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List of Abbreviations

2D two dimensional

3D three dimensional
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DCM dichloromethane
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Physical Constants, Variables and Units
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a.u. arbitrary unit
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co concentration

£ molar extinction coefficient
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AG* free enthalpy of activation
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h Planck constant
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k rate constant
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A wavelength

Heg transition dipole moment
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Chapter 1 Introduction and Aim of the Thesis

Chapter 1

Introduction and Aim of the Thesis

The increased awareness about our environment over the course of the last decades came along
with the continuous investigation of polycyclic aromatic hydrocarbons (PAHs) and daily news
about their ubiquitous presence as well as their harmfulness.!'*> PAHs originate from natural as
well as antropogenic sources due to the incomplete combustion of predominantly organic
materials like oil, coal and wood. They can be detected in the atmosphere,! surface water,!¥]
soil’! as well as in food especially in grilled meat.[! Since the industrialization, the share of
man-made PAH emissions increased globally due to the higher energy demand resulting from
increased industrial activities and urbanization until the 1990s, when protests from the general
public and new regulations led to a decrease of the overall emissions.l”] Many of these
molecules are highly toxic, mutagenic and carcinogenic while also being highly persistent in
the environment and bioaccumulative in organisms.!®*! This poses a challenge to preserve the
health and ecosystems of all organisms as well as to improve the air quality all over the world.
Generally, PAHs originating from combustion are found as complex mixtures, but due to the
increased interest in their properties, numerous PAHs are nowadays manufactured and sold as

individual compounds.!’!

Despite their negative reputation, PAHs have drawn significant attention from different fields
of sciences by serving as model compounds in the development of elementary molecular orbital

1112 35 chromophores in combination with auxochromic groups in organic dye-stuff

theory,!
chemistry,l 3 41 as carbon-containing material in interstellar space,l ° ¢! in cancer
theranostics!!”-1¥! as well as by opening an entry into chirality with their helical derivatives.!'*-2!]
Especially since the ground-breaking work by Geim and Novoselov on graphene the field of
nanographenes and graphene nanoribbons (GNRs) received a significant upturn. Graphene is a
two-dimensional single layer of sp’*-hybridized carbon atoms, which was obtained by
exfoliation of graphite and the work on this extraordinary carbon allotrope was later awarded

22-24] Small PAHs can be considered graphene cut-outs with

with a Nobel Prize in physics.!
diameters of 1 to 100 nm and are of interest for the bottom-up synthesis of graphene

nanoribbons (Figure 1). They also help in the deduction of important structure-properties
1
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relationships to optimize the graphene edges and thus the physical properties thereof.[?>-27]

GNRs and PAHs themselves exhibit beneficial properties for material sciences, which is
impressively illustrated by their versatile application as semiconducting materials in organic
electronics like organic light emitting diodes (OLEDs),[?%:*] organic thin-film transistors

(OTFTs)%3 and organic solar cells (OSCs).!?>33!

Structurally defined
“monomers and oligomers”
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27]. Copyright 2019, Springer Nature.

While PAHs are usually planar, scientists have long been intrigued by the nonplanar
arrangement of 7-conjugated carbon atoms, especially since the 1996 Nobel Prize in chemistry
for the discovery of fullerenes*** as well as the 2008 Kavli Prize in Nanoscience for carbon
nanotubes (CNTs).[3¢] These hydrocarbons exhibit outstanding electronic, thermal and
mechanical properties and accordingly new ways to introduce distortion into the z-system of
GNRs and PAHs are thoroughly investigated. These large nonplanar systems are usually
extracted from soot containing the desired carbon networks as well as smaller PAHs which can
be obtained by laser ablation of graphite or chemical vapor deposition. These methods are quite
laborious and thus new methods for the bottom-up synthesis of tailored large, contorted carbon-
containing materials are highly desired. The search of new synthetic pathways has picked up
especially since fullerene Cgo and its more soluble derivative [6,6]-phenyl-Cei-butyric acid
methyl ester (PCs1BM) have been established as state-of-the-art acceptor materials for OSCs,
leading to an increased demand for highly pure fullerenes as well as other distorted PAHs. In

Chapter 2 various methods for the introduction of distortion into the z-system of PAHs are
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elucidated and the intriguing opto-electronic properties of nonplanar organic imides are

1llustrated.

In this regard the exact understanding of intermolecular interactions in solution as well as in the
solid state between nonplanar PAHs is extremely important to further enhance the performance
of customized devices built from PAHs. One extensively studied cut-out of fullerene Ceo with
promising properties for application in organic materials is corannulene, which consists of a
five membered central ring surrounded by five annulated benzene rings. Studies suggesting the
use of corannulene derivatives as potential electron acceptors in organic electronic devices were
substantiated by the successful incorporation of electron-withdrawing naphthalimide
substituted corannulene in OSCs, although these devices only showed moderate
performance.[*”) Therefore, one aim of this thesis was to investigate the interactions between
novel corannulene derivatives in solution as well as in the solid state by changing the imide
residue of a literature known extended corannulene dicarboximide from the sterically
demanding 2,6-diisopropylphenyl (Dipp) to a more flexible and less bulky alkyl chain in order
to evaluate the 7~ z-interactions of the PAHs in solution as well as in the solid state, in order to
obtain a better understanding of the packing and possible charge transport in potential
applications. Accordingly, the goal of the work presented in Chapter 3 is to synthesize and
investigate an electron-poor corannulene bis(dicarboximide) based on previously published
work but with higher solubility and less steric encumbrance in imide position to enable self-

assembly in solution (Figure 2).

stQzﬁN
(0]
Ha25C12

C12Hzs Ci2Hos

Figure 2 Chemical structures of corannulene bis(dicarboximides) 1a and 1b described in Chapter 3 (Dipp =
2,6-diisopropylphenyl).

Perylene bis(dicarboximides) (PBIs) are among the most studied organic chromophores of the
rylene dyes based on a PAH system due to their high thermal, chemical and photochemical
stability, electron-deficient character, and intriguing optical properties such as visible light

[14.38.39]1 Fyrthermore, they are readily

absorption and high fluorescence quantum yields.
functionalized in bay position to distort the originally planar chromophore 7-surface, introduce
axial chirality and modify the energy levels of the frontier orbitals. Depending on the number

and type of substituents, the P- and M-atropoenantiomers of the chiral twisted PBIs are either
3
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stable under ambient conditions or able to racemize. To obtain further insights into the
conformational stability, structure and chiroptical properties of heavily twisted PBIs the aim of
Chapter 4 was the design, synthesis, and optoelectronic investigation of various fourfold
directly arylated PBIs (Figure 3) by substitution in bay position with smaller hydrocarbons with
different steric demand, i.e., benzene, naphthalene and pyrene, which should be separable by
chiral high performance liquid chromatography (HPLC).!*"!

R

N.__O

(@)
Ar OO Ar 2X=H
‘ 3 X=CF3 ip
OO
e @d

0]

--< e--CH3

N @)
R

Figure 3 Chemical structures of tetraarylated PBIs 2a-6a investigated in Chapter 4.

PBIs are furthermore used as model systems in many fundamental studies for electron- and
energy-transfer dynamics, e.g., for the generation of molecular hydrogen'*!! and in light-
harvesting systems for artificial photosynthesis,!**] which rely on the reducibility of the
chromophore. Additionally, PBIs have gained more recognition as non-fullerene acceptors
(NFAs) for energy storage and conversion in organic electronics, also depending on readily
available reduced states of the PBIs. As of yet, no concise study concerning the optical and
electronic properties of differently core-substituted PBIs in the neutral as well as the mono- and
dianionic state in solution is available, which also elucidates the origin of the different optical
transitions observed in the absorption and emission spectra. Thus, in Chapter 5, the
investigation of five PBI derivatives with different frontier energetic levels to produce a

reference work of reduced PBIs was tackled (Figure 4).
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Chapter 1
Dipp Dipp Dipp Dipp Dipp
(0] 0] 0]
NC
Cl Cl H Ph Ph
Cl Cl H Ph Ph
NC
(0]
D|pp D|pp Dlpp D|pp Dlpp
PBI-CICN PBI-CI PBI-H PBI-Ph PBI-OPh

Figure 4 Chemical structures of PBI-CICN, PBI-CI, PBI-H, PBI-Ph and PBI-OPh, which are discussed in their
neutral and reduced states in Chapter 5.

Chapters 6 and 7 summarize and conclude this work in both English and German.
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Chapter 2

State of Knowledge

2.1. Polycyclic Aromatic Hydrocarbons

Polycyclic aromatic hydrocarbons (PAHs), a group of substances consisting of fused aromatic
rings with a high carbon content and few or no heteroatoms embedded in the framework,*%
have attracted the research interest of scientists all over the world. Due to their high stability,
rigid structure, and their unique electronic and optoelectronic properties, they are suitable
candidates for the application in organic electronics, biological systems as well as
supramolecular building blocks for intriguing structures.[*»**! PAHs can be considered small
cut-outs from graphene.!*] The aromatic rings in these systems can be connected via
cata- (linear) or peri- (branched) condensation, which can be defined by connecting the centers
of each aromatic ring. If the resulting graph contains no cycle, the PAH is cata-condensed,
while a cycle is present in the schematic diagrams of peri-condensed PAHs (Figure 5a).[*¢ They
have been effectively employed as molecular precursors for the synthesis of larger graphene
nanoribbons (GNRs) via bottom-up synthesis, which exhibits a higher precision concerning the
exact structure of the GNR compared to the top-down approach of cutting graphene or
unzipping carbon nanotubes (CNTs).””) The edges of PAHs offer a variety of different
topologies, which heavily influence their physical and chemical properties. The typical edges
in planar PAHs include the bay- or armchair-edge, the K-area, which is a carbon-carbon double
bond that is not assigned to a Clar sextett, and the Z-region, which is also called zig-zag edge.

Further edge topologies found prevalently in nonplanar PAHs are the cove and fjord regions,

as they introduce distortion into the 7-system due to steric encumbrance (Figure 5b).
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47]. Copyright 2003 CABI.

The characteristics of these small hydrocarbons as well as the GNRs derived thereof, can be
tailored by rational design and synthesis, allowing for a large variety of different sizes and
shapes in benzenoid PAHs, as well as their straightforward adjustment of the electronic and
optical properties.[**] Depending on the steric interactions between the different edges and
attached groups and the presence of aromatic rings, which are smaller or larger than six-
membered rings in the 7z-system, planar and non-planar PAHs can be realized. While the planar
systems exhibit high rigidity and poor solubility due to strong 7-z-interactions which often
result in the formation of extended aggregates, the non-planar PAHs are usually highly soluble
in common organic solvents*’! and less likely to form extended structures in solution or the
solid state.l’%! Thus, non-planar PAHs are easier to process from solution and are less prone to
phase separation than their planar congeners. Furthermore, the 7-overlap across the PAH core
is altered in the contorted derivatives, effectively lowering the bandgap by variation of the
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO). The propensity for intermolecular charge-transfer (ICT), the Stokes shift as well as
the semiconducting properties are enhanced in non-planar derivatives compared to their planar

congeners,>!! which are desired traits for the application in functional organic materials.
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2.2. Introduction of Nonplanarity into PAHs

2.2.1. Positive and Negative Curvature in PAHs

Upon the introduction of rings smaller or larger than six-membered into the 7-system of PAHs,
the molecules usually adopt a contorted structure to relieve the strain with only rare exceptions
like the planar fluoranthene or acenaphthene. The curvature of the z-surface is commonly
described by mathematical terms as Gaussian-positive, if four- or five-membered rings are
introduced into the system and Gaussian-negative, if larger rings, especially seven-membered
rings are introduced into the system to induce a hyperbolic saddle shape.[*) A general trend
observed for systems containing rings smaller than the six-membered carbon rings is the higher
strain and thus instability of the systems due to the pyramidalization of the carbon atoms. While
this is less of a problem if five-membered rings are introduced, the energetic penalty for the
pyramidalization is significantly higher upon insertion of even smaller rings into a graphitic
system. Due to the highly strained cup-like structure of four-membered ring containing PAHs,
the only successful example of the bottom-up synthesis of a small
cata-tetrabenzoquadrannulene, which is also called tetrabenzo[4]circulene 7,051 utilizes the
favorable aromatization during the cobalt-promoted cyclotrimerization of four benzenoid rings
to overcome the high energy barrier (Figure 6a). Nevertheless, this reaction suffers from low
yields, which hamper elaborate investigations on the utilization of this interesting

[3455] Thus, usually five-membered rings are embedded in the carbon framework to

molecule.
introduce positive curvature due to the smaller strain energies and resulting higher stability as
well as better availability of the precursors. The two most prominend examples of such
Gaussian-positive PAHs are corannulene and sumanene (Figure 6b). They can be regarded as
cut-outs of the fullerene Cgo, which is also commonly called buckyball, and are accordingly
often denoted as buckybowls. Corannulene, also known as [5]circulene, is a Csy symmetric
PAH consisting of the central five-membered ring, the heart (/at. cor), within five six-membered
rings (/at. annula) and has seen a constant increase of interest after the first synthesis by Barth
and Lawton in 19661°%! and through successive improvement of the synthesis up to kilogram
scale.l>”38] The Csy symmetric sumanene consists of a central benzene ring fused in alternating
manner to three additional benzene and three cyclopentadiene rings, making the molecule look
like flower petals, hence the name (suman meaning flower in Hindi and Sanskrit).[>”) Sumanene
possesses the advantage of three benzylic positions, which facilitate the functionalization

compared to corannulene, but only in 2003 the successful synthesis has been reported by

Sakurai and Hiraol®®! and thus has been made commercially available since then.

8
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8a 1-indeno
bridge 8b 1,2-indeno
< L // benzylic 8c 1,3-indeno

8d 1,2,3-indeno
; 8e 1,2,4-indeno
rim %
~ 8f 1,2,3,4-indeno
8g 1,2,3,4,5-indeno

54]. Copyright 2009, John Wiley and Sons.

