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highest occupied molecular orbital
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high performance liquid chromatography
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long-range Coulomb coupling
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min minute(s)

MALDI matrix assisted laser desorption/ionization
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mp. melting point

MS mass spectrometry

NMR nuclear magnetic resonance

ns nanosecond(s)

OLED organic light emitting diode

PBI perylene bisimide

ppm parts per million

ps picosecond

ROESY rotating-frame nuclear overhauser enhancement spectroscopy
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rt room temperature

S second(s)

T temperature
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Chapter 1 Aim of Thesis

Chapter 1

Introduction and Aim of the Thesis

In recent decades, much efforts have been made for the investigation of supramolecular self-
assembly processes of dye molecules via non-covalent forces.l*! In the 1930s the scientists
Scheibel®3l and Jelley™ studied the formation of dye aggregates in solution, by investigating
pseudoisocyanine chloride in solvents of different polarity where they observed unexpected
spectral changes upon aggregation.!>?l About 30 years later, Davydovl® and Kasha!®®l found a
way to explain these spectral changes by developing the molecular exciton theory. Based on
this theory, it is known that spectral changes upon aggregation are caused by an electronic
coupling between the constituent chromophores. Depending on their arrangement a
classification into H- and J-aggregates can be made, where different optical signatures can be
observed. For H-aggregates a hypsochromically shifted absorption band arises compared to the
respective monomer band, whereas for J-aggregates one can find a bathochromically shifted
absorption band.[®! Because of this spectral differentiation important structural information for
the respective dye assemblies can be gained. Although, the spectral features of many dye
ensembles can be rationalized by assuming conventional long-range Coulomb coupling
between the chromophores several examples are known where this picture fails.2%*2 In a recent
work, Spano et al. could demonstrate that also charge-transfer mediated exciton coupling is
needed to be included for calculating the overall exciton coupling of dye aggregates.[**-2¢l
Notably, the interference between both couplings may lead to unexpected optical properties that
can be beneficial for applications, which motivates for further investigation, as not only optical
properties of dye aggregates are affected by the so-called ‘exciton coupling’. Also functional
properties of organic semiconductors are highly influenced where changes of the absorption
and emission properties can be correlated to the structural arrangements of the respective dyes
giving insights into exciton and charge carrier properties, which are relevant for (opto-)
electronic™™ and photovoltaic®®2°! applications. Thus, the investigation of exciton coupling

1



Chapter 1 Aim of Thesis

became a central point of current research in order to gain insights into functional properties
and structural information of dye aggregates.?*24

Due to their ideal properties perylene bisimide (PBI) dyes evolved as one of the most utilized
chromophores for such kind of studies.!” Excellent photostability?®! and easily tuneable
absorption and fluorescence properties?’-?l in combination with high fluorescence quantum
yields make them attractive, especially for applications in the field of organic electronics!?-2%
and photovoltaics.[? 3-%2 Moreover, PBI dyes have a strong tendency to self-assemble into
extended aggregate structures due to strong 7 z-interactions between their chromophores, 2!
which can be vividly observed by spectral changes caused by their altered photophysical
properties upon aggregation.®¥l As it is very difficult to investigate the structure-property
relationships of such extended dye stacks with an undefined number of interacting
chromophores, well defined model systems are needed for this kind of studies where the exact
size and structure of the assemblies are well characterized. Therefore, the aim of this thesis is
to limit the growth of PBI dyes to discrete, finite-sized supramolecular architectures in solution,
which are perfectly suited for investigating fundamental questions like exciton coupling or
exciton delocalization. Hereby a carefully considered design of the respective PBI dyes is
necessary. Thus, bay-linked PBI dyes were selected and synthesized based on molecular
modelling studies that are covalently linked by spacer units of different length and sterically
demand. Following this approach discrete PBI z-stacks can be generated by intramolecular
folding (Figure 1a) or intermolecular self-assembly (Figure 1b) to form well-defined double or
quadruple PBI 7z-stacks, respectively. If the used linker unit reaches a certain length, also the
formation of larger oligomeric PBI zstacks (Figure 1c) becomes possible.

The synthetic part of this work was inspired by the former work of the Wiirthner group*-3!
where covalently linked PBI dyes were already investigated concerning their aggregation
behaviour. But, different from previously reported examples of tethered Bis-PBI dyes®-38l the
imide positions should be utilized to introduce long, branched solubilizing alkyl chains to
ensure adequate solubility in nonpolar solvents. This enables spectroscopic studies also in a
wide concentration range and accordingly, here for the first time an ether functionality in bay
area was used to anchor the tether. By using conventional spectroscopic methods like UV/Vis,
fluorescence and NMR measurements an in-depth comparison of the molecular and optical
properties of the respective PBI dyes can be elucidated in solution both, in their non-stacked
and aggregated state to reveal structure-property relationships. Moreover, the spectroscopic

findings could be further substantiated by quantum chemical calculations.
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Figure 1. Schematic illustration of the self-assembly pathways of bay tethered perylene bisimide dyes into

a) folda-dimers, b) bimolecular stacks of four PBI units and c) supramolecular PBI polymers in solution by using

linker units of different length and sterically demand.

Chapter 2 gives an overview on planar, untwisted PBI dyes found in recent literature with focus
on the investigation of their self-assembly behaviour by different analytical techniques for
structural characterization, also with regard to the related theoretical background concerning
Kasha’s exciton theory, the exciton-vibrational coupling of PBI dyes and the influence of the
short-range exciton coupling in closely zstacked PBI aggregates. Moreover, the survey covers
the introduction of finite-sized Bis-PBI dyes that are covalently linked either in the imide or
bay position in order to gain discrete z-stacks with a well-defined number of interacting PBI
chromophores.

Synthesis details for all Bis-PBI dyes, related reference compounds and intermediates are given
in Chapter 3. All target compounds were fully characterized by *H and *3C NMR spectroscopy
in combination with high resolution ESI mass spectrometry.

PBI dimer aggregates are one of the most suited model systems for theoretical investigations to
understand fundamental dye-dye interactions. Thus, by using one highly defined PBI quadruple
z-stack in-depth investigations of exciton delocalization, localization and excimer formation
dynamics could be performed by UV/Vis studies and broadband fluorescence upconversion

spectroscopy which will be discussed in Chapter 4.
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Chapter 5 is focused on the stacking of four bay-linked Bis-PBI dyes following the foldamer
approach, which could be elucidated based on in-depth UV/Vis, CD, fluorescence and 1D and
2D NMR studies. Despite only slightly different arrangements of the z-stacked PBI chromo-
phores, very distinct optical properties could be revealed for the respective PBI zstacks
providing fundamental insights into the interplay of long- (Jcou) and short-range (Jct) exciton
coupling of 7stacked PBI assemblies.

Chapter 6 introduces a series of Bis-PBI dyes that show backbone-driven self-assembly into
different supramolecular architectures depending on the nature of the used linker moieties.
Thus, 7stacks of four PBI chromophores as well as even larger oligomeric systems could be
generated by systematically extending the backbone length from 7 to 15 A. This could be
investigated by in-depth UV/Vis and fluorescence spectroscopy in combination with
2D-DOSY-NMR spectroscopy, ESI mass spectrometry and AFM measurements.

A summary of this thesis is given in Chapter 7 and Chapter 8 both in English and German.

In Chapter 9, the experimental part of this work is presented including synthetic procedures

and characterization details. Furthermore, used materials and methods are described as well.
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Chapter 2

Literature Survey

Perylene bisimide (PBI) dyes in particular, like many other z-conjugated aromatic systems,
have a strong tendency to form extended aggregated structures, where spectral changes can be
observed due to their altered optical properties upon aggregation.[*31 However, to identify
structure-property-relationships of self-assembled systems, discrete architectures are needed
without any structural inhomogeneities or size-variations. One possible approach to create well-
defined, small PBI architectures, is to covalently link two PBI chromophores, most
conveniently either in the imide- or bay-position. This ensures a discrete interplanar distance
between the two chromophores, where either an intramolecular folding or an intermolecular
self-assembly of the respective Bis-PBI dyes becomes more likely than the formation of
extended PBI aggregates, which facilitates the in-depth investigation of the discrete dye
assemblies concerning their structural and optical properties.

In this chapter some theoretical background concerning the exciton coupling in PBI aggregates
will be explained and discussed based on different examples of PBI assemblies found in recent
literature. For this purpose, Kasha’s exciton theory, the exciton-vibrational coupling of PBI
dyes and the influence of the short-range exciton coupling in closely #-stacked PBI aggregates
is introduced in the first part of this chapter (2.1). In relation to this introductory part, examples
of simple, flat, non-core-twisted PBI-systems will be summarized with focus on their individual
aggregation behaviour in solution (2.2). Furthermore, examples of covalently linked PBI dyes
will be presented with regard to their backbone-driven self-assembly into defined molecular

architectures (2.3).
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2.1 Exciton Coupling in PBI Aggregates

Due to their unique spectral properties (absorption in the visible range and high fluorescence
quantum yields) PBI dyes have attracted great attention during the past decade.?® 27-28:3%1 Upon
self-assembly, PBI dyes reveal different spectral features depending on the molecular
arrangement of the PBI units in the aggregated state (Figure 2).?> 40421 Consequently, the
absorption maxima of PBI aggregates can either be shifted to shorter wavelengths (hypso-
chromically) or to longer wavelengths (bathochromically), as shown for the PBI dyes 1140
(Figure 2a) and 2[%?1 (Figure 2b).
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Figure 2. a) Chemical structure of PBI 1 and UV/Vis absorption (black, solid line) and emission spectra (black,
dashed line) of PBI 1 at low concentration in methylcyclohexane (co = 2 x 1077 M, 25 °C). Also shown are the
hypsochromically shifted H-aggregate absorption (blue, solid line) and bathochromically shifted broad excimer
emission spectra (blue, dashed line) of PBI 1 upon aggregation at higher concentration in methylcyclohexane
(co=1x10"3M, 25 °C). b) Chemical structure of PBI 2 and UV/Vis absorption (black, solid line; co =6 x 107 M,
90 °C) and emission spectra (black, dashed line; co = 2 x 1077 M, 50 °C) of PBI 2 in methylcyclohexane. Also
shown are the bathochromically shifted J-aggregate absorption (red, solid line; denoted as J) and emission spectra
(red, dashed line) of PBI 2 in methylcyclohexane at 15 °C. Adapted with permissions from refs*dl and 12,
Copyright 2007 Wiley-VCH Verlag GmbH.

In both cases not only pronounced spectral shifts of the respective absorption maxima can be
detected upon self-assembly. For both systems also altered spectral signatures of the respective

absorption bands can be observed compared to the monomer absorption bands with a spectral
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band broadening and a loss of intensity in the case of PBI 1 (Figure 2a) and a significant band
sharpening and an increase in intensity for PBI 2 (Figure 2b).

Davydov® and Kashal®®l found a way to explain these spectral shifts to longer or shorter
wavelength upon aggregation by developing the molecular exciton theory. The theory was
introduced by Davydov in the 1960s, where he could describe for the first time the optical
properties of organic crystals also with regard to the characteristic Davydov splitting, which
can be observed in the absorption spectra of molecular crystals.

In this model the excited molecule is considered as a Frenkel exciton, which means it is regarded
as a strongly Coulomb bound electron hole pair.[*31 After excitation the electron will be located
in the lowest unoccupied molecular orbital (LUMO) whereas the corresponding hole will be
located in the highest occupied molecular orbital (HOMO). If the distance between two
molecules is close enough the excitation is delocalized via intermolecular interactions. This
results in drastic changes of the absorption and emission properties of the aggregates compared
to the monomeric species. Kasha extended this theory with regard to aggregation processes in
solution. Thus, he could show that the Coulombic coupling (Jcou) between the transition dipole
moments of two dye molecules, strongly influences the optical properties of the corresponding
dye assemblies.[ & With that, the exciton coupling energy can be calculated using the so-called
point-dipole approximation. For two parallel aligned chromophores, the exciton coupling

energy can be calculated as:

J= y (cosa—3c0sO1.c086)) 1)

3
e, r

where r is the centre-to-centre distance, « represents the rotational angle, and @1 and @ are
the angles between the two transition dipole moments as shown in Figure 3. & represents the
vacuum permittivity.

The exciton state diagram for co-planar transition dipole moments is illustrated in Figure 3,
where the transition dipole moments are tilted towards their interconnecting axis by the slip
angle ©. Based on Kasha’s exciton coupling theory, it is possible to differentiate between two
aggregated systems: H- and J-aggregates.®] According to equation 1 the overall exciton
coupling energy J is positive for chromophores that are aligned in a “side-by-side” arrangement.
Here the transition dipole moments are arranged parallel to each other (@ = 90°) which results
in two exciton states. The lower exciton state is forbidden, because here the transition dipole
moments are coupled in an out-of-phase fashion, whereas an in-phase coupling results in a

higher exciton state, which is allowed. This causes a hypsochromic shift of the absorption

7
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maximum compared to the optical signatures of the monomeric chromophore. These dye
assemblies are called H-aggregates (H for hypsochromic). Because of the forbidden lower
exciton state these aggregates usually show prominent fluorescence quenching and large Stokes
shifts.[*¢#51 A decrease of the slip angle @ results in a reduced energy difference 2J between the
two exciton states until the magic angle is reached at @ = 54.7°, where the exciton coupling
energy J has a value of zero. This special case corresponds to the crossing point in Figure 3

where two degenerated exciton states are formed.

“rl 0=0=0:
i r=const.
S, P>
[+] o
monomer dimer 0° 4.7 20 0
J<0 J=0 J>0

% n

J-dimer

Figure 3. Exciton state diagram of two chromophores with parallel alignment of their coupled transition dipole
moments (@ =@ = @) regarding the influence of the slip angle @between two co-planar transition dipole

moments at a constant distance r.

By further decreasing the slip angle @ending up in a “head-to-tail” arrangement of the
chromophores (® = 0°), the sign of the exciton coupling energy J becomes negative. In this
case, the higher exciton state is forbidden, because of an out-of-phase coupling of the transition
dipole moments resulting in a repulsive Coulomb interaction, whereas an in-phase coupling

results in a lower exciton state, which is allowed. This causes a bathochromic shift of the

8
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absorption maximum compared to the absorption band of the monomeric chromophore.r!
These dye assemblies are called J-aggregates (J for Jelleyl® %61 or Scheibe-aggregatest>?). In
contrast to H-aggregates, now the lowest exciton state is strongly allowed which commonly
results in high fluorescence quantum yields and small Stokes shifts.[!

For PBI dyes, which can form both H- and J-type aggregates,*’*% it is not possible to fully
elucidate their altered optical properties upon aggregation by only using Kasha’s exciton theory.
This can be nicely seen from Figure 2, where additionally changes of the spectral signatures for
PBI 1 and 2 can be detected in the aggregated state, like a spectral band broadening / sharpening
or drastically decreased / increased absorption band intensities, as it can be observed for several
other PBI dyes.[25 50-51]

This can be explained due to the aromatic carbon-carbon stretching vibrations in PBI
chromophores where vibronic progression of the spectral signatures results in an exciton-
vibrational coupling between the chromophores.’254 Thus, to adequately describe the
absorption spectra of respective PBI dye assemblies vibrational contributions have also to be
taken into account.®>-°¢ This phenomenon was investigated by Wiirthner and Engel et al. for

PBI dye assemblies via quantum dynamic calculations (Figure 4).15253 571

exp aggregate
=
ccs
= ]
je]
= .
o theo dimer
3
<
2.0 2.4 2.8 3.2
E [eV]

Figure 4. Comparison of the measured UV/Vis absorption spectrum of PBI 1 (Figure 2a) H-aggregates at a
concentration of ¢ = 2.2 x 10 M in methylcyclohexane and the calculated UV/Vis absorption spectrum of a PBI 1

H-dimer with a resolution of 196 meV. Adapted with permissions from ref. [521 Copyright 2006 Elsevier.



Chapter 2 Literature Survey

For PBI 1 H-dimers (Figure 2a) a reversal of the 0—-0 and 0—1 absorption band intensities can
be observed both experimentally and theoretically (Figure 4) in addition to a hypsochromically
shifted absorption maximum compared to the respective monochromophoric reference dye.
These drastic changes of the oscillator strengths are based on a vibrational broadening of the
electronic transitions, typically observed in the so called intermediate coupling regime, where
the vibrational frequency o (= 1400 cm™) is comparable to the exciton coupling energy J.[5
Also for PBI 2 J-dimers (Figure 2b) similar observations can be made with a drastically increase
of the ratio of the 0—-0 and 0—1 absorption bands in addition to a prominent bathochromic shift
of the absorption maximum compared to the monomeric species.

According to Spano et al.l®! the excitation in an aggregated system can be described by Frenkel
excitons or so-called excitonic polarons, consisting of a vibronically excited central molecule
surrounded by vibrationally excited molecules. This can be illustrated by a ball on a mattress,
where the ball and the spring directly underneath correspond to the vibronically excited
molecule, while all other neighbouring springs correspond to the surrounding vibrationally
excited molecules. With this model the exciton coupling and its influence on the optical
properties of aggregated systems can be investigated with regard to exciton-vibrational
couplings, as it is demonstrated in Figure 5.15¢1 Here, the calculated absorption (blue lines) and
emission spectra (red lines) of an linear H- and J-aggregate is shown containing 20 molecules
with nearest-neighbour-only coupling in dependence on the exciton coupling strength.¢! For a
weak and intermediate coupling between the interacting chromophores only a small blue (red)
shift of the absorption maxima with a change of the 0—0 and 0—1 absorption band intensities
can be observed for H- (J-) aggregates compared to the monomer spectrum (grey line). This is
in very good agreement with the observations for PBI 1 H-dimers,[? which also reveal an
intermediate coupling between their chromophores.

By further increasing the exciton coupling strength (strong coupling regime) the absorption
band of H- (J-) aggregates is shifted more drastically to shorter (longer) wavelengths. Usually,
perfectly aligned H-aggregates do not show pronounced emission properties because of the
forbidden lowest exciton state, but due to additional vibrational couplings, sideband emission
becomes allowed (Figure 5, left, red lines), which explains why for H-aggregates with vibronic

contribution considerably high fluorescence quantum yields can be measured.

10
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Figure 5. Calculated absorption (blue) and fluorescence (red) spectra for ideal H-aggregates (left) and ideal J-
aggregates (right) containing 20 molecules with nearest-neighbour-only coupling for different exciton coupling
energies. In all spectra the vibrational frequency ay is taken to be 1400 cm™ and J and A2 represent the exciton
coupling energy and the Huang-Rhys factor, respectively. Solid spectra are evaluated using one- and two-particle
states, while dashed spectra use only one-particle states. The grey solid lines represent the monomeric absorption

spectra. Adapted with permissions from ref.[581 Copyright 2010 American Chemical Society.

Although the spectral features of many PBI dye aggregates can be rationalized by assuming
conventional Coulomb coupling between the chromophores along with vibrational
contributions,“?-58-6% several examples are known where this picture fails.[*%-12]

For short interchromophoric distances as present in PBI z-stacks, the wave function overlap of
two interacting chromophores also allows charge transfer processes. Due to these additional
interactions it is needed to include charge-transfer-mediated excited states for calculating the
overall exciton coupling which can be significant and thus, highly influence the absorption
properties of the corresponding aggregates.[*4 16 54 61 These charge transfer (CT) states are
created when an electron in the LUMO of the excited molecule is transferred to the LUMO of

a neighbouring molecule in the ground state. Same holds true for the corresponding hole

11
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transfer of an electron in the HOMO of an unexcited neighbouring molecule to the HOMO of
the excited molecule.l** 62 The importance of charge-transfer-mediated excited states and its
influence on the optical properties of aggregates was first investigated by Scholes et al.[** 63l
Spano extended this theory including exciton-vibrational coupling shown by z-conjugated
systems, 5 641

Under the assumption that the charge-transfer state and the local Frenkel exciton state are well
separated (perturbative limit), the exciton coupling energy for the short-range coupling can be

calculated by: [4 54

fet
Jer = 27—, |Ect = Es, > coul Ite], |2 )
Ect - Es,

where Ecp —Eg, is the energy difference between the charge transfer and the local Frenkel
exciton state and te and t, are the electron and hole transfer integrals, respectively.

As th and te derive from the overlap between neighbouring HOMOs and LUMOs, respectively,
they are highly sensitive to small transvers displacements of the interacting chromophores, as
shown by Kazmeier and Hoffman.[%%! As it can be seen from equation 2, Jcr can be either
positive or negative depending on the respective signs of the charge transfer integrals and the
energy difference Ecr —Eg, . If the latter bears a positive sign, which is normally the case for
PBI dyes, [ this results in a J-like short-range coupling for tetn > 0 and in a H-like short-range
coupling for teth < 0. Due to the high sensitivity of the charge transfer integrals to small
transverse displacements, Jcr is highly influenced by a changed packing arrangement of the
respective interacting chromophores, as it can be seen from Figure 6.1 For Jcou a longitudinal
slip of > 6 A along the long-axis of the perylene core is needed to induce only one change from
positive to negative sign, corresponding to the transformation from a H- to a J-aggregate. In
contrast, for Jcr the sign changes almost three times over the same distance. Thus, only a
longitudinal slip of approximately 1.6 A is needed for the first H- to a J-aggregate
transformation in the case of Jcr, giving rise to a whole variety of different geometries ending
up in either constructive or destructive interferences between Jcou and Jer.4

This enables a new classification of aggregates with unexpected optical properties, for which a
new nomenclature (HH, HJ, JH or JJ) was introduced by Spano,® where the first / second
letter represents the long-range Coulomb coupling Jcou / short-range charge-transfer mediated
coupling Jct and small / capital letter describe weak / strong coupling. Regarding to electronic
devices this becomes very important for developing promising organic materials. For solar cell

applications materials with strong exciton coupling (H-type aggregates) between their
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chromophores would be highly suitable as a rapid energy transport would be ensured. On the
opposite, J-type aggregates would be promising candidates in the field of organic light emitting

diodes (OLED) due to their strong emission properties.®*
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Figure 6. a) Plots of the hole transfer integral t (Ieft) and electron transfer integral te (right) of a perylene dimer
with a stacking distance of 3.5 A between the chromophores against the transverse displacement evaluated from
DFT calculations (B3LYP, cc-pVVDZ). b) Calculated HOMO (left) and LUMO (right) of a PBI unit (DFT (B3LYP,
cc-pVD2Z). c) Plots of the product of the charge transfer integrals —tetn (left) and the Coulomb coupling Jcou (right)
against the transverse displacement evaluated from TDDFT (B3LYP, cc-pVVDZ). In all panels the red (blue)
regions correspond to a J- (H-) type coupling. Adapted with permissions from ref.[> Copyright 2017 American

Chemical Society.

2.2 Self-Assembly of Core-Unsubstituted PBI Dyes into Extended zStacks

In general, the aggregation behaviour of PBI dyes is highly influenced by the variety of
substituents, that can be introduced to the perylene core or in the imide positions. Unsubstituted,
planar PBI chromophores exhibit a much stronger tendency to form extended aggregate

structures compared to their substituted analogues. During the past decade a large number of
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core-unsubstituted PBI dyes have been investigated concerning their aggregation behaviour
both in solution and the solid state.[?% 67721

Hereafter, however, only some specific examples will be discussed in more detail in order to
highlight their special optical properties, as for example PBI 3, which was recently reported by
Wiirthner and co-workers concerning its self-assembly behaviour in solution.[”®l The
concentration-dependent UV/Vis absorption spectra of core un-substituted PBI 3 in methyl-
cyclohexane are depicted in Figure 7, where significant spectral changes can be observed by
increasing concentration, with a hypsochromic shift of the absorption maximum and an almost
complete vanishing of the optical fine structure (spectral line broadening) due to strong

7 m—interactions between the planar PBI chromophores.!"!
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Figure 7. a) Chemical structure of PBI 3. b) Concentration-dependent UV/Vis absorption spectra of PBI 3 (co =
1077 — 10~° M) in methylcyclohexane. Arrows indicate changes in intensity upon increasing concentration. Also
shown are the spectra of the monomeric and aggregated species (dotted lines) calculated from the respective data
set. Adapted with permissions from ref.l”®l Copyright 2001 WILEY-VCH Verlag GmbH.

The corresponding aggregation mechanism for supramolecular self-assembly processes can be
clarified by fitting the experimental data with different mathematical models, as the monomer-
dimer or the isodesmic model.[®* 74 For the monomer-dimer model an equilibrium between two
species, i.e. monomer and dimer with differing absorption spectra, is considered. Thus, only
one of the two zsurfaces is involved in the aggregation process. In contrast, the isodesmic
model assumes the involvement of both z-surfaces with equal binding constants for all binding

events, leading to one-dimensional architectures independent of the final size of the aggregate.
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Additionally, the isodesmic model can be further modified by assuming different binding
constants for both, the formation of the initial binding event (nucleus step) and the elongation
process. If the nucleus formation is less favoured than the elongation, the aggregation process
is called cooperative. If the elongation is less favoured latter than the formation of the nucleus,
the aggregation process is called anti-cooperative. This case appears to be very likely if
dimerization is favoured for electronic or steric reasons.

Indeed, for PBI 3 the concentration-dependent data could be properly fitted with the isodesmic
model ending up with a high binding constant K =~ 107 L mol-! in methylcyclohexane. The
altered optical properties of PBI 3 upon aggregation can be explained by exciton theory, where
close m—n—distances between PBI chromophores result in a strong exciton coupling of their
transition dipole moments leading to completely different spectral features of the resulting dye
assemblies. Consequently, small distances between the PBI chromophores lead to dramatic
changes of the optical properties.[”®! By performing fluorescence studies of PBI 3 a drastically
decreased fluorescence quantum yield could be found, which can be attributed to a photo-
induced electron transfer from the electron-rich trialkyloxyphenyl groups to the electron-poor
PBI unit.[”™!

Similar results were obtained for PBI 1 (vide supra) containing trialkylphenyl groups, instead
of trialkoxyphenyl groups in the imide positions (Figure 2a).[*> 71 Also in this case a
hypsochromic shift of the absorption maximum with a reversal of the 0—0 and 0—1 absorption
band intensities could be observed with a significant band broadening by performing
concentration- and temperature-dependent UV/Vis studies in methylcyclohexane (Figure 8a
and b) revealing a H-type exciton coupling between the interacting chromophores.*¥ Fitting
analysis of the concentration-dependent data suggests an isodesmic growth for PBI 1 into
extended 7—stacks upon aggregation with a binding constant of K = 9.7 x 10* L mol! in
methylcyclohexane. This binding constant is much smaller than the one observed for structur-
ally related PBI 313 demonstrating the high influence of the individual imide-substituents on
the aggregation strength, as it can be observed for many other PBI dyes.[6"72]

Interestingly, in contrast to PBI 3, PBI 1 exhibits strong fluorescence properties with a high
fluorescence quantum yield of 65% in methylcyclohexane.[*! By performing concentration-
und temperature-dependent fluorescence measurements (Figure 8c and d), a new, very broad
emission band with a drastic bathochromic shift could be observed at higher concentrations and
lower temperatures. These spectral features could be explained by in-depth theoretical studies,

where a rotational displacement (~ 30°) of the z-stacked PBI 1 chromophores is preferred in
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the ground state, whereas in the excited state the energy minimum was found for an almost
perfect “side-by-side” arrangement (~ 0°) of the PBI units.[*%]

Thus, according to Figure 3, the UV/Vis and fluorescence spectra of PBI 1 can be rationalized
by the rotational displacement of the z-stacked PBI chromophores, which partially allows the
forbidden optical transition for H-aggregates, resulting in a considerably high fluorescence

quantum yield for PBI 1 in methylcyclohexane.
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Figure 8. a) Concentration-dependent UV/Vis absorption spectra of PBI 1 (co = 2 x 1077 - 1 x 10°° M) in
methylcyclohexane at room temperature. Arrows indicate the changes upon increasing concentration. Inset: Plot
of aagg against the concentration c at 4 =517 nm fitted by the isodesmic model. b) Temperature-dependent UV/Vis
absorption spectra of PBI 1 from 0 to 90 °C (co =5.0 x 10~* M). Arrows indicate the changes upon decreasing
temperature. Inset: Plot of aagg against the temperature T. ¢) Concentration-dependent fluorescence spectra of
PBI 1 (Aex = 469 nm, co = 2 X 1077 - 2 x 10~* M) in methylcyclohexane (solid lines) and as thin film (dashed line)
at room temperature. d) Temperature-dependent fluorescence spectra of PBI 1 from —5 to 50°C (Aex = 469 nm,
Co =1 x 10~® M) in n-hexane. The arrows indicate the changes upon increasing concentration and decreasing
temperature, respectively. Inset: Plot of the fluorescence intensity against the temperature T. Adapted with

permissions from ref.*?! Copyright 2007 Wiley-VCH Verlag GmbH.
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However, in-depth studies of the exact structure of supramolecular dye stacks in solution
require well-defined orientations of the chromophores as given in the crystalline state.
Otherwise revealing the structure-properties-relationships of the assembled systems remains
very difficult, as it was the case for PBI 1. Here it was not possible to investigate the structure-
property-relationships of the corresponding aggregates via temperature-dependent NMR
studies due to highly complex *H NMR spectra of PBI 1 in [(D14)MCH)], where drastic changes
could be observed upon aggregation. Therefore, the individual proton signals could not be
clearly assigned to the corresponding perylene protons. In striking contrast, simple pattern of
sharp *H NMR signals could be found for PBI 1 in CDCls, where only monomeric species are
present.

Nevertheless, based on UV/Vis studies and quantum chemical calculations self-assembly of
PBI 110751 and PBI 31" into helical columnar zstacks seemed to be mostly likely. But, as no
chiral information is given for PBI 1 or 3, the resulting helical assemblies are expected to form
a racemic mixture of either M or P conformers, with equal intermolecular interaction energies.
By introducing chiral side chains to the PBI chromophores, a preferred helicity can be gained
where non-racemic helical supramolecular architectures can be built. Indeed, PBI 4 (Figure 9a)
with six appended chiral side chains affords helical superstructures upon self-assembly, that
were studied by concentration-dependent UV/Vis and CD spectroscopy in methylcyclohexane.
Again, sharp and well-resolved absorption bands could be observed for PBI 4 at low
concentrations (Figure 9b) in methylcyclohexane at room temperature.[*l By increasing
concentration, a hypsochromic shift of the absorption maximum from 517 nm to 491 nm was
induced, accompanied by a dramatic decrease of the extinction coefficient from approximately
gmax = 95000 M~tcm to 33000 M~tcm. Moreover, a second absorption band could be
observed at longer wavelength (535 nm) with decreased band intensity. These spectral changes
can be attributed to a strong exciton coupling between the closely 7—z—stacked chromophores
of PBI 4. Interestingly, whereas three well-defined isosbestic points (469, 502 and 529 nm)
could be observed during the concentration-dependent UV/Vis measurements (Figure 9b), no
isodichroic points could be detected by performing concentration- and temperature-dependent
CD studies (Figure 9c). Thus, it was proposed that at low concentrations and high temperatures
the formation of PBI 4 M-dimers is preferred, which then further grow into extended right-
handed #stacks with P-configuration at higher concentrations and low temperatures
(Figure 9d).[4%521
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Figure 9. a) Chemical structure of PBI 4. b) Concentration-dependent UV/Vis absorption spectra of PBI 4 (¢, =
10°5-10° M) in methylcyclohexane at room temperature. Arrows indicate the changes upon increasing
concentration. ¢) Temperature-dependent CD spectra of PBI 4 (2 x 10~ M) in methylcyclohexane from —10 °C
(green line) to 40°C (red line) and from 40° to 90°C (blue line) in intervals of 10°C. Arrows indicate changes upon
increasing temperature. d) Proposed equilibrium between monomer and aggregates of PBI 4 in solution, where M-
dimers are formed at low concentrations or high temperatures which then further grow into extended right-handed

#-stacks with P-configuration. Adapted with permissions from ref.* Copyright 2007 American Chemical Society.

