(NEB) method!?#>2#3] along with the PM6-D3H4 correction to simulate the nucleation pathways
starting from the optimized structures of Agg 1, Agg 2, and Agg 3 dimers. Since linear
interpolation cannot be used for the generation of initial pathways for NEB calculations of such
complex transitions, we have generated them by an advanced interpolation scheme based on a
root-mean-square deviation (RMSD)-driven biased molecular dynamics (for details, see
Chapter 7.1).2%* Subsequently, structures have been sampled from the molecular dynamics
trajectory and further optimized employing the NEB method using the full spring force
implementation of the atomic simulation environment.?®> 2851 These simulations cover all
possible transformation mechanisms of Agg 1 into either Agg 2 or Agg 3 (i.e., rearrangement
processes of the molecules within Agg 1 dimers as well as disassembly of these dimers into
monomers followed by reassembly into a specific polymorph). This allows a distinction for
whether Agg 1 is an off- or on-pathway product for the supramolecular polymorphs Agg 2 or
Agg 3.1' In an off-pathway self-assembly process, dimers of Agg 1 would first disassemble
into monomers which would then polymerize to Agg 2 or Agg 3, respectively. In contrast, in
an on-pathway self-assembly process, rearrangements of the PBI molecules within Agg 1
dimers would lead to the formation of either Agg 2 or Agg 3 without the involvement of

monomers.

The optimized NEB pathways (Figure 19a) give rise to a set of structures and their electronic
energies along the “minimal energy pathway” of the rearrangement of the dimer structures. The
energies of dimeric Agg 2 (111 kJ mol ') and Agg 3 (58 kJ mol™!) are reported relative to that
of an Agg 1 dimer which was set to 0 kJ mol!. Notably, both nucleation pathways (Agg 1 —
Agg 2 and Agg 1 — Agg 3) take place without disassembly of Agg 1 dimers into monomers,
meaning that Agg 1 is an on-pathway product for both Agg 2 and Agg 3. The transformation
pathways are characterized by several kinetic barriers that correspond to distinct structural
reorganization events which are described in the following on the example of the transformation
of Agg 1 into Agg 2 (Figure 19b).
51



Chapter 3 Supramolecular Polymorphism

(Y

L175
150
L125
1100
L 75
L 50
L 25

: 1754

150
1254
100
75 A
50 1

")

Electronic energy (kJ mol
(,-]ow ry) ABiaua o1u0.}08|g

Agg 2

iperipheralim i inner i

i side

Agg 1 | _Side | Lo |
Agg2 5 “~

Figure 19. (a) Calculated quantitative potential energy landscape of the supramolecular polymorphism of (R,R)-
PBI, illustrating the nucleation pathways of dimeric Agg 2 or Agg 3 starting from Agg 1. (b) Schematic illustration
of the transformation of Agg 1 into Agg 2. The numbered structures correspond to the respective transition states
in (a). PBI A and PBI B denote the lower and upper PBI molecule within the dimer, respectively, and orange
arrows indicate the molecular rearrangement processes. The peripheral and inner side always refer to the left and

right side of the dimer, respectively.

The terminology of inner and peripheral side refers to the sites of Agg 2 and Agg 3 shown in
Figure 19b and Figure 36 (Chapter 7.1). In the first step of the transition of Agg 1 (#1) into Agg
2 (#5), a rotation around the Nimige—Cspacer bond on the peripheral side of PBI A brings the
outward pointing a-CH; group inward, accompanied by a breakage of the respective
intermolecular hydrogen bond between the amide proton of PBI A and the imide oxygen of PBI
B on the peripheral side (#2). Next, an outward rotation of the tris(dodecyloxy)phenyl side
chain on the peripheral side of PBI A leads to the formation of a new intramolecular
N—Hamide" - *O=Cimide hydrogen bond on the peripheral side of PBI A, while on the inner side,
the intermolecular hydrogen bond between the amide proton of PBI A and the imide oxygen of
PBI B elongates (#3). In the next, rate-determining step, the side chain of the inner side of PBI
B rotates outward and all remaining intermolecular amide to imide hydrogen bonds are broken.
A new intermolecular amide to amide hydrogen bond between PBI A and B is formed on the
inner side (#4). In the last step, an intramolecular N—Hamide" - - O=Cimide hydrogen bond is formed
on the peripheral side of PBI B and the dimer relaxes into Agg 2 (#5) with all a-CH3 groups
pointing in the same direction (here upward) as required to initiate a one-dimensional fiber
growth by subsequent addition of PBI molecules at both the upper and the lower PBI of the
dimer unit. A detailed illustration of the transformation of dimeric Agg 1 into Agg 3 is provided

in Figure 38 (Chapter 7.1).
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By calculating the thermodynamic functions for the three aggregates and the transition states
highest in separating them using standard statistical mechanics expressions, accounting for the
contribution of translational, rotational, and vibrational energy, we can roughly estimate the
energetics of the individual dimeric polymorphs and bring these results in correlation with
experimental data.l*®¢-2%"] For this purpose, vibrational frequency calculations have been
performed for all species, and the vibrational contribution to the enthalpy, entropy, and free
energy have been calculated in the harmonic approximation, including the zero-point energy
contributions.?*2%1 The obtained energies result in an energetic ordering with Agg 1 being
most stable set to zero, Agg 3 with 58 kJ mol ! and Agg 2 with 111 kJ mol ! and give a barrier
of 193 kJ mol ! for the transition from Agg 1 to Agg 2 and 144 kJ mol ™! for the transition from
Agg 1 to Agg 3. While these quantities overestimate the initial nucleation barrier between Agg
1 and Agg 2 dimers which might be a result of simplifications made during the simulations (i.e.,
lack of the surrounding solvent), the trends in the thermodynamic polymorph stabilities are
well-reproduced (Chapter 3.3). It should be emphasized that the relative energies as well as the
energetic barriers between the polymorphs depend on the aggregate size and therefore on the
concentration of (R,R)-PBI (Chapter 3.3). Accordingly, for larger aggregates Agg 1 becomes
the least and Agg 3 the most stable polymorph.

These model studies on dimeric polymorphs clearly show that the kinetic barriers which are a
prerequisite for the supramolecular polymorphism encountered in (R,R)-PBI result from the
aforementioned rearrangements on the molecular level, mainly from rearrangement processes
of the methyl groups alpha to the imide nitrogen atoms and from changes in the hydrogen-
bonding pattern. While solvation effects will for sure reduce the respective activation energies,
we like to point out that our chosen solvent system toluene/methylcyclohexane ensures a high
strength of hydrogen bonds.!** 2] Because these calculations are to the best of our knowledge
the first examples illustrating the initial steps of nucleation processes within one-dimensional
supramolecular polymers on the molecular level explaining the pathway-complexity with a
central on-pathway intermediate (Agg 1), we like to emphasize their still only tentative

character.

3.24 Elucidation of the Thermodynamics of the Supramolecular
Polymorphism of (R,R)-PBI
On the basis of our calculations for (R,R)-PBI dimer species, we assume cooperative

nucleation-elongation supramolecular polymerization processes for Agg 2 and Agg 3 and an
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anticooperative supramolecular polymerization process for Agg 1. Further, our calculations
suggested that Agg 1 is an on-pathway product for both, Agg 2 and Agg 3 (i.e., that no
disassembly of Agg 1 into monomers is needed to initiate the supramolecular polymerization
into Agg 2 and Agg 3).['% In the following, this theoretical picture will be confirmed by

experiments.

To gain insights into the thermodynamic properties of the polymorphs encountered in (R,R)-
PBI, concentration- and temperature-dependent UV/vis experiments were performed (Figure

20).
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Figure 20. (a) Concentration-dependent UV/vis-absorption spectra of (R,R)-PBI Agg 1 (solid lines) in MCH/Tol
(5:4, v/v) at 310 K globally analyzed by the K,—K model®%-27 1331 (black dots) and (d) comparison between fit and
the extinction coefficients at A = 522 and 489 nm (fit: solid lines, e-values: symbols). Inset (a): Van’t Hoff analysis
of the thermodynamic parameters of the dimerization and elongation of Agg 1. Temperature-dependent UV /vis-
absorption spectra of Agg 2 (cr=2.0x10*M, T = 298 — 348 K, heating rate: 5 K min!) (b) and Agg 3
(ct=4.0x10*M, T=298 — 325 K, heating rate: 1 K min!) (¢) upon heating as well as plot of the absorbances
at =463 nm (e) and 1 =575 nm (f) as a function of temperature and concentration for Agg 2 and Agg 3,
respectively. Insets: Van’t Hoff analysis of the thermodynamic parameters of the elongation of Agg 2 (b) and

Agg 3 (c¢). The analyzed equilibria between the different supramolecular polymorphs are shown on the top.

Next, by analyzing the concentration- and temperature-dependent UV/vis data with different

mathematical models,!>>2" 135 the aggregation mechanism and thermodynamic parameters for
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supramolecular self-assembly processes can be clarified. Upon increasing concentration,
monomeric (R,R)-PBI self-assembles into Agg 1 in MCH/Tol (5:4, v/v) characterized by a
pronounced decrease of the extinction coefficient and a blue-shift (30 nm) of the absorption
maximum (Figure 20a). The concentration-dependent UV/vis spectra (Figure 20a, solid lines)
could be accurately globally fitted (Figure 20a, black dots) with the anticooperative Kr>—K
model,?” 133 and the experimentally determined concentration-dependent extinction
coefficients at 4 =489 and 522 nm (dots) matched perfectly with the globally fitted data (solid
lines) (Figure 20d).

From this analysis, the dimerization constant K> =2.0 x 10° M!, the association constant for
further elongation of the dimer Krp=1.8x10°M!, and the anticooperativity factor
o=K)/Kr=10.8 at 298 K were determined (Table 1). Upon increasing temperature, K>
decreases with a linear relationship in the van’t Hoff plot (Figure 20a, upper inset), from which
the standard enthalpy AH°=-86.0 k] mol!, standard entropy AS°=-168 Jmol ' K™!, and
standard Gibbs free enthalpy at 298 K wupon dimerization were estimated to be
AG° =-35.9 kI mol! (Table 1). The thermodynamic parameters of the elongation step were
calculated from the respective van’t Hoff plot (Figure 20a, lower inset) to be
AH° =—86.0 kI mol !, AS°=-188 Jmol ' K™!, and AG°(298 K)=-30.0 k] mol! (Table 1).
Thus, Agg 1 is formed in a weakly anticooperative!®! (o= 10.8) manner with a preferential
formation of dimers.?®! These dimers further elongate with a reduced aggregation tendency into
small-sized oligomers appearing as nanoparticles (see AFMs in Figure 16¢ and Chapter 7.1,

Figure 34a,b) similarly as previously observed for PBI-2.1%]

Table 1. Thermodynamic parameters K>, Kg, AH®, AS® and AG® obtained for the supramolecular polymerization

processes of the three polymorphs Agg 1 to Agg 3 in MCH/Tol (5:4, v/v).

Aggl Agg2 Agg3
Dimerization Elongation
K> (298 K) M) 2.0 x 10°
Ke (298 K) M) 1.8 x 10° 7.5 x10° 1.0 x 10°
AHP (kJ mol ™) —-86.0 —-86.0 —-80.3 -96.3
AS° (J mol ' K™) —-168 —-188 —-157 -208
AG° (298 K) (kJ mol ™) -35.9 -30.0 -33.5 -34.3
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The formation of the dimer species can be followed by variable temperature NMR (VT-NMR)
spectroscopy in deuterated toluene at a concentration of cr = 4.0 x 10°* M (Chapter 7.1, Figure
39). Upon decreasing temperature from 365 to 262 K, monomeric (R,R)-PBI (2 doublets for
the inner and outer perylene protons) self-assembles into dimers which are characterized by a
defined '"H NMR spectrum. This dimerization induces a splitting of the perylene protons into
four doublets indicating that the perylene protons are not chemically equivalent within a dimer
while they are in monomeric (R,R)-PBI. Upon dimer formation, the signals corresponding to
the N—H protons also split, which might be due to the formation of two slightly different types
of intermolecular N—Hamide' - *O=Cimide hydrogen bonds (Figure 17b). Further evidence for the
preferential formation of dimers can be drawn from matrix-assisted laser desorption/ionization
(MALDI) mass spectrometry, where in addition to the peak corresponding to the Na" adduct of
the monomer at m/z = 1841, an apparent signal at m/z = 3660 corresponding to Na" adduct of a
(R,R)-PBI dimer is observed (Chapter 7.1, Figure 40). Notably, no signal at higher m/z values
is observed, demonstrating the enhanced thermodynamic stability of dimers compared to larger

oligomers that probably disassemble into monomers and dimers upon ionization.

While the transition from monomeric (R,R)-PBI to Agg 1 can be fully covered and analyzed
by concentration-dependent UV/vis spectroscopy in MCH/Tol (5:4, v/v) solution, Agg 2 and
Agg 3 were accessible by supramolecular synthesis only at higher concentrations
(cr>1.0 x 10°* M). Thus, while the thermodynamics of the formation process cannot be
monitored, the respective dissociation processes of the polymorphs Agg 2 and Agg 3 are
accessible by temperature-dependent UV/vis spectroscopy to gain insights into their respective
aggregation mechanisms. Upon increasing the temperature from 298 to 348 K, the absorption
maximum of an Agg 2 solution at A =463 nm disappears concomitant with the appearance of
two bands at A =489 and 522 nm, which are indicative for the formation of a mixture of
monomers and Agg 1 (Figure 20b). The lack of defined isosbestic points further confirms the
three species equilibrium between Agg 2, Agg 1, and monomers during disassembly of Agg 2.
From a plot of the concentration-dependent absorbance at the absorption maximum of Agg 2 at
A =463 nm (characteristic for the disassembly of Agg 2, Chapter 7.1, Figure 41) against the
temperature, the cooperative?>’! nature of Agg 2 formation is clearly visible (Figure 20e).
From the latter graph, the critical temperatures 7t can be estimated which increase from 310 to
315 K with increasing concentration from cr=1.3 x 107 M to 2.0 x 10* M. To obtain the
thermodynamic parameters, we modified a routine reported by Sugiyasu and Takeuchil*!-*?] that
accounts for three species in equilibrium with the assumption that during the disassembly of

Agg 2 the emerging monomers preferably form even-sized Agg 1 oligomers!?®! due to the
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enhanced stability of the dimers (for details, see Chapter 7.1). From this analysis the elongation
constants Kk at the respective critical temperatures 7t were extracted and a van’t Hoff plot was
prepared (inset Figure 20b) giving AH°=-80.3 kJmol™!, AS°=-157Jmol ' K! and
AG° (298 K) =—33.5 kI mol! for the elongation process of Agg 2 (Table 1). Similarly, the
disassembly of Agg 3 was monitored by temperature-dependent UV/vis spectroscopy. Upon
increasing the temperature from 298 to 325 K, the characteristic lowest energy absorption band
at A =575 nm disappears and the broad absorption spectrum of Agg 3 converts into an
absorption spectrum resembling a mixture of Agg 3, Agg 1, and monomers (Figure 20c). As
for Agg 2, a plot of the concentration-dependent absorbances at A = 575 nm (characteristic for
the disassembly of Agg 3, Chapter 7.1, Figure 42) reveals a cooperative aggregation mechanism
with increasing critical temperatures 7k upon increasing concentration (Figure 20f). Performing
the same analysis as for Agg 2 (for details, see Chapter 7.1) yields AH® =—96.3 kJ mol !,
AS° =-208 J mol ' K™!, and AG®° (298 K) = —34.3 kJ mol ! for the elongation process from the
van’t Hoff plot (inset Figure 20c and Table 1).

From the thermodynamic analysis, it becomes obvious that the thermodynamic stabilities of the
three polymorphs are all in the same range and furthermore depend on the aggregate size

(Figure 21, discussion in Chapter 3.3).

N
o
1

N
o
1

-3.0

AG°® (10% kJ mol™)

&
o
1

o
o

5 10 15

N (PBI) in an aggregate
Figure 21. Change in the standard Gibbs free energy of sections of (R,R)-PBI polymorph stacks consisting of N
PBI molecules at 298 K. Zoom: Standard Gibbs free energy for N =2 and 3. For the sake of clarity solid lines are

omitted in the insets.
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3.2.5 Elucidation of the Kinetics and Pathway Control of the
Supramolecular Polymorphism of (R,R)-PBI

In addition to the thermodynamic characterization of the three spectroscopically and
microscopically distinct (R,R)-PBI polymorphs, kinetic studies were conducted to investigate
the transformations between different polymorphic states, as well as the possibility of using
seeds to induce the formation of a certain polymorph. As described above, ultrasonication (for
experimental details see Chapter 7.1) was used to induce the transformation of Agg 1 into

Agg 2 or Agg 3 in MCH/Tol (5:4, v/v) solution (Figure 22).
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Figure 22. UV/vis-absorption spectra of the transformations of Agg 1 — Agg 2 (cr=3.0 x 10* M, 298 K) (a)
and Agg 1 — Agg 3 (cr=5.0 x 10* M, 308 K) (b) in MCH/Tol (5:4, v/v) depending on the sonication period.
Fully equilibrated solutions of Agg 3 were obtained after cooling the respective solution from 308 K (purple line)
to 298 K (blue line) after complete transformation. Insets: Plots of the ¢ values at A =463 nm (a) and A =575 nm
(b) derived from the absorption spectra at different concentrations as a function of the sonication period for the

transformations Agg 1 — Agg 2 (a) and Agg 1 — Agg 3 (b), respectively. Lines are set to guide the eye.

The transformation of Agg 1 to Agg 2 was performed at 293 — 298 K. The respective UV/vis
spectra (Figure 22a) and plots of ¢ values at A = 463 nm show a gradual transformation of Agg 1
into Agg 2 after a certain induction period that increases with decreasing concentration (inset
Figure 22a). The nonlinear sigmoidal kinetics is characteristic for an autocatalytic process!'2"
in accordance with the cooperative aggregation mechanism of Agg 2.12% 4143 The lag time o,
defined as the time at which the transformation is 50% completed, decreases with increasing
concentration (inset Figure 22a). This result is in accordance with our theoretical studies which

42, 146, 168, 244

suggested that Agg 1 is an on-pathway intermediate! I'to the formation of Agg 2,

meaning that Agg 2 is directly formed from Agg 1 without the involvement of monomers as
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intermediates. Notably, clear isosbestic points can be observed in the UV/vis spectra as well as
in the corresponding CD spectra (Chapter 7.1, Figure 43), indicating that exactly two species,
namely Agg 1 and Agg 2 (no Agg 3), are present during the transformation process.

The transformation of Agg 1 into Agg 3 in MCH/Tol (5:4, v/v) was achieved with the same
experimental setup as the transformation of Agg 1 into Agg 2. Since Agg 3 is
thermodynamically more stable than Agg 2 upon increasing aggregate size (Table 1 and Figure
21), the concentration of the Agg 1 solution was increased to cr>3.0 x 107* M.
Simultaneously, the transformation temperature was increased to 308 K to favor the
disassembly of potentially occurring Agg 2 to form Agg 3 exclusively. After complete
transformation, the solutions were cooled from 308 K (purple line, Figure 22b) to 298 K (blue
line, Figure 22b), and the characteristic absorption spectrum (for comparison see Figure 16a)
of Agg 3 was obtained. Again, isosbestic points in the UV/vis and CD spectra (Chapter 7.1,
Figure 44) evidence the existence of only two species, namely Agg 1 and Agg 3, during the
transformation process, and therefore the occurrence of Agg 2 can be excluded. A plot of the ¢
values at 4 =575 nm (inset Figure 22b) reveals the sigmoidal kinetics of the transformation
characteristic for an autocatalytic aggregation process which is in accordance with a cooperative
supramolecular polymerization process of Agg 3. Again, the lag time #so for the transformation
of Agg 1 into Agg 3 decreases upon increasing concentration (inset Figure 22b), indicating that

Agg 1 is an on-pathway intermediate to Agg 3.

