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CHAPTER 1

INTRODUCTION AND AIM OF THE THESIS

“Self-assembly is the autonomous organization of components into patterns or structures without
human intervention.”!!! In the field of supramolecular chemistry, “components” refers to
molecular building blocks that enable distinct intermolecular interactions. The nature,
directionality, and strength of these interactions can be controlled by modifying the chemical
structure of these molecules, and chemists have become very skilled at these covalent
modifications over the past century.”) The assembling, however, the molecular building blocks
will do by themselves. As illustrated by the awe-inspiring supramolecular systems found in

nature, >4

it is often a fine balance of multiple weak interactions, which are, additionally, highly
sensitive to the environment, that determine the thermodynamically most stable structure.[> It
is, therefore, not trivial to guide molecules into a desired supramolecular arrangement in solution
or in the solid state. Only proper design of the molecules and the environment, based on a sound
understanding of all thermodynamic (and also kinetic) parameters involved, will lead to the
desired aggregate structure or solid-state material with the aspired properties. Then, self-
assembly can be a very efficient bottom-up strategy which aims to place well defined building
blocks at predefined locations and to achieve functionality beyond what is expected from the
sum of the molecular entities. The self-assembly of dye molecules is of particular interest to
supramolecular chemists, since electrical and optical functionalities often rely on extended
n-conjugated systems.[”! Organic dye molecules find application in, e.g., display technology,®
photovoltaics,[*1% flexible materials!''"'?! and sensors.I'3) And for all of those applications, the
device properties are strongly influenced by the packing and interactions of the functional

molecules.'*]

Self-assembly under thermodynamic control can be described as chemical equilibria between
monomer and aggregate species.>1%1 The equilibrium constant K is related to the
thermodynamic parameters of the process: the binding enthalpy AH° and entropy AS?, which are
a measure of the interaction strength and changes in degrees of freedom of a system,
respectively, and the Gibbs binding energy AG®, which is the sum of these two contributions.

The emerging aggregates can inherit a discrete oligomer size or form supramolecular polymers.
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Various mathematical models are reported in literature to describe different types of self-
assembly equilibria.['®23] The most basic one is the dimerization (Kp) of a monomer, which is
guided by self-complementary intermolecular interactions. But also models for larger defined-
sized aggregatesl® or host-guest complexes!!” are reported. For polymeric assemblies, the
simplest model is the isodesmic model,!'®) which assumes every attachment of a monomer to the
aggregate to have the same interaction strength, i.e., the binding constant K is equal for all
association steps (Kp = K, Figure 1, black). For many supramolecular polymerizations, however,
a difference is observed for the binding constants of the initial phase of assembly (nucleation, Kp
for a dimer nucleus) and subsequent growth of the polymer (elongation, K).['8 In some cases,
initially a less favoured nucleus has to be formed before highly favoured polymer growth can
occur. This is called cooperative supramolecular polymerization (Kp < K, Figure 1, red).[?>??!
Anti-cooperative self-assembly, on the other hand, is characterized by a preferred nucleus
formation with a reduced tendency to further self-assemble into larger aggregate structures
(Kp> K, Figure 1, blue).’>?®! The underlying self-assembly mechanism, which is already
encoded in the individual building blocks, is tightly connected to the properties of the emerging

[22,25

aggregate species, like stability and size distribution. I Figure 1 illustrates the differences that

are to be expected for isodesmic, cooperative and anti-cooperative self-assembly.
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Figure 1. a) Simplified schematic representation of a self-assembly processes divided into nucleation (here dimer nucleus) and
subsequent elongation, with the corresponding binding constants for nucleus formation (Kp) and polymer growth (K). b) Degree
of aggregated m-surfaces (aggn) as a function of the normalized concentration Kco for an anti-cooperative (blue, Kp/K = 1000),
isodesmic (black, Kp = K) and cooperative (red, Ko/K = 0.01) self-assembly. At caggr = 0.5, predominantly dimers are present
(two free and two bound m-surfaces). Based on ref. [16]. c¢) Qualitative length distribution (indicated by the degree of
polymerization) of supramolecular polymers formed by different self-assembly mechanisms. Reprinted with permission from ref.
[25]. Copyright 2018 American Chemical Society.
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For isodesmic self-assembly of planar m-conjugated molecules, the degree of aggregated
n-surfaces (cagg-n) shows a sigmoidal increase as a function of the total sample concentration co.
For cooperative self-assembly, a characteristic critical concentration can be observed at which
nucleation occurs and cage-n, representing polymerization, starts to increase rapidly. The size
distribution is characterized by a broad variety of extended polymers, but also a certain number
of remaining monomers. For anti-cooperative self-assembly, a plateau can be observed in the
graph of aagegrin Figure 1b, where within a certain concentration range predominantly the
nucleus is present, in this case a dimer nucleus with caggn =0.5. The polymers formed upon
further increasing the concentration are usually shorter, with a narrower size distribution, than
for a comparable isodesmic or cooperative assemblies. Cooperative supramolecular
polymerization is intensely investigated for several classes of materials. Polymer growth from a
relatively small number of nuclei leads to the formation of very long and stable supramolecular

polymer fibers which have raised interest as functional materials in a variety of fields.!'3 27-2%]

The anti-cooperative self-assembly, on the other hand, has been much less investigated, 226 30-381
although, it also has clear benefits for the design of interesting self-assembly structures. It can
help to gain control over the formation of smaller, more defined aggregates compared to
isodesmic or cooperative self-assembly. This can be advantageous for the processing of
functional materials. Often the desired functionality, e.g. photophysical properties, can already
be obtained from rather small sized assemblies.**) For applications, e.g., in organic bulk
heterojunction solar cells the cooperative formation of long extended aggregates during solution
processing can be problematic. In mixed systems it often leads to unfavorable phase separation
instead of homogeneous thin films, which significantly lowers the efficiency of the device.
Furthermore, a hierarchical aggregation mechanism with firstly a nucleus formation and
secondly the self-assembly of these nuclei, opens up new strategies for the stepwise construction
of complex supramolecular architectures from small molecules.** ¥ However, special
molecular features are needed to induce preferred nucleus over extended polymer formation, but
still allow for further self-assembly of the nuclei. This precondition is clearly met by the
molecule class studied in this thesis: the dipolar merocyanines dyes (Figure 2). These light-
weight molecules are interesting from a functional perspective because of their intense and often
narrow charge-transfer (CT) UV/Vis absorption, which is highly sensitive to the environment.
Additionally, they are also exciting as supramolecular building blocks due to their significant
zwitterionic character and the resulting exceptional dipolarity (Figure 2a). Strong and directional

dipole-dipole interactions between the chromophores lead to structurally defined dimers as a
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supramolecular binding motif, similar to the extensively used complementary H-bonds. Due to
the anti-parallel arrangement of the chromophores, the dipolarity of this dimer is significantly
reduced. Further assembly can only occur through weaker dispersion interactions between the

accessible n-surfaces (Figure 2c¢).
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Figure 2. a) Chemical structure of the highly dipolar pyridine dioxocyano-pyridine (PYOP) merocyanine chromophore with its
zwitterionic resonance structure. b) Chemical structure of merocyanines 1 and 2, whose self-assembly is investigated in
Chapter 3 and Chapter 4 of this thesis, respectively. ¢) Schematic illustration of the anti-cooperative self-assembly equilibria of
merocyanine monomers (M) into an antiparallel aligned dimer nucleus (D) by dipole-dipole interactions followed by formation
of a m-stacked higher aggregate (H) by dispersion interactions.

Yet, the formation of such higher merocyanine aggregates by anti-cooperative self-assembly in
solution has not been explored so far. This may be due to the fact that the self-assembly of
dipolar chromophores is most favoured in non-polar solvents, where the solubility of these polar
molecules is typically low. Especially for anti-cooperative self-assembly, however, a large
concentration range is needed to capture the entire two-step process (Figure 1b). Larger
merocyanine assemblies could so far only be obtained by covalent linking of multiple

chromophores into preorganized tweezers** 3! or flexible foldamers.[*-4!]

To characterize supramolecular merocyanine systems with regard to stability (thermodynamic
parameters) and the self-assembly mechanism, concentration-dependent aggregation studies by
UV/Vis absorption spectroscopy so far constitute the preferred method.*?! In some cases,

however, the accessible concentration range is limited by the solubility or availability of the

4
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material or a concentration-dependent approach cannot be applied since, e.g. a folding process**!
is to be observed. Here, temperaturel?3=4 36 4450 or solvent-dependent®!3! studies can be
alternatives, which have both successfully been applied in literature for a variety of systems.
Both methods are, however, based on a series of additional assumptions, compared to the
straightforward concentration-dependent evaluation of a supramolecular equilibrium, which call
into question the accuracy of the derived thermodynamic parameters. The defined, and by our
group well investigated,*”) merocyanine dimer formation of PYOP (PYridine diOxocyano-
Pyridine) chromophore 1 (Figure 2b) is an excellent model system to have a closer look at these
fundamental aspects of self-assembly studies, with regard to methodology and accuracy
(Chapter 2 and Chapter 3). This is an important basis for the investigation of more complex

supramolecular systems (Chapter 4).

The aim of this thesis is, therefore, to investigate the applicability and limitations of
concentration-, temperature-, and solvent-dependent aggregation studies by UV/Vis absorption
spectroscopy, using the simple merocyanine dimer as a model system. The insights gained
hereby will be used to elucidate the previously unreported anti-cooperative self-assembly of a
highly soluble merocyanine derivative, including the structural characterization of the extended

aggregate and investigation of its optical properties.

Chapter 2 is divided into two parts. In the first part, important theoretical aspects and the
mathematical models for the thermodynamic evaluation of self-assembly equilibria by UV/Vis
absorption spectroscopy are discussed. For the most simple example of a monomer-dimer
equilibrium, the theoretical models for a concentration-, temperature- or solvent-dependent
analysis are derived, and the advantages and disadvantages of the methods are addressed.
Additionally, a subchapter is devoted to the theory of nonlinear regression analysis, the method
of choice for fitting experimental data to a theoretical model, and a discussion on the accuracy of
the obtained parameters is included. In the second part, PYOP merocyanines are introduced as
dipolar supramolecular building blocks for self-assembled dye aggregates. Important molecular
properties and the resulting functional properties of the chromophore and its assemblies are
summarized, and an overview is given of the different aggregate structures that have previously

been obtained for this dipolar dye.

In Chapter 3, the dimerization of PYOP merocyanine 1 serves as a simple model system to

demonstrate advantages and possible sources of error for concentration-, temperature-, and
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solvent-dependent self-assembly studies by UV/Vis absorption spectroscopy. Extensive datasets

are presented, that allow a direct comparison of the results from these different methods.

In Chapter 4 the anti-cooperative self-assembly of a chiral merocyanine 2 into an extended
higher aggregate via an initially preferred dimer nucleus, was investigated. This was possible
because of the exceptionally high solubility of the PYOP derivative 2 in unpolar solvents like
methylcyclohexane (MCH). A variety of experimental techniques were applied to elucidate the
self-assembly mechanism, including the corresponding thermodynamic parameters, as well as
the aggregate structures. Aggregation-induced emission enhancement (AIEE) was observed for
the higher aggregate species, accompanied by an enhancement in circularly polarized light (CPL)

emission.

Chapter 5 and Chapter 6 summarize and conclude the thesis in English and German,

respectively.

Chapter 7 provides additional experimental and theoretical data for Chapter 2, Chapter 3, and

Chapter 4. This includes the specifications on the methods and materials.
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CHAPTER 2

STATE OF KNOWLEDGE

2.1 Dimer Self-Assembly Model’

Self-assembly under thermodynamic control can be described as an equilibrium between
monomer and aggregate species. The most fundamental model is the self-assembly of two
identical monomeric molecules (M) into a dimer (D). This two-state equilibrium can be
written as:

2M=D. (1

58601 or binding of

The design of structurally defined dimers is not trivial.®”! Covalent linking!
two molecules in a confined cavity!®l can be tools to obtain defined dimer structures,
however, there are also molecules with an inherent tendency to dimerize due to self-

complementary interactions (Figure 3).
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Figure 3. Examples of natural (a) and artificial (b, ¢, d) systems forming self-assembled dimers: a) Complementary
H-bonding of oligonucleotide duplex,®®! b) self-complementary calix[4]arene 3 forming a dimer capsule by H-bonding
between urea units (indicated by black arrows),l%] ¢) dipole-dipole interactions of merocyanine dyes, ¢) m-stacking of
perylene bisimide 4 with sterical shielding. Reprinted with permission from ref. [64]. Copyright 2010 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.

i Excerpts of this Chapter 2.1 have been published in ref. [56] Y. Vonhausen, F. Wiirthner, Chem. Eur. J. 2023,
29, €202300359. Adapted with permission. Copyright 2023 The Authors. Chemistry — A European Journal
published by Wily VCH GmbH.
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For a DNA double strand — probably the most prominent example of a supramolecular dimer
— the complementary hydrogen bonding motifs of the nucleobases direct the assembly into a
duplex structure (Figure 3a). The thermodynamic evaluation of melting curves of
oligonucleotide double strands, according to the dimer model, is a standard technique in the
field of nucleic acid chemistry to determine the stability of their secondary structure.[6!

The directionality and thermodynamic stability of complementary hydrogen bonds are also
employed in many artificial supramolecular systems to achieve defined structures, like the
calix[4]arene 3 dimer capsules of Rebek and co-workers (Figure 3b).[3! For merocyanines,
the preferred anti-parallel dimer formation is based in the strong intermolecular dipole-dipole
interactions (Figure 3¢).[%®! The dimerization is here the nucleation step of a highly anti-
cooperative self-assembly mechanism as discussed in Chapter 4 of this thesis. For large
aromatic molecules, which tend to form extended stacks due to rather weak dispersion/m-m-
interactions, the aggregation can be limited to a dimer by sterical crowding/®”! or shielding of
one m-surface as exemplarily shown for a bay-bridged perylene bisimide (PBI) 4 by Safont-
Sempere et al.'%¥ in Figure 3d.

Geometrically defined dimers of various classes of molecules are extensively studied model
systems to investigate structure-property relationships. Functional materials are usually not
isolated molecules in dilute solution or in the gas phase but, e.g., gels, crystalline solids or
embedded into a matrix. Therefore, their properties can no longer be explained by the
covalent framework of the molecular building blocks alone but are strongly influenced by the

interactions with surrounding molecules.['*!

Understanding these interactions and their
influence on the physical properties is fundamental for a rational design of functional
materials for a specific application. Dimeric structures are an excellent starting point to
unravel this complex interplay of molecular interactions and coupling between molecules in
close proximity. Compared to polymeric or solid samples a small system like a dimer in
solution can be more easily characterized by a wider choice of experimental techniques and
theory.[®® Important insights were gained, for example, on the interplay of exciton and
vibrational coupling that determine the absorption properties,!'*! excited state dynamics>*
including excimer formation,l’”) symmetry-breaking charge separation and singlet fission,!’!
or charge transport abilities.”?! Also in this Chapter 2 and the following Chapter 3 the
monomer-dimer equilibrium will serve as a model system. The insights gained hereby are,
however, not limited to the dimer example but can also be transferred to other systems that are
based on other equilibrium situations, like isodesmic,'®! cooperative®? or host-guest!!’!

assemblies.
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Supramolecular equilibria can be shifted by different factors, e.g., the total concentration of
molecules co, the temperature 7 or the solvent. Increasing the total sample concentration co
generally leads to assembly. Interestingly, however, for multi-component systems with
competing interactions, assembly can also be induced by dilution, as shown by Meijer and co-
workers!”?! in a rather special example. For most supramolecular systems in organic solvents,
a decrease in temperature favours assembly, since the process is usually enthalpically driven
(attractive interactions between the molecules) but entropically disfavoured (loss of
translational degrees of freedom upon assembly). At lower temperatures this entropy penalty
becomes less significant. However, the opposite can happen to be the case, if the assembly is
not enthalpically but entropically driven (e.g., liberation of solvent molecules from the solvent
shell upon assembly). Especially in water, where specific solute-solvent interactions are

74751 The influence of the solvent on the

possible, this can be of major importance.
equilibrium is determined by the ability of the solvent to interact with the monomer and
aggregate species.[’® Solvents that interact well with the monomeric species, meaning better
than the monomers with each other, can serve as “denaturation agents” for supramolecular

assemblies.

By evaluating how strongly these factors influence the self-assembly equilibrium,
thermodynamic parameters like the molar standard Gibbs binding energy AG® as well as the
binding enthalpy AH° and entropy AS® can be determined. The shifting of the equilibrium
(assembly/disassembly process) can be monitored by a variety of experimental methods,
where the detected signal is proportional to the concentrations of the individual species. In
this work, UV/Vis absorption spectroscopy is the method of choice as strongly absorbing
merocyanine dyes with large transition dipole moments (i&eg) and pronounced spectral
changes upon aggregation due to exciton coupling are investigated. However, the basic
principles behind the data evaluation can also be applied to datasets collected by a variety of
other techniques, like fluorescence spectroscopy, nuclear magnetic resonance (NMR) or
isothermal titration calorimetry (ITC).!'>! The changes of an experimental observable (e.g.,
absorbance at a certain wavelength, shift of 'H NMR signal, heat signal from ITC, ...) are
monitored as a function of an external influence (Figure 4, black squares). Additionally, a
mathematical model (fit function) is needed, which describes the self-assembly process
(changes in the observable) as a function of the external influence and the thermodynamic
parameters. A fitting routine (least square regression analysis) can then be used to optimize

the values for these parameters to best fit the experimental data (Figure 4, red line).[7-3%
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Figure 4. Schematic representation of experimental self-assembly data (black squares) and the corresponding fit function
(red line) to determine thermodynamic parameters.

The derivation and application of these mathematical models is the subject of this
Chapter 2.1. 1t focuses on the example of dimerization but also aims to provide guidance for

the investigation of other systems.

2.1.1 Concentration-Dependent Data Evaluation

The concentration-dependent data evaluation it the most straightforward method to analyse a
supramolecular equilibrium, as no additional assumptions besides mass action and mass
balance law are required. The basis for the mathematical model is the self-assembly
equilibrium. It defines the equilibrium constant K by the equilibrium activities of the
monomer and aggregate species. However, since the activity coefficients are generally not
known, the equilibrium constant defined by the equilibrium concentrations is usually
employed, based on the approximation that the activity coefficients are constant under the
applied conditions, in particular at the low concentrations applied for UV/Vis spectroscopy.®!]

For the two-state equilibrium for dimerization, see equation (1), the mass action law applies to

give:
— 2
(p - kdiss = kaSS’ (2)
k Cp
K — ass —
kaiss cm?’ (3)

with kass and kdiss as the association and dissociation rate constants and cm and cp as the
equilibrium concentration of the monomer (M) and dimer (D) species, respectively. For self-
assembly equilibria, K is usually called binding constant, or in this case more specifically
dimerization constant. The earliest mathematical descriptions of such monomer-dimer

equilibria date back to the 1970s.[16-17- 82-84]
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In thermodynamic equilibrium the Gibbs energy of the association/dissociation process is
AG = 0. Therefore, K is connected to the standard molar Gibbs energy of binding AG® by
equations (4) and (5):

AG = AG° +RTInK =0, 4)
AG® = —RTInK. (5)

Here R is the universal gas constant and T the temperature. AG? applies, as indicated by the
superscript “0”, to the Gibbs binding energy under standard conditions, namely 1M

concentration of all components.

The equilibrium concentrations of the different species are related to the total sample

concentration co by the mass balance equation (6):
Co= Ccmq + 2cp. (6)

This equation takes into account that the dimer consists of two molecules. Equations (3) and
(6) can be used to express the equilibrium concentration of the species cm and c¢p as a function

of co and K in equation (11).

1
p = E(Co —cm), (7
3(co=cm)
K=2"—" (3)
™M
2Kep2 =cg—ceyq = 0= —=2Kcy? — v + co, 9)
oq = IO (10)

Only one solution of the quadratic formula (10) is physically meaningful as cm must not
assume negative values:

—1+,/1+8K-Co. (11)

C =
M 4K

For other equilibrium situations the equivalent equations to (8) are not always easy to solve
analytically and approximations or implicit curve fitting is needed. For UV/Vis absorption
studies, the experimental observable, that is linearly dependent on the concentrations ¢m and

¢p, is the absorbance Abs(A) at a certain wavelength A. Absorbance is defined as the decadic

11
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logarithm of the fraction of the intensity /o of the incident light divided by the intensity / of
the light transmitted through a sample:

Abs(2) =logyo (%) =) - co - d. (12)

Instead of absorbance, however, often the molar decadic extinction coefficient &) is plotted
and evaluated that — similar to the chemical shift 6 in NMR experiments — is independent of
the experimental parameters of concentration co and sample/cuvette thickness d. According to
the Lambert-Beer law, the absorbance of an isotropic mixture of species is the sum of the
contributions of the individual species, in the present case, the monomer (4bsm) and the dimer

(Absp):
Abs(1) = Absy (A1) + Absp(4), (13)
EAN)cgrd =ey(A) ey d+ ep(A) - 2¢cp - d. (14)

Note, that em and &b in equation (14) are both defined as the molar extinction coefficients for
a single chromophore, either as a monomer or within the dimer species, respectively. This is
because the extinction spectra are calculated from the absorption spectra with the
concentration co, which represents the total molecular sample concentration. Therefore, the
concentration of dimers ¢p is accompanied by a factor “2” in the Lambert-Beer-law and the
term “apparent” extinction coefficient £ is used in this thesis for samples with a mixture of
different aggregate species to point this out. With the help of equations (6), (11) and (14) we
can now also give an expression for € as a function of the total sample concentration co and K.

With a constant cuvette thickness d, we can simplify and rearrange to give equation (18):

E() - co = em(@) e + p(A) - 2ep., (15)
£ = (@) - cm + ep () " (co = c)): (16)
EA) = () + (em(D) —&p (D) T (17)
£0) = e () + (em() — £p(D) LT (18)

Equation (18) is the general fit equation for the thermodynamic evaluation of the monomer-
dimer equilibrium (1) by UV/Vis absorption spectroscopy. In the concentration-dependent

evaluation the parameters ¢p, em, and K are determined. Figure 5a illustrates how these

12
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parameters influence the shape of the self-assembly curve: ¢p and em are the limit values to
which the function approaches. K shifts the curve from left to right and the turning point of

the sigmoidal curve lies at K.

@) 400 fr--ermmmrammemsemnensensesseesessoasassssssessssses D) 100 e aae
80 80
T T
§ 60 § 60
L | ! Model:
= 1 =
< 404 KIM' = < 404 2mer
= : 1x10% = —— 3mer
S % 4mer
20 1x10° 20 5mer
i 1x108 === isodesmic
0 il -: il T T 0 T T T il T T T
108 107 10°® 10° 10* 10° 102 107" 10° 108 107 10® 10° 10* 103 102 10" 10°
G/ M o/ M

Figure 5. Simulated concentration-dependent self-assembly curves: a) For dimerization according to equation (18) for
varying values of K with &v =5 000 M~lem™, &b =100 000 M~'cm™!. Grey area marks the accessible concentration range
with cuvettes of 0.01lmm < d < 100 mm for a standard UV/Vis spectrometer. b) For defined acyclic n-mer formation (solid
lines) or isodesmic self-assembly (dashed line), according to equations (68) and (65) in the appendix, with Kn = 1x10° M-,
am=5000M'em™, ep =100 000 M~'cm™.

For concentration-dependent data, the shape of the curve is solely determined by the nature of
the self-assembly equilibrium. Therefore, reasonable conclusions can be drawn about the self-
assembly mechanism of an unknown system, depending on which model describes the

experimental data best (Figure 5b).

When the extinction coefficients of the pure monomer (em) and dimer (&p) under the applied
experimental conditions are known, also the degree of aggregation cagg can be evaluated
instead of &. It describes the fraction of molecules incorporated into the aggregate species and

is defined for this dimer case as:

__ 2cp

Qagg = — =1-H. (19)

Co Co

In the case of UV/Vis absorption spectroscopy, cagg can be calculated from the apparent
extinction coefficient £(A) at a certain wavelength A4 with the extinction coefficients of one

molecule as a monomer em(A) or within a dimer &p(A4) at this wavelength according to:

_ EW-en()
%agg(D) = mem) (20)

Equation (20) can be derived directly from the Lambert-Beer law (14). With some
rearrangement, we obtain equation (25), which proves that equation (19) and (20) are

equivalent.

13
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E(1) - co = em(A) - (co — 26p) + ep(A) - 20p, 1)
EA)cy =emA) - cog —em(A) 2¢p + ep(A) - 2¢p, (22)
E) = en(D) — em@ 22+ (D) 22, (23)
) — em(@) = =2 (@) — en()), (24)
S =52 ) o

To evaluate the degree of aggregation cagg instead of € for a monomer-dimer equilibrium like

(1) the fit equation (26) can be used:

1 — Z1Hy1+8Kc (26)

Ao = 1 —
age 4Kc,

Calculating aage(A) and fitting with equation (26) is only possible if ev and &b are known or
can be estimated with appropriate accuracy for the system of interest. Unfortunately, this is
often not the case when only a part of the self-assembly process can be monitored by the
method of choice. When applying equation (18), em and é¢p are additional parameters which
are optimized by the fitting algorithm. Here, it is important to check whether the resultant
values are in a reasonable range, e.g. em/p > 0, and appropriate boundaries should be set for

the optimization of em and é&p.

The fit function (18) is applied to concentration-dependent UV/Vis absorption data of samples
with a defined solvent and temperature. To gain information on the binding enthalpy (AH°)
and entropy (AS®) contribution, the concentration-dependent measurements must be
performed at different temperatures. With the values for the binding constants K(7) at
different temperatures T and the Gibbs-Helmholtz equation (27), the parameters AH? and AS°
can be obtained by fitting K as a function of 7" according to equation (28):

AG® = AH® — TAS®, (27)

_Ag® —(AHO— TASO
K(T) = e = e . (28)

Commonly, a linearized version of equation (28) is used to determine AH® and AS° from the

binding constants K(7) at different temperatures, i.e. the van’t Hoff equation (29):
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0 0
Ink = -22145 (29)
R T R

The values for InK as a function of 7! are fitted with a linear function and AH® and AS° can
be determined from the slope and intercept, respectively. A so called van’t Hoff plot is useful
to verify the assumption of temperature-independent AH° and AS°. If InK does not change
linearly with 7! this assumption is wrong!’> ®! and alternative evaluation methods, which

consider the heat capacity changes!®®! can be found in literature.

2.1.2 Temperature-Dependent Data Evaluation

The temperature-dependent analysis has the advantage, that all thermodynamic parameters
can be obtained in a single automated measurement. It is, therefore, the undisputed method of
choice in the field of nucleic acid chemistry, where only very small sample amounts are

available.[6>-87]

When monitoring dimerization by temperature-dependent UV/Vis absorption measurements
equation (18), as derived above, still applies.

£ = ep(D) + (eq(D) — ep (1)) 20 (18)

4KCO

However, the binding constant K now changes with temperature while the concentration co is
fixed. A straightforward way to evaluate the data is to describe the temperature-dependence of
K by equation (28) with the help of the binding enthalpy AH® and entropy AS°, if they can be
assumed to be temperature-independent (vide supra).®® This leads to equation (30),

describing the temperature-dependent dimerization process:

—1+\/1 + 8e_(AH°_TASO)/RT'CO (30)

) = ep@ + (e — epW) —ro—rasoyar

Now, the parameters AH’, AS°, av and &b are optimized by the nonlinear fitting algorithm and
their influence on the self-assembly curve is illustrated in Figure 6. An increase or decrease of
AH° mainly shifts the curve to higher or lower temperatures but also has a minor influence on
the slope of the curve (Figure 6a). A larger entropy (AS°) contribution, meaning, e.g., a larger
entropy penalty upon assembly, makes the process “more sensitive” to temperature changes

and leads to a steeper curve (Figure 6b).
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Figure 6. Simulated temperature-dependent dimer self-assembly curves for varying values of a) AH’, b) AS® and c) co. The
green curves are identical in graphs a-c. d) Exemplary values for AH? and AS° for a oligonucleotide duplex from ref. [87].
Unless stated otherwise: ev=5000M'ecm™, e =100000M'cm™!, AH’=-40kJmol”!, AS*=-50J mol 'K},
co=1x10"* M. Marked in grey is the accessible temperature range of a standard UV/Vis spectrometer (278 — 368 K).

As evident from Figure 6, both parameters AH° and AS° can influence the shape of the curve
in a similar way, thus in nonlinear regression analysis these parameters are somewhat
redundant and a change in one parameter can to some degree be compensated by a change in
the other (more details in section 2.1.4). Additionally, the predefined sample concentration
influences the assembly curve. Decreasing co increases the slope of the self-assembly curve
and disassembly occurs already at lower temperatures (Figure 6¢). Therefore, an adjustment
of the sample concentration offers a possibility to overcome one of the disadvantages of
temperature-dependent self-assembly studies, which is the (often) narrow experimentally
accessible temperature range as indicated by the grey shaded area in the graphs in Figure 6.
Especially for dimerization, which has a rather shallow self-assembly curve compared to other
assembly models (see Figure 5b), often only a small fraction of the assembly process can be
monitored by this method. There is, however, an option to fit the data of multiple samples
with different concentrations (co) simultaneously with shared parameters (AH?, AS°, au, &p)

and, in this way, to cover the entire self-assembly process. Figure 6d illustrates why the
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limited temperature range is less of a problem for the analysis of oligonucleotide duplexes.
Both, enthalpy and entropy contribution are significantly larger in these systems than for
small organic molecules.’” This leads to a much steeper assembly curve, i.e., a transition

from duplex to monomer within a narrow temperature range.

Here again, ev and &p represent the extinction coefficients of the pure monomer and dimer
species which are, notably, also assumed to be temperature-independent. This is often not
true, as also discussed later in Chapter 2.2.1. Temperature changes can influence the shape
and position of the UV/Vis absorption band of a species (thermochromism) because of
broader structural variations at higher temperature (Boltzmann distribution) and because of
the temperature-dependence of solvent properties like the static dielectric constant and
refractive index, which determine the interaction of the solvent with the ground and
electronically excited states of a chromophore.[®®! This will lead to (usually small) changes in
the position and shape of the absorption band upon heating or cooling, also observed for the
PYOP chromophore investigated in this thesis (see Figure 29 and Figure A59). For some
chromophores, e.g., spiropyrans, even a temperature-dependent equilibrium of different

[89-90) In this case changes in temperature influence the chemical

molecular species exists.
nature of the absorbing species and are accompanied by pronounced spectral changes upon
heating or cooling. There is no easy way to accurately consider this temperature-dependence
of the UV/Vis absorption spectrum of a species in a general way within the self-assembly
model since the exact terms which describe the changes of em(7) and ep(7) are not known.
Thus, the system and collected data should be assessed carefully (as shown in Chapter 3) to

decide whether this effect is negligible with regard to the accuracy of the derived parameters

or not.

The total sample concentration co can be treated to be constant as an approximation. However,
co 1s actually also temperature-dependent due to the temperature-dependent density p(7) and
concomitant volume changes of the solvent. This effect can easily be corrected in a general
way by assuming a linear change of the solvent density with 7. The concentration at any

temperature co(7) can be calculated from the sample concentration at a reference temperature

c0(293 K):
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co(T) = ¢o(293 K) P(%']?:)K) (31)

where p(293 K) is the density of the solvent at the reference temperature. It is assumed, that in

the interval between the melting and the boiling point the density o 7) of the solvent changes

linearly with the temperature 7 according to equation (32):
p(T)= a-T+b. (32)

The values for slope a and intercept b are determined by a linear fit of known values for the
density of the solvent, in this case 1,4-dioxane, at different temperatures (Figure 7). Thus, for

1,4-dioxane equation (33) can be used to express the temperature-dependence of co(7) as

follows:

—0.00115-T+1.37083
co(T) = ¢,(293K) - 1'033;2 : (33)

1 a=-0.00115 g mL'K""
0.964 b=1.37083 g mL™’

280 300 320 340
T/K

Figure 7. Linear fit (red line) for the temperature-dependence of the density (black squares) of the solvent 1,4-dioxane
(R?>=10.99999).