2.3 Backbone-Directed Self-Assembly of Covalently Linked Bis-PBI Dyes

Different from simple PBI dyes which reveal an isodesmic aggregation growth into extended
aggregate structures, covalently linked Bis-PBI dyes are well suited to form small, finite-sized
architectures for investigating structure-property relationships.°!

For such studies highly defined spacer moieties with regard to size and geometry are needed to
ensure a distinct distance between the two z-scaffolds for studying the through space coupling
of the corresponding chromophores. To generate covalently linked PBI dyes, two PBI units can
be either linked in the imide or bay position.
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2.3.1 Imide-linked Bis-PBI Dyes

20 years ago, one of the first examples of covalently linked PBI dyes that were linked in the
imide position by just a rigid single bond was investigated by Langhals and Jonal’® (PBI 5,
Chart 1). Due to its linear arrangement, PBI 5 shows characteristic J-type coupling properties
in chloroform with a bathochromically shifted absorption maximum (535 nm), a significantly
sharpened absorption band with an increased extinction coefficient (smax = 241800 M~ cm1)[78]
and an increased ratio Ao-o/Ao-1 Of the 0—0 and 0—1 absorption band intensities compared to a
related reference compound bearing only one PBI unit (smax = 85700 Mt cm).""1 This can be
attributed to the exciton-vibrational coupling between the interacting chromophores of PBI 5

as discussed in Chapter 2.1.
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Chart 1. Imide-linked PBI dyes 5-7.

By connecting two PBI chromophores with rigid z~conjugated para-(poly)-phenylene bridges,
longer distances between the interacting #-scaffolds can be achieved (6a—c, Chart 1) which was
investigated by Adams et al.[”® By performing transient fluorescence and femtosecond transient
absorption spectroscopy they could show that the size of the bridging unit, the molecular
arrangement of the chromophores and the polarity of the solvent, play an important role for the
respective electron transfer in these dimers.["]

Covalently linked Bis-PBI dyes can also be generated by utilizing non-linear spacer units, like
in the case of PBI 771 (Chart 1), where a meta-phenylene linker unit was used to connect two
PBI chromophores in the imide position. Compared to its linear analogous PBI 6a, PBI 7
displays a slightly larger bathochromic shift of the absorption maximumt™ which was
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attributed to the shorter distance between the PBI z-scaffolds. This corroborates the delicate
influence of the distinct molecular arrangement of the interacting chromophores on the optical

properties.

By using rigid backbones of discrete length and steric demand it is further possible to pre-
organize the constituent chromophores to their 7zz-interactions. This could be nicely
demonstrated for chiral PBI 8al®% and PBI 8b[®! (Chart 2) that were investigated by Langhals
et al., where the respective biphenylene (8a) and binaphthylene (8b) bridges cause an almost
perpendicular arrangement (86 °) of the chromophores with fixed geometry because of the

rigidity of the spacer units that do not allow any rotation around the linker axis.
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Chart 2. Imide-linked PBI dyes 8a,b and 9a,b.

Quantum chemical calculations indicate two almost planar chromophores for PBI 8b with a
separation of about 3 A and a partial overlap of the zscaffolds.l® 881 The decreased distances
between the two PBI chromophores compared to the in-line arranged PBI dyes in Chart 1,
causes drastic changes in the absorption spectra with a decreased 0—0 absorption band and an
additional shoulder at lower wavelength, strongly indicating H-type exciton coupling between
the zscaffolds. Similar close distances between the two PBI units can be achieved by using
xanthene derivatives as bridging units, as it was done by Wasielewski and co-workers.7 82
First, they investigated the influence of imide substituents on the optical signatures of the
respective PBI dyes by using linear alkyl chains (9a, Chart 2) compared to branched alkyl
chains (9b, Chart 2). For both dyes H-type exciton coupling and broad excimer emission bands

could be observed, where PBI 9a exhibits a more decreased ratio of the 0—-0 and 0—1 absorption
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bands Ao-o/Ac-1 = 0.69 and a significant lower fluorescence quantum vyield of @ = 2%
compared to PBI 9b (Ao-o/Ac—1 = 0.91, @r = 19%).E7 This substantiates a more pronounced
H-type coupling for PBI 9a bearing linear and with that less sterically demanding alkyl chains
in the imide positions. Furthermore, Wasielewski and co-workers gained deeper insight into the
influence of the molecular arrangement on the photophysical properties of the respective PBI
dyes by varying the size of the phenylene-bridge between one PBI chromophore and the
backbone (10a and b, Figure 10).182
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Figure 10. a) Chemical structures of PBIs 10a and b. b) Schematic geometric structure of PBI 10a. ¢ represents
the dihedral angle between the PBI chromophores and the spacer unit. 3 is the centre-to-centre distance between
the PBI centres of mass (red dots), @ is the angle between the transition dipole moment, w is the rotational
displacement angle and di, d are the distances between the 7 stacked PBI units near the spacer and the terminal
imide residues, respectively. ¢) UV/Vis absorption and d) fluorescence spectra of PBI 10a (red), PBI 10b (blue)
and a monochromophoric reference compound (black) in toluene. Adapted with permissions from ref.[82 Copyright

2013 American Chemical Society.

This causes a longitudinal slip of the PBI chromophores (Figure 10b) which highly influences
the energy splitting of the respective excitonic states (Figure 3). Hereby, the centre-to-centre

distances & (Figure 10b) between the two PBI chromophores could be increased from 3.5 A
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(9a) to 8 A (10b). Thus, by performing UV/Vis absorption and fluorescence studies in toluene
neither exciton coupling (Figure 10c) nor excimer emission (Figure 10d) could be observed for
PBI 10b, whereas PBI 10a exhibits typical H-type exciton coupling with a drastically decreased
ratio of the 0—0 and 0—1 absorption bands (Figure 10c) and a broad bathochromically shifted
excimer emission band (Figure 10d). Therefore, other deactivation pathways except the
formation of an excimer seem to be more favoured for PBI 10b, like e.g. the formation of the
triplet state, which can be reached either by conventional intersystem crossing (ISC) or singlet
excitonic fission.[®3 This demonstrates, that the evolution of an excimer becomes less important
for larger distances and that the centre-to-centre distance drastically influences the photo-
physical properties of PBI dyes.[®?

In contrast to the smaller linker units shown above, a more sterically demanding calix[4]arene
spacer unit was used by Wurthner and co-workers to generate discrete PBI-dimer z-stacks upon
folding (PBI 11, Figure 11).184

11: R = CH(CgHys),

Figure 11. a) Chemical structure of PBI 11. b) Schematic representation of the folding process of PBI 11.
Molecular structures were obtained from force field calculations (Amber 9, potential GAFF with AM1-BCC partial

charges). Adapted with permissions from ref.[4 Copyright 2008 American Chemical Society.

Indeed, it could be shown that PBI 11 reveals characteristic absorption features of independent,
monomer-like chromophores in polar solvents (open form), whereas in unpolar solvents the
absorption bands indicate a z-stacked sandwich-type orientation (folded form). This nicely
demonstrates that the folding and unfolding process or more generally the stacking and
unstacking process of covalently linked PBI dyes, can be controlled by external conditions. The

folding process of PBI 11 could be further investigated by *H NMR experiments, where the
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relevant protons of the calix[4]arene unit undergo a drastically line broadening by changing the
solvent from CDCls to CCl4, which indicates molecular motion on the NMR timescale. Thus,
by using the foldamer approach a distinct z~stacked PBI system could be generated to study the
optical properties of two z-stacked PBI chromophores in the excited state.

Another way to peruse the foldamer approach could be demonstrated by the phenylene
ethynylene-tethered PBI 12 (Figure 12a).*¢1 Solvent-dependent UV/Vis studies of PBI 12 in
CHCIs/THF reveal two sharp absorption bands at 529 and 493 nm with extinction coefficients
of 124000 and 96000 M~1cm in pure CHCIs (Figure 12).
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Figure 12. a) Chemical structure of PBI 12. b) Solvent-dependent UV/Vis absorption spectra of PBI 12
(co =5 x107% M) in CHCI3/THF mixtures at room temperature from 100% CHCI; to 100% THF by increasing the
THF content in steps of 10 vol%. Inset: Plot of the extinction coefficient against the THF content (0 to 100 vol%)
in CHCls at Amax =493 nm (Ao-1) and 529 nm (Ag-o). ¢) Geometry optimized structure (side view) of PBI 12 in the
folded state obtained by force field optimization MM3. Adapted with permissions from ref.[3 Copyright 2015
WILEY-VCH Verlag GmbH.

Upon increasing the content of THF ending up in 100% pure THF, significant spectral changes
can be observed with a reversal of the band intensities of the 0—0 and 0—1 absorption bands.
Accordingly, the ratio of the absorption maxima Ao-o/Ao-1 of PBI 12 was decreased from 1.29

in pure CHCIz to 0.80 in pure THF whereas the corresponding reference compound containing
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only one PBI unit displays a Ao-o/Ao-1 ratio of ~ 1.65 in both solvents.[*®! This clearly indicates
the presence of co-facially zstacked PBI chromophores in THF with pronounced H-type
coupling, where the reversal of the band intensities arises from the interplay of exciton and
vibrational coupling in the intermediate coupling regime, as discussed in Chapter 2.1.

By using a spacer unit of appropriate length, not only intramolecular folding, but also
intermolecular aggregation of Bis-PBI dyes was observed. This could be shown by Wirthner
et al. for PBI 13 with a diacetylene-phenylene linker with a length of 6.9 A (Figure 13a).24 As
this is exactly twice the 7 z~distance, that is known to enable the intercalation of an additional
chromophore,®! precise control of self-assembly into quadruple z-stacks became possible
(Figure 13Db).
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Figure 13. a) Chemical structure of PBI 13. b) Schematic representation of the dimerization process of PBI 13.
c) Time-dependent UV/Vis absorption spectra of PBI 13 in chloroform monitoring the disassembly process from
the dimeric into the monomeric species by diluting a highly concentrated stock solution (co = 1072 M) to a final
concentration of co = 10~° M. Inset: Plot of the extinction coefficient against the time. Adapted with permissions
from ref. B4 Copyright 2013 WILEY-VCH Verlag GmbH.

As a consequence, PBI 13 dimerizes into strongly bound quadruple PBI #-stacks with
exceptional kinetic stability. This kinetic stability was investigated by time-dependent UV/Vis
absorption studies where the disassembly process of PBI 13 dimers was monitored by diluting
a highly concentrated stock solution of PBI 13 in chloroform (from co = 1072 M to 10-° M).
Under these conditions the molecules have a strong thermodynamic driving force to be
molecularly dissolved. At the beginning of the measurement where still the kinetic stable dimers

are present, unique spectral signatures could be observed with four well-resolved absorption
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bands at 470, 495, 550 and 580 nm. After 24 h, when the disassembly process was completed,
an absorption spectrum with vibronic progression from 450 to 550 nm could be observed for
PBI 13, which is characteristic for PBI monomers. Moreover, well-defined isosbestic points
(545, 477, 463, 450, 266 nm) confirm the equilibrium between two defined species, which can
be attributed to the respective monomer and dimer.

Furthermore, Wirthner et al.®! could show an “arm-in-arm” aggregation into oligomeric PBI
n-stacks (Figure 14) by extending the backbone-length between the two PBI chromophores
from 6.9 A (13) to 10.9 A (14) using a diacetylene-phenylene spacer unit.
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Figure 14. a) Chemical structure of PBI 14. b) Schematic representation of the self-assembly process of PBI 14
into larger oligomers. ¢) Concentration-dependent absorption spectra of PBI 14 (co =5 x 107 - 2 x 10 M) in
CHCIs/MCH (v/v=3:7) at room temperature. Arrows indicate the spectral changes upon decreasing concentration.
Inset: Plot of the degree of aggregation aagg against the dimensionless concentration Kcr using the cooperative
model for several values of the cooperativity parameter o= 1, 0.1, 0.01, 0.001, 0.0001, defined as K2/K, where K;
is the binding constant for the dimerization and K is the binding constant for the elongation process. Adapted with
permissions from ref.[*3 Copyright 2013 WILEY-VCH Verlag GmbH.

In striking contrast to PBI 13, a more broadened absorption spectrum from 450 to 570 nm with
Amax = 500 nm could be observed for PBI 14 at high concentrations in a CHCIs/MCH mixture

(v/v = 3:7) where the corresponding concentration-dependent UV/Vis data could be properly
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fitted with the isodesmic model. This clearly indicates the zipper-type aggregation!®®! of PBI 14
into larger oligomers, whereas for PBI 13 kinetically stable dimers are formed.

Another nice example for an intermolecular aggregation process of an imide-linked PBI dye
was recently reported by Chaudhuri et al. (Figure 15).%8 As the used meta-xylylene linker unit
enables free rotation of the two PBI chromophores around the linker axis, PBI 15 can switch
from a non-interacting open to an intermolecularly 7zstacked folded form (Figure 15). After
performing time-dependent UV/Vis absorption studies under kinetic control, the ratio of the
0-0 and 0-2 absorption bands Ao-o/Ao—> was plotted against the time revealing two distinct
kinetic aggregation processes. First, the Ao-o/Ao— ratio drastically decreases from 1.4 (open
form) to 0.75 (folded state) within the first hours. Afterwards, a much slower decline of the
Ao-o/ Ao ratio could be observed until a value of 0.62 was reached. This two-state-behaviour
as well as the absence of well-defined isosbestic points during the time-dependent absorption
measurements implies the coexistence of multiple aggregated species, indicating a highly

complex self-assembly process for PBI 15.
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Figure 15. a) Chemical structure of PBI 15. b) Time-dependent UV/Vis absorption spectra of PBI 15 in
methylcyclohexane (co = 10-° M) at room temperature. Inset: Plot of the Aq—o/Ao— ratio against the time revealing
two kinetic states of aggregation (before and after t = 1 h). ¢) Schematic representation of the folding process of
PBI 15. Also shown is the competition between the ON and OFF pathways visualized by tentative aggregate

structures. Adapted with permissions from ref.[*¥ Copyright 2017 American Chemical Society.
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Via various mechanistic studies Chaudhuri and co-workers could demonstrate, that there are
two possible aggregation pathways. The OFF pathway aggregation, which is Kinetically
controlled, corresponds to an initial fast folding of PBI 15 followed by an isodesmic growth of
the H-aggregates showing strong excimer emission properties. Some of these aggregates then
reorganize into more stable, extended H-aggregate sstacks following a cooperative ON
pathway aggregation, with inhibited excimer formation (Figure 15).1%1 This example nicely
demonstrates that the individual aggregation behaviour of small covalently linked Bis-PBI dyes
is highly influenced not only by the certain length of the used spacer unit but also by its
flexibility or sterically hindrance regarding the free rotation of the PBI chromophores around
the corresponding linker axis.

2.3.2 Bay-linked Bis-PBI Dyes

By tethering two PBI units in the bay position instead of the imide position, more
conformational dynamics are present in the respective dyes, as it is shown for the diacetylene
linked PBI dye 16871 (Figure 16). Due to its short intramolecular distance, PBI 16 reveals H-
type exciton coupling with a drastically decreased ratio of the 0—0 and 0—1 absorption bands as
well as a pronounced quenched fluorescence quantum yield compared to the corresponding

monochromophoric reference compound.(®]

b) c)
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Figure 16. a) Chemical structure of PBI 16. b) UV/Vis absorption (solid lines) and fluorescence spectra (dashed
lines) of the monochromophoric reference compound (green) and PBI 16 (blue) in dichloromethane at room
temperature. ¢) Geometry optimized structure of PBI 16 obtained by density functional theory (DFT).

Adapted with permissions from ref.[81 Copyright 2014 Elsevier.
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Especially in the field of organic photovoltaics, a high number of bay-linked Bis-PBI dyes were
reported in recent literature as they are promising candidates for non-fullerene acceptor
materials in solar cells.[#8% Hereafter, only some examples (PBI 17 and 18a—c, Chart 3) will
be presented, as e.g. PBI 17°% which shows a much broadened, blue-shifted absorption band
with vibronic progression in the range of 400 to 600 nm compared to a related monomeric
reference compound (absorption in n-heptane around 450 to 500 nm), indicating H-type

exciton-coupling.l’”]

Chart 3. Bay-linked PBI dyes 17-18.

Same observations could be made for the single para-phenylene-bridged PBI dye 18al®Yl and
its analogue meta-phenylene bridged PBI 18b.[°?1 As shown in Chart 3 also other (poly)-
aromatic rings were used to construct covalently linked PBI dyes, as for example in the case of
18c®3 also displaying less structured absorption bands with a blue-shifted absorption maximum
at 534 nm compared to a reference compound bearing only one PBI unit (Amax in N-heptane at
515 nm).[""]

As it could be shown, covalently linked Bis-PBI dyes can be synthesized by connecting two
PBI chromophores either in the imide- or bay-position giving rise to different advantages and
disadvantages. In comparison to Bis-PBI dyes that are linked in the imide-position, bay-linked
Bis-PBI dyes show less structured absorption signatures due to the additional conformational
dynamics that are present in the respective dyes. This makes it more difficult to examine their
exact structure-property-relationship. On the other hand, up to four solubilizing groups can be
introduced to the free imide positions of bay-linked Bis-PBI dyes. This highly improves the
solubility of the respective dye assemblies which, on the other side, can facilitate their structural

elucidation also in highly unpolar solvents or at high concentrations.
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2.4 Conclusion

In this chapter, an overview on literature-known, core-unsubstituted PBI dyes was presented
and their altered optical properties upon aggregation were explained using significant examples
and theoretical information (Chapter 2.1).

As PBI dyes have a strong tendency to form extended aggregate structures, whose
thermodynamic properties can be described by different mathematical models (Chapter 2.2),
different strategies were presented in Chapter 2.3 to achieve small finite-sized PBI
architectures. As it could be demonstrated, covalently linked Bis-PBI dyes can be synthesized
by connecting two PBI chromophores either in the imide- or bay-position. Depending on the
nature of the used linker unit the corresponding self-assembly can then take place either inter-
or intramolecularly, which could be illustrated by different examples.

As this literature survey reveals, planar, core-unsubstituted PBI dyes preferably self-assemble
into extended, oligomeric z-stacks. Thus, a crucial issue of this thesis is to limit the growth of
PBI dyes to well-defined, finite-sized supramolecular architectures for investigating
fundamental questions like exciton coupling or exciton delocalization. As mostly UV/Vis and
fluorescence experiments were used to provide insights into the structure-property-relationships
of the investigated dye ensembles, also this work focuses on the optical properties of covalently
linked PBI dye aggregates. Moreover, NMR-spectroscopy and quantum chemical calculations

are included to rationalize the spectral features of the herein investigated dye assemblies.
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Chapter 3

Synthesis

In this chapter, the synthesis of a variety of Bis-PBI dyes will be presented. For limiting the
aggregate growth to defined aggregated structures, such as PBI folda-dimers or quadruple 7
stacks, a careful design of the respective perylene bisimides dyes is necessary. Therefore,
covalently linked Bis-PBI dyes were synthesized, which already show a preorganization
towards small, defined aggregate structures by the virtue of their covalent binding. Thus, linker
units are required which differ in both their length and flexibility, to separate the two PBI
chromophores spatially. In previously reported examples of tethered Bis-PBI dyes, 3¢ the PBI
subunits are connected in the imide positions of the respective PBI dyes. Hereby, the absence
of bay substituents at the perylene core eliminates additional core twisting effectst®-*%! which
highly influences the aggregation behavior of the corresponding PBI dyes. However, despite
long solubilizing alkyl chains in the remaining imide positions, these compounds suffered from
significant solubility problems. In contrast, upon tethering two PBI chromophores in the bay
position, up to four solubilizing groups can be introduced to the imide positions of the
corresponding PBI units, which considerably increases the solubility and facilitates the
investigation of the target compounds in nonpolar solvents also at high concentrations. Thus in
this work, for the first time, an ether functionality was used in bay area to anchor the tether
units.

The synthesis of the solubilizing imide residues and linker units will be described first, followed
by the synthesis of the reference compounds and the bay-linked target compounds Bis-
PBIs 1-8.

31



Chapter 3 Synthesis

3.1 Synthesis of Solubilizing Imide Residue

The synthesis of 2-hexyldecylamine (22) was carried out according to literature known
procedurest®! starting from 2-hexyldecanol (19) (Scheme 1). In the first step, bromination of
2-hexyldecanol (19) with elemental bromine in the presence of triphenylphosphine afforded
compound 20 in a good yield of 76%. Subsequently, a Gabriel synthesis was carried out in
which the alkyl halide 20 and the resulting phthalimide 21 could be converted almost

quantitatively into desired amine 22 in the presence of hydrazine hydrate in methanol.

O

- 4
ok

PPhg, Br, % ? HoNNH,-H,0 PN

R"NoH ——— R Br ——————> RN o RTTNH,
CHZCIZ(dry) DMF(dry) MeOH
rt,40h 90 °C, 16 h 0 95°C,3h
19 76% 20 99% 21 99% 22

Scheme 1. Synthesis of the solubilizing amine 22.

3.2 Synthesis of Linker Units

In this work, spacer units based on acetylene and polyphenylene units were used, with different
lengths ranging between 3 - 15 A. The ortho- and meta-linked polyphenyl linker building
blocks were synthesized in a slightly modified two-step sequence according to Rathore et al.[°"]
The key step was realized by a Suzuki coupling reaction (Scheme 2). Starting from ortho- or
meta-methoxyphenylboronic acid and the corresponding dihalogen compounds, the
intermediates 23-26 could be obtained in the presence of tetrakis(triphenylphosphine)-
palladium(0) and sodium carbonate under nitrogen atmosphere in good yields of up to 86%. In
the second step, deprotection of the hydroxy-groups was achieved by cleavage of the methyl
groups of 23-26 with borontribromid in dichloromethane at 0 °C affording the desired linker

units 27-30 almost quantitatively.
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) o) ~ O~
B(OH
(OH), Na,CO3; Pd(PPhj),
DME, 16 h, reflux

R
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= meta-OMe
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Scheme 2. Synthesis of ortho- and meta-linked polyphenyl linker units 27-30.

3.3 Synthesis of Perylene Bisimide Dyes

3.3.1 Synthesis of Diacetylene-linked Bis-PBI 1 and Ref-PBI 1

The desired target compound Bis-PBI 1 was synthesized according to the route outlined in

Scheme 3. Condensation of 2-hexyldecylamine 22 with perylene bisanhydride (31) under well-

established standard conditionst®! provided literature-known compound 32."Y Subsequent

bromination!®® of 32 followed by nucleophilic aromatic substitution reaction™°’ of the resulting

mono-brominated precursor 33 with propargyl alcohol yielded desired reference compound
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Ref-PBI 1 in very high yields of 92%. In the final step, Glaser couplingl*®*-1%? reaction of Ref-
PBI 1 furnished desired Bis-PBI 1 with an excellent yield of 94%.

R
O, N 0]
R- NHz HO N
0 (e Soe
imidazole CHCl, Br THF O
160 °C,5h reflux4h 60 °C,1h ||
71% 65% 92%
lit.: 86%[70] lit.: 42%L°7] 0] l}l O
R
31 32 33 Ref-PBI 1

R: r"\(\/i\/i\/\ R
Os _N._O E:‘;l
o
0O ‘ PACI,(PPha),
IIQ l | OO Cul, NEtS
N

OO It R 30°C,1h
0

94%

Scheme 3. Synthesis of reference compound Ref-PBI 1 and diacetylene-linked Bis-PBI 1.

3.3.2 Synthesis of Phenyl-bridged Bis-PBIs 2-8 and Ref-PBI 2

For the series of polyphenylene-bridged Bis-PBI target compounds, first, linker units ranging
between 3 - 6 A were used, to especially allow intramolecular folding processes. The synthetic
route for the corresponding polyphenylene-bridged Bis-PBIs 2-4 is shown in Scheme 4.
Nucleophilic aromatic substitution of mono-brominated pre-courser 33 with dihydroxy spacer
unit 27 or commercially available ortho-biphenol (34) and (S)-, (R)- and (S,R-rac)-binaphthol
(35-37) afforded Bis-PBIs 2-4 in yields ranging between 20 — 30% by using a slightly modified
literature known procedure.’® The moderate yields of the desired Bis-PBI dyes can be
assigned to incomplete conversion of the reaction, as always over 60% of the starting material
33 could be recovered. In contrast, further activation of the reaction by increasing base

equivalents or varying reaction conditions like temperature or reaction time could not be
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realized, as always a decomposition of the formed target compounds could be observed at
higher temperatures or longer reaction times. Furthermore, purification of the target compounds
turned out to be extremely cumbersome. First, conventional column chromatography was

performed to separate the target compounds from impurities, followed by recycling GPC in

order to finally isolate the pure Bis-PBI dyes.

R
HO Os _N__O
L CLLT)
n O, N O
OH 0 ‘
n=1:27
nl 00 (O) 0O
> n
NaH, THF 0
sRen
R
N0
R

60 °C, 16 h
Bis-PBI 2: 23%

e °

OH 1

OH 0 Bis-PBI3: 21%
A R :

Ox N _O @) lll O

n
n

(S)-Binaphthole 35:
(R)-Binaphthole 36:
(rac.)-Binaphthole 37:

Scheme 4. Synthesis of Bis-PBIs 2-4.

In a similar manner structurally related reference compound Ref-PBI 2 could be synthesized in

a high yield of 97% (Scheme 5) by using mono-brominated pre-courser 33 and commercially

available phenol (38).

NaH, THF
60 °C, 72 h

Bis-PBIl 4(S): 30%
Bis-PBlI 4(R): 23%
Bis-PBl 4(rac): 20%
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PO 0 O
" e
38
‘ Br NaH, THF ‘ o)
CO OO

07 N"o ) 0 '}1 0
I'? R: /'\(X\/\ R
33 Ref-PBI 2: 97%

Scheme 5. Synthesis of monochromophoric reference compound Ref-PBI 2.

Consequently, for the series of longer (poly)phenylene-bridged target compounds Bis-PBIs 5-
8, linker units with a length up to 15 A were used, to especially allow intermolecular
aggregation processes. The synthesis of Bis-PBI 5 was realized, according to the previously
described procedure (Scheme 6) using mono-brominated pre-courser 33 and commercially
available 1,4-benzenedimethanol (39). Thus, Bis-PBI 5 could be gained in a good yield of 60%.

R
Os _N.__0O
HO
e 60, 1o
07 "N" o e ’,
R -
33 Bis-PBI 5: 60%

Scheme 6. Synthesis of Bis-PBI 5.

Finally, the synthesis of Bis-PBIs 6-8 was performed in a similar manner via nucleophilic
aromatic substitution reactions of mono-brominated pre-courser 33 and the respective

dihydroxy spacer units 28-30 (Scheme 7).
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Scheme 7. Synthesis of Bis-PBIs 6-8.
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Chapter 4

Ultrafast Exciton Delocalization,
Localization and Excimer Formation
Dynamics in a Highly Defined PBI

Quadruple zStack®

FuIIy-deIocalized Frenkel exciton

ABSTRACT: An adequately designed, bay-tethered perylene bisimide (PBI) dimer was synthesized
which self-assembles exclusively and with high binding constants of up to 10° M-tinto a discrete z-stack
of four chromophores. Steady state absorption and emission spectra show the signatures of H-type
coupling among the dyes whilst broadband fluorescence upconversion spectroscopy (FLUPS) reveals
an ultrafast dynamic in the optically excited state: A initially coherent Frenkel exciton state that is
delocalized over the whole quadruple 7zstack rapidly (7 ~ 200 fs) loses its coherence and relaxes into
an excimer state.

! This chapter was accomplished in cooperation with the group of Dongho Kim from Yonsei University in Seoul
and published in: Kaufmann C., Kim W., Nowak-Krol A., Hong Y., Kim D., Wiirthner F., J. Am. Chem. Soc. 2018,
140, 4253-4258. Reproduced and adopted with permissions. Copyright 2018 American Chemical Society.

DFT calculations were performed by Dr. David Bialas (Wurzburg). AFM measurements were performed by Dr.
Vladimir Stepanenko (Wirzburg). Femtosecond broadband fluorescence upconversion spectroscopy (FLUPS) and
transient absorption and fluorescence spectroscopy were performed by W. Kim (Seoul).
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4.1 Introduction

Fundamental questions of exciton coupling and delocalization or electronic coherences so far
can only be studied for larger chromophore ensembles isolated from nature, i.e. light harvesting
(LH) complexes, %1% rather undefined extended aggregates where size and exact packing are
typically not well characterized® or small dimer aggregates.'! For the latter, arranged as 7-
stacked H-coupled dimers, during the last years a lot of fundamental insights were gained that
include the characterization of ultrafast relaxation of initial Frenkel exciton states into
excimers,!!% symmetry breaking charge separation (SBCS),!%7! or triplet state population either
via SBCS or singlet fission.[®* Due to their ideal properties (strong 7—z—stacking interactions,
high fluorescence quantum yield, excellent photostability) perylene bisimide (PBI) dyes
evolved as the most utilized chromophore for such studies.[*®! Accordingly, to advance the
understanding of excitons in molecular aggregates of highly defined size and geometry, stacks
of four closely stacked dyes were envisioned which should become accessible in a zipper-type
approach!!%®] by the self-assembly of properly designed covalent dimers (Figure 17).