From these studies, it becomes obvious that the supramolecular polymorphism of (R,R)-PBI
can be controlled physically with Agg 1 acting as the central kinetically trapped species from
which Agg 2 and Agg 3 can be independently obtained by ultrasonication. This notion prompted
us to perform seeded supramolecular polymerization experiments to produce Agg 2 (Figure
23a) and Agg 3 (Figure 23c) from Agg 1 to control the supramolecular polymorphism in a

similar way as done in conventional crystallizations by addition of crystal seeds.
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Figure 23. UV/vis-absorption spectra (7(Agg 2seed)/n(Agg 1) = 1:5 (a) or n(Agg 3seea)/n(Agg 1) = 1:5 (¢)) and time
course of the change in ¢ at A =463 nm (a) or A = 575 nm (c¢) of the seeded supramolecular polymerization initiated
by the addition of Agg 2sced (a) or AZg 3seed (¢) to a solution of Agg 1 (insets: n(Agg 2seed)/n(Agg 1) (a) or
n(Agg 3seea)/n(Agg 1) (¢) of 1:1 (black), 1:5 (red), and 1:10 (blue); the mixtures were prepared with stock solutions
of [Agg 1] = [Agg 2sced] = [AgE 3seea] = 4.0 x 107* M in MCH/Tol (5:4, v/v), 298 K). Histograms of the length
distributions of Agg 2sced (b) and Agg 3seea (d) as well as AFM height images of Agg 2seea (inset (b), Z scale is
12 nm) and Agg 3seea (inset (d), Z scale is 13 nm) prepared by spin-coating (10000 rpm) of the respective seed
solution onto HOPG.*

Seeds of Agg 2 (Figure 23b) and Agg 3 (Figure 23d) were produced by treating the respective
solutions (ct=4.0 x 10°* M, MCH/Tol (5:4, v/v)) for 10 or 5 min in an ultrasonic bath,
respectively. The lengths of Agg 2seed were 25 — 350 nm; those of Agg 3seed, 15 — 250 nm. The
morphology of the seeds (i.e., 1D nanofibers) as well as the respective UV/vis and CD spectra
were identical to those of the respective polymorphs Agg 2 and Agg 3.

* AFM measurements were performed by V. Stepanenko.
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Seeded supramolecular polymerization was conducted by adding Agg 2seed (Figure 23a,c) or
Agg 3scea (Figure 23b,d) solutions to a solution of kinetically trapped Agg 1 (ct = 4.0 x 107* M,
MCH/Tol (5:4, v/v)) at molar ratios of 1:1, 1:5, and 1:10, and the induced transformations were
followed by UV/vis spectroscopy. As shown in the insets of Figure 23a and b, seed addition
completely eliminated the lag time resulting from the energy barrier for nucleation and directed
metastable Agg 1 into either Agg 2 or Agg 3 depending on the respective seeds. The seed-
induced transformations are significantly faster than the spontaneous aggregation of Agg 1 to
Agg 2 which did not occur within several days, while spontaneous transformation of Agg 1 into
Agg 3 was never observed over time in the absence of ultrasonication. As expected, higher
amounts of seeds led to faster transformation of Agg 1 into the respective polymorph. Notably,
propagation from the termini of the seeds occurred linearly as a function of time which clearly
reflects the one-dimensional character of the respective nanofiber seeds (1D seeded

supramolecular polymerization).!*1-4?!

3.3 Discussion

Crystallization is a result of a complex interplay of thermodynamics and kinetics and often
accompanied by the occurrence of different solid state polymorphs. Despite the paramount
importance of polymorphism in pharmaceutical and color pigment industries, mechanistic

[128, 146, 291) and the desired polymorphs are obtained more by empirically

insights remain scarce
optimized procedures than based on mechanistic insights. In order to study polymorphism at its
origin, that is, the initial self-assembly processes of molecular building blocks, here we have
elucidated the simpler one-dimensional supramolecular polymerization for the model
compound (R,R)-PBI. Our combined experimental and theoretical results are summarized in a
qualitative energy landscape that covers the behavior of this system at different concentrations
(Figure 24) and illustrates the pathway control of supramolecular polymorphism either
physically by ultrasonication (magenta arrows) or chemically by seeding (black arrows). Upon
increasing concentration, at infinite dilution stable monomeric (R,R)-PBI first self-assembles
into Agg 1 dimers as shown in the middle of Figure 24 (grey arrow). Upon further increase of

concentration, Agg 1 elongates into small-sized nanoparticulate oligomers following an

anticooperative supramolecular polymerization.
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Figure 24. Qualitative energy landscape of the supramolecular polymerization of (R,R)-PBI dimers into its three
polymorphs Agg 1-3 upon increasing concentration cr. The aggregate structures are schematically illustrated on
PBI stacks generated using structural parameters obtained from PM6-D3H4 dimer calculations.* Q denotes the

coordinate for the lowest-energy reaction pathway between the aggregate species at a given concentration cr.

Already this anticooperativity points at the fact that this process is not associated with a
significant gain in free enthalpy and that dimers of Agg 1 are the predominant species within
Agg 1 oligomers due to their exceptionally high Gibbs Free energy (compared to further
elongation of the dimers, Table 1) caused by 4-fold intermolecular N—Hamide' " -O=Cimide
hydrogen-bonding between adjacent chromophores within a dimer. In contrast, the
thermodynamic stability of Agg 2 and Agg 3 structures that was at low concentrations not
sufficient to initiate nucleation now at higher concentration provides sufficient driving force to
enable upon ultrasonication the nucleation and growth process of nanofibers of Agg 2 and Agg
3 polymorphs. Accordingly, after reaching a concentration greater than cr > 1.0 x 1074 M, Agg
2 and Agg 3 can be produced from Agg 1 at room temperature according to the nucleation-

elongation mechanism!>> as commonly observed for classical crystallization processes.

* Quantum chemical calculations were performed by M. 1. S. R6hr and M. Biihler.
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We note that the exact critical concentrations for the transformations Agg 1 — Agg 2 and Agg 1
— Agg 3 cannot be determined accurately, since the transformations have to be initiated and
accelerated by ultrasonication to ensure a transformation in a reproducible time window of
~3 h. As predicted by our simulations on the initial step of the nucleation process of dimeric
Agg 1 into either Agg 2 or Agg 3, the ultrasound-induced transformation processes proceed in
an on-pathway fashion, meaning that the initial nucleation toward Agg 2 or Agg 3 nuclei is
initiated by rearrangement processes of the individual molecules within Agg 1 rather than
disassembly into monomers (Chapter 3.2.3 and 3.2.5). Hence, oligomeric Agg 1 solution is not
only the central kinetically trapped state from which Agg 2 and Agg 3 can be produced, but it
can be considered as a supersaturated solution according to classical crystallization theory.*®!
In the physically controlled pathway, ultrasonication induces the rearrangement of hydrogen-
bonded dimers that are in dynamic equilibrium with Agg 1 oligomers (indicated in the middle
of Figure 24) into either Agg 2 (sonication at 293 — 298 K) or Agg 3 dimers (sonication at
308 K) (rear magenta arrows in Figure 24). At high concentrations, these initially formed Agg 2
or Agg 3 dimers further self-assemble to the respective nuclei whose elongation provides the
polymeric nanofibers of Agg 2 or Agg 3 (magenta arrows on the left- and right-hand side in
Figure 24).

To understand why the supramolecular polymorphism of (R,R)-PBI arises at rather high
concentrations (cr>1.0 x 10°* M), the complex interplay between thermodynamics and
kinetics has to be considered. Although the combination of the unique asymmetric hydrogen-
bonding pattern and z—x interactions within the polymorphs leads to similar Gibbs free energy
releases upon formation of the intermolecular contacts between the chromophores within the
polymorphs (Table 1), the formation of a certain polymorph is size-dependent which has
thermodynamic (Table 1 and Figure 21) and kinetic reasons: in the qualitative free energy
landscape illustrating the concentration-dependent behavior of the supramolecular system
(R,R)-PBI, the dimeric structures constitute local energy minima based on our theoretical
calculations (Figure 24). For small numbers of PBI chromophores N (e.g., N=2), Agg 1 is the
most thermodynamically stable polymorph (AG® (Agg 2) > AG° (Agg 3) > AG° (Agg 1)) at
298 K owing to the exceptionally high stability of 4-fold hydrogen-bonded dimeric Agg 1
which is by 2.4 k] mol ! or 1.6 k] mol™' more stable than Agg 2 or Agg 3 dimers (referring to
our experimental data for dimer formation of Agg 2 or Agg 3). While energy barriers between
dimeric and enlarged Agg 2 and Agg 3 stemming from the cooperative character of the
supramolecular polymerizations of Agg 2 and Agg 3 account for the thermodynamically

unfavorable nucleation processes (Figure 20e,f),>> no such energy barrier is given for the
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anticooperative polymerization of Agg 1 (Figure 24). However, as calculated from the
experimentally determined AG® values of the supramolecular polymerization processes of
Agg 1-3 (Table 1 and Figure 21), the standard Gibbs free energies of larger species with N > 7
follow the trend AG° (Agg 1) > AG° (Agg 2) > AG° (Agg 3). These results are consistent with
the observation that Agg 2 and Agg 3 form at high concentrations (cr > 1.0 x 10* M) where
Agg 2 and Agg 3 gain in stability compared to initially formed Agg 1, whereas at lower

concentrations (ct < 2.0 x 107> M) only Agg 1 is observed.

The preferential formation of either Agg 2 or Agg 3 at higher concentrations has most likely
also a kinetic reason: in one-dimensional helical supramolecular polymers, such as Agg 2 and
Agg 3, the nucleus size typically corresponds to one helical turn.!*>! Considering the helical
pitches of about 5.5 and 16 nm as obtained by AFM (Figure 16d,e and Chapter 7.1, Figure
34c—h) for Agg 2 and Agg 3, respectively, and the calculated z—x distance of the chromophores
of 3.7 A (Figure 18), the nucleus sizes of Agg 2 and Agg 3 would be about 15 and 43 molecules,
respectively. Hence, at low concentrations, nucleation of Agg 2 or Agg 3 is less probable
because of a high loss of translational entropy upon immobilization of the initially produced
Agg 2 and Agg 3 dimers that need to further self-assemble to the whole nucleus. As indicated
in Figure 24, these nucleation barriers between Agg 1 and either Agg 2 or Agg 3 decrease upon
increasing concentration. At concentrations above cr > 3.0 x 10™* M, the nucleation barrier of
Agg 2 becomes low enough that spontaneous transformation of Agg 1 into Agg 2 occurred even
without ultrasonication, while the spontaneous transformation of Agg 1 into Agg 3 was never
observed, meaning that the nucleation barrier between Agg 1 and Agg 3 is considerably higher
than between Agg 1 and Agg 2, which is consistent with a three-times larger nucleus size of
Agg 3 (Figure 24). This is also the reason why the ultrasound-induced transformation of Agg 1
into Agg 3 at a total concentration of cr=3.0 x 10°* M has to be conducted at a higher
temperature (308 K) compared to the transformation of Agg 1 into Agg 2 (293 — 298 K). The
increased temperature further facilitates the disassembly of potentially forming Agg 2 because
of its lower thermodynamic stability compared to Agg 3 (Table 1). Thus, the occurrence of
Agg 2 during the ultrasound-induced transformation of Agg 1 into Agg 3 was effectively
eliminated at 308 K.

In analogy to conventional crystallization processes initiated by addition of small seed crystals,
the same approach was applied as a chemical tool to control the pathway complexity of the
supramolecular polymorphism of (R,R)-PBI. Seed addition almost completely eliminated the
energy barriers between Agg 1 and Agg 2 or Agg 1 and Agg 3, originating from
thermodynamically unfavorable nucleation (pathways indicated with black arrows in Figure
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24). Furthermore, these experiments show that Agg 2 and Agg 3 are thermodynamically more
stable than Agg 1 at cr=4.0 x 10°* M, clearly reflecting the observed size-dependency of
polymorph stability. Interestingly, a spontaneous back transformation to another polymorph
was never observed for Agg 2 and Agg 3 due to their high kinetic stabilities which allows the

preparation of all three polymorphs in solution followed by isolation in the solid state.

In sharp contrast to (R,R)-PBI, our previously studied organogelator systems PBI-1* 8% and
PBI-51>2] each self-assemble under the investigated experimental conditions into a single
thermodynamically stable supramolecular polymorph due to a perfect match of 7—x stacking
interactions and intermolecular hydrogen bonds between the amide moieties on both sides of
the respective molecule. Obviously, the additional sterical constraints imposed by the methyl
substituents in close vicinity to the imide groups disfavors such a triple contact noncovalent
binding motif which was never observed for (R,R)-PBI within our elaborate solvent-,
concentration-, and temperature-dependent studies. Summing up, the similar but size-
dependent aggregate stabilities due to the unique hydrogen-bonding pattern and packing motifs
caused by the introduction of two a-CHz groups leads to a delicate trade-off between
thermodynamics and kinetics, preventing the system from relaxing into a single strongly
thermodynamically favored global energy minimum from which it cannot “escape” into another
local energy minimum (another polymorph). This enables the supramolecular polymorphism

of (R,R)-PBI in MCH/Tol 5:4 which was not observed for PBI-1, PBI-2 or PBI-5.12% 43 80, 251-
252]

At the current state of this novel field of research, it is not clear if (R,R)-PBI with its three
polymorphs is a rare example or if for other 7 scaffold-based organogelators!'**! conditions for
the formation of different polymorphs were just not discovered. Nevertheless, taking into
consideration that three-dimensional packing in crystals offers by far more possible variations
than one-dimensional supramolecular polymerization, it is likely that smaller numbers of
polymorphs are to be expected for the latter. Accordingly, (R,R)-PBI appears as a beautiful
showcase, in particular due to its structural similarity to PBI-1, PBI-2 and PBI-5 for which no

supramolecular polymorphism has been observed.

3.4 Conclusion

Polymorphism is a ubiquitous phenomenon in all research areas involving solid substances.

Understanding and controlling the polymorphism of chemical compounds represents a major
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challenge not only from an academic but also from an industrial point of view since the

properties of a given material are determined by its packing arrangement.

Herein, in the context of our research on 7 organogelators and supramolecular polymerization,
we discovered a unique example of supramolecular polymorphism which could be elucidated
at the lowest level of hierarchy (i.e., the formation of 1D nanostructures). Accordingly, (R,R)-
PBI shows three different one-dimensional supramolecular polymorphs that were isolable and
stable over weeks in the same solvent and at the same concentration at room temperature. All
three polymorphs show different packing arrangements with regard to their z—x stacking
modes, their orientations of the a-CH3 groups, and hydrogen-bonding patterns, leading to
similar but size-dependent thermodynamic stabilities of the three polymorphs. Kinetic
investigations revealed that the polymorphism of (R,R)-PBI is not only caused by similar and
size-dependent thermodynamic stabilities of the different polymorphs but also by specific
energetic barriers between the respective polymorphs which are high enough to allow their
isolation but low enough that they can be overcome by ultrasonication or the addition of seeds.
Thus, we utilized ultrasonication as a physical tool and seeding as a chemical tool to control the

pathway complexity of the supramolecular system (R,R)-PBI.

To conclude, this study elucidated by experimental and theoretical methods how
supramolecular polymorphs can be properly characterized in terms of structure and
thermodynamics as well as how they can be interconverted by ultrasonication or the addition
of seeds. The here outlined approach should further provoke chemists to consider a
supramolecular approach for the production of different ensembles of a given compound with
distinct functional properties. Taking up McCrone’s impactful quote that the “number of forms
known for a given compound is proportional to the time and money spent in research on that
compound” from 1965,147- %2 the same holds true for supramolecular systems where we would
expect that many more supramolecular structures might be accessible if sufficient efforts in fine-
tuning parameters like the solvent, temperature, and concentration are spent or mechanical

forces such as ultrasonication are exploited in detail and optimized.
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Chapter 4

Control of Self-Assembly Pathways toward
Conglomerate and Racemic
Supramolecular Polymers
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= Thermodynamic
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supramolecular
polymer

This chapter and the corresponding supporting information (Chapter 7.2) were submitted for

publication:

M. Wehner, M. I. S. Rohr, V. Stepanenko, F. Wiirthner, submitted for publication, 2020.

Abstract. Homo- and heterochiral aggregation during crystallization of organic molecules has
significance both for fundamental questions related to the origin of life as well as for the
separation of homochiral compounds from their racemates in industrial processes. Herein, we

analyze these phenomena at the lowest level of hierarchy — that is the self-assembly of a racemic
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mixture of (R,R)- and (S,5)-PBI into 1D supramolecular polymers. By a combination of UV/vis
and NMR spectroscopy as well as atomic force microscopy, we demonstrate that homochiral
aggregation of the racemic mixture leads to the formation of two types of supramolecular
conglomerates under kinetic control, while under thermodynamic control heterochiral
aggregation is preferred, affording a racemic supramolecular polymer. FT-IR spectroscopy and
quantum chemical calculations reveal unique packing arrangements and hydrogen-bonding
patterns within these supramolecular polymers. Time-, concentration- and temperature-
dependent UV/vis experiments provided further insights into the kinetic and thermodynamic

control of the conglomerate and racemic supramolecular polymer formation.
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4.1 Introduction

Homo- and heterochiral aggregation during crystallization of organic racemates have not only
been discussed in the context of the origin of homochirality on earth,>!” but are also of
paramount importance for the separation and purification of racemic mixtures in
pharmaceutical and agricultural industry or biotechnology.?>>2*°1 In general, crystallization of
racemic mixtures affords in over 90% of all cases racemic crystals containing both enantiomers
within the same crystal, while far less frequently, conglomerates are formed which are

§[s1, 226

equimolar mixtures of homochiral crystal 1 as first reported in the seminal work of L.

(2931 However, until now, the outcome of racemate crystallization processes can still not

Pasteur.
be accurately predicted due to the complex interplay between thermodynamic and kinetic
factors governing nucleation and crystal growth.[?26228] Hence, a reduction of the complexity
from 3D crystallization to 1D supramolecular self-assembly processes offers an appealing
alternative to acquire deeper mechanistic insight on conglomerate and racemic crystal

formation at its origin.