Employing this expression (33) for the temperature-dependent molecular sample
concentration co(7) in equation (30) leads to the fit equation (34) for temperature-dependent

UV/Vis extinction data in 1,4-dioxane:

_1+\/1 + 8 e—(8HO-TASO)/RT . (293 K) - —0.00115- T+1.37083

1.03392 (34)

—(aAHO-TASO)/RT . —0.00115-T+1.37083
re €0(293 1K) 1.03392

E) = ep(D) + (em(D) — ep(D))

In Chapter 3 of this thesis, this density-corrected version of the temperature-dependent fit
function was applied. Admittedly, however, the influence of this correction on the values of

the optimized parameters is rather small (e.g., AH® = —43.5 kJ mol™!, AS® = —48.7 J mol~'K~!
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(density corrected) vs. AH® = —44.4 kJ mol™!, AS®=—-51.8 J mol'K™! (not density corrected),

for the temperature-dependent studies discussed for merocyanine 1 in Chapter 3).

In the literature, also slightly different approaches can be found to evaluate temperature-
dependent self-assembly data. Often the parameter of the melting temperature 7m is
introduced which is defined as the temperature at which cage = 0.5.1%:22:65.37.91 Examples and
more details can be found in the cited literature. However, also for those approaches

equation (28) and the assumed temperature-independence of AH” and AS° is the basis.

2.1.3 Solvent-Dependent Data Evaluation

In solvent-dependent UV/Vis absorption studies, the (dis)assembly process is monitored by
changing the mixing ratio of two solvents while keeping a fixed concentration and a defined
temperature: a “bad” solvent, which favours the aggregated species and a “good” solvent,
where the monomeric species is well solubilized. This often allows to find conditions, where
the entire self-assembly process can be monitored, even for more complex, multi-step
processes.*% Additionally, this analysis method also allows the quantification of the degree of
folding strength in foldamers, which can of course not be determined concentration-

dependent.[*!

Here, the fundamental equation (18) also applies. The total sample concentration co is
assumed to be constant while again the binding constant K(f) changes with the mixing ratio of
the two solvents. To describe this solvent-dependence of K, it is assumed, that the Gibbs

binding energy AG” in the solvent mixtures changes linearly with the volume fraction f of the

denaturating “good” solvent.>!: 76-921
-A6Y —(AG%+ m-f)
K(fy=e®r =e ®r . (35)

In equation (35) AG® is the Gibbs binding energy in the pure starting solvent and m is a linear
factor, describing how strongly the second solvent influences the self-assembly equilibrium.
For various types of supramolecular interactions linear free energy relationships (LFER)
between AG® and different solvent polarity scales could be demonstrated.’! However, for
some solvents and solutes the assumption that AG® changes linearly with the mixing ratio
53, 74]

might not be the best approximation, especially if specific solvent effects are involved.!

This should be considered when choosing the solvent system.
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By using expression (35) for K in the general equation (18), equation (36) is obtained as a fit

function for the solvent-dependent dimerization process:

—1+\/1 +8e-(86%+mf)/RT .

£ = ep(D) + (em) — ep(D)) (36)

4 e—(8G0+ mf)/RT o

Figure 8 illustrates how the parameters in this equation influence the self-assembly curve.
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Figure 8. Simulated solvent-dependent dimer self-assembly curves for varying values of a) AG, b) m, ¢) co, and d) 7, with
am=5000M"'em™!, ep=100000Mecm™!, AG*=-40kJmol™!, m=30kIJmol™!, co=1x10*M and T=293 K, if not
stated otherwise. f'is the volume fraction of solvent A in mixtures of two solvents A and B. The green curves are identical in
all graphs.

In comparison to concentration- or temperature-dependent self-assembly studies, solvent-
dependent experiments have the advantage, that it is often easier to find conditions, where the
entire self-assembly process can be monitored. In this regard, some background knowledge on
the behaviour of the components in different solvents is beneficial. The only prerequisite is
that two miscible solvents have to be found where at the same sample concentration either the

fully aggregated or the monomeric state is present.

To prepare samples with varying f, stock solutions of the two solvents with identical co can be

mixed in different volume ratios. Either defined volumes of both solutions are mixed or a
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defined volume of one solution is added, and the second solution is used to fill up the sample
to a defined volume. It is assumed that the volume of the two solvents is additive. This is an
approximation, since solvents generally shrink or expand to some degree upon mixing.?! For
the first mixing method, this effect will lead to an error in co, for the second to an error in the
assumed f. Since this effect is rather small for many solvents and time-consuming
investigation of the mixing properties of the solvent compositions would be needed to correct

it, this is usually neglected.

The parameters to be optimized by the nonlinear fitting algorithm are AG°, m, au and ép.
Again, the model assumes that the absorption properties of the individual species are not
influenced by the solvent and therefore em(f) and ep(f) are constant. However, this is not true
for many chromophores, especially for dipolar ones like the merocyanines discussed here, and
serious errors are to be expected with this assumption. The reason is that solvents of different
polarity interact differently with the ground and electronically excited states of molecules,
leading to spectral shifts and changes in the shape of the UV/Vis absorption band
(solvatochromism, see also section 2.2.1).18% %4961 Tgnoring this will distort the results for the
derived parameters, yet there is no easy way to correct the self-assembly model for these
solvent-dependent changes, since no general term can be given for aw(f) and ep(f) to
accurately describe this complex phenomenon. Since a more or less pronounced
solvatochromic shift is given for all dyes and m-conjugated molecules, this should be kept in

mind and considered when choosing the two solvents.

2.1.4 Fitting Data by Nonlinear Regression Analysis

Nonlinear regression is a tool for fitting experimental data to a nonlinear equation to

s.”81 A gradual development can be observed

determine the values of one or more parameter
for the approaches to evaluate self-assembly data. In times of less computational power,
linearized models, where parameters can be derived from the slope and intercept of a linear

d.[6% 89 With increasing availability of nonlinear

fit, were the easiest accessible metho
regression programmes, UV/Vis absorption data were evaluated by nonlinear fitting. Initially
mainly to the simpler models for dimerization or isodesmic assembly. The fit was performed
for data at one selected wavelength but often the thermodynamic parameters were reported as

(64, 661 With increasing computational

an average of the results from several wavelengths.
power this approach was extended to a global fit over all data within a selected absorption

range. This method provides the binding constant that gives the overall best fit of
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experimental and calculated spectra as well as calculated UV/Vis absorption spectra for the

5.124:26. 971 Simyltaneous fitting of multiple data sets can

individual monomer and dimer specie
also be useful to, e.g., evaluate temperature-dependent UV/Vis absorption data from multiple
samples with different concentrations simultaneously. The most recent developments with
regard to data analysis deal with a better error estimation for the derived thermodynamic
parameters by so called Monte-Carlo or “bootstrapping” methods.[***?) Several specialized
computer programs are now available online, for the analysis of UV/Vis or NMR self-
assembly data. For example, Bindfit,!'%! SIVUU!’! or HySS.1'%?! They are easy to use, but
also “black boxes” and limited in their application by the models that have been included. In
this thesis the more general data analysis program OriginPro!'%! was used, which allows the

implementation of user defined explicit and implicit fit functions, as well as simultaneous

fitting with shared parameters of up to 100 data sets.

The method of nonlinear regression analysis is well established. However, it can produce
misleading results when used inappropriately. The theory behind the method, including a
discussion of errors, is, therefore, shortly summarized in the following and important aspects

for the analysis of self-assembly data are highlighted.

Theory of Nonlinear Regression

The goal of the method is, to find the parameter values for a model equation that minimize the
sum of the squares (S) of the distances of the experimental data points (yexp) to the theoretical

curve (Jtheo):
S = Zi [(yi,exp - yi,theo)z]- (37)

Since the square of distances is minimized, this is called a least-square method. Nonlinear
regression is based on a set of assumptions, and one should check whether they are true for

(89 For the optimization it is assumed

the investigated system or “at least not badly violated”.
that the experimental errors of the data points are only in the dependent variable (y) and the
independent variable (x) is known precisely, that errors are Gaussian (normally distributed)
and, if no weighing scheme is applied, not related to the values of x or y. For UV/Vis data the
y value, the absorbance, is usually very precise!!® and the scatter of the data points come
rather from an error in x (concentration, temperature, solvent mixing ratio). As this contradicts

the assumptions of the fitting method, it is especially important to be as precise as possible

during the sample preparation. The problem of finding optimized parameter values that
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minimize S must be solved iteratively. The procedure starts with an initial guess and
systematically adjusts the parameter values to improve the fit of the curve to the data until no
more (or only negligible) improvement occurs. For an equation with two parameters 4 and B,

this can be visualized as a three-dimensional surface map (Figure 9).

Initial Value

Figure 9. Topographical analogy of nonlinear regression with two parameters 4 and B and the goal to minimize the sum of
squares S. The importance of choosing suitable initial values for the optimization is illustrated by the presence of a local and
a global (best fit) minimum.

Each pair of possible values for the parameters 4 and B is associated with a single sum of
squares (S) value. The shape of the surface is determined by the respective fit function. When
there are more than two parameters the topographical analogy cannot be visualized anymore,
but the mathematical principles remain the same. Starting from the initial guess the nonlinear
regression procedure iteratively moves along the surface by altering the values of the
parameters. Figure 9 also highlights the importance of selecting appropriate initial parameter
values for the optimization. Poorly selected starting values can cause the nonlinear regression

to converge to a wrong solution (local minimum) or not to converge at all.

Suitability of the Applied Model

Once the parameter values are optimized the question: “How good is the fit?”, needs to be
answered. There are two parts to this. First, whether a good model was chosen to describe the
experimental data, and second, how accurate the optimized values of the parameters are (see
next section). There are several indicators for how well the model describes the experimental
data. The most intuitive is a comparison of the fitting curve and the experimental data points.
In Figure 10a the experimental data points are slightly better described by the curve according
to the dimer model (red) than the isodesmic model (black). This is further illustrated in the
residuals plot (Figure 10b), which depicts the distance of each experimental data point to the

optimized curve.

23



Chapter 2 State of Knowledge

a b
) H exp. ) - 4 B dimer model
——— dimer model e { W isodesmic model
80 isodesmic model -~ u
- S 27
' i)
_g 60 - = 1 ] =
:«LE (~§ 0 = = n
© 40 S .
o & ] " [ |
N . .
204 %
RS  2.8x10° 1.8x107 %
.OX .OX m
0 T T T T T '4 T T T T T
10® 107 10® 10° 10* 10° 10?2 10 107 10°% 10° 10% 103 102
Co/M ¢,/ M

Figure 10. a) Exemplary concentration-dependent UV/Vis absorption data for the dimerization of a merocyanine (black
squares) with optimized fit curves according to the dimer (red) and isodesmic model (black) and the residual sum of squares
(RS) for both fits. b) Residuals plot for the fit curves depicted in a).

If the applied model is appropriate the residuals should only be influenced by random
experimental error and, therefore, be randomly distributed as positive or negative. The
superior fit of the dimer model is particularly evident for the first and the last data points,
which describe the start and end points of the self-assembly process. This exemplarily
demonstrates, how important it is to record experimental data for a large portion of the
assembly process, including data points for the (almost) fully monomeric and (almost) fully
aggregated state, to differentiate between self-assembly mechanisms based on the quality of
the fit of different models. The analysis report of the nonlinear regression program usually
gives several values that contain information on the quality of the fit.!! The residual sum of
squares (RS) is simply the sum of the square of all the vertical deviations of the data points to
the fitting regression line. It can, therefore, be used to compare the fit of two different models

to the same dataset.

Accuracy of the Optimized Parameter Values

The second important point to think about is the accuracy of the parameter values which are
obtained. This includes two aspects: How precisely can the fit predict the true parameter value
based on the given dataset (fit error), as well as, how accurate is the given dataset
(experimental error)? Errors can be categorized into gross errors (mistakes, e.g., preparation
of a sample with a wrong concentration), systematic errors (e.g., UV/Vis absorption data
influenced by solvatochromism) and random errors (result of the sum of unavoidable
inaccuracies during the experiment).l”” Data points suffering from a gross error should be
excluded from the analysis if they can be identified as such without doubt. Systematic errors
are problematic for the analysis as they are not easily detected. Only comparing the results

with a different experimental method can help in this regard. The uncertainty, that is finally
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given for a parameter value usually only refers to the random errors which are considered by
evaluating the amount of scatter and the number of the available data points during fitting (fit

error) or by repeating the experiment multiple times (experimental error).

Regarding the fit error many programs report standard errors (SE) and confidence intervals
(CI) for the optimized parameter values. The standard errors of nonlinear regression analysis,
often called asymptotic standard errors, are approximated and their calculation is complex.
They consider the scatter of the data points (smaller SE for less scattered data), the number of
data points (smaller SE for more data points) and how well the parameters are defined by the
available experimental data points (x range). The standard error can be used to calculate the
confidence interval, which is more intuitive to interpret: the 95% CI, for example, gives a
range where, based on the available experimental data, you can be 95% sure that the true
parameter value lies within. Or in other words: the fit predicts that if the experiment is
repeated multiple times, in 95% of the cases the optimized parameter values will be in this

range. The confidence interval is calculated from the standard error by equation (38).
Cl = BestFit +t*-SE. (38)

The constant £ depends on the amount of confidence (e.g. 95% or 99%) and on the degrees of
freedom, which are the number of experimental data points minus the number of parameters
in the model. Tabulated values for / can be found in most statistics books and are usually in
the range of ~2.%% Both SE and CI are approximated values and always determined
symmetrical around the optimized BestFit value. They are based on several assumptions
which are not strictly fulfilled for spectrophotometric self-assembly data and, thus, usually

98-99] Therefore, these

underestimate the true error for the calculated binding parameters.!
values should only be considered as indicators for the accuracy of the derived parameters. SE
which are in the range of or even larger than the parameter value itself indicate that something
is wrong, e.g. a bad model was chosen or there is not enough experimental data to define the
parameters accurately. The best method to determine the uncertainty of all parameters is to
repeat the respective experiment multiple (7) times and determine the mean value X as well as

the experimental standard deviation SD of the individual optimized parameter values xi:!”’!

sp = [BaliD? (39)

However, for a reasonable estimate at least three repetitions are needed and more would be

[19

required for truly statistically significant results.!”) As this is unrealistic in most cases, other
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methods have been suggested in the literature to obtain statistically meaningful confidence
limits. Monte Carlo simulations are recommended by Thordarson and co-workers!'® °8l. The
idea is to derive many artificial datasets from the results of one experimental dataset by
adding random scattering. Then, each of the artificial datasets is evaluated and the individual
optimized parameter values are a numerical approximation of the distribution function of this
parameter. The standard uncertainty is the interval covering 68.3% of the values. The
prerequisite for this is, however, that reasonable values for the uncertainty of the experimental
data points are given. Recently, Vander Griend and co-workers proposed an even more
sophisticated method called bootstrapping.”®! This method, similar to the Monte Carlo
method, also generates a large number of artificial datasets from one experimental dataset to
determine the confidence intervals of the parameters. However, without the need for the user
to specify the uncertainty of the individual data points. A drawback of both methods is that

user friendly availability in common data analysis software is still limited.

If a parameter C is derived from two parameters 4 and B that have an uncertainty of oams, oc
must be determined by applying the law of error propagation according to equation (40).
Equation (40) is a commonly used simplification which assumes that oa and oB are

independent:1%¢]

oe = J(g_g)z on2 +(25)" a2, (40)

For example, the uncertainty of AG? derived from K according to equation (5) is:

RT
Gago =% -0y, (41)

and derived from AH° and AS° according to equation (27):

Opgo = /Oapo? + T2 - 002 (42)

The parameters of a model are usually not entirely independent. Changing one parameter
value will make the fit of the model to the experimental data worse, but this can often
partially be compensated by adjusting the value of another parameter. The degree to which
two parameters can compensate changes in one another is shown by a value ranging from —1
to 1 in the correlation matrix. Values of +1 mean that an increase/decrease in one parameter
value can completely be compensated by increase/decrease of the other parameter value. A

value of 0 means the two parameters are not correlated at all. Parameters in most models are
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somewhat related and values of £0.8 are common. Higher correlations of £0.9 or even +0.99
mean that the parameters are not defined unambiguously by the data, which results in larger
standard errors. The problem can sometimes be mitigated by applying suitable boundaries for
parameter values and collecting data for a wider range of x. For example, the parameters
AH’ and AS° in the temperature-dependent fit equation for dimerization (30) are highly
correlated with correlation coefficients > 0.99. To illustrate this, UV/Vis absorption datasets
with an identical number of data points were simulated with av=35000 M lcm™,
&0 =100 000 M~'em™', AH® = —40 kJ mol™', AS® =—50 J mol"'K~! and co = 1x10~* M for four

different cagg regimes of a dimer self-assembly process (I-IV, Figure 11a-d).
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Figure 11. a-d) Simulated UV/Vis absorption datasets for temperature-dependent dimerization with ev =5 000 M~'cm™,
& =100 000 M~'em™!, AH®=-40kJ mol™!, AS®=-50J mol"'/K! and co=1x10*M. Random scatter with a standard
deviation of 500 M~lcm™ was added so 50 slightly different datasets were obtained for each regime I-IV.

Monte Carlo simulations were performed by adding random y-scatter with a standard
deviation of 500 M~'cm™! to these data so that 50 slightly different datasets, representing, e.g.,
multiple repetitions of an experiment, were obtained for each regime. All datasets were fitted
with equation (30) (initial parameter values: AH’=-40kJ mol!, AS’=-50Jmol 'K,

aw/p > 0). The results are depicted in Figure 12.
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Figure 12. Fit results of the simulated datasets shown in Figure 11 a-d. with equation (30). For every regime (I: black, II:
orange, III: blue, IV: red) each 50 different data sets were evaluated and fit results for the thermodynamic parameters are
plotted as: a) AG? calculated from AH® and corresponding AS®. b) Optimized parameter values for AS? in comparison to the
corresponding optimized parameter value of AH® from the same fit. Dashed grey lines mark the “true” values for AH?, AS°
and AG" that were used to simulate the data sets.

Figure 12b clearly illustrates that the results for AH° and AS° which are obtained from a fit are
not independent. Despite only small random changes between the 50 simulated data sets for
each regime, the 50 different optimized parameter values for AH° and AS® vary significantly
and show a linear correlation. The differences in the optimized parameter values for AH and
AS® compensate each other when calculating AG®. The values for AG?, therefore, show much
less variation between the data sets (Figure 12a) and are, especially also for simulated

dataset II always quite close to the true value of AG%93x = —25.4 kJ mol™".

The most accurate result with the smallest standard deviation is obtained if the experimental

data points cover the entire temperature range of the self-assembly process (simulated data I,
Table 1).
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Table 1. Optimized parameter values given as mean+SD of the 50 individual fit results for the simulated data sets I-IV
depicted in Figure 11. Data were simulated with AH? = —40 kJ mol™!, AS? = —50 J mol~'K~!, AG%93k = —25.4 kJ mol ™.

AH® AS° AG%9;
Gage /kImol™  /Tmol'K!'  /kJ mol™

Input —40 =50 -25.4
Simulated data I 1-0 -39.9+0.6 —49.8+1.7 -25.3+0.1

Simulated data I | 0.8 —0.15 | —40.4£2.5 —-51.448.0 -25.4+0.2

Simulated data III 1-04 -40.1+£1.1  -50.6+4.9 -25.3+04

Simulated data IV 04-0 -39.8+2.8 -49.6+6.4 -25.3+1.0

In summary, more data points that cover as much as possible of the self-assembly process are
advantageous for model comparison as well as parameter accuracy. The number of data points
can also be increased by using multiple independent datasets and fitting them together with
shared parameters. The standard error SE and derived confidence interval CI from the fit are
indicators of the accuracy of the optimized parameter values. However, they only estimate
(and usually underestimate) the random experimental errors, based on the scattering of the
data points. To obtain a more meaningful assessment of the parameter accuracy, experiments
should be performed multiple times (at least 3x), and, if possible, even by multiple different
experimental methods. When giving parameter values in the form M =+ e, it is important to

clarify what e is (SE, CI or SD) and how it was determined.
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2.1.5 Summary

In this Chapter 2.1 the fit equations for the nonlinear regression analysis of concentration-,
temperature-, and solvent-dependent UV/Vis absorption self-assembly data of
thermodynamically controlled dimer formation were derived based on mass balance and mass
action law. Each of these methods has advantages and disadvantages (Table 2) that have to be
considered when deciding on the most appropriate way to analyse a self-assembly
equilibrium, meaning the method which will provide the most accurate thermodynamic

parameter values.

Table 2. Summary on concentration-, temperature-, and solvent-dependent UV/Vis absorption studies for the determination
of thermodynamic parameters of self-assembly equilibria. Some aspects are marked as clear advantages (+) and
disadvantages (-).

Concentration- Temperature- Solvent-
Dependent Dependent Dependent
. dilution series with only one sample needed mi).(ing tW(.) stogk
Sample preparation multiple cuvettes solutions of 1d§nt1cal
concentration

controlled by choice of

Range five orders of magnitude 5-95°C
solvent

(UV/Vis)? limited by solubility -

precipitation upon
cooling
unknown density of

decomposition upon .
p P solvent mixtures

compound not fully heating
Sources of errors dissolved at high e change of composition
concentrations sample not equilibrated

due to evaporation of

before measurement .
more volatile solvent

solvent evaporation
during measurement

Fit Parameters K, sup AH’, AS®, ewp AG®, m, ewp
straightforward &wp assumed temp.- awp assumed solvent-
ind dent independent
shape of self-assembly independen P
Data evaluation curve only dependent on |  AH° and AS® assumed linear dependence of
model temp.-independent AG" and f assumed

a) Five orders of magnitude for the concentration refers to the availability of standard UV/Vis absorption cuvettes with
0.01 mm < d < 100 mm. The temperature range of 5 — 95 °C is the accessible range of a Peltier element with a water cooling
system as implemented in a standard UV/Vis spectrometer. However, of course also the solvents melting and boiling point
pose limitations.
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The concentration-dependent analysis is the most straightforward, with no additional
assumptions needed. It is the most reliable method, when trying to elucidate the self-assembly
mechanism of an unknown system by model comparison. However, sample preparation is
more elaborate and for UV/Vis spectroscopy a set of cuvettes with different path lengths is
needed. The temperature-dependent analysis has the advantage that all thermodynamic
parameters can be obtained from a single sample in a single automated measurement.
However, the accessible temperature-range is often quite limited by the instrument and the
melting and boiling point of the solvent. Furthermore, the assumptions of temperature-
independent amp as well as AH? and AS® must apply. Solvent-dependent studies often allow
the monitoring of the entire self-assembly process from the monomeric to the fully aggregated
state, which can be a problem for concentration- and temperature-dependent experiments. It is
important, however, to carefully consider whether the assumption of solvent-independent em/p
is acceptable. The same holds true for the approximation of a linear relation of the binding

energy AG® and the solvent mixing ratio f.

Ultimately, the experimental data of each individual system need to be studied carefully to
evaluate how to determine the thermodynamic parameters most accurately and the parameter
values should always be given in conjunction with their corresponding accuracy. For good
results from nonlinear regression analysis, it is advantageous to cover a large portion of the
self-assembly process with the experimental data points. This chapter is a guide on what
points need to be considered, with a focus on self-assembly studies by UV/Vis spectroscopy.
To gain a comprehensive understanding of the self-assembly process, these UV/Vis
spectroscopic studies are usually supplemented by other experimental techniques for structure

and size determination as well as theory.
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2.2 PYOP Merocyanines as Supramolecular Building Blocks

Merocyanine dyes are a versatile class of neutral, unsymmetric, dipolar chromophores.[!%”]

[10, 108-109 7, 110-114

They find application in electro-optics I and sensing!® 1. For supramolecular
chemistry, they are very interesting chromophores as they constitute supramolecular and
functional building block at the same time. Their large molecular ground state dipole moment
(1) causes strong binding by dipole-dipole interactions between the chromophores, and the
highly polarizable nt-system with a large transition dipole moment (z&g) is reflected in strong
UV/Vis absorption and pronounced excitonic coupling of the chromophores within aggregate
species. The optical and self-assembly properties of particularly the PYOP (PYridin
diOxocyano-Pyridine) merocyanine, which is used in this thesis, are discussed in the

following.

2.2.1 Molecular and Dimer Properties

Electronic Structure of PYOP Merocyanines

The interesting properties of merocyanines, like dipolarity, high extinction coefficients,
narrow absorption bands in the visible range and exceptional sensitivity of the optical features
on the environment, are a result of their chemical structure.[*] An electron-rich donor and an
electron-deficient acceptor unit are connected by a conjugated polymethine chain. Resonance
structures can be formulated in a neutral (polyene) as well as in zwitterionic (betaine) form
(Figure 13a).

a)

R® CN
R* —
— — 0 =«
RN — N
= o R!
4
R PYOP
R“v R2 = C12H25
R3=CH,, R*=H

Figure 13. a) General chemical structure of a pyridine dioxocyano-pyridine (PYOP) merocyanine with its zwitterionic
resonance structure. b) Geometry-optimized structure (B97D3/def2SVP, PCM: CH:Clz) of the PYOP chromophore (R, R?,
R3 = CHs, R* =H). Bold arrows indicate the orientation of the ground state dipole moment  as obtained from the DFT
calculations (black), and the transition dipole moment e (light blue) from TD-DFT calculations (©wB97/def2SVP,
PCM: CH2Cly).

With increasing electron donating or accepting strength of the functional groups, and also
with increasing polarity of the solvent environment, the zwitterionic structure gains in
importance. Merocyanines can be classified based on the resonance parameter ¢2,°% !5 which
indicates the contribution of the two resonance structures in the ground state. If the

chromophore is more polyene like ¢ < 0.5, and for more betaine like chromophores ¢* > 0.5.
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The perfect intermediate between the two extremes, is the so called ‘cyanine limit’ (c? = 0.5),
which is characterized by a lack of bond length alternation between the formal carbon-carbon
single and double bonds. The electronic structure determines the absorption properties of

s.l1181 Merocyanines close to the cyanine limit show, similar to cyanines, no

merocyanine dye
bond length alternation and, therefore, a more rigid fully conjugated carbon-carbon chain. In
addition, the change in molecular geometry between the ground and excited states is rather
small. Therefore, the absorption band is characterized by little vibronic fine structure with a
narrow most intense band for the 0-0 vibronic transition. For polyene- and betaine-like
merocyanines, additional symmetric torsional vibrations around the carbon-carbon single
bonds of the polymethine chain are less hindered and more structural changes occur upon

(171 Electronic

excitation. This results in unstructured and rather broad absorption bands.
excitation of merocyanines is characterized as an intramolecular charge transfer process. It is
generally accompanied by an increase in dipolarity for merocyanines in the ¢* < 0.5 regime
and, conversely, a decrease in dipolarity for ¢>> 0.5 merocyanines. For merocyanines with

c? ~ 0.5, the dipolarity hardly changes upon excitation.!'?”]

The chromophore exclusively used in this thesis features a strong pyridine donor and
dioxocyano-pyridine acceptor (therefore abbreviated as PYOP, Figure 13a). The result is an
exceptionally high monomer (M) ground state dipole moment of t(M)=17.1 D, as
determined by electrooptical absorption (EOA) measurements in 1,4-dioxane, which is
oriented along the long axis of the molecule (Figure 13b, black arrow). This value is among
the highest reported for merocyanine dyes.[®> 116 1181191 Degpite the high polarity, the
chromophore is still soluble enough, even in organic solvents of low polarity, for UV/Vis
absorption studies (co>3x10*M in 1,4-dioxane, for 5). The chromophore can be
functionalized in various positions (R!, R?, R3, R* in Figure 13a), without significantly

changing the optical properties of the monomer.[%®!

The dipolarity or this chromophore reduces upon excitation to (M) = 12.6 D.[®] The large
transition dipole moment eg(M) is also oriented along the long axis of the molecule
(Figure 13b, blue arrow). A transition dipole moment of (M) =10.7 D was determined
from the UV/Vis absorption band of the monomeric PYOP derivative 2 in 1,4-dioxane (see
Chapter 4). With these values a resonance parameter of ¢ = 0.60 can be calculated for the

PYOP chromophore in 1,4-dioxane, according to:®!
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=1 [1 - au(tueg? + 202) ™) (43)
Ap = pe — pig. (44)

It categorizes the chromophore, just like the famous Brooker merocyanine,!''!! as “beyond the
cyanine limit”, even in unpolar solvents like 1,4-dioxane. This is in line with the negative
solvatochromism observed for the UV/Vis absorption of this chromophore and mostly

unstructured absorption bands, which are discussed further below.
Dimer Formation by Dipole-Dipole Interactions

Due to their dipolarity merocyanines readily form anti-parallel face-to-face stacked dimers by
strong intermolecular dipole-dipole interactions (Figure 14a) with high binding constants in

solution (K = 1.4x10° M~! in 1,4-dioxane for PYOP 5).1%]
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Figure 14. a) Schematic monomer-dimer equilibrium of dipolar merocyanines. Arrows indicate y. Pictures of cuvettes show
solutions of the PYOP merocyanine 1 (co=2x10"*M) monomer in CHxCl> (left) and dimer in 1,4-dioxane (right).
b) Calculated monomer (M) and dimer (D) UV/Vis absorption spectra of a PYOP merocyanine 1 in 1,4-dioxane (293 K) as
deduced form a global fit analysis of concentration-dependent spectra. The transition dipole moment of the monomer geg(M)
and dimer geg(D), were determined from the integrated UV/Vis absorption band as described in Chapter 4. c) Electrostatic
surface potential of geometry-optimized (B97D3/def2SVP, PCM: CH2Cl2) PYOP monomer (M) and anti-parallel dimer (D).
The (M) of the monomer was determined experimentally by EOAM measurements in 1,4-dioxane,%01 14(D) of the dimer
was calculated by DFT.