Thus, the bay-tethered PBI dye Bis-PBI 1 was designed by molecular modelling in which two
PBI chromophores are covalently linked by a diacetylene spacer in the bay position and
synthesized by Pd/Cu-catalyzed Glaser-type oxidative homocoupling (for synthetic details see
Chapter 3) of the respective PBI building blocks (Figure 17).

a) R b)
OsN_O
R:
Ref-PBI 1
R
O, N O
R | Kb
OsN_O
O N O
O‘O,
Bis-PBI 1
99 Ao
R
O~ 'N” O
R

Figure 17. a) Chemical structure of Bis-PBI 1 and Ref-PBI 1 and b) schematic representation of the self-assembly

of Bis-PBI 1 into a quadruple PBI 7stack.
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The spacer moiety ensures a distance of approximately 7 A between the z-scaffolds. This is
exactly twice the z—ndistance that is known to enable the intercalation of an additional
chromophore,®! which should allow the intermolecular aggregation of Bis-PBI 1 into highly

defined PBI quadruple 7-stacks.

4.2 Results and Discussion

4.2.1 UV/Vis Spectroscopy

The self-assembly behavior of Bis-PBI 1 was explored by concentration-dependent UV/Vis
absorption studies in various solvents. To ascertain the suitable solvents or solvent
combinations for these studies, first, steady state absorption spectra of Bis-PBI 1 were
measured in solvents of different polarity (Figure 18) as PBI dyes are known to show very

distinct structure-property-relationships.

100
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Figure 18. UV/Vis absorption spectra of Bis-PBI 1 (co = 2 x 10~° M) in solvents of different polarity at 298 K.

After testing several conditions (Figure 19a-d), in toluene the transition from almost pure
monomeric to almost fully aggregated species of Bis-PBI 1 could be analyzed for the accessible
concentration range of UV/Vis experiments. The corresponding spectra in toluene are shown in
Figure 19e¢ where significant spectral changes are induced by continuous concentration

variations.
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Figure 19. Concentration-dependent UV/Vis absorption spectra of Bis-PBI 1 ina) THF at 298 K, b) THF at 313 K
c) THF at 333 K, d) CHCIs/THF 80:20 at 298 K and e) toluene at 298 K. Arrows indicate the changes in intensity
of the 0-0 and the 0—1 band with decreasing concentration. Right: corresponding plot of the extinction coefficient
(&) at Amax,m as a function of the concentration. Fitting of the data with the dimerization model (blue solid line) fits

properly, whereas the isodesmic model (red dashed line) fails.
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At low concentrations (co = 3.75 x 10~" M), Bis-PBI 1 displays a typical monomer absorption
band for PBI chromophores with a maximum at 545 nm similar to the one of mono-

chromophoric reference dye Ref-PBI 1 (Figure 20).
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Figure 20. Left: UV/Vis absorption spectra of Ref-PBI 1 (co= 2 x 107° M) in solvents of different polarity at
298 K. Right: Concentration-dependent UV/Vis absorption spectra of Ref-PBI 1 (Cco=1x10* - 9x 107 M) in
toluene at 298 K.

By increasing concentration a reversal of the intensities of the 0—0 and 0-1 absorption bands
can be observed (Figure 19e) which is characteristic for a co-facial zstacking of PBI dyes.!*-
1 This arises from the interplay of exciton and vibrational couplings®* %4 and can be taken as
a clear indication for the formation of H-type aggregates. By performing concentration-
dependent UV/Vis studies the aggregation mechanism for supramolecular self-assembly
processes can be clarified by fitting the experimental data with different mathematical
modelsB® " as discussed in Chapter 2.2. Moreover, the spectral shift of the aggregate
absorption band in comparison to the monomer absorption band can allow a classification to
H- or J-type exciton coupling between the interacting PBI chromophores within Kasha’s
molecular exciton theory and its extended model by Spano.[& 54

Indeed, the data could be properly fitted by using the monomer-dimer model also in a global fit
approach. In Figure 19e it is nicely shown that the global dimer fit, which is depicted as black
dashed lines, is covering the complete spectra formed by the experimental data (colored
lines),¥ providing a dimerization constant of Kp=1.4 x 10° M~! in pure toluene at 298 K.
Also the observation of three well-defined isosbestic points at 561 nm, 489 nm and 477 nm,
respectively, indicates the presence of a thermodynamic equilibrium between two species that

can be clearly attributed to the respective monomers and dimers. Similar results were obtained
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in THF with an even higher dimerization constant Kp = 1.3 x 10® M~ (Figure 19a), whereas the
concentration-dependent UV/Vis spectra of the monochromophoric reference compound Ref-
PBI 1 do not show any prominent changes upon dilution in the same concentration range

(Figure 20b). All spectroscopic data are summarized in Table 1.

Table 1. UV/Vis spectroscopic data of Bis-PBI 1 under various conditions.

CHCI3/THF
THF THF THF 80:20 toluene,
298 K 313K 333K 298K 298 K

il 83 (539 96 (539 100 (539 104 (545 107 (544
g ./ 10°’M ‘em (4 /nm) (539) (539) (539) (545) (544)
dimer

gmax/103M—1cm—l (A__/nm) 60 (509) 61 (509) 60 (509) 60 (510) 59 (511)

Ko/ M 13x10° 3.6x10° 6.3x10% 1.7 x 10° 1.4 x 10°

Furthermore, temperature-dependent UV/Vis absorption studies of Bis-PBI 1 in toluene
(Figure 21a) also revealed spectral changes from monomer to dimer species upon decreasing
temperature. With increasing temperature, a reversal of the band intensities of the 0-0 and 0-1
absorption bands occurs, which confirms the observations of the concentration-dependent
UV/Vis data. By performing concentration-dependent experiments at different temperatures in
both pure toluene (Figure 21c) and THF (Table 1) it was also possible to calculate the
thermodynamic parameters for Bis-PBI 1 by a van’t Hoff plot (Figure 21d) ending up with
AH =—48.13 kImol?, AS = — 66.10 Jmol*K* and AGa93x = — 28.76 kJmol~ in toluene.

From these studies conditions can be derived where > 95% of Bis-PBI 1 are self-assembled in
quadruple z-stacks. Thus, at 298 K (313 K) in THF concentrations co>1.5 x 10°M

(6.0 x 10~ M) and in toluene concentrations co > 7.5 x 107> M (5.0 x 102 M) are needed.
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Figure 21. a) Density corrected temperature-dependent (90 — 0 °C) UV/Vis absorption spectra of Bis-PBI 1
(co=2x107°M) in toluene. Arrows indicate changes in intensity of the 0-0 and the 0—1 band with decreasing
temperature. b) Plot of the extinction coefficient & against the temperature T at Amax = 545 nm. ¢) Plot of the
extinction coefficient £ against the concentration ¢ from concentration-dependent UV/Vis absorption data of Bis-

PBI 1 (co =2.91x10™4 — 2.48x10°7 M) in toluene at different temperatures from 60 to 10°C. d) Calculation of the
thermodynamic parameters of Bis-PBI 1 from the van’t Hoff plot.

4.2.2 Further Structural Investigations

To further confirm the presence of Bis-PBI 1 dimer aggregates under the applied conditions
two-dimensional diffusion ordered spectroscopy (DOSY) NMR studies (Figure 22a) were
performed in toluene (c = 2 x 10~* M, 313 K) providing a diffusion coefficient of D = 3.95 x
10-1° m?s. By solving the Stokes-Einstein equation a hydrodynamic radius of r = 12.1 A can
be calculated, which is in good agreement with the results gained from DFT calculations, taking
into account that the long alkyl chains were not included in the calculations, where the geometry
optimized structure of Bis-PBI 1 dimers shows a perfect intermolecular distance of 3.2 — 3.3 A

for zstacking between the PBI chromophores (Figure 22c).
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Figure 22. a) 2D plot of DOSY NMR (600 MHz, 313 K) spectrum of Bis-PBI 1 in toluene-ds (co = 2 x 1073 M).
b) Stokes-Einstein equation. c) Hlustration of the energy minimized dimer structure of Bis-PBI 1 obtained from

DFT calculations (B97D3/def2-SVP) and hydrodynamic radius as received from the Stokes-Einstein equation.

Further evidence for the exclusive presence of discrete Bis-PBI 1 dimers even at higher
concentrations was obtained by ESI mass spectrometry (see the Appendix, Figure 26). Besides
the singly charged monomer cation, also the singly charged dimer cation can be observed for
Bis-PBI 1 whereas no peaks at higher mass ratios could be detected which clearly confirms the
absence of larger dye stacks under the applied conditions.

Moreover, atomic force microscopy (AFM) measurements (see the Appendix, Figure 27) were
performed, where the sample was prepared by spin-coating a methylcyclohexane solution of
Bis-PBI 1 (co = 2x10° M) onto highly oriented pyrolytic graphite (HOPG) with 4000 rpm.
Hereby, spherical nanoparticles could be observed with a diameter varying from 4.4 £ 0.2 nm,
while the height of the aggregates was measured to be 0.7 — 0.9 nm. This further confirms that

no larger oligomeric 7-stacks are present for Bis-PBI 1 in the aggregated state.

4.2.3 Fluorescence Spectroscopy

With these structural features Bis-PBI 1 dimers are ideally suited to unravel the electronic

interactions among PBI chromophores in their quadruple H-aggregated state by fluorescence
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spectroscopy (Figure 23). In chloroform at low concentrations (co= 10" M), where only
monomeric species are present, the UV/Vis and fluorescence spectra of Bis-PBI 1 (Figure 23b)
show very characteristic well-resolved vibronic structures with mirror-image relationship, a
small Stokes shift of 525 cm™ and a high fluorescence quantum yield of about 76%, similar to

monochromophoric Ref-PBI 1 (Figure 23a).
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Figure 23. Steady state absorption (blue solid lines), fluorescence spectra (red solid lines) and excitation spectra
(green dashed lines) of a) Ref-PBI 1 and b) Bis-PBI 1 in chloroform (left, co = 10-" M) and in toluene (right,
Co =107 M) at 298 K.

On the contrary, for Bis-PBI 1 dimers at high concentrations (co= 10" M) in toluene, a
prominent hypsochromic shift of the absorption maximum from 545 nm to 510 nm can be
observed. In this case the Stokes shift is much higher with 4622 cm™ and the fluorescence
quantum yield is decreased to only 9%. The change of the emission properties can be attributed
to the formation of an excimer state in the aggregate, which is characteristic for z-stacking PBI
chromophores.[**41 Additionally, below 600 nm a small shoulder corresponding to remaining
monomer fluorescence can be recognized. Moreover, the excitation spectra (Figure 23, green

dashed lines) are in good agreement with the corresponding absorption spectra revealing single
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state fluorescence for Bis-PBI 1 dimers giving rise to a selective emission from only one species,
the PBI quadruple 7-stacks.

Further information were gained by fluorescence lifetime measurements (Table 2), where Ref-
PBI 1 exhibits a lifetime of = 4 ns in chloroform at low concentrations (co = 10~ M) and = 5 ns
in toluene at high concentrations (co = 10~ M). These values are in good agreement with the

109-111 For Bis-PBI 1 similar values

ones of previously reported monomeric PBI chromophores.!
(= 5 ns) could be obtained in chloroform (co = 10" M) corresponding to Bis-PBI 1 monomers,
whereas in toluene (co = 10~ M) two fluorescence lifetimes (Table 2) could be found, where
the shorter lifetime (=6 ns) with significantly lower amplitude is highly comparable to the
values of Ref-PBI 1. Thus, the shorter lifetime can be attributed to the emission from the

monomeric, more emissive species, whereas the second lifetime = 25 ns can be attributed to

Bis-PBI 1 quadruple 7-stacks. Corresponding emission data are summarized in Table 2.

Table 2. Fluorescence spectroscopic data of Bis-PBI 1 and Ref-PBI 1 measured in chloroform at low

concentrations (co = 10~ M) and in toluene at high concentrations (co = 10~° M) at room temperature.

Ref-PBI 1 Bis-PBI 1
chloroform toluene chloroform toluene

(co=10"M) (cCo=102M) (Cco=10"M) (co=102M)
Aem [ nm 561 561 560 667
AVstokes | cm* 490 520 525 4622
Dr | % 85 81 76 9
w2/ ns 4.4 5.6 4.6 6.2,25.3
(amplitude) (100%) (100%) (100%) (27%, 73%)

8 7z were determined by tail fit analysis of data obtained from time-correlated single photon counting
measurements with ps laser diode at 505 nm using the magic angle setup.

In order to get deeper insights into the initial Frenkel exciton state and concomitant excimer
formation dynamics in H-type PBI quadruple stacks, transient fluorescence spectra were
measured in cooperation with the Dongho Kim group (Figure 24) using femtosecond broadband
fluorescence upconversion spectroscopy (FLUPS).[**2 THF was chosen as a solvent for the
time-resolved fluorescence measurements, because it allows already at quite low concentrations

(co~1x 103 M) and at room temperature the almost exclusive presence of quadruple PBI
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stacks owing to a larger dimerization constant. As shown in Figure 24a, the early-time transient
fluorescence spectra of Bis-PBI 1 not only deviate from the steady-state fluorescence spectrum
but also show drastic spectral changes within 1 ps. At initial time delay, emission from the
excimer state is negligible but that from the antisymmetric lower Frenkel state is rather
prominent. The ultrafast (< 50 fs) population of the latter is evident from the apparent vibronic
features of the fluorescence spectra,i**? especially the vibronic peak ratio between 0—0
electronic and 0—1 vibronic side bands. However, within less than 1 ps these spectral signatures
disappear with the appearance of broad excimer bands at longer wavelength region. These
spectral changes revealed in PBI quadruple stacks are totally in line with the previous
observation of the Kim group done for Frenkel exciton and excimer formation dynamics in PBI

dimeric and oligomeric H-aggregates.!!%!
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Figure 24. a) Two-dimensional transient fluorescence contour map (top) and transient fluorescence spectra
(bottom) of Bis-PBI 1 (co=1x 1073 M) in THF. The excitation wavelength was tuned to be resonant with the
electronic transition of the symmetric upper Frenkel excitonic state (Apump =510 nm). The pump power at the
sample was approximately 300 uW (~ 0.25 W/cm?). b) Kinetic traces of A219°(t")/1°%(t") (red circle) and
19V (t")/1°-4(t") (blue square). Adapted with permissions from ref.[*23l Copyright 2018 American Chemical Society.
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Meanwhile, Ref-PBI 1 monomer merely shows a dynamic red-shift occurring on a few
picosecond time scale (Figure 25) which can be assigned to a minor structural relaxation, i.e.
flattening process, of the slightly distorted aromatic core induced by the bay-substituent,*14-115]
The ultrafast time resolution and broadband spectral detection of the FLUPS method!**? enables
a quantification of the extent of exciton delocalization, the so-called coherence length (Ncon),
after photoexcitation and its time-dependent behavior along the quadruple stacks. Kim and co-
workers scrutinized the transient fluorescence spectra on the basis of a theoretical model

proposed by Jansen, Spano and co-workers.[16]
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Figure 25. Two-dimensional transient fluorescence contour map (top) and transient fluorescence spectra (bottom)
of Ref-PBI 1 (co = 1 x 10°° M) in THF after photoexcitation at 510 nm. The pump power at the sample was
approximately 300 zW (~ 0.25 W/cm?, 30 nJ/pulse). Adapted with permissions from ref.1*3l Copyright 2018

American Chemical Society.

It was suggested that the range of spatial coherence both in H- and J- aggregates consecutively
alters the vibronic peak ratio between 0—0 and 0—1 peaks in the transient fluorescence spectra.
Given that the intensity of 0—0 peak is sensitive to the exciton coherence but that 0-1 peak is
not, Ncoh can be reproduced by the 0—0 to 0—1 vibronic peak ratio scaled by the Huang-Rhys
factor (12), which is,[*16-117]

IO—O(t*)

Neon(t) = A2 i)
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Here, the Huang-Rhys factor (12 = 0.714, Ref-PBI 1 in THF) can be simply estimated from the
linear absorption spectrum of the monomeric units.[**! In the case of J-aggregates, Ncon accords
with the vibronic peak ratio throughout the entire time window. In contrast, the vibronic peak
ratio traces in H-aggregates do not totally follow the evolution of coherence length over time
due to gradual population from the symmetric upper to the antisymmetric lower Frenkel
excitonic states, giving rise to an additional fluorescence quenching from the 0—-0 electronic
transition.l® 1€l Therefore, especially for H-aggregates, A21%-0(t")/1°-1(t") values at later time
delays should underestimate the size of excitation. As shown in Figure 24, the experimental
2219-9(t")1°-1(t") Kinetic traces indicate that the initial Neon value of PBI quadruple stacks is
approximately 3. Nevertheless, considering the limitations for the time-resolution of the FLUPS
setup, this result reflects that the nascent Frenkel exciton within a highly defined H-aggregate
is almost fully delocalized over the whole quadruple stack. This value rapidly decays to 1 with
a time constant of ~ 200 fs, which can be attributed to decoherence of the delocalized Frenkel
exciton, i.e. exciton localization process. With the same time constant, the accompanying rise
dynamics of the 19-V'(t")/19-1(t") peak ratio (v’ > 1, the assumption is that the excimer emission
rather than the higher vibronic progression from the Frenkel state mainly contributes to the
19-V'(t") band) could be observed which previously!*%! was suggested as an indicator of excimer
formation (Figure 24b). These results emphasize two important aspects of Frenkel exciton
relaxation and excimer formation dynamics in PBI H-aggregates: (i) the excimer formation
processes suppresses the coherence of the delocalized Frenkel exciton,[*®®! (ii) the mixing
between Frenkel exciton and charge-transfer states and/or the existence of conical intersection
can trigger the ultrafast (< 1 ps) excimer formation processes. [66: 118-119]

Combining the time-resolved fluorescence results of the PBI quadruple stacks with the previous
work of the Kim group on PBI dimeric and oligomeric aggregates(‘°! it can be recapitulated
that the Frenkel exciton relaxation and excimer formation dynamics strongly depends on the
size of PBI aggregates. This comparative analysis should be valid because these systems have
nearly the same intermolecular packing geometry with similar exciton coupling strengths
appertaining to the intermediate coupling regime.58 %1 According to the previous
observation, %! extended PBI oligomeric H-aggregates showed the initial value of about 3 and
double exponential decay with the time constants of < 80 and 250 fs in kinetic profiles of Ncon
(A219°0t)/19-1(t™). The former decay component was assigned to the exciton localization
process caused by coherent exciton propagation along the long one-dimensional aggregate,
which was also evident from the nearly constant 1%V (t")/1%-1(t") peak ratio within the first 110 fs.

This is due to the result that the energy fluctuation during exciton propagation in a coherent
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fashion leads to a reduction in the size of excited-state wave function along the molecular
aggregatel'%: 120 giving rise to an ultrafast decay of Ncon to the value of about 2. Actually, this
process and its time scale are quite similar to coherent excitation energy transfer (EET)
observed in conjugated polymers in the intermediate coupling regime where the delocalization
is perturbed by nuclear vibrational modes.[*?:-12 |n this case, a partially delocalized exciton
undergoes quantum-assisted transport within long polymer chains on the ~100 fs time scale,
thereby the exciton is finally relaxed to a more localized site. On the other hand this kind of
coherent transport process was not revealed in PBI quadruple stacks, despite of the similar
initial Ncon Value of about 3. Likewise, PBI dimeric aggregates did not show any fast decay
component before relaxing to the excimer state with the initial Ncon value of about 2. The
instantaneous rise dynamics in kinetic profiles of excimer formation processes (19 (t")/1°(t"))
without a plateau also substantiates that the excimer state of PBI dimer and quadruple stacks is
directly formed alongside the localization of the initial fully-delocalized Frenkel exciton. The
disparity of the initial Frenkel exciton relaxation and excimer formation dynamics between
highly defined dimer/tetramer stacks and extended oligomeric aggregates can be attributed to
the size-limit of molecular aggregates. Since the PBI quadruple stacks are composed of only
‘four’ monomeric units, the initially fully-delocalized exciton is immobile within a highly
defined aggregate and thereby it only has a relaxation pathway to the excimer state with ultrafast
exciton localization. This situation can be applied in the case of PBI dimer aggregates in the
same manner.

Interestingly, another size-effect on exciton dynamics in the aggregates was revealed by
femtosecond transient absorption spectroscopy (see the Appendix, Figure 28). Contrary to the
oligomeric aggregates,!*? there are no excitation power dependent behaviors in the quadruple
stacks, like in the case of dimeric aggregates,!*?! implying that multiple excitons cannot be
generated. Namely, only ‘one’ delocalized exciton, which is also immobile, can be formed in a
stack of four PBIs, further supporting the time-resolved fluorescence results. With this all time-
resolved fluorescence data additionally support the fact that Bis-PBI 1 can solely form

dimerized quadruple stacks, not larger aggregates.
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4.3 Conclusion

In this chapter, a PBI quadruple dye stack formed by the self-assembly of two bay-tethered Bis-
PBI dyes provided for the first time insights into the exciton dynamics within a highly defined
synthetic dye aggregate beyond dimers. The unambiguous detection of the initial fully-
delocalized Frenkel exciton state and its localization, i.e. exciton decoherence, occurring within
1 ps are important outcomes of this study. With the now available spectroscopic insights for the
series of structurally defined dimer['%!, tetramer!**¥l and extended 7-stacks!*?! a sound under-
standing of exciton migration versus exciton relaxation in H-aggregates has been achieved.
Unraveling such processes in artificial dye aggregates is of relevance for their comparison to
natural dye arrays as given in the light-harvesting systems of photosynthesis%-1% as well as

for the design of materials for organic electronics!?® 1261 and photonics.[*27-12°]
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4.4 Appendix
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Figure 26. ESI mass spectrum of Bis-PBI 1 in positive-ion mode. Sample preparation was done out of a
chloroform/methanol 3:1 solvent mixture. [M+Na]* and [M2+Na]* are corresponding to the singly charged
monomer (calcd. for CiigHi51NaN4Oqo, 1806.12442; found, 1806.12553) and dimer cation (calcd. for
Ca3sH300NsNaO20, 3589.25962; found, 3589.25843), respectively.

Figure 27. AFM images were prepared by spin-coating a solution of Bis-PBI 1 in methylcyclohexane on HOPG
to create a thin-film (co = 2 x 107> M™%, 4000 rpm) showing small spherical nanoparticles with an average diameter

of 4.4 £ 0.2 nm and height of 0.7 — 0.9 nm. Particles of a second layer appear brighter.
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Chapter 5

Discrete #-Stacks of Perylene Bisimide Dyes
within Folda-Dimers: Insight into Long-
and Short-range Exciton Coupling?
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ABSTRACT: Four well-defined 7stacks of perylene bisimide (PBI) dyes were obtained in solution by
covalent linkage of two chromophores with spacer units of different length and sterically demand.
Structural elucidation of the folda-dimers by in-depth NMR studies and DFT calculations suggest
different, but highly defined molecular arrangements of the two chromophores in the folded state.
Remarkably, the dye stacks exhibit distinct absorption properties that can be rationalized by an interplay
of long- and short-range exciton coupling resulting in optical signatures ranging from conventional H-
type to monomer-like absorption features, which presents the first experimental proof of a PBI-based
“null-aggregate”, in which long- and short-range exciton coupling fully compensate each other.

2 This chapter was published in: Kaufmann C., Bialas D., Stolte M., Wiirthner F., J. Am. Chem. Soc, 2018, 140,
9986-9995. Reproduced and adopted with permissions. Copyright 2018 American Chemical Society.

DFT calculations and theoretical investigations were performed by Dr. David Bialas. AFM measurements were
performed by Dr. Vladimir Stepanenko.
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5.1 Introduction

Due to their outstanding properties, the class of perylene bisimide (PBI) dyes has attracted lots
of interest during the past decade. Easily tuneable absorption and fluorescence propertiest? 130l
excellent photostability,[?6: 1311321 and unique self-assembly features®® make them highly
attractive for application in the field of organic electronics,!2%-% 1331 photovoltaics33% 13413
and photonics.[**1%1 |n general, the performances of these devices strongly depend on the
optical properties of the active material, which are significantly influenced by inter-
chromophoric interactions in the (poly-)crystalline phase.[**-141 Therefore, it is of prime
importance to understand the interaction between the dyes that affect the optical properties of
the assemblies. Based on Kasha’s exciton theory, the exciton coupling is described in terms of
a long-range Coulomb interaction between the transition dipole moments (ueg) of the
chromophores (point-dipole-approximation). Albeit the optical properties of many PBI dye
aggregates can be rationalized by assuming conventional long-range coupling between the
chromophores along with vibrational coupling,!% 5869 several examples are known where this
picture fails.-*? In a recent work, Spano et al. could demonstrate that charge-transfer mediated
exciton coupling leads to enhanced Davydov splitting in PBI crystals.*#?l This short-range
coupling arises from orbital overlap of adjacent chromophores and can be significant for closely
r-stacked chromophores™31! as it is also the case for most PBI aggregates in solution.[?5! Also
the large colour range observed for PBI crystals, known as crystallochromy, can be attributed
to an interplay of short- and long-range exciton coupling at the different chromophore
arrangements.[8> 1431441 Notably, the interference between both couplings may lead to
unexpected optical properties that can be beneficial for applications, which motivates for further
investigation.® 61 However, in-depth studies require well-defined orientations of the
chromophores as given in the crystalline state.[*45-1461 Unfortunately, dye aggregates in crystals
are usually not of limited size, which complicates theoretical studies, and investigation of the
optical properties in the solid state can be quite challenging, e.g. due to reabsorption.[*47-148]
Alternatively, well-defined dye assemblies can be realized in solution by covalent linkage of
chromophores with appropriate spacer moieties leading to foldamers, [ 143151 cyclophanes!*>>
1541 or macrocycles, 5151 which enable the investigation of interchromophoric interactions in
prearranged geometries of a finite number of dyes.[*>’]

Thus, Bis-PBIs 2-4 (Figure 29a) were synthesized, but different from the intermolecular self-
assembly presented in Chapter 4, now, the concept of intramolecular folding should be used to

study the optical properties of PBI z-stacks comprising two chromophores in dependence of
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their arrangements enforced by linker units of different length and sterical demand (for

synthetic details see Chapter 3).
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Figure 29. a) Covalently linked Bis-PBIs 2-4 and chemical structure of reference compound Ref-PBI 2. b)
Schematic representation of the folding process into a discrete zstack of two chromophores with defined

molecular arrangement exemplified for Bis-PBI 3.

5.2 Results and Discussion

5.2.1 UV/Vis Spectroscopy

First, UV/Vis absorption studies were performed for Ref-PBI 2 and Bis-PBls 2-4 in 1,1,2,2-
tetrachloroethane (TCE) at room temperature (Figure 30). No spectral changes can be observed
at different concentrations (co = 10°3-10° M), thus, intermolecular aggregation of the
investigated dyes under the applied experimental conditions can be excluded.

Ref-PBI 2 shows an absorption spectrum characteristic for monomeric PBI dyes, with a main
absorption band at 537 nm corresponding to the So—S; transition and a molar extinction
coefficient (emax) of 50100 M-t cm~* (Figure 31a and Table 3).[t%2 1581
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Furthermore, additional absorption bands at 503 nm and 463 nm can be observed, which
represent vibronic progressions of the main absorption band resulting from a coupling of the
electronic transition to C—C-stretching modes of the perylene core with an average frequency
of ~ 1400 cm~1,15%531
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Figure 30. Concentration-dependent UV/Vis absorption spectra (co = 10 — 103 M) of a) Ref-PBI 2, b) Bis-
PBI 2, ¢) Bis-PBI 3 and d) Bis-PBI 4(S) in TCE at 298 K.

The ratio of the intensities of the 0—0 and the 0—1 absorption bands (Ao-o/Ao-1) amounts to 1.45
(Table 3). Changes of this ratio are commonly used to monitor the aggregation process of PBI
dyesl®”- 159 and enable to determine the exciton coupling energy.®®! The weak absorption in the
range of 350 - 450 nm can be assigned to the S-S transition of the PBI chromophore.[*58l

In comparison to Ref-PBI 2, the spectrum of Bis-PBI 2 shows a blue-shifted absorption
maximum at 511 nm with an extinction coefficient of 61000 M-t cm and a reversal of the
intensities of the 0—0 and 0-1 absorption bands, with a drastically decreased ratio of
Ao-o/Ao-1 = 0.69 (Figure 31b and Table 3). This indicates the presence of co-facially z-stacked
PBI chromophorest: 52 %6. 751 with pronounced H-type coupling. The reversal of the band
intensities arises from an interplay of exciton and vibrational coupling in the so-called
intermediate coupling regime.[®253 %61 Thus, a folding of Bis-PBI 2 into a stack of two PBI
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chromophores seems reasonable (Figure 29b), as no concentration-dependent changes could be

observed.
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Figure 31. Absorption (blue solid lines, co = 10~° M), normalized fluorescence (red solid lines, co = 10~ M) and
excitation spectra (green dashed lines, co = 107 M) of a) Ref-PBI 2, b) Bis-PBI 2, ¢) Bis-PBI 3 and d) Bis-
PBI 4(S) in TCE at room temperature. The wavelengths for excitation (Aex) and detection (Aem) to obtain the
fluorescence and excitation spectra, respectively, are highlighted by arrows in the graphs. Insets: Samples of Ref-
PBI 2 and Bis-PBIs 2-4(S) under UV light (4 = 365 nm) and fluorescence quantum yields (@x).
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Quite differently, for Bis-PBI 3 a bathochromic shift of the absorption maximum to 551 nm
With emax = 76700 M~ cm~ and only a minor decrease of the ratio Ao-o/Ac-1 = 1.30 can be
observed (Figure 31c and Table 3). The minor decrease of the intensity ratio indicates only
weak H-type coupling between the PBI chromophores.[®8! Thus, on first glance the absorption
properties of Bis-PBI 3 do not suggest a zstacking of the PBI chromophores, which should

result in a prominent decrease of the ratio of the intensities of the 0—0 and 0—1 bands.

Table 3. UV/Vis and fluorescence spectroscopic data of Bis-PBIs 2-4 and Ref-PBI 2 measured in TCE at rt.

Ref-PBI 2 Bis-PBI 2 Bis-PBI 3 Bis-PBI 4(S)

Aabs(Po-0)* / nm 537 549 551 555
Aabs(Ao-1)* / nm 503 511 513 515
&max(Po-0) 2/ M~tcm™? 50100 42300 76700 101500
&max(Ao-1) 2/ M~tcm™? 34500 61000 59200 65500
Tt [ em 1260 - 930 840
[Aoo/Aoa]?/ 1 1.45 0.69 1.30 1.55
Aem® / NM 561 641 635 573
Astokes” / cm2 800 3970 2400 570
D 1 % 83 12 34 44
rr1%¢/ ns (amplitude) 4.4 (100%) 3.9 (10%) 4.1 (1%) 3.9 (11%)
7r,2"¢ / ns (amplitude) - 16.7 (90%)  10.9 (99%) 8.4 (89%)
aco =107 M.

bco=10"M, OD < 0.05.
¢ 7= were determined by tail fit analysis of data obtained from time-correlated single photon counting
measurements with ps laser diode at 505 nm using the magic angle setup.