Indeed, within the last 20 years, research on self-assembly advanced significantly towards
structures of increasing size including one- and two-dimensional supramolecular polymers.[®
2941 While this research relied for many years on thermodynamic control,[?>2”> 242 je. the
generation of equilibrium structures, only recently an advancement toward kinetically
controlled supramolecular polymerization processes!!? 32 3% 37 196-197) and the smart utilization
of out-of-equilibrium species took place.l!>* 157 1981 Thys, combining knowledge on the
thermodynamics together with detailed kinetic analysis enabled the control of supramolecular
polymerization pathways towards certain supramolecular architectures.!? 10 2951 Egpecially

143, 145]

experimental parameters like the solvent, 4% 172 18] temperature! or external stimuli such

[153, 174]

as irradiation, stirring!7% 1731 and seeding!*!-#4 180-181. 1841 proved as viable tools to control

the pathway complexity of supramolecular polymerizations that led to the discovery of a

multitude of examples where different supramolecular polymorphs were formed.[””- 128 1671

An interesting example of supramolecular polymorphism has been described in the preceding
Chapter 3. Thus, for enantiomerically pure perylene bisimide (PBI) dye (R,R)-PBI three
polymorphic supramolecular polymers ((R,R)-Agg 1-3) could be produced at the same
concentration in the same solvent by a proper choice of ultrasound conditions.””] Accordingly,
we were wondering if racemic mixtures of (R,R)-PBI with its enantiomer (S,S)-PBI would
follow the same kinetic self-assembly pathways to give conglomerates or if a new racemic

supramolecular polymer could form under properly chosen self-assembly conditions.
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While thermodynamic and kinetic characteristics of conglomerate and racemic compound

[226-228]

formation have been studied in 3D crystallization processes or two-dimensional (2D)

218, 2311 herein the first detailed mechanistic study on

self-assembly processes on surfaces,!
conglomerate versus racemic compound formation in the 1D supramolecular polymerization of
a racemic mixture of (R,R)- and (S,S)-PBI is provided. It is demonstrated that conglomerate
helical supramolecular polymer formation proceeds under kinetic control leading to two
different conglomerates Con-Agg 1 and Con-Agg 2 while under thermodynamic control
racemic supramolecular nanorod (Rac-Agg 4) formation by heterochiral aggregation of (R,R)-

and (S,S)-PBI is preferred.

4.2 Results

4.2.1 Synthesis of (S,S)-PBI

(S,S)-PBI was synthesized as described for (R,R)-PBI'*>*! from 3,4,5-tris-(dodecyloxy)benzoic
acid (16)12> according to literature known methods.l’> 77- 80 233 255256, 2961 Therefore, 16 was
converted with thionyl chloride into the corresponding acyl chloride followed by amidization
with ($)-17%32¢ which gave compound (S)-18 in a yield of 84% over two steps.l’”]
Afterwards, the Boc protecting group of (§)-18 was cleaved with trifluoroacetic acid and the
resulting benzamide precursor was reacted with perylene-3,4:9,10-tetracarboxylic acid
bisanhydride (20) in imidazole to the target compound (S,S8)-PBI which was isolated as a red
solid in a yield of 68% (Scheme 2). The synthetic details and characterization data are provided

in Chapter 7.2.

o (0]
1) SOCl,, 80 °C, 3 h H»5C 150, NHBoc
H»5C 120,
»5Cia on o N/\r
NHBoc
2 Hy5C 1,0
Hy5C120 )HZN/\I/ 2oz

(117 OC1,H
OC2Hzs NEt; DCM 127725
16 nt, 30 min (S)-18: 84%
1) CF3COLH, CHCl3, 1t, 24 h Ha25C 120 -
5 5 > HysC120 0) 0
N Oad,
5 o @'@ 5 HysC120 ‘>—N . N{ OC12Hos
PP DaWatha'
o g O o) OC1Has
imidazole 20 o
100 °C, 5 h (S,5)-PBI: 68%

OC12H2s

Scheme 2. Synthesis of (,S5)-PBI starting from literature known 3,4,5-trisdodecylbenzoic acid (16). The synthesis

of (8,5)-PBI was reported in reference?3!,
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4.2.2 Supramolecular Synthesis and Spectroscopic Studies

Before studying the self-assembly behavior of the racemic mixture of (R,R)- and (S,S)-PBI
(Figure 25a), the supramolecular polymerization of enantiopure (S,S)-PBI was compared to
that of (R,R)-PBI. It should be noted that for simplicity, the supramolecular polymorphs of
(R,R)-PBI were termed as Agg 1-3 without a stereo descriptor in Chapter 3, while the same
polymorphs will be termed as (R,R)-Agg 1-3 in Chapter 4—6 to distinguish them from those
of (S5,S)-PBI which are termed as (S,S5)-Agg 1-3.

a R ic Mixt b 5.0
_</o acemic Mixture (R,R)- or (S,S)- Racemate
i A’N—\_O @ Q 404 °°°°° Agg1 ——Con-Agg 1
\— 0.0 . ceees Agg 2 Con-Agg 2
N \IF D eccoe A 3 RaC'A 4
4 \ o/>_R E 50l 9g a9
R,R)-PBI <
RR) OC12H2s =
S 2.0
R=-- OC12H25 =
O W )
% Q OC12Hzs 1.0 e %,
THBRC -
IR %000 430 500 550 600 650 700
(8,5)-PBI 0
Wavelength (nm)
C 30
- Q | I ——Con-Agg 1
N 20 ——Con-Agg 2
;_b Rac-Agg 4
. 293 -298 K I . @ 10
Con-Agg 1 Con-Agg 2 'g 0
]
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O N | .
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‘ I -30 : . : , .
| 400 450 500 550 600 650 700
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Figure 25. (a) Chemical structures of (R,R)- and (S,S)-PBI and schematic depiction of the ultrasound-induced
supramolecular polymerization of the racemic mixture of (R,R)- and (S,.5)-PBI into the conglomerates Con-Agg 1
and Con-Agg 2 and racemic supramolecular polymer Rac-Agg 4. (b) UV/vis-absorption and (¢) CD spectra of the
three different supramolecular polymorphs of the racemic mixture of (R,R)- and (S,S)-PBI (solid lines;
cr=3.0x10*M for Con-Agg 1 and Con-Agg 2; ct=4.0 x 10* M for Rac-Agg 4; 298 K) in MCH/Tol (5:4,
v/v). For comparison, the absorption spectra of (R,R)-Agg 1-3 (dotted lines) have been included in (b). It should
be noted that the observed CD spectrum of Rac-Agg 4 is a LD artefact!®! (for details, see Chapter 7.2).
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According to UV/vis absorption spectroscopy (Figure 25b, dotted lines and Chapter 7.2, Figure
51), self-assembly of (S,S)-PBI under ultrasonication in a solvent mixture of
methylcyclohexane (MCH) and toluene (Tol) at a volume ratio of 5:4 (ct>3.0 x 107* M)
follows the same kinetic and thermodynamic pathways as reported for (R,R)-PBI (Chapter
3.2),U'"] thereby providing the supramolecular polymorphs (S,S)-Agg 1-3. However, the 1D
supramolecular polymorphs (S,S)-Agg 1-3 exhibit opposite helicities than their respective
enantiomeric polymorphs as evidenced by mirror image circular dichroism (CD) spectra

(Chapter 7.2, Figure 52).

For the investigation of conglomerate versus racemic compound formation (Figure 25a),
racemic mixtures of (R,R)- and (S,S)-PBI in MCH/Tol (5:4 v/v) were prepared as described in
Chapter 7.2. First insights whether a supramolecular conglomerate or a racemic supramolecular
polymer is formed, can be gained by UV/vis absorption spectroscopy: If the racemic mixture
forms a supramolecular conglomerate, that is an equal mixture of enantiomeric supramolecular
polymorphs of (R,R)- and (S,S5)-PBI formed by homochiral aggregation of the individual
enantiomers, the absorption spectrum of the conglomerate must be identical to those obtained
for the enantiopure polymorphs. In contrast, formation of hetero-contacts between the 7
scaffolds within a racemic supramolecular polymer should lead to different electronic
couplings!®¥ between the PBI chromophores and, hence, an absorption spectrum that differs

from those observed for the enantiopure compounds.

We first investigated the racemic mixture under the identical conditions (ct=3.0 x10™* M in
MCH/Tol (5:4 v/v) at 298 K) where (R,R)-PBI formed its three supramolecular polymorphs
(R,R)-Agg 1-3 (Chapter 3.2.2)."") Upon cooling of the hot (7 > 363 K) racemic mixture
(cr=3.0 x10* M) to 298 K, conglomerate Con-Agg 1 is formed instantaneously which is
composed of (R,R)-Agg 1 and (S,S5)-Agg 1 in a 1:1 ratio resulting in the same absorption spectra
of Con-Agg 1 and (R,R)-Agg 1 (Figure 25b). Con-Agg 1 has an absorption maximum located
at A=496 nm which is 26 nm hypsochromically shifted with regard to its constituting
monomers (Chapter 7.2, Figure 53) and shows another weaker band at longer wavelengths.
Such an absorption profile is typically observed for PBI H-aggregates!®! with rotationally
displaced PBI molecules.!?® 22 As expected for a racemic mixture, Con-Agg 1 does not show
any CD signal (Figure 25c). Atomic force microscopy (AFM) studies reveal the same
nanoparticle-like morphology of Con-Agg 1 as observed for (R,R)- and (S,S5)-Agg 1 (Figure
26a,d,g and Chapter 7.2, Table 3) with a diameter of 3.8 £ 0.3 nm, corresponding to small 1D
helical oligomers composed of hydrogen-bonded dimer pairs with an interplanar 7—r distance

of 3.6 A as reported previously for (R,R)-Agg 1 (Chapter 3.2.3)."7]
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a Con-Agg 1

d (RR)-Agg 1

Figure 26. AFM images of Con-Agg 1 (a), Con-Agg 2 (b), Rac-Agg 4 (c¢), (R,R)-Agg 1-3 (d-f) and (S,S)-
Agg 1-3 (g-i) spin-coated on HOPG from MCH/Tol (5:4, v/v). Z scales are 2.5 (a), 10 (b), 12 (¢), 3 (d), 11 (e),
14 (f), 2 (g), 7.5 (h) and 8 nm (i), respectively.* For Con-Agg 1, (R,R)- and (S,5)-Agg 1 only the height images
are shown whilst for the other species both height and phase images are provided. The helicities of the nanofibers

of Con-Agg 2 as well as of (R,R)- and (S,5)-Agg 2 and -Agg 3 are indicated in the respective phase images.

* AFM measurements were performed by V. Stepanenko.
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Further evidence for conglomerate formation can be obtained from VT-NMR spectroscopy in
deuterated toluene where the dimerization process of the respective monomers into (R,R)- and
(S5,5)-Agg 1 leading to Con-Agg 1 dimers upon cooling from 365 K to 262 K can be followed
(Chapter 7.2, Figure 54). Interestingly, the VT-'"H NMR spectra of the dimerization of Con-
Agg 1 look identical to that of (R,R)-PBI into (R,R)-Agg 1 dimers at all investigated
temperatures. This proves that Con-Agg 1 consists of homochiral (R,R)- and (S,S)-Agg 1 since
hetero-contact formation would result in differently arranged dimers with both, different
temperature-dependent NMR spectra and absorption characteristics than enantiopure (R,R)-

Agg 1.

To test if the racemic mixture follows the same self-assembly pathways as the enantiopure PBIs,
Con-Agg 1 was first sonicated under “kinetic conditions” at 293 — 298 K (Figure 25a) which
are the conditions for the ultrasound-induced transformation of (R,R)-Agg 1 into the kinetic
polymorph (R,R)-Agg 2 (Chapter 3.2.2)."7 Indeed, Con-Agg 1 was successfully transformed
into the supramolecular conglomerate Con-Agg 2 as evidenced by the identical absorption
spectra of Con-Agg 2 and (R,R)-Agg 2 (Figure 25b). Compared to Con-Agg 1, the absorption
maximum of Con-Agg 2 is further hypsochromically shifted to 4A=464 nm. Additional
absorption bands appear at A=489 nm and 536 nm. The latter can be ascribed to the
characteristic J-type excitonic coupling upon rotational displacement of the PBI dyes.[** 252 Ag
expected, Con-Agg 2 does also not show any CD signal (Figure 25¢). Conglomerate formation
becomes directly visible by investigating the morphology of Con-Agg 2 by AFM (Figure 26b
and Chapter 7.2, Figure 55 for enlarged AFM images). While (R,R)-Agg 2 and (S,S5)-Agg 2
show homochiral P- and M-helical 1D nanofibers (Figure 26¢,h), respectively, Con-Agg 2
reveals a 1:1 mixture of exactly these 1D supramolecular polymorphs. The P- and M-helices of
Con-Agg 2 both have a helical pitch of 5.7 = 0.2 nm and a diameter of 4.5 £+ 0.2 nm which are
the same characteristics as observed for enantiopure (R,R)-Agg 2 and (S,S5)-Agg 2 within the
given error range (for details, see Chapter 7.2, Table 3). Hence, it can be concluded that upon
ultrasonication at 293 — 298 K, (R,R)- and (S,5)-Agg 1 individually transform into the
homochiral nanofibers (R,R)- and (S,S)-Agg 2 resulting in Con-Agg 2.

Next, it was attempted to transform Con-Agg 1 into its thermodynamically stable state. In
previous studies on (R,R)-PBI, it was shown that ultrasonication of a (R,R)-Agg 1 solution in
MCH/Tol 5:4 (cr=3.0x10"*M) at 308 K for 180 min resulted in the formation of the
thermodynamically stable (R,R)-Agg3 (Figure 25b and Chapter 3.2.2) and that this
transformation process was faster the higher the concentration, thereby indicating an on-

pathway self-assembly process from the original dimer species (Chapter 3.2 and 3.3).””] While
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at a concentration of cr=3.0x10*M Con-Agg 1 did not transform into any new
supramolecular polymorph within 180 min, ultrasonication of Con-Agg 1 at an increased
concentration of cr>4.0 x10* M at 308 K led to the formation of a new supramolecular
polymorph (Figure 25a). Unexpectedly, Con-Agg 1 was not transformed into the conglomerate

Con-Agg 3 but rather into a new racemic supramolecular polymer termed as Rac-Agg 4.

In contrast to the conglomerates, Rac-Agg 4 shows a broad and unstructured absorption
spectrum with three absorption maxima that resembles those of (R,R)- or (S,5)-Agg 3 (Figure
25b). In contrast to (R,R)- or (S,5)-Agg 3, however, the absorption maximum of Rac-Agg 4
(A=472 nm) is blueshifted by 13 nm. The characteristic bathochromically shifted absorption
band of Rac-Agg 4 which results according to our theoretical calculations (Chapter 3.2.3) from
longitudinally and transversally shifted PBI chromophores also appears at lower wavelengths
(A=569 nm) and shows an about of 1500 M'cm™' increased extinction coefficient of
£=13500 M! cm™! compared to (R,R)- or (S,S)-Agg 3. Recent theoretical studies by Spano
and coworkers demonstrated that for such a slipped packing arrangement of PBIs, the large
exciton band width of the absorption band might result from a rather strong coupling between
Frenkel and charge transfer mediated excitons.[®*) In contrast to Con-Agg 1 and Con-Agg 2,
Rac-Agg 4 showed a negative monosignate CD signal with two minima at A =478 nm and
568 nm (Figure 25c) which was rather unexpected since racemic mixtures should not exhibit
any CD signal. Notably, the same CD signal can be reproduced at different concentrations and
is not a result of small enantiomeric excesses of (R,R)- or (S,S)-PBI within the Rac-Agg 4

[297-298] e noted

solution (Chapter 7.2, Figure 57). Instead, in accordance with previous reports,
a (partial) alignment of supramolecular nanofibers in the cuvette, leading to the contamination
of the CD spectra by artifacts from linear dichroism (LD) due to the optical imperfections of
our setup?”! (further discussed in Chapter 7.2, Figure 58). By careful CD and LD studies in
solution and aligned thin films we found that the observed monosignate CD signal stems from
LD artifacts due to an alignment of Rac-Agg 4 in the cuvette with preferentially vertically
oriented PBIs. AFM studies reveal that Rac-Agg 4 consists of short 1D nanorods (Figure 26¢)
with average lengths between 40 and 55 nm and a diameter of 4.1 + 0.2 (Chapter 7.2, Table 3)
that further agglomerate into sheet-like structures (Chapter 7.2, Figure 56) which is in line with
the observed LD effect. Most notably, the non-helical nanorods of Rac-Agg 4 constitute a
unique structure which has never been observed during the supramolecular polymerization of
enantiopure (R,R)- and (S,S)-PBI (Figure 26d—i). Hence, it can be concluded that those non-
helical nanorods result from the formation of hetero-contacts between (R,R)- and (S,S5)-PBI

molecules within Rac-Agg 4.
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For the elucidation of the hydrogen-bonding pattern within the new racemic supramolecular
polymorph Rac-Agg 4, Fourier-transform infrared (FT-IR) spectroscopy was conducted which
revealed N—H stretching frequencies at 3415, 3397 and 3306 cm ™! (Figure 27).

intramolecular amide-imide
intermolecular amide-imide H-bonds
intermolecular amide-amide

3415 3397 3306
I I

Transmittance

3500 3450 3400 3350 3300 3250
Wavenumber (cm™)

Figure 27. FT-IR spectrum of the N—H stretching region of Rac-Agg 4 in MCH/Tol (5:4, v/v) at 298 K

(ct=5.0 x 10°*M). The approximate spectral regions corresponding to the N—H stretching vibrations of

intramolecularly amide-imide (blue), intermolecularly amide-imide (green) and intermolecularly amide-amide

(red) hydrogen-bonded N—H groups are indicated based on previous results on the supramolecular polymorphs of

(R,R)-PBI under the same experimental conditions (Chapter 3.2.2, Figure 17b).["]

According to our previous studies on (R,R)-PBI (Chapter 3.2.2, Figure 17b), the peaks at 3415
and 3397 cm ™! may be attributed to stretching vibrations of N—H groups incorporated into
intermolecular hydrogen bonds between amide protons and imide oxygens of adjacent PBI
molecules which have only been observed for (R,R)-Agg 1."71 The fact, that two distinct
frequencies are observed may be explained by two different arrangements within the hydrogen-
bonded supramolecular polymer strand, i.e. between the same enantiomers and between
different enantiomers. The broad peak at 3306 cm™' and is characteristic for intermolecular
amide-amide hydrogen bonds and has also been observed for (R,R)-Agg 3 (Chapter 3.2.2,
Figure 17b). Due to the broadness of this signal, the two types of intermolecular amide-amide
hydrogen bonds between homo and heterochiral contacts presumably overlap. Since two
different types of intermolecular amide-imide hydrogen bonds are observed for Rac-Agg 4, a
structure with alternating monomers [*Re*S**Re*S*] (R and S denote (R,R)- and (S,S)-PBI,
respectively) can be ruled out since in such a structure only one type of intermolecular amide-
imide hydrogen bond should be observable. Instead, the present data in combination with

mechanistic insights from kinetic studies (Chapter 4.2.4) indicate a structure of Rac-Agg 4 in
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which (R,R)- and (S,S)-PBI dimers are connected in an alternate fashion ([*R**Re*S**S°],) with
intermolecular amide-amide hydrogen bonds on one side and intermolecular amide-imide

hydrogen bonds on the other side.

It is noteworthy that all three polymorphs of the racemic mixture can also be prepared at the
same concentration of cr=35.0 x 107 M by the above mentioned ultrasonication procedure
(Figure 25a and Chapter 7.2, Figure 59). They are kinetically stable and can be isolated in the
solid state, which justifies the designation of Con-Agg 1 and Con-Agg 2 as supramolecular

polymer conglomerates and Rac-Agg 4 as a racemic supramolecular polymer (Figure 59).