The introduction of the five-membered rings creates a disruption of the conjugation and
geometry of sumanene and corannulene due to inefficient overlap of the p-orbitals and
increased s-orbital character in the sp? hybridized carbon atoms resulting in an energetic
decrease of the LUMOs and an enhancement of the electron accepting properties. Due to the
concave and convex faces in the buckybowls, stereoelectronic effects concerning the endo- and
exo-substitution can be observed. A dipole moment of 2.07 D in corannulene and 2.70 D in
sumanene were measured, making them promising candidates for chiral recognition and

[61-64] While sumanene exhibits a bowl-to-bowl inversion barrier of

ferroelectric materials.
82 kJ mol~! at 144 °C and thus rigidity in its structure due to the three cyclopentadienyl rings,
corannulene exhibits a fast bowl-to-bowl inversion with an energy barrier of merely 43 kJ mol™!
at —64 °C,[%] which might allow for the development of molecular switches and chemical
machines. The bowl-to-bowl inversion of corannulene is heavily influenced by the substitution
of the molecule and the presence of heteroatoms in the core structure to the point, where the
geometry of the system is locked, and no bowl-to-bowl inversion is observable anymore.[56-:67]
Further examples of Gaussian-positive curvature in buckyballs can be found primarily in larger
derivatives of corannulene, including the family of seven variably substituted
indenocorannulenes 8a-g in which the bowl depth as well as the inversion barrier are increasing
with a higher number of annulated groups from 0.87 A for pristine corannulene up to 1.43 A
for 8g, which is only slightly smaller than the 1.48 A in fullerene Cgo (Figure 6¢).®! For the
synthesis of these molecules, usually corannulene is used as precursor. On the contrary, larger

derivatives of sumanene like circumtrindene!®®! and hemifullerene!’® 7! utilize other small

precursor molecules which are more readily available for their synthesis.

9
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Due to its unique curved structure and large convex and concave z-surface corannulene and
congeners thereof are commonly used in supramolecular chemistry. Pristine corannulene
exhibits a lower degree of curvature than fullerene Ceo allowing for the formation of curved-7z-
curved-r interactions. However, no evidence of such 1:1 complex formation in solution has
been found indicating that the interactions are not strong enough to overcome the entropy
penalty needed for the complex formation. By modification of the electronic properties by
substitution with 2-naphthylthio- as well as 4-methoxyphenylthiogroups, fullerene hosts 9 and
10 were obtained (Figure 7), which were able to bind Cso with an association constant K, of up
to 474 M~ for a 1:1 complex with 9 in toluene-d®, due to enhanced face-to-face 7~ z-interactions
of the methoxyphenyl groups compared to the sterically demanding naphthyl substituents in
10.17?! This method was further investigated by the group of Xie, who synthesized a flexible
decapyrrylcorannulene 11, in which the corannulene mimics the palm of a hand while the ten
pyrryl groups resemble ten fingers catching different fullerenes. Due to its electron-rich nature,
the fitting shape, flexibility as well as additional 7-surface contacts, 11 is able to engulf the 15
most common unsubstituted, substituted, hetero- and dimeric fullerenes in the solid state, as
proven by single crystal X-ray analysis in a 2:1 complex. In solution, fullerene C¢o as well as
C7o form 1:1 complexes with 11 with association constants K, of 8252 and 5686 M~!

toluene-d® respectively, showing the higher binding tendency compared to 9 and 10.["*]

a) R 7 c) Y, 1 &
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73].
Copyright 2019, Springer Nature.

PAHs with negative Gaussian curvature can be obtained by e.g., the introduction of seven-
membered rings into a benzenoid structure, the simplest example being [7]circulene 12, which
is also called pleiadannulene!’ and exhibits a saddle shape (Figure 8a).I”*! This molecule has
been synthesized by the Nagazaki group in 1983 for the first time and was subsequently
investigated by X-ray crystallography to confirm the distorted shape of the molecule.!”®7]

Several smaller PAHs containing seven-membered rings have been obtained by bottom-up

synthesis employing palladium catalyzed cross-couplings with subsequent arylation
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79:80] and vinylnaphthyl 7-extension.!®!#? In some cases, the

reaction,!”® oxidative coupling!
formation of large seven-membered ring-containing PAHs is achieved by the coupling of
smaller precursors already containing seven-membered rings'®*! or the insertion of heteroatoms
to obtain heteroaromatic PAHs.[®¥ Similar to [7]circulene, [8]circulene is predicted to exhibit
a negative curvature and is even more strained than the former, making the synthesis
challenging and thus has not been achieved yet.[®! Heteroatom containing [8]circulenes have

86.87 but just in 2013 the synthesis of a fully benzenoid and substituted

been known since 1970,
derivative was successfully reported by Feng et al.’®® Due to their challenging synthesis and
comparably low yields, the properties of the saddle-shaped derivatives besides their

isomerization barriers e.g. in organic materials is rarely investigated.

Often, a combination of different ring sizes is utilized to obtain distorted non-planar PAHs with

the desired geometry and properties.

a) b)
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Figure 8 Chemical structures of a) [7]circulene 12 and b) buckycatcher 13 as well as c) the single crystal X-ray
structure of a 1:1 complex of 13 and Ceso. Adapted with permission from Ref. [89]. Copyright 2007 American
Chemical Society. d) Bowl-to-bowl inversion and racemization pathways of grossly warped nanographene 14
determined by DFT calculations. Adapted with permission from Ref. [90]. Copyright 2013 Springer Nature.

The most prominent example for non-planar PAHs containing different ring sizes is the so
called buckycatcher 13, which is a molecular clip consisting of two concave corannulene
moieties which are connected by a bridge containing an eight-membered ring (Figure 8b,c). (%]
This leads to a crescent-like shape with a distance of 9.84 - 11.86 A between the two
corannulene units, which is able to effectively bind Ceo fullerene by complementary
n-m-interactions. While the unsubstituted corannulene does not show any evidence for
complexation, the buckycatcher binds to Ceo with a binding constant K, of approximately

8600 M~! in deuterated toluene. Theoretical calculations confirm the slight preference for the

11
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concave-concave conformer found in the crystal structure by 0.25 kJ mol~! over the concave-
convex alignment as well as by 0.79 kJ mol~! over the convex-convex arrangement of the two
corannulene subunits, respectively. Another example for a grossly warped nanographene 14
containing five-and seven-membered rings was reported by Itami and coworkers which has
been obtained by expansion of a borylated corannulene precursor via Suzuki-coupling and
subsequent oxidative coupling to form five seven-membered rings, demonstrating impressively
the improvement of C-H-activation reactions over the last years.[?®! Investigation of this
nanographene showed the dramatically enhanced solubility and the alteration of the electronic
and optical properties compared to planar nanographenes. Interestingly, the bowl-to-bowl
inversion barrier is significantly lower than for pristine corannulene, presumably due to the
shallower bowl depth (0.37 A for 14 and 0.87 A for corannulene) which lowers the energy cost
for the inversion. The presence of five hexa[7]circulene moieties in this molecule results in P-
or M-helical chirality around each circulene subunit resulting in the formation of the two
enantiomers with MPMPM and PMPMP configuration respectively, which can be

interconverted at elevated temperatures (Figure 8d).

2.2.2. Contortion in Helicenes and Related PAHs

Helical structures in PAHs introduce strain into the system due to sterical crowding in the bay,
cove or fjord regions resulting in an out-of-plane distortion. The simplest group of molecules
to exhibit contortion due to this are helicenes, which consist of ortho-annulated benzene or
heteroaromatic ring systems. They adopt an axial chiral helicity by minimization of the steric
interactions, which is energetically favored over the torsional strain in the system resulting from

19,91,92

the out-of-plane structure (Figure 9a).! IInterestingly, according to theoretical calculations

the deviation from planarity does not affect the aromaticity of the system severely,®*! indicating
that the o=z-interactions do not interfere with the delocalization of the r-electrons.!®*
Furthermore, the solubility of helicenes is significantly higher than that for comparable planar
PAH systems, as observed for most non-planar congeners of planar hydrocarbons, although
some derivatives are still hardly soluble. By substitution with alkyl or alkoxy chains, this issue
can be resolved.!”! The first helicene to be reported was [4]helicene, consisting of four ortho-
annulated benzene rings as early as 1913,[°°] followed by [5]helicene in 1918 which was

[97.98] After the first report of the photochemical synthesis of

obtained by Pschorr cyclization.
[4]helicene in 1967,1°°! the interest in these systems steadily increased due to their intriguing

chiroptical properties. Helicenes exhibit a helical chirality and while [4]helicene is
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configurationally instable under ambient conditions due to fast interconversion between the
P- and M-enantiomers,!'%) enantiomers of [S]helicene can be separated by complexation with
either (+)-2-(2,4,5,7-tetranitro-9-fluorenylideneaminooxy )propionic acid (TAPA) or (—)-TAPA
and subsequent column chromatography to obtain the pure helicene. However, it is still
susceptible to racemization over time at room temperature.[!!! The smallest unsubstituted
carbohelicene to exhibit configurational stability at room temperature is [6]helicene in which
the benzene rings already overlap partially. Although the racemization energy AG* increases
with increasing number of benzene rings from 17.2 kJ mol™! to 151.5 kJ mol™" for [4]- and
[6]helicene, respectively, the torsion angles of the bay-region are comparably similar in all
carbohelicenes with around 20°.°! Due to the distortion from planarity, the transition state is
unfavorable (Figure 9b).l!192} By elongation of the ortho-fused benzene chain, the large
[16]helicene, which is the longest helicene up to date could be obtained in a one-step procedure
through sextuple photocyclization, establishing a synthetic pathway towards large helicenes by
proper design of the precursors.['% Further advances to stabilize one configuration especially
in [4]- and [5]helicene for the separation of the enantiomers include the substitution of helicenes
at the edge of the fjord region in 1 or 2 position, respectively,!'® as well as the introduction of

heteroatoms inside the helical backbone to vary the bond angles.!'%]

[4]helicene [5]helicene
b) 2 9
5 a9 B & 9% 9%
¢ JJ J‘ ‘)J
AR Heg »
> 99, P %
M-[6]helicene transition state P-[6]helicene

Figure 9 a) Molecular structure of differently sized carbohelicenes; b) Molecular structures of the P- and M-
[6]helicene enantiomers as well as the transition state corresponding to a local minimum as suggested by
Lindner! %! and Merino!!?”!,

Helicene subunits are often found in larger contorted z-systems, which are commonly
synthesized by Scholl-type oxidative cyclodehydrogenation reactions as the key step and many

different structurally intriguing motifs have been reported until today. In an attempt to elucidate
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the regioselectivity of the Scholl reaction, Pradhan et a/. found that the highly twisted molecule
16> was formed preferentially, while the planar and not strained derivative 16 could only be
obtained in low yields from polyphenylene precursor 15 indicating a high selectivity of this
reaction to contorted molecules (Figure 10).['%1 To explore this reactivity further, they created
tert-butyl substituted, propeller-shaped hexabenzotriphenylene 18, which incorporates three
[S]helicene units and is D3 symmetric, like the earlier reported unsubstituted congeners thereof.
By Scholl reaction, they were able to isolate a racemic mixture of (+)-18 and (—)-18 in a good
yield of 63%. Surprisingly, the tilt angle of the blades found in the crystal structure of 18 of 47°
is similar to the tilt angle found in the unsubstituted propeller (49°), despite the additional

sterically demanding tert-butyl groups.!'%%11%]

Figure 10 a) Synthetic route to 16 and 16’ via oxidative coupling in dependence of the rotational preorganization
of 15/15’; b) Synthetic route to 18 by Scholl reaction as well as ¢) top and side view onto the crystal structure of
18. Reproduced with permission from Ref. [108]. Copyright 2011 John Wiley & Sons.

Conceptually, an even larger agglomeration of helicenes can be found in the contorted
hexabenzocoronene (HBC) 19a, which can be seen as a superposition of six [4]helicene
subunits (Figure 11a). Clar ef al. described the synthesis of this molecule as early as 1965 and
stated the unlikelyhood of this molecule to be a planar graphite cut-out,[!'!! which could be
verified forty years later by the group of Nuckolls by single crystal X-ray analysis.[!'?l Upon
substitution with long alkyl chains, 19b was found to behave like a discotic liquid crystal,
aligning in columns parallel to the substrate, which has been shown to be beneficial for
electronic applications. By fusing three substituted [S]helicenes, another propeller shaped chiral
PAH 20 embedding six helicene units was synthesized independently by Gingras and

g[113

coworkers!!*l and Hosokawa et al.!''¥ Both groups confirmed the highly distorted structure of
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the molecule by single crystal X-ray analysis and proved the extraordinary stability of the
structure by separation of the two most stable conformers as well as by investigating the thermal
racemization by chiral HPLC giving a racemization energy of AG* = 147 kJ mol~' at 182 °C in

1,2-dichlorobenzene and by theoretical calculations (Figure 11b).

R19aR=H

Y 3 : N 61.0
' ! f— N S/ f— PEPMM,P
— 445 = 442 ¢ )
328 (PMMM,PP) . (PPM,M,M,P)

(PMM,PPP) !
N—
0.0
(RRRMM,M)
\/‘\

s

—l‘
0.0
(M,M,M,PFP)

Figure 11 a) Molecular structures of one possible enantiomer of helicene containing PAHs 19-23 as well as the
helicity of the respective helicene subunit denoted in P (blue) and M (red). b) Calculated enantiomerization
pathway of 20 with energies in kJ mol™'. Reproduced with permission from Ref. [113]. Copyright 2017 American
Chemical Society.

When trying to synthesize a HBC derivative from alkoxylated polyphenylene precursors, only
the incompletely cyclodehydrogenated hexabenzoperylene 21 could be isolated by the group of
Miao.[33] They attributed the incomplete ring closure to the alkoxy groups, which direct the
C-C-bond formation in ortho and para position with respect to the substituent itself. This leads
to a highly crowded fjord region consisting of two [5]helicene units and preventing the closing
of the last two C-C bonds of the desired HBC. X-ray analysis of 21 confirmed a highly twisted

arrangement of the core with torsion angles as large as 42.1° and 39.2°. The structurally related
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octabenzocircumbiphenyl 22 can be seen as an extension of 21 and is one of the largest PAHs

151 This large molecule formally consists of the

obtained by photocyclization to date.!
superposition of six [4]helicene and two [S]helicenes and could be applied in organic field effect

transistors (OFETs) and organic solar cells (OSCs).

Supertwistacene 23, which consists of four HBC units fused linearly in a helical manner and
thus contains six [S]helicene subunits was synthesized in a sophisticated seven step procedure

161 It is also one of the largest

with a dehydrocyclization as the key-step towards the product.!
contorted PAHs reported up to date with a length of 4.3 nm and an end-to-end twist of 117°.
The helical configuration proves to be extremely stable, even when heated to 200 °C overnight.
By heating to 260 °C, the helical 23 slowly transforms to a waggling or mixed structure,
prohibiting the detailed analysis of the kinetic parameters, due to complicated interconversion

between those structural isomers.