This also holds true for Bis-PBI 4(S), for which a slightly larger bathochromic shift (555 nm)
of the absorption bands with a small increase of the ratio of the band intensities to
Ao-o/Ao-1 = 1.55 can be observed indicating very weak J-type coupling (Figure 31d and
Table 3).5%! In addition, a narrowing of the absorption bands is present (712 = 840 cm™?) along
with an increase of emax to 101200 M-t cm, that is characteristic for J-type aggregates.[® 160-

1611 As expected for a pair of two enantiomers, Bis-PBls 4(R) and 4(S) exhibit the same
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absorption properties (Figure 32) and thus, the main focus lies on the optical features of Bis-
PBI 4(S) in the following parts.
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Figure 32. UV/Vis absorption spectra of Bis-PBI 4(S) (red) and Bis-PBI 4(R) (black) in TCE at 298 K
(Co=1x10°M).

Hence, while the absorption properties of Bis-PBI 2 indicate a 7-stacked arrangement of the
PBI chromophores with pronounced H-type coupling, the absorption spectra of Bis-PBI 3 and
Bis-PBI 4(S) reveal weak H- or J-type coupling, respectively. Therefore, one might expect
clearly different orientations of the chromophores for all Bis-PBI folda-dimers, leading to the
distinct absorption features.

Furthermore, temperature-dependent UV/Vis studies were performed, where Ref-PBI 2 reveals
a hypochromic effect and a concomitant blue-shift of the absorption upon heating (see the
Appendix, Figure 39a). This phenomenon can be attributed to the flipping of the naphthalene
moieties of the perylene core, which is more pronounced at higher temperatures. The
temperature-dependent spectra of Bis-PBIs 2-4(S) show a similar behaviour suggesting no
significant changes of the chromophore arrangement upon heating (see the Appendix,
Figure 39b-d). However, for Bis-PBI 2 the 0-0 absorption band gains slightly intensity upon
heating, that can be attributed to an increase of the amount of unfolded species.

Also the decrease of solvent polarity has no considerable effect on the folding process as evident
from the UV/Vis absorption spectra in solvents of different polarity (see the Appendix,
Figure 40). Only the for PBI dyes typical positive solvatochromism can be observed,*¢?

whereas the intensities of the 0—0 and 0—1 absorption bands are almost the same.
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5.2.2 CD Spectroscopy

As expected, circular dichroism (CD) spectroscopy reveals no CD signal for Ref-PBI 2
(Figure 33a), since the atropo-enantiomers arising from the slight twist of the naphthalene units
of the PBI core can easily convert into each other at room temperature.!*53 This also holds true

for Bis-PBIs 2-3 where no CD signal can be observed.
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Figure 33. a) CD spectra of Ref-PBI 2 and Bis-PBIs 2-4 at (co =2 x 10 M) in TCE at room temperature.
b) Chiral semi-analytical HPLC separation of Bis-PBI 2, Bis-PBI 3 and Bis-PBlIs 4(S) and 4(R) (v:v = 1:1) from

a methylcyclohexane solution.

In contrast, the CD spectra of Bis-PBI 4(R) and Bis-PBI 4(S) each show pronounced
(bisignated) Cotton effects with mirror image behaviour as expected for two enantiomers
arising from the hindered rotation around the 1,1’-binaphthyl axis. Notably, Cotton effects are
not only present in the UV region where the spacer moiety absorbs, but also in the visible
absorption range of the PBI’s So—S; (450 - 650 nm) and So—S; (350 - 450 nm) transitions. The
corresponding zero-crossings are located at the absorption maxima of the respective Bis-PBIs
revealing chiral exciton coupling between the two chromophores, which indicates close
proximity of the PBI moieties in a fixed chiral arrangement® with locked twist of the
naphthalene units of the two PBI cores.[*64

This could be further proven by performing chiral semi-analytical HPLC (Figure 33b) fora 1:1
mixture of Bis-PBls 4(R) and 4(S) in methylcyclohexane, where it was possible to separate the
two enantiomers due to the locked twist of the naphthalene units as it is depicted in Figure 33b.
In contrast, for Bis-PBIs 2 and 3 no separation of the respective enantiomers could be achieved
by performing chiral semi-analytical HPLC in methylcyclohexane, which is in good agreement

with their absent CD signals.
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5.2.3 Fluorescence Spectroscopy

To gain further insight into the electronic coupling of the herein investigated Bis-PBI dyes,
steady state fluorescence spectroscopy was performed under high diluted conditions in TCE
(co = 10" M, Figure 31) to avoid reabsorption effects.’*”] Ref-PBI 2 shows a fluorescence
spectrum characteristic for PBI monomers with an emission maximum (Aem) at 561 nm and
well-resolved vibronic fine structure with mirror-image relationship to the absorption band
(Figure 31a and Table 3). Furthermore, a small Stokes shift of 800 cm™ and a high
fluorescence quantum yield of 83% was determined, which is typical for monomeric PBI
chromophores. 2% 28. 1651

In contrast, the well-resolved fine structure is lost in the fluorescence spectrum of Bis-PBI 2
and a broad, unstructured emission band at 641 nm with a considerably large Stokes shift of
3970 cm™! is present (Figure 31b and Table 3). Further, the fluorescence quantum yield is
drastically decreased to 12%, which is indicative for the formation of an excimer.[1% 1251 The
excimer state is commonly observed for zstacked PBI dyes and arises from structural
rearrangement of the chromophores in the excited state.[*?l Additionally, the emission spectrum
of Bis-PBI 2 exhibits a small shoulder at ~570 nm, probably due to traces of remaining
monomer fluorescence from a small amount of unfolded species, which can be observed for the
other Bis-PBlIs as well (vide infra).[®!

Surprisingly, despite of its monomer-like absorption features Bis-PBI 3 likewise shows a
typical excimer emission band at 635 nm, however with a reduced Stokes shift of 2400 cm™!
and a significantly higher fluorescence quantum yield of 34% (Figure 31c, Table 3). Thus, also
the fluorescence spectrum of Bis-PBI 3 suggests a z-stacking of the chromophores, which is
surprising due to the weak H-type coupling observed in the corresponding absorption spectrum.
In contrast, monomer-like signatures can be observed in the emission spectrum of Bis-PBI 4(S)
(Zem = 573 nm) with a well-resolved vibronic fine structure and a small Stokes shift of 570 cm~*
(Figure 31d, Table 3). This is in accordance with the UV/Vis absorption spectrum indicating
very weak J-type exciton coupling between the two PBI chromophores. However, the
fluorescence spectrum of Bis-PBI 4(S) is slightly broadened compared to Ref-PBI 2 and a
decreased fluorescence quantum yield of 44% was determined, which is rather unusual for
conventional J-type PBI aggregates with a large longitudinal displacement of the
chromophores.[*®l The measured excitation spectra for all Bis-PBI dyes are in accordance with
the corresponding absorption profiles revealing species selective emission from the

corresponding folded state (Figure 31, green dotted lines).
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Further information on the excited state properties of the PBI dyes was gained by fluorescence

lifetime measurements (Figure 34).

1000 + Bis-PBI 2, = 3.9ns, 16.7 ns
—Bis-PBI3, r,=4.1ns,109ns
— Bis-PBI 4(S), 7, =3.9ns, 8.4 ns
> 100 + Ref-PBI 2, z, =4.4ns
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Figure 34. Lifetime measurements of Bis-PBI 2-4(S) and Ref-PBI 2 in TCE at 298 K (co = 10~" M).

Ref-PBI 2 exhibits a fluorescence lifetime of 4.4 ns in the TCE at room temperature (Table 3),
which is in agreement with previously reported values for monomeric PBI chromophores.[*%-
1111 0n the contrary, for Bis-PBIs 2-4(S) two fluorescence lifetimes were determined (Table 3).
The shorter lifetime of ~ 4 ns (Table 3) with significantly lower amplitude is comparable to the
value of Ref-PBI 2 and thus, can be attributed to emission from unfolded and presumably more
emissive species. In the case of Bis-PBIs 2 and 3, the second lifetime is distinctly longer as
expected for PBI excimers (16.7 and 10.9 ns, respectively) due to the more forbidden radiative
transition to the ground state potential surface.l? The second fluorescence lifetime of 8.4 ns
determined for Bis-PBI 4(S) is also increased, despite the monomer-like emission spectrum,
indicating considerable interaction between the chromophores.

Hence, the spectroscopic investigations by UV/Vis, CD and fluorescence spectroscopy reveal
distinct variations of the optical properties of the presumably folded Bis-PBI dyes, which can

only be rationalized by different structural arrangements of the two chromophores.

5.2.4 NMR Spectroscopy

One of the striking outcomes of the herein performed spectroscopic studies is that Bis-PBI 3
shows almost negligible electronic coupling in the absorption data, whereas the excimer
emission properties indicate strong zz-interaction between the chromophores. Structural

information on supramolecular aggregates can be gleaned by NMR spectroscopy. Therefore,
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NMR studies have been performed for Ref-PBI 2 and Bis-PBls 2-4(S) in 1,1,2,2-
tetrachloroethane-dz> (TCE-d2) to investigate the structural arrangement of the dyes. First,
diffusion-ordered spectroscopy (DOSY) was applied to all target compounds (Figure 35) and
comparable hydrodynamic radii of 11.0-11.3 A were determined that are reasonably larger than

the one determined for Ref-PBI 2 (8.4 A, see the Appendix Figure 41).
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Figure 35. Left: 2D plot of DOSY NMR (600 MHz, TCE-d,) spectra of a) Bis-PBI 2 (co= 3.5 x 10° M, 273 K),
b) Bis-PBI 3 (co = 2.0 x 103 M, 348 K) and c) Bis-PBI 4(S) (co = 1.4 x 10~* M, 348 K). Right: Illustration of the
energy-minimized structures of Bis-PBls 2-4(S) obtained from DFT calculations (B97D3/def2-SVP) with the

hydrodynamic radius as received from the Stokes-Einstein equation.
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According to the previously discussed UV/Vis studies, temperature has no significant influence
on the folding process of the Bis-PBI dyes (see the Appendix, Figure 39). Thus, the *H NMR
spectra shown in Figure 36 were recorded at 370 K as all three folda-dimers show remarkably
sharp and well resolved proton signals under these conditions.
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Figure 36. a) Selected area of the *H NMR (400 MHz) spectra of Ref-PBI 2 and Bis-PBlIs 2-4(S) in TCE-d; at
370 K (co = 2 x 10-* M) with PBI protons marked as indicated in the molecular structure displayed in panel c). The
protons marked with an asterisk represent protons of the spacer moieties. b) Superposition of COSY (blue) and
ROESY (red: positive signal/cyan: negative signal) spectra of Bis-PBI 4(S) at 373 Kin TCE-d, (Co = 1.4 x 102 M,
600 MHz). ¢) Molecular structure of the PBI chromophore with marked protons and space-filling model of a PBI
7-stack comprising two chromophores. The purple double-headed arrows indicate close spatial proximity between
the protons according to the cross-peaks observed in the ROESY spectrum of Bis-PBI 4(S). Only the interaction

for one side of the z-stack is shown and the spacer moiety is omitted for clarity.

68



Chapter 5 Folda-Dimers: Insight into Jcouw and Jct

This is rather unusual for z~stacked PBI chromophores, for which broad and undefined proton
signals are usually observed.!0 72

Ref-PBI 2 exhibits a typical monomer spectrum of a phenoxy bay-substituted PBI
chromophore (Figure 36a).1*% The signals were assigned to the individual protons based on
2D homonuclear correlation spectroscopy (COSY), rotating frame nuclear Overhauser effect
spectroscopy (ROESY) and in addition with heteronuclear single quantum correlation (HSQC)
and heteronuclear multiple-bond correlation (HMBC) NMR measurements. Remarkably, the
proton marked in black (9.60 ppm, Table 4) shows a significant downfield shift in comparison
to the other protons of the PBI chromophore. This downfield shift can be explained asa C—H---O
hydrogen bonding interaction of the aromatic bay proton to the oxygen atom of the phenoxy-
substituent, which is in close proximity.[*581 Hence, the chemical shift of this proton can give
insight into the conformation of the oxygen-substituent and its electron lone pairs. In contrast,
the proton marked in red (8.35 ppm, Table 4) exhibits an upfield shift due to the ring current of

the phenoxy substituent leading to a magnetic shielding.[**]

Table 4. Summary of *H NMR proton shifts from Figure 36 (600 MHz, TCE-d,, 370K): chemical shifts & (ppm)
and assignment of significant PBI protons of Bis-PBI 2-4(S) and Ref-PBI 2.

° ° ° ° ° °
Ref-PBI 2 9.60 8.77 8.70 8.72 8.75 8.69 8.35
Bis-PBI 2 8.63 8.38 8.17 8.12 8.36 7.82 8.19
Bis-PBI 3 9.17 8.73 8.59 8.55 8.45 8.27 8.01

Bis-PBI 4(S) 9.08 8.74 8.63 8.61 8.51 8.10 7.83

The NMR spectra of Bis-PBIs 2-4(S) also show only one set of sharp signals revealing a well-
defined arrangement of the chromophores with high symmetry (Figure 36a). The pronounced
upfield shift of the PBI protons in comparison with Ref-PBI 2 indicate a stacking of the
chromophores, which results in a shielding of the protons by the adjacent zsurface.[*66-167]
Whereas the 'H NMR spectra of Bis-PBI 3 and Bis-PBI 4(S) look rather similar, larger
deviations can be observed for Bis-PBI 2. Especially the protons highlighted in black
(8.63 ppm, Table 4) and green (7.82 ppm, Table 4) show a drastic upfield shift, which is less

pronounced for Bis-PBIs 3 and 4(S). Hence, a similar conformation of the oxygen-substituent
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for Bis-PBIs 3 and 4(S) seems reasonable, while a distinctly different arrangement of the bay-
substituent can be assumed for Bis-PBI 2. To unambiguously confirm the z-stacking of the PBI
chromophores, 2D ROESY measurements were performed, that allow to determine protons in
close spatial proximity. Hereby, for all Bis-PBI dyes a cross-peak between the protons marked
in red (so-called headland position) and black (bay position, Figure 36b and see the Appendix
Figure 43 - 44) could be observed. This cross-peak is not present in the ROESY spectrum of
Ref-PBI 2 (see the Appendix Figure 42), so that it can be ruled out that the signal arises from
spatial proximity of these protons within one chromophore. Since the cross-peak is furthermore
not observed in the COSY spectrum of the Bis-PBI dyes (Figure 36b and see the Appendix
Figure 43 - 44), it does not represent a COSY artefact. For Bis-PBIs 2 and 4(S) additionally a
cross-peak between the headland protons marked in green and red (Figure 36b and see the
Appendix Figure 43) can be observed, which is also not the case for Ref-PBI 2 (see the
Appendix Figure 42). All these findings support a tight zstacked arrangement of the PBI

chromophores in which the protons are in close proximity (Figure 36c).

5.2.5 Geometry Optimizations

The results obtained by NMR spectroscopy reveal for all Bis-PBI dyes a z-stacked geometry
of the chromophores, which is not at all obvious from the UV/Vis data. To gain deeper insight
into the structural arrangement of the chromophores, geometry optimizations at the density
functional theory (DFT) level were performed. Hereby, the def2-SVP basis setl'®®! and the
B97D3 functional including Grimme’s dispersion correction!!®®) was employed, which is
necessary to adequately describe the structures of PBI aggregates® '8 The geometry-
optimized structures are depicted in Figure 37 (for each Bis-PBI the structure of the S-
enantiomer was calculated regarding the axial chirality of the spacer moiety).

Accordingly, all three Bis-PBI dyes exhibit a 7-stacked arrangement of the chromophores with
an interchromophoric distance of 3.3 - 3.5 A and C, symmetry. Bis-PBI 2 shows the largest
distance (3.5 A) due to the p-terphenyl-spacer moiety, which does not enable a closer contact
between the two PBI chromophores. The chromophores in Bis-PBIs 3 and 4(S) both have a
distance of about 3.3 A because of the same length of the biphenyl and 1,1°-binaphthyl spacer
units. For all Bis-PBI dyes a torsional displacement between the chromophores can be observed
with increasing angle from Bis-PBI 2 (14°), Bis-PBI 3 (22°) to Bis-PBI 4(S) (25°)
accompanied by a displacement of the dyes’ centers by 1.0 A (Bis-PBI 2), 1.9 A (Bis-PBI 3)
and 2.1 A (Bis-PBI 4(S)). According to Fink et al., the optimal ground state geometry of a 7
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stack comprising two non-substituted PBI chromophores exhibits a zdistance of 3.4 A and a

rotational angle of 29° without transversal and longitudinal shift of the chromophores.[*¢]

Figure 37. Top view (left) and side view (right) onto the geometry-optimized structures of a) Bis-PBI 2, b) Bis-
PBI 3 and c) Bis-PBI 4(S) obtained by DFT (B97D3/def2-SVP) calculations. For all Bis-PBI dyes the structure
of the S-enantiomer regarding the axial chirality of the spacer moiety was calculated. Purple double arrows indicate
close spatial proximity between the protons depicted in red, black and green according to the cross peaks observed

in the ROESY NMR spectra. For clarification only the coupling on one side of the chromophore is displayed.

Hence, the employed spacer moieties force the two PBI chromophores to stack in an unusual
manner. The two naphthalene moieties of the PBI chromophores exhibit a twist of 12° (p-
terphenyl), 11° (biphenyl) and 10° (1,1°-binaphthyl) arising from the sterical hindrance of the
bay-substituents. The twist can be also observed for the geometry-optimized structure of Ref-
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PBI 2, however less pronounced (5°) due to the lower steric hindrance of the phenoxy group in
the bay position. The geometry-optimized structures are in agreement with our results obtained
by NMR studies. The C> symmetry leads to only one set of signals for the chromophores since
the respective protons are chemically equivalent. In addition, whereas for Bis-PBIs 3 and 4(S)
the oxygen of the bay substituents of the PBI chromophores have similar conformation
(Figure 37b, c right), the arrangement is distinctly different in the case of Bis-PBI 2
(Figure 37a, right). Therefore, the hydrogen bonding of the proton marked in black is less
pronounced for Bis-PBI 2 resulting in an increased upfield shift of the signal in the *H NMR
spectrum (Figure 36a). The cross-peaks observed in the ROESY NMR spectra between the red
and black marked protons as well as between the red and green marked protons (for Bis-PBIs 2
and 4(S)) can be rationalized by the close proximity of the protons within the z-stacks
(Figure 37). Further, the likeness of the *H NMR spectrum of Bis-PBIs 3 and 4(S) suggests a
very similar arrangement of the chromophores as evident from the geometry-optimized
structures. The excimer emission observed for Bis-PBIs 2-3 is also in accordance with a 7
stacked arrangement of the chromophores. It is well known that the excimer state of PBI
aggregates is reached by structural reorganization leading to a geometry with a torsion angle
between the chromophores of almost zero.[®5 1061 However, this arrangement is not possible for
the more rigid Bis-PBI 4(S) with a large rotational barrier around the 1,1’-binaphthyl axis.l*"
Therefore, the typical excimer emission band is not observed for Bis-PBI 4(S) but a rather sharp
and well-resolved emission spectrum with a small Stokes shift being quite unusual for z-stacked
PBI dyes.[?]

5.2.6 Theoretical Investigation

Whereas the herein obtained results from fluorescence and NMR studies provide strong
evidence for a stacking of the PBI chromophores in the folded state, UV/Vis spectra apparently
do not support the presence of a folded zstacked arrangement. As shown for a large number
of self-assembled and folded PBI aggregates,?> °0-5% 1491 close co-facial 7 7-stacking should
lead to a drastic decrease of the ratio Ao-o/Ao-1 in the UV/Vis spectra, which is not observed for
Bis-PBlIs 3 and 4(S) (Figure 31).

The spectral changes upon aggregation of PBI dyes are commonly described in terms of
exciton-vibrational coupling, where the electronic transition couples to the vibrational modes
of the chromophores.52 561 The exciton coupling is mainly assigned to long-range Coulomb

coupling between the transition dipole moments of the chromophores leading to H- or J-type
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coupling with positive or negative exciton coupling energy, respectively. To determine the
Coulomb coupling for Bis-PBls 2-4(S) the transition charge method™*"*! was used. Hereby, the
transition dipole moments of the chromophores are replaced by point atomic charges and the
exciton coupling energy equals the Coulomb interaction between the transition charges of the

different chromophores:[*"1

Mm@ ()
q; 4
s 20 2 ) EECTE

4n€0

(@)

Here, q represents the transition charge on atom i of chromophore a, r;”’ corresponds to the

position vector of the respective transition charge and ¢, is the vacuum permittivity. This
method gives reliable results for interchromophoric distances shorter than the size of the
chromophores,[*”2 whereas the dipole-dipole approximation usually dramatically overestimates
the exciton coupling energy.!*"3I Further, time-dependent DFT (TDDFT) calculations were used
with the long-range corrected functional ®B97174! and def2-SVPI®¥! as basis set to calculate
the transition density for Ref-PBI 2 (for further information see the Appendix).

The density was fitted to atomic partial charges and the exciton coupling energies were then
calculated by equation 3 using the structures obtained from geometry optimizations (Figure 37).
The results are shown in Table 5. Accordingly, all Bis-PBI dyes studied in this chapter exhibit
pronounced H-type coupling (Jcou > 0) in the range of 545 - 678 cm~. Such coupling should
lead to the reversal of the intensities of the 0—0 and 0—1 absorption bands as observed for Bis-
PBI 2 with respect to Ref-PBI 2 (Figure 31), which arises from the interplay of exciton and
vibrational coupling.5? %1 However, for Bis-PBIs 3 and 4(S) no significant decrease of the ratio
Ao-o/Ao-1 could be observed contradicting the presence of pronounced H-type coupling
according to the calculated exciton coupling energies.

Spano et al. have developed a method to determine the exciton coupling energy based on the
intensities of the 0—0 and 0-1 absorption bands of aggregates that show exciton-vibrational
coupling.[%® %°1 This model was then applied for Bis-PBls 2-4(S). The resulting values were
then compared with the ones obtained by the transition charge method (Table 5, for details
concerning the theoretical investigation see the Appendix).

Whereas the exciton coupling energy for Bis-PBI 2 obtained by the method of Spano et al. is
in very good agreement with the one obtained by the transition charge method, large deviations
are observed in the case of Bis-PBIs 3 and 4(S). For Bis-PBI 3, an exciton coupling energy of

Jeou = 554 cm~! was estimated based on the transition charge method, while our analysis based
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on the absorption spectrum reveals significantly weaker coupling (J =77 cm™1). The same is
true for Bis-PBI 4(S), for which the transition charge method gives an exciton coupling energy
of Jcou = 545 cm~ and thus, pronounced H-type coupling should be observed. However, the

results according to Spano’s method predict negligible J-type coupling (J = -7 cm™2).

Table 5. Calculated exciton coupling energies and hole/electron transfer integrals for Bis-PBIs 2-4(S).

Bis-PBI 2 Bis-PBI 3 Bis-PBI 4(S)
J2/em™t 713 152 -7
J*/cm™t 643 77 -10
Joou® / cm? 678 554 545
te / cmt 66 697 658
th / cm? 428 547 675
Jer?/ cm -35 —477 -555

a Estimated from the intensity ratio of the Ago and Ag-1absorption bands in the UV/Vis spectra.
b Determined based on equation 5.

¢ Calculated by the transition charge method.

d Determined based on equation 4.

Thus, whereas the absorption spectrum of Bis-PBI 2 can be rationalized by exciton-vibrational
coupling between the PBI chromophores, assuming that the exciton coupling can be mainly
described by (long-range) Coulomb interaction between the transition charges, this description
fails for Bis-PBls 3 and 4(S). Therefore, additional contributions have to be taken into account
to understand the absorption spectra of these PBI dye stacks. For short interchromophoric
distances as present in z-stacks, charge-mediated short-range coupling can be significant and
thus, influence the absorption properties of aggregates.[* 16 54 611 This short-range coupling
arises from HOMO-HOMO and LUMO-LUMO overlap enabling charge-transfer between the
molecules.'* 821 Under the assumption that the charge-transfer state and the local Frenkel
exciton state are well separated (perturbative limit), the exciton coupling energy for the short-
range coupling can be calculated by:[ 54

teth (4)

Jop =2 —
T Ecr — Eg,

where ¢, and ¢, represent the electron and hole transfer integrals, respectively, and Ect — Eg, is

the energy difference between the charge transfer and the local Frenkel exciton state. The

74



Chapter 5 Folda-Dimers: Insight into Jcouw and Jct

overall coupling can be then described as the sum of the (long-range) Coulomb coupling and

the charge-transfer mediated short-range coupling: 4 %4
J = Jcou + JeT. (%)

The interference effect between long- and short-range coupling can be constructive or
destructive depending on the sign of the coupling energies.

The transfer integrals for Bis-PBIs 2-4(S) were calculated employing the unique fragment
approach®™! as implemented in the Amsterdam Density Functional program package.!*"6-17l
The TZP basis set!*™ and the PW91 functional™ was used, which gives reliable results for
PBI dyes.!'81 Accordingly, all three Bis-PBI dyes exhibit J-type short-range coupling according
to equation 4, since the electron and transfer integrals are both positive (Table 5) and
Ecr — Eg, > 0. Hence, the overall coupling should be weakened due to the charge-transfer
mediated coupling. Bis-PBIs 3 and 4(S) show a significant HOMO-HOMO and
LUMO-LUMO overlap as evident from the large values of the hole and electron transfer
integrals. In contrast, while also Bis-PBI 2 exhibits a considerable HOMO-HOMO overlap
(t, =428 cm™), the LUMO-LUMO overlap is remarkably small (¢, =66 cm™). This is
reflected in the different energy splitting of the frontier molecular orbitals of the Bis-PBI dyes
(Figure 38). Therefore, a significantly weaker J-type short-range coupling for Bis-PBI 2 might
be assumed.

To determine the short-range coupling energy (Jct) for the PBI stacks, the energy difference
Ecr — Eg, between the charge transfer state and the local Frenkel exciton state is required
(equation 4). Unfortunately, it is difficult to calculate reliable values for this energy
difference.[*¥a Assuming that the charge transfer state is 1600 cm™ above the local Frenkel
state, which is in good agreement with the results obtained for PBI crystals,[**?! respective short-
range coupling energies were obtained which are shown in Table 5.

Accordingly, Bis-PBI 2 shows weak J-type short-range coupling (Jct = —35 cm™) so that the
overall coupling is mainly due to long-range Coulomb coupling, which is of H-type nature. In
contrast, Bis-PBIs 3 and 4(S) show strong J-type short-range coupling, being of similar
magnitude as the H-type long-range coupling. This leads to a negligible overall coupling
according to equation 5. Therefore, only small changes of the intensity ratio of the 0—0 and 0-1
absorption bands are observed in the UV/Vis spectra of Bis-PBlIs 3 and 4(S), whereas Bis-
PBI 2 shows the typical signature of an H-type aggregate with significantly reduced Ao-o/Ao-1
ratio (Figure 31, Table 3). For Bis-PBI 4(S) the short-range coupling even slightly exceeds the
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long-range coupling resulting in a small increase of Ao-o/Ao-1. It has to be noted that the
perturbative approach represents an approximation since the requirement of pronounced
energetic separation between the local Frenkel exciton state and charge transfer state is not fully
given.[*% 1821 However, the herein performed analysis reveals strong competition between short-

and long-range coupling explaining the distinct spectral signatures of the PBI z-stacks.

A .........
~200 cm-! R ~1200 cm-
e
. ;| = FL
2 i
~800 cm-! — ~1300 cm-
......... HOMO ™~
Bis-PBI 2 Ref-PBI 2 Bis-PBI 4(S)

Figure 38. Schematic energy diagram of the relative positions of the frontier molecular orbitals of Bis-PBI 2, Ref-
PBI 2 and Bis-PBI 4(S) along with a schematic representation of their folded structure in solution. The orbital

energies were obtained from single point calculations (PW91/TZP) on the geometry-optimized structures.