4.2.3 Theoretical Calculations

To get further insight into the structure of Rac-Agg 4, quantum chemical calculations were
performed for an octameric structural model of Rac-Agg 4, consisting of (R,R)- and (S,S)-PBI
dimers organized in alternating order.* The subsequent optimization using PM6-D3H4[273-275]
correction as implemented in the MOPAC software packagel?’®! gives rise to a relaxed
octameric structure (Chapter 7.2, Figure 60) from which for better clarity a tetramer section is

extracted and shown in Figure 28.
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Figure 28. Side and front view of a geometry-optimized tetramer structure extracted from an octameric stack of
Rac-Agg 4 (Chapter 7.2, Figure 60).* Hydrogen bonds are indicated by orange dashes und dodecyloxy chains

have been replaced by methoxy groups.

* Quantum chemical calculations were performed by M. 1. S. Rohr.
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Within Rac-Agg 4 the PBI molecules show a 7—r stacking distance of 3.4 A, average
longitudinal displacements of 0.7 A and 2.1 A within the homo- and hetero-contacts,
respectively, and no transversal displacement. The respective PBI molecules within the homo-
and heterodimers show average rotational displacements of 30° and 24°, respectively. Notably,
the PBI molecules within the RR- and the SS-dimers as well as those within the RS- and SR-
dimers are rotated in opposite directions (enantiomeric dimers within the Rac-Agg 4 stack).
Hence, the rotational displacements “cancel out” over the whole octameric stack resulting in a
non-helical strand which is in accordance with the AFM results (Figure 26¢). The geometry-
optimized structure of Rac-Agg 4 shows intermolecular amide-amide hydrogen bonds on one

side and intermolecular amide-imide hydrogen bonds on the other side (Figure 28).

In order to estimate the “’stabilization energy* upon packing of (R,R)- and (S,S)-PBI into a
racemic supramolecular polymorph, we employed single point calculations on the isolated
monomer and the homochiral (RR or §S) and heterochiral (RS or SR) dimers within the stack.
Subtracting the gas phase energy of the isolated monomers from the respective dimer energies
gives rise to the stabilization energy upon aggregation, which is on average —100.5 kJ mol ! for
the homochiral (R,R)- and (S,S)-PBI dimers and —110.4 kJ mol ™! for the heterochiral dimers.
The greater energy gain upon hetero-contact formation might result from additional dispersion

300-301] that are in close proximity to each other

interactions between the peripheral phenyl rings!
(middle RS-dimer in the front view, Figure 28 right). Such additional interactions are not
observed within the homodimers in which the respective phenyl rings point to opposite sides
(lower RR-dimer in the front view, Figure 28 right). In summary, our calculations indicate that
heterochiral aggregation is significantly more favorable and the main driving force for the

generation of the thermodynamically stable state Rac-Agg 4 (Chapter 4.2.5).

4.2.4 Kinetic Analyses

In order to gain further insights into conglomerate and racemic supramolecular polymer
formation, we performed time- and concentration-dependent UV/vis spectroscopic studies of
the ultrasound-induced transformation of Con-Agg 1 into Con-Agg 2 or Rac-Agg 4 (Figure
29).
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Figure 29. (a) UV/vis-absorption spectra for the transformations of Con-Agg 1 — Con-Agg 2 (cr = 3.0 x 10™ M,
sonication at 293 — 298 K) (a) and Con-Agg 1 — Rac-Agg 4 (cr =4.0 x 10™* M, sonication at 308 K) (b) in
MCH/Tol (5:4, v/v) depending on the sonication period. Inset (a): Comparison of the ¢ values at A = 464 nm of the
ultrasound-induced transformations Con-Agg 1 — Con-Agg 2 with those of the transformation of (R,R)-Agg 1
— (R,R)-Agg 2 (cr=3.0 x 10* M). Inset (b): Plot of the time-dependent ¢ values at A =569 nm at different
concentrations for the ultrasound-induced transformation of Con-Agg 1 — Rac-Agg 4. “Eq” denotes equilibration
achieved by letting the solution stand at room temperature after complete transformation. Lines are set to guide

the eye.

The UV/vis spectra (Figure 29a) and plot of ¢ values (inset Figure 29a) at the absorption
maximum of Con-Agg 2 (1 =464 nm) show a gradual transformation of Con-Agg 1 into Con-
Agg 2 upon ultrasonication at 293 — 298 K. While at a concentration of cr = 3.0 x 10™* M this
process is completed within 120 min it takes only 70 min at cr = 6.0 X 10™* M (Chapter 7.2,
Figure 61) which indicates that Con-Agg 2 is formed in an on-pathway fashion, i.e. Con-Agg
1 directly transforms into Con-Agg 2 without the dissociation into monomers as
intermediates.”” 1991 The same behavior has also been observed for the self-assembly of
enantiomerically pure (R,R)-Agg 1 into (R,R)-Agg 2 (Chapter 3.2.5)."1 Notably, clear
isosbestic points can be observed in the UV/vis spectra indicating that only Con-Agg 1 and
Con-Agg 2 are present during the transformation process and no Rac-Agg 4 is formed under
these “kinetic” ultrasonication conditions. The transformation of Con-Agg 1 into Con-Agg 2
i1s more than 60 min slower compared to the transformation of enantiopure (R,R)-Agg 1 into
(R,R)-Agg 2 under the same experimental conditions (inset Figure 29a) which fits well with
conglomerate formation because in a Con-Agg 1 solution with a concentration of
cr =3.0 x 10~* M, the individual concentrations of (R,R)- and (S,S)-PBI are 1.5 x 10~* M and,

hence, the on-pathway transformation — a process that becomes slower upon lowering the
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concentration — of Con-Agg 1 into Con-Agg 2 is slower compared to the transformation of

(R,R)-Agg 1 into (R,R)-Agg 2 at the same concentration of cr = 3.0 x 10™* M.

Ultrasonication of Con-Agg 1 at cr>4.0 x 10™* M at 308 K leads to the transformation into
Rac-Agg 4 (Figure 29b). Again, isosbestic points in the UV/vis spectra prove the existence of
only two species, i.e. Con-Agg 1 and Rac-Agg 4, in equilibrium. A plot of the concentration
and time-dependent ¢ values at A =569 nm reveals that the transformation of Con-Agg 1 into
Rac-Agg 4 is faster the higher the concentration of Con-Agg 1 (inset Figure 29b), indicating
again that Con-Agg 1 dimer units are on-pathway intermediates to Rac-Agg 4. Notably, this
implies that no disassembly into monomers takes place prior further aggregation into Rac-Agg
4 and, hence, this also precludes an alternating [*ReeS**Re*Se]s-structure of Rac-Agg 4.
Together with the fact that all transformations within the supramolecular polymorphs of
enantiopure (R,R)-PBI occur on the dimer level (Chapter 3.2.3 and 3.3)"") this result further
supports the calculated [¢ReeReeS*sSe]n-structure of Rac-Agg 4 with alternating dimers.
Furthermore, the non-linear sigmoidal kinetics of Rac-Agg 4 formation is characteristic for an

[25, 41, 43, 77

autocatalytic process following the cooperative aggregation mechanism I which is

proven in the next section.

4.2.5 Thermodynamic Analyses

While the thermodynamic characteristics of Con-Agg 1 and Con-Agg 2 can be deduced from
previous studies on (R,R)-Agg 1 and (R,R)-Agg 2 (Chapter 3.2.4, Table 1),I"’! temperature-
dependent UV/vis spectroscopic studies were conducted to elucidate the aggregation
mechanism and the thermodynamic parameters of the new racemic supramolecular polymer
Rac-Agg 4 (Figure 30). Since Rac-Agg 4 is only accessible at higher concentration under
ultrasound irradiation, the thermodynamics of Rac-Agg 4 formation cannot be monitored.
However, the dissociation process of Rac-Agg 4 can be analyzed by temperature-dependent
UV/vis spectroscopy. Upon heating of Rac-Agg 4 from 293 K to 340 K (Figure 30a), the
characteristic lowest energy absorption band of Rac-Agg 4 at A=569 nm and the broad
absorption spectrum of Rac-Agg 4 converts into an absorption spectrum resembling a mixture
of Con-Agg 1 and monomers (Figure 25b and Chapter 7.2, Figure 53). The lack of defined

isosbestic points further supports the involvement of these three species.
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Figure 30. (a) Temperature-dependent UV/vis-absorption spectra of Rac-Agg 4 upon heating (cr = 4.0 x 1074 M,
T =293 K — 340 K, heating rate: 1 K min™"). (b) Van't Hoff analysis of the thermodynamic parameters of the
elongation of Rac-Agg 4. Inset (b): Plot of the absorbances at A =569 nm as a function of temperature and

concentration. The dotted lines indicate the respective elongation temperatures.

A plot of absorbance at 4 =569 nm (inset Figure 30b) reveals a characteristic shape for a

)[25-26, 30) ith critical

cooperative aggregation mechanism for Rac-Agg 4 (Chapter 2.2
temperatures 7k that increase from 330 K to 332 K upon increasing concentration from
cr=4.0x10%M to 6.0x10*M. According to a previously reported procedure,’” we
determined the overall monomer concentrations cmono at the respective critical temperatures 7k
for different concentration of Rac-Agg 4 from which we prepared a van’t Hoff plot giving a
standard enthalpy release of AH°=-109kJmol! and standard entropy of
AS°=-243Jmol ' K! upon elongation as well as an association constant of
Kg=2.6x10°M™, and a standard Gibbs free energy of AG® =—36.6 k] mol ! at 298 K (for
details, see Chapter 7.2). The thermodynamic parameters of the supramolecular polymorphs of
the racemic mixture as well as those of the enantiopure compounds are summarized in Table 2.
The thermodynamic parameters of Con-Agg 1, Con-Agg 2 and hypothetic Con-Agg 3 can be
derived from those of (R,R)-Agg 1-3 by taking the following considerations into account: since
(R,R)-Agg 1-3 and (S,S)-Agg 1-3 are enantiomers with the same absorption characteristics
(Figure 25b and Chapter 7.2, Figure 51) the thermodynamic parameters of (S,5)-Agg 1-3 are
identical to those of (R,R)-Agg 1-3 (Chapter 3.2.4, Table 1).'’1 Con-Agg 1, Con-Agg 2 and
hypothetic Con-Agg 3 are conglomerates consisting of equal amounts of either (R,R)- and

(S,8)-Agg 1, (R,R)- and (S,S)-Agg 2 or equal amounts of (R,R)- and (S,S)-Agg 3, respectively.
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Table 2. Thermodynamic parameters K>, Kg, AH°, AS°® and AG® obtained for the supramolecular polymerization

processes of Con-Agg 1, Con-Agg 2, Rac-Agg 4 and of (R,R)- and (S,S)-Agg 1-3 in MCH/Tol (5:4, v/v).

Con-Agg 1 Con-Agg 2 (Con-Agg 3)
(R,R)-Agg 1 (R,R)-Agg2  (R,R)-Agg3
(S,5)-Agg 1 (5,5)-Agg2  (5,9)-Agg3
Dimerization Elongation
K> (298 K) 6
M) 2.0x10
Ke (29_§ K) 1.8 x 10° 7.5x10° 1.0 x 10° 2.6 x 10°
(M™)
AH°
(kJ mol™) -86.0 -86.0 -80.3 -96.3 109
ASO
(J mol! K1) —-168 —188 —157 -208 243
AG° (298 K) _
(kJ mol™) -35.9 -30.0 -33.5 -343 36.6

Therefore, the thermodynamic parameters of Con-Agg 1—3 are approximately identical to those
of (R,R)-Agg 1-3 under the assumption that no hetero-contacts are formed which is suggested
by VT-'H NMR spectroscopy (Chapter 7.2, Figure 54). We note that Con-Agg 3 is not formed
from the racemic mixture of (R,R)- and (S,S5)-PBI and, hence, it is written in parenthesis in
Table 2. The standard Gibbs free energies AG® at 298 K of Con-Agg 1-3 and Rac-Agg 4 were

used to calculate the racemic polymorph stabilities upon increasing aggregate size (Figure 31).
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Figure 31. Change in the standard Gibbs free energy AG® of sections of stacks of the racemic mixture of (R,R)-
and (S,S)-PBI consisting of N PBI molecules at 298 K. For comparison, the hypothetic AG® values of Con-Agg 3
are also plotted although this species is not formed within the racemic mixture due to the formation of

thermodynamically stable Rac-Agg 4 (see Chapter 4.3).
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4.3 Discussion

To construct a qualitative potential energy surface of the supramolecular conglomerate and
racemic supramolecular polymer formation, the polymer structures and thermodynamic

features of Con-Agg 1 and Con-Agg 2 will first be summarized (Figure 32 and Table 2).

Con-Agg 1 Monomers

Q/koz

Con-Agg 2

- =

Figure 32. Qualitative energy landscape for the supramolecular conglomerate and the racemic supramolecular

polymer formation from the racemic mixture of (R,R)- and (S,5)-PBI. The aggregate structures corresponding to
“accessible” supramolecular pathways (Con-Agg 1, Con-Agg 2 and Rac-Agg 4) are schematically illustrated in
colour while the structure of the “inaccessible” polymorph Con-Agg 3 is shown in grey. The colour code of the
respective PBIs is adjusted to Figure 25a, hydrogen-bonding is indicated with blue dashes. Q; and O, denote

coordinates for the lowest-energy reaction pathway between the different polymorphs.

Since these two conglomerates are composed of equal mixtures of homochiral (R,R)- and (S,S)-
Agg 1 or (R,R)- and (S,5)-Agg 2, the aforementioned characteristics are known from previous
extensive studies on (R,R)-PBI (Chapter 3.2 and 3.3).”’1 Thus, Con-Agg 1 consists of tightly
bound homochiral M- and P-helical (R,R)- and (S,:5)-Agg 1 dimers (Figure 32 and Chapter 7.2,
Figure 52) which are only loosely connected to each other by small elongation constants in an
anticooperative aggregation mechanism.?8! Within those dimers the respective PBI dyes are
connected by a combination of z—x interactions and intermolecular amide-imide hydrogen
bonds that show N—H stretching frequencies of 3406 and 3377 cm™' (Chapter 3.2.2, Figure

17b) while only weak van-der-Waals interactions are given between the respective dimers.
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In contrast to Con-Agg 1, Con-Agg 2 is formed by a cooperative supramolecular
polymerization and shows helical structures in which the respective PBI monomers within the
homochiral P- and M-helical (R,R)- and (S,S5)-Agg 2 are connected by a combination of 7—x
interactions and intermolecular amide-amide hydrogen bonds on one side (N—H stretching
frequency at 3336 cm™!). On the other side, however, intramolecular amide-imide hydrogen
bonds with N—H stretching frequencies at 3406 cm ™! are formed (Chapter 3.2.2, Figure 17b).

From the thermodynamic studies it becomes obvious that the racemic supramolecular polymer
Rac-Agg 4 is the thermodynamically stable state showing the highest Gibbs free energy release
upon elongation of AG°=-36.6kIJmol' while Con-Agg 1 shows AG° values of
—35.9 kI mol™! for its dimerization and —30.0 k] mol ! for further elongation of these dimers
and Con-Agg 2 a value of AG° (298 K) = —33.5 kJ mol '. Thus, upon increasing aggregate size
the thermodynamic stabilities follow the trend AG® (Con-Agg 1) > AG° (Con-Agg 2) >
AG®° (Rac-Agg 4) meaning that Rac-Agg 4 is the most stable and Con-Agg 1 the least stable
species as indicated in Figure 31 and in the qualitative potential energy surface (Figure 32).
This can on the one hand be explained by the formation of energetically favorable heterochiral
contacts between (R,R)- and (S,S5)-PBI dimers (Figure 28) but is also a result of stronger
hydrogen-bonding within Rac-Agg 4 (Figure 27) compared to that of Con-Agg 1 and Con-
Agg 2.1 Especially the intermolecular amide-amide hydrogen bonds within Rac-Agg 4 with
a N—H stretching frequency of 3306 cm™! are significantly stronger (indicated by a lower
wavenumber) than the respective amide-amide hydrogen bonds in Con-Agg 2 (3336 cm™}).
Furthermore, within Rac-Agg 4 two additional intermolecular amide-imide hydrogen bonds
with N—H stretching frequencies of 3415 and 3397 cm! are observed (Figure 27 and Figure
32) while Con-Agg 2 shows beside intermolecular amide-amide H-bonds only intramolecular
amide-imide H-bonds (N—H stretching frequency of 3406 cm!). Con-Agg 1 shows slightly
stronger intermolecular amide-imide hydrogen bonds with N—H stretching frequencies of 3406
and 3377 cm! than Rac-Agg 4 but additional strong intermolecular amide-amide hydrogen
bonds are missing within Con-Agg 1. Thus, the hydrogen-bonding pattern of Rac-Agg 4 results
in the energetically most favourable and most ordered structure with the highest standard

enthalpy release and the lowest (most unfavourable) standard entropy upon aggregation (Table

2).

Based on these data, the potential energy surface shown in Figure 32 was constructed that
reflects all the thermodynamic features of the supramolecular polymerization of the racemic
mixture of (R,R)- and (S§,S5)-PBI into the supramolecular conglomerates Con-Agg 1 and Con-

Agg 2 and the racemic supramolecular polymer Rac-Agg 4, respectively. Furthermore the
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energy surface includes the hypothetic polymerization pathway to Con-Agg 3 —a 1:1 mixture
of (R,R)- and (S,S5)-Agg 3 — which is not formed by the racemic mixture. In contrast, (R,R)-
and ($,5)-Agg 3 have been observed for the pure enantiomers in our previous study (Chapter
3.2 and 3.3).771On a qualitative level, Figure 32 also includes the transition energies of the self-
assembly pathways deduced from our kinetic data. Thus, upon cooling of a concentrated
(et >3.0 x 10* M) racemic mixture of (R,R)- and (S,S)-PBI, instantaneously Con-Agg 1 is
formed (green arrow, Figure 32) which is a kinetic conglomerate consisting of equal amounts
of small (R,R)- and ($,S5)-Agg 1 oligomers containing strongly bound dimeric species (Chapter
7.2, Figure 54). Con-Agg 1 is the central intermediate towards the formation of conglomerate
Con-Agg 2 and racemic compound Rac-Agg 4. Under kinetic conditions, i.e. ultrasonication
at 293 — 298 K, Con-Agg 1 is transformed into the more stable Con-Agg 2 (red arrow, Figure
32) which is a kinetic polymorph. The kinetic barrier between Con-Agg 1 and Con-Agg 2 that
has to be overcome is lower compared to that between Con-Agg 1 and Rac-Agg 4 and, hence,
Con-Agg 2 forms at lower temperatures of 293 — 298 K upon ultrasonication although it is less
thermodynamically stable than Rac-Agg 4. In contrast, the kinetic barrier between Con-Agg 2
and Rac-Agg 4 is too high to be overcome spontaneously at 298 K. Hence, it can be summarized

that conglomerates Con-Agg 1 and Con-Agg 2 are formed under kinetic control.