Another group of PAHs, which are commonly found to exhibit a contorted structure are
extended pyrenes, i.e., peropyrene, tetraazaperopyrene (TAPP) and teropyrene. Peropyrenes
consist of a comparably rigid backbone and can be functionalized in bay position by double or
quadruple alkyne benzannulation reactions, using a Brensted acid. The non-planar structure of
not only peropyrenes but also teropyrenes synthesized by this procedure could be verified via
single crystal X-ray crystallography, showing a twist of the central 7-system of 13° for the
double arylated peropyrene 24 and approximately 23° and 25° for the different bay areas in
terropyrene 25 (Figure 12).[''7-118] The tetra-bay-arylated peropyrene 26 exhibits stable atropo-
enantiomers, which could be separated by chiral HPLC, with a twist of the two naphthalene

subunits of 29° and a racemization barrier of 28.9 kJ mol~'.['!°]
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Figure 12 Single crystal X-ray structures and molecular packing of a-c) 24, d-f) 25 and g-i) 26. Adapted with
permission from Ref. [118]. Copyright 2018 Chinese Chemical Society (CCS), Shanghai Institute of Organic
Chemistry (SIOC), and the Royal Society of Chemistry.

TAPPs are usually harder to functionalize in bay position than peropyrenes, as the electrophilic
substitution takes place in ortho position rather than in bay position, making the synthesis fo
twisted TAPPs more challenging. By a sophisticated synthetic route with functionalized
precursors, Gade and coworkers were able to overcome this challenge and obtained different
tetrachloro-TAPPs with torsion angles of 29.4°, 30.1° and 32.4°, respectively, which is quite
large for bay twisted extended pyrenes.['?") The isomerization barrier has been calculated to be
99.2 kJ mol™! considering a racemization sequence via the planarization of one side of the
TAPP bay area resulting in a decreased twist angle of 10° in the non-planarized bay area and
syn oriented chloro substituents. A potential one step mechanism involving the complete
planarization of the core would prevent the molecule from racemization due to the high energy

of 301.2 kJ mol™".

2.2.3. Propellers and Nanobelts

To obtain sophisticated three-dimensional PAH structures with intriguing properties, two
approaches are most common. The first approach is the attachment of more than one planar

PAH to a 3D linker unit while the inherent planarity of the original carbon network is
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maintained. The second approach is the formation of macrocyclic structures to induce strain in

the 7-system, which results in a contortion of the surface of the carbon network.

Triptycene, which is a classic building block for the synthesis of 3D networks, has been used
numerous times in polymer backbones to disrupt the solid-state packing and to obtain highly
porous materials with sufficient solubility and good emission properties. The Mastalerz group
synthesized 7-extended Dsn symmetric nonplanar triptycene derivative 27 with a high internal

free molecular volume in the solid state (Figure 13).11?!

I By investigation of different single
crystal X-ray structures, four different polymorphs could be identified, indicating the lack of
supramolecular interactions in the packing of 27. Attempts to activate the molecule by
exchanging the intercalated mesitylene by n-pentane in order to maximize the surface area did
not result in the desired higher porosity and instead amorphous material was formed but by

thermal treatment a surface area of up to 350 m? g~! could be generated.[!??]

a)

Figure 13 a) Chemical structure of extended triptycene 27 as well as b) the packing of 27 in the structure obtained
by single crystal X-ray analysis and c) surface area and voids for an in silico evacuated crystal (yellow: outer
surface, red: inner surface); Reproduced with permission from Ref. [122]. Copyright 2015 John Wiley & Sons. d)
Synthesis of Baumgartens 3D pyrene-fused N-heteroacenes 30a-d. e) Calculated energy optimized structure of
one macrocyclic subunit of Nuckolls fused polymer capacitor. Reproduced with permission from Ref. [124].
Copyright 2018 American Chemical Society.

Even larger N-doped pyrene fused heteroacenes 30a-d with average diameters between 3.66
and 10.9 nm could be obtained by the group of Baumgarten by stepwise condensation of
precursors 28 and 29 and subsequent reduction of the thiadiazole units (Figure 13d).l'>* Like

other non-planar PAHs, even the largest derivative 30d with 22 annulated rings in one arm of
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the molecule exhibits good solubility in all common solvents, even though the solubility
decreases slightly with increasing ring number, whereas their linear counterparts are only hardly
soluble even in hot o-dichlorobenzene. Molecule 30d is the largest pyrene-fused N-heteroacene
which has been reported to date, giving a new perspective for large molecules applicable in
energy storage and energy conversion devices. By copolymerization of PBI and triptycene
subunits via Suzuki-coupling and subsequent photocyclization, Nuckolls and coworkers were

(1241 To form porous materials from these polymers,

able to synthesize stable cyclized polymers.
thermal activation in order to remove the long alkyl chains in imide position was necessary,
yielding nanopores with inner diameter of 3 nm (Figure 13e), resulting in an outstanding
performance as n-type capacitor of 352 F g~! as well as high stability for over 10000 cycles.

The formation of nanobelts containing curved z-surfaces is highly desirable due to their
structural similarity to CNTs and their possible use as precursors in the formation thereof.
However, the bottom-up synthesis proved to be rather challenging due to the high strain
inherent to these 7-conjugated macrocyclic structures. Therefore, attempts to convert nanobelts
into CNTs are most of the time prevented by strain-relieving rearrangements,!'**! which can be
circumvented by blocking of the relevant positions in the molecule with functional groups, e.g.,
methyl groups.['*%! Methods to overcome the high energetic barrier needed for the cyclization
include the ring-opening olefin methatesis,!!'*’! a sequence of McMurry coupling reactions

[128

followed by bromination, elimination,!'”®! Sonogashira,'>”) Yamamoto!'*®! as well as Glaser

11 reactions and alkyne metathesis,!1*?] which were applied in the synthesis of

coupling!
different cycloparaphenylenes (CPPs). To obtain larger CNT fragments by bottom-up
synthesis, bigger annulated aromatic fragments are often incorporated into the ring system as

1331 anthanthrene! '**! or

precursors. These fragments include smaller PAHs like chrysene,!
pyrenel'¥1 as well as larger structures like peropyrene!'*®! and HBC. In HBC macrocycles, the
subunits can either be connected by a para-phenylene chain or directly attached to each other.
The number of HBC molecules in such a linker-connected macrocyclic structure is variable
from one, connected by seven phenyl-rings exhibiting a crown-ring like structure in 3137 to
up to four, in which each HBC subunit is connected by a biphenylene moiety like in molecule
32 (Figure 14).l 381 Calculations as well as spectroscopic investigation by 'H-NMR
spectroscopy revealed the flexibility of the core HBC units in larger systems, as the rotation
thereof is possible, while the energetic barrier is too high in the cyclic trimer, preventing a
structural rearrangement. Directly interconnected HBC units are commonly found to complex

fullerenes in a 1:1 complex, due to their concave surface, which might in principle be of interest

for the application in OSCs. Due to the low yields of the cyclization towards CNT segments,
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only small amounts of the respective nanohoops can be prepared, hampering the investigation

in organic electronic devices.!'*"]
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Figure 14 a) Chemical structures of nanohoops 31-34, R = 2,4,6-trimethylphenyl. Reproduced with permission
from Ref. [140]. Copyright 2020 John Wiley & Sons; b) Top view onto the DFT-optimized structure of 32 without
the substituents. Reproduced with permission from Ref. [138]. Copyright Royal Society of Chemistry; ¢) Structure
of 34 obtained by single crystal X-ray analysis (hydrogen molecules omitted for clarity). From Ref. [141].
Reprinted with permission from AAAS.

The largest cyclic conjugated molecular CNT segment reported to date contains eight directly
connected HBC molecules 33, which exhibited a significantly reduced strain energy
of -81.3 kJ mol~!' compared to smaller derivatives like the cyclic hexamer with —17.6 kJ mol™!
due to the larger diameter of the macrocycle.l!*! Although several research groups previously
produced possible precursors for the bottom-up synthesis of CNTs, the synthesis of a fully fused
carbon nanobelt 34 containing edge-sharing benzene rings was realized only in 2017 by Itami
and coworkers by aryl-aryl coupling reaction with Ni(cod): in a yield of 1%.I'*!! Despite the
low yield, they were able to fully characterize the molecule unambiguously by NMR
spectroscopy, optical measurements and single crystal X-ray crystallography, revealing the
small diameter of only 8.32 A. The optoelectronic properties were found to be unusual, like the
absorption which is assigned to forbidden transitions but becomes allowed due to the structural
rigidity preventing deformation, and the red emission. They proposed the utilization of this
nanobelt in nanoelectronics and photonics in the future and ultimately the programmable

synthesis of single-chirality CNTs.
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2.2.4. Miscellaneous Compounds

In the design and synthesis of novel nonplanar PAHs, numerous of the above elaborated
structural features can be combined to obtain even more intriguing and highly functional
molecules. By covalently linking six [S]helicene units using oxidative photocyclization and
subsequent Yamamoto coupling reactions, the first fused-ring z-conjugated cage-shaped
molecule 35 was obtained by the Watanabe group in 2018 (Figure 15).['**! This molecule
possesses an inherent chirality due to the steric repulsion of the helicene subunits resulting in
the formation of two separable enantiomers and unique structural features like the outer helical
groves and the inner cavity. As proven by single crystal X-ray analysis, the cavity which has
the shape of a three-leaf clover cannot be accessed even by small molecules due to the narrow

windows preventing further utilization in the recognition of chiral molecules.

Figure 15 a) Chemical structure of triple helicene cage (P)-35; b) Single crystal X-ray structure of (P)-35; c)
Crystal packing of (P)-35 (blue) and (M)-35 (pink) as well as the shortest distances between neighboring
enantiomers. Reproduced with permission from Ref. [142]. Copyright 2018 John Wiley & Sons.

By fusion of corannulene and smaller planar molecules like naphthalene or phenanthrene,
helicene decorated geodesic bowls can be synthesized which exhibit intriguing shapes and
properties. By Wittig reaction of formyl corannulene with the respective ylide phosphonium
salts, Scott and coworkers were able to prepare [5]- and [6]helicene decorated corannulene
derivatives 36-38 (Figure 16).l"*] The two inherent structural features, the bowl and the helix,
result in the formation of four stereoisomers in which the helix faces either the concave or
convex side of the bowl. The structure found in the solid state contained a convex corannulene
moiety which is by 31.4 kJ mol~! (36) and by 26.4 kJ mol~! (37) more stable than the respective
concave structure according to calculations. The bowl-to-bowl inversion barriers of 44.4 and
42.3 kJ mol™! for 36 and 37 respectively are slightly lower than for pristine corannulene
(48.1 kJ mol™), illustrating the steric influence of the helicene moiety, which facilitates the
inversion. Similarly, the calculated helix inversion barriers are also slightly lowered compared
to pristine [S]helicene and [6]helicene due to the curved structure of the corannulene, which
resembles the deformations found in the transition states. Thus, both structural motifs mutually
influence their respective inversions, lowering the energetic barriers.
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Figure 16 a) Chemical structures of one enantiomer of helicene decorated corannulenes 36-38; b) Chemical
structure of three stereoisomers (A-C) of propeller shaped 39 as well as c) the lowest enantiomerization pathway
from 39A (all-P) to 39A* (all-M). Reproduced with permission from Ref. [144]. Copyright 2018 John Wiley and
Sons.

In the propeller shaped corannulene derivative 39, five [6]helicenes are formed by Suzuki
coupling and successive intramolecular arylation, resulting in a ten-fold symmetric structure in
solution as well as in the solid state.l'**) Due to the chiral inversion of the [6]helicene moieties,
four pairs of enantiomers as well as ten transition states could be identified, of which the isomers
with the highest symmetry are energetically favoured. The experimental racemization barrier
of 143 kJ mol~! obtained by monitoring the decrease of the enantiomeric excess ee by chiral
HPLC is consistent with the highest barrier obtained by DFT calculations and emphasizes the
stability of the contorted system at room temperature. Due to the high symmetry and stability,
the system should give useful information for the design of organic quasicrystals as well as

potential applications in chiroptical materials.
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2.3. Nonplanar Dicarboximides

2.3.1. Nonplanar Rylene Dicarboximides

Rylene diimide dyes such as perylene (PBI), terrylene (TBI) and quaterrylene (QBI)
bis(dicarboximide) usually consist of peri-condensed naphthalene molecules, which form a
planar m-core. Upon substitution in bay position, the steric demand of the introduced
substituents leads to contortion of the system. Depending on the Van der Waals radius and
flexibility, the twist angle of the naphthalene planes can vary from only 4° in the difluoro-
substituted PBI 40 up to 37° in the tetrabromo-substituted PBI 43 (Figure 17).[143:146] This
molecular twist of the chromophore core introduces axial chirality into the systems. For the
separation of the atropo-enantiomers by HPLC a racemization barrier of >93 kJ mol™! is
required, otherwise interconversion of the enantiomers is observed and prevents the

1471 Among the rylene dyes, PBIs are the most investigated compounds due to the

separation.!
good availability of precursors as well as their straightforward and established synthetic
adaptability. Even some of the PBIs predominantly used as precursors already exhibit highly
twisted structures, e.g., 1,6,7,12-tetrachloro PBI 42 (35°/36°)'%®! or tetrabromo PBI 43
(37°).1'%] The free enthalpy of activation AG* of both derivatives of 97.3 (42, 293 K) and
118.2 kJ mol~! (43, 363 K) is high enough to separate the two atropo-enaniomers. While
fourfold substitution in bay position with highly flexible aryloxy groups leads to fast
interconverting P- and M-enantiomers due to the comparably low barrier of 54 kJ mol™!
(244 K),!'*) Suzuki-coupling of 42 or 43 with phenylboronic acid gives tetraarylated PBI
44,4919 of which the racemization barrier is estimated to be around 250 kJ mol~! (180 K).
Also, for this derivative 44, the separation of enantiomers by HPLC was successful and the
chiral nature of these tetrasubstituted compounds could be proven by circular dichroism (CD)

measurements.