As evident from the calculated exciton coupling energies (Table 5), the long-range Coulomb
coupling shows only minor changes within the series of Bis-PBIs 2-4(S). The interaction of the
transition charges is less sensitive towards structural rearrangements than the charge-transfer
mediated short-range coupling, which depends on the HOMO-HOMO and LUMO-LUMO
overlap of the chromophores.® Since the HOMO and LUMO distribution of Ref-PBI 2
exhibits a significant number of nodal planes (Figure 47) the orbital overlap of the
chromophores is hypersensitive to the geometry of the zstack.! 181 Therefore, subtle changes
of the chromophores’ arrangements may lead to unexpected optical properties of dye stacks as
demonstrated for Bis-PBIs 2-4(S). In addition, the orbital overlap decreases exponentially with

increasing distance, whereas the Coulomb coupling between the transition charges only shows
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a reciprocal dependence (equation 3). Hence, the smaller 7 z-distance in Bis-PBIs 3 and 4(S)
leads to a further increase of the charger-transfer mediated short-range coupling. Moreover, the
lack of observable splitting in the absorption spectra which could be expected for rotational
displacement of the two chromophores, can be attributed to the much weaker oscillator strength
for the lower Davydov component.[*°]

According to the nomenclature proposed by Spano et al.,® the z-stack of Bis-PBI 2 can be
classified as an Hj aggregate, while Bis-PBIs 3 and 4(S) represent HJ aggregates. Here, the first
letter stands for the long-range Coulomb coupling and the second letter for the short-range
coupling, respectively, and a small/capital letter describes weak/strong coupling. Remarkably,
theoretical investigations performed by the same group predicted the existence of so-called
“null-aggregates”, in which the interference between short- and long-range coupling leads to a
complete vanishing of the overall coupling.[*Y] These types of aggregates are supposed to show
a vibronic signature similar to the one observed for the monomer species but with a small
bathochromic shift. As this is indeed the case for Bis-PBI 4(S) (Figure 31d), this hypothesis for
PBI dyes could be proven and the first experimental proof for the existence of PBI-based “null-
aggregates” could be provided within this work. Interestingly, the exciton mobility within “null-
aggregates” is expected to be supressed as theoretically investigated for 7,8,15,16-tetraaza-
terrylene crystals.[*® Hence, the interplay of long- and short-range coupling can have
significant influence on the (photo-)physical properties of dye aggregates being of high
importance for applications. Further, the fact that monomer-like UV/Vis absorption spectra can
be observed also for closely stacked dyes with large transition dipole moments, as given for
PBIs, should raise our awareness that there are cases in which UV/Vis spectroscopy does not

allow to distinguish between stacked (folded) and non-stacked structures.
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5.3 Conclusion

In conclusion, four new well-defined Bis-PBI folda-dimers were synthesized, in which two
chromophores are covalently linked in the bay position by different spacer moieties. All of these
molecules undergo folding in solution resulting in discrete z-stacks of two PBI chromophores
as elucidated by in-depth UV/Vis, CD, fluorescence and NMR spectroscopic studies. The
geometry-optimized structures obtained from DFT calculations reveal slightly different
chromophore arrangements in the folded state. However, the dye stacks exhibit distinctly
different absorption properties that can be rationalized by an interplay of long- and short-range
exciton coupling resulting in optical signatures ranging from conventional H-type to monomer
like absorption features, which presents the first experimental proof of a PBl-based “null-
aggregate”, in which long- and short-range exciton coupling fully compensate each other.
Theoretical investigation reveal that the charge-transfer mediated coupling arises from
HOMO-HOMO and LUMO-LUMO overlap of the chromophores, which is very sensitive to
the structural arrangement of the dyes. Hence, small changes of the geometry can have
considerable influence on the optical properties of the z-stack as demonstrated in this work.
These insights are of significant importance for the fundamental understanding of dye
aggregates, the application of UV/Vis spectroscopy for the assignment of folded or self-
assembled 7-stacked species, as well as for the design of organic materials for applications in

e.g. photovoltaics and photonics.
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5.4 Appendix
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Figure 39. Temperature-dependent UV/Vis absorption spectra of a) Ref-PBI 2, b) Bis-PBI 2, ¢) Bis-PBI 3 and d)
Bis-PBI 4(S) (co = 1 x 107° M) in TCE in steps of 10 K between 273 K (blue) and 363 K (red).
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Figure 40. UV/Vis absorption spectra of a) Ref-PBI 2, b) Bis-PBI 2, ¢) Bis-PBI 3 and d) Bis-PBI 4(S)
(co =2 x10"° M) in TCE (red), toluene (green) and methylcyclohexane (black) at 298 K.
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Figure 41. Left: 2D plot of DOSY NMR (600 MHz, TCE-d.) spectra of Ref-PBI 2 (co = 2.0 x 103 M, 348 K)
Right: Illustration of the energy-minimized structure of Ref-PBI 2 obtained from DFT calculations (B97D3/def2-
SVP) with the hydrodynamic radius as received from the Stokes-Einstein equation.
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Figure 42. a) Top view on geometry-optimized structure of Ref-PBI 2 obtained by DFT (B97D3/def2-SVP)
calculations. b) Superposition of COSY (blue) and ROESY (red: positive signal/cyan: negative signal) spectra and
¢) HSQC (red) and HMBC (blue) spectra of Ref-PBI1 2 at 348 K in TCE-d, (co = 2 x 10~° M, 600 MHz). d) UV/Vis
spectra of respective NMR sample of Ref-PBI 2 at 293 K (black) and 373 K (red) (co = 2 x 103 M).
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Figure 43. a) Top view on geometry-optimized structure of Bis-PBI 2 obtained by DFT (B97D3/def2-SVP)
calculations. b) Superposition of COSY (blue) and ROESY (red: positive signal/cyan: negative signal) spectra and
¢) HSQC (red) and HMBC (blue) spectra of Bis-PBI 2 at 273 K in TCE-dz2 (co=3.5x 10° M, 600 MHz).
d) UV/Vis spectra of respective NMR sample of Bis-PBI 2 at 293 K (black) and 373 K (red) (co = 3.5 x 102 M).
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Figure 44. a) Top view on geometry-optimized structure of Bis-PBI 3 obtained by DFT (B97D3/def2-SVP)
calculations. b) Superposition of COSY (blue) and ROESY (red: positive signal/cyan: negative signal) spectra and
¢) HSQC (red) and HMBC (blue) spectra of Bis-PBI 3 at 348 K in TCE-d; (Co = 2 X 103 M, 600 MHz). d) UV/Vis
spectra of respective NMR sample of Bis-PBI 3 at 293 K (black) and 373 K (red) (co = 2 x 10~% M).
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Figure 45. AFM images of thin-films prepared by spin-coating from a solution in MCH on HOPG
(c =2 x107° M1, 4000 rpm) of the dyes a) Bis-PBI 2, b) Bis-PBI 3 and c) Bis-PBI 4(S).
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Determination of the Transition Dipole Moment of Ref-PBI 2.

The transition dipole moment of Ref-PBI 2 was determined from the UV/Vis absorption
spectrum measured in TCE at 298 K. It was calculated from the integral of the reduced
absorption band as{*®!
> 3hesylnl0 f@ - ©)

21PN, v

Heg 5

Vi

Here, &(¥) is the molar extinction coefficient, ¢ the speed of light, h the Planck constant, ¢, the
vacuum permittivity and Na represents the Avogadro constant. In this way, a value of

., = 7.73 D was obtained.
g

Calculation of the Exciton Coupling Energies from UV/Vis Absorption Spectra

Neglecting rotational displacement of the transition dipole moments of two chromophores, the
ratio of the intensities of the 0—0 and 0-1 absorption band of a dimer aggregate exhibiting

exciton-vibrational coupling in the perturbative limit can be calculated byt 5%

(0-0) 2y 52 2
I 111 -G(0,4)e™ J/wg

I(Ao_1) ) 3 2 , W, J KL |Ect— Eg, (7)
N A 1—G(1,i)e"~J/coo

where A% is the Huang-Rhys factor, J represents the exciton coupling energy and o, stands for
the vibrational frequency. Equation 7 is a good approximation for small rotational
displacements (< 45°), since mainly one Davydov component is optically allowed for small
rotations,'® as it is the case for Bis-PBIs 2—4(S). The vibrational function G(v,; A%) is defined

as

iZu
G(Vt; iz) = Z m . Vi = 0, 1, 2, v (8)
: t

u=0, 1,...
(u#w)
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The Huang-Rhys factor can be determined from the UV/Vis absorption spectrum of the
monomeric dye, i.e. Ref-PBI 2. For this, the absorption spectrum was fitted by Gaussian
functions assuming a one effective mode model (Figure 46). For this, the absorption spectrum
in the range of 16900-22600 cm~ was taken into account, since the absorption at higher
frequencies arises from transition to higher excited states.[*®! The best fit was obtained for a
full width at half maximum of the Gaussian functions of 1296 cm~. The Huang-Rhys factor

was then calculated from the height of the 0—1 and 0—0 Gaussian peaks:>

0-1
By .
122 = Gaussian

With this, 4% = 0.65 was obtained, which is in good agreement with previously reported values
for PBI dyes.’®! The frequency w, was set to 1446 cm and equals the energy difference
between the maxima of the Gaussian functions of the 0—0 and 0—1 absorption bands used for
the fitting of the absorption spectrum. This value fits well the C—C stretching mode of the
perylene core of ~1400 cm~.5% Finally, the exciton coupling energies were determined based

on equation 7 giving the results shown in Table 5 in the main text.
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Figure 46. UV/Vis absorption spectrum of Ref-PBI 2 (blue line) in TCE at 298 K (co = 2 x 1075 M). Also shown

is the fit of the absorption spectrum (red line) as the sum of the three Gaussian functions (black dash-dotted lines).
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Quantum Chemical Calculations

Geometry optimizations were performed for Ref-PBI 2 and Bis-PBIs 2-4(S) at the density
functional theory (DFT) level using the Gaussian 09 program packagel'®! with the def2-SVP
basis setl'%®l and B97D3[1%% as functional. For the Bis-PBI dyes only the S—enantiomer
regarding the axial chirality of the spacer moieties was calculated. The structures were
geometry-optimized followed by frequency calculations to prove the existence of true minima.
Small imaginary frequencies (< 21i cm™1) were obtained, which can be regarded as artefacts of

the calculations.[188]

HOMO LUMO

Figure 47. a) Top and b) side view on the geometry-optimized structure of Ref-PBI 2 (B97D3/def2-SVP). c)
HOMO and LUMO distribution (isovalue = 0.02 a.u.) of Ref-PBI 2 at the same level of theory.

In order to determine the Coulomb exciton coupling energy, time-dependent DFT (TDDFT)
calculations were performed for Ref-PBI 2 on the geometry-optimized structure obtained from
DFT calculations. For this, the def2-SVP basis set*%81 was employed in combination with the
long-range corrected ©®B97 functional.’’ The transition density was then fitted to atomic
partial charges by Mulliken population analysis using the Multiwfn software package.!*8® The
TDDFT calculations overestimate the transition dipole moment for Ref-PBI 2 by a factor of
1.16 in comparison to the experimental value obtained from the integral of the reduced

absorption band. Therefore, the transition charges were scaled by a factor of 0.86.["]
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The exciton coupling energy was then calculated ast*™!

1 2
q()q()

4n802 2/ NOR (2>‘ (10)

(a)

Here, q represents the transition charge on atom i of chromophore a, r;™ corresponds to the

position vector of the respective transition charge and ¢, is the vacuum permittivity. For this,
the geometry-optimized structures of Bis-PBls 2-4(S) obtained from DFT calculations were
used.

The transfer integrals were calculated within the unique fragment approach!*"! as implemented
in the Amsterdam Density Functional packagel'’®1781 employing the TZP basis set*’® and the
PW91 functional .l*8 The structures of Bis-PBIs 2-4(S) obtained from geometry optimizations
were used. In doing so, the spacer moieties were removed and the oxygen bay substituents were
replaced by methoxy groups.

The output of the calculations provided the overlap integrals Se (Sh) of the LUMO (HOMO) as
well as the electron (hole) site energies Ee,1 (En,1) and Ee,2 (En,2) of the corresponding fragment
1 and 2. With this, the effective electron and hole transfer integral te and t, can be calculated
by[191]

te' - % (Ee,1+ Ee,Z)Se

b= (11)
t = ' —% (Eni* En2)Sh
h= -5 ' (12)

Here, ¢.' and ¢#,' represent the electron and hole transfer integrals in the nonorthogonal basis as
directly provided from the calculations, respectively.
The eigenvalues of the orbitals displayed in Figure 38 in the main text were obtained from the

calculations of the transfer integrals.

88



Chapter 6 Spacer-Controlled Self-Assembly

Chapter 6

Spacer-Controlled Self-Assembly of
Bay-linked Bis-PBI Dyes?

D

controlling

guadruple n~stacks stack size

oligomeric mstacks

ABSTRACT: By tethering two PBI dyes in the bay-position with spacer units of various length and
steric demand different architectures from highly defined quadruple PBI z-stacks to larger oligomers
could be obtained upon self-assembly in toluene and methylcyclohexane. The self-assembly process
could be analyzed by UV/Vis spectroscopy and the supramolecular structures were deduced by DOSY
NMR and AFM measurements as well as DFT calculations.

3 DFT calculations were performed by Dr. David Bialas. AFM measurements were performed by Dr. Vladimir
Stepanenko.
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6.1 Introduction

Extended dye stacks with an undefined number of interacting chromophores are not suitable for
analysing structure-property relationships. Towards this goal well defined model systems need
to be created where the exact size and structure of the dye assemblies are known. Using such
systems fundamental insights can be gained concerning dye-dye interactions in the ground and
exited states which are needed for the development of functional materials. Accordingly,
changes of the optical properties upon aggregation can be correlated to the structural
arrangements of the respective dyes giving insights into exciton and charge carrier properties,
which are relevant for organic electronic*”! or photovoltaics.*®-?°! Both, exciton and charge
carrier mobility drastically decrease by an increasing structural and energetic disorder as present
in undefined dye assemblies. Therefore, the investigation of exciton coupling has become a
central point of current research in order to gain insights into functional properties and structural
information of dye aggregates consisting of a discrete number of chromophores (n < 10).[23-24
As PBI dyes evolved as one of the most utilized chromophores for such studies due to their
outstanding photophysical properties and their high aggregation tendency, the great challenge
of the present work was to limit their usual growth into long fibres to finite-sized PBI z-stacks.
In Chapter 5 it could be demonstrated, that defined z-stacks of only two PBI chromophores are
accessible by intramolecular folding of several Bis-PBI dyes (Bis-PBI 2-4) using ortho-
phenylene linker moieties that differ in both their length (3 - 6 A) and their steric demand. The
question that arises from this previous work is, whether it is possible to generate larger but still
well-defined PBI 7z-stacks by further extending the respective backbone length. For this, ortho-
phenylene and meta-phenylene linker units with a length ranging between 8 - 15 A (Figure 48)
were used as well as an alkoxyphenylene spacer (7 A, Figure 48) which exhibits slightly higher
flexibility due to the additional CH2>-group between the oxygen atom and the phenyl group as
it is the case for Bis-PBI 1, which was already proven to form highly defined PBI quadruple 7
stacks upon self-assembly (Chapter 4).11131

Thus, in this Chapter, four covalently linked Bis-PBI dyes Bis-PBIls 5-8 (Figure 48) will be
introduced and analysed concerning their aggregation behaviour dependent on the geometry
and size of the respective spacer units. For this, Ref-PBI 1 (Chapter 4) and Ref-PBI 2 (Chapter
5) are used to compare the optical properties of Bis-PBIs 5-8 in solution both, in the monomeric
and aggregated state. Hereby, Ref-PBI 1 refers to the alkoxy-substituted Bis-PBI 5, whereas
Ref-PBI 2 refers to the oligo-phenylene substituted Bis-PBIs 6-8 as different substitution
motives, consequently, enforce different optical features for Bis-PBIs 5-8 upon aggregation.
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Figure 48. Chemical structures of Bis-PBIs 5-8 and corresponding reference compounds Ref-PBls 1-3.

6.2 Results and Discussion

6.2.1 UV/Vis Spectroscopy

First insights into the self-assembly behaviour of Bis-PBls 5-8 (for synthetic details see
Chapter 3) were obtained from concentration-dependent UV/Vis studies. To find suitable
conditions for these studies, first, absorption spectra of Bis-PBIs 5-8 and Ref-PBIs 1-2 were
recorded in solvents of different polarity (co = 10~ M) at room temperature (see the Appendix,
Figure 59), ranging from nonpolar methylcyclohexane to more polar solvents like chloroform.
Subsequently, concentration-dependent UV/Vis studies were performed in pure methylcyclo-
hexane, where the aggregation tendency of all target compounds is most pronounced.
Unfortunately, under these conditions the systems suffered from low solubility, especially at
high concentrations (co > 10~* M). In contrast, using pure toluene, the whole transition from
monomeric to almost fully aggregated species could be analysed in the accessible concentration
range of UV/Vis experiments (co=10"*-10"" M) at room temperature. The corresponding
concentration-dependent spectra of PBIs5-8 in toluene are shown in Figure 49 where
significant spectral changes are induced by continuous concentration variations.
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Figure 49. Left: Concentration-dependent absorption spectra of a) Bis-PBI 5, b) Bis-PBI 6, ¢) Bis-PBI 7 and
d) Bis-PBI 8 in toluene at room temperature (co = 10 - 10~" M™1). Calculated spectra for Bis-PBls 5-7 obtained
by applying the global fit analysis for the dimer model (black dashed lines) are shown as well. Arrows indicate the
changes in intensity of the monomer band (red line) and the aggregate band (blue line) with decreasing
concentration. Right: Plot of the extinction coefficient (&) at Amax,m against the total concentration of e) Bis-PBI 5,
f) Bis-PBI 6, g) Bis-PBI 7 and h) Bis-PBI 8. For all Bis-PBI dyes the corresponding data were fitted with the

dimer (blue) and isodesmic (red) model at Amax,m.
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At low concentrations (co = 10~ M), Bis-PBIs 5-8 display monomer-like signatures with two
absorption bands with Amax ranging between 531 - 549 nm along with a small shoulder around
470 nm and extinction coefficients gmax up to 89400 L mol~* cm™ (Figure 49). The second main
band of the absorption spectra at roughly 400 nm can be assigned to the S¢—S> transition.[*&]
These observations are highly comparable to the optical signatures that can be observed for the
respective reference dyes Ref-PBIs 1 and 2 (Figure 50) which also reveal a similar vibronic
pattern with an absorption maximum at Amax = 545 and 530 nm and with extinction coefficients

&max = 56400 and 51900 L mol* cm™, respectively.
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Figure 50. Concentration-dependent UV/Vis absorption spectra of Ref-PBlIs 1 and 2 in toluene at room

temperature (co=1x 10* M-8 x 107" M7).

This clearly indicates, that at very low concentrations (co= 10~ M) Bis-PBls 5-8 are present in
a non-aggregated state in toluene at room temperature.

By increasing concentration (co > 10~* M) all target compounds show a blue-shifted Amax
ranging between 501 - 517 nm with decreased emax below 52000 L mol-*cm™ and a reversal of
the intensities of the 0—0 and 0—1 absorption bands with drastically decreased Ag-o/Ao-1 ratios
between 0.50 - 0.82. This is characteristic for a co-facial z-stacking of PBI dyes!“*4! and arises
from the interplay of exciton and vibrational couplingst® % clearly indicating the formation of
H-type aggregates. For monomeric reference dyes Ref-PBIs 1 and 2 (Figure 50), no prominent
changes could be observed upon dilution. Moreover, the Ao-o/Ao-1 ratios remain close to 1.54
(Ref-PBI 1) and 1.49 (Ref-PBI 2) during the whole concentration-dependent measurements
(Co=1x10*M1-8x10"M1). All corresponding spectroscopic data are summarized in
Table 6.
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Table 6. UV/VIis spectroscopic data of Ref-PBI 1, Bis-PBI 5, Ref-PBI 2, Bis-PBI 6, Bis-PBI 7 and Bis-PBI 8,

measured in toluene at room temperature after global fit analysis of the concentration-dependent data to yield the

monomeric (M) and dimeric (D) or aggregated (A) state.

state  smax/Lmol~tecm=t(Amax/nm)  (Aiss/nm)  d/A  Aoo/Acs K/M!

Ref-PBI 1 56.400 (545), 36.700 (508) 1.54
M 89.400 (549), 64.800 (512) 1.38

Bis-PBI 5 566 7 1.4 x 10°
D  34.000 (552), 51.900 (517) 0.66

Ref-PBI 2 51.900 (530), 34.700 (495) 1.49
M 69.300 (540), 55.600 (504) 1.25

Bis-PBI 6 562 8 2.0 x 10°
D  37.200 (541), 45.500 (501) 0.82
M 86.300 (539), 62.500 (503) 1.38

Bis-PBI 7 559 10 2.9x 108
D  31.200 (542), 42.800 (502) 0.73
M 83.200 (531), 56.300 (496) 1.48

Bis-PBI 8 - 15 (1.3 x 1032
A 19.500 (558), 38.700 (514) 0.50

2 obtained from isodesmic fit at 531 nm.

The spectral changes of Bis-PBIs 5-8 upon aggregation can be explained by the long-range
Coulomb coupling Jcour between closely 7zstacked PBI chromophores, if the strong vibronic
coupling given for the transitions from the electronic ground state (So) to the first excited state
(S1) is taken into account.l% 121 |n Chapter 5, it could be demonstrated that additionally to this
long-range coupling Jcour also the charge-transfer mediated coupling Jct has to be taken into
account to understand the absorption spectra of Bis-PBIs 3 and 4(S) folda-dimers. In contrast,
the absorption spectrum of folda-dimer Bis-PBI 2 displaying similar spectral features as the
herein investigated aggregates of Bis-PBIs 5-8, can be rationalized by exciton-vibrational
coupling between the interacting PB1 chromophores, assuming that the exciton coupling can be
mainly described by Coulomb interactions Jcou between the transition charges. Thus, according
to the nomenclature introduced by Spano et al. (vide supra) the dye assemblies of Bis-PBIs 5-
8 can be classified as common Hj-aggregates, as it was the case for Bis-PBI 2, without

displaying significant contributions of the so-called short-range exciton coupling Jcr.
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Well-defined isosbestic points (Table 6) observed during the concentration-dependent UV/Vis
studies for Bis-PBIs 5-7 in toluene indicate the presence of a thermodynamic equilibrium
between only two discrete species that can be clearly attributed to the respective monomers and
aggregates. This allows a thermodynamic analysist®® " of the respective self-assembly
processes. For Bis-PBIs 5-7 the concentration-dependent UV data could be properly fitted by
using the monomer-dimer model, also in a global fit approach providing dimerization constants
Ko in the range of 10° - 10° M~ (Figure 49). Hereby, a clear relationship between the binding
strength and the length of the corresponding linker units could be established, which will be
explained later in more detail (vide infra). In the case of Bis-PBI 8 bearing the longest (15 A)
and most flexible linker unit of all target compounds, no clear isosbestic points could be
observed during the concentration-dependent measurements in toluene. Moreover, under the
applied conditions it was not possible to reach the fully aggregated state of Bis-PBI 8 within
the accessible concentration range of UV experiments (Figure 49d and h) due to an obviously
less favourable geometry for the formation of a PBI 7#-stack.

Therefore, a methylcyclohexane / toluene mixture (1:1) was used to analyse the aggregation
behaviour of Bis-PBI 8 at 313 K (Figure 51a). Indeed, under these conditions the data could be
properly fitted with the isodesmic model at 526 nm (Figure 51b) providing an aggregation
constant of Ksizk = 1.2 x 10* M1, whereas the monomer-dimer fit failed especially at high

concentrations.
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Figure 51. a) Concentration-dependent UV/Vis absorption spectra (colored lines) of Bis-PBI 8 in methylcyclo-
hexane/toluene 1:1 at 313 K. Also shown are the calculated spectra obtained by applying the global fit analysis of
the isodesmic model (black dashed lines). Arrows indicate the transition from the aggregate (blue line) to the
monomer (red line) with decreasing concentration. b) Plot of the extinction coefficient (&) at 526 nm against the
concentration c. Fitting of the data with the isodesmic model (red solid line) was satisfactory, whereas the dimer

model (blue dashed line) fails.
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This strongly indicates a self-assembly process of Bis-PBI 8 into larger oligomeric 7-stacks,
which could be further substantiated by atomic force microscopy (AFM) measurements
(Figure 52) where large, fibre-like structures could be observed with a length up to 500 nm by
spin coating a solution of Bis-PBI 8 in methylcyclohexane (¢ = 2 x 10-> M) on HOPG (highly-
ordered pyrolytic graphite, Figure 52a) or silicon wafers (SiOx, Figure 52b). For the latter, a
network-like film consisting of thin aggregates with a diameter of 2.2+0.1 nm could be observed
on the hydrophobic silicon wafer surface. The aggregates exhibit a helical structure with a
helical pitch between 5.5-6.0 nm (Figure 52b). Therefore, assuming the distance between two
aggregated PBI chromophores to be approximately 0.35 nm (7 distance), seven to eight Bis-
PBI 8 molecules are involved in one aggregate rotation. Based on these aggregate dimensions
obtained from AFM experiments an “arm-in-arm” aggregation of Bis-PBI 8 into oligomeric
PBI #-stacks appears to be most reasonable (Figure 52¢) as it was already considered for imide-
linked PBI 14! (Chapter 2.3.1, Figure 14), bearing a diacetylene-phenylene linker unit with a
length of 10.9 A. In contrast, for Bis-PBls 5-7 only small spherical nanoparticles with a

diameter ~ 5 nm could be obtained by performing AFM studies (see the Appendix, Figure 60)

~

2.2-2.3 nm

~1.6nm
+ alkyl chains

Figure 52. AFM images of Bis-PBI 8 prepared by spin-coating a solution of Bis-PBI 8 in methylcyclohexane
(c =2 x 1075 M, 2000 rpm) on a) HOPG and b) silicon wafer (SiOy). Also shown is a schematic representation
of the aggregate dimensions of Bis-PBI 8 on the silicon wafer surface. ¢) Schematic illustration of the estimated

self-assembly of Bis-PBI 8 into extended oligomers.
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For a better comparison of the binding strengths of Bis-PBlIs 5-8, the degree of aggregation aagg
in toluene at room temperature was plotted against the total concentration co (Figure 53) in
comparison to Bis-PBI 1 (Chapter 4), folda-dimer Bis-PBI-2 (Chapter 5), Ref-PBI 2 and
unsubstituted Ref-PBI 3 (Figure 48). Here one can nicely see, that the highest dimerization
constant (Kp = 1.4 x 10° M1) in pure toluene at room temperature is provided by Bis-PBI 5
which bears the shortest linker unit (7 A) of all target compounds and which is structurally
highly comparable to Bis-PBI 1 (Chapter 4) displaying a likewise high dimerization constant
(Kp = 1.5 x 10° MY) under the same conditions. In contrast, all ortho- and meta-phenylene
substituted Bis-PBI dyes provide smaller binding constants in a range of 10% - 10* ML, Hereby,
a clear relationship between the binding strength and the length of the corresponding linker unit
could be established, as the smallest binding constant K = 1.3 x 10® M~! (Figure 53) of all target
compounds could be determined for Bis-PBI 8 (15 A), whereas the highest dimerization
constant (K = 2.0 x 10* MY) of all oligo-phenyl-bridged Bis-PBI dyes was deduced for Bis-
PBI 6 (8 A). In addition, Bis-PBI 8 self-assembly does not stop at the dimer state, i.e. quadruple
PBI 7-stacks, but further grows into oligomeric 7z-stacks. Here the comparison with Ref-PBI 2
and unsubstituted Ref-PBI 3, which also form larger oligomers via isodesmic self-assembly
(Figure 53), reveals a significant increase in the thermodynamic driving force. Thus, the
covalent linkage of the respective PBI units in Bis-PBI 8 lead to increased binding constants
for the isodesmic self-assembly compared to monochromophoric Ref-PBlIs 2 and 3.
Consequently, at a concentration of ~ 10-2 M Bis-PBI 8 already forms extended aggregates

whereas Ref-PBIs 2 and 3 still mostly prevail as monomeric or dimeric species (Figure 53).
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Figure 53. a) Plot of the degree of aggregation (aagg) Of Bis-PBIs 5-8 at Amaxm against the concentration ¢ in
toluene by fitting the data with the dimer (circles) or isodesmic (squares) model compared to Bis-PBIs 1 - 2 and
Ref-PBIs 2 - 3.
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Respective AG®gsk values for a thermodynamic analysis of the binding strengths of Bis-PBlIs 5-
8 compared to Bis-PBI 1 and reference compounds Ref-PBls 2 and 3 obtained from the Gibbs
free energy isotherm equation (AG° = —RTInK) are shown in Figure 54 using the dimerization
and aggregation constants Kp and K (Figure 53) of the herein investigated target compounds.
This further demonstrates the relationship between the binding strength and the length of the
corresponding linker units that were used to covalently link the PBI chromophores in the bay-

position, respectively.

Ref-PBI Ref-PBI Bis-PBI Bis-PBl Bis-PBI Bis-PBl Bis-PBI

5 6 7 8
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-30
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Figure 54. Comparison of the respective AG%ugsk Values of Ref-PBIs 2 and 3, Bis-PBI 1 and Bis-PBIs 5-8 obtained

from the Gibbs free energy isotherm equation in toluene.

Thus, spacer units that pre-organize two PBI chromophores with an inter-planar distance of
r<7A lead to an intramolecular folding of the respective Bis-PBls dyes (Bis-PBls 2-4,
Chapter 5), whereas spacer units with a length between 7 to 11 A result in an intermolecular
self-assembly of the respective dyes into well-defined quadruple PBI zstacks (Bis-PBI 1,
Chapter 4 and Bis-PBIs 5-7, Chapter 6). Finally, by using linker units with an inter-planar
distance r > 14 A larger oligomeric PBI zstacks are formed (Bis-PBI 8, Chapter 6). These
observations are in good agreement with the previously reported zipper-type aggregation of the
imide-linked Bis-PBI dyes 13 and 14 (Chapter 2.3.1, Figure 13-14), where well-defined
quadruple PBI 7stacks as well as larger PBI oligomers were formed by using different linker
units with a length of 6.9 A and 10.9 A, respectively.[3+3

For a better comparison of the distinct spectral features of Bis-PBIs 5-8 all calculated monomer
and aggregate absorption spectra obtained from global fit analysis are shown in Figure 55
together with Bis-PBI 1 (Chapter 4) and the reference compounds Ref-PBIs 1 and 2.

Hereby, one can see that in their non-aggregated, monomeric state all target compounds display

significantly lower Ao-o/Ao-1 ratios compared to the corresponding reference compounds. This
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points to an electronic interaction and thus to a pre-organisation of the two PBI chromophores
of Bis-PBlIs 5-8 already in their non-aggregated state. Furthermore, it is noticeable that in the
series of oligo-phenylene-substituted Bis-PBIs 6-8, the Ag-o/Ao-1 ratio increases from 1.25 to
1.48 with increasing length of the respective spacer units (from 8 to 15 A). Consequently, the
electronic interaction between the two PBI chromophores decreases with increasing inter-
planar distances. This result is not surprising as we may expect for the shorter spacers some
interaction between the two chromophores, similar as observed for the folda-dimers in
Chapter 5. The difference to the observations made for the folda-dimers Bis-PBls 2-4
(Chapter 5), is the preferential self-assembly of Bis-PBIs 5-8 at higher concentration. Thus, for
Bis-PBls 5-8 intermolecular interactions prevail whereas for Bis-PBls 2-4 strong intra-
molecular interactions lock the dyes in a conformation where further self-assembly is
disfavoured. For this reason, no spectral changes could be observed in concentration-dependent
UV/Vis studies for Bis-PBIs 2-4. Thus, the utilization of linker moieties that pre-organize the
chromophores at an inter-planar distance of at least 7 A prevents an intramolecular folding of
the respective Bis-PBI dyes (vide supra) and favours the intermolecular aggregation of Bis-

PBIs 5-8 into larger PBI architectures.

a) 120 - b) 120 .

o — Ref-PBI1 (x 2) ‘ g’ !
£100-- - - Bis-PBI 1 bt £100{ ----BIs-PBI1 l

o —— Bis-PBI5 /) g —— Bis-PBI5 |

5 80 n I g 80 !

5 60 I/ 1 . A

? / : ©

8 404 Y : — :

« 20- 7 ! @
C) 120 : : — d) 120 : : —
o Ref-PBI 2 (x 2) ! o |

gloo- — Bis-PBI6 ! £1001 ——Bis-PBI6 i

o Bis-PBI 7 ! * Bis-PBI7 1

© Bis-PBI 8 | S 80+ Bis-PBI 8 |

e | IS |

— — 60 !

() ¢ !