Transformation of Con-Agg 1 under thermodynamic conditions, i.e. ultrasonication at a higher
temperature of 308 K, allows the system to transform into its thermodynamically most stable
state, that is Rac-Agg 4 (orange arrow, Figure 32). This reveals the most striking difference to
the supramolecular polymerization of the single enantiomer systems, (R,R)- or (S,S)-PBI,
leading to (R,R)- or (S,5)-Agg 3, respectively. The inaccessibility of Con-Agg 3 was rather
unexpected since (R,R)-Agg 3 was reported to be the thermodynamically stable state of the
supramolecular polymerization of (R,R)-PBI under the same experimental conditions. The
most obvious explanation is that Rac-Agg 4 with the [*Re*ResSeS°*], sequence is by
2.3 kI mol™! more stable than Con-Agg 3 consisting of [¢S*eSesSesSe], and [*Re*R+*R**R*],
sequences (Table 2). Further experiments to produce Con-Agg 3 by ultrasonication at
intermediate temperatures of 303 K also failed and led to the formation Rac-Agg 4 suggesting
that the inaccessibility of Con-Agg 3 has not only thermodynamic but also kinetic reasons, that
is, the kinetic barrier between Con-Agg 1 and Rac-Agg 4 must be lower compared to the kinetic
barrier between Con-Agg 1 and Con-Agg 3 (grey arrow, Figure 32). Therefore, the formation
of Rac-Agg 4 is favored over the formation of the hypothetic Con-Agg 3.
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4.4 Conclusion

Understanding self-assembly pathways leading either towards conglomerates or racemic
compounds by homo- and heterochiral aggregation of organic molecules is of major importance
not only from an academic but also from an industrial point of view where conglomerate
formation is a central requirement for certain sophisticated purification techniques for
racemates. Herein, we describe the first in-depth mechanistic study of such homo- and
heterochiral aggregation in 1D self-assembly by investigating the supramolecular
polymerization of the racemic mixture of (R,R)- and (S,S)-PBI. Precise control of the self-
assembly pathways by ultrasonication led to the production of three different polymorphs,
namely two kinetically formed conglomerates Con-Agg 1 and Con-Agg 2 and the
thermodynamically most stable racemic supramolecular polymer Rac-Agg 4, in the same
solvent mixture at the same concentration. While the conglomerates Con-Agg 1 and Con-
Agg 2 are 1:1 mixtures of homochiral (R,R)- and (S,S5)-Agg 1 and -Agg 2, respectively, that are
also accessible from the single enantiomers, a new supramolecular polymerization pathway was
launched for the racemic mixture to afford the thermodynamically most stable racemic
supramolecular polymer Rac-Agg 4 with a unique structure of alternating (R,R)- and (S,S)-

homochiral dye pairs.

With our study we provide a first demonstration of kinetic and thermodynamic pathway control
towards conglomerate and racemic supramolecular polymers, thereby elucidating an important
process of chiral discrimination at its origin. As obvious from our study, the in-depth
elaboration of energy landscapes in self-assembly processes as provided in Figure 32 can guide
research towards the construction of sophisticated supramolecular materials. Such studies may
ultimately also improve our understanding of symmetry breaking events in self-assembly
processes that are not only vital for the synthesis and enantiomeric resolution of industry-

relevant compounds but also explain the origin of homochirality in nature.
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Chapter 5

Summary

After the synthesis of the first main chain supramolecular polymers in the 1990s, the research
field of supramolecular polymer chemistry witnessed a rapid development in the last 30 years
(Chapter 2.1) which led to the generation of functional supramolecular architectures with
tailored mechanical, electronic or biological material properties. Firstly, researchers dealt with
the thermodynamic description of supramolecular polymerization processes and developed a
variety of mathematical models to elucidate the polymerization mechanism as well as the
thermodynamic parameters (Chapter 2.2). Afterwards, the academic interest shifted towards
the kinetic control of supramolecular polymerization pathways utilizing metastable species
(Chapter 2.3). It was demonstrated that the pathway complexity of self-assembly processes can
be precisely controlled by experimental parameters such as concentration, temperature or
proper choice of solvents which enabled the establishment of the first seed-induced living
supramolecular polymerization (Chapter 2.4). The beauty of seed-induced supramolecular
polymerizations lies in the generation of highly ordered nanostructures with small
polydispersity indices analogously to seed-induced crystal growth from a supersaturated
solution. Recently, it was shown that similar to conventional crystallization processes, different
supramolecular polymorphs can be produced for a given compound either by seeding or by
proper choice of experimental parameters (Chapter 2.5). In addition to supramolecular
polymorph formation of a single compound by self-association, the pool of accessible
supramolecular architectures can be further increased by utilizing heterochiral aggregation. In
this regard, several research groups studied the assembly of racemic mixtures which can afford
— in analogy to racemate crystallization — either supramolecular conglomerates or racemic

supramolecular polymers due to homochiral or heterochiral aggregation, respectively (Chapter
2.6).

Based on this knowledge, the aim of the present thesis was to investigate the solid-state
phenomena of polymorphism and conglomerate vs. racemic crystal formation at their origin by
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a supramolecular approach. Although the initial stages of nucleation and subsequent elongation
of 3D crystallizations are decisive for the generation of a certain polymorph, conglomerate or
racemic crystal, those processes are experimentally difficult to access. In contrast, nucleation
and elongation can be mechanistically studied for one-dimensional supramolecular
polymerization processes since thermodynamic and kinetic models to analyze them are well-
established and supramolecular polymerization pathways can be precisely controlled by the
choice of experimental parameters. For this purpose, PBI model compounds (R,R)- and (S,S)-
PBI were synthesized (Figure 33a) which bear structural moieties that favor different
supramolecular nanostructures. While small oligomers are favored by an a-CHj3 group next to

each imide nitrogen atom, nanofiber formation is facilitated by the amide-appended side chains.
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Figure 33. (a) Chemical structures of (R,R)- and (S,S)-PBI. Qualitative energy landscape of the supramolecular

polymorphism of (R,R)-PBI (b) and supramolecular conglomerate vs. racemic supramolecular polymer formation
in a racemic mixture of (R,R)- and (S,S)-PBI (¢). The accessible polymerization pathways are indicated in color

and schematic illustrations of the corresponding supramolecular polymorphs are depicted below.
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As expected, those structural features led to a rather complex supramolecular polymerization
behavior which was elucidated in detail for (R,R)-PBI by spectroscopic and microscopic
techniques as well as quantum chemical calculations (Chapter 3). (R,R)-PBI forms three
different polymorphic supramolecular polymers termed as (R,R)-Agg 1-3 in a solvent mixture
of methylcyclohexane and toluene (5:4, v/v). At a concentration of cr=3.0x107*M,
monomeric (R,R)-PBI self-assembles into (R,R)-Agg 1 which can be transformed into (R,R)-
Agg 2 or (R,R)-Agg 3 upon ultrasonication at 293 — 298 K or 308 K, respectively (Figure 33b).
The packing arrangement of the PBI molecules within the different polymorphs was elucidated
by a combination of UV/vis, CD, NMR and fluorescence spectroscopy, AFM microscopy and
quantum chemical calculations. (R,R)-Agg 1 are nanoparticles built from (R,R)-Agg 1 dimers
which are interlocked by four intermolecular hydrogen bonds between amide protons and imide
oxygens of the adjacent PBI molecules and 7—x interactions. Between the respective dimers
only weak van-der-Waals interactions are formed. (R,R)-Agg 2 and -Agg 3 are nanofibrous =
stacks that both show a unique hydrogen-bonding pattern with intramolecular amide-imide
hydrogen bonds on one side and intermolecular amide-amide hydrogen bonds on the opposite
side. In (R,R)-Agg 2 the PBI molecules are arranged in a helical fashion while they have a
longitudinally slipped packing arrangement in (R,R)-Agg 3 (Figure 33b). Temperature-, time-
and concentration-dependent UV/vis studies revealed that (R,R)-Agg3 is the
thermodynamically stable state at room temperature and high concentrations, (R,R)-Agg 1 is
the least stable polymorph and (R,R)-Agg 2 is ranked in between. Furthermore, (R,R)-Agg 1
serves as the central kinetically trapped state from which (R,R)-Agg 2 and -Agg 3 can be formed
in an on-pathway fashion by seeding with the respective seeds. Therefore, the pathway
complexity and supramolecular polymorphism are physically controllable by ultrasonication
and chemically by seeding. Moreover, nudged elastic band calculations indicated that the
nucleation of (R,R)-Agg 1 into (R,R)-Agg 2 or -Agg 3 occurs on the dimer level and involves
a reorganization of the a-CHj3 groups, the 7-stacking mode as well as of the hydrogen bonding

pattern rather than disassembly into monomers and successive supramolecular polymerization.

In summary, (R,R)-PBI provided the first molecule for which three different supramolecular
polymorphs were produced under the same experimental conditions and structurally
characterized. Hence, (R,R)-PBI provides an ideal model system to gain insights into the initial
stages of polymorphism in an 1D self-assembly process. It was not only possible to determine
the thermodynamic and kinetic features of the supramolecular polymorphism of (R,R)-PBI but
also to simulate structural rearrangements on a molecular level that might occur during

nucleation in the initial stage of polymorph formation.
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The second goal of the present thesis was to acquire better knowledge on conglomerate vs.
racemic crystal formation at its origin. Since three different supramolecular polymorphs with
distinct arrangements of the chromophores were accessible for (R,R)-PBI, this might offer the
possibility of investigating conglomerate and racemic supramolecular polymer formation in a
racemic mixture of (R,R)- and (§,S)-PBI (Chapter 4). As expected for enantiomers, enantiopure
(S,S)-PBI forms the same type of supramolecular polymorphs as (R,R)-PBI in MCH/Tol (5:4,
v/v) but with opposite helicities as evidenced by UV/Vis and CD spectroscopy as well as AFM.
The racemic mixture of (R,R)- and (S,S)-PBI was studied under the same experimental
conditions where (R,R)-PBI showed its rich polymorphism (Figure 33¢). Upon cooling of a hot
solution of the racemic mixture to room temperature, the formation of conglomerate Con-Agg 1
was observed which is a 1:1 mixture of (R,R)- and (S,S)-Agg 1 as evidenced by VT-'H NMR
spectroscopy and UV/vis studies. Similar to (R,R)-Agg 1, Con-Agg 1 serves as the central
kinetically trapped state of the racemic mixture, from which other polymorphs can be prepared.
Upon ultrasonication at 293 — 298 K, Con-Agg 1 transforms into Con-Agg 2, which is a mixture
of equal amounts of (R,R)- and (S,5)-Agg 2 as proven by UV/vis spectroscopy. AFM
measurements revealed an equal mixture of P- and M-helical nanofibers corresponding to
homochiral (R,R)-Agg 2 and (S,S5)-Agg 2, respectively. In contrast to enantiopure (R,R)-PBI
which transformed into (R,R)-Agg 3 upon ultrasonication at 308 K, the PBI molecules within
the racemic mixture did not transform into (R,R)- or (§,S5)-Agg 3 and, hence, no Con-Agg 3
was observed. However, when performing the same experiment at an increased concentration,
Con-Agg 1 was transformed into the racemic supramolecular polymer Rac-Agg 4 with an
unprecedented packing arrangement of the molecules within the supramolecular polymers due
to heterochiral aggregation. A combination of UV/vis and FT-IR spectroscopic studies as well
as quantum chemical calculations revealed that Rac-Agg 4 is a longitudinally displaced 7 stack
consisting of alternating (R,R)- and (S$,S)-PBI dimers with a novel hydrogen-bonding pattern.
On one side intermolecular amide-amide hydrogen bonds are observed while on the opposite
side intermolecular hydrogen bonds between an amide proton and an imide oxygen of the
adjacent PBI molecule are found. While the thermodynamic characteristics of Con-Agg 1 and
Con-Agg 2 are identical to those of (R,R)-Agg 1 and (R,R)-Agg 2, respectively, concentration-
and temperature-dependent UV/vis studies showed that Rac-Agg 4 is the thermodynamically
stable state of the racemic mixture. Rac-Agg 4 is more stable and has probably a lower
nucleation barrier than hypothetical Con-Agg 3 which is the reason why Con-Agg 3 is not
observed in the racemic mixtures (Figure 33¢). Moreover, kinetic experiments demonstrated

that Rac-Agg 4 is formed from Con-Agg 1 in an on-pathway fashion, i.e. by rearrangement
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processes within homochiral (R,R)- and (S,$)-Agg 1 and not by intermediate dissociation into
monomers, which is in accordance with the postulated packing arrangement of Rac-Agg 4.
Furthermore, both supramolecular conglomerates and the racemic supramolecular polymer
were prepared at the same concentration in solution and they were sufficiently kinetically stable
to be isolated in the solid-state. In summary, this racemic mixture provides the first
supramolecular model system for which the kinetic pathway control enabled the isolation of
two conglomerates and one racemic supramolecular polymer within the same supramolecular

system.

With these supramolecular systems, the solid-state phenomena of polymorphism and
conglomerate vs. racemic crystal formation have been studied at their origin in the present thesis
by reducing the complexity from 3D crystallization to 1D supramolecular polymerization. In
order to generate three different supramolecular polymorphs for (R,R)-PBI or two
conglomerates and one racemic supramolecular polymer for the racemic mixture of (R,R)- and
(S,8)-PBI, it was crucial to precisely control the aggregation pathways. Therefore, it can be
assumed that a plethora of tailored functional supramolecular materials might be generated via
complex supramolecular polymerization pathways in near future. Moreover, studies on the
supramolecular polymerization of racemic mixtures might be vital for a better understanding of
symmetry breaking in self-assembly processes. The latter is not only important for the synthesis
and enantiomeric resolution of industry-relevant compounds but has also been discussed in the

context of the origin of homochirality in nature.

91



Chapter 6 Zusammenfassung

Chapter 6

Zusammenfassung

Nach der Synthese der ersten supramolekularen Hauptketten-Polymere in den 1990er Jahren
erlebte das Forschungsgebiet der supramolekularen Polymerchemie in den letzten 30 Jahren
eine rasche Entwicklung (Kapitel 2. 1) hin zu funktionellen supramolekularen Architekturen mit
maBgeschneiderten mechanischen, elektronischen oder biologischen Materialeigenschaften.
Wissenschaftler befassten sich dabei zuerst mit der thermodynamischen Charakterisierung
supramolekularer Polymerisationsprozesse und entwickelten eine Vielzahl an mathematischen
Modellen, um die zugrunde liegenden Polymerisationsmechanismen sowie die
thermodynamischen Parameter zu bestimmen (Kapitel 2.2). AnschlieBend verschob sich das
akademische Interesse dahingehend, mittels metastabiler Spezies eine kinetische Kontrolle der
supramolekularen Polymerisationspfade zu realisieren (Kapitel 2.3). Es konnte gezeigt werden,
dass sich letztere durch experimentelle Parameter wie Konzentration, Temperatur oder durch
die Wahl eines geeigneten Solvens gezielt steuern lassen. Im Zuge dessen wurde das Konzept
der Saat-induzierten lebenden supramolekularen Polymerisation entwickelt (Kapitel 2.4),
welches das supramolekulare Analogon zu Saat-induziertem Kristallwachstum aus
ibersittigten Losungen darstellt und die Generierung hochgeordneter supramolekularer
Nanostrukturen mit geringen Polydispersititen ermdglicht. Kiirzlich wurde auBerdem gezeigt,
dass analog zu konventionellen Kristallisationsprozessen verschiedene supramolekulare
Polymorphe der gleichen chemischen Verbindung durch die Wahl geeigneter experimenteller
Bedingungen sowie durch Saatzugabe dargestellt werden konnen (Kapitel 2.5). Dariiber hinaus
kann neben der Polymorph-Bildung durch Selbstassoziation auch eine heterochirale
Aggregation ausgenutzt werden, um den Fundus an zuginglichen supramolekularen
Architekturen zu vergréBern. Im Zuge dessen untersuchten einige Forschungsgruppen die

Assemblierung von racemischen Mischungen, welche analog zu Kristallisationsprozessen
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entweder liber homochirale Aggregation zu supramolekularen Konglomeraten fiihrt oder iliber

heterochirale Aggregation zu racemischen supramolekularen Polymeren (Kapitel 2.6).

Basierend auf diesen Erkenntnissen war das Ziel der vorliegenden Doktorarbeit, die Festkorper-
Phanomene Polymorphismus und Konglomerat- vs. racemische Kristallbildung mit Hilfe eines
supramolekularen Ansatzes an ihrem Ursprung zu untersuchen. Obwohl die Anfangsphase
einer dreidimensionalen Kristallisation (Nukleation und darauffolgende Elongation) fiir die
Bildung eines bestimmten Polymorphs, Konglomerates oder racemischen Kristalls
ausschlaggebend ist, kann diese nur schwer analysiert werden. Im Gegensatz dazu, kénnen die
Nukleation und Elongation in eindimensionalen supramolekularen Polymerisationen eingehend
untersucht werden, da thermodynamische und kinetische Modelle zu deren Beschreibung
bekannt sind und supramolekulare Polymerisationspfade durch die Wahl der experimentellen
Bedingungen prézise steuerbar sind. Hierfiir wurden die Perylenbisimid (PBI)-Derivate (R,R)-
und (S,S)-PBI synthetisiert, welche strukturelle Merkmale aufweisen, die verschiedene
supramolekulare Nanostrukturen beglinstigen (Abbildung 1a). So fordert eine Methylgruppe in
o-Position zu den jeweiligen Imid-Stickstoffatomen die Ausbildung kleiner Oligomere,

wihrend die Amidgruppen-enthaltenden Seitenketten die Bildung von Nanofasern bevorzugen.

Erwartungsgemil3 fiihrte dies zu einem komplexen supramolekularen Polymerisations-
verhalten, welches anhand von (R,R)-PBI mit Hilfe spektroskopischer und mikroskopischer
Methoden sowie quantenchemischen Berechnungen eingehend untersucht werden konnte
(Kapitel 3). (R,R)-PBI bildet die drei verschiedenen polymorphen supramolekularen Polymere
(R,R)-Agg 1-3 in einer Solvensmischung aus Methylcyclohexan und Toluol (5:4, v/v). (R,R)-
PBI-Monomere assemblieren bei einer Konzentration von cr=3.0 x10™* M zu (R,R)-Agg 1,
welches sich durch Ultraschallbehandlung bei 293 — 298 K in (R,R)-Agg 2 und bei 308 K in
(R,R)-Agg 3 umwandelt (Abbildung 1b). Die Packung der PBI-Molekiile innerhalb der
verschiedenen Polymorphe wurde mit Hilfe von UV/Vis-, CD-, NMR- und Fluoreszenz-
Spektroskopie,  Rasterkraftmikroskopie = sowie  quantenchemischen  Berechnungen
charakterisiert. Es stellte sich heraus, dass es sich bei (R,R)-Agg 1 um Nanopartikel handelt,
welche aus (R,R)-Agg 1-Dimeren aufgebaut sind, die durch vier intermolekulare
Wasserstoftbriickenbindungen zwischen den Amidprotonen und Imidsauerstoffatomen des
benachbarten PBI-Molekiils und durch 7—7Wechselwirkungen miteinander verbunden sind.
Zwischen den einzelnen Dimeren werden ausschlielich schwache van-der-Waals-
Wechselwirkungen ausgebildet. (R,R)-Agg 2 und -Agg 3 sind #-Stapel mit einer
Nanofasermorphologie, welche einzigartige, asymmetrische Wasserstoftbriickenbindungs-

muster aufweisen.
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Abbildung 1. (a) Chemische Strukturen von (R,R)- und (S,S)-PBI. Qualitative Potenzialhyperfliche des

supramolekularen Polymorphismus von (R,R)-PBI (b) und der supramolekularen Konglomerat- vs. racemischen
supramolekularen Polymerbildung in einer racemischen Mischung aus (R,R)- und (S,S)-PBI (¢). Die zugénglichen
Polymerisationspfade sind in Farbe gekennzeichnet und die entsprechenden supramolekularen Polymorphe sind

unterhalb der Potentialhyperfliche schematisch illustriert.