A possibility to obtain stable aryloxy substituted PBI atropo-enantiomers is by connecting the
diagonally adverse bay substituents with alkyl or alkoxy chains, thus forming a handle and
effectively preventing the racemization of the PBI core. Enantiopure macrocycles containing
this structural motif have furthermore been shown to be able to transfer their chiral information

on carbohelicenes like [4]helicene and catalyze the deracemization of [5]helicene.!'>"
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Figure 17 Chemical structure of a) halogenated as well as bay-twisted PBIs 40-43 and the b) reaction scheme to
obtain tetraarylated PBI 44. ¢) Side view onto the structures of the aromatic systems of 40-43 obtained by single
crystal X-ray analysis. Reprinted with permission from Ref. [146]. Copyright 2009 American Chemical Society.

By copper iodide mediated Ullmann-type coupling of tetrahalogenated PBIs, different
oligomeric structures which form ladder-type GNRs could be obtained by the group of Wang
(Scheme 1). The exact structure is dependent on the halogen attached in the precursor and the
reaction temperatures. Using 42 as precursor and lower reaction temperatures, the halogenated
dimer 45 was obtained, while at more elevated temperatures, the dehalogenated nanoribbon 46
was isolated. PAH 45 could be transformed to 46 by using the same reaction conditions as for
the reaction from 42 to 46, thus helping in the elucidation and further investigation of the

reaction mechanism (Scheme 1).[1°1]

To circumvent dehalogenation under the Ullmann-type conditions, catalytic amounts of copper
nanoparticles as well as an additional palladium catalyst were used in the subsequent reaction
of 45 to the two structural isomers 47a and 47b. The third possible isomer 47¢ was not formed
as the analysis of the two obtained products by 'H-NMR spectroscopy, UV/Vis/NIR
spectroscopy as well as theoretical calculations indicated.[!3?] Using 43 instead of 42 as
precursor even lower reaction temperatures are sufficient for the lateral fusion of the two PBI
moieties to obtain tetrabromo nanoribbon 48. At higher temperatures, bromine-iodine halogen
exchange is generally observed under the modified Ullmann conditions due to an excess of
copper iodide. Highly distorted tetraiodo-nanoribbon 49 could accordingly be synthesized by
increasing the temperature to 60 °C.['>] At even more elevated temperatures, the cleavage of
the C-Br bonds was expected, but instead the two fully conjugated structural isomers of tri-
PBIs 50a and 50b were obtained at 110 °C.['>*] These related non-planar PBI derivatives
impressively demonstrate the tremendous influence of already minor changes to the reaction
system upon coupling of tetrahalogenated PBIs under Ullmann-type conditions to obtain

contorted PAHs.
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Scheme 1 Synthesis of the different ladder-type GNRs from PBIs 42 or 43 by copper mediated Ullmann-type
coupling. Dipp = 2,6-diisopropylphenyl.

Using 45 as precursor, S- and N-heterocycle annulated PBI dimers can be obtained by coupling
of the halogenated bay position with either S(BusSn); or aniline.!'>! Due to the steric congestion
between the carbonyl oxygen and neighboring hydrogen atoms, the precursor already forms cis
and trans type conformers. While the PBI cores are almost planar in the ¢rans conformer, the
cis conformer of the S-heterocyclic annulated PBI dimer exhibits a shallow bowl-shaped
structure. This effect is even more pronounced in the N-annulated dimer, due to the larger strain
introduced by the annulated pyrrole rings. In both derivatives, the energies of the trans and cis
configuration are closer than in the unsubstituted 46, indicating the better stabilization of the
cis conformer while destabilizing the trans conformation due to the annulation, making the cis
configuration energetically favored. Additional confirmation of the lower energy of the cis
configuration was found by X-ray analysis of single crystals, where only one isomer was found
as well as by temperature-dependent 'H-NMR studies, in which no traces of two isomers could
be observed. The different heteroatoms introduce a simple way to tune the electrochemical and
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optical properties, which also makes them interesting candidates for applications in materials

science.

By fusing PBIs only in their bay positions, chiral nanoribbons were obtained by copper-
mediated homocoupling of tetrachloro PBI 42 by the group of Wang.['**) The dimer 51 as well
as the trimer 52 could be obtained in moderate yields of 25% and 10%, respectively (Figure 18).

b)
200 400
§ 100 '5 200
s K
04 3 o04.
5 S ¥
-1004 = 200
L
-200 -400
300 400 500 600 300 400 500 600
Alnm Alnm
)
4
A \Lf
Y
Ny ‘& g
" \"{(\ XY
N \
* "5 " 'I\
v
/ i
P,P-enantiomer M,M-enantiomer P,P,P-enantiomer M,M,M-enantiomer mesomer

Figure 18 a) Synthesis of chiral nanoribbons 51 and 52 as well as b) their CD spectra after successful separation
of the enantiomers on the chiral HPLC. c) Calculated structures for all enantiomers of dimer 51 and trimer 52.
Hydrogen atoms are omitted for clarity. Reproduced with permission from Ref. [156]. Copyright 2010 The Royal
Society of Chemistry.

Higher homologues up to the tetradecamer were detectable by matrix-assisted laser
desorption/ionization time of flight (MALDI-TOF) measurements, but it was not possible to
isolate them. The chromophore subunits in these contorted PAHs are aligned almost
perpendicular with respect to each other due to the eight-membered ring formed by the coupling
in bay position, which also prevents the effective conjugation along the short axis of the PBI
subunit. This results in a decrease of the fluorescence quantum yield from 85% in the monomer
via 66% in the dimer 51 down to 51% in the trimer 52. Furthermore, each PBI subunit exhibits
a core twisted structure due to the steric crowding in bay position, which gives rise to two
enantiomeric configurations for the dimer (P,P and M,M) and three configurations for the trimer
(P,P,P; M\M,M as well as mesomeric), which could be separated by chiral HPLC and
characterized by CD spectroscopy and are configurationally stable even at 150 °C for 3 h.
Interestingly, the central PBI unit in the energy optimized meso-structure of the trimer 52 has a
syn-configuration, while the two outer PBIs are in the lower energy anti-configuration. This
results in an overall higher energy by 36.0 kJ mol~! compared to the two enantiomeric helical

forms. The chloro-substituents in the peripheral bay positions enable further functionalization
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to improve the processability and enable a tuning of the optical and electronic properties for
further applications e.g., in special opto-electronic devices and for the enantioselective

recognition and design of chiral supramolecules.

Another C-C coupling method for the efficient synthesis of highly twisted large PAHs is the
Stille coupling between exclusively PBIs or heterocoupling between PBIs and naphthalene
bis(dicarboximides) (NBIs) along their equatorial axis.!'>”-!8] Utilizing a stannylated ethene
building block and brominated precursors 53a and 53b, larger, fully conjugated graphene
nanoribbons 55, 57 and 59 containing up to four PBI subunits were synthesized by Stille
coupling and subsequent photocyclization, with the prospect of substiantially larger systems

due to the good yields and high solubility of the largest product (Scheme 2).

By bridging two PBI moieties with an ethene unit, two [4]helicene subunits are created and thus
the two hydrogen atoms in the fjord region are in spatial proximity, leading to a twist of the two
PBI subunits with respect to each other. Upon further addition of PBIs to the structure, more
configurations become possible. While only one conformational option is possible in the dimer,
already two conformers with similar relative energies become possible in the trimer. One is the
helical structure, where both fusing points exhibit the same handedness and the molecule has
an inherent axial chirality and the other the waggling structure, where the fusing points exhibit
opposite handedness. In addition to both energetically similar conformers, a mixed structure is
possible for the tetramer. Wang and coworkers were able to extend the formation of
nanoribbons by Stille coupling to heterosystems consisting of alternating PBI and NDI subunits

s.[11 The steric proximity of the

by coupling of stannylated NDIs to chlorosubstituted PBI
carbonyl oxygens of the NDI to the ortho hydrogens in the PBI lead to an overall twisted
structure. No inversion of the stable configuration could be observed, even at elevated
temperatures of 250 °C for six hours and a calculated racemization barrier of a PBI-NDI dimer

(1601 11y the homo- as well as hetero-

of 255 kJ mol~! further supports the configurational stability.
coupled oligomeric systems, the lateral extension of the 7z-system shifts the absorption region
towards the NIR and increases the electron affinity, making these systems interesting candidates

for applications as organic photovoltaic material.
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Scheme 2 Synthesis of the fully conjugated ethylene-bridged nanoribbons 55, 57 and 59 via Stille coupling.

A propeller shaped molecule combining the introduction of a five-membered ring as well as

high steric influence to obtain a contorted PAH has been synthesized by the Wang group with

an extraordinary structure consisting of a corannulene center with PBI moieties annulated to

every rim position via the bay area of the PBI. The molecule was synthesized by Suzuki

coupling followed by photocyclic aromatization in high yields.!

161 ]

In theory, eight

stereoisomers which contain four pairs of enantiomers can be formed, but only the highest Ds

symmetric 60a (Figure 19) in which all helicene units exhibit the same configuration and the

imide groups of the PBIs are arranged up and down in an alternating manner as well as the >

symmetric 60b with six imide groups of three successive PBIs arranged up and down and the

entire next PBI up and the following or vice versa are found. The other two possible

configurations were calculated to be higher in energy and thus disfavored under the applied

reaction conditions. No conversion from 60b to 60a was observed even up on heating to 205 °C
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for 6 h in solution, emphasizing the high steric crowding around the corannulene core and the
resulting high stability of the isomers formed during the reaction. Due to the steric repulsion of
the PBI units, the bowl depth of the corannulene is shallower with 0.32 A in 60a and 0.63 A in
60b compared to pristine corannulene (0.87 A). In the single crystal X-ray structure, three
molecules of the D> symmetric 60a were found to assemble into a tubular structure, which then
stacks alternately to form large, achiral 3D honeycomb lattices, while the C, symmetric 60b

forms dimers by intramolecular 7z-z-stacking.

a)

Figure 19 Chemical structures of the a) Ds as well as the ¢) C, symmetric isomers of corannurylene penatpetalae
60. Single crystal X-ray structures of b) 60a and d) 60b as well as their respective molecular packing. The alkyl
chains and hydrogen atoms are omitted for clarity. Adapted with permission from Ref. [162]. Copyright 2021 CCS
Chemistry.

These packing motifs have been shown to be advantageous for the facilitation of electron
transport, making these extraordinary molecules interesting candidates for the investigation of
supramolecular architectures in the application in organic electronics. Recently, they were able
to obtain the highest value for PBI based OSCs with corannurylene pentapetalae 60a, with a
PCEnax of 11.2% and appreciable high open circuit voltages (Voc = 1.06 V), short-circuit
current (Jsc = 15.3 mA cm™2) as well as fill factor (FF = 68%) using poly-3-hexylthiophene
(P3HT) as donor polymer.['®2] The C, symmetric conformational isomer thereof exhibits a
PCEmax of 10.3%, underlining the importance of proper assembly to achieve high-performance

OSCs and providing guidance for the design of even more efficient PBI derivatives for OSCs.
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To this date, significantly less studies of nonplanar terrylene bis(dicarboximide) (TBI)
derivatives are available compared to their shorter perylene congeners. Miillen and coworkers
published the synthesis of the fourfold hay substituted TBI 61 by bromination and obtained the
twisted 62 by subsequent Rosemund von Braun cyanation using copper(l) cyanide
(Scheme 3).[163]

Z-2
Zz-2

JOO W O‘O .
Ar
CuCN
DMF Pd( PPh3)ZC|2
Cul, DIA, THF AT
NC ! ! CN ! ! Br
o) o)

62R = C15H31

2 n-Z

63a Ar=Ph

63b Ar = Ph-p-CN
63c Ar = Ph-p-NMe,
R = Dipp

Scheme 3 Synthetic pathways towards bay twisted TBIs 62 and 63a-c from brominated precursor 61.

The calculated twist of two neighboring subunits in 62 is about 15° making the molecule
significantly more soluble in chloroform and o-dichlorobenzene (7 mg mL~!) compared to a
similar ortho substituted TBI, which is virtually insoluble (<1 mg mL™!). Using the same
brominated precursor, Regar ef al. synthesized three ethinylphenyl flanked TBI derivatives
63a-c to investigate the influence of electron withdrawing and donating groups attached in the
para position of the aryl residues. All derivatives exhibit good solubility in common organic
solvents like chloroform and dichloromethane (DCM), whereas only 63¢ with dimethylamino
groups is poorer soluble in toluene and THF. They were able to unambiguously prove the
twisted structure of hay substituted TBIs by single crystal X-ray analysis for the first time, even
for the brominated precursor. While the ethinylphenyl substituted derivative 63a exhibits
dihedral angles of 18.0° and 9.34°, the twist is significantly higher in the tetrabromo precursor
with 21.4° and 25.7° due to the larger Van der Waals radius of the bromine atoms attached

directly to the hay position compared to the ethinyl carbon atoms.

The chemistry of twisted QBIs is even less studied due to the mostly electron rich molecules,
which are often unstable under ambient conditions. The group of Miillen reported in 1998 the

synthesis of fourfold and eightfold alkoxylated QBIs, which exhibited good chemical,
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photochemical and thermal stability as well as a high solubility, but no further investigations

concerning the twist thereof were conducted.!!*%

2.3.2. Further Nonplanar Dicarboximides

Most nonplanar imides, which are not based on PBIs, or their higher congeners use the inherent
contortion of corannulene to achieve the desired structural properties. Electron-poor bowl
shaped naphthalimides based on corannulene have been synthesized and investigated by
Shoyama et al. and contain one (64) or two (1b) naphthalimide moieties (Figure 20).['%°! They
exhibit a high luminescence as well as low-lying frontier orbital levels, as desired for n-type
semiconductors. By adaption of the synthetic procedure, a nanocone 65 which is not only
structurally intriguing but also opens up the route for a new class of 3D functional materials has
been obtained.['%®! Due to the challenging synthesis and purification, no studies concerning the

application of 66 in organic materials like OSCs were conducted.

Figure 20 Chemical structures of electron-poor bowl shaped naphthalimides 64 and 1b as well as nanocone 65.

Overall, only few examples of corannulene based electron acceptors in OSCs have been
reported, despite their easier synthetic modification and thus adjustment of the energy levels as
well as absorption and charge carrier transport properties compared to the widely applied
fullerenes. Lu et al. introduced electron-withdrawing phthalimide (66a) and naphthalimide
(66b) groups to the corannulene core, effectively lowering the LUMO level (Figure 21).17)
With these materials, the first solution-processed bulk heterojunction (BHJ) solar cells using
P3HT as donor material afforded PCEs up to 0.32% for 66a and 1.03% for 66b compared to

0.19% for pristine corannulene.
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Figure 21 Chemical structure and J-V curves of organic BHJ solar cells of 66a and 66b. Reproduced with
permission from Ref. [37]. Copyright 2014 Royal Society of Chemistry.