This dimerization can easily be monitored by UV/Vis absorption spectroscopy. The sample
concentration range that is needed to monitor the process in solvents of intermediate polarity
is ideal for this analytical method. Upon increasing the sample concentration, the monomer
absorption band (Amax(M) = 570 nm, 1,4-dioxane) decreases and a hypsochromically shifted
absorption band of the dimer (Amax(D) = 492 nm, 1,4-dioxane) gains in intensity (Figure 14b).
Wiirthner and co-workers showed, that for this dimerization electrostatic (dipole-dipole)

[66]

interactions are the main driving force.'”® A simple linear correlation was observed between

the dipolarity z4*(M) and the Gibbs dimerization energy for sterically uncrowded linear
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merocyanines as well as a strong dependence of the binding strength on the solvent polarity.
The anti-parallel face-to-face structure of these dimers was proven in solution by
"H'HROESY NMR and also in the solid state the preferred anti-parallel stacking was

(661 Since the molecular ground state dipole moments

observed by X-ray crystallography.
compensate each other upon assembly the ground state dipole moment of the dimer is
significantly reduced (ue(D)~ 0, Figure 14c). This was also demonstrated experimentally

66, 1201 The driving force for further

through concentration-dependent dipole measurements.!
self-assembly is, therefore, significantly reduced after dimer formation. It was shown that
anti-parallel merocyanine dimerization is a very useful supramolecular synthon, not only to
investigate defined dimers but also to construct more elaborate supramolecular architectures.
The binding is strong and directional, similar to, e.g. triple hydrogen bonds, which allows the
design of monomer building blocks that form assemblies of predictable geometry.[*?! Selected

examples based on the PYOP chromophore are presented in Chapter 2.2.2.
Exciton Coupling Theory

The formation of PYOP dimers in solution is accompanied by distinct spectral and subsequent
color changes (Figure 14a,b). The dimer exhibits a hypsochromic shift of the absorption
maximum compared to the monomer (A¥ ~2800cm™ in 1,4-dioxane). Due to the
unstructured absorption bands and the pronounced shift, PYOP monomer and aggregate
species are easily distinguishable solely from the UV/Vis absorption spectrum. For
merocyanines, which often exhibit only weak vibronic coupling and have a large molecular
transition dipole moment that leads to strong Coulomb exciton coupling, these spectral
changes are often well described within the conventional molecular exciton theory,!'¥ as
introduced by Davydov!'?!! and Kashal!??l. Merocyanines are a textbook example of so-called
H-type aggregates, which are characterized by a hypsochromic shift of the absorption band
compared to the monomer and a “side-by-side” or ‘“card-stack” arrangement of the
chromophores. Conversely, aggregates with a bathochromic absorption shift are referred to as
J-type aggregates and are often associated with a “head-to-tail” arrangement of chromophores
(Figure 15a). For merocyanines also a few examples of J-aggregates are reported in
literature!'?*12”) but due to the directionality of the dipole-dipole interactions the H-type
assemblies are much more common for this dye class and, therefore, exclusively discussed
here. Within Kasha’s exciton theory, Coulomb coupling (Jc) of the transition dipoles (zsg,

point-dipole approximation) of two neighboring chromophores leads to a splitting of 2|J¢| of
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the degenerated excited states into two excitonic states (Figure 15b). Vibronic coupling is

hereby not considered.!'* 128
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Figure 15. a) Relative orientation of the transition dipole moments (z&g, double headed arrows) differentiating between H-
(54.7°< < 90°) and J-aggregates (6< 54.7°) under the point dipole approximation.['’!] b) Energy levels of calculated
exciton states with allowed (black states) and forbidden (grey states) electronic transitions (light blue arrows). The black
single headed arrows illustrate the in- and out-of-phase coupling of the transition dipole moments. Adapted with permission
from ref. [24]. Copyright 2019, American Chemical Society.

The coupling Je hereby mainly depends on the square of the transition dipole moment (zg?),

the relative orientation (#) and the center-to-center distance (R) of the two chromophores
(Figure 15a):

_ Heg?(1—-3co0s?0)
4mecR3 ’

Je (45)

with the dielectric constant of the medium &. The two exciton states are composed of the in-
phase and out-of-phase linear combination of the two local excited states (indicated by the
single headed black arrows in Figure 15b). The higher energy in-phase state exhibits an
enhanced transition dipole moment relative to the monomer, while, for a perfect H-dimer, the
transition to the lower energy out-of-phase state is symmetry forbidden. This results in the
mentioned pronounced hypsochromic shift of the absorption maximum of the PYOP dimer
relative to the monomer. This conventional exciton theory can also be applied to more
extended m-stacks (Figure 15b). The coupling of N parallel aligned identical transition dipole

moments leads to a splitting of the excited state into N non-degenerate exciton states.[**! For
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H-type aggregates the highest (V") exciton state always has the largest oscillator strength as
all transition dipole moments are coupled in phase. The transitions to the lower exciton states
can be partially allowed due to incomplete annihilation of the transition dipole moments or
due to rotational displacements from a perfect H-stack. Increase of the stack size is
accompanied by an increase of the hypsochromic shift and plateau is predicted by theory!?*
for the energy of the highest excited state with increasing stack size. This was experimentally
confirmed by the observed shifts of absorption bands for a series of Amino-Thienyl-
diOxocyano-Pyridine (ATOP) merocyanine stacks of defined size up to eight chromophores
by Kirchner et al.®* and a series of PYOP merocyanine foldamers of up to five chromophores

by Hu et al.1* 1 (see also Chapter 2.2.2).

Solvatochromism

The absorption (and emission) properties of merocyanines are strongly influenced by the
environment, i.e., the solvent.”’! Especially famous examples are Brooker’s dye!''!! and
Reichardt’s dye!'*%), which were both used to elucidate solvent polarity effects and to establish
solvent polarity scales. As mentioned in Chapter 2.1, solvatochromism is an important
consideration and a potentially serious problem for self-assembly research by solvent-

dependent UV/Vis absorption studies. Therefore, this effect will be discussed here in more

detail for the PYOP chromophore (Figure 16).
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Figure 16. UV/Vis absorption spectra (Vv scale) of monomeric PYOP merocyanine 1 in 1,4-dioxane (calculated from
concentration-dependent data), CHCI3 (calculated from concentration-dependent data), CH2Cl2 (co= 1x107°> M), DMF
(co=3%10"°M), MeCN (co= 1x107 M) and MeOH (co=3x10°M) at 293 K. The spectrum in MCH is the calculated

monomer spectrum of merocyanine 2 from the concentration-dependent data at 353 K. The wavelength of the respective
absorption maximum is given in the same color.

The solvent influences the position of the UV/Vis absorption band as well as its shape and

vibronic structure. For PYOP merocyanines a hypsochromic shift is observed for solvents of
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increasing polarity (negative solvatochromism), from Amax =596 nm in methylcyclohexane
(MCH) to Amax =497 nm in methanol (MeOH) which scales to A¥ ~3500 cm™'. The
absorption bands are unstructured in all solvents of Figure 16, except for the lowest polarity
solvent MCH where a vibronic fine structure is resolved. This indicates that the solvent

influences the electronic ground state structure of the dipolar chromophore.

The shifting of the absorption band in different solvents is, however, primarily a result of
changes in the solvation energies that stabilize the ground (So) and electronically excited (S1)

state of the dye molecule (Figure 17).188 %4

negative positive
solvatochromism solvatochromism
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Figure 17. Stabilization of the electronic ground (So) and excited state (Si) energies of a dye molecule by solvation. The

cases of increasing (4 < 1) or decreasing (u > i) polarity of the chromophore upon excitation are differentiated. Adapted
with permission from ref. [76]. Copyright 2022, American Chemical Society.

Excluding specific solvation effects such as H-bonding, the stabilization is mainly the result
of dipole-dipole and dispersion interactions between the solute and solvent, which corelate
with the dipole moment and polarizability of the involved molecules, respectively. For highly
dipolar molecules, like the merocyanine dyes discussed in this thesis, the stabilization of So
and Si is mainly attributed to dipole-(induced) dipole interactions between the dye and solvent
molecules.['*!) Therefore, the stabilizing interactions with the solvent are usually the stronger
the more dipolar the chromophore in its respective electronic ground or excited state (z4e) and
the more polar the solvent. In case of the PYOP chromophore, the dipolarity decreases upon
excitation (ug > t&, left case in Figure 17). Therefore, the ground state is better stabilized by
the solvent sphere, than the less polar excited state and a hypsochromic shift of the absorption

band can be observed in solvents of increasing polarity (Figure 16).

For merocyanine chromophores which are very close to the cyanine limit in solvents of
intermediate polarity the situation of s4 > s vs. g <pe can also switch between different
solvents. This leads to an initial hypsochromic shift followed by a bathochromic shift upon

increasing the solvent polarity (inverted solvatochromism).®!
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2.2.2 Functional Assemblies of the PYOP Chromophore Beyond the Dimer

PYOP chromophore building blocks allowed the Wiirthner group to construct a variety of
functional supramolecular architectures beyond the initially observed anti-parallel dimer.[®]
By suitable functionalization with sterical and solubilizing groups as well as covalent linkers

1321 -stacks of

a variety of aggregate structures could be achieved, like cyclic aggregates,!
defined sizel*>-#> 12% 1331 and supramolecular polymers.['3*135] To achieve larger structures
beyond a merocyanine dimer stack, so far always monomer building blocks comprising at
least two covalently linked chromophore units were used. A selection is presented in the

following.

Cyclic Trimer out of Dimers

The predictable geometry of the merocyanine dimer motif was used by Lohr et al"* to
construct a cyclic assembly of bis(merocyanine) 6. The calix[4]arene linker arranges the two
dipolar chromophores in an ideal geometry to form a cyclic trimer (Figure 18a,b). The well-
defined isosbestic point confirms an equilibrium between only two defined species with
distinct absorption properties, the monomer (M) and cyclic trimer (T). The hypsochromic
shift of the UV/Vis absorption maximum from 556 nm to 490 nm (CHCIs, Figure 18c) is
indicative of exciton coupling between independent pairs of n-stacked PYOP chromophores
in the aggregate. A trimerization constant of Kt=1.9x10° M2 was determined based on a
3M = T equilibrium. The discrete trimer assembly was observed by mass spectrometry and
scanning tunnelling microscopy (STM). Additionally, an increased thermodynamic stability
was observed for the cyclic trimer of bis(merocyanine) 6 compared to a dimer of the reference

PYOP merocyanine 5 (Kp = 590 M~!) in CHCl:.
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Figure 18. a) Chemical structure of the calix[4]arene-tethered bis(merocyanine) 6. b) Geometry-optimized (MM+) molecular
model of the cyclic trimer aggregate. ¢c) Concentration-dependent UV/vis absorption spectra of 6 in CHCl3 (298 K). d)
Fraction of monomer calculated from concentration-dependent UV/Vis absorption data (CHCls, 298 K) for the trimerization
of the bis(merocyanine) 6 (squares) and the dimerization of reference monomer 5 (circles). Adapted with permission from
ref. [132]. Copyright 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

This is evident from the concentration at which half of the molecules are incorporated into an
aggregate (am = 0.5, Figure 18d) and can be rationalized by chelate cooperativity introduced
by the multiple binding sites in the cyclic assembly. This additionally supports the proposed

formation of a distinct cyclic structure instead of a linear polymer.

Defined Tetramer Stacks

The first extended merocyanine w-stacks beyond a dimer, also based on the PYOP
chromophore, were reported by Lohr et al. in 2009.% Four tweezer molecules, 7a, 7b, 8a,
8b, were synthesized (Figure 19a). In these systems two merocyanine chromophores are
covalently linked either at the donor or the acceptor moiety with a naphthalene or
diphenylmethane spacer. The preorganization by the spacer units arranges the PYOP
chromophores at a bit more than two times the n-n-distance within a monomer building block
(7.4 A for 7 and 9.1 A for 8). This leads to self-assembly into tetramer stacks of anti-parallel
oriented chromophores as exemplarily shown for 7b in Figure 19b. The process was
monitored by concentration-dependent UV/Vis absorption spectroscopy in CHCls (298 K,
Figure 19c¢).
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Figure 19. a) Chemical structures of bis(merocyanine) tweezers 7a, 7b, 8a and 8b. b) Geometry optimized (MM+) structure
of the 7b dimer. c) Concentration-dependent UV/Vis absorption spectra of 7a in CHCl3 (298 K). d) Fraction of monomer
(am) calculated form UV/Vis absorption spectra of reference merocyanine 5 and 7a, 7b, 8a, 8b in CHCIs (solid circles) and
7b in 1,2-dichloroethane (open circles) at 298 K with fit according to the dimer model. Adapted with permission from
ref. [39]. Copyright 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

The hypsochromic shift of the main UV/Vis absorption band of the tetramer stacks (460 —
488 nm) exceeds the shift of a PYOP dimer stack (Amax =490 nm) and increases in the
sequence 7a, 7b, 8a, 8b (Table 3).

Table 3. Dimerization constants (Kp) and Gibbs binding energy (AG®) as well as UV/Vis absorption maxima of monomer
(M) and dimer (D) species from concentration-dependent self-assembly studies of 7a, 7b, 8a, 8b in CHCl3 (298 K).

Ko _AGY Jmax(M) Jmax(D)
/ M / kJ mol™! / nm / nm
Ref (5) 590 15.8 559 490
8a 6.2x10% 27.3 569 488
7a 4.5x10° 32.3 570 479
8b 2.1x10° 36.1 558 466
7b >10° > 50 555 460

Interestingly, the binding constant Kp increases in the same order, so that the more strongly
bound tetramers also exhibit the strongest exciton coupling. Attachment of the spacer at the
pyridone acceptor seems advantageous for a tight PYOP stack formation. In combination with

the ideal double m-m-stacking distance of the naphthalene spacer unit this leads to an
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exceptionally high dimerization constant (Kp > 10° M) for 7b in CHCI3 which could not be
precisely determined anymore by UV/Vis absorption spectroscopy (Figure 19d). This also
results in the most hypsochromically shifted absorption maximum within this tetramer series
at Amax =460 nm. In accordance with equation (45) this illustrates the high sensitivity and

significant influence of the chromophore arrangement on the exciton coupling.

Merocyanine Duplex Structures

In the next example the concept of backbone directed self-assembly was extended to larger
systems. The similarity of merocyanine dipole-dipole interactions and the complementary
hydrogen bonding of nucleobases, with regard to strength and directionality, inspired Liu et

[133

al.l33 to synthesize merocyanine analogues to peptide nucleic acid (PNA) oligonucleotides

and investigate their duplex formation (Figure 20).
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Figure 20. a) Chemical as well as schematic structure of peptide merocyanine oligomers 9a. b) Concept of peptide backbone
directed self-assembly of peptide nucleic acid (PNA) and peptide merocyanine oligomers into duplex structures.
¢) Concentration-dependent UV/Vis absorption spectra of 93 in CHCI3 (298 K). Inset shows the concentration-dependent
extinction coefficient at 441 nm with fit according to the dimer model. d) Comparison of the temperature-dependent degree
of aggregation (cnagg) of 91, 92 and 93 in 1,4-dioxane/DMSO 95:5 (co = 1.2x1073 M), with fit according to the dimer model.
Adapted with permission from ref. [133]. Copyright 2022 The Authors. Angewandte Chemie International Edition published
by Wiley-VCH GmbH.

One up to four PYOP chromophores were covalently linked to a peptide backbone
(Figure 20a). Double strand formation by dipole-dipole interaction was observed for 91.3. The

self-assembly of these oligomers was investigated by concentration-dependent UV/Vis
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absorption measurements in CHCl3 (298 K) and evaluated successfully with the dimer model
(Figure 20c). Binding constants of 3.0x10°, 1.1x10° and 3.8x10° M~! were determined for 91,
9, and 93, respectively. The similar magnitude of these values is at first glance surprising,
especially in comparison to the bis(merocyanine) tweezers of Lohr et.al.l*”) presented above.
However, the present system features much more structural flexibility due to the peptide
backbone. Temperature-dependent UV/Vis absorption studies (melting curves in
1,4 dioxane/DMSO 95:5, Figure 20d) indicated that the enthalpic gain indeed increases as
expected with the number of interacting dipolar PYOP chromophores. However, the
concomitant increase of the entropy penalty reduces the binding strength for the larger
systems. Furthermore, the intermolecular duplex formation of 9, and 93 has to compete with
an intramolecular folding process, as evident from the UV/Vis absorption band at ~ 480 nm
for monomeric 92 and 93 in CHCIs. For the tetramer 94 the flexible peptide backbone was not
able to guide the assembly into a defined duplex anymore. The data suggests the presence of a
mixture of folded monomeric and self-assembled species of 94 in CHCls solutions of varying

concentration.

Merocyanine Foldamer Series

Even larger but still defined PYOP n-stacks were obtained in a foldamer series of Hu and
Schulz et al.1**-*1-12%1 Up to six chromophores were covalently connected by peptide chemistry

with a pyridinedicarboxylic acid spacer (Figure 21a,b).
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Figure 21. a) Chemical and b) schematic structure of merocyanines foldamers 10n+2. c) Solvent-dependent UV/Vis
absorption spectra of 105 in CHCls/MCH mixtures (293 K) and schematic structures of the corresponding step-wise folding
stages. Adapted from ref. [40] with permission from the Royal Society of Chemistry.
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The turn-unit connecting neighbouring chromophores promoted anti-parallel m-stacking by
preorganization through intramolecular H-bonding. For the pentamer 10s, step-wise folding
was observed in solvent-dependent UV/Vis absorption studies (CHCl3 - CHCIs/MCH 3:7,
Figure 21c). The gradual formation of stacks of increasing size was clearly indicated by the
appearance of more and more hypsochromically shifted absorption bands. The spectrum in
pure CHCIs exhibits two absorption maxima, which can be rationalized by a mixture of
strongly H-type coupled dimer stacks (Amax =490 nm) and only weakly coupled single
chromophores (Amax =529 nm) in a partly folded structure. Upon decreasing the polarity
(CHCI3/MCH 1:1) the band at 529 nm decreases and an additional band at 470 nm appears,
which corresponds presumably to a trimer stack. Upon further decrease of the solvent polarity
a narrow absorption band at 456 nm gains in intensity, indicating rigidification of the five
exciton coupled chromophores in the fully folded pentamer stack. A similar folding behaviour
with the same corresponding UV/Vis absorption bands was also observed for the other PYOP
foldamers of different length (102.6). Although a detailed thermodynamic analysis of the
folding process was not possible, it was evident from the UV/Vis absorption spectra, that the
driving force to form the fully folded stack was significantly higher for the trimer and
pentamer compared to the tetramer and hexamer. The oligomers with an even number of
chromophores preferably formed dimer stacks (Amax ~490 nm) with reduced electrostatic
interactions between these dimer units due to cancelation of the anti-parallel aligned

molecular dipole moments.

Polymeric Merocyanine Assemblies

Fernandez et al.'3* observed the formation of supramolecular lamellae from a p-xylene-
connected bis(merocyanine) 11 (Figure 22). The self-assembly was monitored by
temperature- as well as concentration-dependent UV/Vis absorption measurements in CHCIs.
Decrease of the monomer (M) absorption band at 587 nm and formation of an aggregate
species (H) with a hypsochromically shifted absorption band at 462 nm was observed
(Figure 22¢). Compared to the other results for UV/Vis absorption spectra of this PYOP
chromophore, this is in the range expected for a tightly packed H-type tetramer stack.’! A
well-defined isosbestic point indicates an equilibrium between only two distinct species. The
temperature- as well as solvent-dependent datasets revealed a cooperative self-assembly
mechanism with a large nucleus size of 8-10 monomers. Evaluation of the concentration-

dependent data gave a binding constant for elongation of K = 1.6x10% M~! (CHCl3, 298 K).
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Figure 22. a) Chemical structure of bis(merocyanine) 11 monomer (M). b) Schematic structures proposed for nucleus and
lamellar higher aggregate (H) formed by cooperative self-assembly of 11. Red arrows indicate the orientation of the dipolar
merocyanine chromophores. ¢) Concentration-dependent UV/Vis absorption spectra of 11 in CHCl; (298 K). Arrows indicate
spectral changes upon dilution. d) AFM height image of drop-casted CHCl3 solution of 11 on Mica. Adapted with permission
from ref. [134]. Copyright 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

By changing the connectivity of the two PYOP chromophores to m-xylene, helical rod like
assemblies were obtained already in 2003 (Figure 23). Yao and Lohr et al.!"*>!*) investigated
the self-assembly of bis(merocyanine) 12 in solvent mixtures of different polarity. In solvents
of intermediate polarity, a mixture of non-aggregated dyes (M, Amax ~570 nm) and self-
assembled dimers (D, Amax ~ 480 nm) were observed. The presence of dimer units indicates in
this case the formation of a single stranded supramolecular polymer due to the bifunctionality
of the monomer. In unpolar solvents, a strongly hypsochromically shifted narrow aggregate
band at Amax ~ 447 nm emerged. The formation of this higher aggregate species (H) is a
kinetic process and was studied in more detail by solvent- and time-dependent UV/Vis
absorption measurements. By attaching chiral side chains to 12 the helicity of the aggregate
fibres could be controlled. Time-dependent circular dichroism (CD) studies revealed, that
after initial formation of a kinetically preferred aggregate structure, slow rearrangement of the
chromophores occurs, which reverts the sign of the bisignate CD signal without significantly

changing the UV/Vis absorption spectrum.
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Figure 23. a) Chemical structure of bis(merocyanine) 12. Achiral and chiral derivatives were investigated. b) Proposed self-
assembly mechanism of monomers (M) into single stranded polymers through dimerization of the chromophore units (D) and
subsequent formation of helical fibres (H). ¢) Solvent-dependent UV/Vis absorption spectra of 12 in MCH/THF mixtures
(298 K). d) AFM phase image of spin-coated solutions of 12 in MCH/THF 7:3 onto HOPG. Adapted with permission from
ref. [136]. Copyright 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. And ref. [137]. Copyright 2005
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

The previously introduced folda-pentamer 105 (P) of Hu et all'®! also formed a higher
aggregate species (H), with a narrow and strongly hypsochromically shifted UV/Vis
absorption band in unpolar environment (CHCI3/MCH 8:2, Figure 24). The kinetic formation
of this aggregate, with an absorption band at 399 nm, was monitored by time-dependent
UV/Vis absorption measurements (Figure 24c). The absorption maximum is further
hypsochromically shifted than expected for an extended single strand of m-stacked PYOP
merocyanines, based on the data of the other investigated systems of defined size.** 40- 133]
With increasing size of the PYOP chromophore m-stacks, the shift of the UV/Vis absorption

maximum seems to saturate after about six chromophores at Amax ~440 nm (see also

Figure 25).
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Figure 24. a) Chemical structure of folda-pentamer 10s. b) Schematic representation of 10s as fully folded monomer (P) and
higher aggregate (H) of unknown structure. ¢) Time-dependent UV/Vis absorption spectra of the self-assembly of 10s into a
higher aggregate in MCH/CHCI; 8:2 (323 K). d) AFM image (amplitude) of the higher aggregate of 10s spin-coated from
MCH/CHCI3 8:2 solution onto silicon wafer (SiOx). Adapted with permission from ref. [129]. Copyright 2020, American
Chemical Society.

Structure elucidation of those polymeric assemblies is very challenging. The analytical
methods to investigate the molecular arrangement within supramolecular polymers are very
limited. Often only assumptions, based on previous results and comparable systems, are
possible. In this regard, the characteristic changes in the UV/Vis absorption spectrum of
PYOP assemblies can be a helpful first indication on the number of coupled chromophores.
However, to draw reliable conclusions, sound structure-property relationships provided by
additional experimental techniques and including the effects of the environment, are needed.

This field leaves room for further investigations.

2.2.3 Summary

The PYOP merocyanine is a highly interesting chromophore for supramolecular chemistry. Its
easy synthetic functionalizability at multiple positions of the chromophore core (R!, R?, R?,
R* Figure 13a) allows the design of a variety of building blocks for all kinds of
supramolecular architectures based on single- or multi-chromophore monomers. PYOP stands
out among the merocyanines because of its exceptionally high molecular ground state dipole

moment (1 = 17 D), which results in strong and highly directional intermolecular interactions
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between the chromophores even in polar solvents like CHCIs (Kp = 590 M~! for 5, 298 K).
The large transition dipole moment (ueg=10.7 D) and associated intense and mainly
unstructured absorption band at 559 nm (&max = 125 000 M~'em™!, 5 in CHCI3), which is
highly sensitive to the environment (negative solvatochromism, strong exciton coupling),
make it also interesting from a functional point of view. Strong exciton coupling (~ feg?),
which is for this chromophore usually well described by the simple Kasha model, gives rise to
pronounced spectral changes upon aggregate formation which can easily be studied by
UV/Vis absorption spectroscopy to elucidate the self-assembly mechanism and deduce the

arrangement and number of m-stacked chromophores.
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Figure 25. Maxima of UV/Vis absorption bands of the different PYOP merocyanine species presented in Chapter 2.2.2, as
well as reference merocyanines 1 and 5, ordered by number of m-stacked chromophores as proposed by the aggregate
structure model. All values are from CHCl; solutions, except for 1026 which are from CHCIs/MCH solvent mixtures.

The values for the UV/Vis absorption maxima of the different defined or polymeric H-type
coupled PYOP assemblies presented in this chapter, are summarized in Figure 25 (all values
in CHCI3 or CHCIs/MCH). Clear structure-property trends can be observed. Both, the number
and arrangement of interacting chromophores strongly influence the position of the UV/Vis
absorption band. Particularly for a series of structurally similar assemblies, this can provide a
very convenient insight into the chromophore arrangement within an aggregate species by

simply recording a UV/Vis absorption spectrum.

For the present thesis, the interesting supramolecular and functional properties in combination
with the extensive background-knowledge on this chromophore represented in Chapter 2.2
make PYOP a very useful tool to investigate fundamental aspects of supramolecular self-

assembly.
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CHAPTER 3

CONCENTRATION-, TEMPERATURE-, AND SOLVENT-
DEPENDENT SELF-ASSEMBLY: MEROCYANINE
DIMERIZATION AS A SHOWCASE EXAMPLE FOR OBTAINING
RELIABLE THERMODYNAMIC DATA

B experimental data
— fit function

CH.CI, 1,4-dioxane

This chapter and the associated supporting information have been published in:
Y. Vonhausen, F. Wiirthner, Chem. Eur. J. 2023, 29, ¢202300359.

Adapted or reprinted with permission from ref. [56].
Copyright 2023 The Authors. Chemistry — A European Journal published by Wily VCH
GmbH.

Abstract. Mathematical models for the concentration-, temperature-, and solvent-dependent
analysis of self-assembly equilibria are derived for the most simple case of dimer formation,
to highlight the assumptions these models and the thus determined thermodynamic parameters
are based on. The three models were applied to UV/Vis absorption data for the dimerization
of a highly dipolar merocyanine dye in 1,4-dioxane. Isothermal titration calorimetry (ITC)

dilution experiments were performed as an independent reference technique. While the
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concentration-dependent analysis is according to our studies the most reliable method, also
the less time-consuming temperature-dependent evaluation can give accurate results in the
present example, despite small thermochromic effects. In contrast, the strong negative
solvatochromism of the merocyanine tampers with the results from the solvent-dependent
evaluation. Even though the studies presented in this work are limited to the monomer-dimer
equilibrium of a dipolar dye, the basic principles can be transferred to other chromophores

and different self-assembly models, including those for supramolecular polymerization.

3.1 Introduction

In the field of supramolecular chemistry, the thermodynamic parameters AG® (Gibbs energy
of binding), AH’ (binding enthalpy) and AS° (binding entropy) and in particular the
association constants K at room temperature are of utmost importance to characterize self-
assembly processes.['”) However, whilst a plethora of articles is available that in a critical way
discuss the theoretical and experimental aspects of relevance for the thermodynamic

5,119 98, 140-141) gelf_assembly did not receive comparable

characterization of host-guest system
attention from the fundamental point of view. Whilst it is obvious that the perfect method,
such as the constant-host titration for host-guest systems, covering the whole range from pure

host up to almost entirely present host-guest complex,!'”!

is not adaptable to self-assembly
processes, we will here address the critical aspects of solvent- and temperature-dependent
analyses that became more and more common recently in the elucidation of self-assembly
processes into larger aggregates, also called supramolecular polymers. Compared to
conventional concentration-dependent studies as preferred in our research on dye
aggregates, %% 142 these methods appear simpler to perform and in some cases are indeed the
only viable option, for instance in cases of insufficient solubility or instrumental limitations

33-34,36,44-50] o1 solvent-dependent!®!”

on the applicable concentration range. Here, temperaturel
551 studies can be alternatives, which have both successfully been applied in literature for a
variety of systems. For complex self-assembly systems often only a mixture of different
techniques and conditions can provide a full understanding of the self-assembly process.!?> 3%
143-144] Temperature-dependent measurements have the advantage that all thermodynamic
parameters can be obtained from one individual sample at a given concentration in a single

automated measurement. It is the method of choice for studies on duplex formation in nucleic

acid chemistry, where usually only small sample amounts are available.[® For the other two

50



Concentration-, Temperature- and Solvent-dependent Self-assembly Chapter 3

approaches, more time (and compound) consuming sample preparation is necessary. In
solvent-dependent measurements, the range of (dis)assembling force can be tuned for every
system by the choice of two solvents with contrasting solvation properties, often simplified by
the dielectric constant (&).[®! By gradually changing the solvent mixture from a “bad” solvent
where the fully aggregated species is present to a “good” solvent, where all molecules are in
the monomeric state, the entire aggregation process can be monitored. The accessible
concentration and temperature range, on the other hand, usually set much tighter boundaries.
So it is often not possible to reach both end-points of the self-assembly process by these
approaches. Also for solvent- and temperature-dependent studies it has to be emphasized that
simple intramolecular folding processes might generate similar spectral changes as
intermolecular aggregate formation.[* %] Thus, whilst each of the available methods of
concentration-, temperature-, and solvent-dependent experiments has advantages, it is
important to understand and mind the underlying assumptions behind the data evaluation

models to derive reliable results.

With this goal in mind, we study here a most simple showcase example, i.e. dimerization as
the most simple self-assembly process. For this study we chose merocyanine dyes, whose
strong and directional dipole-dipole interactions lead to the formation of structurally well-
defined dimer aggregates for which the antiparallel orientation affords a cancellation of the
dyes’ large ground state dipole moments (u(M) = 17 D, Figure 26a).14> ] Therefore, whilst
dimerization is strongly favoured by pronounced dipole-dipole interactions, elongation into
extended dye aggregates is disfavoured by the reduced electrostatic surface potential and

concomitant lack of dipolarity of the respective dimers.
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Figure 26. a) Monomer (M) — dimer (D) equilibrium of merocyanine 1 with electrostatic surface potential (DFT) of both
species visualizing the reduction in dipolarity upon dimerization. b) Schematic representation of experimental self-assembly
data (black squares) and the corresponding fit function (red line) to determine thermodynamic parameters for the
dimerization of 1.
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In our earlier research we have gained detailed insights in the structure of these dimer
aggregates and the very high preference of these dyes for dimerization over further
elongation.l'46-1471 Accordingly, within the studies carried out here we can ignore further
growth into larger oligomers and thereby explore the fundamental critical aspects for a most
simple monomer-dimer self-assembly system. Additionally, the characteristic changes in the
absorption properties of the m-stacked merocyanine chromophores due to H-type exciton
coupling upon dimerization*> *81 allow easy monitoring of the self-assembly process by
UV/Vis spectroscopy. Therefore, highly dipolar merocyanine derivatives are frequently used
in the field of supramolecular chemistry to construct elaborate aggregate structures, which

91 To investigate the

help to elucidate important structure-property relationships.!'*
aggregation mechanism of such systems and to determine the thermodynamic parameters for
the self-assembly process, concentration-dependent UV/Vis absorption measurements were
hitherto applied as the most straightforward method.!'®! To assess the suitability of the other
approaches for the investigation of merocyanine dye self-assembly into discrete dimer
species, an extensive UV/Vis absorption study is presented in this work. It allows a direct
comparison of the results from concentration-, temperature-, and solvent-dependent

1501 in 1,4-dioxane. Additionally

measurements for the dimerization of merocyanine 1!
isothermal titration calorimetry (ITC) dilution experiments were performed to obtain

reference values for K and AH° from an independent technique.