Ny = 40/ AN

g | \
«® 201 ! \\
350 400 450 500 550 600 350 400 450 500 550 600
Al nm Al nm

Figure 55. Overview of the calculated spectra and relative positions of calculated absorption maxima determined
by global fit analysis for the monomer-dimer (Bis-PBIs 5-7) and isodesmic (Bis-PBI 8) model for a) Bis-PBI 5
monomers, b) Bis-PBI 5 aggregates, c) Bis-PBls 6-8 monomers and d) Bis-PBIs 6-8 aggregates in toluene at room

temperature. Also shown are the spectra of Ref-PBIs 1-2 and Bis-PBI 1.
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By having a closer look, one can see from Figure 55a that Bis-PBI 5 exhibits a slightly
bathochromically shifted absorption maximum in its non-aggregated state compared to Bis-
PBI 1 and Ref-PBI 1 (Table 6). Upon aggregation Bis-PBI 5 still reveals well-resolved but
slightly bathochromically shifted absorption bands (Figure 55b, Table 6), as it was the case for
structure-related Bis-PBI 1, strongly indicating similar defined orientations of all four PBI units
in Bis-PBI 5 dimers as it was already proven for Bis-PBI 1 upon aggregation.[**3 This further
explains why the highest binding constant of all target compounds could be determined for Bis-
PBI 5.

Furthermore, ortho-phenylene substituted Bis-PBIs 6 and 7 show a slightly bathochromically
shifted absorption maximum in the monomeric state compared to Ref-PBI 2, whereas in the
case of meta-substituted Bis-PBI 8 monomers, no bathochromic shift of the absorption
maximum can be observed (Figure 55c, Table 6). Moreover, different as for Bis-PBI 6 (1.25)
and Bis-PBI 7 (1.38), the Ao-o/Ao-1 ratio of Bis-PBI 8 (1.48) is highly comparable to the one
of Ref-PBI 2 (1.49). Consequently, no electronic interaction between the two PBI units of Bis-
PBI 8 is present in its non-aggregated state. This can be assigned to the length (15 A) and meta-
substitution of Bis-PBI 8 which results in a higher flexibility of the PBI dye, where the
chromophores can freely rotate around the linker axis. For Bis-PBIs 6 and 7 this flexibility is
hindered due to the ortho-substitution of the linker units.

In contrast to Bis-PBI 5, all oligo-phenylene substituted Bis-PBIs 6-8 reveal very broad and
structureless absorption bands upon aggregation (Figure 55d), where Bis-PBI 7 shows a more
bathochromically shifted 0—0 absorption band in contrast to Bis-PBI 6. This indicates a slightly
longitudinal slipped arrangement of the respective PBI units in Bis-PBI 7 quadruple z-stacks,
in order to gain sufficient 7 z-contact between the interacting PBI chromophores resulting in a
bathochromically shifted absorption band due to an increased J-type character. This further
explains why Bis-PBI 7 displays a smaller dimerization constant compared to Bis-PBI 6, as

less 7~ z-interaction between interacting chromophores results in smaller binding constants.

6.2.2 Further Structural Investigations

To support the spectroscopic observations and to gain deeper insight into the structural
arrangement of the chromophores, DFT calculations (B97D3/def2-SVP) were performed for
Bis-PBls 5-7 dimers where close 7—z—stacking (3.3 - 3.4 A) could be observed between the
respective PBI chromophores (Figure 56). Here, Bis-PBI 7 shows the largest distance (3.4 A)

due to the p-tetraphenyl-spacer moiety, which does not enable a closer contact between the two
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PBI chromophores. This further explains why the lowest dimerization constant of all Bis-PBI

dimers could be found for Bis-PBI 7 compared to Bis-PBIs 5 and 6.

Figure 56. Side views and top view of one possible geometry optimized structure of a) Bis-PBI 5 b) Bis-PBI 6
and c) Bis-PBI 7 by DFT (B97D3/def2-SVP) calculations.

Further indication for the exclusive presence of discrete Bis-PBls 5-7 dimers even at higher
concentrations was obtained by ESI mass spectrometry (see the Appendix, Figure 61 - 63),
where not only the singly charged monomer cations but also the singly charged dimer cations
could be observed. In contrast, for Bis-PBI 8 just the singly charged monomer cation could be
detected (see the Appendix, Figure 64), suggesting a disassembly of Bis-PBI 8 aggregates. This
might originate from the lower thermodynamic stability and dispersity of the formed oligomers
due to the long inter-planar distance between the two PBI chromophores enforced by the length

of the meta-phenylene linker unit.
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To further confirm the DFT-calculated structures for Bis-PBIs 5-8 under the applied conditions,
two-dimensional diffusion ordered spectroscopy (DOSY) NMR studies (Figure 57a and see the
Appendix Figure 65) were performed in toluene at room temperature (Co = 2 X 103 M).

Thus, diffusion coefficients in the range of D = 3 x 107 m? s~* could be measured for Bis-
PBI 6 (Figure 57a) and Bis-PBI 7 (see the Appendix, Figure 65a). By applying the Stokes-
Einstein equation the hydrodynamic radii r (Figure 57b) of the respective quadruple 7-stacks
could be calculated to be 11.0 A (Bis-PBI 6) and 13.5 A (Bis-PBI 7), that are reasonably larger
than the one obtained for Ref-PBI 2 (8.4 A, Chapter 5). These results are in good agreement
with the dimensions of the structures which could be obtained from DFT calculations, taking
into account that the long alkyl chains were not included in the calculations, but were replaced
by small methyl groups. For Bis-PBI 5, no hydrodynamic radius could be calculated because

of solubility issues during the experiment.
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Figure 57. a) 2D plot of DOSY NMR (600 MHz, 293 K) spectrum of Bis-PBI 6 in toluene-ds (co = 2 x 10~% M).
b) Ilustration of the energy minimized dimer structure of Bis-PBI 6 from DFT calculations (B97D3/def2-SVP)

with hydrodynamic radius r as obtained from the Stokes-Einstein equation.

Also for Bis-PBI 8 the presence of larger aggregates could be further substantiated by 2D-
DOSY NMR studies, where the respective hydrodynamic radius of the aggregated species
ranges between 10 — 26 A (see the Appendix Figure 65b) indicating a larger distribution of

different aggregate species.
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Furthermore, temperature-dependent *H NMR studies of Bis-PBIs 5-8 were performed in
toluene-ds to gain deeper insight into the exact structure of the respective aggregates. For Ref-
PBI 2 the 'H NMR spectrum in toluene-ds (co = 2 x 1073 M, 295 K) shows sharp and well
resolved proton signals over the whole temperature range from 100 °C to 20 °C, as expected
for non-interacting monomeric PBI-chromophores (see the Appendix, Figure 66). By cooling
down to —40 °C the signals become slightly broader and a small up-field shift can be observed
indicating intermolecular interactions between the PBI chromophores at very low temperatures.
This observation complies with the aggregation process observed by UV/Vis experiments for
Ref-PBI 2 at lower temperature and higher concentrations (Figure 53).

Also Bis-PBIs 5-8 show sharp and well-resolved 'H proton signals at high temperatures
(~ 100 °C) where mainly the respective monomers are present in solution as detected by UV/Vis
spectroscopy (see the Appendix, Figure 67 - 70). In contrast to Ref-PBI 2, the proton signals
of Bis-PBIs 5-8 become much broader with decreasing temperature. Already at room
temperature the corresponding signals can no longer be clearly assigned to the respective PBI
protons, until the coalescence temperature was reached around 0 °C, where the fully aggregated
species could be detected by UV/Vis spectroscopy (see the Appendix, Figure 67 - 70). For a
dimer structure with a zipper-type stacking of the PBI chromophores the two halves of each
monomer are no more chemically equivalent. Thus, a splitting of the monomer proton signals
should be observed at low temperatures if the exchange between monomer and dimer species
is slow enough on the NMR time scale. For Bis-PBIs 5-8 no splitting of the monomer proton
signals could be observed under the applied conditions in the accessible temperature range of
the NMR experiment, even by further decreasing the temperature to —40 °C. Thus, the exchange
between monomer and dimer species of the herein investigated target compounds is too fast for

detecting the respective defined aggregated species within the NMR time scale.

6.2.3 Fluorescence Spectroscopy

To get insight into the electronic interaction between the PBI chromophores of Bis-PBIs 5-8 in
the excited state fluorescence spectroscopy (Figure 58) was applied. The measurements were
performed in chloroform under highly diluted conditions (OD > 0.05) and in toluene at a higher
concentration (co=10"2M) using a front-face-setup to avoid reabsorption effects.[*4’]
Corresponding data are summarized in Table 7. In chloroform at low concentrations
(co = 10-" M) as well as in toluene at high concentrations (co = 10-%), Ref-PBI 1 (Figure 23a,
Chapter 4) and Ref-PBI 2 (Figure 58a) display typical monomer-like emission with
characteristic, well-resolved vibronic structures, mirror-image relationship and a small Stokes
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shift of 490 and 850 cm~! in chloroform and 520 and 850 cm™ in toluene, respectively, as well

as high fluorescence quantum yields up to 89% (Table 7).
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Figure 58. Steady state absorption (blue solid lines), fluorescence (red solid lines) and excitation spectra (green
dashed lines) of the dyes a) Ref-PBI 2, b) Bis-PBI 5*, c) Bis-PBI 6, d) Bis-PBI 7, and e) Bis-PBI 8 in chloroform
(left, c = 1077 M) and dimers/oligomers in toluene or methylcyclohexane (right, ¢ = 1073 M) at 298 K. (*) For Bis-
PBI 5 no reliable fluorescence quantum yields could be obtained in toluene because of solubility issues during the

experiment.
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For Bis-PBIs 5-8 similar monomer-like emission signatures could be observed in chloroform
at low concentrations (Co=10"" M) with well-resolved vibronic structures, mirror-image
relationship and small Stokes shifts below 840 cm~ (Table 7). Moreover, all Bis-PBI dyes show
high fluorescence quantum yields, which is very characteristic for monomer-like PBI dyes,
increasing from 63% (Bis-PBI 6) to 79% (Bis-PBI 7) and 89% (Bis-PBI 8) with increasing
inter-planar distances and therefore decreasing electronic interactions between the respective
PBI chromophores (Table 7).

Table 7. Fluorescence spectroscopic data of Ref-PBI 2, Bis-PBI 5, Ref-PBI 1, Bis-PBI 6, Bis-PBI 7 and Bis-
PBI 8 in chloroform at low concentrations (co = 107 M) and in toluene at high concentrations (co = 1072 M) at

room temperature.

Ref- Bis-PBI Ref- Bis-PBI Bis-PBI Bis-PBI
PBI 1 5 PBI 2 6 7 8
CHCIs 561 569 558 562 562 558

Amax, FI/ nm
toluene 561 658 (567) 556 647 (557) 649 (557) 653b(540)b

CHCls 490 590 850 690 590 840
Abstokes/ cmt

toluene 520 4200 850 4550 4540 (4200)°

CHCls 85 82 84 63 79 89
Drl %

toluene 81 (-)? 89 12 10 (18)°
m/ns CHCls3 4.4 5.0 4.4 5.0 5.0 45

amplitude
toluene 5.6 (-)? 5.2 79,232 78,320 7.7,288°

11%, 98% 13%, 87% 6%, 94%

2solubility issues during fluorescence measurements

b measurement in methylcyclohexane at 298 K because of low aggregation tendency in toluene

On the contrary, the well-resolved fine structure for Bis-PBlIs 5-7 is totally lost in toluene at
high concentrations (co = 10~ M), where prominent hypsochromic shifts of the absorption
maxima can be observed, with broad, structureless emission bands and pronounced Stokes
shifts > 4200 cm~2. In the case of Bis-PBI 8, the amount of remaining monomeric und with this
more emissive species was too high under the applied conditions in toluene. Thus, fluorescence
studies of Bis-PBI 8 were performed in pure methylcyclohexane at low concentrations
(co=10"" M, Figure 58e), where the aggregation tendency was much higher. Under these
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conditions, Bis-PBI 8 also exhibits a broad emission band with a large Stokes shift of
4200 cm~L. The changed emission properties of Bis-PBIs 5-8 can be attributed to the formation
of an excimerl'% 1251 state in the excited aggregate, which is characteristic for 7-stacked PBI H-
aggregates.[*4 The excimer state usually arises from structural rearrangement of the
chromophores in the excited state. Additionally, the emission spectra of all Bis-PBI dyes Bis-
PBIs 5-8 exhibit a small shoulder at ~560 nm (Bis-PBIs 5-7, Table 7) and 540 nm (Bis-PBI 8,
Table 7), probably due to traces of remaining monomer fluorescence from a small amount of
monomeric, not aggregated species.

Moreover, measured excitation spectra (Figure 58, green dashed lines) are in good agreement
with the corresponding absorption spectra, revealing single state fluorescence giving rise to an
emission from only one species, the aggregated PBI z-stacks. Furthermore, fluorescence
quantum yields of Bis-PBIs 5-8 were drastically decreased below 13%, which can be again
attributed to the formation of excimers in the aggregated states. Unfortunately, for Bis-PBI 5
the fluorescence quantum yield could not be determined because of precipitation during the
measurements in toluene at high concentrations (co = 103 M) as well as in methylcyclohexane
at lower concentrations (co = 10~" M).

Further information on the excited state properties of the herein investigated Bis-PBI dyes was
gained by fluorescence lifetime measurements (Table 7), where Ref-PBls 1-2 exhibit lifetimes
of ~ 4 ns in chloroform at low concentrations (co=10-" M) and ~ 5ns in toluene at high
concentrations (Co = 103 M), which is in good agreement with previously reported values for
monomeric PBI chromophores.[*%-114 Similar values between 4.5 and 5 ns could be obtained
for Bis-PBIs 5-8 monomers in chloroform (co = 10~" M). In contrast, Bis-PBls 6-8 exhibit two
fluorescence lifetimes (Table 7) in toluene at higher concentrations (co = 10~ M), where the
shorter lifetime (~5 ns) with significantly lower amplitude is highly comparable to the values
of Ref-PBlIs 1-2. Thus, the shorter lifetime can be attributed to the emission from the monomer-
like, more emissive species. The second lifetime ranging between 23 and 32 ns is much longer
and among the highest reported values for PBI excimers,!*%! which might be explained by the
more forbidden radiative transition to the ground state.[®] For Bis-PBI 5 no fluorescence

lifetime could be determined because of precipitation during the measurements.
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6.3 Conclusion

In this chapter, intermolecular self-assembly of four new Bis-PBI dyes into well-defined
supramolecular architectures was investigated. By systematically extending the backbone
length from 7A to 15A it was possible to generate discrete quadruple z-stacks (Bis-PBIs 5-7)
as well as larger oligomeric 7zstacks (Bis-PBI 8) upon self-assembly. The herein performed
investigations reveal that the aggregation process and the aggregate structures are defined by
the nature of the spacer unit that is used to connect the two PBI chromophores in the bay-
position. A more rigid spacer unit (ortho-substitution) that pre-organizes the chromophores
with an inter-planar distance of roughly 8 A results in the formation of well-defined quadruple
PBI z-stacks with high binding constants up to Kp =~ 10° Mt in toluene. In contrast, the
utilization of a more flexible linker unit (meta substitution) with an inter-planar distance around
15 A leads to the formation of larger oligomeric z-stacks revealing a drastically decreased
binding strength two magnitudes lower in intensity with K = 102 M~ in toluene. Moreover, it
could be demonstrated that common analytical methods, like UV/Vis and fluorescence
spectroscopy are suitable techniques to adequately elucidate the structure of the herein
introduced supramolecular architectures. Finally, the spectroscopic observations could be
further proven by DOSY-NMR spectroscopy, ESI mass spectrometry, AFM measurements and
DFT calculations.
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Figure 59. UV/Vis absorption spectra of a) Ref-PBI 1, b) Ref-PBI 2, ¢) Bis-PBI 5, d) Bis-PBI 6, ) Bis-PBI 7,
and f) Bis-PBIl 8 with co=2x 10" M in chloroform (red), toluene (green), tetrahydrofuran (magenta) and

methylcyclohexane (blue) at room temperature.
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Figure 60. AFM images of thin-films prepared by spin-coating from a solution (c = 2 x 10-° M~!, 2000 rpm) of
a) Bis-PBI 5 in toluene and b) Bis-PBI 6, ¢) Bis-PBI 7 and d) Bis-PBI 8 in methylcyclohexane on HOPG.
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Figure 61. ESI mass spectrum of Bis-PBI 5 in positive-ion mode. The sample was prepared out of a toluene

solution. [M+Na]* and [M2+Na]* denote the mass peaks corresponding to the singly charged monomer and dimer

cation of Bis-PBI 5.
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Figure 62. ESI mass spectrum of Bis-PBI 6 in positive-ion mode. The sample was prepared out of a toluene

solution. [M+K]* and [M2+K]* denote the mass peaks corresponding to the singly charged monomer and dimer

cation of Bis-PBI 6.
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Figure 63. ESI mass spectrum of Bis-PBI 7 in positive-ion mode. The sample was prepared out of a toluene
solution. [M+Na]* and [M2+Na]* denote the mass peaks corresponding to the singly charged monomer and dimer
cation of Bis-PBI 7.
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Figure 64. ESI mass spectrum of Bis-PBI 8 in positive-ion mode. The sample was prepared out of a toluene

solution. [M+Na]* denote the mass peaks corresponding to the singly charged monomer cation of Bis-PBI 8.
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Figure 65. 2D plot of DOSY NMR (600 MHz, 293 K) spectrum of a) Bis-PBI 7 and b) Bis-PBI 8 in toluene-dg

(co = 2 x 10-% M) and hydrodynamic radius as received from the Stokes-Einstein equation.
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Figure 66. Temperature-dependent *H NMR-spectra of the aromatic protons of Ref-PBI 2 in toluene-ds, from

100 °C to —40 °C (Co = 3 mM).
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Figure 67. Temperature-dependent *H NMR-spectra of the aromatic protons of Bis-PBI 5 in toluene-ds, from

100 °C to —40 °C (co = 0.5 mM) and UV/Vis spectra of Bis-PBI 5 in toluene-ds (co = 0.5 mM) at 0°C and 100°C.
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Figure 68. Temperature-dependent *H NMR-spectra of the aromatic protons of Bis-PBI 6 in toluene-ds, from

100 °C to —40 °C (co = 2 mM) and UV/Vis spectra of Bis-PBI 6 in toluene-ds (co = 2 mM) at 0°C and 100°C.
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Figure 69. Temperature-dependent *H NMR-spectra of the aromatic protons of Bis-PBI 7 in toluene-ds, from

100 °C to —40 °C (co = 2 mM) and UV/Vis spectra of Bis-PBI 7 in toluene-ds (co = 2 mM) at 0°C and 100°C.
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Figure 70. Temperature-dependent *H NMR-spectra of the aromatic protons of Bis-PBI 8 in toluene-ds, from

100 °C to —40 °C (co = 5 mM) and UV/Vis spectra of Bis-PBI 8 in toluene-ds (co = 5 mM) at 0°C and 100°C.
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Chapter 7

Summary

Supramolecular self-assembly of perylene bisimide (PBI) dyes via non-covalent forces gives
rise to a high number of different PBI architectures with unique optical and functional
properties. As these properties can be drastically influenced by only slightly structural changes
of the formed supramolecular ensembles (Chapter 2.1) the controlled self-assembly of PBI dyes
became a central point of current research to design innovative materials with a high potential
for different applications as for example in the fields of organic electronics or photovoltaics.
As PBI dyes show a strong tendency to form infinite z-aggregated structures (Chapter 2.2) the
aim of this thesis was to precisely control their self-assembly to create small, structurally well-
defined PBI assemblies in solution. Chapter 2.3 provides an overview on literature known
strategies that were established to realize this aim. It could be demonstrated that especially
backbone-directed intra- and intermolecular self-assembly of covalently linked Bis-PBI dyes
evolved as one of the most used strategies to define the number of stacked PBI chromophores
by using careful designed spacer units with regard to their length and flexibility.

Based on this literature survey, covalently linked PBI dyes were synthesized and analysed
within this thesis bearing acetylene and polyphenyl spacer units with a length ranging between
3 - 15 A. Different from previous examples of tethered Bis-PBI dyes, the imide positions of the
herein investigated target compounds Bis-PBIs 1-8 should be available for solubilizing side
chains ensuring adequate solubility in different organic solvents and accordingly, for the first
time an ether functionality in bay area was used to anchor the tether.

Hence, Bis-PBls 1-8 were successfully obtained based on well-known metal-mediated cross-
coupling reactions by either copper- and palladium-catalysed Glaser coupling reaction (Bis-
PBI 1) or Suzuki coupling reaction followed by a nucleophilic aromatic substitution reaction

(Bis-PBIs 2-8) which was described in Chapter 3. Subsequently, all Bis-PBI dyes were fully
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characterized by H and *C NMR spectroscopy as well as high resolution ESI mass

spectrometry. The corresponding synthetic route for Bis-PBIs 1-8 is summarized in Scheme 8.

/\//\/\:O/\ZONO O N_O o

N.__O
22
imidazole, 160 °C. 5 h O nucleophilic aromatic
' ' substitution
o-Cnker>-o
2. Bry, K,CO Br
C " S (7 masas (1) 0
CHCl3, reflux, 4 h THF, NaH
60°C,16-72h
29 30:

o]
o)
]

W
O

W

(0]

31
= 27: 34: 35: 36: 39:

:

o0

asazasat
O-O-0-0

Bis-PBI 1 Bis-PBI 2 Bis-PBI 3 Bis-PBI 4(S) Bis-PBI 4(R) Bis-PBI 5 Bis-PBI 6 Bis-PBI 7 Bis-PBI 8

94% 30% 21% 30% 23% 60% 12% 12% 18%
~7A ~6A ~3A ~3A ~3A ~7A ~8A ~10A ~15A
Chapter 4 Chapter 5 Chapter 6

Scheme 8. Synthesis of covalently linked Bis-PBIs 1-8.

By using conventional spectroscopic methods like UV/Vis and fluorescence experiments in
combination with NMR measurements an in-depth comparison of the molecular and optical
properties in solution both in the non-stacked and aggregated state of Bis-PBIs 1-8 could be
elucidated to reveal structure-property relationships of different PBI architectures. Thus, it
could be demonstrated, that spacer units that pre-organize two PBI chromophores with an inter-
planar distance of r <7 A lead to an intramolecular folding (Bis-PBIs 2-4), whereas linker
moieties with a length between 7 to 11 A result in an intermolecular self-assembly (Bis-PBls 1
and 5-7) of the respective Bis-PBIs dyes via dimerization to form well-defined quadruple PBI
mstacks. Hence, if the used spacer units ensure an inter-planar distance r > 14 A larger
oligomeric PBI 7z-stacks are generated (Bis-PBI 8).

In Chapter 4 a detailed analysis of the exciton coupling in a highly defined H-aggregate
quadruple PBI-z stack is presented. Therefore, bay-tethered PBI dye Bis-PBI 1 was
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investigated, in which two PBI chromophores are covalently linked by a diacetylene linker that
ensures a distance of approximately 7 A between the 7z-surfaces. This is exactly twice the 7—7-
distance which is known to enable the intercalation of an additional chromophore. The
aggregation behaviour of Bis-PBI 1 was then investigated by concentration-dependent UV/Vis
spectroscopy in THF and toluene (Figure 71a), where pronounced spectral changes could be
observed upon increasing concentration. The absorption data in toluene could be properly fitted
with the monomer-dimer model also in a global fit approach providing a dimerization constant
of Kp = 10° ML, Further confirmation for the exclusive existenz of PBI quadruple 7-stacks was
gained by 2D-DOSY-NMR spectroscopy, ESI mass spectrometry and AFM measurements. The
spectroscopic observations were finally rationalized by DFT calculations (Figure 71b). These
studies clearly confirm that Bis-PBI 1 self-assembles exclusively into dimers with four closely

n-stacked PBI chromophores.
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Figure 71. a) Concentration-dependent UV/Vis absorption spectra (coloured lines) of Bis-PBI 1 (co = 3.51 x
104 M —3.75x 107" M) in toluene at 298 K. Also shown are the calculated spectra obtained by a global fit analysis
for supramolecular dimerization (black dashed lines). Arrows indicate the changes in intensity of the 0—0 and the
0-1 band with decreasing concentration. Furthermore, depicted are steady state fluorescence spectra of Bis-PBI 1
monomers in CHClI; (red dashed line, co = 10~7 M) and dimers in toluene (blue dashed line, co = 10-3 M) at 298 K.
b) Schematic representation of the self-assembly of Bis-PBI 1 into a quadruple dye stack and geometry optimized
structure (B97D3/def2-SVP) of the dimer aggregate of Bis-PBI 1.

Furthermore, with the aid of broadband fluorescence upconversion spectroscopy (FLUPS)
ensuring broadband detection range and ultrafast time resolution at once, ultrafast Frenkel
exciton relaxation and excimer formation dynamics in the PBI quadruple z-stack within 1 ps
was successfully investigated in cooperation with the group of Dongho Kim (Figure 71c). Thus,

it was possible to gain for the first time insights into the exciton dynamics within a highly
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defined synthetic dye aggregate beyond dimers. By analysing the vibronic line shape in the
early-time transient fluorescence spectra in detail, it could be demonstrated that the Frenkel
exciton is entirely delocalized along the quadruple stack after photoexcitation and immediately
loses its coherence followed by the formation of the excimer state.

In Chapter 5 four well-defined Bis-PBI folda-dimers Bis-PBIs 2-4 were introduced, where
linker units of different length (r < 7 A) and steric demand were used to gain distinct PBI dye
assemblies in the folded state. Structural elucidation based on in-depth UV/Vis, CD and
fluorescence experiments in combination with 1D and 2D NMR studies reveals a stacking of
the two PBI chromophores upon folding for all Bis-PBI dyes Bis-PBIs 2-4 in 1,1,2,2-
tetrachloroethane, where geometry-optimized structures obtained from DFT calculations
suggest only slightly different arrangements of the PBI units enforced by the distinct spacer

moieties (Figure 72).

Figure 72. Graphical illustration of the competition between short-range (Jct) and long-range (Jcou) €xciton
coupling for z-stacked Bis-PBI 2 and 4 with optical signatures ranging from conventional H-type (Hj) aggregates
(Bis-PBI 2, back) to monomer-like absorption features, which presents the first experimental proof of a PBI-based
“null-aggregate”, in which long- and short-range exciton coupling fully compensate each other. Also shown are

the corresponding absorption and fluorescence spectra of Bis-PBI 2 and 4, respectively.

Remarkably, the chromophore stacks exhibit very distinct optical properties as explored by
UV/Vis absorption and fluorescence spectroscopy (Figure 72). This can be rationalized by the

interplay of long- (Jcou) and short-range (Jct) coupling, which leads to completely unexpected
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optical signatures underlying the importance of charge-transfer mediated exciton coupling for
n-stacked PBI chromophores Theoretical investigation reveal that the latter arises from
HOMO-HOMO and LUMO-LUMO overlap of the chromophores, which is very sensitive to
the structural arrangement of the dyes. Hence, small changes of the geometry have considerable
influence on the optical properties of the z-stacks. With the resulting optical signatures of Bis-
PBIs 2-4 ranging from conventional Hj-type to monomer like absorption features, the first
experimental proof of a PBIl-based “null-aggregate” could be presented, in which long- and
short-range exciton coupling fully compensate each other (Figure 72). Hence, the insights of
this chapter pinpoint the importance of charge-transfer mediated short-range exciton coupling
that can significantly influence the properties of z-stacked PBI chromophores.

In the last part of this thesis (Chapter 6), spacer-controlled self-assembly of four bay-linked
Bis-PBI dyes Bis-PBls 5-8 into well-defined supramolecular architectures was investigated,
where the final aggregate structures are substantially defined by the nature of the used spacer
units. By systematically extending the backbone length from 7 to 15 A defining the inter-planar
distance between the tethered chromophores, different assemblies from defined quadruple PBI
7-stacks to larger oligomeric z-stacks could be gained upon aggregation.

By using conventional spectroscopic methods like UV/Vis spectroscopy pronounced spectral
changes could be observed for Bis-PBIs 5-8 in toluene upon increasing concentration, revealing
H-type aggregation for all target compounds. Corresponding absorption data of Bis-PBIs 5-7
could be properly fitted with the monomer-dimer model also in a global fit approach confirming
the exclusively existenz of PBI quadruple =stacks in solution, which could be further
substantiated by 2D-DOSY-NMR spectroscopy, ESI mass spectrometry, AFM measurements
and DFT calculations. These studies clearly confirm that Bis-PBls 5-7 self-assemble
exclusively into dimers with dimerization constants ranging between Kp = 10% - 10° ML, In
striking contrast, for Bis-PBI 8 the concentration-dependent absorption data could be fitted
with the isodesmic model, indicating the formation of larger oligomeric z-stacks, which could
be further proven by 2D-DOSY-NMR spectroscopy and AFM measurement, where long fibres
could be observed up to 500 nm in length. Hereby, the absorption spectra of Bis-PBIs 5-8
monomers and aggregates (Figure 73a) could be rationalized and a relationship between the
optical properties and the nature of the respective linker moieties could be revealed. Thus, a
more rigid spacer unit (ortho-substitution) that pre-organizes the chromophores with an inter-

planar distance of roughly 8 A results in the formation of well-defined quadruple zstacks,
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whereas the utilization of a more flexible linker unit (meta-substitution) with an inter-planar

distance around 15 A leads to the formation of larger oligomeric z=stacks (Figure 73b).
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Figure 73. a) Comparison of the spectral shapes and relative position of calculated absorption spectra of Bis-

PBIs 5-8 monomer and aggregated species in toluene at room temperature determined by global fit analysis for
the monomer-dimer resp. isodesmic model b) Schematic illustration of the self-assembly pathways of bay tethered
perylene bisimide dyes Bis-PBIs 5-8 into bimolecular stacks of four PBI units and supramolecular polymers,

respectively.

In conclusion, the synthesis of nine covalently linked PBI dyes in combination with a detailed
investigation of their spacer-mediated self-assembly behaviour in solution concerning
structure-properties-relationships was presented within this thesis. The results confirm a strong
exciton coupling in different types of Bis-PBI architectures e.g. folda-dimers or highly defined
quadruple 7-stacks, which significantly influences their optical properties upon self-assembly.
The structural elucidation of artificial dye aggregates facilitates the design of new organic
materials with particular optical and electronic properties. This further provides important
information for developing suitable functional materials for applications e.g. in the fields of
organic electronics or photovoltaics by mimicking the sophisticated properties shown by natural

light-harvesting systems.
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Chapter 8

Zusammenfassung

Supramolekulare Selbstorganisationsprozesse von Perylenbisimid-(PBI)-Farbstoffen uber
nichtkovalente Kréfte fihren zu einer Vielzahl unterschiedlicher PBI-Aggregatstrukturen
welche sich in ihren einzigartigen optischen und funktionellen Eigenschaften unterscheiden.
Diese Eigenschaften kdnnen bereits durch leichte strukturelle Veranderungen der gebildeten
supramolekularen Strukturen drastisch beeinflusst werden (Kapitel 2.1), was die kontrollierte
Selbstassemblierung von PBI-Farbstoffen zu einem zentralen Punkt aktueller Forschungs-
arbeiten macht. Dadurch soll es ermdglicht werden, innovative Materialien zu generieren,
welche ein hohes Potenzial fur unterschiedlichste Anwendungen aufzeigen, wie z.B. im Bereich
der organischen Elektronik oder Photovoltaik.