The fusion of an imide ring directly to the nonplanar corannulene in 67 extends the 7-system
and promotes the bowl-in-bowl stacking (Figure 22).'®”) The long alkyl chain in imide position
improves the solubility and enables additional interactions between the bowls, while the
annulation of benzene rings at the core leads to a slight lowering of the LUMO level.

Interestingly, this molecule acts as n-type OTFT with an electron mobility of 0.02 cm? V-!s7!

under vacuum, while under ambient conditions a hole mobility up to 0.05 cm? V-'s™! was
observed. Subsequently, the attachment of cyano groups (68) to the corannulene instead of the
annulation of benzene rings lowers the LUMO level even more significantly and enables
intercolumnar electronic coupling, which was successfully utilized in an air-stable n-type OTFT

showing an electron mobility of 0.07 cm? V! g1 [168]
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Figure 22 a) Chemical structures of nonplanar corannulene imides 67 and 68 as well as the molecular packing
found by single crystal X-ray analysis of b) 67 and c) 68. Reproduced with permission from Ref. [167] and Ref.
[168]. Copyright 2013 and 2015 Royal Society of Chemistry.

Other nonplanar imides rely on the steric demand of helicene-like structures. By formally
attaching imide groups on the two outermost benzene rings of differently sized and shaped
helicenes, the groups of Hu and Ravat just recently developed a novel class of nonplanar
helicene bis(dicarboximides) 69-72 with either one or two helical subunits and [4]- to

[7]helicene as their backbone (Figure 23).[16%-170]
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Figure 23 a) Chemical structure of helical bis(dicarboximides) 69-72 (Bu = nbutyl) as well as b) photographs of
the powder as prepared, grounded and reprecipitated under natural and UV light (365 nm). c) Solid state
fluorescence spectra of 69 of the as-prepared grounded and reprecipitated powder. Reprinted with permission from
Ref. [169]. Copyright 2021 American Chemical Society.

They are synthesized by photocyclization or cyclodehydrogenation from suitable precursor
molecules in good yields. All four derivatives exhibit good fluorescence properties in solution
with high fluorescence quantum yields @ up to 47% in toluene for 69 as well as in the solid
state compared to their counterparts without the imide groups. Helicene bis(dicarboximide) 69
shows additionally mechanofluorochromism from yellow for the as-prepared powder to green
upon grinding which corresponds to a decrease of intensity of the emission peak at 580 nm,
while the maximum at 538 nm is increased (Figure 23c¢). This behavior suggests the application

in mechanosensors or optical storage.
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Chapter 3

Self-Assembly of Bowl-Shaped

Naphthalimide-annulated Corannulene

This chapter and the corresponding supporting information has been published:

R. Renner, M. Stolte, F. Wiirthner, ChemistryOpen 2020, 9, 32-39.

Adapted or reprinted with permission from Ref. [171]. Copyright 2020 John Wiley & Sons.

Abstract: The self-assembly of a bowl-shaped naphthalimide-annulated corannulene of high
solubility has been studied in a variety of solvents by NMR and UV/Vis spectroscopy.
Evaluation by the anti-cooperative K>-K model revealed the formation of supramolecular
dimers of outstanding thermodynamic stability. Further structural proof for the almost exclusive
formation of dimers over extended aggregates is demonstrated by atomic force microscopy
(AFM) and diffusion ordered spectroscopy (DOSY) measurements as well as by theoretical

calculations. Thus, herein we present the first report of a supramolecular dimer of an annulated
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corannulene derivative in solution and discuss its extraordinarily high thermodynamic stability
with association constants up to >10° M! in methylcyclohexane, which is comparable to the

association constants given for planar phthalocyanine and perylene bisimide dyes.
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3.1. Introduction

Corannulene, a non-planar polycyclic aromatic hydrocarbon (PAH), has recently attracted
significant attention. Due to its bowl-shaped structure, it exhibits a moderate ground state dipole

moment (e = 2.1 D)['"? and enhanced solubility in common organic solvents!! ! compared to

S[174,175 [63]

planar PAHs. Other bowl-shaped molecules like subphthalocyanine l'and sumanenes
also exhibit these properties, due to the two different faces of the molecules. By
functionalization of the rim, the bowl depth and thus the packing in the solid state as well as in
solution can be controlled, making these non-planar systems interesting candidates for
application in supramolecular host-guest chemistry to obtain complex functional
structures.l 176~ 178] Fyrthermore, corannulene was shown to be a useful precursor for the
synthesis of large non-planar nanographenes by annulative 7-extension to give new, structurally

alluring molecular shapes and motifs.!*%-166:17%]

Bowl-shaped molecules are widely applied in the field of supramolecular chemistry as hosts for
fullerene molecules after Scott and coworkers first showed the assembly of Cso with
corannulene in the solid state!'*% and in solution'”?! due to the complementary intimate concave-
convex z-7-interactions. By connecting two bowl-shaped precursors with a rigid bridge, it was
further possible to synthesize the “buckycatcher”, a molecular tweezer which is able to form a
supramolecular 1:1 complex with Ce through concave-convex 7-z-interactions.® Different
types of buckycatchers have been synthesized and investigated accordingly to exploit this
unique feature in search of selectivity in the binding of different fullerene derivatives.[’>13!]

An important property to be considered in the supramolecular self-assembly of bowl-shaped
molecules is the bowl-to-bowl inversion. This effect is commonly observed for corannulene
systems, due to the relative low-lying barrier for the bowl inversion, depending on the
substituents. Usually, the activation barrier in sumanene systems is higher and
subphthalocyanines usually do not undergo bowl inversion at all due to very high barriers.!'%*
Conformationally stable systems, in which the bowl-to-bowl inversion is hindered, can be
aligned in the presence of an electric field to form one-dimensional columnar liquid crystalline
materials due to their axial dipole moment, which is of interest for device applications.['33] Upon
chemical reduction of corannulene and sumanene, highly negatively charged bowl-shaped
ligands are obtained, forming a variety of intriguing sandwich-like complexes with different
alkali metal cations on both the convex and the concave surface of the ligand, which have been

characterized in their crystalline state and by NMR spectroscopy.t!8418]
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By introducing electron-withdrawing substituents e.g. halogens or nitrile groups on the rim of
the corannulene system the electronic properties of the molecules can be altered which is of

[161,186,187] The same

interest for their use in organic electronics as n-type semiconductors.
attributes can be achieved via extension of the aromatic 7-system with naphthalimide moieties
using a Suzuki-Miyaura cross coupling/Heck type arylation cascade annulation reaction to

[165] These new molecules exhibit

establish an interesting new class of bowl-shaped PAHs.
intriguing optical and electronic properties, being among the highest fluorescent 7-conjugated
bowl-shaped dyes. Their low-lying frontier orbitals offer the possibility to use them in
supramolecular photosystems and as n-type semiconductors, making them promising

candidates for bulk-heterojunction solar cells.

In this work, we explore the self-assembly of a new, highly soluble derivative of our recently

reported first bowl-shaped bis-naphthalimide-annulated corannulene.!'%’]

Our previously
described molecule containing diisopropylphenyl units at the imide position was not able to
self-assemble in solution within the available concentration range due to the bulky isopropyl
substituents. Thus, the new derivative 1a was synthesized with solubilizing tridodecylphenyl
side chains. Here we will show that 1a forms supramolecular dimers of outstanding
thermodynamic stability in various solvents. To the best of our knowledge, we herein explore
the thermodynamics of self-assembly for a corannulene derivative for the first time. The applied
techniques for structural elucidation, AFM and DOSY, reveal the formation of dimers.
Theoretical calculations were conducted to propose two possible structures for the dimer, one

based on the maximization of the 7-7-interactions between two molecules and the other based

on dipolar interactions.

3.2. Results and Discussion

3.2.1. Synthesis

The synthesis of 1a could be achieved by altering a literature known route for Suzuki-Miyaura
coupling and direct arylation, as it was not possible to synthesize the product using the literature
known procedure in sufficient yield and purity (Scheme 4).1'] Using tri(m-tolyl)phosphine
instead of tricyclohexylphosphine tetrafluoroborate as ligand in the reaction, the product 1a was
isolated as a dark red solid in a yield of 28%. The new molecule as well as the precursor 74a

were characterized using 'H- and '3C-NMR spectroscopy (Figure 29-32) and mass
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spectrometry (MALDI, DIP, ESI). The literature known molecule 1b could also be synthesized

under these new conditions in a yield of 24%.

[Pd2(dba)s]-CHCI3
P(m-tolyl);
Cs,CO3

1-CINaph

100 °C, 24 h

1 2 3a 28%
CyoHas ipr 3b 24%

R= 2a 3a "'Q%st 2b,3b
ip

C12H25

Scheme 4 Synthesis of bowl-shaped polycyclic aromatic bis(dicarboximides) 1a and 1b. a) [Pd(dba)s;]-CHCI3
(5 mol%), P(m-tolyl); (20 mol%), Cs2COs3 (6 equiv.), 1-chloronaphthalene; Bpin: boron(pinacol)ester.

3.2.2. Optical Properties

The optical properties of the new corannulene derivative la were firstly investigated in
dichloromethane (DCM, Figure 24) and compared with the previously reported molecule 1b.

In this highly polarizable solvent, the band shape as well as the absorption maximum of the
So-S1 transition, that appears at Amax= 536 nm, are in good accordance with the reported
vibronic progression, which is typical for this type of corannulene derivative, and wavelength
for the diisopropylphenyl derivative 1b (Amax = 538 nm), along with a slightly higher overall

extinction coefficient of 56200 M~' cm™!.

Accordingly, also the almost identical fluorescence spectra revealed emission maxima for both
investigated dicarboximides at Amax = 572 nm with only small Stokes shift of 1140 cm™'. The
fluorescence quantum yield of 1a (@r = 43%) is only slightly lower for 1b (@r = 48%). Despite
the varying imide substituents, the shapes and positions of the absorption as well as the

fluorescence spectra are similar in their monomeric, non-aggregated state.
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Figure 24 UV/Vis absorption (solid line) and fluorescence (dashed line, Aex =501 nm ) spectra of 1a (red) and 1b
(black) in dichloromethane (co = 1-107° M, 25 °C).

3.2.3. Self-assembly behavior

Because the bowl-to-bowl inversion was considered to hamper self-assembly of naphthalimide-
annulated corannulene derivatives, we investigated this process by temperature-dependent
"H-NMR spectroscopy in deuterated 1,1,2,2-tetrachloroethane (TCE-d,).!'"®?! Molecule 1a is
however, not suitable for this kind of investigation due to the fast rotation of the phenyl rings
attached to the imide units on the NMR time scale, making its protons indistinguishable. In
contrast, due to the two different faces (convex, concave) of the corannulene derivative and the
steric hindrance of the diisopropylphenyl groups in molecule 1b, the isopropyl groups attached
at the phenyl ring in ortho position and the protons in meta position have different chemical
environments and can therefore be distinguished at room temperature (Figure 33).
Temperature-dependent 'H-NMR studies revealed a coalescence temperature 7. = 370 K. At
temperatures above this temperature the bowl-to-bowl interconversion is very fast and thus the
signals are not distinguishable anymore. It is possible to calculate the rate constant of the
inversion at the coalescence temperature as k = 65.2 s~! and the free energy of activation to be
AG*=178.4kJmol™!, which is in good accordance with value obtained by theoretical
calculations (B3LYP/def2svp) of AG = 76.6 kJ mol™! (Figure 34). These values indicate the

slow bowl-to-bowl interconversion of naphthalimide-annulated corannulene at room

temperature, which should accordingly not disturb the self-assembly.
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At room temperature, the signals of 1b appear quite sharp in TCE-d>, indicating the lack of
aggregation due to the sterically demanding diisopropyl groups (Figure 33). In contrast, in the
absence of sterically demanding ortho substituents, the aggregation of molecule 1a can be
observed utilizing temperature-dependent "H-NMR spectroscopic investigations in the high-
boiling solvent TCE-d>. At low temperatures, broad signals are observed in the aromatic region
of the spectra, whereas upon the increase of the temperature a significant narrowing of the
signals occurs and a downfield shift of the signals of the aromatic protons can be observed,
which is attributed to the formation of the monomer (Figure 35). The aliphatic region of the
spectra is also affected by the aggregation-dependent broadening of signals. Similar behavior
is observed in temperature-dependent 'H-NMR spectra of 1a in toluene-ds. In this low-polar
aromatic solvent, the change towards sharp signals is monitored at higher temperatures than in
TCE-d>, indicating the higher thermodynamic driving force for the formation of aggregates
(Figure 36), which is in accordance with common observations of other dye aggregates like

perylene bisimides (PBIs)!'®! and phthalocyanines.['"

Table 1 Optical properties of corannulene derivatives 1a and 1b as well as PBI 75/ in dichloromethane and
toluene at 25 °C.

Solvent Aabs [Nm] eM'tem™] Aem [nm] Dy [%] 7[ns] Stokes shift [cm™']

la DCM 536, 503,477 | 52500, 56200, | 572 4310 4.92 1140
44900

la(M) Toluene 540, 504,477 | 55250, 65400, | 562 54[1 4.32 730
59000

1a (D) Toluene 555, 466 24100, 46600 | 612 24l 8.56 (89%) 1680

2.81 (11%)

1b DCM 538,504,478 | 45900, 51300, | 573 48 5.00 1140
42500

750101 DCM 527,491,460 | 96300, 58100, | 532 63 32 180
21000

[a] For molecular structure of PBI 75, see Figure 25c. [b] Fluorescence quantum yields were determined relative to a standard dye (V,N'-
bis(2,6-diisopropylphenyl)-3,4,9,10-perylenetetracarboxylic diimide.!'*?! [c] Fluorescence quantum yields were determined with an integrating

sphere and corrected for reabsorption.

Deeper insights into the formation of aggregates were obtained by concentration-dependent
UV/Vis spectroscopy in toluene due to the low polarity of the solvent and the good solubility
up to 150 mg mL~" of 1a in this solvent, which is one order of magnitude higher than the
solubility of 1b (Figure 25a).