In beiden Aggregaten werden auf einer Seite intramolekulare Wasserstoftbriickenbindungen
zwischen Amidprotonen und Imidsauerstoffatomen ausgebildet, wohingegen auf der
gegeniiberliegenden  Seite  intermolekulare ~ Amid-Amid-Wasserstoffbriickenbindungen
beobachtet werden. In (R,R)-Agg 2 sind die PBI-Chromophore helikal aufgewunden wihrend
sie in (R,R)-Agg 3 longitudinal versetzt angeordnet sind (Figure 33b). Weiterhin zeigten
temperatur-, zeit- und konzentrationsabhingige UV/Vis-Experimente, dass bei
Raumtemperatur und bei hoher Konzentration (R,R)-Agg 3 der thermodynamisch stabile
Zustand ist, gefolgt von (R,R)-Agg 2 und (R,R)-Agg 1, welches das Polymorph mit der
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geringsten thermodynamischen Stabilitit ist. (R,R)-Agg 1 stellt den zentralen, kinetisch
gefangenen Zustand dar, aus welchem (R,R)-Agg 2 oder (R,R)-Agg 3 mit Hilfe der
entsprechenden Saat in einem sogenannten ,,on-pathway‘“-Mechanismus erzeugt werden
konnen. Somit werden die Polymerisationspfade und der supramolekulare Polymorphismus
nicht nur physikalisch durch Ultraschallbehandlung, sondern auch chemisch durch Saatzugabe
kontrollierbar. Dariliber hinaus belegten ,nudged elastic band“-Rechnungen, dass die
Umwandlung von (R,R)-Agg 1 in (R,R)-Agg 2 oder -Agg 3 auf dem Dimerlevel {iber eine
Reorganisation der a-CH3z-Gruppen, der #-Flachen und der Wasserstoffbriickenbindungen

verlduft und keine zwischenzeitliche Disassemblierung in Monomere beinhaltet.

Zusammenfassend kann gesagt werden, dass (R,R)-PBI das erste Molekiil darstellt, fiir welches
drei verschiedene supramolekulare Polymorphe unter den gleichen experimentellen
Bedingungen generiert und strukturell charakterisiert werden konnten. Daher ist es ein ideales
Modellsystem, um Einblicke in das Anfangsstadium von Polymorphismus in einem
eindimensionalen Selbstassemblierungsprozess zu erhalten. Es konnten nicht nur die
kinetischen und thermodynamischen Eigenschaften des Polymorphismus von (R,R)-PBI
bestimmt werden, sondern auch Umorganisationsprozesse auf molekularem Level simuliert
werden, wie sie wahrend der Nukleation in der Anfangsphase der Polymorphbildung auftreten

konnen.

Das zweite Ziel dieser Arbeit war es, tiefere Einblicke in die Anfangsphase der Konglomerat-
bzw. racemischen Kristallbildung zu gewinnen. Da (R,R)-PBI drei verschiedene
supramolekulare Polymorphe mit unterschiedlichen Anordnungen der Chromophore bildet,
konnte sich die Moglichkeit zur Untersuchung von supramolekularer Konglomerat- vs.
racemischer supramolekularer Polymerbildung in der racemischen Mischung aus (R,R)- und
(8,8)-PBI ergeben (Kapitel 4). Wie fiir Enantiomere erwartet, bildete (S$,S)-PBI in MCH/Tol
(5:4, v/v) die gleichen supramolekularen Polymorphe wie (R,R)-PBI, allerdings mit
spiegelbildlicher Helizitdt, was mittels UV/Vis- und CD-Spektroskopie sowie
Rasterkraftmikroskopie belegt werden konnte. Die racemische Mischung aus (R,R)- und (S,S)-
PBI wurde anschlieBend unter den gleichen experimentellen Bedingungen wie der
supramolekulare Polymorphismus von (R,R)-PBI untersucht (Abbildung 1c). Nach Abkiihlen
einer heiBen Racematldsung auf Raumtemperatur, wurde mittels temperaturabhingiger 'H-
NMR-Spektroskopie und UV/Vis-Spektroskopie die Bildung des Konglomerats Con-Agg 1
nachgewiesen, welches eine 1:1-Mischung aus (R,R)- und (S,S)-Agg 1 ist. Con-Agg 1 stellt
dhnlich wie (R,R)-Agg 1 den zentralen, kinetisch gefangenen Zustand dar, aus welchem die

anderen Polymorphe hergestellt werden kénnen. Dabei flihrt die Ultraschallbehandlung einer
95



Chapter 6 Zusammenfassung

Con-Agg 1-Losung bei 293 — 298 K zu der Bildung von Con-Agg 2, was unter anderem mittels
UV/Vis-Experimenten belegt wurde. Rasterkraftmikroskopie-Messungen zeigten eine
Mischung gleicher Anteile P- und M-Helizes, welche (R,R)- bzw. (8,5)-Agg 2 zugeordnet
werden konnten. Wéhrend enantiomerenreines (R,R)-PBI durch Ultraschallbehandlung bei
308 K in (R,R)-Agg 3 umgewandelt wurde, konnte innerhalb der racemischen Mischung keine
Transformation der PBI-Molekiile zu (R,R)- oder (S,S5)-Agg 3 und damit auch kein Con-Agg 3
beobachtet werden. Allerdings flihrte das gleiche Experiment bei hoherer Konzentration zur
Umwandlung von Con-Agg 1 in das racemische supramolekulare Polymer Rac-Agg 4, welches
aufgrund einer heterochiralen Aggregation eine neuartige Anordnung der Molekiile innerhalb
des supramolekularen Polymers aufweist. UV/Vis- und FT-IR-Untersuchungen sowie
quantenchemische Rechnungen belegten fiir Rac-Agg 4 eine Struktur bestehend aus
alternierenden, longitudinal zueinander verschobenen (R,R)- und (S,S)-PBI-Dimeren mit
einem neuartigen Wasserstoffbriickenbindungsmuster. Auf einer Seite des z-Stapels werden
intermolekulare Wasserstoftbriickenbindungen zwischen den Amidgruppen beobachtet,
wohingegen auf der gegeniiberliegenden Seite intermolekulare Wasserstoftbriickenbindungen
zwischen einem Amidproton und einem Imidsauerstoffatom des benachbarten PBI-Molekiils
vorliegen. Wéhrend die thermodynamischen Charakteristika von Con-Agg 1 und (R,R)-Agg 1
bzw. Con-Agg 2 und (R,R)-Agg 2 jeweils identisch sind, belegten konzentrations- und
temperaturabhidngige Studien, dass Rac-Agg 4 der thermodynamisch stabile Zustand der
racemischen Mischung ist. Darliber hinaus ist Rac-Agg 4 stabiler und weilit
hochstwahrscheinlich eine geringere Nukleationsbarriere als das hypothetische Con-Agg 3 auf,
weshalb dieses fiir racemische Mischungen nicht beobachtet wird (Abbildung 1c¢). Kinetische
Experimente zeigten weiterhin, dass Rac-Agg 4 aus Con-Agg 1 nach einem ,,on-pathway*-
Mechanismus gebildet wird, d.h. durch Reorganisationsprozesse innerhalb der homochiralen
(R,R)- bzw. (S,S)-Agg 1-Oligomere und nicht durch intermedidre Dissoziation in Monomere.
Dieser ,,on-pathway‘-Mechanismus steht im Einklang mit der postulierten Aggregatstruktur
von Rac-Agg 4. AuBBerdem wurden beide supramolekularen Konglomerate und das racemische
supramolekulare Polymer bei der gleichen Konzentration in Losung hergestellt und diese
zeigten eine hohe kinetische Stabilitit, sodass eine Isolierung im Festkorper moglich war.
Zusammenfassend stellt diese racemische Mischung das erste supramolekulare Modellsystem
dar, bei welchem die kinetische Kontrolle der Reaktionspfade die Isolierung zweier
Konglomerate und eines racemischen supramolekularen Polymers innerhalb desselben

supramolekularen Systems ermoglichte.
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Mit diesen supramolekularen Systemen wurden in der vorliegenden Doktorarbeit die
Anfangsstadien der Festkorper-Phdnomene Polymorphismus und Konglomerat- vs. racemische
Kristallbildung untersucht, indem die Komplexitit von dreidimensionaler Kristallisation auf
eindimensionale supramolekulare Polymerisation reduziert wurde. Dabei war eine prézise
Kontrolle der Reaktionspfade unerlésslich, um drei verschiedene supramolekulare Polymorphe
fiir (R,R)-PBI bzw. zwei Konglomerate und ein racemisches supramolekulares Polymer fiir die
racemische Mischung aus (R,R)- und (S,S)-PBI zu generieren. Folglich kann angenommen
werden, dass zukiinftig eine Vielzahl an funktionellen supramolekularen Polymeren {iiber
komplexe Polymerisationspfade maf3geschneidert werden kdnnen. Weiterhin sind Studien zur
supramolekularen Polymerisation racemischer Mischungen bedeutend fiir ein besseres
Verstindnis der Symmetriebrechung in Selbstassemblierungsprozessen. Letztere spielt nicht
nur eine grof3e Rolle fiir die Synthese und Enantiomerentrennung von industriellen, chemischen
Verbindungen, sondern wird auch im Kontext des Ursprungs der Homochiralitdt in der Natur

diskutiert.
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Chapter 7

Appendix

7.1 Supporting Information for Chapter 3: Supramolecular

Polymorphism in One-Dimensional Self-Assembly by Kinetic

Pathway Control!”"!

In Chapter 7.1 (R,R)-Agg 1-3 are abbreviated as Agg 1-3 for simplicity. The synthetic details
and related characterization data of the herein described compounds have also been reported in

referencel®>!,

Materials and methods

General: All chemicals and solvents were purchased from commercial suppliers and used
without further purification. The 'H and '*C NMR spectra were recorded with a Bruker Avance
1T HD 400 or 600 MHz spectrometer and calibrated against the residual proton signal or natural
abundance carbon resonance of the used deuterated solvent from tetramethylsilane (TMS) as
the internal standard. The chemical shifts 0 are indicated in ppm and the coupling constants J
in Hz. The multiplicities are given at center of the respective signal as s (singlet), d (doublet),
dd (doublet of doublets), t (triplet), q (quartet) and m (multiplet). The MALDI-TOF mass
spectra were measured with a Bruker Daltonics autoflex II LRF by using trans-2-[3-(4-tert-
butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB) as a matrix. The high-
resolution mass spectra (HRMS) were measured by electrospray ionization (ESI) with a

microTOF Focus spectrometer from Bruker Daltonics.

Optical UV/vis-Absorption Spectroscopy: The spectroscopic measurements were conducted

under ambient conditions using dry solvents of spectroscopic grade. The UV/vis spectra of the
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samples were measured with Jasco V-670 and Jasco V-770 spectrophotometers equipped with
a PAC-743R Auto Peltier 6/8-cell changer for temperature control. The temperature-dependent
absorption spectra were density corrected for the different temperatures. Solid state UV/vis
spectra were recorded with a Jasco V-770 spectrophotometer equipped with an ILN-925

150 mm integrating sphere.

Circular Dichroism (CD) Spectroscopy: CD spectra were measured with a Jasco J-810
spectropolarimeter equipped with a Jasco CDF-426S Peltier temperature controller. All CD

spectra were density corrected for different temperatures.

Steady-State Fluorescence Spectroscopy: Fluorescence and excitation spectra were either
recorded on a PTI QM4/2003 fluorescence spectrometer equipped with a R928 photomultiplier-
detector and a GL302 dye laser or on an Edinburgh Instruments FLS980 fluorescence
spectrometer. The fluorescence quantum yield of monomeric (R,R)-PBI was determined by the
optical dilution method (OD < 0.05) as the average value of 4 different excitation wavelengths
with Lumogen Red (BASF) as reference (in CHCls;, ®q= 0.96).2%% The fluorescence and
excitation spectra for the different aggregates (OD < 0.05) were determined using a front-face

setup (22.5°) under magic angle.

Fourier Transform Infrared Spectroscopy: The FT-IR spectroscopic analyses were
performed on a Jasco FT/IR-4600 spectrometer. For measurements in solution the spectrometer
was equipped with a Falcon Mid-IR transmission accessory (temperature control module, liquid
recirculator) with a fixed path cuvette with CaF> windows and path length of 1 mm (PIKE
technologies). Solid state FT-IR spectra were recorded on the same spectrometer using an ATR

Pro ONE accessory (Jasco).

Atomic Force Microscopy (AFM): AFM measurements were performed under ambient
conditions using a Bruker Multimode 8 SPM system operating in tapping mode in air. Silica
cantilevers (OMCL-AC160TS, Olympus) with a resonance frequency of ~ 300 kHz and a spring
constant of ~ 40 Nm ! were used. The samples were spin-coated from solution onto highly

ordered pyrolytic graphite (HOPG) with 10000 rpm.*

* AFM measurements were performed by V. Stepanenko.
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Ultrasonication: Ultrasonication was performed with an ultrasonic processor UP50H (30 kHz,
50 Watt, 100% amplitude) from Hielscher. A portion of 3.1 mL of Agg 1 solution in a mixture
of methylcyclohexane (MCH) and toluene (Tol) in a volume ratio of 5:4 was placed in a vial
and heated. The ultrasonic finger was dipped about half-way in the hot solution and the vial
was sealed with a cap and parafilm. The temperature, at which ultrasonication was conducted,

was controlled by a water bath in which the vial was placed.

Seed Preparation: A vial containing 3.1 mL of the respective aggregate solution in MCH/Tol
(5:4, v/v) was placed in a BANDELIN SONOREX RK 102 H sonication bath and sonicated at
20 — 25 °C for 10 min (Agg 2) or 5 min (Agg 3) to obtain seeds that are comparable in length.
Computational Details:* The optimized dimer structures of the three polymorphs were
calculated in the framework of the semi-empirical PM6!*”*] method along with the D3H4[27#
2731 correction for an adequate description of hydrogen bonds and dispersion by using the
MOPAC2016 program suite?’®! and additionally, employing density functional theory (DFT),
using the B3LYP?”"] functional and the def2-SVP basis set?’®) as implemented in the Gaussian

16 quantum chemical software package.***! In order to decrease the computational demand, we

replaced the long alkyl chains by methyl groups.

The automated nudged elastic band (NEB) method!?*22%*] has been employed for obtaining the
rearrangement pathways between the optimized structures of Agg 1 dimer and Agg 2 or Agg 3
dimers, respectively. Linear interpolation cannot be used for the generation of initial pathways
for NEB calculations of such complex transitions, since the rearrangement does not proceed via
a linear displacement of atoms. Therefore, we have used an advanced interpolation scheme
based on root-mean-square deviation (RMSD)-driven molecular dynamics for the generation
of initial pathways as implemented in the metaFALCON program package that works as
follows:?*! The optimized starting structure is propagated in a molecular dynamics simulation
while an artificial bias potential is used to drive the conformational transition. The bias is chosen
to be proportional to the difference of the RMSD value with respect to the optimized end
structure. The proportionality factor is rescaled dynamically to achieve a nearly linearly
decreasing RMSD value along the pathway. Furthermore, an additional quadratic bias potential
is employed to constrain the RMSD value between the two PBI planes resulting in a reasonable

small distance between the two planes.

* Quantum chemical calculations were performed by M. 1. S. R6hr and M. Biihler.
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Subsequently, structures can be sampled and further optimized using the NEB method. The
optimized NEB pathways give rise to the “minimal (electronic) energy pathway” of the
rearrangement of the dimer structures. In order to decrease the computational demand, we

replaced the long alkyl chains by methyl groups.

Synthesis and Characterization

(R)-tert-Butyl (1-(3,4,5-tris(dodecyloxy)benzamido)propan-2-yl)carbamate ((R)-18):

o H
H25C120 N/\./N\Boc
H =
H25C120
OC12Hzs
(R)-18

A mixture of 3,4,5-tris(dodecyloxy)benzoic acid (1.39 g, 2.06 mmol) (16)!*** and thionyl
chloride (5 mL) was stirred at 80 °C for 3 h under nitrogen atmosphere. Excess thionyl chloride
was removed at 50 °C under reduced pressure and the colorless solid was redissolved in 30 mL
dry DCM. Subsequently, the solution was added dropwise to a solution of (R)-tert-butyl (1-
aminopropan-2-yl)carbamate ((R)-17)2%-2°¢1 (300 mg, 1.72 mmol) and NEt; (3 mL) in 40 mL
dry DCM. After stirring the reaction mixture at room temperature for 30 min the solvent was
removed under reduced pressure. The crude product was purified by column chromatography
(silica gel; DCM/MeOH 10:1 and 99.75:0.25) and precipitation by addition of MeOH to a
solution in DCM to give (R)-18 (1.07 g, 1.25 mmol, 75%) as a colorless solid. Mp. 92 — 93 °C.
"H NMR (400 MHz, CDCl3): §=7.41 (br, 1 H), 7.05 (s, 2 H), 4.67 (br, 1 H), 4.02 (t,°J=6.5
Hz, 4 H), 3.98 (t, °J = 6.6 Hz, 2 H), 3.94-3.86 (m, 1 H), 3.55-3.48 (m, 1 H), 3.41-3.32 (m, 1
H), 1.84-1.69 (m, 6 H), 1.50—1.42 (m, 6 H), 1.40 (s, 9 H), 1.37-1.20 (m, 51 H), 0.90-0.85 (m,
9 H). *C NMR (101 MHz, CDCl3): 6=167.4, 157.2, 153.1, 141.0, 129.2, 105.7, 80.1, 77.4,
73.6, 69.3, 48.5, 46.8, 32.1, 30.5, 29.9, 29.8, 29.7, 29.6, 29.5, 28.5, 26.2, 22.8, 19.0, 14.3. MS
(MALDI-TOF, positive mode, DCTB in CHCI3): m/z calculated for CsiHosN2Og [M]*: 830.711,
found: 830.625.
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(R)-N-(2-Aminopropyl)-3,4,5-tris(dodecyloxy)benzamide ((R)-19)

0O
H25C120 N/\./ NH2
H =
Hy5C120
OCqoHas
(R)-19

To a solution of (R)-18 (600 mg, 720 umol) in 10 mL CHCIs, trifluoroacetic acid (0.7 mL) was
added dropwise. The reaction mixture was stirred at room temperature for 21 h and
subsequently heated to reflux for 1 min. After washing with aqueous NaHCO3 (3 < 30 mL), the
solvent was evaporated under reduced pressure and the crude product was purified by column
chromatography (silica gel; DCM / MeOH 94:6) to give (R)-19 (443 mg, 600 umol, 84%) as a
slightly rose solid. Mp. 58 — 60 °C. 'H NMR (400 MHz, CDCls): §=7.22 (br, 1 H), 7.04 (s,
2 H), 4.09-3.84 (m, 8 H), 3.58-3.47 (m, 1 H), 3.38-3.27 (m, 2 H), 1.79-1.69 (m, 6 H),
1.49-1.18 (m, 57 H), 0.89-0.85 (m, 9 H). *C NMR (101 MHz, CDCl3): 6= 168.3, 153.1,
141.2, 128.9, 106.0, 73.6, 69.4, 47.8, 45.5, 32.1, 30.5, 29.9, 29.8, 29.6, 29.5, 26.3, 26.2, 22.8,
19.3,14.3. MS (MALDI-TOF, positive mode, DCTB in CHCI3): m/z calculated for C4s6Hg7N204
[M+H]": 731.666 found: 731.623.