To illustrate the principles behind the evaluation of concentration-, temperature-, or solvent-
dependent self-assembly data all necessary equations were derived step by step in Chapter 2.1
for this simplest case of dimer formation, and the assumptions the models are based on were
pointed out. Even though this work focuses on a specific example, it is emphasized that the
same principles and assumptions also apply for other self-assembly processes, e.g. isodesmic
and cooperative polymerization!'® 2!l or host-guest systems!!”). Only the mathematical
description of the supramolecular equilibrium has to be adapted accordingly. Thus, we hope
these studies on merocyanine dimerization provide an easy introduction to the topic, which
can help readers, especially people new to the field, to find the best suited method to

investigate the self-assembly of their system of interest.
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3.2 Results and Discussion

Merocyanine 1, which was employed in the following studies, was synthesised according to
literature known procedure.!'>° This donor-acceptor chromophore is known to dimerize in
solvents of intermediate polarity like 1,4-dioxane mainly driven by strong dipole-dipole
interactions (K ~ 10* — 10° M1).1] The intense UV/Vis absorption (ueg(M) ~ 11 D)11*®! and
defined spectroscopic changes upon aggregate formation due to H-type exciton coupling
make it a well suited probe for self-assembly studies by UV/Vis spectroscopy. For the
monomeric chromophore of 1 a large molecular ground state dipole moment of (M) =17 D

(0] Tn accordance with a

has been determined by electrooptical absorption measurements.
decrease of the dipole moment upon excitation (x(M)= 13 D) the charge transfer (CT)
UV/Vis absorption band of the monomer species shows a pronounced negative
solvatochromism (blue shift in solvents of higher polarity). Also for the dimer species a less
pronounced negative solvatochromism has been observed.'*!! Three repetitions were
performed for each concentration-, temperature- and solvent-dependent UV/Vis absorption
study. Due to the high accuracy of the instrument and sample preparation, the standard
deviation between independent runs was in the same range or even smaller than the fit error
(Table A8, A10 and A11). It must be noted, however, that this fit error only represents how

well the data points match the optimized theoretical curve. It does not necessarily give any

information on how close the result is to the “true” value.

3.2.1 Fit Functions

The chemical equilibrium of two identical monomeric molecules (M) forming a dimer (D) a

two-state equilibrium can be written as:['”]

2M=D (1)

The fit equations used to evaluate the influence of concentration, temperature, and solvent on
this equilibrium are summarized in the following. For a detailed derivation and discussion of
those equations see Chapters2.1.1 —2.1.3. The general term which describes the
experimental apparent extinction coefficient € at a certain wavelength A as a function of the
dimerization constant K, the total sample concentration co and the extinction coefficients of

the pure monomer (em) and dimer (&p) species is given by equation (18).
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£ = ep(A) + (em(D) — ep (1)) T 2% (18)

4KCO
The temperature dependence of the binding constant K can be described by:

-AGY —(aH®-TAS®)

KT =eRrr =e~ ®m (28)

b

with the binding enthalpy AH® and binding entropy AS°, which are assumed to be temperature
independent. This gives fit equation (30) for the evaluation of temperature-dependent UV/Vis

absorption data for a dimer self-assembly.

0 0
—1+ |1+ 8 e~(8HO=TASO)/RT. o

£ = ep(A) + (em() — ep (D)) P i (30)

The small temperature-dependence of the sample concentration co can be included in the

analysis and was done here as described in Chapter 2.1.2, by equation (34).

The solvent-dependence of K can be approximated by assuming a linear relation of the

binding energy AG” in a specific solvent mixture, and the fraction of denaturating solvent f*:

-AGY’ —-(AG%+ m-f)

K=e rT =¢ RT . (35)

In equation (35) AG is the Gibbs binding energy in the pure starting solvent and m is a linear
factor, describing how strongly the second solvent influences the self-assembly equilibrium.
By using this term for K in equation (18), we obtain equation (36) as a fit function for the

solvent-dependent dimerization process.

~1+ 1+ 8e-(86%+mf)/RT . o

ED) = e + (em@ — &0 WD) — (36)

3.2.2 Concentration-Dependent Analysis

The step-wise concentration-dependent measurements (from co=6.3x10"* down to
2.0x10”" M) of merocyanine 1 in 1,4-dioxane at 293 K in cuvettes of 0.1 up to 100 mm
thickness show the transition from predominantly aggregate (Amax =492 nm, qage =0.96) to
monomer (Amax =570 nm, cagg=0.06) species upon dilution (Figure27a). The single
absorption band of the aggregate species at 492 nm clearly indicates the presence of dimers of

this chromophore and excludes the presence of larger oligomers, as H-type coupling of more
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than two chromophores would be accompanied by an even further blue shifted absorption

maximum. 4]
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Figure 27. a) Concentration-dependent UV/Vis absorption spectra of 1 in 1,4-dioxane at 293 K (co = 6.3x10™#t0 2.0x107 M,
solid lines) and calculated (dashed lines) monomer (M, violet) and dimer (D, red) spectra from global fit analysis. b) Changes
in absorption at 492 nm (red symbols) and 570 nm (violet symbols) with simultaneous fit of three datasets at each two
wavelengths according to equation (18). ¢) Fit of K as a function of T according to equation (28) for the determination of AH°
and AS°.

A well-defined isosbestic point at A=516nm confirms the presence of a two-state
equilibrium. The changes in apparent molar extinction coefficient £(co) as a function of the
total sample concentration co at two different wavelengths of 570 nm and 492 nm for the
monomer and dimer absorption maxima, respectively, are fitted with equation (18)
(Figure 27b). The values for K obtained at those two wavelengths are, as expected from the
model, very similar: (1.7+0.03)x10° M~! and (1.4£0.1)x10°> M!, respectively. The fit results
for K should in general be independent of the wavelength at which the fit is performed (see
also Figure 31c), therefore, it makes sense to determine the binding constant as an average of
the data from multiple wavelengths. By performing a simultaneous fit of three independent

concentration-dependent datasets, at each two wavelengths (492 and 570 nm)

K293 = (1.6£0.1)x10° M! is obtained. This corresponds to a molar standard Gibbs binding
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energy of AG%93=-29.1+0.1 kJmol™!. The concentration-dependent spectra were
additionally recorded and evaluated at 288, 313 and 333 K (Figure A55). Binding constants of
K23 = (2.0£0.1)x10° M, K313 =(5.6£0.2)x10*M~' and K333 =(2.0£0.1)x10* M~ were
obtained. By fitting the temperature-dependence of K as a function of 7 (Figure 27c¢)
according to equation (28) the binding enthalpy was determined to be
AH® =—-41.0£1.4 kJ mol™! and  the  entropy  penalty  upon  dimerization
AS® =-40.5+4.3 J mol"' K~!. Very similar results were obtained from a classical van’t Hoff

analysis (Figure A54).

These data are in good agreement with the results from ITC dissociation experiments!!*!-1321 of

the dimer of merocyanine 1 in 1,4-dioxane at 293 K (Figure 28).
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Figure 28. ITC-dilution data for the dissociation of dimers of 1 in 1,4-dioxane at 293 K.

A concentrated solution of 1 in 1,4-dioxane (co=2x10"* M, aage = 0.88) is sequentially
injected into a calorimeter cell initially containing pure solvent. The concentration of the
stock solution was limited by the solubility of the compound, which lead to a comparatively
low signal to noise ratio. The dissociation of dimers upon dilution causes endothermic heat
pulses which were evaluated as a mean + standard deviation of five measurements

(Table A7). This gave similar values for the binding constant (K203 = (1.8£0.7)x10° M) and
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a similar binding enthalpy of AH°=-44.0+6.4 kJ mol~! compared to the concentration-

dependent UV/Vis measurements.

3.2.3 Temperature-Dependent Analysis

For the temperature-dependent measurements of merocyanine 1 in 1,4-dioxane the accessible
temperature range was limited by the melting point of the solvent, the instruments accessible
temperature range and a slow decomposition of the compound at elevated temperatures of
> 343 K. Therefore, studies were performed between 288 to 333 K with a heating rate of
2 °C/min for three samples with different co of 2x107%, 2x107° and 2x10% M (Figure 29).
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Figure 29. a) Temperature-dependent UV/Vis absorption spectra of 1 in 1,4-dioxane (co=2x10"* M, 288 to 333 K, solid
lines) as well as calculated spectra (dashed lines) for dimer (D, red) and monomer (M, violet) from global fit analysis of
concentration-dependent data at 288 and 333 K, respectively. b) Changes in absorption at 494 (red) and 574 nm (violet) for
each three measurements of samples with co = 2x10* M (squares), 2x10-> M (triangles) or 2x10-° M (circles) with individual
(dashed lines) and simultaneous (solid lines) fit functions according to equation (34). c¢) Calculated dimer and monomer
spectra from global fit analysis of concentration-dependent data at different temperatures.

Successive heating and cooling cycles were measured and did not show significant hysteresis
between the data points (Figure A56), verifying that the process is reversible and the system
was given enough time to reach the thermodynamic equilibrium for each measurement. With

increasing temperature, the same spectral changes can be observed as upon dilution, i.e. the
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dimer absorption band at ~490 nm drops in intensity and the monomer band at ~570 nm rises
(Figure 29a). However, whilst such a simple temperature-dependent study is less time-
consuming than the former concentration-dependent study, in the present example it cannot
ensure a good coverage of the self-assembly process from mostly aggregate to mostly
monomeric species. This might be less of a problem for systems where a larger temperature-
range can be applied or which follow a “steeper” self-assembly curve, e.g., due to
cooperativity*) or a high entropy contribution like in the case of oligonucleotide double
strand formation®*!, In the illustrated case, due to the limited temperature range, only a small
portion of the initial dimers is disassembled upon heating for the sample at co=2x10"*M
(cagg =0.91 — 0.71). Thus, fitting the observed changes £(7) of a single dataset to equation
(34) did not give meaningful results (Table A9). The standard errors for the optimized
parameters are very large due to the small range of the theoretical curve covered by the
experimental data points and the asymptotic values for em and &p are not always in the
expected range (Figure 29b, dashed lines). For the system on hand the quality of the
evaluation can be improved significantly by performing the temperature-dependent
measurements for several samples with different concentrations. The datasets of three samples
with concentrations of co=2x10", 2x107 and 2x10°M combined cover a meaningful
fraction of the self-assembly process (aage = 0.91 — 0.07). They all share the parameters AH°
and AS° and can be fitted simultaneously according to equation (34) (Table A10).

From a simultaneous fit of 18 datasets (three repetitions for three concentrations at each 494
and 574 nm) averaged values of AH? = — 43.5+0.4 k] mol™!' and AS® = - 48.7+1.4 ] mol™' K!
were obtained (Figure 29b, solid lines). These are similar to the results from the
concentration-dependent ~ studies and the ITC  experiment (Table4). A
AG%93 =-29.2+0.6 kI mol™' and K203 = (1.6£0.4)x10° M~ can be calculated from this.
However, when looking at Figure 29¢ it becomes clear that those two wavelengths were
particularly well chosen for our data evaluation based on our earlier results from
concentration-dependent studies. Figure 29¢ shows a comparison of the calculated spectra of
pure monomer and dimer at different temperatures. They clearly show a spectral shift and
change of the width of the absorption bands of both species due to thermochromism. Also in
the temperature-dependent experimental spectra shown in Figure 29a a gradual shifting of the
two band maxima can be observed: for the dimer from 491 nm (288 K) to 495 nm (333 K)
and for the monomer from 569 nm (288 K) to 573 nm (333 K). Those changes are not

considered by the fit, which assumes ev and &b to be temperature independent. At the selected
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wavelengths 494 nm and 574 nm, the temperature-dependent changes in ev and &b are,
however, very small (< 3%), which is the reason for the good agreement of the results from
temperature- and concentration-dependent measurements as well as ITC. However, when the
fit is performed at other wavelengths fluctuating results for AH (-34.2 to —56.0 kJ mol™") and
AS? (~19.9 to —92.8 J mol™! K™!) are obtained. The fluctuations of AH® and AS° are not

independent and follow the same trend (Figure 30).
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Figure 30. Fit results with standard errors for a) AH? and b) AS° according to equation (34) at different wavelengths, from
simultaneous fit analysis of three temperature-dependent UV/Vis absorption datasets of 1 in 1,4-dioxane with different
concentrations (co =2x10%, 2x10-> and 2x107 M) with shared parameters. Values from ITC are marked as reference with
horizontal lines. c¢) Calculated dimer (D) and monomer (M) UV/Vis absorption spectra at different temperatures: 288 K
(turquoise), 293 K (blue), 313 K (orange) and 333 K (red). The vertical lines mark 494 and 574 nm.

Thus, when calculating AG%o93 the resulting value is fairly constant, independent of the
wavelength at which the fit is performed (see also Figure 31c). We interpret this in a way that

the optimized values for AH® and AS° are very sensitive to the shape of the self-assembly
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curve, since both parameters can influence the inflection point of the melting curve and the
slope at this point.’!) For the nonlinear regression, a change in one parameter can thus to
some degree be compensated by a corresponding change in the other and the results are
therefore strongly influenced by the small errors due to thermochromism which distort the
shape of aggregation curve. The resulting values for AG°, which is the sum of both
contributions, seem to be less sensitive to those small deviations in the experimental data.
This phenomenon of apparent AH’ and AS® compensation has also been discussed for ITC

data.[133]

3.2.4 Solvent-Dependent Analysis

To obtain solvent-dependent data two stock solutions of merocyanine 1 in 1,4-dioxane and
CH2Cl> with identical concentrations (co = 6.2x10~* M) were mixed in different ratios and
measured at 293 K. By this the transition from almost completely dimeric species in
1,4-dioxane (cagg =0.97) to fully monomeric ones in CH2Cl2 (@agg =0) can be monitored
(Figure 31a). When performing the fit of &(f) according to equation (36) at different
wavelengths, e.g., at the maximum of the dimer (491 nm in 1,4-dioxane) and monomer
(549 nm in CH2Clz) absorption band, quite different results are obtained for AG%93 in 1,4-
dioxane. For the wavelengths mentioned: —20.1£0.4 kJ mol™' and —-27.5+1.5 kJ mol™!,
respectively. Three independent repetitions of this solvent-dependent study were performed
with samples of slightly different concentrations (Figure A57, Table A11). All of them gave
very  similar results. A AG%93=-26.6£0.8 kJmol"!  which  corresponds to
K293 = (5.6£1.8)x10* M! is obtained from the simultaneous fit of all three datasets at the two
chosen wavelengths. This is a bit lower compared to the reference values from ITC and the
concentration-dependent evaluation (Table 4). The solvent-dependent data evaluation suffers
a similar problem as the temperature-dependent: ev and & are assumed to be solvent-
independent, yet due to the pronounced negative solvatochromism of the dipolar merocyanine
they are not. This is obvious when comparing the UV/Vis absorption spectra of the monomer
of 1 in CH2Clz and in 1,4-dioxane (Figure 31a). The band maximum is shifted from 570 nm in
the less polar 1,4-dioxane (&=2.21) to 549 nm in the more polar CH2Cl2 (& =8.93)

accompanied by a slight broadening of the band and decrease in intensity.

Comparing the AG%93 values obtained from fits at different wavelengths additionally

illustrates this problem caused by solvatochromism (Figure 31c¢).
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Figure 31. a) Solvent-dependent UV/Vis absorption spectra of 1 in mixtures of 1,4-dioxane and CH2Cl2 (co = 6.2x10* M,
293 K, solid lines) as well as calculated (dashed lines) dimer (D, red) and monomer (M, violet) spectra of 1 in 1,4-dioxane.
Vertical lines mark 491 and 549 nm. b) Changes in absorption at 491 nm (red symbols) and 549 nm (violet symbols) as a
function of the volume fraction f of CH2Cl2, with individual (dashed lines) and simultaneous (solid lines) fit at two
wavelengths according to equation (36). ¢) Results for AG%93 from concentration- (black squares), temperature- (blue

triangles) or solvent-dependent (red circles) data evaluation at different wavelengths. The dashed line marks the
(pseudo)isosbestic point.

For the concentration- and temperature-dependent evaluation relatively constant results are
obtained from fits over the whole absorption range (450 — 600 nm), except around the
(pseudo)isosbestic point. For the solvent-dependent evaluation, on the other hand, the AG is
underestimated in the present example and the results vary significantly between —26.8 and

—16.5 kJ mol™! depending on the wavelength at which the fit is performed.

3.3 Conclusion

In this chapter, concentration-, temperature- and solvent-dependent UV/Vis absorption studies
were performed for the well-defined dimerization process of merocyanine 1 in 1,4-dioxane
(Table 4). Additionally, ITC dilution experiments provided reference thermodynamic values

by an independent method. Thus, for the first time a direct comparison of these common
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methods applied for the elucidation of self-assembly processes into dye aggregates and

supramolecular polymers has been performed.

Table 4. Summarized results of the thermodynamic parameters for the dimerization of 1 in 1,4-dioxane from ITC in
comparison with concentration- (co), temperature- (7) and solvent-dependent (f) UV/Vis absorption data analysis.

AH® AS° Koo3 AG;
/kJmol™  /Tmol'K' /10°M!  /kJ mol™
ITC (co) —44.0+6.4  —-49.9+19 1.8+0.7  —29.4+0.9

UV/Vis (co) —41.0+1.4  -40.5+4.3 1.6+0.1 -29.1+0.1

UV/Vis (T) -43.5+0.4  -48.7£1.4 1.6+0.4 -29.2+0.6

UV/Vis (f) - - 0.6+0.2 -26.6+0.8

The positive outcome is that the thermodynamic parameters acquired from concentration- and
temperature-dependent measurements are in good agreement with those from ITC studies. Of
particular importance is that the more simple temperature-dependent studies gave correct
values for the binding constant K if thermochromic effects in the absorption spectra of the
monomer and dimer of 1 are avoided by the proper choice of the wavelength used for the
analysis. For a fit performed at wavelengths where the temperature-dependent changes in the
absorption spectra are small, the values for binding enthalpy AH° and entropy AS? were in
excellent agreement with the results independently obtained by ITC. For other wavelengths,
however, fluctuating values for AH® and AS° were obtained. Here even the relatively small
thermochromic effects falsified the results up to 30%. In the solvent-dependent studies, the
pronounced negative solvatochromism of 1 tampered with the analysis, leading to a general
underestimation of AG® with a strong dependence on the wavelength at which the fit is

performed.

To draw a more general conclusion: Concentration-dependent measurements are the most
recommended way to investigate self-assembly equilibria. When temperature- or solvent-
dependent UV/Vis absorption data are evaluated the results should be interpreted with care
and the effects of thermochromism and solvatochromism should be considered. A gradual
shift of the maxima of the UV/Vis absorption bands with temperature or solvent, for example,
can indicate that the observed changes are not (only) due to an assembly process. A rational
selection of the wavelength at which the fit is performed might help to make these effects
negligible. Additionally, for the temperature-dependent analysis it should be kept in mind,
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that it is usually assumed that AH® and AS® are temperature-independent. For the solvent-
dependent analysis it is important, that no specific solute/solvent interactions should be
involved, so that a linear change of AG® with the solvent ratio can be approximated. It is
noteworthy that in particular solvent mixtures involving waterl’* 1>+151 often deviate from
such a linearity due to specific solvation. Taking further into consideration that also folding
processes may afford similar spectral changes upon change of the solvent composition due to
intramolecular aggregation!*), the method of solvent variation is the least reccommended one
which should always be complemented by further techniques to ensure that indeed self-
assembly is the main process that is monitored. Last but not least it should be mentioned that
the self-assembly mechanism might not always be conclusively known and is therefore an
additional factor of uncertainty. The more parameters in the fit the less certain one can be that
a good fit indicates a correct choice of mathematical model. A good agreement of
concentration-dependent data to the theoretical model, where only one parameter K can be
optimised (assuming that both ev and &b can at least be estimated), is a strong indication that
the supposed aggregation mechanism is correct. For the temperature and solvent dependent
model, which employ each two parameters, one should be more careful with such
conclusions. If these issues are kept in mind, temperature- as well as solvent-dependent
measurements are valid alternatives, if concentration-dependent studies are not an option, at
least to get a reliable approximation for the Gibbs binding energy AG® of a self-assembly

equilibrium.
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CHAPTER 4

TWO-STEP ANTI-COOPERATIVE SELF-ASSEMBLY PROCESS
INTO DEFINED n-STACKED DYE OLIGOMERS: INSIGHTS INTO
AGGREGATION-INDUCED ENHANCED EMISSION
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This chapter and the associated supporting information have been published in:'
Y. Vonhausen, A. Lohr, M. Stolte, F. Wiirthner, Chem. Sci. 2021, 12, 12302-12314.

Adapted or reprinted from ref. [146] with permission from the Royal Society of Chemistry.

Abstract. Aggregation-induced emission enhancement (AIEE) phenomena received great
popularity during the last decade but in most cases insights into the packing structure —
fluorescence properties remained scarce. Here, an almost non-fluorescent merocyanine dye
was equipped with large solubilizing substituents, which allowed the investigation of its
aggregation behaviour in unpolar solvents over a large concentration range (107> — 10" M). In
depth analysis of the self-assembly process by concentration-dependent UV/Vis spectroscopy
at different temperatures revealed a two-step anti-cooperative aggregation mechanism. In the
first step a co-facially stacked dimer is formed driven by dipole-dipole interactions. In a

second step these dimers self-assemble to give an oligomer stack consisting of about ten dyes.

ii Parts of the results have been described in: Y. Vonhausen, Master Thesis, Julius-Maximilians-Universitit
Wiirzburg, 2019.
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Concentration- and temperature-dependent UV/Vis spectroscopy provided insight into the
thermodynamic parameters and allowed to identify conditions where either the monomer, the
dimer or the decamer prevails. The centrosymmetric dimer structure could be proven by 2D
NMR spectroscopy. For the larger decamer atomic force microscopy (AFM), diffusion
ordered spectroscopy (DOSY) and vapour pressure osmometric (VPO) measurements
consistently indicated that it is of small and defined size. Fluorescence, circular dichroism
(CD) and circularly polarized luminescence (CPL) spectroscopy provided insights into the
photofunctional properties of the dye aggregates. Starting from an essentially non-fluorescent
monomer (@1 =0.23 %) a strong AIEE effect with excimer-type fluorescence (large Stokes
shift, increased fluorescence lifetime) is observed upon formation of the dimer (@ = 2.3%)
and decamer (@r = 4.5%) stack. This increase in fluorescence is accompanied for both
aggregates by an aggregation-induced CPL enhancement with a strong increase of the gium
from ~ 0.001 for the dimer up to ~0.011 for the higher aggregate. Analysis of the radiative
and non-radiative decay rates corroborates the interpretation that the AIEE effect originates
from a pronounced decrease of the non-radiative rate due to m—m—stacking induced
rigidification that outmatches the effect of the reduced radiative rate that originates from the

H-type exciton coupling in the co-facially stacked dyes.

4.1 Introduction

Organic materials, especially dyes and pigments, have gained considerable interest for high
performance technology applications like organic solar cells or other optoelectronic devices!”!
as they promise low costs and easy and versatile processing. The desired properties of those
organic functional materials are, however, tightly connected to interactions between the
molecules in the solid state. Therefore, predicting and controlling the intermolecular
arrangement along with understanding structure — property relationships, is a key step toward

14, 156

tailor-made functional organic materials.! | For this, defined dye aggregates in solution

can play an important role as model systems of reduced complexity. Already by investigating
rather simple dimer systems, fundamental insights can be gained on processes like

aggregation-induced enhanced emission (AIEE)!'57], symmetry-breaking charge separation!®”’

[138] For a better understanding, especially of solid-state materials, however,

or singlet fission
the investigation of larger systems is crucial. Oligomeric systems of defined size and

geometry have the advantage, that multi-chromophore interactions can be studied in solution
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without the drawbacks of possible phase separation or gel formation that can occur upon
formation of polymeric structures. The deliberate formation of defined-sized aggregate stacks,
however, is quite challenging. Good results were obtained by connecting dye molecules to

covalent backbones!!>%-16!l

that favour a specific arrangement or by using templating
effects!!®21631 Another, less explored, method to form small-sized aggregates, which does not
require the addition of templates or the covalent linking of chromophores, is taking advantage
of an anti-cooperative aggregation mechanism. The self-assembly mechanism!'®!, which is
encoded in the molecular building blocks, dictates important properties like stability, size and

16, 23

size distribution of the emerging aggregates.! I Three classical cases are differentiated:

isodesmic, cooperative and anti-cooperative aggregation (Figure 32).

10% 10* 102 10° 102 10* 108
KnCO

Figure 32. Degree of aggregated m-faces (caggn) as a function of Knco according to the isodesmic (dashed grey line),
cooperative (dotted grey line) and anti-cooperative (solid black line) model with a dimer nucleus, governed by the
cooperativity parameter o= Kp/Kn. Inset shows the dipolar chromophore of merocyanine 2.

In the case of isodesmic aggregation, all binding sites (e.g. both n-faces of a chromophore)
are equivalent and independent and thus the binding constant K is equal for every individual
binding event upon self-assembly. This usually leads to oligomeric aggregates with large
polydispersity. In case of cooperative aggregation, first an unfavourable nucleation step (e.g.
dimer formation, Kp) has to occur at a critical concentration or temperature before
polymerization (Kn) takes place starting from a relatively small amount of nuclei (Kb < Kn).
The resulting aggregates are much longer, i.e. supramolecular polymers, compared to those
obtained by isodesmic aggregation.”?! Because these features are often desirable for
functional supramolecular polymers cooperative self-assembly has been widely explored.[?3-2"]
To study intermolecular interactions and their influence on optical or electronic properties,
however, small and well-defined aggregates of a discrete number of chromophores are
preferred. Here an anti-cooperative aggregation mechanism can be advantageous, since it is

characterized by a preferred nucleus formation and less favoured further aggregation (Kp >
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Kn) of those nuclei. Thus, rather small-sized aggregates with a narrow size distribution can be
obtained!** 3* *¥1. When plotting the degree of aggregated n-faces (cuggr) as a function of the
dimensionless concentration Kco, a characteristic curve is obtained for the anti-cooperative
model (Figure 32, black line), with a plateau at the concentration range, where predominantly
the nucleus species is present (cagegr = 0.5 for dimer case). Anti-cooperativity requires special
molecular features that allow two competing intermolecular interactions, a strong one (e.g.,
H-bonding?® 3% or dipole-dipolel!! interactions) leading to nucleus formation and a weaker
one causing further self-assembly (often dispersion forces). Alternatively, the reduced binding
strength for further self-assembly of the nuclei is caused by increasing sterical hindrance of
bulky substituents!?> 33 1641671 or electrostatic repulsion®®l. In this case smaller stack sizes of
less than twenty chromophores have been realized. Clearly, such step-wise aggregation also
provides interesting possibilities for the construction of complex structures out of relatively
simple molecular building blocks®’!, which can bring us one step closer toward the
engineering of sophisticated supramolecular nanostructures as they can currently only be

found in nature®,

Here we will show that the utilization of both concepts, i.e. preferential nucleation and sterical
encumbrance to limit growth, can afford a hierarchical growth process to realize upon
increasing concentration two defined aggregate species whose functional properties could be
characterized. A most suitable class of molecules for the exploration of this concept are
dipolar merocyanines*?! which provide a textbook example for anti-cooperative self-
assembly. Because of their significant zwitterionic character and the resulting large molecular
ground state dipole moment (i) of ~ 17 D for the dipolar chromophore of merocyanine 2,
dimerization is favoured due to strong, directional dipole-dipole interactions between
antiparallel oriented chromophores.[%! Since the molecular ground state dipole moments
compensate each other in the dimer, further aggregation is only driven by the weaker
dispersion forces between the remaining two free n-faces. Owing to the significant decrease
of binding strength stacking of more than two chromophores has never been observed for
individual merocyanines in solution but only for bis-merocyanines with tweezer like
structures!?* - 431 or foldamers!'?”) whose self-assembly could be directed into a broad variety
of supramolecular oligomers and polymers. Here, by introduction of a large solubilizing
substituent (“wedge”)!!®] with three dodecyl chains for the first time the self-assembly of the
single chromophore merocyanine 2 could be investigated over a concentration range of five

orders of magnitude in very unpolar solvents like MCH, where aggregation is highly
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favoured. By this means, the stepwise growth into dimers and a larger aggregate species was
observed in solvent- and concentration-dependent UV/Vis studies. The aggregation
mechanism and the structures of the emerging aggregates were studied in detail to provide an
illustrative example for the formation of defined, small-sized aggregates by stepwise anti-

cooperative self-assembly.

4.2 Results and Discussion

4.2.1 Synthesis

Merocyanine 2 was synthesized according to Scheme 1.1

1. NCCH,CO,Et
Nz MeOH - 1. DPFA, Ac,0 o
_ reflux,48h rt to 90 °C, 45 min
2 AcCH,COEt o

iperidine 2. KOAc —
‘1)(?0 °C,24h 100°C, 14 h HasC120 N_ N
13 21% 19% o
> HyCq,0 2

H25C 120, 1. HBr, (CH,0), H25C120 N@* H25C120

HOAc, 70 °C, 4 h - 4
H25C120 —_—— H=C1,0 Br
12 2. picoline, MeCN, 212
HasCiG g g 18" HasC10 16

Scheme 1. Synthesis of enantiopure merocyanine 2.

Firstly, the enantiopure amine 13 (ee 99.3%) was used to synthesize pyridone 14 by a
sequence of condensation reactions.[®! By this means a rigid chiral center was intruduced at
the acceptor moiety, which due to the close proximity to the chromophore m-core should
directly affect the structure of the emerging aggregates. 4-Methylpyridinium salt 16 was
obtained from 1,2,3-tris(dodecyloxy)-benzene 15 according to literature known procedure.!'>"
The reaction of pyridone 14 with N,N'-diphenylformamidine (DPFA) and precursor 16 gave
the desired merocyanine 2 in 19% yield after purification by column chromatography. This
method has been established for the synthesis of other merocyanine dyes in our earlier
work.[130 1691 For details on synthetic procedures and characterization of literature unknown

compounds by melting point, NMR, high resolution mass spectrometry (HRMS) and

elemental analysis see the Appendix.

il Synthesis was performed by A. Lohr.
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4.2.2 UV/Vis Aggregation Studies

In general, the magnitude of the binding constant for a self-assembly process strongly
depends on the solvent and its ability to solubilize and interact with the monomeric and
aggregated species. For dipolar merocyanines, aggregation is favoured in unpolar solvents
because the dipole-dipole interactions between the chromophores are stronger in unpolar
compared to more polar environments. Accordingly, in the polar solvent dichloromethane
(CH2Cl2), monomers prevail at all concentrations. Next, in concentration-dependent UV/Vis
studies of 2 in 1,4-dioxane (Figure 33a,b) only the formation of antiparallel aligned dimers

(D) driven by strong dipole-dipole interactions [%®) can be observed (Kp = 4.0x10* M),
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Figure 33. a) Concentration-dependent UV/Vis absorption spectra (solid lines) of merocyanine 2 in 1,4-dioxane at 298 K.
Arrows indicate the spectral changes upon decreasing the concentration from co = 1.1x1073 to 3.0x10~7 M. Dashed spectra
are calculated spectra for the individual monomer (M, violet) and dimer (D, red) species from global fit analysis according to
the dimer model. b) Concentration-dependent degree of aggregated m-faces (cagen) calculated from the concentration-
dependent UV/Vis spectra at 571 nm (black squares) and the dimerization isotherm (red line) based on the dimerization
constant obtained from global fit analysis. ¢) Solvent-dependent UV/Vis absorption spectra of merocyanine 2 in mixtures of
CH:2Cl2 and MCH (co = 7.2x10™* M, 298 K). Arrows indicate spectral changes upon increasing the volume fraction of CH2Cl»
from 0% to 15% (dotted lines) and to 100% (solid lines). The spectra with a CH2Cl2 content of 0% (orange), 15% (red) and
100% (violet) are marked in color. d) aagen as a function of the volume fraction of CH2Clz calculated from the solvent-
dependent UV/Vis spectra at 550 nm (M=D, circles) or 498 nm (D=H, squares).