Upon increasing the concentration of 1a a pronounced broadening of the absorption band and
a loss of its vibronic structure is detectable, suggesting distinct intermolecular interactions
between the chromophores. Clear isosbestic points at 410 nm and 555 nm can be observed
which indicate the existence of an equilibrium between the monomer and an aggregated species.

The data could be fitted with the anti-cooperative K»>-K aggregation model!'®*! with a nucleus
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size of 2, giving K> = 2.4-10* M~! and a cooperativity factor o = 58 (see Figure 38). Accordingly,
the initial dimerization is highly favored over the elongation (K = 4.1:10° M~!) and the
elongation constants are prone to significant errors because only small amounts of the dimers
further aggregate under the given experimental conditions. For this reason, the more simple

1991 model also afforded a good fit of the experimental data and was therefore

monomer-dimer!
applied for the following solvent-dependent aggregation studies. The dimerization constant Kp,
that is obtained by application of this model in toluene, is 2.4-10* M~!, which is in perfect
accordance with the nucleation constant obtained by the anti-cooperative model. The resulting
Gibbs energy change AG® was calculated to be —24.5 kJ mol~! and the ideal monomer and dimer

spectra were obtained as well (Figure 25a).

Similar spectral changes from the monomeric to the dimeric species could be observed by a
decrease of the temperature of a solution of 1a in toluene (Figure 37). The thermodynamic
parameters could be determined by performing concentration-dependent UV/Vis measurements
at five different temperatures in toluene with the help of a van’t Hoff plot to be AH°
=-33.1 kI mol™!, AS®=-10.8 J K~! and AG® = —23.6 kJ mol~'. The value for the Gibbs energy
change obtained from this analysis is comparable to the one obtained from the dimerization
constant at room temperature. The negative enthalpy and entropy reveal an enthalpy-driven

self-assembly process for 1a in toluene.

Table 2 Comparison of the dimerization constant Kp of 1a and the isodesmic aggregation constant K of PBI 75 in
different solvents at 25 °C.

Ko(1a) [M™] K(75) [M"]9!
Hexane -l 1.2-108
MCH ~3-10°0! 9.7-10*
MCH/Toluene 2:1 1.8-10%
Toluene 2.4-10* 5.9-10?
CCl, 2.1-10* 6.5-10?
TCE 2.4-10?

[a] Insufficient solubility at room temperature; [b] the value could only be estimated due to the small change in the absorption band even at the

most diluted conditions; [c] Taken from Ref. [189]; MCH = methylcyclohexane, TCE = 1,1,2,2-tetrachloroethane.

Additional concentration-dependent investigations have been conducted in solvents of different
polarity to assess the aggregation behavior and strength in dependence of the different
environments. For this purpose, unpolar methylcyclohexane (MCH), a mixture of MCH and
toluene in a ratio of 2:1, tetrachloromethane and 1,1,2,2-tetrachloroethane (TCE) have been

chosen.
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Figure 25 a) Concentration-dependent UV/Vis spectra at 25 °C of a) 1a (black, co=4.5-107-4.0-10 M) in
toluene, the global fit analysis according to the monomer-dimer model for 1a (red, dashed lines) and the ideal
monomer and dimer spectra (red solid lines). Inset: Van’t Hoff plot for the calculation of the thermodynamic
parameters; b) Molar fraction of aggregated molecules aage as a function of concentration of 1a fitted with the
dimer model; ¢) Concentration-dependent UV/Vis spectra of PBI 75 in toluene (co = 1.0-107° - 2.2-:1072 M) and d)
molar fraction of aggregated molecules (aag) as a function of concentration of 75 fitted with the isodesmic model.
Reproduced with permission from Ref. [189]. Copyright 2003 Royal Society of Chemistry.

All spectral data could be fitted with the monomer-dimer model as well as with the anti-
cooperative model (Figure 38). Due to the above-mentioned reasons, the values obtained by the
monomer-dimer model are discussed in the following paragraph. For the lowest (MCH) and
highest (TCE) polar solvents, the values obtained by the fitting routine represent an
approximation due to too strong (MCH) or rather weak (TCE) dimerization, respectively. As
all the other data can be fitted according to the monomer-dimer model, it is reasonable to
presume comparable aggregation behavior in MCH and TCE as well. The obtained values for
the dimerization constant Kp are summarized in Table 2 and depicted as a function of the molar
fraction of aggregated molecules in dependence of the concentration in Figure 25b. Kp is, as
expected highly solvent-dependent, varying from the lowest value of 2.4-10> M~! in polar TCE

to a four orders in magnitude higher value 3-10° M~! in low polarity solvent MCH.

To the best of our knowledge, this is the first report of aggregation constants for corannulene
derivatives in solution. The herein obtained values are comparable to the values reported for

phthalocyanine dimers (Kp = 3.0-10° M) in CCls,!'®*! extended PBI aggregates (K =
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1.5-10” M) in MCH!"*>) and merocyanine dimers (Kp = 8.0-10° M) in dioxane.l'*®! As these
systems exhibit the highest aggregation constants reported so far, the new corannulene
derivative is among the strongest self-assembling motifs, when decorated with proper

substituents.

As bay unsubstituted PBI dyes are congeners of the investigated corannulene derivative 1a, a
comparison to the well-studied PBI 75, with the same solubilizing chains, might help to predict
the properties of other new derivatives. Similar trends for the self-assembly should be observed
for both molecules in different solvents, thus future optimization of the side chain for even
higher aggregation constants might be performed analogous to PBI molecules.['® A loss of the
vibronic structure and broadening of the UV/Vis spectra upon aggregation is found for 1a in a
solution of toluene as well as for PBI 75 (Figure 25c). The comparison of the aggregation
constants K of molecule 1a and the congener PBI 75, shows a significant increase by
approximately two orders of magnitude for the three solvents, which were investigated for both
molecules, MCH, toluene and CCls of 1a (Table 2).I'*1 This shows the extraordinary high
tendency of the new class of corannulene derivatives bearing brush-like imide residues to self-

assemble, which seem not to hinder the aggregation by their steric demand.

3.2.4. Structural elucidation

The changes in the emission spectra of dye 1a (Figure 26) are also of high interest for the
characterization of the aggregate and a comparison to PBI 75. Depending on the concentration,
the color of the emitted light changes from yellow (co = 1:10~7 M) via orange to red (co =
2:10~* M). A similar change of the color depending on the fraction of aggregated molecules in

1951 Upon aggregation,

solution and the emission band is observed for the congener 75 in MCH.!
a broad, structureless emission band, that is attributed to the dimer, emerges at 550 nm to
850 nm, which is also very similar to the excimer emission of PBI 75!'°7-1%8]. The fluorescence
quantum yield (@) of 1a in toluene is even higher (54%) than the already substantial quantum
yield of the monomer in DCM (43%, Table 1). Remarkably, the aggregate also exhibits a quite
high quantum yield of 24% despite of the contortion of the z-scaffold that is known to favor
intersystem crossing.!'*”! Time-resolved measurements indicated a significant increase of the
lifetime from 7= 4.32 ns for the monomer to 8.56 ns for the dimer. Similar as for PBI 75,1°7-1%8
the longer lifetime is characteristic for a partially forbidden radiative process, presumably from
an excimer-like excited state. This view is also corroborated by the absorption spectra of dimer

1a which show a decrease of the intensity of the 0,0 transition and a hypsochromic shift of the
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absorption maximum compared to the monomer which are indicative for a H-type exciton

coupling.[200:201]
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Figure 26 UV/Vis absorption spectra (monomer: black; dimer: grey) of 1a in toluene at 25 °C and the respective
fluorescence (solid lines; Aex = 469 nm) as well as excitation (dashed lines) spectra of monomer (orange, co =
11077 M; Aem= 605 nm) and dimer (red, co = 2:10~ M; Aem= 650 nm). The inset shows the optical photographs of
the sample solutions under a) ambient and b) black light illumination.

Supporting evidence for the formation of dimers has been obtained by AFM measurements that
were performed by spin coating solutions of different concentrations of 1a in toluene
(monomeric: co = 2:107° M and aggregated: co = 3-10~> M) onto TPA-modified SiO»/AlOx
substrates (Figure 27). Spin-coating leads to the formation of a multi-layered film consisting of
small spherical particles with the height of 0.5 - 0.9 nm for the diluted sample, which is in
accordance with the height found for 1b in the crystal structure!'® and 0.5 - 1.0 nm of the
concentrated sample respectively. The height values indicate the presence of species of similar
size in the order of the individual molecules in both solutions (Figure 27). Obviously, the AFM
images do not indicate the formation of any larger-sized columnar aggregates which were
observed for PBI 75 and other related PBI aggregates whose self-assembly is characterized by
an isodesmic growth.!'”7l Accordingly, the preferentially dimerized 1a species in solution
obviously do not form defined extended aggregates upon solvent evaporation during the spin-

coating process.
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Figure 27 AFM height images of 1a prepared by spin-coating onto TPA-modified SiO,/AlOyx substrates from
toluene at a concentration of a) ¢ = 2-10™ M (ttage = 0.11) and b) co = 3-10 M (tage = 0.91).

To further confirm the presence of dimers of 1a in solution, DOSY NMR studies were
performed in TCE-d> (co = 5:107> M) at 260 K as well as 390 K, where either mostly dimers
(cagg = 0.9) or monomers (cagz = 0.1) are present. The diffusion coefficients of
Dv=4.19-10"""m?s™! for the monomeric species at elevated temperatures and Dp =
431-10""'m?s~! for the dimeric species at low temperatures have been determined. The
hydrodynamic radii of both species were obtained by solving the Stokes-Einstein equation using
the inherent solvent as standard, giving »m = 13.7 A for the monomer and rp = 15.6 A for the
dimer, respectively (Figure 39). The obtained values match the dimension of a dimer at high
concentrations and room temperature in solution. Furthermore, the two obtained radii are very
similar, and thus in agreement with the AFM measurements which revealed similar sized

particles for the monomer and the aggregate on TPA-modified surfaces.

To gain further insight into the precise arrangement of the molecules within the dimers, semi-
empirical calculations (PM6-D3H4) were performed. Geometry optimizations for the dimer of
1a afforded two structures of lowest energy, driven either primarily by the maximization of
m-overlap (dispersion interactions) or the antiparallel alignment of the ground state dipole
moments (electrostatic interactions). The maximization of 7-7-interactions between the
concave and convex face of the corannulene derivative is realized in the structure shown in
Figure 28a, making the system overall 11 kJ mol~! lower in energy compared to the structure
in Figure 28b. The structural motif in Figure 28a also resembles the one calculated for
corannulenes without appended naphthalimide units which suggested the formation of eclipsed

dimers to be energetically favored.!**?!

In this favored structure, depicted in Figure 28a, two corannulene moieties stack on top of each

other in a parallel fashion. As a consequence, the overall ground state dipole moments sum up
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to i, = 7.5D compared to the monomeric species (¢; = 3.8 D). Previous theoretical
investigations of corannulene dimers showed that the interactions between these curved
m-systems are of comparable magnitude to those of similarly sized planar systems. In these
studies an equilibrium distance between two bowl-shaped corannulene molecules of 3.6 A has
been determined. In contrast, the equilibrium distance between two planarized corannulene
moieties has been calculated to be 3.4 A, which is similar to the 7zzdistance in PBI

molecules.?%?]

-t aeeaty 78

Figure 28 Top and side views onto two geometry-optimized (PM6-D3H4) structures that are lowest in energy for
the dimer of 1a governed either by a) intimate 7z-stacking or b) electrostatic dipole-dipole interactions. Bottom:
Comparison of the minimal overlap of the z-systems (light blue area) of both dimeric structures of 1a. The dodecyl
chains were omitted for the geometry optimization.

Both values can be found in our new system, as the distance between the two bowls is calculated
to be 3.65 A in average, whereas the distance between the planar naphthalene moieties is about
3.45 A. In our opinion, this minor distortion of the 7~scaffold to enable a closer contact between
neighboring naphthalimide units is the reason for the increase of the dimerization constant and
the concomitant decrease of the elongation constant for this molecule. Similar observations
have been made for PBIs which self-assemble with equal K-values for the two 7z-faces (i.e.
isodesmic) as long as they are planar!’®”! but prefer to only dimerize after distortion by
substituents in the bay area.[>! Another minor influence could be given by sterical congestions
between the sidechains that are located rather close in space due to the small rotational
displacements for the lower energy dimer structure displayed in Figure 28a. Notably, this

rotational displacement is by far smaller than for perylene bisimides.!"”!
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In contrast, in the second structure shown in Figure 28b, the dimerization is strongly governed
by the antiparallel alignment of the two corannulene moieties, almost completely cancelling the
ground state dipole moment to x4 = 1.6 D. In this structure, less overlap of the two z-systems
is observed. Both structures are quite similar in size and energy, thus it is not possible to

differentiate them in solution by the applied experimental techniques.