(R,R)-N,N’-Di(3.,4,5-tris(dodecyloxy)benzoylamino-1-methylethyl)-perylene-3,4:9,10-
tetracarboxylic acid bisimide ((R,R)-PBI)

H25C120
(@)
e S
HN S
H25C120 —§_N . N_\_ OC1q2H2s
08 8ad
1) 0 OC1zHys
O
(R,R)-PBI 0C,Has

Perylene-3,4:9,10-tetracarboxylic acid bisanhydride (20) (66.7 mg, 170 pmol) and benzamide
(R)-19 (285 mg, 390 umol) were mixed in 3 g of imidazole. The reaction mixture was stirred
under nitrogen atmosphere at 100 °C for 5 h. After being cooled down to room temperature, the
mixture was dissolved in CHCl3 (80 mL) and washed successively with IN HCI (3 x 80 mL)
and aqueous NaHCOs3 (1 x 80 mL). After evaporation of the solvent under reduced pressure,
the crude product was purified by column chromatography (silica gel; CHCI3) followed by
preparative TLC (silica gel; CHCl3/MeOH 99:1) and precipitation by addition of MeOH to a
solution in n-hexane to give (R,R)-PBI (190 mg, 104 pumol, 61%) as a red solid. Mp.

102



Chapter 7 Appendix

182 — 183 °C. 'H NMR (400 MHz, toluene-ds, 365 K): 6=8.36 (d, °J = 8.0 Hz, 4 H), 7.64 (d,
3J=28.0 Hz, 4 H), 7.34 (s, 4 H), 6.96 (br, 2 H), 5.81 (br, 2 H), 4.59-4.50 (m, 2 H), 4.13 (t,
3J=6.5Hz, 4 H), 3.96-3.86 (m, 8 H), 3.85-3.77 (m, 2 H), 1.88—1.80 (m, 4 H), 1.76—1.68 (m,
8 H), 1.67 (d, >*J=7.1 Hz, 6 H), 1.62-1.09 (m, 108 H), 0.96-0.84 (m, 18 H). '*C NMR (151
MHz, toluene-ds, 365 K): 6=167.0, 164.2, 153.8, 142.9, 134.3, 131.1, 130.8, 129.6, 126.4,
124.1, 122.9, 107.9, 73.6, 70.1, 50.3, 43.7, 32.2, 31.0, 30.1, 30.0, 29.8, 29.7, 26.6, 22.9, 20.7,
16.0, 14.0. MS (MALDI-TOF, positive mode, DCTB in CHCI3): m/z calculated for
Cii6H177N4O12 [M+H]": 1818.336, found: 1818.391. HRMS (ESI-TOF, positive mode,
MeCN/CHCIs 1:1): m/z calculated for Cii6Hi76NaNaO12 [M+Na]™: 1840.31770, found:
1840.31770. UV/vis (CHCl3, nm): Amax (&max M ' cm™!) = 528 (78000).
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Characterization of the (R,R)-PBI Polymorphs

AFM Studies

50 100 150  nm

100 200 300 nm

100 200 300 nm

i

Figure 34. AFM height images of Agg 1 (a, b), Agg 2 (¢, d) and Agg 3 (f, g) and phase images of Agg 2 (e) and
Agg 3 (h) spin-coated (10000 rpm) on HOPG from MCH/Tol (5:4, v/v).* For Agg 2 and Agg 3 the zoomed height
images shown in (d) and (g) are extracted from the regions enclosed with the red box in (¢) or (f), respectively. Z
scale is 4 nm (a), 3 nm (b), 12 nm (¢), 11 nm (d and e), 15 nm (f) or 14 nm (g and h). The respective cross section

analyses along the yellow dashed lines are depicted next to the images of the respective polymorphs.

* AFM measurements were performed by V. Stepanenko.
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UV/vis and FT-IR Spectroscopy of (R,R)-PBI in CHCl;
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Figure 35. UV/vis-absorption spectrum (a) and enlarged C=0 (b) and N-H (c) stretching regions of the FT-IR
spectra of ~ 85% monomeric (R,R)-PBI in CHCl; (cr = 4.0 x 107 M, 323 K).

Asymmetric Hydrogen Bonding Pattern in Agg 2 and Agg 3
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H-bonds
- - Ar
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Figure 36. Schematic representation of longitudinally, transversally and rotationally displaced PBI molecules as
found within Agg 2 and Agg 3, creating a “inner” side with an intermolecular amide-to-amide hydrogen bond and
a “peripheral” side with intramolecular hydrogen bonds between amide protons and imide oxygens. For the exact

packing arrangements of the chromophores within Agg 2 and Agg 3 see Chapter 3.1 and Chapter 3.2.

Thin Film UV/vis and FT-IR Spectroscopy of the Three Polymorphs of (R,R)-PBI

Agg 1, Agg 2 and Agg 3 were prepared in MCH/Tol (5:4, v/v) solution at a concentration of
cr=4.0 x 10 M as described in Chapter 3.2.2. For UV/vis measurements (Figure 37a) the
solutions of the different aggregates were spin-coated (1 min at 1000 rpm followed by 1 min at

4000 rpm) on quarz plates to give thin films. The UV/vis absorption spectra of the thin film
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polymorphs resemble those in solution with absorption maxima in the same range (Chapter
3.2.2, Figure 16a). For solid state FT-IR measurements (Figure 37b,c), the solvent of the
respective polymorph solution was evaporated by flushing nitrogen over the solution followed

by drying in vacuo for several days.
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Figure 37. UV/vis-absorption (a) and FT-IR spectra of the C=O (b) and N-H (c¢) stretching region of the (R,R)-
PBI polymorphs in the solid state.

Agg 1 shows a C=O stretching vibration 1650 cm ' and a N-H stretching vibration at
3339 cm! corresponding to the formation of intermolecular hydrogen bonds between amide
protons and imide oxygens of the adjacent chromophore within a (R,R)-PBI Agg 1 dimer
(Chapter 3.2.2, Figure 17).81 We note that the characteristic peaks for intramolecular hydrogen
bonds at around 1656 cm 'and 3406 cm ™! are missing for Agg 1 which is in accordance to the

FT-IR data obtained in solution (Chapter 3.2.2, Figure 17).

Agg 2 and Agg 3 show a C=0 stretching vibration at 1658 cm™!' and 1656 cm™!, respectively,
and an N-H stretching vibration at 3406 cm™! attributable to intramolecular hydrogen bonds
between an amide proton and imide oxygen. Additionally, C=0 and N—H stretching frequencies
at 1646 cm ' and 3320 cm™' (Agg 2) and 1639 cm ! and 3285 cm™! (Agg 3), respectively, can
be observed, which can be attributed to the formation of intermolecular amide-to-amide
hydrogen bonds (Chapter 3.2.2, Figure 17 and Chapter 3.2.3, Figure 18). As in solution, the
intermolecular hydrogen bonds within Agg 3 are stronger compared to those of Agg 2. The
intramolecular hydrogen bonds are preserved in Agg 2 and Agg 3 in the solid state and their
N-H stretching frequencies appear exactly at the same energy (3406 cm ') as in MCH/Tol (5:4,
v/v) solution (Chapter 3.2.2, Figure 17b). In sharp contrast, all N—H stretching vibrations
corresponding to intermolecular hydrogen bonds are shifted to lower energy in the solid state,
indicative for stronger intermolecular hydrogen bonds in the solid state than in solution. From

the UV/vis and FT-IR data it can be concluded that in the solid state the same supramolecular
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polymorphs as in MCH/Tol (5:4, v/v) solution are formed. This means that the polymorphs
show sufficient kinetic stability upon spin-coating or slowly increasing the concentration while
evaporating the solvent by nitrogen flushing and, hence, they do not convert into e.g. the

thermodynamically most stable state.

Simulated Transformation of Dimeric Agg 1 into Agg 3

N\

| inner | | peripheral
side |
]

Agg3 11

PBIA

Figure 38. Simulated transformation of dimeric Agg 1 into Agg 3.* The numbered structures correspond to the
respective transition states in Chapter 3.2.3, Figure 19a. PBI A and PBI B denote the lower and upper PBI molecule
within the dimer, respectively, and orange arrows indicate the molecular rearrangement processes. The inner and

peripheral side always refer to the left and right side of the dimer, respectively.

During the transformation of Agg 1 — Agg 3 the intermolecular hydrogen bond between the
amide proton of PBI A and the imide oxygen of PBI B breaks on the peripheral side followed
by the formation of a transient three-centered (bifurcated) hydrogen bond between the amide
protons of PBI A and B and the imide oxygen and PBI B on the inner side (#6). The remaining
intermolecular hydrogen bond between the amide proton of PBI B and the imide oxygen of PBI

A on the peripheral side elongates (#7).

* Quantum chemical calculations were performed by M. 1. S. R6hr and M. Biihler.
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A rotation around the Namite—C=0O bond of PBI B on the inner side together with a rotational
displacement of the PBI molecules relative to each other leads to a breakage of the
intermolecular hydrogen bond between the amide proton of PBI A and the imide oxygen of PBI
B on the inner side. On the peripheral side, the intermolecular hydrogen bond between the
amide proton of PBI B and the imide oxygen of PBI A breaks in favor of the formation of a
transient intermolecular amide-amide hydrogen bond (#8). Upon longitudinal displacement of
the PBIs molecules relative to each other, an intermolecular amide-to-amide hydrogen bond
between PBI A and B and a transient intramolecular N—Hamide *** O=Cimide hydrogen bond of
PBI B form on the inner side (#9). Next, an intramolecular N—Hamide -+ O=Cimide hydrogen bond
forms on the peripheral side of PBI A concomitant with an elongation of the transient
intermolecular amide-amide hydrogen bond on the same side caused by a rotation around the
Nimide—Cspacer bond of PBI B orienting the o-CH3 from outwards to inwards. On the inner side
of PBI B the intramolecular N—Hamide - O=Cimide hydrogen bond of PBI B elongates (#10). In
the last step, rotations around the bonds of the C2-spacer units on both sides of PBI B occur
leading to the breakage of the transient intramolecular N—Hamide - O=Cimide hydrogen bond on
its inner side and the formation of an intramolecular N—Hamide *** O=Cimide hydrogen bond on its
peripheral side leading to Agg 3 with both a-CH3 groups pointing upwards on the inner and

downwards on the peripheral side.
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Thermodynamic Characterization of the Polymorphism of (R,R)-PBI

Proof for Dimers as the Main Species in the Anticooperative Aggregation of Agg 1

* * u
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Figure 39. Partial VT-'H NMR spectra of (R,R)-PBI in toluene-d® (cr=4.0 x 10* M). Upon decreasing
temperature from 365 K to 262 K monomeric (R,R)-PBI self-assembles into Agg 1 dimers, leading to a splitting

of the perylene (*) and N-H (m) protons at low temperatures.
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Figure 40. MALDI-TOF spectrum of (R,R)-PBI. Inset: Expanded region showing the molecular peak

corresponding to the Na* adduct of the dimer.

Disassembly Process of Agg 2
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Figure 41. Temperature-dependent UV/vis-absorption spectra of Agg 2 (a) and plot of the extinction coefficients

¢ at different wavelengths as a function of temperature (b) for Agg 1 and Agg 2 in MCH/Tol (5:4, v/v)
(cr=2.0x10*M, T=298 K — 363 K, heating rate: 5 K min™}).
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During the disassembly of Agg 2 upon heating no pronounced changes at A=1575nm
(characteristic J-type absorption band of Agg 3) are observed meaning that Agg 3 is not
involved in the disassembly process. Furthermore, at the absorption maximum of Agg 2 at
A=463 nm, Agg 1 does not show pronounced changes during the heating experiment. Thus,
the changes in the absorption spectrum at A =463 nm upon heating are solely caused by the

disassembly of Agg 2.

Disassembly Process of Agg 3
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Figure 42. Temperature-dependent UV/vis-absorption spectra of Agg 3 (a) and plot of the molar extinction
coefficient ¢ at different wavelengths as a function of temperature (b) for Agg 1 and Agg 3 in MCH/Tol (5:4, v/v)
(ctr=4.0x10*M, T=293 K — 325 K, heating rate: 1 K min").

During the disassembly of Agg 3 upon heating no changes at A=463 nm
(absorption maximum of Agg 2) are observed meaning that Agg 2 is not involved in the
disassembly process. Furthermore, at the J-type absorption band of Agg 3 at A =575 nm, Agg 1
does not show pronounced changes during the heating experiment. Thus, the changes in the

absorption spectrum at A = 575 nm are solely caused by the disassembly of Agg 3.

Determination of the Thermodynamic Parameters of Agg 2 and Agg 3

During the disassembly of Agg 2 and Agg 3 upon heating the resultant monomers reassemble
into Agg 1 through an anticooperative process with preferential formation of even-sized
aggregates due to the higher dimerization constant K> of Agg 1 compared to the association

constant K for further elongation (Chapter 3.2.4, Table 1). Thus, the monomer concentrations
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CMono at the critical temperatures of the disassembly processes of Agg 2 (Chapter 3.2.4, Figure
20e) or Agg 3 (Chapter 3.2.4, Figure 20f) were determined based on an anticooperative model
that accounts for the preferential formation of even-numbered aggregates.[**! According to the
aforementioned model, the known total concentration of molecules ct can be expressed by the
sum of the concentration of monomers cmono, molecules in even-numbered and odd-numbered
aggregates at a certain temperature (equation (8), Chapter 2.2). For the determination of cmono
at the respective critical temperature 7t (cmono (7E)), the dimerization constant K> and the
association constant for further elongation Kg of Agg 1 at the critical temperatures Tt were put
into equation (8).

After numerical determination of cmono (7E), a van’t Hoff plot (Chapter 3.2.4, Figure 20b,c) was

288-289

prepared according to equation (13)! ! from which the standard enthalpy change AH° and

the standard entropy change AS° upon aggregation were estimated:

1 ]_ —AHO  ASO

13
CMono (TE) * ( )

InK(Tg) = ln[ RT, R

The Gibbs free energy changes AG® at 298 K were determined according to the Gibbs-

Helmholtz equation (14):[288-28]

AG® = AHO — TAS° (14)
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Kinetic Characterization of the Polymorphism of (R,R)-PBI

Ultrasound-induced Transformation of Agg 1 into Agg 2
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Figure 43. CD spectra for the transformation Agg 1 — Agg 2 in MCH/Tol (5:4, v/v) depending on the sonication
period (cr=3.0 x 1074 M, 298 K).

Ultrasound-induced Transformation of Agg 1 into Agg 3
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Figure 44. CD spectra for the transformation Agg 1 — Agg 3 in MCH/Tol (5:4, v/v) depending on the sonication
period (cr=5.0 x107* M, 308 K). A fully equilibrated solution of Agg 3 (dark blue line) was obtained after cooling

of the solution from 308 K (purple line) to 298 K (blue line) after complete transformation.
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NMR Spectra of Synthetic Intermediates and (R,R)-PBI
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Figure 45. '"H NMR (400 MHz) spectrum of (R)-tert-butyl (1-(3,4,5-tris(dodecyloxy)benzamido)propan-2-
yl)carbamate ((R)-18) in CDCl; at 295 K.
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Figure 46. 3C NMR (101 MHz) spectrum of (R)-tert-butyl (1-(3,4,5-tris(dodecyloxy)benzamido)propan-2-
yl)carbamate ((R)-18) in CDCl3 at 295 K.
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Figure 47. 'H NMR (400 MHz) spectrum of (R)-N-(2-aminopropyl)-3,4,5-tris(dodecyloxy)benzamide ((R)-19) in
CDCls at 295 K.
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Figure 48. '3C NMR (101 MHz) spectrum of (R)-N-(2-aminopropyl)-3,4,5-tris(dodecyloxy)benzamide ((R)-19)
in CDCl; 295 K.
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Figure 49. '"H NMR (400 MHz) spectrum of (R,R)-N,N’-di(3,4,5-tris(dodecyloxy)benzoylamino-1-methylethyl)-
perylene-3,4:9,10-tetracarboxylic acid bisimide ((R,R)-PBI) in toluene-ds at 365 K.
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Figure 50. 1*C NMR (151 MHz) spectrum of (R,R)-N,N’-di(3,4,5-tris(dodecyloxy)benzoylamino-1-methylethyl)-
perylene-3,4:9,10-tetracarboxylic acid bisimide ((R,R)-PBI) in toluene-ds at 365 K.
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7.2  Supporting Information for Chapter 4: Control of Self-
Assembly Pathways toward Conglomerate and Racemic

Supramolecular Polymers

In Chapter 7.2 the supramolecular polymorphs of (R,R)- and (S,S)-PBI are abbreviated as
(R,R)-Agg 1-3 and (S,5)-Agg 1-3, respectively. The synthetic details and related
characterization data of the herein described compounds have also been reported in

referencel®>].

Materials and methods

General: All chemicals and solvents were purchased from commercial suppliers and used
without further purification. The 'H and '*C NMR spectra were recorded with a Bruker Avance
IIT HD 400 or 600 MHz spectrometer and calibrated against the residual proton signal or natural
abundance carbon resonance of the used deuterated solvent from tetramethylsilane (TMS) as
the internal standard. The chemical shifts ¢ are indicated in ppm and the coupling constants J
in Hz. The multiplicities are given at center of the respective signal as s (singlet), d (doublet),
dd (doublet of doublets), t (triplet), q (quartet) and m (multiplet). The MALDI-TOF mass
spectra were measured with a Bruker Daltonics autoflex II LRF by using trans-2-[3-(4-tert-
butylphenyl)-2-methyl-2-propenylidene]Jmalononitrile (DCTB) as a matrix. The high-
resolution mass spectra (HRMS) were measured by electrospray ionization (ESI) with a

microTOF Focus spectrometer from Bruker Daltonics.

Optical UV/vis-Absorption Spectroscopy: The spectroscopic measurements were conducted
under ambient conditions using dry solvents of spectroscopic grade. The UV/vis spectra of the
samples were measured with Jasco V-670 and Jasco V-770 spectrophotometers equipped with
a PAC-743R Auto Peltier 6/8-cell changer for temperature control. The temperature-dependent
absorption spectra were density corrected for the different temperatures. Solid state UV/vis

spectra were recorded with a Jasco J-810 spectropolarimeter.

Circular Dichroism (CD) and linear dichroism (LD) Spectroscopy: CD and LD spectra
were measured with a Jasco J-810 spectropolarimeter equipped with a Jasco CDF-426S Peltier
temperature controller. All CD and LD spectra were density corrected for different

temperatures.

117



Chapter 7 Appendix

Fourier Transform Infrared (FT-IR) Spectroscopy: The FT-IR spectroscopic analyses were
performed on a Jasco FT/IR-4600 spectrometer. For measurements in solution the spectrometer
was equipped with a Falcon Mid-IR transmission accessory (temperature control module, liquid
recirculator) with a fixed path cuvette with CaF, windows and path length of 1 mm (PIKE

technologies).