To trigger further aggregation of these dimer species, a solvent with even lower polarity like

methylcyclohexane (MCH) is needed. In solvent-dependent UV/Vis studies (Figure 33c,d) the
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polarity of the environment of 2 was stepwise decreased by successively changing the mixing
ratio of polar CH2Cl2 and unpolar MCH. Significant spectral changes are observed as
aggregate formation becomes more and more favoured.In pure dichloromethane, only the
monomeric species (M) is present, as evident from the strong charge transfer (CT) absorption
band at Amax(CH2Cl2) = 549 nm[*® 61 (Figure 33c, violet line). When increasing the volume
fraction of MCH to about 90%, the appearance of a hypsochromically shifted absorption
128,  170]

can be observed at

Amax(CH2Cl2/MCH 1:9) = 498 nm (Figure 33c, red line). These results resemble the monomer-

band, indicating H-type exciton coupling!

dimer equilibrium of 2, also observed in the concentration-dependent UV/Vis studies in
1,4-dioxane (Figure 33a). Upon further reduction of the solvent polarity up to pure MCH an
even more blue shifted absorption maximum arises at Amax(MCH) =477 nm (Figure 33c,
orange line), which suggests the formation of an extended aggregate (H) with more than two
interacting chromophores?* 3%, Especially the strong solvatochromism of the push-pull
chromophore® hinders in depth evaluation, due to the strong shifts and changes in the shape
of the absorption band. When comparing the absorption spectra of the monomer of
merocyanine 2 in different solvents with increasing polarity (Figure A58, see also Figure 16),
a pronounced negative solvatochromism can be observed. This is in accordance with the
decrease in dipole moment upon optical excitation reported in literature for this kind of
dipolar chromophore (1 = 17.1 D, s = 12.6 D).[® Also for the dimer a negative but smaller

solvatochromic effect can be observed.

However, the exceptionally high solubility of merocyanine 2 even in aliphatic solvents
(> 10 mg mL™") allowed us to perform concentration-dependent UV/Vis studies in the unpolar
solvent MCH over a large concentration range to investigate aggregation of this chromophore
beyond the dimer species. The spectroscopic studies were performed in a concentration range
of 1.0x1072 to 9.8x10°® M using cuvettes with an optical path length between 0.01 and
100 mm to sustain a suitable optical density. Since the chromophores tend to adsorb to glass
surfaces in the low-polar MCH environment, silanized glassware (for silanization procedure
see the Appendix) had to be used. Furthermore, samples in MCH showed some kinetic effects
and needed time to equilibrate after concentration or temperature change (Figure A60 and
Figure A61). Accordingly, the samples were always measured several times in varying time
intervals, to ensure the equilibrium state had been reached. The samples in MCH needed
several hours to equilibrate after dilution and were allowed to equilibrate at room temperature

overnight. After temperature change, the individual samples were measured in intervals of 5
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to 10 minutes until no more changes could be observed in the respective absorption spectrum
(approximately 5 to 30 min). As shown in Figure 34, these concentration-dependent studies in

MCH showed the same process as the solvent-dependent measurements.

a) 1298 K

cm™

-

/108 M~

£

b)

£/10° M~ 'em™

c)

£110° M~ 'em™

T T T T T
400 450 500 550 600 650
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Figure 34. Concentration-dependent UV/Vis absorption spectra (solid lines) of merocyanine 2 in MCH at a) 298 K, b) 323 K
and c) 353 K. Arrows indicate the spectral changes during the disassembly process from higher aggregates (H) to dimers (D)
and monomers (M) upon decreasing the concentration from co=1.0x1072t0 9.8x107® M. Colored spectra are calculated
spectra of the individual species from global fit analysis according to the dimer (2M = D) and pentamer (5D = H) models.
Insets show the concentration-dependent fraction of molecules xi co™! of 2 present as higher aggregate (orange), dimer (red)
and monomer (violet) in MCH at the respective temperatures according to multiple linear regression analysis.

In the unpolar solvent MCH the tendency of the dipolar merocyanine 2 to aggregate is so
strong, that even at the lowest concentration accessible for UV/Vis studies (co = 9.8x107% M)
almost no monomers (Amax(M) =596 nm) are present at 298 K. However, when performing
concentration-dependent measurements at elevated temperatures of 323 K and 353 K,

disassembly is induced, and an increasing amount of monomer is formed in the most dilute
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samples (Figure 34). The dominant peak at Amax(D) = 503 nm can be assigned to the dimeric
species. Upon increasing the concentration, a further hypsochromically shifted absorption
band at Amax(H) = 477 nm rises, indicating the formation of a higher aggregate species. At all
temperatures a concentration range exists (co~ 6x10°M at 298 K, co~ 1x10° M at 323 K
and co~2x10"*M at 353 K) where almost exclusively dimer absorption can be observed.
Thus, the dimer is the intermediate species in a two-step aggregation process. This preferred
dimerization is expected, as the dipolar chromophores can firstly self-assemble into
antiparallel dimers due to strong electrostatic dipole-dipole interactions while further
aggregation into larger species is only guided by weaker dispersion forces, as the ground state
dipole moment of the dimer is close to zero. Isosbestic points for the concentration-dependent
spectra showing the transition from monomer to dimer, as well as from dimer to higher
aggregate indicate the presence of two equilibria between each two defined species. The
spectroscopic data at 353 K, showing the transition between monomer and dimer
(co=9.1x1078 to 6.1x107°> M), could be fitted globally (see Appendix for more information)
according to the dimer model!'® (Figure A62). A dimerization constant of

Kp(353 K) = 4.5%10° M~! was determined.

The concentration-dependent data showing the dimer — higher aggregate transition were best
described by aggregation models for small, defined sized aggregates (trimer, tetramer and
pentamer model®¥), Figure A63 — A65). The differences in the quality of the fit obtained for
these models are small and seem to vary slightly with temperature and concentration.
Together with the ill match of the fit according to the isodesmic model'®! (Figure A63 — A65)
this is a first indication that the higher aggregate formed by merocyanine 2 is indeed not an
extended m-stacked supramolecular polymer. It is possible that the size of the higher
aggregates is not uniform, but smaller (trimer of dimers = hexamer) for higher temperatures
and lower concentrations, where binding constants are smaller and the substituents enjoy a
higher mobility, i.e. entropy, and larger (pentamer of dimers = decamer) for the opposite
conditions. For the following evaluations, the pentamer fit is used as an approximation to
describe a 5D = H equilibrium since it gave the overall best match to the experimental data.
Binding constants per binding site of K5(298 K) = 6.0x10* M, K5(323 K) = 7.5x10° M~! and
Ks5(353 K)=1.8x10° M™! were obtained from global fit analysis. Thus, at 353 K the
aggregation constant Ks is more than three orders of magnitude smaller than the dimerization

constant Kp at the same temperature, resulting in a value of o> 10° for the degree of anti-
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cooperativity. The summarized UV/Vis spectroscopic data of merocyanine 2 in CH:Cl,

1,4-dioxane and MCH at different temperatures can be found in Table 5.

Table 5. Summarized UV/Vis spectroscopic data of monomer (M), dimer (D) and higher aggregate (H) species of
merocyanine 2 in CH2Cl2, 1,4-dioxane and MCH at 298 K, 323 K and 353 K after analysis of the anti-cooperative
aggregation.

Solvent CHyCl, | 1,4-dioxane MCH
T /K 298 298 298 323 353
Kp(M-D) /M - 4,010 | 4.0x10%®  4.0x10"™  4.5x10%
Ks(D-H) /M - - 6.0x10* 7.5x10°% 1.8x10%
o= Kp/Ks 1 - - 6700 5300 2500
~AG’M-D) /kJ mol™! - 26.3 49.1 47.0 45.0
SAGD-H) KImolt | - R 273 240 220
Amax(M)I4! /nm 549 571 596 596 596
Amax(D)L /nm - 494 503 504 506
Amax(H) /nm - - 477 479 505
Emax(M)! Mem™ | 116000 137000 117000 117000 117000
Emax(D)!Y /M em™! - 126000 162000 156000 150000
Emax(H) /M em™ - - 101000 77000 59000
Aisospestic(M-D) ~ /nm - 519 525 528 530
Aisosbesie(D-H) _ /mm |- 489 490 489
Leg(M)1Y /D 10.4 10.7 10.8 10.8 10.8
Leg(D)1 Y /D - 9.5 9.5 9.7 9.7
Leg(H)1Y /D - - 9.7 9.9 10.1

[a] global fit analysis, [b] estimated according to dimer model from cagg-r, [c] determined from Kp or K5 by Gibbs-Helmholtz
equation, [d] all values correspond to monomeric units within the aggregate; for information on the determination of zeg see
Appendix.

The shape of the higher aggregate absorption band changes remarkably upon heating
(Figure 34, Figure A59). While the absorption spectrum at 298 K shows a pronounced
maximum at 477 nm as expected for co-facially stacked H-aggregates, the spectrum at 353 K
exhibits a broad, ill-defined absorption band with a maximum at around 500 nm. These
spectroscopic changes can be rationalized by a more disordered and less tight packing of the
higher aggregate at higher temperatures, probably due to increased flexibility and mobility of
the substituents. This shifting of the maximum of the higher aggregate band into the range of
the dimer absorption indicates, that at elevated temperatures the chromophores are not packed
with equal and close distances anymore but rather into preferred dimer-pairs whose contact to
other dimer-pairs is less defined and/or more distant. So, while at 298 K exciton coupling
occurs between all the chromophores of the stack, leading to the hypsochromically shifted H-
band, at 353 K the coupling between only two chromophores seems to be the most prominent.
At 323 K either an intermediate higher aggregate form might be present or a mixture of the
more tightly packed low and the more loosely packed high temperature form, since the

UV/Vis absorption spectrum shows a sharp H-band at 479 nm as well as a more pronounced
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shoulder at > 500 nm. The structural rearrangement in the higher aggregate structure upon
heating is also characterized by an activation energy. Accordingly, time-dependent UV/Vis
experiments reveal a period of about 1.5 h to return to the original room temperature (298 K)
H-aggregate species (Figure A61). The absorption spectrum of the dimer shows only a slight
broadening and red shift for increased temperatures. For the monomer no significant
temperature-dependence of the shape of the absorption is observed in the experimental data,
thus the calculated monomer spectrum from global fit analysis of the data at 353 K according

to the dimer model is used for further evaluation of spectroscopic data at all temperatures.

Multiple linear regression (MLR) analysis was used to determine the concentration of
molecules present as monomer (xm), dimer (xp) and higher aggregate (xu) in the sample
solutions at different concentrations co for each dataset at the applied temperature. Based on
Lambert-Beer’s law (46) the absorbance Abs(A) can be deconvoluted into the contributions of

the individual species (em, ¢ép and &n) for each cuvette thickness (d).
Abs(1) = coe(M)d = [x en (A) + xp £p(A) + x4 ey (D], (46)

By MLR analysis the factors xm, xp and xu (which are defined to be > 0) were obtained.
Please note, that xp and xu are not the actual concentrations of dimer and higher aggregate but
the concentration of monomeric molecules present as dimer (D) or higher aggregate (H)
species as defined by the way the extinction coefficient is calculated. The spectra calculated
according to equation (46) from the extinction spectra of the individual species and the
coefficients obtained by MLR analysis are in excellent agreement with the experimental
spectra (representative spectra depicted in Figure 35). Additionally, the calculated total
concentration cz =xm + xp +xH matches the experimentally balanced concentration co well

(Figure 35, insets), which confirms the validity of the method.
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Figure 35. Experimental UV/Vis absorption spectra (black solid line) of merocyanine 2 and calculated spectra according to
equation (46) (turquoise dashed line) as well as the partial contributions of monomer (violet dashed line), dimer (red dashed

line) and higher aggregate (orange dashed line) at a) co=1.0x10*M (298 K), b) co=3.9x107M (323K) and c)
co=9.8x10"8 M (353 K). Insets show the deviation of the calculated total concentration ¢z = xm + xp + xu from MLR analysis

with respect to the balanced concentration co.
The concentration-dependent fraction of molecules present as monomer, dimer or higher
aggregate (xi co') are depicted in the insets of Figure 34. Notably, for all three temperatures a
concentration range exists, where almost exclusively dimers (> 99%) are present. This strict
separation of the aggregation process into two consecutive steps allows us to calculate the
degree of aggregated m-faces (aager) independently for both equilibria, namely the

dimerization (2M = D) as well as the further self-assembly (5D = H) at higher

concentrations. In general, cager is defined as

(47)

a _ Noccupied n—faces
agg—-m —
g8 Ntotal n—faces

which can be applied to the two equilibria of interest. For the dimerization of two monomers

(M) according to 2M = D applies:
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o = Cym + 2cp. (48)
_ 2 -
Co"E=cy eut22cy- &p = ;0D=ﬁ. (49)
N _ 2c¢p _ E—&Mm .
Gagg-n(2M = D) = 22 = (£24) g5, (50)

For the formation of a higher aggregate (H) out of five dimers (D) according to 5D = H

applies:

co = 2cp + 10cy. (51)

Co*&€=2cp ep+10cy - ey — 1OCCH=5_—££D. (52)
0 H™<D

(agg_n(5D = H) = 212D (53)

2C0

Wenteo  (Rm). g5 4 @ = (22,0545,

2 ¢y Co 2 ¢y EH—ED

For simplification, it is assumed that for the higher aggregate species all n-faces are occupied
so aagen = 1 1s defined for the fully aggregated state. Please note, that this would indeed only
be true for a cyclic arrangement of molecules or an infinite stack. The experimental apparent
extinction coefficient € of a sample with the concentration co is taken at the maximum of the
dimer (5D = H) or the monomer (2M = D) band. The monomer (&m), dimer (¢p) and higher
aggregate (en) extinction coefficients are obtained from the spectra of the individual species
calculated by global fit analysis. Up to the concentration at which the absorption band of the
dimer reaches its maximum, cager Was calculated according to equation (50), above that
equation (53) was used. The data points from the concentration-dependent UV/Vis studies at
298 K, 323 K, and 353 K nicely follow the trend expected for anti-cooperative aggregation
behaviour schematically illustrated in Figure 32, with a plateau at cager=0.5 where
predominantly the dimer species is present (Figure 36). The experimental data for the initial
dimerization of merocyanine 2 at 353 K nicely match the theoretical curve for Qager
according to the dimer model('®! (54) with Kp(353 K) = 4.5x10° M~! from global fit analysis.
Qaggn(2M 2 D) = oot LVBRpeo¥l g g (54)

4Kpco

Although aagg-» only decreases to a value of 0.43 and 0.34 for the measurements at 298 K and
323 K, respectively, the dimerization constants can be estimated by comparing simulated

curves for different Kp-values with the experimental data points. The dimerization constant at
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298 K can thus be assessed to be around Kp(298 K) = 4.0x10% M~! (Figure 36, black dashed

line).
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Figure 36. Fraction of aggregated m-faces dager Of merocyanine 2 in MCH calculated from spectroscopic data at 298 K
(black symbols), 323 K (blue symbols) and 353 K (red symbols) according to equation (50) and (53). Simulated curves
according to dimer (Qaggn < 0.5, equation (54)) and pentamer model (ager > 0.5, equation (55) and (56)) calculated with
binding constants from global fit analysis (solid lines) or estimated binding constants (dashed lines) are shown for
comparison. Grey area marks a range of g for 9.0x108 M~ > Kp > 2.0x10% M. Inset shows the van’t Hoff plot for the
calculation of thermodynamic parameters for dimerization (Kp) and formation of the higher aggregate (K5s).

For comparison, the gray area in Figure36 marks a range of cager for
9.0x10¥ M~ > Kp>2.0x10* M. In the same way the binding constant at 323 K was
estimated to Kp(353 K) = 4.0x107 M~!, which is in accordance to the decrease in Kp expected
for increasing temperatures. Furthermore, the simulated curves for the 5D = H equilibrium
according to the pentamer model are shown in Figure 36. Since the pentamer model consists
of a fifth-order equation, no simple expression can be given for aager. However, the degree of
aggregated m-faces can be simulated according to equation (55) (compare with equation (53)

for derivation).

Cagg-n(5D = H) = (F22) 05 + 0.5. (55)

The concentration of higher aggregate cu can be calculated for different total molecular
concentrations co by finding the zero-crossings of equation (56), or implicit curve fitting

methods can be used.

_ e _ o n 56
Ks = cpS ((co—10cg) - 0.5)5 (56)

With the binding constants for dimerization and further aggregation, the cooperativity

parameter o= Kp/Ks of the self-assembly process of merocyanine 2 in MCH can be
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calculated to: 0(298 K) =6700, (323 K)=5300 and o (353 K) =2500. It quantifies the

high degree of anti-cooperativity in this system.

In order to determine the thermodynamic parameters for the dimerization (Kp) and
aggregation (Ks) process, the binding constants at the three different temperatures were used
in a van’t Hoff plot (Figure 36, inset). The values for both Kp and K5 meet the expected linear
relation for InK and T-'. However, the results of the van’t Hoff plot for K5 should be
interpreted with caution, since the structure of the higher aggregate might be different at
elevated temperatures (vide supra). Thus, it is not certain that a reasonable comparability is
given for the Ks values at different temperatures. The determined entropy penalty for the
formation of the higher aggregate (AS® = —96.4 J K-'mol™") is higher than for the dimerization
(AS°=-74.4 ] K 'mol™!), since more building blocks are involved in the process. As
expected, dimerization is enthalpically more favoured (AH’=-71.5kJmol™") than the
formation of the higher aggregate (AH° =—55.7 kJ mol™"), which can be explained by the
strong dipole-dipole interaction within the dimer. The Gibbs free energy changes AG®
obtained from this analysis for dimer (AG°(353 K) =-45.2 kJ mol™') and higher aggregate
(AG°(298 K) = —27.0 kJ mol™!) formation match the values calculated from the binding
constants from global fit analysis at the respective temperatures (Table 5) very well. The
highly negative AG® values again confirm the exceptionally strong binding of the dipolar

merocyanine chromophores in MCH compared to other solvents.[¢!

4.3.2 Investigation of the Aggregate Structures

To correlate the spectroscopic findings as well as the investigated anti-cooperative growth
mechanism with structural parameters it is essential to deduce the number of molecules which
form the aggregate species as well as the respective molecular arrangement within the defined
assembly. The formation of a small-sized higher aggregate species indicated by the fitting
results of the spectroscopic data was confirmed by AFM, DOSY and VPO measurements.
The higher aggregate sample for AFM imaging was prepared by diluting a MCH solution of
merocyanine 2 at a concentration of co=9.7x10"%M to 0.5x10~* M, and immediately spin-
coating it onto silicon wafer functionalized with n-tetradecylphosphonic acid (TPA). Time-
dependent UV/Vis studies have shown that due to kinetic effects the higher aggregate is still
the dominant species for at least ten minutes after dilution at 298 K (Figure A60). The AFM
images show very uniform small particles of 2.3+ 0.2 nm height and 7-9 nm diameter

(Figure 37b). Also for dimer-samples small homogeneous particles were observed
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(Figure 37a). The respective height of 0.9 + 0.2 nm matches well the height of two m-stacked
molecules on the substrate surface. The average diameter is measured to be 4.5 nm, however,
this value is not reliable since the diameter of objects smaller than the tip radius (<7 nm) is

overestimated in AFM measurements due to the tip-broadening effect!!”!-172],

a) b)

Figure 37. AFM height images of a) dimer samples of merocyanine 2 in MCH (co = 8.7x107° M) spin-coated onto TPA-
functionalized SiOx/AlOx substrates and b) higher aggregate sample of merocyanine 2 in MCH diluted from co=9.7x10™* M
to co=0.5x10"*M and subsequent spin-coating onto TPA-functionalized SiOx/AlOx substrates. Insets show the respective
cross-section analysis of the yellow dashed lines.

Vapor pressure osmometry (VPO) measurements were performed in MCH at 318 K to
determine the average molar mass of the higher aggregate of merocyanine 2
(Mmonomer = 1026.55 g/mol) and thus the average number of molecules incorporated in those
aggregates. This method allows to determine the total osmolality of solutions. Solutions
containing solutes have lower vapor pressure than the pure solvent, which leads to a vapor
pressure difference, and thus to a temperature difference (A7) at the thermistors during the
measurement. This AT is proportional to the number of particles dissolved in the solution.
Benzil (M =210.23 g/mol) and polystyrene PS5270 (Mn=5270 g/mol) were used as
standards to determine the relation of measurement value (MV) and osmolality for the device
and the applied measurement conditions. MCH was used as solvent and the measurements

were performed at 318 K to ensure saturation of the gas phase of the cell with solvent vapor.

To evaluate the data two different methods can be applied. The first one assumes a linear
relation between MV and the number of particles. A linear fit was applied to the data of the
two standards with a fixed intercept at y =0. With the slope s of these fit curves, the
concentration ¢ in mol kg~' (moles of particles per kg solution) of unknown samples can be
directly determined from the measurement value M} according to equation (57). In this way,

the average number <X»> of molecules incorporated in these particles can be calculated.
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¢ (%) = % (57)

mol

The slope obtained from the linear fit of benzil and PS5270 reference measurements was
identical (s=562kgmol™") and <Xy> was calculated for samples with different

concentrations (in g of compound per kg solution, Figure 38a).
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Figure 38. a) Average number of molecules incorporated into the higher aggregate of merocyanine 2 (MCH, 318 K)
calculated from the VPO measurement values (MV) of samples of 2 with varying concentrations. A linear relation between
MYV and particle concentration is assumed. b) UV/Vis absorption spectra of samples of merocyanine 2 in MCH at 318 K used
for VPO measurements.

The value rises with concentration up to <X»>= 6.6. This is in accordance with the fact, that
in the lower concentrated samples at 318 K mixtures of dimer and higher aggregates are

present according to the UV/Vis spectra (Figure 38b).

The second way to evaluate the data from VPO measurements considers that for large
molecules (M > 500 g/mol) the relation between MV and the number of particles is not
necessarily linear. It is recommended to use a standard with a similar molecular weight as
expected for the analyte (here PS5270). The measurement values MV divided by the
concentration (in mol/kg for the reference and in g/kg for the analyte) are plotted against the
concentration (Figure 39). A linear fit is applied. For the data of merocyanine 1, the data
points for the two lowest concentrations are excluded, since these samples are not fully
aggregated under the measurement conditions. Kcal and Kmeas are obtained as the intercept at
¢ = 0. The molecular weight of the analyte can then be calculated according to:

M= el (58)

By this, an average weight of the higher aggregate particles of M = 6339 g/mol was obtained,

which corresponds to <Xn> = 6.2.
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Figure 39. VPO measurement values (MV) divided by the concentration ¢ as a function of the sample concentration of a) the
reference PS5270 and b) merocyanine 2 in MCH at 318 K. The K values are the interpolated y-values of the linear fit at ¢ = 0.

Thus, both evaluation methods gave very similar results, indicating an average number of six
molecules (trimer of dimers) for the higher aggregate species formed by merocyanine 2 in
MCH at 318 K. This value is at the lower end of the range expected for the higher aggregate
size according to the fitting results of the UV/Vis data (vide supra), but considering the error
of the method and the elevated temperatures needed for the measurements it is still supporting

our previous assumptions.

'"H DOSY measurements of the higher aggregate in MCH-dis (co=1.0x10 M, 295 K)
emphasize the uniformity of the aggregate particles with a hydrodynamic radius of 2.4 nm
according to the Stokes-Einstein equation (Figure 40b).
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Figure 40. Illustration of the geometry-optimized decamer stack of merocyanine 2 (PM7, dodecyl chains replaced by methyl
groups) as well as the hydrodynamic radius (transparent grey sphere) as obtained from the Stokes-Einstein equation deduced
from b) the '"H DOSY NMR (600 MHz, 295 K) spectrum of 2 in MCH-d14 (co= 1.0x1073 M). Inset shows a representative
attenuation curve for the integral from 6.86 — 6.62 ppm with the respective fit.
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This is in good agreement with the particle size observed by AFM. The hydrodynamic radius
matches the size of a geometry-optimized stack of ten merocyanine 2 chromophores (i.e. five
dimers) considering that the large solubilizing substituents were neglected in the calculations
(Figure 40a). For the dimer (MCH-d14, co=2.3x10"*M, 348 K) a hydrodynamic radius of
1.0 nm was calculated from the diffusion coefficient. Also this value agrees well, with the size
of the geometry optimized dimer-structure of 2 (Figure 41).
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Figure 41. Illustration of the geometry-optimized dimer structure of merocyanine 2 (B97D3/def2SVP) as well as the
hydrodynamic radius (transparent grey sphere) as obtained from the Stokes-Einstein equation deduced from b) the 'H DOSY
NMR (600 MHz, 348 K) spectrum of 2 in MCH-d14 (co = 2.3x107* M). Inset shows a representative attenuation curve for the
integral from 7.07 — 6.80 ppm with the respective fit.

As the global fitting of the spectroscopic data as well as AFM, VPO and DOSY
measurements all indicate the formation of a small-sized oligomeric higher aggregate
consisting of six to ten molecules, we took the efforts to get a better understanding of the
arrangement of the chromophores within this species. To elucidate the structure of the dimer
and the higher aggregate formed by merocyanine 2 in MCH, 1D and 2D NMR spectra were
recorded (see Appendix). All peaks in the '"H NMR spectra of the monomer and dimer could
be assigned to the respective protons with the help of correlation spectroscopy (COSY),
nuclear Overhauser effect spectroscopy or rotating frame Overhauser effect spectroscopy
(NOESY or ROESY), and heteronuclear single quantum coherence (HSQC) experiments
(Table A13). The proton spectrum of the dimer (MCH-d\4, co=2.2x10"* M, 348 K) is well
resolved and shows only one set of signals revealing a high symmetry of the dimer structure

with two equivalent chromophores (Figure 42b).
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Figure 42. a) Molecular structure of merocyanine 2 with proton assignment in color. b) Relevant section of the 'H NMR
spectra of the monomer (top) of 2 in CD2Clz at 295 K (co=9.7x10~* M, 400 MHz) and the dimer (bottom) in MCH-d14 at
348 K (co=2.2x10*M, 600 MHz). ¢) Geometry-optimized dimer structure (B97D3/def2SVP) with distances given for
protons showing intermolecular NOE cross peaks with the protons 7 of the CH3 group. d) Section of the '"H 'H NOESY NMR
(600 MHz) spectrum of the dimer of 2 (co = 2.7x107* M) in MCH-d\4 at 348 K. For complete spectrum see Figure A72.

In comparison to the monomer 'H spectrum (Figure 42b, CD2Clz, co = 9.7x10~* M, 295 K),
only the signal for the two protons 19 and 20 splits in the dimer spectrum as these protons are
now closer to a stereogenic centre and the difference in the chemical environment of those
diastereotopic protons is increased within the dimer structure compared to the monomeric
species. For the proton 8 at the chiral carbon, only one signal can be observed for the
monomer as well as for the dimer. In principle the chiral tetralin substituent can point toward
the interior or exterior of the double n-stack with proton 8 pointing either towards the outer or
the inner neighbouring carbonyl group. As only one signal can be observed for proton 8 in the
monomer as well as in the dimer 'H spectrum, fast rotation around the marked C-N
(Figure 42a) bond is expected for both cases. This is further augmented by a calculated
rotational barrier around this C-N bond of only 52 kJ mol™' (B97D3/def2SVP) for the
monomer in the gas phase, leading to a half-life of 712(298 K) = 2.1x10~* sec, which is fast on

the NMR timescale of this process.

The defined molecular arrangement of the dipolar chromophores within the dimer could be

further elucidated by NOE spectroscopy. In the dimer 'H'H NOESY NMR spectrum
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(MCH-d\4, co=2.7x10* M, 348 K) several cross signals can be found, where no signals are
expected for the monomer, indicating intermolecular proximity of the protons. Especially the
sharp proton signal of the CHs-group 7 of the acceptor unit is well suited to detect those
intermolecular proximities and gives defined NOE cross peaks with the outer pyridine protons
(1, 2) and the aromatic proton 18 of the tetralin substituent (Figure 42d). Notably, these cross
signals are not observed in the spectrum of the monomer (Figure A71), which corroborates
the presence of intermolecular through space couplings. The results are in accordance with
the geometry-optimized structure (Figure 42¢) indicating close spatial proximity between the
mentioned protons. Additionally, cross signals can be observed between the protons 7 and
both methine bridge protons (5, 6). Even though the intramolecular distance between 7 and 5
is with 4.9 A also still just within the NOE range the much closer intermolecular contact
between those protons can explain the relatively high intensity of the cross signal observed
between those protons (Figure 42d). A similar intermolecular arrangement has also been
observed in the crystal structure of the same merocyanine chromophore equipped with other

substituents.[°]

Unfortunately, the proton spectrum of the higher aggregate in MCH-d14 at 295 K shows broad

peaks (Figure 43), which prohibits an unambiguous proton assignment like for the dimer

species.
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Figure 43. 'H as well as sections of the '"H '3*C HSQC NMR (600 MHz) spectrum (for complete spectrum see Figure A75) of
the higher aggregate of 2 (co =2.1x1073 M) in MCH-d14 at 295 K. Signals of protons with characteristic '*C shift could be
assigned in the HSQC spectrum of the higher aggregate and are marked in color. Sketch of cyclic vs. linear arrangement of
ten chromophores visualizes the lower degree of symmetry of the linear stack.
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Still, some information can be deduced from the HSQC spectrum of the higher aggregate.
Since '3C shifts are in general hardly influenced by aggregation (Table A13), some proton
signals can be assigned in the higher aggregate 'H spectrum based on the HSQC spectrum
(Figure 43). This works especially well for the protons 7 (oc(D)=18.2 ppm), 8
(oc(D) =49.9 ppm), 19/20 (6c(D) = 58.9 ppm), and 23 (oc(D) = 69.6, 73.9, 74.2 ppm) as the
corresponding carbon atoms have a characteristic shift in comparison to the other carbons of
the molecules. Notably, defined sets of cross signals can be observed in the HSQC of the
higher aggregate. For the protons 7 of the methyl group at least four signals (red labels in
Figure 43) can be assigned and also for the other protons (labelled in different colors in
Figure 43) several sets of signals are observed. The signal sets cover a wide range of about
1.5 ppm, indicating large variation in the electronic environment of the chromophores within
the higher aggregate. This condition is realized in a linear stack of chromophores, where the
environment of the outer molecules differs significantly from that of the inner ones. In
contrast, a cyclic structure does not seem reasonable since due to the higher symmetry less
signals are expected (illustration in Figure 43). For our structure proposal of the higher
aggregate the linear arrangement is therefore favoured over a cyclic arrangement of
chromophores. The limited size of the stack to presumably a decamer (vide supra) can be
explained by the significant sterical demand of the peripheral solubilizing trialkoxyphenyl
brushes, which cannot be accommodated within the close repeat distance, demanded by the -
stacked dimers, hindering the further growth to an extended assembly (Figure A77). These
sterical effects!!%*167] in combination with the preferred formation of small-sized aggregates
by the anti-cooperative aggregation mechanism® 3334 can well explain the formation of

oligomers of rather defined size instead of extended m-stacks.

Additional information on the relative arrangement of chromophores within an aggregate can
be gained from CD spectroscopy. While the CD signals of the monomer and the dimer of 2
are very weak, the CD spectrum of the higher aggregate shows a much stronger bisignate
signal with positive Cotton effect (Figure 44), indicating a P-helical arrangement of the
chromophores according to the exciton chirality method.['”*) The CD band exhibits two
maxima at A =575 nm and A= 537 nm in the wavelength range of the shoulder of the higher
aggregate absorption band and a minimum at 4A=477 nm which coinsides well with the

absorption maximum.
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Figure 44 a) CD and b) UV/Vis absorption spectra of the monomer (co=7.2x107° M, violet line) of merocyanine 2 in
dichloromethane, as well as the dimer (co = 6.5%x107° M, red line) in MCH and the higher aggregate (co = 1.0x1073 M, orange
line) in MCH at 298 K. The monomer and dimer CD spectra are depicted with ten-fold increased intensity.