3.3. Conclusions

In conclusion, we have studied the self-assembly of a new naphthalimide-annulated
corannulene derivative, with tris(dodecyl)phenyl substituents to obtain high solubility even in
low polar solvents such as MCH. The ability to form supramolecular dimers of outstanding
thermodynamic stability in solution in the investigated concentration range was confirmed by
UV/Vis, 'H- and DOSY-NMR spectroscopy as well as AFM. To the best of our knowledge,
this is the first report on the self-assembly of a corannulene derivative in solution. The
dimerization constants of up to > 10 M~! in MCH are among the highest ones reported for
m-conjugated systems, being in the same order of magnitude as those reported for
phthalocyanine dimers (Kp = 3.0-10° M~!) in CCly, extended PBI aggregates (K = 1.5:10’ M)
in MCH and merocyanine dimers (Kp = 2.1-10’ M) in CCls. Direct comparison to a
structurally related PBI congener demonstrated the high propensity of our naphthalimide-
annulated corannulene to self-assembly in a variety of solvents. The small size of the aggregates
has been confirmed by AFM and DOSY measurements. By taking into account the different
forces (dispersion, electrostatics) participating in the dimerization, we were able to propose two
optimized structures for the aggregate by semi-empirical calculations, one showing parallel
alignment driven by 7~ 7-interactions and the other antiparallel alignment, supported by dipolar
interactions. Having a significantly higher degree of s-overlap and a 11 kJ mol™' higher
stability, the likelihood for the prevalence of the parallel structure is higher. Further variations
of the naphthalimide-annulated corannulene motif might provide a variety of new self-
assembled supramolecular structures in solution. Such aggregates may also enable applications
of these bowl-shaped molecules as electron accepting materials in organic solar cells and

photodetector devices in combination with p-type semiconducting polymers. %204
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3.4. Supporting Information to Chapter 3

Materials and Methods

Reagents were purchased from commercial suppliers and used as received without further
purification. Dichloromethane and ethyl acetate were distilled prior to use. All reactions were
carried out under nitrogen atmosphere. Column chromatography was performed with
commercial glass columns using silica gel 60M (particle size 0.04-0.063 mm; Merck KGaA)
as stationary phase. Size-exclusion chromatography was performed on BioBeads S-X1 using
HPLC grade solvents. NMR spectra were recorded on a Bruker Avance 11l HD 400 or Avance
111 HD 600 spectrometer and are calibrated to the residual proton signal of the used deuterated
solvent. The chemical shifts (o) are reported in parts per million (ppm) and coupling constants
J in Hertz (Hz). Multiplicities for proton signals are abbreviated as s, d and m for singlet,
doublet and multiplet, respectively. MALDI-TOF mass spectra were recorded with an autoflex
Il mass spectrometer (Bruker Daltonics GmbH) using DCTB (2-[(2E)-3-(4-fert-butylphenyl)-
2-methylprop-2-enylidene]malononitrile) as matrix. High resolution mass spectra (ESI) were
recorded with an ESI micrOTOF Focus mass spectrometer (Bruker Daltronics GmbH). UV/Vis
absorption spectra were recorded on a JASCO V-770 or Perkin-Elmer Lambda 950 spectrometer
and fluorescence spectra on a FLS980 fluorescence spectrometer (Edinburgh Instruments).
Absolute quantum yields were determined on a Hamamatsu Absolute PL Quantum Yield
Measurement System CC9920-02. AFM Measurements were performed using a Bruker
Multimode 8 SPM system operating in tapping mode. The samples were prepared by spin-
coating toluene solutions of the molecule 1a onto TPA-functionalized SiO2/AlOx-substrates.
Theoretical calculations were performed by Gaussian 09 program using DFT B3LYP/def2svp
or the semi-empirical PM6-D3H4 method! % 2% as implemented in MOPAC2016[2%7,
Optimized ground-state geometries were examined by frequency analysis to possess no

negative frequency.

4-Bromo-5-chloronaphthalene-1,8-dicarboxylic anhydride!!®> and 3,4,5-tridodecylaniline!!*!]
were synthesized according to procedures reported in the literature. Molecule 1b was

resynthesized according to the literature.!%]
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Synthesis of 74a

4-Bromo-5-chloronaphthalene-1,8-dicarboxylic anhydride (8.68 mg, 27.9 umol), 3.,4,5-
tridodecylaniline (50 mg, 83.6 umol) and acetic acid (1 mL) were charged in a flask. The
reaction mixture was stirred at 110 °C for 16 h. After cooling, the product was obtained by
silica gel column chromatography (cyclohexane: dichloromethane 9:1) to give 74a (4.3 mg,
4.82 umol, 17%) as a slightly orange solid. Mp. 34 °C. 'H-NMR (400 MHz, CDCls): 6 [ppm]
=8.56 (d, /= 8.0 Hz, 1H), 8.44 (d, /= 8.0 Hz, 1H), 8.21 (d, J = 8.0 Hz, 1H), 7.94 (d, J = 8.0
Hz, 1H), 6.91 (s, 2H), 2.63 (m, 6H), 1.39-1.25 (m, 60 H), 0.87 (t, J = 7 Hz, 9H); *C-NMR
(100 MHz, CDCls): 6 [ppm] =163.5,163.3, 142.2,139.4,139.2, 136.1, 131.87, 131.80, 131.74,
131.67, 127.3, 127.1, 126.9, 126.0, 123.3, 122.8, 33.1, 31.93, 31.90, 31.2, 30.7, 30.39 ,30.37,
29.9, 29.73, 29.71, 29.68, 29.67, 29.66, 29.64, 29.59, 29.5, 29.4, 29.38, 29.35, 28.8, 22.70,
22.68, 14.12, 14.11; MS (MALDI-TOF, pos. mode, DCTB in CHCI3): m/z calculated for
Cs4HsBrCINO," [M+H]": 890.52, found: 890.54; HRMS (DIP-MS, pos. mode): m/z calculated
for Cs4Hg:BrCINO," [M]": 890.5212, found: 890.5208.

Synthesis of 1a

Corannulene diboronic acid bis(pinacol)ester 73 (100 mg, 199 umol), precursor 74a (223 mg,
440 umol), tris(dibenzylideneacetone) dipalladium(0)-chloroform adduct (10.4 mg,
10.0 pmol), tri(m-tolyl)phosphine (12.2 mg, 40.0 umol), caesium carbonate (391 mg,
1.20 mmol) and 1-chloronaphthalene (6 mL) were placed in a Schlenk tube. The reaction
mixture was stirred at 100 °C for 1 d. After cooling to room temperature, cyclohexane was
added, and the mixture was purified by column chromatography using ethyl acetate as eluent
followed by DCM. Size-exclusion chromatography on BioBeads S-X1 (DCM:MeOH 9:1) gave
1a as a dark red solid (100 mg, 55.6 umol, 28%). Mp. 330 °C. 'H-NMR (400 MHz, TCE-d>,
390 K): d [ppm] = 8.68 (d, ] = 7.9 Hz, 2H), 8.65 (d, J = 7.9 Hz, 2H), 8.49 (d, ] = 7.9 Hz, 2H),
8.43 (d, J = 7.9 Hz, 2H), 8.32 (s, 2H), 8.24 (s, 2H), 7.81 (s, 2H), 6.94 (s, 4H), 2.67 (m, 12H),
1.66 — 1.62 (m, 12H), 1.45 — 1.25 (m, 108H), 0.90 — 0.86 (m, 18H); *C-NMR (100 MHz,
TCE-d>, 390 K): d [ppm]= 162.8, 162.7, 141.3, 138.4, 136.8, 136.0, 135.8, 133.0 132.4, 132.2,
132.1, 132.0, 130.5, 130.0, 129.5, 128.2, 127.9, 126.7, 126.3, 122.7, 122.52, 122.47, 121.2,
32.6,31.3,31.2,30.6, 29.9, 29.4, 29.07, 29.04, 28.98, 28.88, 28.65, 28.62; 21.9 MS (MALDI-
TOF, neg. mode, DCTB in CHCl3): m/z calculated for Ci28H16sN20O4~ [M]™: 1797.301, found:
1797.298; HRMS (ESI-TOF, pos. mode, acetonitrile/chloroform 1/1) m/z: calculated for
Ci2sH16sN2NaO4™: 1820.2896 [M+Na]*, found: 1820.2807; UV/Vis (co = 1-10° M, DCM,
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293 K): &max(Amax) = 56200 M~ cm™' (503 nm); Fluorescence (DCM): Amax (Aex) = 573 nm
(501 nm); P = 0.43+0.04.
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Figure 29 'H NMR spectrum (400 MHz) of 74a in CDClI; recorded at 295 K.
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Figure 30 *C NMR spectrum (101 MHz) of 74a in CDClI; recorded at 295 K.
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Figure 32 *C NMR spectrum (101 MHz) of 1a in TCE-d, recorded at 390 K.
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Figure 33 a) Temperature-dependent 'H-NMR spectra of 1b in TCE-d> and zoom on the signals for the diisopropyl
group in the b) aromatic and c) aliphatic region at different temperatures in steps of 20 K (250 K to 390 K).
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Calculations of the rate constant were performed by equation (Eq 1) and calculations of the
estimated free enthalpy of activation AG* for 1b at the coalescence temperature (7. = 370 K)

were performed using the Eyring equation (Eq 2).[20%!

ke =222 \/(AV)? + 6] (AB) (Eq 1)
AGF = 458 T,(10.32 + log(T./k.)) (Eq2)
) 36.0
0.0 0.0 [kJ mol-1]

0.0 0.0 [kJ mol-']

Figure 34 Inversion energies of corannulene (top) and a naphthalimide-annulated derivative (bottom) calculated
by DFT at the B3LYP/def2svp level. The residues in imide position were replaced by hydrogen atoms for the
geometry optimization.
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Figure 35 a) Temperature-dependent 'H-NMR spectra of 1a in TCE-d> and b) zoom on the aromatic region at
different temperatures measured in steps of 20 K.
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Figure 36 a) Temperature-dependent 'H-NMR spectra of 1a in toluene-ds and b) zoom on the aromatic region at
different temperatures measured in steps of 20 K.
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Temperature-dependent UV/Vis absorption studies
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Figure 37 a) Density-corrected temperature-dependent (353 K to 283 K) UV/Vis absorption spectra of 1a
(co=5-10" M) in toluene. Arrows indicate changes with decreasing temperature. b) Plot of the extinction
coefficient ¢ at 501 nm in dependence of the temperature 7. c) Plot of the degree of aggregation a.g, against the
concentration ¢y from concentration-dependent UV/Vis absorption data of 3a (co = 4.92:10* — 3.90-10°° M) in
toluene at different temperatures from 293 K to 333 K according to the dimer model. d) Van’t Hoff plot for the
determination of the thermodynamic parameters.
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Comparison of different aggregation models
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Figure 38 Concentration-dependent UV/Vis spectra of 1a at 25 °C (co = 4.5-1077 M - 4.0-107> M, black) in a) —¢)
a mixture of MCH and toluene (2:1), d) — f) toluene, and g) — i) CCly, fitted with the global fit according to the
monomer-dimer model (a), d), g); red) and the anti-cooperative model (b), ), h), red). Direct comparison of the
molar fraction of aggregated molecules (cag) as a function of concentration for the dimer (black) and the
anticooperative (red) aggregation model in the respective solvent or solvent mixtures.
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DOSY NMR spectroscopy

il [ 2 M/u 1

a)

S B b
‘ »
TCE

r -8.4

- -82

T T T T T T T T T 8.0
9 8 7 6 5 4 3 2 1 ppm

- -10.5

- -10.0

'
v
- -- "

)
il [ oes ,‘."I......
Y «® y
TCE v F -9.0
H,O

- -85

T T T T T T T T T 8.0

9 8 7 6 5 4 3 2 1 ppm

Figure 39 2D plot of DOSY NMR (600 MHz) spectra of 1a in toluene-ds (co = 5-1073 M) at a) 390 K and ¢) 260 K.
[lustration of the energy minimized b) monomer and d) dimer structures of 1a obtained from semi-empirical
calculations (PM6-D3H4) and hydrodynamic radii as deduced from the Stokes-Einstein equation using the
inherent solvent TCE-d, of known size as reference.[2%]
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Fluorescence spectroscopy
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Figure 40 Fluorescence lifetime measurements (dots) of monomer (M: orange; co = 110”7 M) and dimer (D: red;
co=1-10"2 M) of 1a in toluene at 25 °C measured under magic angle conditions (54.7°) after excitation with a EPL

laser diode (Aex = 479.9 nm). The regression curves (solid lines) for evaluation of the fluorescence lifetimes are
depicted as well.
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Figure 41 Fluorescence spectra recorded with an integrating sphere setup (black solid line) of a) monomers (co =

1:107% M, Aex =470 nm) and b) dimers (co = 1-10* M; Aex=470 nm) of 1a in toluene at 25 °C for absolute quantum
yield determination as well as the reabsorption-free emission profile.
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Theoretical investigations

a)

Figure 42 a) Top and side views onto the geometry-optimized (PM6-D3H4) structure that are lowest in energy for
the reference PBI 75. The dodecyl chains were omitted for the geometry optimization. b) Minimal overlap of the
m-systems (light blue area) of the structure in (a).
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Chapter 4

Chiral Perylene Bisimide Dyes by

Interlocked Arene Substituents in the Bay
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This chapter and the corresponding supporting information has been published:

R. Renner, B. Mahlmeister, O. Anhalt, M. Stolte, F. Wiirthner, Chem. Eur. J. 2021, 27,
https://doi.org/10.1002/chem.202101877.

Adapted or reprinted with permission from Ref. [210].

Abstract: A series of perylene bisimide (PBI) dyes bearing various aryl substituents in 1,6,7,12

bay positions has been synthesized by Suzuki cross-coupling reaction. These molecules exhibit

an exceptionally large and conformationally fixed twist angle of the PBI 7z-core due to the high

steric congestion imparted by the aryl substituents in bay positions. Single crystal X-ray

analyses of phenyl-, naphthyl- and pyrenyl-functionalized PBIs reveal interlocked 7 7z-stacking
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motifs, leading to conformational chirality and the possibility for the isolation of enantiopure
atropoisomers by semipreparative HPLC. The interlocked arrangement endows these molecules
with substantial racemization barriers of about 120 kJ mol~! for the tetraphenyl- and tetra-
2-naphthyl-substituted derivatives, which is among the highest racemization barriers for axially
chiral PBIs. Variable temperature NMR studies reveal the presence of a multitude of up to
fourteen conformational isomers in solution that are interconverted via smaller activation
barriers of about 65 kJ mol~!. The redox and optical properties of these core-twisted PBIs have
been characterized by cyclic voltammetry, UV/Vis/NIR and fluorescence spectroscopy and
their respective atropo-enantiomers were further characterized by circular dichroism (CD) and

circular polarized luminescence (CPL) spectroscopy.
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4.1. Introduction

211

Perylene bisimides (PBIs) have been known for more than a century.l?'!! Initially used as vat

212-214]

dyes and pigments with superb tinctorial strength and photostability,! more applications

have emerged over the last decades due to the unique properties of these molecules. These

[215]

include outstanding fluorescence quantum yields,'*" ! excellent stability against environmental

influences and high electron affinity, allowing for fairly stable radical anionic states!?!%2!7] a5

(1462182191 Their easy accessibility and the

required for ambient stable n-type semiconductors.
tailored properties arising by core functionalization promoted the application of PBI dyes in
organic light emitting diodes (OLEDs),[?**2?!! organic thin-film transistors (OTFTs),?!*???land
organic lithium batteries.?>>??* In particular, a wide range of applications of PBIs were recently
explored in organic solar cells (OSCs) where they found use in interlayers,!*!] as sensitizers,!?**]
or as non-fullerene acceptors (NFAs).1*3226] Furthermore, PBIs are applied as fluorescence
labels for bioimaging!?*’?*8] and as fluorescence dyes for single-molecule spectroscopy and

microscopy.??]