Da PBI-Farbstoffe eine starke Tendenz zur Bildung ausgedehnter Aggregatstrukturen
aufweisen (Kapitel 2.2), war das Ziel dieser Arbeit, kleine, hoch-definierte PBI-Stapel zu
generieren, was Uber die kontrollierte Steuerung ihres Aggregationsverhaltens ermdglicht
werden sollte. Kapitel 2.3 gibt dabei einen Uberblick tber die hierfir in der Literatur
verwendeten Strategien. Dabei konnte gezeigt werden, dass vor allem eine intra- bzw.
intermolekulare Organisation von kovalent-verknipften Bis-PBI-Farbstoffen herangezogen
wird, um die Anzahl der PBI-Chromophore innerhalb des Aggregates zu limitieren. Dies konnte
unter anderem durch eine sorgfaltige Auswahl der verwendeten Linker-Einheiten realisiert
werden, vor allem hinsichtlich ihrer Lange und Flexibilitét.

In Anlehnung an jene Strategien wurden auch in dieser Arbeit zwei kovalent-verkniipfte
Perylenfarbstoffe analysiert, wobei die Lange der jeweiligen Acetylen- und Polyphenyl-Linker-
Einheiten zwischen 3 A - 15 A variierte. Anders als bei friiheren Beispielen von kovalent-
verknlpften Bis-PBI-Farbstoffen wurde in dieser Arbeit erstmals eine Etherfunktionalitét in
Bucht-Position der PBI-Farbstoffe zur Verknupfung der Chromophore verwendet. Dies
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ermoglicht das Einflhren von bis zu vier loslichkeitsvermittelnden Alkylketten in den
Imidpositionen der PBI-Farbstoffe, um eine ausreichende Loslichkeit dieser in verschiedenen
organischen Losungsmitteln auch bei hohen Konzentrationen sicher zu stellen.

Basierend auf bekannten metallvermittelten Kreuzkupplungsreaktionen wurden die Ziel-
verbindungen Bis-PBI 1-8 schlieBlich durch eine kupfer- und palladiumkatalysierte Glaser-
Kupplungsreaktion (Bis-PBI 1) bzw. durch eine Suzuki-Kupplung mit anschlieRender nukleo-
philer aromatischer Substitution erhalten (Bis-PBIs 2-8). Dies wurde ausfuhrlich in Kapitel 3
erlautert. AnschlieBend konnten alle Farbstoffe vollstindig mittels ‘H- und *C-NMR
Spektroskopie, sowie mittels hochauflésender ESI Massenspektrometrie charakterisiert
werden. Der synthetische Weg zur Darstellung von Bis-PBI 1-8 ist in Schema 9 nochmals

zusammenfassend dargestellt.

0 OO /\/:/\\/:)A 2 O N0 O N0
22
OO Imidazole, 160 °C, 5 h OO nukleogr:jzlsetiijrggatische O OO
@ @ DOGA 80
OO 2. Bry, K,CO3 Br

O

( OO 27 30,34 - 36 and 39
CHCl3, A, 4h THF, NaH

60°C, 16-72h
0”0 o 07 "N” 70 0 >N"o 0“ >N"o

g
§
{

Bis-PBI 1 Bis-PBI 2 Bis-PBI 3 Bis-PBI 4(S) Bis-PBI 4(R) Bis-PBI 5 Bis-PBI 6 Bis-PBI 7 Bis-PBI 8

94% 30% 21% 30% 23% 60% 12% 12% 18%
~7TA ~6A ~3A ~3A ~3A ~7A ~8A ~10A ~15A
Kapitel 4 Kapitel 5 Kapitel 6

Schema 9. Synthese der kovalent verkn(pften Farbstoffe Bis-PBI 1-8.

Durch den Einsatz von UV/Vis-, Fluoreszenz- und NMR-Spektroskopie kann ein eingehender
Vergleich der molekularen und optischen Eigenschaften der Farbstoffe Bis-PBI 1-8 in Lésung
sowohl im monomeren als auch im aggregierten Zustand durchgefiihrt werden. So konnte

gezeigt werden, dass Linker-Einheiten, welche zwei PBI-Chromophore mit einem interplanaren
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Abstand von r < 7 A vororganisieren, zu einer intramolekularen Faltung der Bis-PBI-Farbstoffe
fiinren (Bis-PBls 2-4), wohingegen Linker-Einheiten mit einer Lange zwischen 7 - 11 A eine
intermolekulare Selbstorganisation (Bis-PBlIs 1 und 5-7) der jeweiligen Bis-PBI-Farbstoffe
begunstigen. Gewaéhrleistet die verwendete Linker-Einheit einen interplanaren Abstand r >
14 A zwischen den beiden PBI-Einheiten, so kommt es zur Erzeugung gréRerer, oligomerer
PBI-Farbstoff-Stapel (Bis-PBI 8).

Im ersten Teil dieser Arbeit (Kapitel 4) wurde die Exzitonen-Kopplung in einem
hochdefinierten PBI-Viererstapel untersucht. Zu diesem Zweck wurde Bis-PBI 1 synthetisiert,
dessen PBI-Chromophore kovalent durch einen Diacetylen-Linker in der Bucht-Position
verkniipft wurden. Dieser stellt einen Abstand von ca. 7 A zwischen den z-Flachen der
Farbstoffe sicher, von dem bekannt ist, dass er die Interkalation eines zusatzlichen
Chromophores ermdglicht. Das Aggregationsverhalten von Bis-PBI 1 wurde anschliefend
mittels konzentrationsabhangiger UV/Vis-Spektroskopie in THF und Toluol (Abb. 74a)
ermittelt.

a) 120
_, 1001
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Abbildung 74. a) Konzentrationsabhangige UV/Vis-Absorptionsspektren (farbige Linien) von Bis-PBI 1 (co =
3.51 x 10* M — 3.75 x 1077 M) in Toluol bei 298 K. Dargestellt sind auch die berechneten Spektren, die durch
eine globale Anpassung der Daten an das Monomer-Dimer-Model (schwarze gestrichelte Linien) erhalten wurden.
Pfeile zeigen die Intensitatsverdnderungen der 0—0 und 0—1 Banden mit abnehmender Konzentration an. Des
Weiteren sind die Fluoreszenzspektren der Bis-PBI 1 Monomere in CHClI; (rote gestrichelte Linie, co = 107 M)
und Dimere in Toluol (blaue gestrichelte Linie, co = 10~ M) bei 298 K dargestellt. b) Schematische Darstellung
der Selbstorganisation von Bis-PBI 1 zu hoch-definierten PBI-Viererstapeln mittels Dimerisierung. Aullerdem
dargestellt ist die geometrieoptimierte Struktur (B97D3/def2-SVP) eines Bis-PBI 1 Viererstapels.

Hierbei konnte durch Erh6hung der Konzentration eine signifikante spektrale Veranderung der

Absorptionsbanden von Bis-PBI 1 beobachtet werden. Die so erhaltenen Daten konnten
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erfolgreich an das Monomer-Dimer-Modell angepasst werden, was auch bei einer globalen
Datenanalyse uber den gesamten spektralen Bereich gelang. Dies lieferte den ersten Beweis fur
die intermolekulare Dimerisierung von Bis-PBI 1 und damit zur Ausbildung hoch-definierter
PBI-Viererstapel nach erfolgter Aggregation, was mittels 2D-DOSY-NMR-Spektroskopie,
ESI-Massenspektrometrie und AFM-Messungen weiter bestatigt werden konnte. Die
experimentellen Beobachtungen wurden anschlieBend auch durch DFT-Rechnungen
(Abb. 74b) weiter untermauert. In Zusammenarbeit mit der Gruppe von Dongho Kim konnten
weiterhin  mittels Femtosekunden-Breitband-Fluoreszenz-Aufkonversions-Spek-troskopie
(FLUPS) erstmals Einblicke in die Exzitonendynamik innerhalb eines hoch definierten
synthetischen Farbstoffaggregats jenseits von Dimeren gewonnen werden (Abb. 74c). Durch
die detaillierte Analyse der vibronischen Linienform der friihen transienten Fluoreszenz-
spektren konnte gezeigt werden, dass das anfanglich gebildete Frenkel-Exciton nach erfolgter
Anregung vollstandig entlang des gesamten Viererstaples delokalisiert ist. Der eindeutige
Nachweis des initialen, vollstandig delokalisierten Frenkel-Exziton-Zustandes und seiner
Lokalisation, stellen wichtige Ergebnisse dieser Studie dar.

Der zweite Teil dieser Arbeit (Kapitel 5) befasste sich mit der Einfihrung von vier hoch-
definierten Bis-PBI-Folda-Dimeren Bis-PBI 2-4, fur deren Synthese Linker-Einheiten
unterschiedlicher Lange (r < 7 A) und Flexibilitit verwendet wurden. So konnte jeweils eine
leicht variierende Anordnung der PBI-Chromophore im gefalteten Zustand generiert werden.
Durch die Strukturaufkl&rung auf Basis von eingehenden UV/Vis-, CD-, Fluoreszenz- und 1D-
und 2D-NMR-Studien konnte fur alle Farbstoffe Bis-PBIs 2-4 die Faltung zu diskreten 7z
Stapeln in 1,1,2,2-Tetrachlorethan gezeigt werden (Abb. 75). Die aus DFT-Berechnungen
gewonnenen geometrieoptimierten Strukturen lassen nur geringfligig unterschiedliche
Anordnungen der PBI-Farnstoffe erkennen, welche durch die verschiedenen Linker-Einheiten
verursacht werden. Dabei war es sehr bemerkenswert, dass die jeweiligen Chromophorstapel
dennoch sehr unterschiedliche optische Eigenschaften aufweisen, was durch UV/Vis-
Absorptions- und Fluoreszenzspektroskopie gezeigt werden konnte. Die unterschiedlichen
Absorptionseigenschaften koénnen auf das Zusammenspiel zwischen lang- (Jcou) und
kurzreichweitiger (Jct) Exzitonen-Kopplung zuriickgefihrt werden, was zu vollig unerwarteten
optischen Signaturen fiihrt. Theoretische Untersuchungen zeigen, dass letztere aus dem
HOMO-HOMO- und LUMO-LUMO-Uberlapp der Chromophore resultiert, welche sehr
empfindlich auf strukturelle Verénderungen der Farbstoffaggregate reagieren. Kleine
Anderungen der Geometrie haben daher erheblichen Einfluss auf die optischen Eigenschaften

der 7-Stapel. Durch die resultierenden optischen Signaturen der Folda-Dimere Bis-PBls 2-4,
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welche vom konventionellen Hj-Aggregat bis hin zu monomerenahnlichen Absorptions-
merkmalen reichen, konnte erstmals der experimentelle Nachweis eines PBI-basierten "Null-
Aggregats" erbracht werden, bei dem sich Jcou und Jer vollstandig gegenseitig kompensieren
(Abb. 75). Die Erkenntnisse dieses Kapitels verdeutlichen daher den erheblichen Einfluss der
sogenannte kurzreichweitigen Exzitonen-Kopplung Jct auf die optischen Eigenschaften von

PBI-Aggregaten.

==lp g

Abbildung 75. Grafische Darstellung des Zusammenspiels von lang- (Jcouw) und Kkurzreichweitigen (Jcr)
Exzitonen-Kopplung, welches je nach Starke zur Ausbildung konventioneller H-Aggregatee (Hj, hinten, Bis-
PBI 2) oder sogenannter ,,Null-Aggregate“ (HJ, vorne, Bis-PBI 4) flihrt. AuRerdem gezeigt sind die Absorptions-

und Fluoreszenzspektren von Bis-PBI 2 und 4.

Im letzten Teil dieser Arbeit (Kapitel 6) wurden die Selbstorganisationsprozesse in Klar
definierten supramolekularen Aggregatstrukturen untersucht. Durch die systematische
Verlangerung der Linker-Einheiten von 7 auf 15 A, konnten durch Selbstorganisation unter-
schiedliche Aggregatstrukturen von hochdefinierten PBI-Viererstapeln bis hin zu langeren PBI-
Oligomeren generiert werden. Dabei ist die endgultige Aggregatstruktur im Wesentlichen von
der Art der eingesetzten Linker-Einheit abh&ngig, welche zur Verknlpfung der beiden PBI-
Chromophore in der Bucht-Position verwendet wird. Durch den Einsatz UV/Vis-
spektroskopischer Methoden konnten fiir die Farbstoffe Bis-PBI 5-8 ausgeprégte spektrale
Veranderungen in Toluol bei steigender Konzentration beobachtet werden. Dabei konnten die

konzentrationsabhéngigen Absorptionsdaten von Bis-PBI 5-7 erfolgreich an das Monomer-
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Dimer-Model angepasst werden, was auf die ausschlie3liche Ausbildung hochdefinierter PBI
Vierer-Stapel in Lésung hinweist. Dies konnte durch 2D-DOSY-NMR-Spektroskopie, ESI-
Massenspektrometrie, AFM-Messungen sowie durch DFT-Rechnungen weiter bestétigt

werden.
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Abbildung 76. a) Vergleich der spektralen Formen und relativen Position der Absorptionsspektren von Bis-PBls
5-8 im monomeren und aggregierten Zustand in Toluol bei Raumtemperatur. Die Spektren wurden dabei durch
jeweilige globale Fit-Analyse des Monomer-Dimer- bzw. isodesmischen Modells bestimmt. b) Schematische
Abbildung der moglichen Selbstassemblierungsprozesse der Bucht-verknipften Perylenebisimid-Farbstoffe Bis-

PBI 5-8 zu bimolekularen Stapeln aus vier PBI Einheiten oder supramolekularen Polymeren.

Im Gegensatz dazu konnten die konzentrationsabhangigen Absorptionsdaten fiir Bis-PBI 8
erfolgreich an das isodesmische Modell angepasst werden, was auf die Bildung groRerer,
oligomerer 7-Stapel hinweist. Diese Beobachtungen konnten durch 2D-DOSY-NMR-
Spektroskopie, ESI-Massenspektrometrie und AFM-Messungen weiter untermauert werden,
bei denen lange, faserartige Aggregate mit einer L&nge von bis zu 500 nm beobachtet werden
konnten. Hierdurch konnten die Absorptionsspektren von Bis-PBIs 5-8 sowohl im monomeren
als auch im aggregierten Zustand (Abb. 76a) gedeutet und ein Zusammenhang zwischen den

optischen Eigenschaften und den jeweiligen Verbindungseinheiten aufgezeigt werden. So fiihrt
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der Einsatz einer rigideren Linker-Einheit (ortho-Substitution), welche die Chromophore mit
einem Abstand von etwa 8 A vororganisiert, zur Bildung klar definierter PBI-Viererstapel,
wohingegen eine flexiblerere Linker-Einheit (meta-Substitution) mit einem interplanaren
Abstand von ca. 15 A zur Bildung gréRerer, oligomerer z-Stapel fiihrt (Abb. 76b).

Zusammenfassend wurde in dieser Arbeit eine detaillierte Ubersicht des Selbstorganisations-
verhaltens von neun kovalent verknlipften Bis-PBI-Farbstoffen vorgestellt, welche
anschlieBend hinsichtlich ihrer Struktur-Eigenschafts-Beziehung untersucht wurden. Die
Ergebnisse bestétigen eine starke Excitonen-Kopplung in verschiedenen Bis-PBI-Aggregaten
wie z.B. PBI-Folda-Dimeren oder hochdefinierten PBI-Viererstapeln, welche die optischen
Eigenschaften der Farbstoffsysteme im aggregierten Zustand signifikant beeinflusst. Die aus
den Untersuchungen der synthetisch hergestellten Farbstoffaggregate gewonnen Erkenntnisse
sind von hoher Relevanz fir den Vergleich mit natlrlichen Lichtsammelsystemen der
Photosynthese sowie fiir die Gestaltung photonischer Materialien. Dabei dienen die
einzigartigen Eigenschaften der in der Natur vorkommenden Systeme als Vorbild, um
synthetische Materialien herzustellen, welche ahnlich effektiv fur die Gewinnung von Energie

durch Sonnenlicht genutzt werden sollen.
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Chapter 9

Experimental Section

9.1 Materials and Methods

General: All reagents and solvents were used without further purification after recievement
from commercial sources. If needed they were dried via literature known procedures.[%4
Column chromatography was performed using Silica 60M with a particle size of 0.04—
0.063mm. H and ¥C NMR spectra were recorded on Avance DMX 600 and 400
spectrometers. Chemical shifts dare given in ppm and J values in Hz. For all multiplicities the
following abbreviations were used: s=singlet, d=doublet, t=triplet, sept= septet,

m = multiplet.

Gel Permeation Chromatography: Final purification of the target compounds was achieved
by recycling gel permeation chromatography (Shimadzu, LC-20AD pump, SPD-MAZ20A
detector) using ethanol stabilized chloroform as solvents and three columns with a flow rate of
3.5 mL /min.

Mass Spectrometry: High-resolution ESI-TOF mass spectrometry was performed with a
micrOTOF Focus spectrometer (Bruker Daltronics). MALDI-TOF-experiments were
performed with a autoflex Il (Bruker Daltonik GmbH) with trans-2-[3-(tert-Butylphenyl)-2-
methyl-2-propenyliden]malono-nitril (DCTB) as matrix.

Melting Points: Melting points were detected on an optical microscope (Olympus BX41) and

are uncorrected.
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Optical UV/Vis Absorption: All spectroscopic measurements were performed on a JASCO
770V spectrometer with a spectral bandwith of 1 nm and a scan rate of 400 nm min~! using
conventional quartz cell cuvettes (from 0.01 cm to 10 cm) and spectroscopic grade solvents

(Uvasol). Temperature-dependent UV/Vis absorption spectra are density-corrected.

Steady-State Fluorescence Spectroscopy: For emission measurements an Edinburgh
Instruments FLS980 spectrometer was used, equipped with a double monochromator for
emission and excitation. A right-angle geometry mode or a front face setup was used depending
on the concentration and optical density of the samples while applying a magic angle setup.
The fluorescence quantum yields were calculated by the optical dilute method (A < 0.05) using
N,N-Bis(2,6-diisopropylphenyl)-1,6,7,12-tetraphenoxyperylene-3,4:9,10-tetracarboxylicacid-
bisimide (®n = 96% in chloroform)**! or N,N-Bis(2,6-diisopropylphenyl)-3,4:9,10-tetracar-
boxylicacidbisimide (®n = 100% in chloroform)[l as standards. Time-resolved measurements
were performed with a ps laser diode at 505 nm and a TCSPC detection unit.

Femtosecond Broadband Fluorescence Upconversion Spectroscopy (FLUPS): A Femto-
second broadband fluorescence up-conversion apparatus*'? 197200 was used for obtaining the

transient fluorescence spectra at Yonsei University in Seoul. For details see ref.[*]

Femtosecond Transient Absorption Spectroscopy: The femtosecond time-resolved trans-
ient absorption (fs-TA) spectrometer utilized at Yonsei University in Seoul consists of an
optical parametric amplifier (OPA,; Palitra, Quantronix) pumped by a Ti:sapphire regenerative
amplifier system (Integra-C, Quantronix) operating at 1 kHz repetition rate and an optical

detection system. For details see ref.[*]

DFT Calculations: DFT calculations were obtained by using the Gaussian09 program™” with
the def2-SVP basis set'%8! and B97D3[6 as functional.

Atomic Force Microscopy (AFM): AFM experiments were performed on a Bruker AXS
MultiMode 8 instrument using Silicon cantilevers (Olympus) with a spring constant of

40 N m! and a resonance frequency of ~300 kHz.
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9.2 Synthesis
9.2.1 Synthesis of Intermediates

General procedure for the synthesis of the methoxy-protected linker units 23- 261°7]
A degassed aqueous sodium carbonate solution was added to a degassed solution of the
respective commercial available boronic acid (2.1 eq.), the respective dihalogen compound
(1 eq.) and Pd-catalysator Pd(PPhs)s (0.2 eq.) in DMF under nitrogen atmosphere. The reaction
mixture was refluxed for 16 h at 95 °C. After cooling to room temperature the reaction mixture
was extracted with DCM (5 x 10 mL). The combined organic phases were washed with water
(3 x 30 mL) and dried over MgSOs, The crude product was dried under vacuum overnight and

purified by column chromatography on silica gel (DCM/pentane 1:2).

2,2"-Dimethoxyterphenyl (23)"]

OMe
23

Compound 23 was synthesized according to the above general procedure using 200 mg
(132 pumol) 2-methoxyphenylboronacid, 204 mg (620 pmol) diiodobenzol, 14.0 mg (120 pumol)
Pd(PPhs3)s and 3.10 mL (660 mg, 6.10 mmol) aqueous sodium carbonate solution to give
compound 23 (155 mg, 530 pmol, 86%) as a white solid. Mp.: 97 —99 °C. *H NMR (400 MHz,
CDCl3): 6=7.58 (s, 4 H, ph-H), 7.40-7.37 (m, 2 H, ph-H), 7.35-7.31 (m, 2 H, ph-H), 7.06-6.99
(m, 4 H, ph-H), 3.84 (s, 6 H, CH3) ppm.

2,2"-Dimethoxynaphthyldiphenyl (24)

o

OMe
24

Compound 24 was synthesized according to the above general procedure using 200 mg
(1.32 mmol) 2-methoxyphenylboronacid, 177 mg (620 pumol) 2,6-dibromonaphthaline,
14.0 mg (120 pmol) Pd(PPhs)s and 3.10 mL (660 mg, 6.10 mmol) aqueous sodium carbonate
solution to give compound 24 (95 mg, 260 umol, 84%) as a white solid. Mp.: 193 — 195 °C.
'H NMR (400 MHz, CDCl3): & = 7.97-7.96 (m, 2 H, ph-H), 7.88 (d, J = 8.4 Hz, 2 H, ph-H),
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7.70-7.67 (m, 2 H, ph-H), 7.45-7.43 (m, 2 H, ph-H), 7.38-7.34 (m, 2 H, ph-H), 7.10-7.02 (m,
4 H, ph-H), 3.83 (s, 6 H, CH3) ppm. 3C NMR (101 MHz, CDCls): & = 156.7, 136.1, 132.4,
131.0, 130.8, 128.7, 128.1, 127.8, 127.4, 120.9, 111.4, 55.6 ppm. HRMS (ESI, pos. Mode,
acetonitrile/chloroform): m/z 358.1802 [M+NHa]", calcd. for C24H24NO-: 358.18016.

2,2 -Dimethoxytetraphenyl (25)2°4

OMe

Compound 25 was synthesized according to the above general procedure using 100 mg
(66.0 umol) 2-methoxyphenylboronacid, 120 mg (310 umol) 4,4 -diiodobiphenyl, 7.20 mg
(60 pumol) Pd(PPhs)s and 1.55 mL (330 mg, 3.10 mmol) aqueous sodium carbonate solution to
give compound 25 (95 mg, 260 pumol, 84%) as a white solid. Mp.: 127 — 129 °C. 'H NMR
(400 MHz, CDCl3): 6 = 7.68—7.62 (m, 8 H, ph-H), 7.40-7.32 (m, 4 H, ph-H), 7.08-7.00 (m, 4
H, ph-H), 3.86 (s, 6 H, CH3) ppm.

3,3"-Dimethoxytetraphenyl (26)12°

OMe
26

MeO
Compound 26 was synthesized according to the above general procedure using 500 mg
(3.30 mmol) 3-methoxyphenylboronacid, 600 mg (1.55 mmol) 4,4"-diiodobiphenyl, 36.0 mg
(300 pmol) Pd(PPhz)s4 and 7.75 ml (1.65 g, 15.5 mmol) aqueous sodium carbonate solution to
give compound 26 (424 mg, 1.16 mmol, 75%) as a white solid. Mp.: 133 — 135 °C. 'H NMR
(400 MHz, CDCl3): & = 7.74-7.68 (m, 8 H, ph-H), 7.39 (t, J = 7.9 Hz, 2 H), 7.26-7.23 (m, 2 H,
ph-H), 7.19-7.18 (m, 2 H, ph-H), 6.94-6.91 (m, 2 H, ph-H), 3.89 (s, 6 H, CH3) ppm.

General procedure for the synthesis of the linker units 27 - 301°7]

Borontribromid in dry DCM was added slowly to a solution of the respective methoxy-
protected compounds 23 — 26 in dry DCM (10 mL) at 0 °C. The reaction mixture was stirred
for 1 h at 0 °C and for additional 6 h at rt. After the reaction was quenched with 200 mL water
the reaction mixture was extracted with DCM (5 x 10 mL). The combined organic phases were
washed with water (3 x 30 mL) and brine (3 x 30 mL) and dried over MgSOa, The crude product

was used without further purification.
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2,2"-Dihydroxyterphenyl (27)[7]

M
27

OH
Linker unit 27 was synthesized according to the above general procedure using 100 mg
(350 umol) of compound 23 and 80.0 puL (220 mg, 860 umol) borontribromid to give linker
unit 27 (90.8 mg, 350 umol, 99%) as a white solid. Mp.: 149 — 151 °C. *H NMR (400 MHz,
CDClz): 6 =7.62 (s, 4 H, ph-H) 7.32-7.27 (m, 4 H, ph-H), 7.05-6.99 (m, 4 H, ph-H), 5.18 (s,
2 H, OH) ppm.

2,2"-Dihydroxynaphthyldiphenyl (28)

O O HO
-0

Linker unit 28 was synthesized according to the above general procedure using 100 mg
(300 umol) of compound 24 and 140 pL (370 mg, 1.46 mmol) borontribromid to give linker
unit 28 (97.0 mg, 310 umol, 97%) as a white solid. Mp.: 173 — 174 °C. 'H NMR (400 MHz,
CDCl3): 6 = 8.02-8.00 (m, 4 H, ph-H), 7.68-7.65 (m, 2 H, ph-H), 7.39-7.30 (m, 4 H, ph-H),
7.09-7.04 (m, 4 H, ph-H), 5.31 (s, 2 H, OH) ppm. 3C NMR (101 MHz, CDCls): 152.5, 135.1,
132.8, 130.4, 129.3, 129.1, 127.9, 127.8, 127.7, 121.0, 115.9 ppm. HRMS (ESI, neg. Mode,

acetonitrile/chloroform): m/z 311.1078 [M-H], calcd. for C22H150: 311.10775.

2,2"-Dihydroxytetraphenyl (29)2%!
HO
OH 29

Linker unit 29 was synthesized according to the above general procedure using 180 mg
(490 pumol) of compound 25 and 230 pL (620 mg, 2.46 mmol) borontribromid to give linker
unit 29 (173 mg, 510 pumol, 99%) as a white solid. Mp.: 152 — 155 °C. *H NMR (400 MHz,
CDCla): § = 7.78-7.76 (m, 4 H, ph-H), 7.61-7.59 (m, 4 H, ph-H), 7.33-7.27 (m, 4 H, ph-H),
7.05-7.00 (M, 4 H, ph-H), 5.21 (s, 2 H, OH) ppm.
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3,3 -Dihydroxytetraphenyl (30)

O-0-0C

HO
Linker unit 30 was synthesized according to the above general procedure using 400 mg
(1.09 mmol) of compound 26 and 1.03 mL (2.74 g, 10.9 mmol) borontribromid to give linker
unit 30 (365 mg, 1.08 mmol, 99%) as a white solid. Mp.: 112 — 114 °C. *H NMR (400 MHz,
THF-ds): 5= 8.33 (s, 2 H, OH), 7.75-7.67 (m, 8 H, ph-H), 7.22 (t, J = 7.8 Hz, 2 H, ph-H),
7.12-7.06 (m, 4 H, ph-H), 6.74-6.72 (m, 2 H, ph-H) ppm. *C-NMR (101 MHz, CDCls): 159.0,
142.7, 141.0, 140.1, 130.2, 127.9, 127.6, 118.4, 114.9, 114.3 ppm. HRMS (ESI, neg. Mode,
acetonitrile/chloroform): m/z 337.1231 [M-H], calcd. for C24H1702: 337.1234.

9.2.2 Synthesis of Perylene Bisimide Dyes

N,N"-Bis(hexyldecyl)-1-bromperylen-3,4:9,10-tetracarbonsaurebisimid (33)[

PBI dye 32 (1.00 g, 1.46 mmol) was dissolved in chloroform (20 mL) followed by the addition
of potassium carbonate (570 mg, 4.55 mmol). The suspension was heated to 60 °C and 3.00 mL
(9.63, 60.3 mmol) bromine were added quickly under stirring. The reaction mixture was
refluxed for 4 h. After cooling down to room temperature, an aqueous solution of sodium sulfite
(300 mL) was added and the mixture was extracted with DCM (5 x 10 mL). The combined
organic phases were washed with water (3 x 30 mL) and dried over MgSOa. The crude product
was dried under vacuum overnight and purified by column chromatography on silica gel
(DCM/hexane 5:1) to give the desired product 33 (704 mg, 770 umol, 65%) as a red solid. Mp.
173 — 175 °C. *H NMR (400 MHz, CDCl3): §=9.79 (d, J = 8.3 Hz, 1 H, perylene-H), 8.93 (s,
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1 H, perylene-H), 8.72-8.69 (m, 3 H, perylene-H), 8.62-8.59 (m, 2 H, perylene-H), 4.16-4.12
(m, 4 H, CHy), 2.00-2.01 (m, 2 H, CH), 1.33-1.25 (m, 48 H, CH>), 0.86-0.82 (m, 12 H,
CHs) ppm. 3C NMR (101 MHz, CDCls): 163.7, 163.4, 163.3, 162.5, 139.1, 133.8, 133.44,
133.42, 133.40, 131.0, 130.9, 130.5, 128.7, 128.6, 128.0, 127.8, 126.9, 123.7, 123.5, 123.3,
123.0, 122.9, 122.6, 120.9, 44.8, 44.7, 36.65, 36.61, 31.88, 31.85, 31.70, 31.67, 30.05, 30.03,
29.75, 29.72, 29.6, 29.3, 26.5, 22.7, 14.11, 14.10 ppm. HRMS (ESI, pos. mode,
acetonitrile/chloroform): m/z 917.4780 [M+H]", calcd. for CssH72BrN2O4": 917.4826.