The simulated CD spectrum by time-dependent density functional theory (TD-DFT)
calculations on the geometry-optimized decamer stack with P-helicity indeed reproduces the

experimental spectrum quite well (Figure 45).
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Figure 45. a) Experimental CD spectrum of the higher aggregate of 2 in MCH (orange, co=1.0x10= M, 298 K) in
comparison with calculated CD spectrum (dashed grey) of the structure shown in b) calculated by TD-DFT with the ®B97
functional (def2SVP, PCM, 15 states, half with at half height = 0.18 eV, shifted 0.64 ¢V toward lower energies and intensity
corrected to fit the maximum of the experimental spectrum). b) Geometry-optimized structure of a decamer stack of 2 (PM7,

trialkoxypheny substituents replaced by methyl groups after structure optimization to reduce computational effort for the TD-
DFT calculations).

This gives further evidence that our proposed structure for the higher aggregate is a

reasonable approximation for the true arrangement in solution. Note that vibronic coupling is
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not considered by our employed TD-DFT method so that the vibronic fine structure at

A> 500 nm is not reproduced by the simulations.

4.2.4 Aggregation-Induced Emission Enhancement

Aggregation-induced emission (AIE)!'" and aggregation-induced emission enhancement
(AIEE)!'™ for organic nanoparticles became popular research fields during the last two
decades. Both terms describe a related phenomenon, i.e. an increase of luminescence upon
aggregation. Whilst the original example for which the term AIEE was coined described an
increase of fluorescence with the formation of nanoparticles composed of n-stacked

s!!76]) with relevance for the design of

“aggregated” dyes (similar as in Scheibe’s J-aggregate
luminescent organic semiconductors!!*” 177 no n-n-stacking was involved in nanoparticles of
1-methyl-1,2,3,4,5-pentaphenylsilole dye for which the term AIE was coined.!'’*! Indeed, for
these aggregates the fluorescence enhancement did not originate from dye-dye interactions
upon aggregation but from the restriction of motions that promote the non-radiative decay.['”®
Like for AIEE also for this phenomenon of AIE multiple examples from old literature were
already available including fluorescence enhancements in viscous media, upon cooling, upon

171 However, because

solidification or by fixation of the m-scaffold with covalent bridges.!
both of these as well as the majority of all other known AIE and AIEE molecules only allow
the investigation of either the molecular state or the often poorly characterized nanoparticle
state, the latter often consisting of thousands of molecules and including heterogeneity, few
insights are provided by these studies on the origin of the fluorescence enhancement upon dye
aggregation. In this regard the dimers and decamers of merocyanine 2 offer a unique
opportunity to acquire further insights into the emergence of fluorescence beyond previously
studied merocyanine dimers!'®” and solid state materials!'®!!. The fluorescence properties of

the monomer, dimer and higher aggregate species were investigated, and the summarized

results can be found in Table 6.

Monomeric merocyanine dyes usually show only poor fluorescence due to a fast non-radiative
deactivation pathway through a bond-twisting mechanism (@r(M) ~ 0.1%)!82-185],
Rigidification of the m-system by dimerization!'®"! stacking!*” or in the solid state!'®!! can
enhance the emission strength and accordingly merocyanines were also utilized in

§[1861

aggregation-induced emission studie The monomer emission of 2 could not be

investigated in MCH since low sample concentrations of <10~ M are required to obtain
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significant amount of monomer, which however resulted in no detectable monomer emission

at elevated temperatures of 353 K, where a monomer content of > 65 % can be reached.

Table 6. Summarized fluorescence data of monomer (M), dimer (D) and higher aggregate (H) of merocyanine 2 in solution
and in the solid state (A, B) at room temperature.

Species Aom  AVstokes 7 Py e e
P /nm /cm_l /ns /% 10°s7! 10°s7!
CH,Cl, MP! 587 1200 <0.2 023  >11.5% > 5000
Dl 720 6000 7.6 2.3 3.0 129
MCH
HY 706 6800 11.5 4.5 3.9 83.1
Al 710 - 2.3 (27%), 8.1(73%) 4.9 -h] -thl
Solid
Bl 710 - 1.7 (28%), 5.1 (72%) 7.5 -thl -thl

[a] Decay curves can be found in Figure A76. [b] co=7x10"7 M, OD = 0.08. [c] co=2x10° M, OD = 0.25; it was verified
with a more dilute sample (OD < 0.03) that excitation spectrum is free of reabsorption effects. [d] co=1x10 M, OD = 0.9,
front face setup. [e] Freeze-dried higher aggregate solution of 2 in cyclohexane (co = 1x1073 M). [f] Solid after evaporation of
CH:2Cl: and drying in vacuo. [g] Only a lower limit for &r and kur is given, as the fluorescence lifetime is below the instrument
response time of the TCSPC setup. [h] Not evaluated because the biexponential decay suggests the presence of a mixture of
monomer-like and aggregate species.

The fluorescence properties of the monomer where therefore studied in CH2Cl2, where at all
concentrations suitable for spectroscopy exclusively the monomeric species is present
(Figure 46, violet). The monomer’s emission spectrum with maximum at Aem(M) = 587 nm is
mirror-imaged to the monomer absorption with a Stokes shift (AVgiokes) of 1200 cm™!. As
expected, a very short lifetime (7< 0.2 ns) and a low quantum yield of @n(M) = 0.23% could
be determined for the monomer species.
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Figure 46. Normalized UV/Vis absorption (solid black lines), fluorescence (solid colored line) and excitation (dashed
colored lines) spectra of the monomer (violet, co= 6.6X107" M, Aex = 520 nm, Aem = 600 nm) of 2 in CH2Cly, as well as the
dimer (red, co = 1.7x107° M, Aex = 502 nm, Aem = 720 nm) and the higher aggregate (orange, co = 1.0x107 M, Aex =478 nm,
Aem = 703 nm, front face setup) of 2 in MCH all recorded at room temperature.
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The dimer of 2 in MCH shows a structureless broad excimer emission band at Aem = 720 nm
(Aex = 502 nm, co = 1.7x107% M, 295 K) with large Algiokes = 6000 cm™! (Figure 46, red) and
a lifetime of the excited state of 7.6 ns. Even though the dimer is more emissive than the
monomer the fluorescence intensity is still comparably low. Accordingly, a quantum yield of
@Dr(D) =2.3% could be determined for the dimer in MCH. Interestingly, for the higher
aggregate of merocyanine 2 in MCH an even further increased fluorescence intensity and
lifetime of 7=11.5 ns were observed compared to the dimer. The fluorescence spectrum of
the higher aggregate also shows similar to the dimer a broad excimer band at
Aem(H) = 706 nm (Aex =478 nm, co=1.0x1073 M, 295 K) with an even larger AVgiokes OF
6800 cm™! (Figure 46, orange). The emission spectrum resembles the dimer emission, which
might indicate a localization of the initially formed exciton into excited dimers (excimers).['%”]
Due to the high sample concentration, the measurements suffer from reabsorption effects,
even though a front face setup was used to keep the sample thickness as small as possible.
These effects are less pronounced in the emission spectrum, due to the large AVgiopes, but
clearly visible in the excitation spectrum of the higher aggregate. As the fluorescence
quantum yield of the higher aggregate of merocyanine 2 could not be determined directly, it
was estimated relative to the quantum yield of the dimer. For this the kinetic stability of the
aggregate upon dilution was exploited. A concentrated higher aggregate solution of
merocyanine 2 (co = 1.0x10~2 M) was diluted to a concentration where predominantly dimers
are present under equilibrium conditions at room temperature (co = 1.0x10~> M). The spectral

changes of the emission were monitored over time (Figure 47).
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Figure 47. Time-dependent UV/Vis absorption and fluorescence (Aex = 489 nm) spectra of merocyanine 2 in MCH at room
temperature, 1 min (orange line) to 180 min (red line) after dilution from co = 1.0x1073 M to co = 1.0x10> M.

Upon disassembly into dimers, the fluorescence intensity decreases and the emission

maximum shifts to 719 nm. Since the excitation wavelength was set at the isosbestic point at
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489 nm, the sample always absorbs a constant amount of photons and the intensity of the
emission can be directly correlated to the varying higher aggregate and dimer ratio. The
fluorescence quantum yield @ is proportional to the integral 4 of the emission spectrum
(equation (59)). A system of linear equations can be formulated as equations (60) and (61),
where A1 and A2 are the areas under the emission band at two different times, which were
chosen as 1 min (27% of dimer and 73% of higher aggregate) and 180 min (97% dimer and
3% higher aggregate) after dilution, respectively. xu and xp are the fraction of molecules
present as higher aggregate (H) or dimer (D) at the observed time, according to multiple linear

regression analysis of the corresponding absorption spectrum.

&bp x A (59)
Ay = xy; rag+ xpy "ap. (60)
Ay = Xy "ag+ Xpz "ap . (61)

Accordingly, ay and ap are the integrals of the theoretical emission bands of 100 % higher
aggregate or 100% dimer, respectively, which are proportional to the respective quantum
yields of the species. Since the quantum yield of the dimer is known to be @g (D) = 2.3%,
which is proportional to ap, the quantum yield of the higher aggregate can be determined
relative to this by solving the system of linear equations and comparing ap and ay. By this
method a quantum yield of about @ri(H)=4.5% was determined for the H-aggregated dye

stack.

With the available data for fluorescence quantum yields and fluorescence lifetimes for the
monomer and the two aggregate species, further insights into the radiative (k) and non-
radiative (knr) decay rates could be obtained (Table 6). These data clearly indicate that the
rigidification of the dyes within the aggregate state affords a pronounced decrease of the non-
radiative rate whilst the reduction of the radiative rate due to H-type coupling has a weaker
impact. In this regard merocyanine 2 dimer and oligomer aggregates might be considered as

soluble relatives to para-distyrylbenzene-based emissive solid state H-aggregates.[!””]

Merocyanine 2 was also found to be emissive in the solid state. Two different solid samples
were investigated: A solution of the higher aggregate of 2 in cyclohexane (co= 1x107 M,
Figure A66) was freeze-dried and for the resulting solid an absolute quantum yield
of @r1 =4.9%, similar to the quantum yield of the higher aggregate in MCH, was determined
with the integration sphere. A solid sample of 2, obtained by evaporation of a CH2Cl2
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solution, gave an even larger absolute quantum yield of @r = 7.5%. Both solid samples show

similar broad excimer like emission spectra with maxima at Aem = 710 nm (Figure 48).
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Figure 48. Fluorescence (dotted line) and excitation (dashed line) spectra of solid samples of merocyanine 2. Blue:
evaporation of CH2Clz solution (Aex =450 nm, Aem = 720 nm). Black: Freeze-dried cyclohexane solution (Aex =478 nm,
Aem = 712 nm). All recorded at room temperature with a front face setup.

Also in the solid state a significant decrease of the non-radiative rate due to rigidification

seems to be the main reason for the increased fluorescence intensity compared to the

monomeric molecule in solution.

4.2.5 Aggregation-Induced CPL Enhancement

Circular polarized luminescence (CPL) describes the phenomenon of differential emission
intensity of right and left circularly polarized light. While CD spectroscopy provides insights
about the ground state of chiral systems, CPL can grant information about the relaxed excited
state. The extend of chiral fluorescence dissymmetry is quantified by the anisotropy factor
gum =2(IL — Ir)/ (IL+ Ir), with IL and Ir being the intensities of left and right circularly
polarized light, respectively. Molecular organic systems usually exhibit relatively low gium
values of 10~* — 1072.[188] It has, however, been observed that chiral excimer formation!'®"! or
in general the formation of chiral aggregated structures!!**!°!l can enhance the gum value of a
system significantly. Intrigued by these reports in literature, we investigated the CPL
properties of the aggregate species of merocyanine 2. For the monomer of 2 as expected no
CPL was detectable, due to the low fluorescence intensity and the very week CD signal
(Figure 44). For the dimer in MCH (co=6.7x10° M) a CPL signal with negative Cotton
effect is detected (Figure 49, red line) with a gum value of 0.001 at 720 nm. The CPL
spectrum of the higher aggregate in MCH (co = 1.2x10~* M, Figure 49, orange line) exhibits a
strong negative signal with a significantly increased gum of up to 0.011 at 700 nm. Such

preferential right circularly polarized fluorescence (negative CPL signal) for a right-handed
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excimer configuration, as proposed for our higher aggregate, has also been observed for
pyrene excimers of right-handed screw sense.['°”) The gum value of the higher aggregate of 2
is in the same order as the highest values reported on multi-chromophore aggregates in
solution!"”"! and confirms the usefulness of chiral helical assemblies to enhance the efficiency

of CPL by AIEE.

100
[)) g\um~0'001
8 509 x10
S
3 0 ez, it
Q
O .50

-100 A

600 650 700 750 800 850
A/nm

Figure 49. CPL spectra of the dimer (red, co = 6.7x107° M, Aex = 480 nm) and the higher aggregate (orange, co = 1.2x1073 M,
Aex =470 nm) of merocyanine 2 in MCH recorded at room temperature. The dimer spectrum is depicted with ten-fold
increased intensity.

4.3 Conclusion

Solvent- and concentration-dependent UV/Vis studies of merocyanine 2 revealed an anti-
cooperative aggregation mechanism that consists of a two-step process. In the first step a
dimer (2M = D) is formed due to strong dipole-dipole interactions followed by further self-
assembly of those dimers into a larger oligomer m-stack by weaker dispersion forces. Due to
the pronounced difference in the thermodynamic driving force for dimerization versus further
oligomerization a concentration range exists where almost exclusively the dimer species is
present (>99%). This allowed us to fully evaluate and quantify the two processes,
dimerization and higher aggregate formation, separately. The spectroscopic data for the
formation of the higher aggregate was best described by a pentamer fit (5D = H) and a

cooperativity value o of up to 6700 at 298 K was determined.

NOE NMR spectroscopy provided precise insight into the molecular arrangement of the
antiparallel aligned chromophores within the dimer aggregate. Regarding the structure of the
higher aggregate, its rather small size of six to ten chromophores was consistently indicated
by AFM, VPO and DOSY NMR measurements. We propose a P-helical stack, build from
discrete dimer units based on 1D and 2D NMR experiments as well as the strong CD signal of
the higher aggregate, which could be nicely reproduced by TD-DFT -calculations. The

increasing sterical demand of the solubilizing trialkoxyphenyl substituents limit the growth of
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the stack size, as also observed in other literature examples!?> 3334 164-1661 - Ap aliphatic shell
can be formed around the polar chromophore core by the dodecyl chains, which would also

explain the exceptionally high solubility of the compound even in MCH.

Based on our careful studies of the solvent-, concentration-, temperature-, and time-
dependence of the aggregation process of dipolar merocyanine 2 we were able to investigate
the fluorescence properties of the individual aggregate species. Accordingly, almost non-
emissive merocyanine dyes show aggregation-induced emission enhancement (AIEE)
behaviour upon dimerization and the fluorescence is further increased upon growth into larger
aggregates. This AIEE behaviour is rationalized by the tight n-n-stacking of the merocyanine
dyes in antiparallel dimeric units and further rigidification within more extended oligomeric
n-stacks. Increased fluorescence lifetimes and larger Stokes shifts corroborate that the
emission can be classified as excimer-type. Thus, this well-characterized two-step dye
aggregate system provided valuable insights into the emergence of fluorescence by decrease
of the non-radiative decay rates upon aggregation. The system additionally exhibited
enhanced CPL for the higher aggregate compared to the dimer species, with a large gum value

as high as 0.011.
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CHAPTER S

SUMMARY AND CONCLUSION

Dipolar merocyanines are very attractive supramolecular building blocks, as they combine
interesting functional properties with strong, directional intermolecular interactions. The
pyridine dioxocyano-pyridine (PYOP) chromophore (Chapter 2.2), used in this thesis, stands
out because of its exceptionally high ground state dipole moment (g ~ 17 D), in combination
with the option to retain good solubility also in unpolar solvents, by decoration with

solubilizing groups (Figure 50a).

a) CN CN
- 7 N\ _o®
— — 0 = o)
RAN )= N RN® / N,
= o R' = o R!
PYOP
b) d)
1,4-dioxane
160 | D M
E120-
2
2 80+
%
40

O T T T T
400 450 500 550 600 650

Heg(D)=9.5D Alnm  peg(M)=10.7 D

—-0.07 a.u.

+0.07 a.u.

Figure 50. a) Chemical structure of the pyridine dioxocyano-pyridine (PYOP) merocyanine with its zwitterionic resonance
structure. b) Schematic monomer-dimer equilibrium of the highly dipolar chromophore. Arrows indicate z. c) Electrostatic
surface potential of the geometry-optimized (B97D3/def2SVP, PCM: CH2Cl2) monomer and anti-parallel dimer. d) UV/Vis
absorption spectra of the PYOP 1 monomer (M) and dimer (D) in 1,4-dioxane (293 K).

The reliable binding motif of anti-parallel n-stacking due to dipole-dipole interactions has
allowed the design of molecular building blocks that form assemblies of predictable
geometry. The intense unstructured charge transfer UV/Vis absorption band (&g ~ 10.7 D) is
a result of the dominant contribution of the zwitterionic resonance structure which brings the
PYOP chromophore just beyond the cyanine limit in solvents of low polarity (c*=0.60,
1,4-dioxane). The high sensitivity of the So— Si1 UV/Vis absorption band to the environment
manifests itself in a pronounced negative solvatochromism and strong H-type exciton

coupling within m-stacked PYOP assemblies. In accordance with the classical molecular
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exciton theory, an increasing hypsochromic shift of the dominant absorption band of these
H-aggregates can be observed as the stack size increases up to about six chromophores, where
it levels out at about Amax ~ 440 nm (CHCI3). This allows a uniquely simple estimation of the
number of interacting chromophores within the self-assembled structure from a single UV/Vis

absorption spectrum of an aggregate.

The defined and well investigated PYOP dimer formation was employed in this thesis to
probe the applicability and limitations of concentration-, temperature-, and solvent-dependent
self-assembly studies (Chapter 3). Straightforward theoretical models to evaluate datasets of
concentration-, temperature-, and solvent-dependent UV/Vis absorption by nonlinear
regression analysis were derived for the case of dimer formation (Chapter 2.1). Although the
dimer model is well known and widely applied in literature, this detailed derivation is helpful
to understand assumptions and potential problems of the different approaches for the
determination of thermodynamic parameters. This helps to decide on the most appropriate
method to analyse a system of interest. In this regard it should be noted that covering a large
portion of the self-assembly process with the experimental data is a prerequisite for the
accuracy of the analysis. Additionally, many of the insights can also be transferred to other

self-assembly systems like supramolecular polymerization or host-guest interactions.

The concentration-dependent analysis is the most straightforward method to investigate self-
assembly equilibria. No additional assumptions, besides mass balance and mass action law,
are required. Since it includes the least number of parameters (only K, if ewp are known), it is
the most, or even only, reliable method, to elucidate the self-assembly mechanism of an
unknown system by model comparison. To cover a large concentration range, however, the
compound must be soluble enough and generally sample amounts at least in the low mg scale

must be available.

The temperature-dependent analysis has the advantage that all thermodynamic parameters
AG®, AH® and AS° can be obtained from a single sample in one automated measurement.
However, the accessible temperature-range is experimentally often quite limited and
dependent on the solvent. For systems which do not show the transition from monomer to
aggregate in a narrow temperature range, as given for, e.g., cooperative aggregation or
processes with a high entropy contribution, often not the entire self-assembly process can be
monitored. Furthermore, the assumptions of temperature-independent extinction coefficients

of the individual species as well as temperature-independent AH° and AS® must be met. Monte
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Carlo simulations of data sets demonstrated that even minor changes in experimental data can
significantly impact the optimized values for AH® and AS°. This is due to the redundancy of
these two parameters within the model framework and even small thermochromic effects can
significantly influence the results. The AG® value, calculated from AH? and AS, is, however,

still rather reliable.

Solvent-dependent studies can often cover the entire self-assembly process from monomeric
(cagg=0) to the fully aggregated state (cagg=1). However, for dyes with strong
solvatochromic effects, such as the dipolar merocyanines investigated in this thesis, the results
are affected. Also, the assumption of a linear relation of the binding energy AG® and the
fraction of denaturating solvent £, which is based on linear free energy relationships between
AG" and the solvent polarity, can lead to errors. Especially when specific solvent effects are

involved.

For the evaluation of experimental data by nonlinear regression, general data analysis
software can be used, where user-defined fit models and known parameters can be
implemented as desired. Alternatively, multiple specialized programs for analysing self-
assembly data are available online. While the latter programs are usually more user-friendly,
they have the disadvantage of being a “black box” where only pre-implemented models can

be used without the option for the user to adapt models or parameters for a specific system.

In Chapter 3 comprehensive UV/Vis absorption datasets are presented for the dimerization of
merocyanine derivative 1 in 1,4-dioxane (Figure 51a), which allowed for the first time a direct
comparison of the results derived from concentration- (Figure 51b), temperature-

(Figure 51c¢), and solvent-dependent (Figure 51d) self-assembly studies.

The results for the binding constant K and corresponding AG® from the concentration- and
temperature-dependent analysis were in very good agreement, also in comparison to the
results from ITC (Figure 51f). For the temperature-dependent analysis, though, multiple
datasets of samples with different concentration had to be evaluated simultaneously to cover a
meaningful part of the self-assembly process. Furthermore, a significant dependence of the
optimized parameters AH° and AS? on the wavelength chosen for the analysis was observed
(Figure 51e). This can be rationalized by the small thermochromic shifts of both the monomer
and the dimer UV/Vis absorption band. The results from the solvent-dependent evaluation
showed the largest deviation (Figure 51f), as expected for the highly solvatochromic

merocyanine dye.

96



Summary and Conclusion Chapter 5

a) ‘7
. ,. }@.
H25C120, NC>=/=§?I\%O " 22\/ - o \,’\7 (\
= o \C12H25 //\ /<,\4 7: A f

Ha5C420 1

A
/\’ )
Hp5C120 M Wf}—(f’\\‘ D

| 293K 120 & o
w—o e
_ 1604 80 = 0 §ﬂtl ITC
I : 0 2 75 § o
S 920 o e loom B0 ' 2 e AS?=
= f 107 105 10° 2 9 > o ¥ 49.9 J mol-' K
=) co /M = .Ili . i =
< 80 R A 1 ‘
© X i o
Co IM= % -40 - % - = [ AHO =
40 6.3x10 Qe R T *°5| —44.0 kJ mol!
Y 204107 501 ax E P
- 2 x Mw | .
0 | — T T T T % -60 - EI E E P X
400 450 500 550 600 650 700 750 ?51 0 u
o) A/nm E L]
=2x104M p
] G =2x 5 120 Fg 1 : :
160 - M 80 S 160 - g 288K |
-] ' s 02 & D: —o23Kk M
5120 " ! ; =, ° 120 i
T 300 400 =
P TIK >
S 80+ T 80+
— I
Ity
40 T/IK 40
7288
—Y_333
0 | | T T T T 0= T 7 T T T T
400 450 500 550 600 650 700 750 450 475 500 525 550 575 600
A/nm
d) - ‘ ) 10 :/1/nm
Co=6.2><10§ M 120 ‘g :h
160 D 80 S /
b, M o & T 20 A
- = o' : ITC
= 120 1 o ® E :
e L e '
35 04 08 2 ~ "“.(‘/— AGY =
‘ f (CH,Cl) = i i -
2 804 22 % -301 2 x, | 294 kJmol
e M in 1,4-Dx ? » N
404 1,4-Dx/CH,Cl, " AG i
100:0 404 & AT 4
0 4 ; I0:100 ® Asolvent
400 450 500 550 600 650 700 750 450 475 500 525 550 575 600
A/nm A/ nm

Figure 51. a) Chemical structure of merocyanine 1 monomer (M) and geometry optimized (B97D3/def2SVP, PCM:
1,4-dioxane) dimer (D). Dodecyl chains were substituted with CHs. b-d) Concentration-, temperature-, and solvent-dependent
UV/Vis absorption spectra of 1. Calculated spectra of the monomer (M) and the dimer (D) in 1,4-dioxane are depicted with
dashed lines. e) Results for AH® and AS® from temperature-dependent analysis at different wavelengths in comparison to
results from ITC. On the bottom the calculated monomer and dimer spectra at different temperatures are shown. f) Results for
AGY at 293 K from concentration- (black), temperature- (blue), and solvent-dependent (red) analysis at different wavelengths.
The vertical line marks the wavelength of the (pseudo)isosbestic point.
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However, even here by evaluation at 491 and 549 nm (dashed lines, Figure 51d) the deviation
for AG® was only 2.5kJ mol™! (9%) with respect to the results from the concentration-
dependent analysis (AG®=29.1 k] mol™'). Thus, despite the strong solvatochromism of the
dipolar chromophore, it can still be considered a reliable method for estimating the binding
strength. Furthermore, multiple repetitions of the concentration-, temperature-, and solvent-
dependent studies provided insight into the reproducibility of the results and possible sources
of experimental errors. In all cases, the deviations of the results were small
(AAG®< 0.4 kJ mol™!) and within the same range as the fit error from the nonlinear regression

analysis.

The insights from these studies were an important basis for the in-depth investigation of a
more complex supramolecular system in Chapter 4, as a single method is often not enough to
capture the full picture of a more complicated self-assembly process. To elucidate the anti-
cooperative self-assembly of the chiral merocyanine 2 (Figure 52), a combination of multiple

techniques had to be applied.
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Figure 52. Anti-cooperative self-assembly of PYOP 2 monomers (M) into antiparallel dimers (D) and a P-helical n-stacked
higher aggregate (H) of about ten chromophores. Dodecyl chains were added manually (in grey) to the optimized higher
aggregate stack to illustrate the aliphatic shell formed by the solubilizing substituents around the polar chromophore core.

Solvent-dependent UV/Vis absorption studies in CH2Cl/MCH mixtures showed the step-wise
assembly of the merocyanine monomer (Amax(M)=549 nm, CH2Cl2) to first a dimer
(Amax(D) = 498 nm, CH2Cl/MCH 15:85) by dipole-dipole interactions, and then a m-stacked
higher aggregate (Amax(H)=477 nm, MCH), with pronounced H-type coupling

(Figure 53a,b).
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Figure 53. a) Solvent-dependent UV/Vis absorption spectra of 2 and b) corresponding degree of aggregated m-surfaces
calculated at 550 nm (M=D, circles) or 498 nm (D=H, squares), with derived binding constants (+ standard error) for the
nucleation (Kp) and elongation (K5s). ¢) Concentration-dependent UV/Vis absorption spectra of 2 and d) corresponding degree
of aggregated m-surfaces (aage-r) calculated at 596 nm (M=D, circles) or 503 nm (D=H, squares), with derived binding
constants (+ standard error) for the nucleation (Kp) and elongation (K).

The thermodynamic evaluation of this data, however, suffered from the severe
solvatochromism, especially of the monomeric species (Amax(M, CH2Cl2) = 549 nm,
Amax(M, MCH) = 596 nm). Therefore, concentration-dependent studies were performed
(Figure 53c,d) at three different temperatures (298, 323, 353 K) to elucidate the self-assembly
mechanism and determine reliable thermodynamic parameters. The studies at elevated
temperatures were hereby necessary, to obtain experimental data over a larger daggr-range.
Due to the pronounced difference in the thermodynamic driving force for dimerization and
higher aggregate formation (Kp/Ks=6500) a concentration range exists in MCH where
almost exclusively the dimer species of 2 is present, before further self-assembly by
dispersion interactions occurs. Therefore, the data could be evaluated independently for the
two self-assembly steps. The self-assembly of dimers into the higher aggregate could not be
described by the isodesmic model but was fitted satisfactorily to a pentamer model. This
rather small size of about ten n-stacked PYOP chromophores was, furthermore, consistently

indicated by AFM, VPO and DOSY NMR measurements. Based on 1D and 2D NMR data as
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well as the strong bisignate CD signal of the higher aggregate in combination with TD-DFT
calculations, a P-helical stack is proposed as its structure (Figure 52). The small size can be
rationalized by the anti-cooperative self-assembly mechanism and the sterical demand of the
solubilizing trialkoxyphenyl and the chiral tetralin substituents. Additionally, the aliphatic
shell formed by the solubilizing chains around the polar chromophore stack, can account for
the exceptionally high solubility of 2 in MCH (> 15 mg mL™"). These combined studies of the
self-assembly process enabled the identification of suitable conditions for the investigation of
fluorescence properties of the individual aggregate species. Aggregation-induced emission
enhancement was observed for the almost non-emissive monomer (@x(M) = 0.23%), which
can be rationalized by the increasing rigidification within the dimer (@r(D) =2.3%) and the
higher aggregate (@n(H)=4.5%). The helical chirality of the PYOP decamer stack,

furthermore, gave rise to a strong CPL signal with a large gium value of 0.011.

The important conclusion of this thesis is that the temperature- and solvent-dependent
analyses are valid alternatives to the classical concentration-dependent analysis to determine
thermodynamic parameters of self-assembly equilibria. Although, for a specific
supramolecular system, one approach might be favourable over the others for a variety of
reasons. The experimental limitations often demand a combination of techniques to fully
elucidate a self-assembly process and to gain insights in the aggregate structure. The anti-
cooperative merocyanine self-assembly, which was described here for the first time for the
PYOP merocyanine 2, is no exception. Besides the interest in the merocyanine assemblies
from a structural and functional point of view, the insights gained from the presented studies
can also be transferred to other self-assembly systems and be a guide to find the most

appropriate analysis technique.
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CHAPTER 6

ZUSAMMENFASSUNG UND FAZIT

Dipolare Merocyanine sind sehr attraktive supramolekulare Bausteine, da sie interessante
funktionale Eigenschaften mit starken, gerichteten zwischenmolekularen Wechselwirkungen
vereinen. Der Pyridin-dioxocyano-pyridin (PYOP)-Chromophor (Kapitel 2.2), welcher in
dieser Arbeit verwendet wurde, zeichnet sich durch sein besonders starkes Grundzustands-
dipolmoment (g ~ 17 D) aus, in Kombination mit der Moglichkeit durch Funktionalisierung

mit 16slichkeitsvermittelnden Gruppen dennoch gute Loslichkeit zu bewahren (Abbildung 1).
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Abbildung 1. a) Chemische Struktur des Pyridin-dioxocyano-pyridin (PYOP)-Merocyanins mit seiner zwitterionischen
Resonanzstruktur. b) Schematisches Monomer-Dimer Gleichgewicht des dipolaren Chromophors. Die Pfeile zeigen 4 an.

c) Elektrostatische Potentialoberflichen von Geometrie-optimiertem (B97D3/def2SVP, PCM: CH2Clz) Monomer und anti-
parallelem Dimer. d) UV/Vis Absorptionsspektren des PYOP 1 Monomers (M) und Dimers (D) in 1,4-Dioxan (293 K).

Das zuverldssige Bindungsmotiv der durch Dipol-Dipol Wechselwirkungen anti-parallel
n-gestapelten Merocyanine ermoglicht es, gezielt molekulare Bausteine zu entwerfen, welche
sich zu Strukturen von vorhersagbarer Geometrie zusammenlagern. Der dominante Beitrag
der zwitterionischen Resonanzstruktur fithrt zu einer intensiven, unstrukturierten Charge-
Transfer UV/Vis-Absorptionsbande (teg ~ 10.7 D) und bringt den PYOP Chromophor leicht
jenseits des Cyanin-Limits in unpolaren Losungsmitteln (c*>=0.60, 1,4-Dioxan). Die
Sensitivitdt der So-Si1 UV/Vis-Absorptionsbande gegeniiber der Umgebung zeigt sich in der

ausgeprigten negativen Solvatochromie und einer starken H-artigen excitonischen Kopplung
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in m-gestapelten Aggregaten. In Ubereinstimmung mit klassischer Excitonen-Theorie kann
eine zunehmende hypsochrome Verschiebung der dominanten Absorptionsbande mit
zunehmender Grofe der H-Aggregate beobachtet werden, bis bei etwa sechs Chromophoren
und Amax ~440 nm ein Plateau erreicht wird. Dies ermdglicht eine einmalig einfache
Abschdtzung, der Anzahl an wechselwirkenden Chromophoren innerhalb einer

Aggregatstruktur, basierend auf einem einzigen UV/Vis-Absorptionsspektrum.