Atomic Force Microscopy (AFM): AFM measurements were performed under ambient
conditions using a Bruker Multimode 8 SPM system operating in tapping mode in air. Silica
cantilevers (OMCL-AC160TS, Olympus) with a resonance frequency of ~ 300 kHz and a spring
constant of ~ 40 Nm ! were used. The samples were spin-coated from solution onto highly

ordered pyrolytic graphite (HOPG) with 4000 or 10000 rpm.*

Preparation of the Racemic Mixture (Yielding Con-Agg 1): In order to prepare a racemic
mixture of (R,R)- and (S,S)-PBI ([(R,R)-PBI] / [(S,S)-PBI] = 1:1), stock solutions with the
same concentrations were prepared for both compounds individually. Therefore, a weighed
amount of a methylcyclohexane (MCH) and toluene (Tol) mixture with a volume ratio of
v/v = 5:4 was added to the solid sample of the respective enantiomer in a screw cap vial. After
preparation of the stock solution of each enantiomer, equal volumes of (R,R)- and (S,S)-PBI
solution were added to a new vial with a glass pipette (solution were weighed). After heating
to > 363 K and cooling to 298 K, the racemic nature of the solution was double checked by
careful CD measurements (and potentially adjusted by addition of tiny amounts of the “minor”
enantiomer solution) to ensure that equal amounts of both enantiomers are present in the
racemic mixture resulting in no observable CD signal. Prior further experiments, heating and

cooling was repeated for the racemic mixture in a sealed vial.

Ultrasonication: Ultrasonication was performed with an ultrasonic processor UP50H (30 kHz,
50 Watt, 100% amplitude) from Hielscher. A portion of 3.1 mL of Con-Agg 1 solution in a
mixture of MCH/Tol in a volume ratio of v/v=15:4 was placed in a vial and heated. The
ultrasonic finger was dipped about half-way in the hot solution and the vial sealed with a cap
and parafilm. The temperature, at which ultrasonication was conducted, was controlled by a

water bath in which the vial was placed.

* AFM measurements were performed by V. Stepanenko.
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Computational Details: The optimized octameric structure of Rac-Agg 4 was calculated in
the framework of the semi-empirical PM6 method?’*! along with the D3H4[2"#273] correction
for an adequate description of hydrogen bonds and dispersion by using the MOPAC2016

276

program suite.?’%! In order to decrease the computational demand, the long alkyl chains were

replaced by methyl groups.*

* Quantum chemical calculations were performed by M. 1. S. Rohr.

Synthesis and Characterization

(S)-tert-Butyl (1-(3,4,5-tris(dodecyloxy)benzamido)propan-2-yl)carbamate ((S)-18)

H25C 120 i H
25012 H/\l/ “Boc

H25C120
OC1q2H2s

(S)-18

Compound (5)-18 was synthesized according to the reported procedure for its enantiomer (for
details, see Chapter 7.1)"" 2331 ysing 3,4,5-tris(dodecyloxy)benzoic acid (16) (697 mg, 1.03
mmol), thionyl chloride (1.5 mL), ($)-17 (150 mg, 860 umol), NEt; (1 mL) and 25 mL dry
dichloromethane (DCM). Rose solid (602 mg, 720 pmol, 84%). Mp. 93 — 94 °C. 'H NMR (400
MHz, CDCl3): §=7.41 (br, 1 H), 7.05 (s, 2 H), 4.67 (br, 1 H), 4.02 (t, >°J = 6.6 Hz, 4 H), 3.98
(t,3J= 6.6 Hz, 2 H), 3.95-3.86 (m, 1 H), 3.55-3.47 (m, 1 H), 3.42-3.32 (m, 1 H), 1.84-1.69
(m, 6 H), 1.50—1.42 (m, 6 H), 1.40 (s, 9 H), 1.36—1.21 (m, 51 H), 0.90—0.85 (m, 9 H). *C NMR
(100 MHz, CDCl3): 6=167.4, 157.2, 153.1, 141.0, 129.1, 105.6, 80.1, 77.3, 73.5, 69.3, 48.4,
46.8,32.0,30.4,29.9,29.8,29.7,29.5,28.4,26.2,22.8, 18.9, 14.2. MS (MALDI, positive mode,
DCTB in CHCI3): m/z calculated for CsiHoaN2Og [M]": 830.711, found: 830.700.
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(S,9)-V,N’-di[3.4,5-tris(dodecyloxy)benzoylamino-1-methylethyl]-perylene-3,4:9,10-
tetracarboxylic acid bisimide ((S,5)-PBI)

H25C 120,
0
e S
HN
HpsC120 _>—NN—<_ OC15Hps
NH
o) 0 OC15Hys
o)
(S,S)-PBI OC12H2s

(8,5)-PBI was synthesized in a two-step procedure according to the reported procedure for
(R,R)-PBI (for details, see Chapter 7.1)'""- %31 from (S)-18 (250 mg, 300 pmol), trifluoroacetic
acid (0.1 mL), 5 mL CHCIs, perylene-3,4:9,10-tetracarboxylic acid bisanhydride (20) (49.0 mg,
120 umol) and imidazole (3 g). Red solid (149 mg, 81.9 umol, 68% over 2 steps). Mp.
183 — 184 °C. '"H NMR (400 MHz, toluene-ds, 365 K): 6= 8.43 (d, *J = 8.0 Hz, 4 H), 7.80 (d,
3J=8.0 Hz, 4 H), 7.25 (s, 4 H), 6.66 (br, 2 H), 5.71 (br, 2 H), 4.62—4.49 (m, 2 H), 4.12 (t,
3J=6.5Hz, 4 H), 3.94-3.83 (m, 8 H), 3.74-3.63 (m, 2 H), 1.87-1.80 (m, 4 H), 1.76—1.67 (m,
8 H), 1.65 (d, >*J=7.1 Hz, 6 H), 1.61-1.21 (m, 108 H), 0.94-0.87 (m, 18 H). *C-NMR (150
MHz, toluene-ds, 365 K): 6=167.0, 164.2, 153.8, 142.9, 134.3, 131.1, 130.8, 129.6, 126.4,
124.7, 124.1, 122.9, 107.9, 73.6, 70.1, 50.3, 43.7, 32.2, 31.0, 30.1, 30.0, 29.8, 29.7, 26.6, 22.9,
20.7, 16.0, 14.0. MS (MALDI-TOF, positive mode, DCTB in CHCI3): m/z calculated for
CiisHi77N4012 [M+H]": 1818.336, found: 1818.350. HRMS (ESI-TOF, positive mode,
MeCN/CHClIs 1:1): m/z calculated for C116Hi77N4O12 [M+H]": 1818.33575, found: 1818.33575.
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Characterization of the Polymorphs of (R,R)- and (S,S)-PBI

£(10* M em™)

5.0

4.01
3.01
2.0
1.0

0-0 T T T T T
400 450 500 550 600 650 700

xXxxxl (f?’f?)-l\!;s; 1 (1315;)'I\S;SJ 1
(XXX N (R,R)-Agg 2 E— (s,s)-Agg 2
(XXX N (R’R)-Agg 3 _— (S,S)-Agg 3

Wavelength (nm)

Figure 51. UV/vis-absorption spectra of the three polymorphs of (R,R)- or (S,S)-PBI (ct = 4.0 x 104 M, 298 K)

in MCH/Tol (5:4, v/v) which are denoted as (R,R)-Agg 1-3 or (S,S5)-Agg 1-3, respectively.
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Figure 52. CD spectra of (R,R)-Agg 1-3 and (S,S)-Agg 1-3 (cr=4.0 x 10* M, 298 K) in MCH/Tol (5:4, v/v).
The clear bisignate Cotton effects observed for (R,R)- and (S,S)-Agg 1 correspond to M- and P-helical oligomers

according to the exciton chirality method.!?%3! Notably, the CD spectra of the respective enantiomeric polymorphs

(R,R)-Agg 1-3 and (§,S5)-Agg 1-3 show mirror image behavior, i.e. (R,R)- and (S,S)-PBI form the same type of

supramolecular polymorphs but with opposite helicities.
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Figure 53. UV/vis-absorption spectrum of monomeric (R,R)-PBI (ct = 2.0 x 10 M, 357 K) in MCH/Tol (5:4,

v/v).
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Characterization of the Supramolecular Conglomerates Con-Agg 1 and Con-

Agg 2 and the Racemic Supramolecular Polymer Rac-Agg 4

VT-'H NMR Studies of the Dimerization Process of Con-Agg 1 and (R,R)-Agg 1

a ] b
(R,R)- * (S,S5)-Monomer (1:1) (R,R)-Monomer — (R,R)-Agg 1 dimer
— Con-Agg 1 dimer
(@) o [ | o o |
365 K | “ ) ‘ l 365 K
\ N | L‘J. J\ A ’ JLJ T S
350 K ” : \ ‘ \ J 350 K
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Figure 54. Partial VT-'"H NMR spectra of the dimerization process of Con-Agg 1 (a) and (R,R)-Agg 1 (compare
Chapter 7.1, Figure 39)7"! (b) in toluene-d® (ct =4.0 x 10 M). Upon decreasing temperature from 365 K to
262 K the racemic mixture of monomeric (R,R)- and (S,S)-PBI self-assembles into Con-Agg 1 dimers (a) while
monomeric (R,R)-PBI self-assembles into (R,R)-Agg 1 (b). Since both dimerization processes show the same VT-
"H NMR spectra, it can be concluded that Con-Agg 1 consists of equal amounts of (R,R)- and (S,S)-Agg 1 which
show the same 'H NMR spectra as (R,R)-Agg 1 at the respective temperatures. Upon dimerization a splitting of

the perylene (o) and N—H (m) protons is observed at low temperatures.
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Additional AFM Studies of Con-Agg 2

Figure 55. AFM height and phase images of Con-Agg 2 spin-coated on HOPG from MCH/Tol (5:4, v/v). Z scale

is 10 nm. The helicities of the nanofibers of Con-Agg 2 are indicated in the phase images.*

Additional AFM Studies of Rac-Agg 4

non-helical

[

non-helical

Figure 56. AFM height and phase images of Rac-Agg 4 spin-coated on HOPG from MCH/Tol (5:4, v/v). Z scales

are 12 and 13 nm, respectively. For Rac-Agg 4 only non-helical nanorods were observed that further bundle into

sheet-like structures.*

* AFM measurements were performed by V. Stepanenko.

124



Chapter 7 Appendix

Summary of the AFM Data

Table 3. Summary of morphology data for Con-Agg 1, Con-Agg 2 and Rac-Agg 4 obtained by AFM.
Additionally, the respective data for (R,R)- and (S,S)-Agg 1-3 is listed for comparison.

Morphology Helical pitch/ nm  Diameter / nm @ Length/ nm
Con-Agg 1 Nanoparticles — 3.8+£0.3 —
Con-Agg 2 Nanofibers 57+0.2 45+0.2 40 — 750
Rac-Agg 4 Nanorods non-helical 4.1+0.2 40 — 55
(R,R)-Agg 1 Nanoparticles — 3.8+£0.3 —
(R,R)-Agg 2 Nanofibers 55+03 4.7+0.2 50 - 600
(R,R)-Agg 3 Nanofibers 16 +2 4.6+0.2 45 —450
(S,5)-Agg 1 Nanoparticles — 3.8+£0.2 —
(S,8)-Agg 2 Nanofibers 54+0.3 46+0.2 60 — 800
(S,8)-Agg 3 Nanofibers 16 £2 45+0.3 40— 350
CD and LD Studies of Rac-Agg 4
~ 0.5% ee (R,R)-Agg 1
101 ~0.5% ee (S,S)-Agg 1

2 ol

©

E

=)

O 101

-204
400 500 600 700

Wavelength (nm)

Figure 57. CD spectra of “Rac-Agg 4” obtained after transformation of mixtures of (R,R)- and (5,5)-Agg 1 with
approximate enantiomeric excesses (ee) of (R,R)- or (S,S)-PBI of 0.5% in MCH/Tol (5:4, v/v) at 298 K

(et =5.0 x10™* M, ultrasonication at 308 K). The shape and CD signal intensities are independent of small ee’s.
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Figure 58. (a) CD and LD spectra of Rac-Agg 4 in MCH/Tol (5:4, v/v) at 298 K (cr = 4.0 x 107* M). (b) UV/vis-
absorption spectrum of an aligned film (alignment as described in reference”’”/) of Rac-Agg 4. CD (c¢) and LD
(d) spectra of the aligned film of Rac-Agg 4 measured at 0° and 90°. (e) Schematic depiction of the LD effect
which is defined as the difference in absorption of linearly polarized light parallel (Aj) and perpendicular (A ) to
an orientation axis.[**¥ Furthermore, the orientation of the perylene bisimide (PBI) molecules within the aligned

film and cuvette is indicated (red bars represent the PBIs’ long and short axis).

The apparent CD signal of Rac-Agg 4 (Chapter 4.2.2, Figure 25¢ and Figure 58a) can be
interpreted as a LD artefact (all CD instruments bear inherent optical imperfections leading to
a contamination of circularly polarized light with linearly polarized light!*7: 2% 3051y which
results from the (partial) orientation of the molecules within the cuvette. In solution the
observed LD signal is more intense than the CD signal (Figure 58a). In an aligned thin film no
structural change of Rac-Agg 4 upon alignment is observed (compare absorption spectra in
solution (Chapter 4.2.2, Figure 25b) and Figure 58b). The LD signal of the film is more than
20 times larger than the respective CD signal of the aligned film (Figure 58c,d). The CD and
LD results observed in solution can be qualitatively reproduced by measuring the aligned film
in a 90° angle with respect to the alignment direction (Figure 58¢) which proves that the
respective PBI molecules are oriented vertically with respect to their long molecular axis in the
cuvette (Figure 58e, the measured So — S: electronic transition is polarized along the long

molecular axis of the PBI molecules).[%!
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UV/vis Studies of Con-Agg 1. Con-Agg 2 and Rac-Agg 4 in Solution and Thin Films
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Figure 59. UV/vis-absorption spectra (a) and normalized UV/Vis-absorption spectra (b) of Con-Agg 1, Con-Agg
2 and Rac-Agg 4 (cr = 5.0 x 10 M) in MCH/Tol (5:4, v/v) at 298 K. (¢) UV/vis-absorption spectra of thin films
prepared by drop casting solutions of Con-Agg 1, Con-Agg 2 or Rac-Agg 4 on quarz plates. Notably, the thin-

film absorption spectra resemble those obtained in solution.

Quantum Chemical Calculations for Rac-Agg 4

4

: I -100.5 kJ mol"!

I -110.4 kJ mol”

J o uv I U W »w

R = (R,R)-PBI, S = (S,S)-PBI

Figure 60. Geometry-optimized octamer structure of Rac-Agg 4 using PM6-D3H4P273-271 correction as
implemented in the MOPAC software package.?’* R and S denote (R,R)- and (S,S)-PBI, respectively. The lower
RRSS-tetramer stack is shown in Chapter 4.2.3. The calculated average gas-phase stabilization energies between

the homochiral RR and heterochiral RS contacts are shown.

* Quantum chemical calculations were performed by M. 1. S. Rohr.
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Kinetic Analysis
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Figure 61. Plot of the time-dependent ¢ values at A = 464 nm derived from the respective absorption spectra at
different concentrations for the ultrasound-induced transformation of Con-Agg 1 — Con-Agg 2. Lines are set to

guide the eye.

Thermodynamic Analysis

Flucidation of the Thermodynamic Parameters of Rac-Agg 4

The analysis of the thermodynamic parameters was conducted as described in Chapter 7.1.1"]

For the analysis of the thermodynamic parameters the following considerations were made:

1) Con-Agg 1 is a racemic mixture consisting of exclusively (R,R)- and (§,S5)-Agg 1 and
virtually no hetero aggregates which was proven by UV/vis and NMR spectroscopy
(Chapter 4.2.2, Figure 25b and Figure 54).

2) The thermodynamic parameters of (S,8)-Agg 1 are by definition the same as those of
(R,R)-Agg 1"V (Chapter 3.2.4, Table 1 and Chapter 4.2.5, Table 2) due to their

enantiomeric relation.

3) Since Con-Agg 1 consists exclusively of (R,R)- and (S,5)-Agg 1 and the
thermodynamic parameters of (R,R)- and (S,S5)-Agg 1 are identical, the thermodynamic
parameters of Con-Agg 1 are accurately described by those determined for (R,R)-
Agg 17 (Chapter 4.2.5, Table 2). In other words, Con-Agg 1 can be treated as (R,R)-
Agg 1 with regard to its thermodynamics.
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During the disassembly of Rac-Agg 4 upon heating, the resultant monomers of (R,R)- and
(S,8)-PBI reassemble into conglomerate Con-Agg 1. As reported for (R,R)-Agg 1 (Chapter
3.2.4 and Chapter 3.3),'" also Con-Agg 1 is formed through an anticooperative process with
preferential formation of even-sized aggregates due to the formation of tightly bound dimeric
units within (R,R)- and (S,S)-Agg 1 with a higher dimerization constant K> compared to the
association constant K for further elongation (Chapter 4.2.5, Table 2).?% 771 Thus, the overall
monomer concentrations cmono at the critical temperatures of the disassembly processes of Rac-
Agg 4 (Chapter 4.2.5, inset Figure 30b) were determined based on an anticooperative model
that accounts for the preferential formation of even-numbered aggregates./*8! According to the
aforementioned model, the known total concentration of molecules cr can be expressed by the
sum of the concentration of monomers cmono, molecules in even-numbered and odd-numbered
aggregates at a certain temperature (equation (8), Chapter 2.2). For the determination of cmono
at the respective critical temperature 7t (cMono (7E)), the dimerization constant K> and the
association constant for further elongation Kg of Con-Agg 1 (which are the same as those of

(R,R)-Agg 1) at the critical temperature T:!"” were put into equation (8).

After numerical determination of cmono (7E), a van’t Hoff plot (Chapter 4.2.5, Figure 30b) was
prepared according to equation (13) (Chapter 7.1) from which the standard enthalpy change
AHP and the standard entropy change AS°® upon aggregation were estimated.?*¥2%° The Gibbs
free energy change AG° at 298 K was determined according to the Gibbs-Helmholtz equation
(14) (Chapter 7.1).1283-28]
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Figure 62. 'H NMR (400 MHz) spectrum of (S)-tert-butyl (1-(3,4,5-tris(dodecyloxy)benzamido)propan-2-
yl)carbamate ((5)-18) in CDCls at 295 K.
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Figure 63. 3°C NMR (101 MHz) spectrum of (S)-tert-butyl (1-(3,4,5-tris(dodecyloxy)benzamido)propan-2-
yl)carbamate ((S)-18) in CDCl; at 295 K.
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Figure 64. 'H NMR spectrum (400 MHz) of (S,S)-N,N’-di[3,4,5-tris(dodecyloxy)benzoylamino-1-methylethyl]-
perylene-3,4:9,10-tetracarboxylic acid bisimide ((S,5)-PBI) in toluene-ds at 365 K.
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Figure 65. 3C NMR spectrum (151 MHz) of (S,S5)-N,N’-di[3,4,5-tris(dodecyloxy)benzoylamino-1-methylethyl]-
perylene-3,4:9,10-tetracarboxylic acid bisimide ((S,S)-PBI) in toluene-ds at 365 K.
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