Ref-PBI 1

Ref-PBI 1K(\/C/\\/\

Propargylic alcohol (94.0 pL, 1.64 mmol, 91.5 mg) was added to a suspension
of  N,N"-bis(2-n-hexyldecyl)-1-bromoperylene-3,4:9,10-tetraccarboxylicacidbisimide 33
(50.0 mg, 54.0 umol) and sodium hydride (7.00 mg, 1.44 mmol) in dry THF (5 mL) under
stirring. The reaction mixture was stirred for one hour at 60 °C. After cooling down to room
temperature, the reaction was quenched by the addition of water (10 mL) and the mixture was
extracted with DCM (5 x 10 mL). The combined organic phases were washed with water (3 x
30 mL) and dried over NaxSO4. The crude product was dried under vacuum overnight and
purified by column chromatography on silica gel (DCM/hexane 2:1) to give Ref-PBI 1 (45.0
mg, 50.4 pmol, 92%) as a purple solid. Mp. 168 — 170 °C. *H NMR (400 MHz, CDCls, 295K):
0=9.57 (d, J=8.4 Hz, 1 H, perylene-H), 8.69-8.57 (m, 6 H, perylene-H), 5.23 (d, J = 2.4 Hz,
2 H, CH»), 4.15(d, J=7.4 Hz, 4 H, CH>), 2.05-1.98 (m, 2 H, CH), 1.40-1.22 (m, 48 H, CH>),
0.85-0.82 (m, 12 H, CH3) ppm. 3C NMR (101 MHz, CDCls, 295K): 163.7, 163.51, 163.50,
163.1, 155.9, 133.9, 133.62, 133.60, 133.3, 131.6, 130.2, 129.0, 128.8, 128.6, 128.5, 128.0,
126.4,124.3,123.7,123.2,122.7,121.8, 121.7,121.1, 118.3, 57.4, 56.1, 44.8, 44.6, 36.7, 36.6,
31.9,31.8,31.72, 31.69, 30.1, 29.8, 29.6, 29.3, 26.49, 26.46, 22.6, 14.1 ppm. HRMS (ESI, pos.
Mode, acetonitrile/chloroform): m/z 893.58195 [M+H]™, calcd. for CsgH77N2Os*: 893.58270.
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Bis-PBI 1

A degassed solvent mixture of THF/NEts (v:v = 1:1, 12 mL) was added under argon atmosphere
to a Schlenk flask containing Ref-PBI 1 (130 mg, 143 umol), 1,4 benzoquinone (13.0 mg,
14.0 pumol), PdCI>(PPhs). (8.00 mg, 6.00 umol) and copper(l) iodide (1.20 mg, 6.00 umol).
After stirring the reaction mixture for 60 min at 30 °C, it was extracted with DCM (5 x 10 mL).
The combined organic phases were washed with 6 N hydrochloride acid (1 x 20 mL) and an
aqueous solution of sodium hydrogen carbonate (2 x 30 mL) and dried over Na;SO4. The crude
product was dried under vacuum overnight and purified by column chromatography on silica
gel (DCM) to give Bis-PBI 1 (120 mg, 67.3 umol, 94%) as a purple solid. Mp: 220 — 222 °C.
'H NMR (600 MHz, C2D,Cls, 340 K): §=9.12 (d, J = 8.2 Hz, 2 H, perylene-H), 8.30 (s, 2 H,
perylene-H), 8.29-8.26 (m, 4 H, perylene-H), 8.16 (d, J =7.7 Hz, 2 H, perylene-H), 8.06 (d,
J=7.5Hz, 2 H, perylene-H), 8.02 (d, J = 7.4 Hz, 2 H, perylene-H), 5.33 (s, 4 H, CH>), 4.02 (d,
J=6.5Hz, 8 H, CH>), 1.99 (sept, J = 6.5 Hz, 4 H, CH), 1.36-1.26 (m, 96 H, CH>), 0.89-0.87
(m, 24 H, CHs) ppm. *C NMR (151 MHz, C2D,Cla, 340 K): 163.2, 162.9, 162.8, 162.7, 155.1,
133.3, 133.1, 132.9, 131.1, 129.9, 128.6, 128.5, 128.2, 127.7, 125.9, 124.2, 123.7, 122.8,
122.44, 122.41, 121.6, 121.4, 121.2, 120.2, 118.0, 99.5, 57.4, 44.8, 44.6, 36.6, 31.7, 31.65,
31.63, 29.95, 29.93, 29.59, 29.57, 29.4, 29.1, 26.33, 26.31, 26.30, 22.4, 13.9 ppm. UV/Vis
(CHCI3, nm): Amax (&max Mt cm™) = 545 (93200), 509 (73300). HRMS (ESI, pos. mode,
acetonitrile/chloroform) m/z: 1806.12354 [M+H]*, calcd. for C11s8H150N4NaO10*, 1806.12442.
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General procedure for the synthesis of target compounds Ref-PBI 2 and Bis-
PBIs 2-8

To a suspension of 2.1 equivalents of N,N"-Bis(hexyldecyl)-1-bromperylene-3,4:9,10-
tetraccarboxylicbisimid 33 and 3.0 equivalents of sodium hydride in dry THF, 1.0 equivalent
of the corresponding spacer unit 27 - 30 and 34 - 39 was added under stirring. The reaction
mixture was stirred at 60 °C for 16 — 72 h. After cooling to room temperature the reaction
mixture was quenched with 50 mL of water. The resulting solution was extracted with DCM
(5 x 10 ml). The combined organic phases were washed with water (3 x 30 mL) and dried over
MgSOs, The crude product was dried under vacuum overnight and purified by column
chromatography on silica gel (DCM/pentane 2:1). The final purification was achieved via GPC
(chloroform) to give the desired products.

Ref-PBI 2

Ref-PBI 2

Ref-PBI 2 was synthesized according to the general procedure described above stirring N,N”-
bis(2-n-hexyldecyl)-1-bromoperylene-3,4:9,10-tetraccarboxylicacidbisimide 33 (100 mg,
108 umol), phenol 38 (102 mg, 1.08 mmol) and sodium hydride (9.0 mg, 378 umol) at 40 °C
for 18 h to give desired Ref-PBI 2 (98 mg, 105 pumol, 97%) as a red solid. Mp. 170 — 172 °C.
IH NMR (600 MHz, d>-TCE, 390 K): & = 9.61 (d, J = 8.4 Hz, 1 H, perylene-H), 8.77-8.68 (m,
5 H, perylene-H), 8.33 (s, 1 H, perylene-H), 7.54-7.51 (m, 2 H, ph-H), 7.36—-7.34 (m, 1 H, ph-
H), 7.26-7.24 (m, 2 H, ph-H), 4.18 (d, J = 7.3 Hz, 2 H, CH>), 4.13 (d, J = 7.3 Hz, 2 H, CH)),
2.10-1.93 (m, 2 H, CH), 1.40-1.27 (m, 48 H, CH,), 0.90-0.87 (m, 12 H, CH3) ppm. *C NMR
(151 MHz, d>-TCE, 390 K): 163.7, 163.49, 163.48, 162.9, 155.9, 154.7, 134.44, 134.40, 133.6,
131.9, 130.8, 130.5, 129.7, 129.0, 128.6, 128.4, 127.0, 125.6, 125.2, 124.5, 124.2, 123.58,
123.55,123.11, 123.06, 122.6, 122.3, 120.2, 119.5, 44.8, 44.7, 36.5, 31.81, 31.76, 31.74, 31.65,
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31.64, 31.59, 31.56, 29.84, 29.83, 29.51, 29.48, 29.31, 29.29, 29.03, 29.02, 26.39, 26.36, 26.31,
22.41,22.39, 13.83, 13.81 ppm. UV/Vis (CHCls, nm): Amax (émax Mt cm~1) = 532 (50700), 500
(35000). HRMS (ESI, pos. mode, acetonitrile/chloroform) m/z: 931.5969 [M+H]", calcd. for
Cs2H79N205" 931.5984.

i
jooen

Bis-PBI 2

Bis-PBI2 (

Bis-PBI 2 was synthesized according to the general procedure described above stirring N, N"-
bis(2-n-hexyldecyl)-1-bromoperylene-3,4:9,10-tetraccarboxylicacidbisimide 33, (100 mg,
108 pmol), 2,2°-dihydroxyterphenyl 27 (13.6 mg, 51.8 umol) and sodium hydride (3.70 mg,
155 pmol) at 60 °C for 16 h to give desired Bis-PBI 2 (23.0 mg,11.9 umol, 23%) as a red solid.
Mp.: > 300 °C. *H NMR (600 MHz, d2-TCE, 390 K): 5= 8.67 (d, J = 7.8 Hz, 2 H, perylene-
H), 8.40-8.37 (m, 4 H, perylene-H), 8.20-8.13 (m, 6 H, perylene-H), 7.86 (d, J = 8.1 Hz, 2 H,
perylene-H), 7.76 (s, 4 H, ph-H), 7.69-7.68 (m, 2 H, ph-H), 7.41-7.37 (m, 4 H, ph-H), 6.84 (d,
J=7.8Hz, 2 H, ph-H), 4.18 (d, J = 7.3 Hz, 4 H, CHy), 3.97 (d, J = 6.9 Hz, 4 H, CHy), 2.13—
2.11 (m, 2 H, CH), 1.91-1.90 (m, 2 H, CH), 1.46-1.28 (m, 96 H, CH>), 0.93-0.88 (m, 24 H,
CHs) ppm. 3C NMR (151 MHz, d,-TCE, 390 K): 163.0, 162.9, 162.6, 162.4, 154.8, 151.4,
137.0, 134.3,133.4,133.1, 132.4, 130.9, 130.4, 129.9, 129.3, 129.0, 128.8, 128.0, 127.9, 126.0,
125.2,125.0,124.2,123.1,122.7,122.6, 122.0, 121.6, 121.3, 118.4, 45.0, 44.5, 36.7, 36.5, 32.0,
31.99,31.9,31.54, 31.50, 31.47, 31.44, 29.8, 29.7, 29.41, 29.35, 29.2, 29.1, 28.91, 28.87, 26.39,
26.36, 26.32, 22.22, 22.19, 13.54, 13.53, 13.50, 13.49 ppm. UV/Vis (CHClz, nm): Amax (&max
M-t cm™1) = 545 (42700), 511 (55500). HRMS (ESI, pos. mode, acetonitrile/chloroform): m/z
1936.20123 [M+H]", calcd. for C130H156N4O10": 1936.20507.
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Bis-PBI 3

Bis-PBI 3 was synthesized according to the general procedure described above stirring N, N"-
bis(2-n-hexyldecyl)-1-bromoperylene-3,4:9,10-tetraccarboxylicacidbis-imide 33, (200 mg,
216 pumol), 2,2"-dihydroxybiphenyl 34 (19.0 mg, 103 umol) and sodium hydride (7.00 mg,
310 pumol) at 60 °C for 16 h to give desired Bis-PBI 3 (42.0 mg, 22.6 pmol, 21%) as a red solid.
Mp.: 201 - 203 °C. *H NMR (600 MHz, d>-TCE, 390 K): 6=9.19 (d, J = 8.3 Hz, 2 H, perylene-
H), 8.74 (d, J=8.0 Hz, 2 H, perylene-H), 8.60 (d, J=8.2 Hz, 2 H, perylene-H), 8.56 (d,
J=8.2 Hz, 2 H, perylene-H), 8.47 (d, J=8.0 Hz, 2 H, perylene-H), 8.27 (d, J=8.3 Hz, 2 H,
perylene-H), 8.04 (s, 2 H, perylene-H), 7.85-7.83 (m, 2 H, ph-H), 7.55-7.48 (m, 4 H, ph-H),
7.15-7.14 (m, 2 H, ph-H), 4.16 (d, J =7.2 Hz, 4 H, CH>), 3.59 (d, J = 7.2 Hz, 4 H, CH>), 2.10
(m, 2 H, CH), 1.76 (m, 2 H, CH), 1.46-1.22 (m, 96 H, CH>), 0.94-0.89 (m, 24 H, CHz) ppm.
13C NMR (151 MHz, d,-TCE, 390 K): 163.4, 163.1, 162.7, 161.7, 155.1, 152.0, 134.1, 134.0,
133.2,133.1, 131.3, 130.5, 130.2, 130.1, 129.3, 128.8, 128.3, 127.7, 126.8, 125.6, 124.9, 123.4,
123.3, 123.0, 122.90, 122.88, 122.6, 122.4, 121.9, 119.2, 44.7, 445, 36.7, 36.4, 31.99, 31.98,
31.8, 31.53, 31.49, 31.48, 31.37, 29.8, 29.6, 29.4, 29.3, 29.2, 29.1, 28.9, 28.8, 26.39, 26.36,
26.23, 26.17, 22.20, 22.16, 13.52, 13.49 ppm. UV/Vis (CHCl3, nm): Amax (&max Mt cm™1) = 549
(85700), 512 (65700). HRMS (ESI, pos. mode, acetonitrile/chloroform): m/z 1882.1476
[M+Na]*, calcd. for C124H154NsNaO10*: 1882.1557.
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Bis-PBI 4(S)

Bis-PBI 4(S)

COL 00 O

Bis-PBI 4(S) was synthesized according to the general procedure described above stirring N,N"-
bis(2-n-hexyldecyl)-1-bromoperylene-3,4:9,10-tetraccarboxylicacid-bisimide 33 (200 mg,
216 pumol), (S)-binaphthol 35 (103 mg, 103 pmol) and sodium hydride (7.00 mg, 310 umol) at
60 °C for 72 h to give desired Bis-PBI 4(S) (61.0 mg, 31.1 pmol, 30%) as a red solid. Mp.
233 — 235 °C. 'H NMR (600 MHz, d,-TCE, 390K): 5= 9.10 (d, J = 8.1 Hz, 2 H, perylene-H),
8.75 (d, J = 8.1 Hz, 2 H, perylene-H), 8.62-8.64 (m, 4 H, perylene-H) 8.53 (d, J =8.1 Hz, 2 H,
perylene-H), 8.11 (d, J = 8.1 Hz, 2 H, perylene-H), 7.92—-7.89 (m, 4 H, binaphthol-H), 7.86 (s,
2 H, binaphthol-H), 7.60-7.57 (m, 2 H, binaphthol-H), 7.51-7.47 (m, 4 H, binaphthol-H), 7.31
(d, J=8.1 Hz, 2 H, perylene-H), 4.18 (m, 4 H, CH>), 3.78-3.74 (m, 2 H, CH>), 3.42-3.37 (m,
2 H, CHy), 2.13-2.10 (m, 2 H, CH), 1.72-1.71 (m, 2 H, CH), 1.49-1.14 (m, 96 H, CHy),
0.93-0.84 (m, 24 H, CHs) ppm. *C NMR (151 MHz, d»>-TCE, 390 K): 163.6, 163.3, 162.7,
161.6, 155.6, 134.3, 134.24, 134.17, 133.2, 131.3, 131.1, 130.9, 130.4, 129.2, 128.8, 128.3,
128.27, 128.26, 127.4, 126.9, 126.0, 125.4, 124.7, 123.4, 123.2, 123.1, 123.0, 122.5, 122.4,
121.8,120.2,119.4,99.5,44.7, 44 4, 36.6, 36.31, 36.27 ,31.94, 31.93, 31.7, 31.6, 31.51, 31.49,
31.45,31.41, 31.3, 29.8, 29.7, 29.6, 29.4, 29.3, 29.2, 29.13, 29.07, 28.91, 28.90, 28.85, 28.83,
26.41, 26.37, 26.33, 26.20, 26.17, 26.1, 22.24, 22.22, 22.21, 22.18, 22.1, 13.59, 13.57, 13.56,
13.55, 13.50 ppm. UV/Vis (CHClz, nm): Amax (&max M~ cm™) = 555 (101600), 515 (67200).
HRMS (ESI, pos. mode, acetonitrile/chloroform) m/z: 1982.18292 [M+Na]*, calcd. for
C132H158N4NaO10*, 1982.18702.
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Bis-PBI 4(R)
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Bis-PBI 4(R) was synthesized according to the general procedure described above stirring
N,N"-bis(2-n-hexyldecyl)-1-bromoperylene-3,4:9,10-tetraccarboxylicacidbisimide 33(200 mg,
216 pmol), (R)-binaphthol 36 (103 mg, 103 umol) and sodium hydride (7.00 mg, 310 pumol) at
50 °C for 76 h to give desired Bis-PBI 4(R) (46.7 mg, 23.8 umol, 23%) as a red solid. Mp. 235
— 237 °C. 'H NMR (600 MHz, d>-TCE, 390K): 5=9.10 (d, J = 8.1 Hz, 2 H, perylene-H), 8.75
(d, J = 8.1 Hz, 2 H, perylene-H), 8.65-8.61 (m, 4 H, perylene-H), 8.54 (d, J = 8.1 Hz, 2 H,
perylene-H), 8.12 (d, J = 8.1 Hz, 2 H, perylene-H), 7.92-7.90 (m, 4 H, binaphthol-H),
7.90-7.88 (m, 2 H, binaphthol-H), 7.60-7.57 (m, 2 H, binaphthol-H), 7.51-7.48 (m, 4 H,
binaphthol-H), 7.32 (d, J = 8.1 Hz, 2 H, perylene-H), 4.19 (m, 4 H, CH>), 3.79-3.76 (m, 2 H,
CHy), 3.45-3.39 (m, 2 H, CHy), 2.12 (m, 2 H, CH), 1.75-1.69 (m, 2 H, CH), 1.46-1.18 (m,
96 H, CH,), 0.93-0.84 (m, 24 H, CHs) ppm. 3C NMR (151 MHz, d»-TCE, 390 K): 163.6,
163.3, 162.7, 161.7, 155.6, 149.9, 134.3, 134.24, 134.16 133.2, 131.3. 131.1, 130.9, 130.4,
129.2,128.8,128.3,128.2,127.4, 126.9, 125.9, 125.4,124.7, 123.4, 123.2,123.1, 123.0, 122.5,
122.4, 121.84, 121.78, 120.2, 119.4, 99.5, 44.7, 44.4, 36.7, 36.34, 36.31, 31.98, 31.96, 31.7,
31.52,31.48, 31.46, 31.42, 31.38, 31.32, 29.7, 29.63, 29.58, 29.4, 29.33, 29.31, 29.2, 29.1, 29.0,
28.88, 28.87, 28.82, 28.80, 26.41, 26.37, 26.33, 26.19, 26.18, 26.12, 26.09, 22.21, 22.17, 22.15,
22.11, 13.53, 13.50, 13.48, 13.4 ppm. UV/Vis (CHCls, nm): Amax (&max Mt cm™?) = 555
(101600), 515 (67200). HRMS (ESI, pos. mode, acetonitrile/chloroform) m/z: 1982.1813
[M+Na]*, calcd. for C132H1ssN4NaO10*, 1982.1870.
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Bis-PBI 4(rac.) was synthesized according to the general procedure described above stirring
N,N"-bis(2-n-hexyldecyl)-1-bromoperylene-3,4:9,10-tetraccarboxylicacidbisimide 33(300 mg,
327 umol), (£)-binaphthol 37 (137 mg, 137 umol) and sodium hydride (11.0 mg, 410 pumol) at
60 °C for 72 h to give desired Bis-PBI 4(rac.) (62.5 mg, 31.9 umol, 20%) as a red solid. Mp.
232 — 234 °C. 'H NMR (600 MHz, d>-TCE, 390K): 5= 9.09 (d, J = 8.2 Hz, 2 H, perylene-H),
8.74 (d, J =8.2 Hz, 2 H, perylene-H), 8.63-8.60 (m, 4 H, perylene-H), 8.52 (d, J=8.2 Hz, 2 H,
perylene-H), 8.10 (d, J = 8.2 Hz, 2 H, perylene-H), 7.91-7.87 (m, 6 H, binaphthol-H),
7.57-7.56 (m, 2 H, binaphthol-H), 7.49-7.46 (m, 4 H, binaphthol-H), 7.30 (d, J = 8.2 Hz, 2 H,
perylene-H), 4.18 (m, 4 H, CH>), 3.78-3.74 (m, 2 H, CH>), 3.43-3.39 (m, 2 H, CH>), 2.12-2.08
(m, 2 H, CH), 1.73-1.69 (m, 2 H, CH), 1.50-1.14 (m, 96 H, CH>), 0.93-0.83 (m, 24 H, CH3)
ppm*C NMR (151 MHz, d2>-TCE, 390 K): 163.6, 163.3, 162.8, 161.7, 155.6, 149.9, 134.4,
134.3, 134.2, 133.2, 131.3, 131.1, 130.9, 130.4, 129.3, 128.9, 128.30, 128.27, 127.4, 127.0,
126.0, 125.4, 124.8, 123.5, 123.2, 123.2, 123.0, 122.6, 122.4, 121.9, 121.8, 119.4, 44.8, 44.5,
36.7, 36.39, 36.36, 32.03, 32.02, 31.8, 31.6, 31.52, 31.50, 31.47, 31.42, 31.36, 29.8, 29.7, 29.6,
29.40, 29.36, 29.29, 29.23, 29.22, 29.14, 29.09, 28.92, 28.91, 28.86, 28.8, 26.45, 26.42, 26.41,
26.38, 26.24, 26.22, 26.16, 26.14, 22.24, 22.22, 22.21, 22.18, 22.14, 13.56, 13.54, 13.52, 13.48
ppm. HRMS (ESI, pos. mode, acetonitrile/chloroform) m/z: 1982.18421 [M+Na]", calcd. for
Ci132H158N4sNaO1p*, 1982.18702.
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Bis-PBI 5

Bis-PBI 5

Bis-PBI 5 was synthesized according to the general procedure described above stirring N,N”-
bis-2-n-(hexyldecyl)-1-bromperylene-3,4:9,10-tetraccarboxylicbisimid 33 (50 mg, 54.4 umol),
1,4-benzenemethanole 39 (37.0 mg, 27.2 umol) and sodium hydride (2.00 mg, 81.6 umol) at
60 °C for 16 h to give Bis-PBI 5 (29.8 mg, 16.4 umol, 60%) as a violet solid. Mp.: 280 —
283 °C. 'H NMR (600 MHz, C2D2Cls, 390 K): & = 9.65 (d, J=8.3 Hz, 2 H, perylene-H),
8.37-8.63 (m, 10 H, perylene-H), 8.59 (d, J = 8.3 Hz, 2 H, perylene-H), 7.82 (s, 4 H, ph-H),
5.73 (s, 4 H, CHy), 4.23 (d, J = 7.3 Hz, 4 H, CHy), 4.18 (d, J = 7.2 Hz, 4 H, CH,), 2.16-2.10
(m, 4 H, CH), 1.37-1.30 (m, 96 H, CH>), 0.93-0.91 (m, 24 H, CHs) ppm. 3C NMR (151 MHz,
C2D2Cls, 390 K): 163.6, 163.5, 163.4, 163.1, 157.3, 136.1, 134.5, 134.1, 134.0, 131.4, 130.4,
129.0, 128.97, 128.6, 128.5, 127.1, 124.6, 124.4, 123.3, 123.2, 123.1, 122.2, 121.8, 121.6,
119.4, 99.6, 45.0, 44.8, 36.72, 36.67, 32.1, 32.04, 32.02, 31.55, 31.52, 31.48, 31.46, 29.75,
29.73, 29.37, 29.36, 29.19, 29.16, 28.89, 28.86, 26.45, 26.43, 26.41, 26.39, 22.22, 22.21, 22.20,
22.19, 13.53, 13.52, 13.51 ppm. UV/Vis (CHCI3, nm): Amax (&max M~* cm™1) = 551 (89700), 514
(67100). HRMS (ESI, pos. Mode, acetonitrile/ chloroform): m/z 1834.15572 [M+Na]™, calcd.
for C120H154N4NaO10: 1834.15572.
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Bis-PBI 6 was synthesized according to the general procedure described above stirring N,N"-
bis(2-n-hexyldecyl)-1-bromoperylene-3,4:9,10-tetraccarboxylicacidbisimide 33, (200 mag,
216 umol), 2,2"-dihydroxynaphthyldiphenyl 28 (32.0 mg, 104 umol) and sodium hydride
(7.00 mg, 310 umol) at 45 °C for 42 h to give Bis-PBI 6 (24.8 mg, 12.5 umol, 12%) as a violet
solid. Mp.: >300 °C. 'H NMR (600 MHz, C,D2Cls, 390 K): & = 9.21 (d, J=8.3Hz, 2 H,
perylene-H), 8.58-8.50 (m, 6 H, perylene-H), 8.46 (d, J =8.1 Hz, 2 H, perylene-H), 8.40 (d,
J=8.3 Hz, 2 H, perylene-H), 8.28 (s, 2 H, perylene-H), 7.86 (s, 2 H, ph-H), 7.62-7.60 (m, 2 H,
ph-H), 7.53 (s, 4 H, ph-H), 7.47-7.44 (m, 4 H, ph-H), 7.18-7.16 (m, 2 H, ph-H), 4.13 (d,
J=7.3Hz, 4 H, CHy), 4.06 (d, J = 7.3 Hz, 4 H, CH>), 2.08-2.04 (m, 4 H, CH), 1.41-1.32 (m,
96 H, CH,), 0.91-0.89 (m, 24 H, CH3) ppm. 3*C NMR (151 MHz, C,D,Cls, 390 K): 163.3,
163.2, 163.1, 162.7, 155.5, 152.0, 135.0, 134.08, 134.04, 134.00, 133.2, 132.1, 131.7, 131.3,
130.3, 129.4,129.3,128.7, 128.3, 128.1, 127.7, 127.5, 127.3, 126.7, 125.5, 125.3, 124.1, 123.7,
123.1, 123.0, 122.4, 121.8, 120.2, 119.6, 44.9, 44.6, 36.7, 36.6, 31.99, 31.97, 31.52, 31.51,
31.45, 31.43, 29.7, 29.3, 29.2, 28.9, 26.39, 26.36, 26.34, 26.31, 22.20, 22.19, 22.18, 13.5 ppm.
UV/Vis (CHCl3, nm): Amax (&max Mt cm™?) = 542 (85800), 507 (52000). HRMS (ESI, pos.
Mode, acetonitrile/chloroform): m/z 2008.20267 [M+Na]*, calcd. for CizsHis0N4NaO1o:
2008.20267.
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Bis-PBI 7 was synthesized according to the general procedure described above stirring N,N”-
bis(2-n-hexyldecyl)-1-bromoperylene-3,4:9,10-tetraccarboxylicacidbisimide 33, (100 mg,
108 pmol), 2,2°-dihydroxytetraphenyl 29 (17.5 mg, 51.8 pmol) and sodium hydride (3.70 mg,
155 pmol) at 60 °C for 16 h to give Bis-PBI 7 (12.4 mg, 6.16 umol, 12%) as a violet solid.
Mp.: > 300 °C. *H NMR (600 MHz, C,D,Cl4, 390 K): § = 9.46 (d, J = 8.4 Hz, 2 H, perylene-
H), 8.67-8.60 (m, 8 H, perylene-H), 8.56 (d, J=8.3 Hz, 2 H, perylene-H), 8.26 (s, 2 H,
perylene-H), 7.63-7.61 (m, 2 H, ph-H), 7.52-7.51 (m, 4 H, ph-H), 7.49-7.43 (m, 4 H, ph-H),
7.26-7.25 (m, 4 H, ph-H), 7.22-7.20 (m, 2 H, ph-H), 4.16 (d, J = 7.3 Hz, 4 H, CH>), 4.13 (d,
J=7.2Hz, 4 H, CHy), 2.10-2.05 (m, 4 H, CH), 1.41-1.30 (m, 96 H, CHy), 0.97-0.88 (m, 24 H,
CHs) ppm. 3C NMR (151 MHz, C2D-Cls, 390 K): 163.5, 163.38, 163.31, 162.8, 155.9, 151.7,
139.11, 136.17, 134.3, 134.2, 134.0, 133.5, 131.7, 131.5, 130.4, 130.3, 129.33, 129.31, 129.2,
128.9,128.5,128.2,126.9, 126.1, 125.7, 125.3, 124.2, 123.5, 123.2, 123.1, 123.0, 122.6, 122.0,
120.2, 120.1, 44.9, 44.7, 36.6, 32.0, 31.9, 31.52, 31.50, 31.45, 31.41, 29.7, 29.35, 29.33, 29.16,
29.13, 28.9, 26.40, 26.36, 26.32, 22.2, 13.5 ppm. UV/Vis (CHCl3, nm): Amax (&max M~2 cm™) =
543 (85000), 508 (67000). HRMS (ESI, pos. Mode, acetonitrile/ chloroform): m/z 2012.23637
[M+H]*, calcd. for C13sH163N4010: 2012.23637.
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Bis-PBI 8 was synthesized according to the general procedure described above stirring N,N"-

O
Bis-PBI 8

bis(2-n-hexyldecyl)-1-bromoperylene-3,4:9,10-tetraccarboxylicacidbisimide 33, (300 mg,
327 umol), 3,3"-dihydroxytetraphenyl 30 (52.5 mg, 155 umol) and sodium hydride (11.0 mg,
465 pmol) at 60 °C for 16 h to give Bis-PBI 8 (120 mg, 59.6 pmol, 37%) as a violet solid. Mp.:
289 — 293 °C. *H NMR (600 MHz, C2D2Cls, 390 K): & = 9.66 (d, J = 8.3 Hz, 2 H, perylene-H),
8.79 (d, J = 8.0 Hz, 2 H, perylene-H), 8.77-8.71 (m, 8 H, perylene-H), 8.47 (s, 2 H, perylene-
H), 7.74 (s, 8 H, ph-H), 7.65-7.59 (m, 4 H, ph-H), 7.56-7.55 (m, 2 H, ph-H), 7.24-7.22 (m, 2
H, ph-H), 4.22 (d, J = 7.2 Hz, 4 H, CHy), 4.18 (d, J = 7.2 Hz, 4 H, CH>), 2.16-2.08 (m, 4 H,
CH), 1.46-1.30 (m, 96 H, CHy), 0.93-0.89 (m, 24 H, CH3) ppm. 3C NMR (151 MHz, C>D:Cl,
390 K): 164.0, 163.8, 163.6, 163.0, 155.9, 155.6, 143.8, 140.2, 139.1, 134.69, 134.64, 133.7,
132.0, 130.87, 130.84, 129.9, 129.3, 128.9, 128.6, 127.6(2), 127.4(2), 127.3, 126.0, 124.8,
124.7,124.0,123.97, 123.65, 123.61, 123.56, 123.1, 122.4, 120.4, 118.1, 45.2, 45.0, 36.9, 32.2,
31.7 31.69, 31.66, 29.9, 29.59, 29.56, 29.40, 29.37, 29.1, 26.66, 26.62, 26.5, 22.4, 13.7 ppm.
UV/Vis (CHCls, nm): Amax (émax M~ cm™t) = 534 (80600), 501 (56400). HRMS (ESI, pos.
Mode, methanol/chloroform): m/z 2034.2183 [M+Na]*, calcd. for CizsH162NaNaO1o: 2034.
21832.
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