Das definierte und gut untersuchte Beispiel des PYOP-Dimers wurde in dieser Arbeit
verwendet, um die Anwendbarkeit und die Grenzen von konzentrations-, temperatur- und
l6sungsmittelabhingigen Aggregationsstudien auszutesten (Kapitel 3). Theoretische Modelle
zur  thermodynamischen = Auswertung von  konzentrations-,  temperatur-  und
l6sungsmittelabhidngigen Studien mittels nichtlinearer Regression wurden fiir das Beispiel der
Dimerisierung hergeleitet (Kapitel 2). Obwohl das Dimer-Modell literaturbekannt ist, ist diese
detaillierte Herleitung hilfreich, um die Annahmen zu verstehen, die dem Modell zugrunde
liegen. So konnen potenzielle Problemquellen der verschiedenen Methoden erkannt und die
geeignetste Methode zur Bestimmung der thermodynamischen Parameter fiir ein bestimmtes
System ausgewidhlt werden. Hierbei sollte man beachten, dass es sich fiir die Aussagekraft der
Analyse klar als zutrdglich erwiesen hat, wenn ein moglichst groBer Bereich des
Aggregationssprozesses von den experimentellen Daten abgedeckt werden kann. Viele der
hier gewonnen Erkenntnisse lassen sich auch auf andere Systeme wie supramolekulare

Polymere oder Wirt-Gast-Komplexe iibertragen.

Die konzentrationsabhéngige Analyse ist die direkteste Methode, um ein supramolekulares
Gleichgewicht zu untersuchen. Sie erfordert keine zusitzlichen Annahmen, aufler dem
Massenerhalt und dem Massenwirkungsgesetz. Da das konzentrationsabhidngige
mathematische Modell die wenigsten Parameter enthélt (nur K, wenn ewp bekannt), ist es die
zuverldssigste, wenn nicht sogar die einzig zuverldssige, Methode, um den
Aggregationsmechanismus durch einen Vergleich der experimentellen Daten mit
verschiedenen Modellen aufzukldren. Allerdings muss die zu untersuchende Verbindung
hierbei loslich genug sein, damit ein grofler Teil des Aggregationsprozesses in den Studien
abgebildet werden kann und es werden iiblicherweise Substanzmengen im niedrigen mg

Bereich bendtig.

Die temperaturabhéngige Analyse hat den Vorteil, dass alle thermodynamischen Parameter

AG®, AH® und AS° in einer einzigen automatisierten Messung einer einzelnen Probe erhalten
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werden konnen. Allerdings ist der experimentell zugéngliche Temperaturbereich oft sehr
eingeschrinkt und abhédngig von dem verwendeten Losungsmittel. Fiir Systeme, bei denen der
Ubergang vom Monomer zum Aggregat nicht in einem engen Temperaturbereich erfolgt, z.B.
aufgrund von Kooperativitit oder einem grofen Entropie-Beitrag, ist es oft nicht moglich den
gesamten Aggreationsprozess abzubilden. Zusitzlich sollten die Annahmen, dass sowohl die
Extinktionskoeffizienten der einzelnen Spezies sowie AH’ und AS® temperaturunabhingig
sind, zutreffen. Mittels Monte Carlo Simulationen konnte gezeigt werden, dass selbst kleine
Anderungen in den experimentellen Daten die erhaltenen Werte von AH° und AS° deutlich
beeinflussen koénnen. Dies liegt daran, dass die beiden Parameter im mathematischen Modell
nicht vollig unabhéngig voneinander sind. Selbst geringfiigige thermochrome Verdnderungen
konnen daher die Ergebnisse fiir AH? und AS? beeinflussen. Die AG®-Werte, die sich aus AH°
und AS° berechnen lassen, sind allerding dennoch recht zuverlissig. Mittels
16sungsmittelabhéngiger Studien ist es oft am einfachsten, den vollstdndigen Prozess vom
Monomer (cagg=0) bis zum Aggregat (cage=1) abzubilden. Fiir stark solvatochrome
Farbstoffe wie die hier untersuchten dipolaren Merocyanine werden die Ergebnisse allerdings
deutlich verfilscht. Auch die Annahme einer linearen Abhiingigkeit der Bindungsenergie AG®
und der Losungsmittelzusammensetzung f, die auf linearen Freie-Energie Beziehungen
zwischen AG® und der Lésungsmittelpolaritit beruhen, kann zu Abweichungen fiihren, vor
allem, wenn spezifische Losungsmitteleffekte involviert sind. Die Auswertung der
experimentellen Daten erfolgt mittels nichtlinearer Regression. Hierfiir konnen diverse
Datenauswertungsprogramme genutzt werden, in die sich benutzerdefinierte Modelle
inklusive bekannter Parameter implementieren lassen. Alternativ gibt es auch eine Auswahl
von spezialisierten Programmen zur Auswertung von Aggregationsdaten im Internet. Diese
sind zwar deutlich benutzerfreundlicher, aber auch ,Black Boxes“, deren voreingestellte
Modelle und Parameter in der Regel nicht vom Nutzer fiir ein spezielles System angepasst

werden konnen.

In Kapitel 3 wurden umfangreiche UV/Vis-Absorptionsstudien fiir die Dimerisierung von
Merocyanin 1 in 1,4-Dioxan vorgestellt (Abbildung 2a), welche zum ersten Mal einen
direkten Vergleich zwischen den Ergebnissen von konzentrations- (Abbildung 2b),
temperatur- (Abbildung 2c¢) und l6sungsmittelabhingigen (Abbildung 2d)
Aggregationsstudien ermdglichten. Die Ergebnisse fiir die Bindungskonstante K und dem

dazugehorigen AG’-Wert aus der konzentrations- und temperaturabhingigen Analyse
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stimmen mit den Ergebnissen der isothermalen Titrationskalorimetrie (ITC) {iiberein

(Abbildung 2f).
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Abbildung 2. a) Chemische Struktur von Merocyanin 1 Monomer (M) und Geometrie-optimiertes Dimer (D). Dodecylketten
wurden durch CHs ersetzt. b-d) Konzentrations-, temperatur- und 16sungsmittelabhéngige UV/Vis-Absorptionsspektren von
1. Berechnete Monomer- (M) und Dimer- (D) Spektren sind mit gestrichelten Linien dargestellt. €) Werte fiir AH? and AS°
von der temperaturabhéngigen Auswertung der Daten bei unterschiedlichen Wellenlédngen im Vergleich mit den Ergebnissen
der ITC. Unten sind die berechnete Monomer- und Dimer-Spektren bei verschiedenen Temperaturen gezeigt. f) Werte fiir
AG® bei 293K aus der konzentrations- (schwarz), temperatur- (blau) und 18sungsmittelabhingigen Analyse bei
verschiedenen Wellenldngen. Die vertikale Linie markiert den (pseudo)isosbestischen Punkt.
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Bei der temperaturabhingigen Auswertung mussten allerdings mehrere Datensidtze von
Proben mit unterschiedlichen Konzentrationen zusammen ausgewertet werden, um einen
aussagekriftigen Bereich des Aggregationsprozesses abzudecken. AufBlerdem wurde eine
deutliche Abhingigkeit der Ergebnisse fiir AH? und AS® von der Wellenléinge festgestellt, die
fiir die Auswertung gewéhlt wurde (Abbildung 2e). Dies liegt an der kleinen thermochromen
Verschiebung der Monomer- und Dimer-Absorptionsbande. Die Ergebnisse der
l6sungsmittelabhidngigen Studien zeigten, wie fiir den stark solvatochromen Chromophor
erwartet, die groBte Abweichung (Abbildung 2f). Allerdings betréigt die Abweichung fiir AG®
selbst hier nur 2.5 kJ mol™' (9%), bei Auswertung bei 491 und 549 nm (gestrichelte Linien,
Abbildung 2d), im Vergleich zur konzentrationsabhédngigen Auswertung
(AG°=29.1kImol™!).  Trotz der ausgeprigten  Solvatochromie  sind die
l6sungsmittelabhéngigen Studien also geeignet, um die Bindungsstirke eines Systems
abzuschitzen. Mehrmalige Wiederholung der Experimente erlaubte eine Abschitzung der
Reproduzierbarkeit der Ergebnisse und moglicher Fehlerquellen. Die Ergebnisse schwankten
hierbei in allen Fillen nur geringfiigig (AAG°<0.4kJmol!) und in der gleichen

GroBenordnung wie der Fehler der nichtlinearen Regression.

Anti-kooperative Aggregation
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Abbildung 3. Anti-kooperative Aggregation des PYOP 2 Monomers (M) zu antiparallelen Dimeren (D) und P-helikalien
hoheren Aggregaten (H) aus ca. zehn Chromophoren. Die Dodecylketten wurden manuell (in Grau) zum optimierten
Aggregatstapel hinzugefiigt, um die aliphatische Hiille zu veranschaulichen, die sich durch die l6slichkeitsvermittelnden
Gruppen um den polaren Chromophor-Stapel bildet.

Die Erkenntnisse aus diesen Studien waren eine wichtige Grundlage fiir die Untersuchung
eines komplexeren supramolekularen Systems in Kapitel 4. Eine einzelne Methode ist oft
nicht ausreichend, um einen mehrstufigen Aggregationsprozess vollstindig aufzukliren, und

auch zur Aufklidrung der anti-kooperativen Aggregation des chiralen Merocyanins 2
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(Abbildung 3), wurde eine Kombination verschiedener Techniken angewandt.
Losungsmittelabhéngige UV/Vis-Absorptionsstudien in CH2Cl2/MCH Mischungen zeigten
die stufenweise Zusammenlagerung der Merocyanin-Monomere (Amax(M) = 549 nm, CH2Clz)
zuerst durch Dipol-Dipol Wechselwirkungen zu Dimeren (Amax(D) =498 nm, CH2Cl./MCH
15:85) und dann zu gréBeren m-Stapeln (Amax(H) =477 nm, MCH) mit ausgeprigter H-
Kopplung (Abbildung 4a,b).

Co=7x10*M MCH/CH,CI, = MCH co /M=
D 100:0
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100 -

£/10° M'em™
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Abbildung 4. a) Losungsmittelabhdngige UV/Vis-Absorptionsspektren von 2 und b) dazugehodriger n-Fléchen-
Aggregationsgrad (onage-r) berechnet bei 550 nm (M=D, Kreise) oder 498 nm (D=H, Quadrate), mit den daraus ermittelten
Bindungskonstanten  (+ Standardfehler) fiir die Dimerisierung (Kp) und hohere Aggregatbildung (K5).
¢) Konzentrationsabhéngige UV/Vis-Absorptionsspektren von 2 und d) dazugehdriger n-Flachen-Aggregationsgrad (agg-n)
berechnet bei 596 nm (M=D, Kreise) oder 503 nm (D=H, Quadrate), mit den daraus ermittelten Bindungskonstanten
(+ Standardfehler) fiir die Dimerisierung (Kp) und héhere Aggregatbildung (Ks).

Die thermodynamische Auswertung dieser Daten leidet allerdings unter der ausgeprégten
Solvatochromie, vor allem der Monomer-Spezies  (Amax(M, CH2Cl2) = 549 nm,
Amax(M, MCH) = 596 nm). Daher wurden stattdessen konzentrationsabhingige Studien bei
verschiedenen Temperaturen durchgefiihrt (Abbildung 4c,d), um den
Aggregationsmechanismus aufzukldren und verldssliche thermodynamische Parameter zu
bestimmen. Die Studien bei hoheren Temperaturen waren notwendig, um mit den

experimentellen Daten einen groBeren caggrn-Bereich abdecken zu konnen. Aufgrund des
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ausgepragten Unterschieds in der thermodynamischen Triebkraft fiir die Dimerisierung und
die Bildung hoherer Aggregate (Kp/Ks = 6500) gibt es in MCH einen Konzentrationsbereich,
in dem fast ausschlieBlich die dimere Spezies vorhanden ist, bevor eine weitere
Zusammenlagerung durch Dispersionswechselwirkungen erfolgt. Dies ermdglichte eine
unabhingige Auswertung der Daten fiir die beiden Aggregationsschritte. Der
Zusammenschluss von Dimeren zum hoheren Aggregat liel sich nicht durch das
isodesmische Modell beschreiben, sondern durch ein Pentamer-Modell. Diese Grofle von
etwa zehn m-gestapelten PYOP-Chromophoren wurde auBlerdem durch AFM-, VPO- und
DOSY-NMR-Messungen bestitigt. Basierend auf 1D- und 2D-NMR-Daten und dem CD-
Signal des hoheren Aggregats mit positivem Cotton-Effekt in Kombination mit TD-DFT
Rechnungen, wurde ein P-helikaler m-Stapel als Struktur angenommen (Abbildung 3). Die
geringe Grofe ldsst sich durch den anti-kooperativen Aggregationsmechanismus und den
sterischen Anspruch der losungsvermittelnden Trialkoxyphenyl- und der chiralen Tetralin-
Substituenten erkldren. Die durch diese Substituenten ausgebildete aliphatische Hiille um den
polaren Chromophorstapel kann auBlerdem die ungewdhnlich hohe Loslichkeit der
Verbindung 2 in MCH erkliren (>15mg mL™"). Die detaillierte Untersuchung des
Selbstorganisationsprozesses ermdglichte die Identifizierung geeigneter Bedingungen fiir die
Untersuchung der Fluoreszenzeigenschaften der einzelnen Aggregatspezies. Fiir das nahezu
nicht emittierende Monomer (@r(M) = 0.23%) wurde durch zunehmende Rigidisierung im
Dimer (@r(D) =2.3%) und im hoherem Aggregat (@ri(H) =4.5%) eine durch Aggregation
induzierte Emissionssteigerung beobachtet. Die helikale Chiralitdt des PYOP-Decamer-

Stapels flihrte auBBerdem zu einem starken CPL Signal mit einem hohen gum-Wert von 0.011.

Das wichtige Fazit dieser Arbeit ist, dass sowohl temperatur- als auch 16sungsmittelabhéngige
Studien valide Alternativen zu den klassischen konzentrationsabhiingigen Untersuchungen
sind, mit denen thermodynamische Parameter von Selbstorganisations-Gleichgewichten
bestimmt werden konnen. Wobei fiir ein bestimmtes supramolekulares System eine der
Methoden aus verschiedenen Griinden vorteilhafter sein kann als die anderen. Ublicherweise
gegebene experimentelle Beschrinkungen erfordern oft den kombinierten Einsatz von
Techniken, um einen Selbstorganisationsprozess und die Aggregatstrukturen vollstindig
aufzukldren. Die anti-kooperative Merocyanin-Selbstorganisation, die hier zum ersten Mal fiir
das PYOP-Merocyanin 2 beschrieben wurde, ist keine Ausnahme. Neben dem Interesse an
den Merocyanin-Aggregaten aus struktureller und funktioneller Sicht konnen die aus den

vorgestellten Studien gewonnenen Erkenntnisse auch auf andere Selbstassemblierungs-
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systeme ibertragen werden und als Leitfaden fiir die Suche nach der am besten geeigneten

Analysemethode dienen.
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CHAPTER 7

APPENDIX

7.1 Appendix for Chapter 2

Isodesmic Model

For the simulated curves according to the isodesmic aggregation Mn.1+ M = M, the

following equations apply:!¢!

Cy = Kn—l Clnr (62)
- C
co = (c; +2Kc;2 +3K? ¢;3 + -+ nK" 1 ¢,") = (1_K1Cl)2, (63)
_ 2Kcp+1-,/4Kcp+1 (64)
= 2K2cp ’
2Kco+1—\[4KCo+1 (65)

&= Sl’l + (81 - gn) ZKZCOZ

Here c1 and cn are the equilibrium concentrations of 1-mer and n-mer, and & and & their
respective extinction coefficients. K is the binding constant, which is assumed to be equal for

all association steps.
Defined n-Mer Formation

For the formation of a defined linear n-mer applies the simplified two-species equilibrium

nM = Mp.l?

Co =C1 +ncy, (66)
Co* E€=c¢y " & +tney * &, (67)
( _CO(E—Sn)).l
= T (G gy (68)
Ky = cl_“ N coe—en\" -
( (Sl—Sn) )
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Here c1 and c¢n are the equilibrium concentrations of 1-mer and n-mer, and & and & their
respective extinction coefficients. Kn is the binding constant per binding site. Implicit curve

simulations and fitting according to this model was performed with OriginPro.[!%*]

7.2 Appendix for Chapter 3

Materials and Methods

Chemicals
Merocyanine 1 was synthesised according to literature known procedure.['> All solvents

used were of spectroscopy grade.

UV/Vis Spectroscopy

UV/Vis absorption spectra were recorded on a JASCO V-770 spectrometer with a spectral
bandwidth of 1 nm and a scan rate of 200 nm/min (photometric accuracy +£0.0025). Quartz
cells (Hellma Analytics) with path length of 0.1 — 100 mm were used to keep the absorbance
of the samples in a suitable regime for the instrumental setup (0.3 — 1.7). The temperature
was controlled either by a Peltier element (JASCO PAC-743R) with a temperature-control
accuracy of + 1 K for cells < 10 mm thickness or with a LAUDA Alpha RA 8 thermostat for
cells > 10 mm thickness.

For concentration-dependent studies, a stock solution was subsequently diluted to adjust the
desired concentration. The highest concentration is limited by the solubility of the compound
and the lowest accessible concentration by the sensitivity of the instrument and the maximum
path length of the available cuvettes. For the highest concentrated solution the compound
weight was determined with an Ultra-Micro balance XP2U from METTLER TOLEDO
(accuracy 0.1 pg). The added solvent volume was determined from the weight (XP205
balance from METTLER TOLEDO, accuracy + 0.01 mg) and the solvent density. This
solution was diluted to ~1/3 and ~1/10 by mixing the stock solution with pure solvent. The
exact mixing ratio and therefore concentration of diluted samples was determined from the
weight of the stock solution and the solvent added. The solution with about ~1/10 of the
concentration of the initial stock solution was used as the new stock solution for the
subsequent dilution steps and so on.

Temperature-dependent measurements were performed with a heating rate of 2 °C/min and a

delay time of 1 min before the measurement upon reaching the desired temperature. First the
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heating curve was recorded, then the cooling curve. No significant hysteresis was observed
between heating and cooling. The data acquired upon heating was used for evaluation. For the
solvent-dependent measurements equally concentrated stock solutions of 1 in 1,4-dioxane and
CH:Cl2 were mixed in different volume ratios. The exact ratio was determined by weighing
and it is assumed that the volume of the two solvents is additive. It was always verified by
repeated measurements that the samples were equilibrated after concentration-, temperature-
or solvent change. Apparent molar extinction coefficients (€) were calculated according to the
Lambert-Beer law and the concentrations are density corrected for the respective

temperatures.

UV/Vis Absorption Data Evaluation

Fitting of the experimental UV/Vis absorption data was performed with OriginPro 2020,
Either the nonlinear curve fitting tool was used or the “Global Fit with Multiple Functions”
application (both with Levenberg-Marquardt iteration algorithm). Suitable starting values
were chosen for the required parameters and the resultant values are given with the
approximated standard error from the fit. The error of derived parameters (marked in grey in
the tables of the SI) was determined by propagation of errors. If multiple datasets were fitted
simultaneously always as many parameters as possible were shared between as many datasets
as possible, e.g., same K for all datasets, and em/p shared for all of the datasets from the same
wavelength. Concentration-dependent data was additionally fitted globally over the whole
absorption range (400 — 650 nm) with a LabView fitting routine as introduced in previous
work(?% 7 to obtain calculated UV/Vis absorption spectra of the pure monomer and dimer

species.

Isothermal Titration Calorimetry

ITC measurements were performed using a MicroCal VP-ITC (GEHealthcare, USA). Stirring
rate was 307 rpm. The temperature of the sample solution and solvent was adjusted to the
respective temperature (293 K) prior to the measurement using a MicroCal ThermoVac (GE
Healthcare, USA). The enthalpograms were derived by integrating the raw heat signals and
were fitted with the calorimetric fitting routines embedded in the Origin 7.0 for ITC software
package from MicroCal, LLC. Results for the thermodynamic parameters are given as mean +
standard deviation from five repetitions of the experiment, since this standard deviation was

significantly larger than the individual fit errors.
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Dilution ITC experiments!'>!l were performed by sequential injection (14x20 uL, 5 min
intervals) of a concentrated solution of merocyanine 1 in 1,4-dioxane (co=2x10"* M,
concentration limited by solubility) into the stirred calorimeter cell (¥'=1.4 mL) initially
containing pure 1,4-dioxane. The integrals of the series of endothermic heat pulses was
analysed using MicroCal Origin for ITC software according to a pre-implemented dimer
dissociation model as described in the MicroCal manual to give the dissociation constant

Kdiss = 1/K and the standard molar enthalpy of dissociation AH qiss = — AH.

Heats of dilution data for the monomer-dimer equilibrium (1) is analysed as follows. It
applies

CM2 (69)

Kgiss = D

and therefore the total molecular sample concentration in the cell after the i™ injection c¢i can
be expressed as the sum of the monomer concentration cm,i in the cell plus two times the

dimer concentration c¢p,i:

1 (70)

1
2 CD,i2 +2- CD,i

i = Kdiss

A similar expression applies to the fixed concentration csyr of the solution in the syringe.

1 1 (71)
Csyr = Kgiss? Cp,syrz t 2- CD,syr

Since csyr is known, ci can be determined with the injection volume Vi and the initial solvent
volume in the cell Vo. Now cp,syr and cp,i can be determined from equations (70) and (71) if a

value for Kuiss 1 assigned.

The heat release gi during the i injection will be

Vi 72
qi = AHgiss CD,syr Vi — AHgjss (CD,i - CD,i—l) (VO + 7) (72)
The first term in equation (72) is the heat content of the aggregate contained in the injection
volume. The second term is the heat content due to the difference in dimers present in the cell
before and after the injection. The (V, + V;/2) factor is a correction for an effective volume,
which takes into account the dilution of compound in the part of the cell which is sensed

calorimetrically due to the increasing amount of solvent in the cell with each injection.
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Equations (70) — (72) are solved simultaneously for the experimental values of gi by iterative

optimization of the parameters Kdiss and AHdiss.

Computational Details

Geometry-optimization for the monomer (M) and dimer (D) of merocyanine 1 was performed
at the density functional theory (DFT) level using the B97D3 functional!!®®! including

dispersion correction and the def2-SVP basis!!*4!

as implemented in the Gaussian 16 program
package!!®>). The polarizable continuum model (PCM)!?-198] wags used with 1,4-dioxane as
solvent. Dodecyl chains were replaced by methyl groups to reduce computational effort.
Frequency calculations were performed to verify the optimized geometries as stationary
minima. The electrostatic surface potential were calculated for the geometry-optimized
structures of the monomer and dimer at the DFT level employing the same functional and
basis set as for the geometry-optimization and visualized using GaussView 6['*’l. For the

monomer and the dimer the same color scale of —0.08 a.u. (red) to +0.08 a.u. (blue) was

chosen.

Van’t Hoff Plot
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Figure A54. Van’t Hoff plot (black squares) with linear fit (red line) according to equation (29) and fit results for AH? and
AS°.
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Concentration-Dependent UV/Vis Absorption Spectra at Different Temperatures
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Figure ASS. Concentration-dependent analysis at different temperatures: a) 288 K, b) 293 K, ¢) 313K, d) 333 K. Left:
Concentration-dependent UV/Vis absorption spectra of 1 in 1,4-dioxane (solid lines) and calculated (dashed lines) monomer
(M, black) and dimer (D, red) spectra from global fit analysis. Right: Optical changes at the maximum of the dimer (red

symbols) and monomer (black symbols) absorption band from three independent dilution series (M, V,®) with respective fit

curves from individual fits (dashed lines) and simultaneous fit of all datasets (solid lines) according to equation (18).
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Temperature-Dependent UV/Vis Absorption Spectra at Different Concentrations
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Figure A56. Temperature-dependent analysis at different concentrations: a) 2x10* M, b) 2x107> M, ¢) 2x107° M. Left:
UV/Vis absorption spectra of samples of 1 in 1,4-dioxane (solid lines) as well as calculated dimer (D, red dashed line) and
monomer (M, black dashed line) spectra from global fit analysis of concentration dependent data at 288 and 333 K,
respectively. Right: Experimental data points of heating (red squares) and cooling (blue squares) experiments at two different

wavelengths with fit for heating curve according to equation (34).
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Solvent-Dependent UV/Vis Absorption Data
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Figure A57. Solvent-dependent UV/Vis absorption data of three independent studies of 1 in mixtures of 1,4-dioxane/CH2Clz
(co=62x10*Mm, 6.3x10*M V¥, co=7.3x10"* M ) at two wavelengths with fit curves from a simultaneous fit of all six
datasets according to equation (36).

Summarized Fit Results from Isothermal Titration Calorimetry (ITC)

Table A7. Fit results with standard errors (%) of five ITC dilution experiments of different stock solutions of 1 in 1,4-dioxane
with initial concentrations of co = 2.2 to 2.4x10™* M (293 K). In the last row the mean + standard deviation (SD) of the values
above is given.

AH° AS° K>03 AG®03
/kJ mol™ /T mol'K™! /10° M™! /kJ mol™
I —43.6+0.8 —49.4+0.6 1.58+0.13 -29.2+0.2
II —42.3+2.1 —45.6+2.0 1.47+0.34 -29.0£0.6
111 -37.5£0.5 -31.1£0.5 1.14+0.07 -28.4+0.2
\Y —42.042.3 —41.6£1.9 2.07+0.47 —-29.8+0.5
\% —54.6+4.4 —-81.9£2.4 2.92+0.85 -30.7+0.7
Mean=SD —44.0+6.4 —49.9+19 1.84+0.69 -29.440.9
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Summarized Fit Results from Concentration-Dependent Data Evaluation at 293 K

Table A8. Fit results with standard fit errors () from three independent concentration-dependent UV/Vis absorption studies
(I-IIL, o ~ 7x107* to 2x1077 M) of 1 in 1,4-dioxane at 293 K by analysis of individual datasets at important wavelengths or by
a simultaneous fit of multiple datasets with shared parameter K. In the last row the mean + standard deviation (SD) of the
values above is given.

203 K y) K AG® K AG® K AG®
/mm | /10°M™! /kJ mol™! /10° M /kJ mol™! /10° M /kJ mol™!
492 | 1.38+0.12  —28.8+0.2
I 1.55+0.09  -29.1+0.1

570 | 1.73£0.03  —29.4+0.05

492 | 1.43+0.21 —28.9+0.3
II 1.58£0.12  -29.2+0.2 | 1.57+£0.08 —-29.1+0.1
570 | 1.75£0.06  —29.4+0.09

492 | 1.41+034  —-28.9+0.6
I 1.58£0.19  -29.2+0.3
570 | 1.75+0.11 —29.440.1

Mean £+ SD 1.57£0.19  -29.1+£0.03 | 1.57£0.02 —-29.1+£0.03

The same samples were additionally measured at 288, 313 and 333 K. Evaluation of these
datasets showed the same trends as shown here for the data at 293 K. For the fit of K vs. T and
the van’t Hoff Plot the binding constants from the simultaneous fit of all six datasets were

used.

While it is no surprise that the temperature- and solvent-dependent studies give different
results for an analysis at different wavelengths, due to the changing influence of
thermochromism and solvatochromism, it can be noted, that also for the concentration-
dependent analysis clearly different results are obtained from the analysis of different
absorption bands. If any wavelength of the dimer absorption band is evaluated a K ~ 1.4x10°
M~ is obtained while for the monomer band K ~ 1.7x10°> M. This difference is small, but

larger than the fit error.
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Summarized Fit Results from Temperature-Dependent Data Evaluation

Table A9. Fit results with standard errors () from temperature-dependent UV/Vis absorption data of 1 in 1,4-dioxane from
each three measurements (I, II and III) of samples with different concentrations co by individual analysis at important
wavelengths. In the last row the mean = standard deviation (SD) of the values above is given.

o ) AH® AS°® AG03 K>o3
/M /nm /kJ mol™ /T mol™'K~! /kJ mol™ /10° M
494 ~77.8410.7 ~165.8442.2 -29.3£16.3 1.66+11.1
|
574 —47.34+10.1 —68.0+41.2 —-27.3+15.7 0.74+4.80
494 —78.0+23.1 —~179.0+80.3 ~25.6+33.0 0.36+4.89
2x107* I
574 —58.8417.3 ~112.0+63.5 ~26.0425.4 0.43+4.48
494 —40.2422.1 -39.9+62.5 ~28.5+373 1.22+18.7
11
574 -36.2+5.9 —~18.5+56.9 ~30.8422.5 3.11+28.7
494 —54.942.0 —82.7+7.2 -30.6+2.9 2.90+3.47
|
574 —53.1+1.1 ~81.143.7 -29.3+1.5 1.67+1.05
494 —-57.6+1.0 —-90.943.7 —31.0+1.5 3.32+2.04
2x107° I
574 —52.9+1.0 ~80.543.5 —29.3+1.5 1.69+1.01
494 —55.7+1.7 —84.146.0 —31.1£2.4 3.5443.51
11
574 —53.2+1.1 —-82.8+3.8 -29.0+1.6 1.46+0.95
494 —58.2+1.8 -90.3+5.5 -31.842.4 4.59+4.53
|
574 —64.5+1.5 -112.44+4.5 -31.642.0 4.25+3.43
494 —56.1£1.3 —-83.243.9 -31.7+1.7 4.45+3.13
2x107° I
574 —69.5+0.8 ~129.242.5 —31.7+1.1 4.47£2.06
494 -58.7+1.1 -92.0+3.4 —31.8+1.5 4.61+2.78
11
574 —64.6+0.7 ~113.342.2 -31.441.0 4.02+1.64
Mean + SD ~57.6+10.9 —94.8438.2 —-29.942.0 2.69+1.54
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Table A10. Fit results with standard errors (£) of three repetitions (I, II, III) of temperature-dependent UV/Vis absorption
data of 1 in 1,4-dioxane by simultaneous analysis of each three samples with different concentrations at important
wavelengths. In the last row the mean + standard deviation of the values above is given.

Co A AH® AS° AG%03 Kr93
/M /nm /kJ mol™ /T mol 'K~ /kJ mol™ /10° M
2x107,2x107
I 2x10°M —43.1+0.6 —47.7+2.1 -29.1+0.9 1.54+0.53
494 and 574 nm
2x107,2x107
II 2x10°M —43.6+0.7 —48.942.3 —-29.3+1.0 1.67+0.66
494 and 574 nm
2x107,2x107
111 2x10°M —43.84+0.7 —49.3+2.2 —29.3+0.9 1.70+0.64
494 and 574 nm
Mean + SD —43.5+0.4 —48.7+0.8 —29.2+0.1 1.63+0.08

Summarized Fit Results from Solvent-Dependent Data Evaluation

Table A11. Fit results with standard errors (£) for the dimerization of 1 in 1,4-dioxane at 293 K from three independent
solvent-dependent UV/Vis absorption studies (I co = 6.2x107* M, II co = 6.3x10™* M, III ¢o = 7.3x107* M) in mixtures of 1,4-
dioxane/CH2Cl2 by analysis of individual datasets at important wavelengths or by a simultaneous fit of multiple datasets with
shared parameters. In the last row the mean + standard deviation of the values above is given.

0 0 0
wik | 2| s ot s pot K
4 pel dngl 4\ 1
fom | mort /1OM Kmolt  MOMT et IOM
20,1404
+
P 35007 038007 1 eais
I 5.65+3.52
o | 2TSELS g1 | (24753.0)
(28.5:30) o104
21,6406
491 0.72+0.18
. (15.851.1) 268513 < oriags | 266508 <o e
o | 275514 o @sese) PP aeeg T
(26.012.8) 0¥
19.840.6
+
O 33010 03009 1 e airs
11 5.10+3.38
a0 | 27256 o i o | (242:32)
Qage3y) 1
Mean+SD | 24.063.8 4100398 | 266402 5564042

Bounds were set for &p(549 nm) to be > 5000 M~'em™.
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7.3 Appendix for Chapter 4

Materials and Methods

Chemicals

Solvents and chemicals were obtained from commercial suppliers and used without further
purification, unless otherwise stated. The solvents for UV/Vis absorption, circular dichroism
(CD), fluorescence spectroscopy, circular polarized luminescence (CPL), vapor pressure
osmometry (VPO) measurements as well as atomic force microscopy (AFM) were of
spectroscopic grade and used as received. 1,2,3-Tris(dodecyloxy)benzene 16 was synthesised
according to literature known procedure.”®! Chiral amine 13/?°!! was a gracious donation by
Prof. Dr. Klaus Ditrich from the BASF SE in Ludwigshafen, Germany, and had an

enantiomeric excess of 99.3%.

Chromatography
Column chromatography was performed on silica gel (Merck Silica 60, particle size 0.04 —

0.063 mm).

Melting Points

Melting points were determined on a Linkam TP 94 heating stage and are uncorrected.

Elemental Analysis

Elemental analyses were conducted on a CHNS 932 analyser (Leco Instruments GmbH)

NMR-Spectroscopy

All spectra were recorded in deuterated solvents at a Bruker Avance III HD 400 or Bruker
Avance III HD 600 spectrometer (Germany) using either a 5 mm BBFO probe or a 5 mm
DCH cryo-probe, both equipped with z-gradient and a temperature control unit. Chemical
shifts are reported in ppm relative to residual solvent signal. For multiplicities, abbreviations

are used as follows: s = singlet, d = doublet, t = triplet, m = multiplet, br = broad.

The nuclear Overhauser effect spectrum ('H 'H NOESY) of the dimer of 2 was recorded
using the noesygpphpp sequence with a mixing time (d8) of 600 ms. The rotating frame
Overhauser effect spectrum ('"H 'H ROESY) of the monomer of 2 was recorded using the

roesyphpr.2 sequence with a mixing time (p15) of 300 ms.
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Diffusion ordered spectroscopy (DOSY) experiments were recorded on a Bruker Avance III
HD 600 with a BBFO probe with z gradient and a maximum gradient strength of 50 G cm™.
The DOSY spectra were acquired using the dstebpgp3s (without rotation) or ledbpgp2s (with
rotation) pulse sequence. For all experiments, the diffusion gradients were linearly
incremented in 32 steps from 2 to 98%. The diffusion time (d20) was set to 50 ms. In case of
the dimer of 2 the dstebpgp3s spectrum was evaluated which includes convention
compensation. For the higher aggregate no difference was observed between the sequences so
the ledbpgp2s spectrum was used for evaluation. Diffusion coefficients were determined by
monoexponential fit of the attenuation curves for several peak integrals and averaging of the
values. To calculate the hydrodynamic radius according to the Stokes-Einstein equation the
value for the dynamic viscosity of undeuterated MCH at the respective temperature was

used?®?). Data processing was performed with the TopSpin 3.5 pl 7 software.

Mass Spectrometry
High-resolution ESI-TOF mass spectrometry for the characterization of compounds 14 and 2
was performed on a microTOF focus instrument (Bruker Daltonics) in positive mode with

methanol (MeOH) or acetonitrile (MeCN) as solvent.

UV/Vis Spectroscopy

UV/Vis absorption spectra were recorded on a JASCO V-670 or V-770 spectrometer with a
spectral bandwidth of 2 nm and a scan rate of 200 nm/min. The temperature was controlled
either by a Peltier element (JASCO) or with a NCP-706 thermostat. Quartz cells (Hellma
Analytics) with the following path length were used: 0.01 mm (co = 1.0x1072 to 2.0x107> M),
0.l mm (co=1.0x10"2 to 1.7x10%M), 2mm (co=1.0x10* to 1.7x10°>M), 10 mm
(co=1.2x107° to 2.2x107° M), 50 mm (co = 1.2x107° to 5.2x10~7 M), 100 mm (co = 4.0x10~"
to 9.8x1078 M). Samples in MCH were prepared in silanized vials and measured in silanized
cuvettes (except for cuvettes with a path length of d <2 mm). For concentration-dependent
studies, stock solutions were subsequently diluted to adjust the desired concentration.
Solutions in MCH were allowed to equilibrate at rt overnight after dilution and 5 to 30 min
after a temperature change, before starting the measurement. Repeated measurements were
performed to check whether equilibration was complete. Apparent extinction coefficients
were calculated according to the Lambert-Beer law and are density corrected for the

respective temperatures.
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The electronic transition dipole moments (ueg) were calculated according to equation (73). /a
is the integrated absorption, Na the Avogadro constant, & the vacuum permittivity, co the

speed of light in vacuum and / the Planck constant.

31
With S defined as:

_ 2m®Npy 60 1

= ceehInto 2.9356 x 10 — (74)
CD Spectroscopy

CD was measured on a JASCO J-810 spectropolarimeter with a spectral bandwidth of 1 nm
and a scan rate of 200 nm/min, using the same solvents and quartz cells as for the UV/Vis

measurements.

Fluorescence Spectroscopy

Fluorescence spectroscopy was carried out with an FLS-980-D2D2-ST spectrometer
(Edinburgh Instruments Ltd., UK). Spectra were corrected against the photomultiplier
sensitivity and the lamp intensity. Conventional fluorescence quartz cells (Hellma Analytics)
with 10 mm path length were used for standard measurements of solutions. To measure
concentrated solutions (co > 1.0x10~* M) a cylindrical cuvette (Hellma Analytics) with a path
length of 0.1 mm was used in front-face setup (22.5°). All sample were measured with
excitation polarizer 0° and emission polarizer 54.7° (magic angle). The spectral bandwidth
was increased until sufficient signal to noise ratio was obtained (5 — 12 nm). To determine
relative fluorescence quantum yields the average value at four different excitation
wavelengths was used. For the dimer of merocyanine 2 in MCH (Aex = 485, 490, 495 and
500 nm) N,N'-Bis(2,6-diisopropylphenyl)perylene-3,4:9,10-bis(dicarboximide) in CHCI3 was
used as a reference (@1 = 100%)12%*!. For the monomer of 2 in CH2Clz (Aex = 515, 520, 525
and  530nm)  N,N'-Bis(2,6-diisopropylphenyl)-1,6,7,12-tetraphenoxyperylene-3,4:9,10-
bis(dicarboximide) in CHCIl3 was used as a reference (@1 =96%)?%). All fluorescence
lifetimes were determined with an EPL picosecond pulsed diode laser (Aex = 505.8 nm) for
time-correlated single photon counting (TCSPC) with an Edinburgh Instruments FLS980-
D2D2-ST spectrometer under magic angle conditions (54.7°). To obtain emission and

excitation spectra of merocyanine 2 in the solid state, the solid sample was manually applied
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on a quartz surface and measured in front-face setup with the FLS-980-D2D2-ST
spectrometer (Edinburgh Instruments Ltd., UK). Absolute quantum yields of the solid
material were determined on a Hamamatsu Absolute PL Quantum Yield Measurement System

CC9920-02.

CPL Spectroscopy

CPL spectra were recorded with a customised JASCO CPL-300/J-1500 hybrid spectrometer.
The dimer sample was measured in a conventional fluorescence quartz cell (Hellma
Analytics) with 10 mm path length. The excitation and emission bandwidth were set to 36 nm
and 11 nm, respectively. The HAT photomultiplier current was 995 V and the spectrum was
recorded with a scan speed of 50 nm/min and a D.I.T. of 2 sec. 30 accumulations were
measured.

For the higher aggregate sample in MCH a cylindrical cuvette (Hellma Analytics) with a path
length of 1 mm was used. The excitation and emission bandwidth were set to 36 nm and
10 nm, respectively. The HAT photomultiplier current was 950 V and the spectrum was
recorded with a scan speed of 50 nm/min and a D.LT. of 2 sec. 3 accumulations were

measured.

Atomic Force Microscopy

AFM measurements were performed under ambient conditions using a Bruker Multimode 8
SPM system operating in tapping mode in air. Silica cantilevers (OMCL-AC200TS,
Olympus) with a resonance frequency of ~150 kHz and a spring constant of ~10 N m~' were
used. The solution of the sample in MCH was spin-coated onto n-tetradecylphosphonic

acid(TPA)-modified Si/SiO2 (100 nm)/AlOx (8 nm) substrates.

VPO Measurement

The vapor pressure osmometry measurements were performed on a KNAUER osmometer
with a universal temperature measurement unit. For the measurements in MCH the
measurement chamber was heated to 318 K and the chamber lid with the syringes to 320 K.
Benzil (M =210.23 g/mol) was purchased from Merck KGaA, Darmstadt Germany. The
polystyrene standard PS5270 was purchased from PSS — Polymer Standards Service, Mainz,
Germany. The number average molar mass is given as Mn= 5270 g/mol. Samples in MCH

were prepared by diluting the most concentrated solution and allowed to equilibrate overnight.
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The measurement value (MV) of a sample was determined as the average of three to five

measurements.

Computational Details

Geometry-optimization for monomer (M) and dimer (D) of merocyanine 2 was performed at
the density functional theory (DFT) level using the B97D3 functional!!®* including dispersion
correction and the def2-SVP basis set!!®! as implemented in the Gaussian 16 program
package!!®). The polarizable continuum model (PCM)!**1%8) was used with MCH as solvent.
Dodecyl chains were replaced by methyl groups to reduce computational effort. Frequency
calculations were performed to verify the optimized geometries as stationary minima. The
rotational barrier around the C—N bond of the tetralin substituent of the monomer in the gas
phase was calculated by performing a relaxed potential energy surface scan for a 180° rotation
around this bond in 5° steps and calculating the energy difference between the highest and
lowest energy structure. For this the B97D3 functional'®*! and the def2-SVP basis set!'** was

used.

Due to the large size of the proposed decamer stack (H), the geometry was optimized using
the semi-empirical PM7 Hamiltonian'?**! within the MOPAC software packagel?], which
also accounts for dispersion interaction. Dodecyl chains were replaced by methyl groups to
reduce computational effort. Frequency calculations were performed to verify the optimized
geometry as a stationary minimum. TD-DFT calculations were performed on the geometry-
optimized decamer stack (the benzene substituents were replaced by methyl groups after
structure optimization to reduce computational effort for TD-DFT calculations) using the
®B972% functional and the def2SVP basis set!'® as implemented in the Gaussian 16
program package!!®*!. The polarizable continuum model (PCM)!?61%8] was used with MCH as
solvent. The oscillator strength for the first 15 states were calculated and the CD spectrum
was simulated with the help of GaussView 52°7]. The half with at half hight was set to 0.18

eV and the spectrum was shifted 0.64 eV to lower energies to fit the experimental maximum.
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Synthesis and Characterization

Hydroxypyridone 14

Ethyl cyanoacetate (1.15g, 10.2 mmol) and chiral amine 13 (1.47 g, 10.0 mmol) were
refluxed in MeOH (10 mL) for 48 h. The solvent was evaporated under reduced pressure.
Ethyl acetoacetate (1.27mL, p=1.06g/mL, 10.0 mmol) and piperidine (1 mL,
p=0.86 g/mL, 10.1 mmol) were added, and the mixture was stirred at 100 °C for 24 h. The
solvent was removed under reduced pressure and the residue dissolved in MeOH. The pH
value was adjusted to 1 with 32% aqueous HCI. After precipitation at room temperature, the
product was filtered off, washed with distilled water and diethylether and dried in vacuo.

Recrystallization from an ethyl acetate ethanol mixture gave the pure pyridone 14.
Yield: 580 mg (2.07 mmol, 21%).
Mp: 250-252 °C.

TH NMR (400 MHz, DMSO-ds, 295 K): 5=7.08 (m, 3H), 6.65 (d, J = 6.7 Hz, 1H), 6.36 (br,
1H), 5.96 (br, 1H), 5.48 (br, 1H), 2.76 (m, 2H), 2.33 (m, 1H), 2.21 (s, 3H), 2.00 (m, 2H), 1.76
(m, 1H) ppm.

13C NMR (101 MHz, DMSO-ds, 295 K): §=161.5, 160.7, 158.5, 137.0, 136.2, 128.8, 126.1,
126.0, 124.2, 117.8, 93.5, 88.0, 51.0, 29.0, 26.6, 22.6, 20.5 ppm.

HRMS (ESI, pos. mode, MeOH): m/z caled. for C17H16N202Na ([M+Na]") 303.11040, found
303.11039.

Anal. caled. for Ci7H16N202 (280.33): C, 72.84; H, 5.75; N, 9.99. Found: C, 72.70; H, 5.77;
N, 10.02.
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Merocyanine 2

H25C420 N — N
stcmow B ° @

Hz5C 120
Pyridone 14 (196 mg, 699 umol) and N,N'-diphenylformamidine (137 mg, 698 umol) were
stirred in Ac20 (1.20 mL) at room temperature for 15 min. The mixture was then heated to
90 °C for additional 30 min to complete the reaction. After the reaction mixture cooled to
room temperature, pyridinium salt 16 (520 mg, 636 umol) and KOAc (98.1 mg, 1.00 mmol)
were added, and the mixture was heated at 100 °C for 14 h. The solution was concentrated in
vacuo and the crude product purified by column chromatography on silica using
dichloromethane/methanol (98.5:1.5) as eluent. After evaporation of the solvent, the
compound was again dissolved in pure dichloromethane, filtrated, concentrated and dried in

high vacuum (2x10~* mbar) at 40 °C for 3 h.

Yield: 124 mg (121 pumol, 19%).

Mp: 70 °C.

'H NMR (400 MHz, CD2Cl,, 295 K): 5=7.78 (br, 2H), 7.74-7.50 (br, 2H), 7.32 (br, 2H),
7.08-6.95 (m, 4H), 6.83 (d, J=7.6 Hz, 1H), 6.66 (d, J = 8.6 Hz, 1H), 6.27 (br, 1H), 5.12 (s,
2H), 4.03 (t, J = 7.0 Hz, 2H), 3.96 (1, J = 6.4 Hz, 2H), 3.92 (t, J = 6.6 Hz, 2H), 2.97 (m, 1H),

2.75 (d, J=15.9 Hz, 1H), 2.54 (m, 1H), 2.42 (s, 3H), 2.06 (m, 1H), 1.93 (m, 1H), 1.87 — 1.77
(m, 3H), 1.75-1.60 (m, 4H), 1.53-1.21 (m, 54H), 0.88 (t, J = 6.9 Hz, 9H) ppm.

13C NMR (151 MHz, CD>Cly, 295 K): 5= 164.3, 163.3, 157.5, 156.6, 156.1, 151.9, 142.0,
140.6, 140.0, 138.8, 137.6, 129.0, 126.0, 125.5, 125.4, 125.0, 120.2, 119.7, 118.3, 112.9,
108.3, 107.6, 74.3, 74.0, 69.3, 58.8, 50.6, 32.3, 30.9, 30.7, 30.2, 30.1 (three peaks), 30.0, 29.9,
29.8,29.7,27.0, 26.5 (two peaks), 26.4, 23.7, 23.1, 18.9, 14.3 ppm.

HRMS (ESI, pos. Mode, MeCN): m/z calcd for Ce7H100N3Os ([M+H]") 1026.7657, found
1026.7646.

Anal. caled. for Ce7HooN30s5 (1026.52): C, 78.39; H, 9.72; N, 4.09. Found: C, 78.20; H, 9.91;
N, 4.38.

UV/Vis (CH:Clz, 298 K, co = 6x107° M): Amax (&) = 549 nm (116000 M~'cm ™).
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Silanization Procedure of Glassware

For the silanization of one commercial 1x1 cm cuvette a mixture of freshly distilled
trimethylsilylchloride (4.60 mL, 50.0 mmol) and Nal (7.50 g, 50.0 mmol) in dry acetonitrile
(200 mL) was placed in a 250 mL round bottom flask under nitrogen atmosphere. The cuvette
was immersed and the mixture heated to 90 °C overnight. After cooling, the cuvette was
washed with distilled water, acetone and CH2Cl.. The amount of silanization reagents was
adapted for other glassware by taking into account the approximate outer and inner surface of

the respective cuvettes or glass vials as well as the inner surface of the reaction flask.

Solvatochromism
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Figure A58. UV/Vis absorption spectra of merocyanine 2 as monomer (M, solid lines) and dimer (D, dashed lines) in

dichloromethane (CH2Cly, red, co = 1.3x1073 M), 1,4-dioxane (blue, global fit analysis) and MCH (MCH, black, global fit
analysis) at 298 K.

UV/Vis Absorption of Higher Aggregate at Elevated Temperatures
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Figure A59. Calculated UV/Vis absorption spectra of the higher aggregate of merocyanine 2 from global fit analysis of the
concentration-dependent spectra in MCH at 298 K (black), 323 K (blue) and 353 K (red) according to the pentamer model.
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Time-Dependent UV/Vis Measurements

The higher aggregate shows kinetic stability in MCH upon dilution from co = 1.1x10 M to
co=1.1x10"M at 298 K. Time-dependent UV/Vis measurements show the slow transition

from the higher aggregates to the dimers (Figure A60).
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Figure A60. Time-dependent UV/Vis absorption spectra of a sample of merocyanine 2 in MCH 0 — 30 min after dilution
form 1.1x1073 M to 1.1x1075 M at 298 K. Arrows indicate the spectral changes over time.

After rapid cooling from 353 to 298 K, two processes can be observed in the UV/Vis spectra
of a concentrated solution of merocyanine 2 in MCH (co = 8.9x10~* M): 1) The dimer species
that is formed at 353 K reassembles and 2) the absorption band of higher aggregate slowly
returns from a more broad shape to its original room temperature shape of an H-aggregate

with a maximum at A =477 nm and a shoulder at A ~ 540 nm (Figure A61).
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Figure A61. Time-dependent UV/Vis absorption spectra of a sample of merocyanine 2 in MCH (co = 8.9x10~* M) heated up
to 353 K for 10 min and then measured at 298 K after rapid cooling. Arrows indicate the spectral changes over time.
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Global Fit Analysis

A global fit algorithm as introduced in previous literature examples!?* 2% °7) was used to
evaluate the concentration-dependent UV/Vis studies according to different aggregation

models. The dimer, trimer, tetramer, pentamer and isodesmic model'® 2 were applied.

The dimer fit!'%! (2 M = D) was applied to selected data from the dilution series at 353 K in
MCH, showing the transition from dimer (D) to monomer (M) (Figure A62a). The
experimental apparent extinction data (€) of samples with a total molecular concentration co

from several dilution series is compared to the simulated curve for the dimer model according

to

J8Kpco+1-1
- +

&= (em —&p) Kpeq D,

(75)

with the extinction of the pure monomer (em) and dimer (é&p) species, as well as the

dimerization constant Kp = 4.5x10° M~! obtained from global fit analysis (Figure A62b,c).
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Figure A62. a) Concentration-dependent UV/Vis absorption spectra (dashed grey lines) of merocyanine 2 in MCH at 353 K
in comparison with calculated spectra (solid grey lines) from global fit analysis according to the dimer model. Arrows
indicate the spectral changes upon increasing the concentration from co=9.1x10"® — 6.1x10° M. Colored spectra are
calculated spectra for the individual monomer (M, violet) and dimer (D, red) species. b/c) Concentration-dependent
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experimental extinction coefficients at 353 K at the maximum of the dimer (b, 506 nm) and monomer (c, 596 nm) absorption
band in comparison with the simulated curve according to the dimer model (equation (75)).

The trimer, tetramer and pentamer fit>l (n D = H, n = 3,4,5) were applied to selected data of
the dilution series at 298 K (Figure A63), 323 K (Figure A64) and 353 K (Figure AS65) in
MCH, showing the transition from the higher aggregate (H) to the dimer (D). The
experimental apparent extinction data (€) of samples with a total molecular concentration co
from several dilution series is compared to the simulated curves for the individual models,
with the extinction coefficients of the pure dimer (&p) and higher aggregate (gu) species, as
well as the binding constant per binding site Kn obtained from global fit analysis. The
formation of defined aggregates out of n dimers is described by expression (76). In

combination with Lambert-Beer’s law (77) Kn can be expressed as equation (78).

Co=2cp+2ncy, (76)
Co* €E=2cp " ep+2ncy * &y, (77)
co(e—eg)\ 1
P e (s el (78)
Kn = oo (Co(?-fﬂ))n )
2(ep-en)

Additionally, the isodesmic fit!!®! was applied to selected data of the dilution series at 298 K
(Figure A63), 323 K (Figure A64) and 353 K (Figure AS65) in MCH, showing the transition
from higher aggregate (H) to dimer (D) (n D & H). The experimental apparent extinction data
(€) of samples with a total molecular concentration co from several dilution series is compared
to the simulated curve for the isodesmic model, with the extinction coefficients of the pure
dimer (ép) and higher aggregate (&n) species, as well as the binding constant K, obtained from
global fit analysis. For the simulated curves according to the isodesmic aggregation of n

dimers, the following equation applies:

) 2K Co+1—[4Knco+1 (79)

&= (€D — &l 2Kn2602 + EH-

The binding constants for the formation of the higher aggregate out of dimers (n D = H) at
different temperatures, obtained from global fit analysis according to the different aggregation

models, are summarized in Table A12.
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Figure A63. a) Concentration-dependent UV/Vis absorption spectra (dashed grey lines) of merocyanine 2 in MCH at 298 K
in comparison with calculated spectra (solid grey lines) from global fit analysis according to the pentamer model. Arrows
indicate the spectral changes upon increasing the concentration from co=4.0x10" — 5.1x103 M. Colored spectra are
calculated spectra for the individual dimer (D, red) and higher aggregate (H, orange) species. b, d) Concentration-dependent
experimental extinction coefficients of several independent dilution experiments at 298 K at the maximum of the dimer (b,
503 nm) or higher aggregate (d, 477 nm) absorption band in comparison with simulated curves according to different

aggregation models (equation (78)and (79)). ¢, ¢) Comparison of calculated spectra of dimer (c) and higher aggregate ()
from global fit analysis according to different models.

131



Chapter 7

Appendix

650

b) c)
pentamer model pentamer model
< 160 VF=pn_ — tetramer model —— tetramer model
= . trimer model 160 —— trimer model
o isodesmic model ‘TE isodesmic model
=120 £1201
= =
£ S 80
3 80+ I
1o
40
40+
T T T T T MR | 0 T T T T
10° 10* 103 102 400 450 500 550 600 650
Co /M Alnm
d) e)
100
80 pentamer model pentamer model
- tetramer model % tetramer model
= trimer model 2 _ 80 trimer model
o ——— isodesmic model ‘E —— isodesmic model
S 60 - 5 eo
=) =
k 2 40
240 = = T
‘540 A Iy
u 20 1
20 1
T T T T 0 T T T T
10° 10* 103 102 400 450 500 550 600 650
G /M Alnm

Figure A64. a) Concentration-dependent UV/Vis absorption spectra (dashed grey lines) of merocyanine 2 in MCH at 323 K
in comparison with calculated spectra (solid grey lines) from global fit analysis according to the pentamer model. Arrows

indicate the spectral changes upon increasing the concentration

from co=1.2x10" — 1.0x102 M. Colored spectra are

calculated spectra for the individual dimer (D, red) and higher aggregate (H, orange) species. b, d) Concentration-dependent
experimental extinction coefficients of several independent dilution experiments at 323 K at the maximum of the dimer (b,
504 nm) or higher aggregate (d, 479 nm) absorption band in comparison with simulated curves according to different

aggregation models (equation (78)and (79)). c, e¢) Comparison of
from global fit analysis according to different models.
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Figure AS65. a) Concentration-dependent UV/Vis absorption spectra (dashed grey lines) of merocyanine 2 in MCH at 353 K
in comparison with calculated spectra (solid grey lines) from global fit analysis according to the pentamer model. Arrows
indicate the spectral changes upon increasing the concentration from co=1.9x10"* — 9.7x1073 M. Colored spectra are
calculated spectra for the individual dimer (D, red) and higher aggregate (H, orange) species. b, d) Concentration-dependent
experimental extinction coefficients of several independent dilution experiments at 353 K at the maximum of the dimer (b,
506 nm) or higher aggregate (d, 550 nm) absorption band in comparison with simulates curves according to different

aggregation models (equation (78)and (79)). ¢, e) Comparison of calculated spectra of dimer (c) and higher aggregate (e)
from global fit analysis according to different models.
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Table A12 Overview of the binding constants Kn for the formation of the higher aggregate (n D = H) obtained from global
fit analysis of concentration-dependent UV/Vis data of 2 at different temperatures according to different aggregation models.

K. (298 K) /M K, (323 K)/M™' K, (353 K)/M™"
Pentamer 6.0x10* 7.5x10° 1.8x10°
Tetramer 5.5x10* 6.6x10° 1.6x10°
Trimer 4.9x10* 5.3x10° 1.3x10°
Isodesmic 3.2x10* 3.0x10° 0.8x10°

Higher Aggregate in Cyclohexane

120

80 A

£/10° M 'em™

40 +

O T T T T
400 450 500 550 600 650

A Inm

Figure A66. UV/Vis absorption spectrum of higher aggregate of 2 in cyclohexane (co = 1x1073 M, 298 K).
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Figure A67. '"H NMR (400 MHz) spectrum of compound 14 in DMSO-ds at 295 K.
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Figure A68. *C NMR (101 MHz) spectrum of compound 14 in DMSO-ds at 295 K.
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Figure A69. '"H NMR (400 MHz) spectrum of merocyanine 2 in CD2Cl» at 295 K.

S0'0e

65" L0
mw‘wo_/
FA-AA _)/

821}
99'6 F/
m:.oﬁ/
6672}
9e's52)
0552} W
o9z
56'921
0928}~
08'9E 1 —
oo.oi\
ow.oi\
86°Lt)
86 LG h—
609G H—
€995} W
8b L5}

SZ'E9l -7
12791 \\

150 140 130 120 110 100 90 80 70 €0 50 40 30 20 10 ppm

160

Figure A70. 3C NMR (151 MHz) spectrum of merocyanine 2 in CD2Cl> at 295 K.

136



Appendix Chapter 7

Assignment of 'H and *C NMR Signals

26 25 24 23
HaCCqH15CH,CH,0 19 20

0
16 H . H -
H25C120 21 9,10 15 Hig 8
22 11,12 13,14 @
H25C120 ’

Table A13. Assignment of the 'H and '3C NMR signals of the monomer (M, CD2Clz, 295 K) and dimer (D, MCH-d14, 348
K) of merocyanine 2.

M in CD:Cl: (298 K) D in MCH-d14 (348 K)
Position | &y /ppm (J/Hz) oc /ppm ou /ppm (J /Hz) oc /ppm
1,2 7.78 (br, 2H) 140.00 7.30 (br, 2H) 140.8
34 7.32 (br, 2H) 120.16 6.87 (d, 6.4, 2H) 118.6
5 7.6 (br, 1H) 112.87 7.71 (d, 14.5, 1H) 113.2
6 7.7 (br, 1H) 140.60 7.38 (d, 14.5, 1H) 140.4
7 2.42 (s, 3H) 18.91 2.08 (s, 3H) 18.2
8 6.27 (br, 1H) 50.63 6.39 (t, 8.3, 1H) 49.9
9 1.93 (br, 1H) 1.91 (m, 1H)
10 2.54 (m, 1H) 26.96 2.60 (m, 1H) 276
11 2.06 (m, 1H) 2.05 (m, 1H)
12 1.81 (m, 1H) 23.72 1.79 (m, 1H) 246
13 2.75 (m, 1H) 2.67 (m, 1H)
14 2.97 (m, 1H) 30.18 3.11 (m, 1H) 308
15 7.07 (d, 7.4, 1H) 128.95 6.95 (m, 1H) 128.7
16 7.02 (t, 7.4, 1H) 125.50 6.89 (m, 1H) 125.7
17 6.97 (t, 7.4, 1H) 126.01 6.89 (m, 1H) 125.7
18 6.83 (d, 7.3, 1H) 124.99 6.93 (m, 1H) 126.2
19 5.16 (d, 14.0, 1H)
20 5.12 (s, 2H) 58.78 5.03 (d. 14.0, 1H) 58.9
21 6.95 (d, 8.5, 1H) 125.36 7.00 (d, 8.5, 1H) 126.88
22 6.66 (d, 8.5, 1H) 108.27 6.54 (d, 8.5,1H) 109.21
4.03 (t, 6.6, 2H) 74.31 74.2
23 3.96 (t, 6.4, 2H) 69.27 4.00 — 3.89 (m, 6H) 69.6
3.92 (t, 6.5, 2H) 73.99 73.9
1.81 (m, 2H) 29.66
24 170 (m, 4H) 30.66, 30.86 solvent overlap
23 -32
25 1.29 (m, 54) (several peaks) solvent overlap
26 0.88 (t, 6.9, 9H) 14.28 solvent overlap
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Monomer — 'H 'H COSY and ROESY NMR
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Figure A71. 'H 'H ROESY NMR (600 MHz) spectrum of the monomer of merocyanine 2 (co=1.4x107M,
blue = positive/green = negative) in CD2Cl2 at 295 K overlaid with the 'H '"H COSY NMR (400 MHz) spectrum of 2
(co=9.7x10"*M, red) in CD2Cl» at 295 K. The sections a-c) are enlarged and the cross signals assigned to the respective
protons as denoted in Table A13.
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Dimer — 'H 'H COSY and NOESY NMR
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Figure A72. 'H 'H NOESY NMR (600 MHz) spectrum of the dimer of merocyanine 2 (co=2.7x107*M,
blue = positive/green = negative) in MCH-d14 at 348 K overlaid with the 'H 'H COSY NMR (600 MHz) spectrum of the
dimer of 1 (co=5.1x10"* M, red) in MCH-d14 at 348 K. The sections a-c) are enlarged and the cross signals assigned to the
respective protons as denoted in Table A13. Signals, that can not be explained by intramolecular proximities and therefore
indicate infermolecular proximities between the two chromophores within the dimer are circled and labeled in red.
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Monomer — 'H 3C HSQC NMR
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Figure A73. 'H 13C HSQC NMR (600 MHz) spectrum of merocyanine 2 (co = 1.4x1073 M) in CD2Cl at 295 K.
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Figure A74. 'H C HSQC NMR (600 MHz) spectrum of the dimer of merocyanine 2 (co=2.3x10"* M) in MCH-d14 at
348 K.
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Higher Aggregate — 'H *C HSQC NMR
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Figure A75. 'H *C HSQC NMR (600 MHz) spectrum of the higher aggregate of merocyanine 2 (co=2.1x107> M) in
MCH-d14 at 295 K.
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Lifetime Measurements
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Figure A76. Fluorescence lifetime measurements (Aex = 505.8 nm, 295 K) of merocyanine 2 samples with their respective
mono-/bi-exponential fits: a) Monomer in CH2Clz (co = 3.9x1077 M) with instrument response function (IRF, grey). b) Dimer
in MCH (co = 4.8x107% M). ¢) Higher aggregate in MCH (co = 1.0x1073 M). d) Freeze-dried solid from cyclohexane solution.
e) Solid from CH2Clz solution.
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Figure A77. Geometry-optimized P-helical decamer stack of merocyanine 2 (PM7). The dodecyl chains of the
trialkoxyphenyl substituents were replaced by methyl groups for the calculation to reduce computational effort and added
manually (in grey) to the optimized structure to illustrate the sterical demand of the solubilizing substituents.
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