2121 or headland

The molecular properties of PBIs can be tailored by substitution in the hay!
(ortho)!#3%31 positions whilst the imide residues have only a minor influence on the molecular
properties and are commonly used to control the solubility and guide the molecular arrangement
in supramolecular aggregates or in the solid state.['*) Most significantly, the substitution in the
central bay positions not only changes the molecular structure along with the optical and
electronic properties but influences solubility and molecular packing as well. Usually, the
corresponding bis- and tetra-bay-halogenated PBIs!!*2*2] are used as precursors for the bay
functionalization. By nucleophilic substitution of the halogen atoms with alcohol-, amino-, and
thiol-groups, a broader variety of PBI chromophores with adjustable optical and redox

212214.2331 Another option for the variation of functional groups in bay

properties are accessible.!
position of a halogenated PBI are palladium-catalyzed C-C coupling reactions like the Suzuki
coupling!**14%-234 and the Sonogashira reaction.[>*>2* However, due to the steric vicinity of
the substituents in 1 and 12 as well as in 6 and 7 position, respectively, the synthesis of tetra
bay substituted PBIs via coupling reactions remains challenging.!'*! Depending on the steric
demand of each substituent, a twist of the two naphthalene subunits of the PBI z-scaffold is
observed, resulting in axial chirality. Variation of the twist angle affects both solubility and
electronic properties of the molecule. The angle between the two naphthalimide sub-planes can
be as large as 37.2° for the tetrabromo substituted PBI, as proven by single crystal X-ray

146

crystallography.['*®! Despite the close proximity and steric demand of the four bay substituents,
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fast interconversion between the P- and M-atropo-enantiomers is typically observed for
tetrasubstituted PBIs, hampering the separation of the two isomers.[?*”] Strategies hitherto
applied to increase the racemization barrier comprise the fixation of one atropo-enantiomer with
aryloxy-substituents into a macrocyclic structure!!*®13%2381 or the introduction of groups with

2371 The isolation of the respective P- and M-

large Van der Waals radii like bromine or phenyl.[
atropo-enantiomers at ambient conditions requires a racemization barrier higher than
93 kJ mol~!.[2%71 A systematic experimental investigation of the racemization process has
previously been conducted for halogenated PBIs but to the best of our knowledge, no similar
reports are found for tetraarylated PBIs, which have first been synthesized by Zhu and
coworkers in 2006 via Suzuki-cross coupling reaction'*’) and were further explored by

Hoffmann and co-workers.[#0-234]

Inspired by the intriguing crowding of four aryl groups in bay area and in this regard
surprisingly high yields for the synthesis of 1,6,7,12-tetraphenyl-PBIs by fourfold Suzuki
coupling,[**-14%234 we herein systematically investigate the influence of a broader variety of
substituents attached at the four bay positions on the properties of these chromophores, i.e. their
racemization barriers, UV/Vis/NIR absorption and fluorescence as well as circular dichroism
(CD) and circular polarized luminescence (CPL). Furthermore, we present the first single
crystal X-ray analyses of different tetraarylated PBIs that reveal a z-7z-stacking enforced
interlocked motif and twist angles of up to 36.6°. Our systematic investigations by temperature-
dependent NMR spectroscopy provide insights into the activation energies for racemization and
reveal an amazing variety of conformational isomers that are stabilized by #-7z-stacking

interactions.

4.2. Results and Discussion

4.2.1. Synthesis

The whole series of tetraarylated PBIs investigated in this study was synthesized by Suzuki-
coupling of the respective 1,6,7,12-tetrachloro PBI with the corresponding arylboronic acid.
The reactions were conducted in the presence of the catalyst Pd(PPhs3)4 and potassium carbonate
in a solvent mixture of toluene, ethanol and water by application of three freeze-pump-thaw
cycles, to ensure deoxygenated conditions (Scheme 5). Utilizing this straightforward synthetic
approach, a variety of bay tetraarylated PBIs are synthesized. These include literature-reported

derivatives 2a-c and new derivatives with different substituents (2d-e, 3a, 4a, 5a, 6a). PBIs 2a,
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2b and 2c¢, which were previously reported in literature,**?*¥ could be resynthesized with
increased yields for all three derivatives of 73%, 75% and 66% respectively. The other two
derivatives with phenyl substituents in bay position, 2d and 2e, could be obtained in slightly
lower yields of 46% and 51% respectively, which might arise from lower conversion from the
starting material to the product and losses during column chromatography and HPLC
purification due to the lower solubility. Molecule 3a with the electron-withdrawing
trifluoromethyl group attached in the phenyl-para-position could be obtained in a similarly high
yield of 60%. Upon extension of the aryl residues, the yield decreases notably. Derivative 4a
with 2-naphthyl substituents was obtained in a yield of 28%, whereas for 5a with 1-naphthyl
substituents 38% of the product could be isolated. The largest 1-pyrene substituent in 6a gives
the lowest yield of all synthesized derivatives of 22%. These observations can be rationalized
by the investigation of the side products formed in this reaction, that reveal increasing amounts
of triarylated PBI, due to the dehalogenation of the fourth bay position. Additionally, a mixture
of the different double arylated and double dehalogenated PBIs can be isolated after the workup
of the reaction mixture. This dehalogenation competes with the arylation reaction and becomes

favored upon increasing steric demand of the aryl substituents as seen within the series 2a

(73%), 4a (28%) to 6a (22%).140-149]

R
O LN

cl OO Cl  ArB(OH)
‘ Pd(PPh3),
Cl Cl K2COs
toluene, EtOH

22-75%

()

O 6}

N
R

42

Scheme 5 Synthesis of a series of tetraarylated (Ar, red) PBIs 2a-2e, 3a, 4a, 5a and 6a by Suzuki cross-coupling
bearing different imide substituents (R, green) with labelling of the carbon atoms of the chromophore core.

4.2.2. Structural Analysis in the Solid State

For the characterization in the solid state, single crystals of the tetraarylated PBIs 2¢, 4a and 6a
suitable for X-ray structure analysis could be obtained. This was realized by slow evaporation
of either a chloroform (2c¢) or chlorobenzene (4a, 6a) solution of the racemic mixture of the
respective PBI that was carefully covered by a layer of n-hexane. The molecular structures in
the crystal provide unambiguous evidence for the heavily twisted PBI z-scaffolds as well as the

n--stacking enforced interlocked arrangement of the aryl substituents in bay position. While
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2¢ crystallizes in the monoclinic C2/c space group, 4a and 6a crystallize in the triclinic P-1
space group. All crystals include both atropo-enantiomers (M and P) and the structures of 2¢
and 4a contain additional solvent molecules in the unit cell. For comparison, only the M-atropo-
enantiomers for each derivative are depicted in Figure 43 while omitting the small disorder of

the imide substituents as well as all solvent molecules.

Figure 43 Molecular structures of each M-atropo-enantiomer of the single crystal structures of a) 2¢, b) 4a and c)
6a in top view onto the PBI-zsystem (left) and along the N,N’-axis (right). The ellipsoids are set to 50%
probability (C: gray, O: red, N: blue, H: white). Disorder of the imide residues as well as solvent molecules are
omitted for clarity.

In 4a and 6a, only the conformational isomers with the highest symmetry with respect to the
orientation of the four hay substituents are found in the respective single crystal structure. This
might originate from their predominance in solution compared to the other possible isomers as
observed by 'H-NMR spectroscopy (vide infra) and their higher propensity to crystallize, i.e.,
structures I for 4a (Figure 53) and 6a (Figure 54), respectively. This conformational selection
might be guided additionally by the maximization of 7-7-interactions between the two 7-

stacked aryl residues in each of the bay areas.
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The distortion of the PBI cores can be assessed by the consideration of the naphthalimide units
as two planes and was measured to be 34.3°, 36.6° and 29.5° for 2¢, 4a and 6a, respectively
(Table 4). These values are among the highest reported twist angles for PBI chromophores to
be observed in single crystal structures. The twist angle of 36.6° of 4a is only slightly smaller
than the record value of 37.2° for the tetrabromo-substituted PBI,[*) but significantly larger
than the structurally related tetraarylated peropyrenes reported by Chalifoux, which exhibit a
twist angle of 29°.'"l This emphasizes the high strain in the PBI core imposed by the
attachment of four directly conjugated aryl substituents. While the bromine atoms in the
tetrabromo-substituted congener exhibit a very large steric crowding directly in bay position
due to the large Van der Waals radius of bromine, the aryl substituents are able to establish
intramolecular 7-7-stacking interactions between 2.95 to 3.59 A as shown in Figure 43. A
second method to assess the distortion of the perylene core is to measure the dihedral angle of
the four carbon atoms in the bay area £(C1, C12b, C12a and C12) (numbering according to
Scheme 5). The dihedral angles for 2¢ and 6a differ slightly for both sides of the PBI, indicating
a broken symmetry in the solid state, presumably due to packing effects. In contrast in 4a both
bay areas exhibit the same dihedral angle of 33.5° due to the presence of three perpendicular
(> axes resulting in overall D> symmetry of the core. In 2¢ the dihedral angles were found to
be 32.7° and 33.4° respectively, while the difference is less pronounced in 6a with 29.2° and
29.9° with the larger pyrene substituents. Such broken symmetry has been reported before for
tetraphenoxy-PBIs!?*%240] where it is an intrinsic feature of the perylene core rather than a
packing effect in the solid state.!?*!! The carbon-carbon bond distances within the perylene core
in all three molecules are comparable to previously reported PBIs. The larger carbon-carbon
distances between the two naphthalene subunits compared to the shorter bonds within the
naphthalene subunits explain the higher susceptibility of the PBI scaffold to distortions in the
bay area.”®) While the single crystal X-ray structure of PBI 2¢ contains a large amount of
solvent molecules and shows almost no interactions between the individual chromophores, the
molecular packing in the crystal of 4a shows a slip-stacked packing arrangement of P- and M-
PBI atropo-enantiomers at a center-to-center distance (rc.c) of 8.04 A with chlorobenzene
occupying the solvent accessible voids within the unit cell (Figure 44a). The most interesting
crystal structure is, however, the one of tetra-pyrenyl-substituted PBI 6a that contains only a
small void with only one disordered chlorobenzene molecule and is accordingly guided to a
large degree by intermolecular interactions among the chromophores and their bay aryl-

substituents. Similar as for 4a, also for 6a the characteristic slip-stacked packing arrangement
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of P- and M-PBI chromophores at 7c.c of 7.67 A can be observed, that is here, however, directed

by additional CH-7z-interactions between the pyrene bay substituents (Figure 44b).

a)

P enantiomer
M enantiomer

Figure 44 a) Molecular packing of 4a, as well as b) side view onto the PBI z-surface and c) side view onto the
n-stacked pyrene substituents of 6a in their respective single crystal structures. PBI atropo-enantiomers are colored
in blue (P) and red (M). The ellipsoids are set to 50% probability (C: gray, O: red, N: blue, H: white). Disorder of
the imide residues as well as solvent molecules are omitted for clarity.

It is interesting to note that the co-facially stacked pyrene dimers are organized in tetrameric
squares in these crystals, obviously directed by CH-z-interactions and that this kind of packing
motif of z-stacked dimers interconnected by CH-z-interactions mimic the molecular
arrangement found in single crystals of pristine pyrene.[?*?! Furthermore, along another
crystallographic axis a quadruple 7-stacking motif consisting of two pyrene dimers can be
identified (Figure 44c). Thus, it can be concluded, that the crystal packing in 6a is strongly
influenced by the pyrene substituents rather than by the PBI core, while in 2¢ and 4a the core

governs the crystal packing more than the respective aryl substituents.

4.2.3. Conformational Analysis in Solution

The characterization of the different hay substituted PBIs by '"H-NMR spectroscopy in 1,1,2,2-

tetrachloroethane-@*> (TCE-d?) and CD,Cly revealed structural differences in solution in
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dependence of the type and connection of the respective bay substituents. It is important to
state, that the subsequently discussed "H-NMR spectra were always obtained, regardless of the
fraction of isolated material after purification or its temperature treatment. At room temperature,
the signals assigned to the ortho- and meta-position of the phenyl substituents in 2a are
broadened (7.08 ppm and 6.70 ppm), while the signal of the para-proton (7.22 ppm) and the
protons in ortho position of the PBI core (8.24 ppm) exhibit sharp signals. Upon heating, the
broad ortho- and meta-proton signals become a sharp doublet and triplet respectively, indicating
a fast exchange between the protons, while upon cooling two sets of signals can be observed,
which are assigned to slow exchange of the protons due to decelerated rotation of the phenyl
units (Figure 49).1243] The coalescence temperature 7T for the observed process is 303 K and the
rotational barrier AG* of 64.7 k]l mol™' is comparable to values obtained for the rotation of
different imide substituents in PBIs around the terminal C-N single bond, indicating the

2441 DFT calculations (Figure 52) provide a

feasibility of this rotation at room temperature.!
reasonable approximation for the rotational barrier and insights into the distortions required for
the rotation of the aryl groups and the energetically more demanding enantiomerization that
resembles the related processes in carbohelicenes! ?*1 and in tetramethoxy perylene

bisimides.[?4¢)

For the 2-naphthyl-functionalized PBI 4a, the 7. (323 K) and the AG* (66.9 kJ mol™!) are
slightly higher than in 2a, which can also be accounted for by an increased 7z-7-stacking
interaction between the larger substituents (Figure 43a,b). Still, rotations of the interlocked 2-
naphthyl substituents are possible at elevated temperatures, enabling a multitude of different
conformations in solution. At lower temperatures (263 K), a second set of signals becomes
visible, which is assigned to a less symmetric conformational isomer compared to the

conformation responsible for the major signal (see Figure 45a, top, Figure 53).
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Figure 45 a) Aromatic region of the "H-NMR spectra of 4a (top, 263 K, TCE-d?), 5a (middle, 293 K, CD,Cl,) and
6a (bottom, 293 K, CD,Cly) assigned to the ortho protons of the PBI core as well as ratio of the different
conformational isomers found in the respective region; b) possible structures and transformations of the seven
conformational isomers for the P-atropo-enantiomer of Sa.
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Taking advantage of the molecular structure derived from single crystal X-ray analysis
(Figure 43b) we ascribe the major set of signals for the PBI ortho-protons, a singlet at 8.38 ppm
at low temperatures of 263 K, to the highest symmetry conformation I, which exhibits the
largest 7--overlap of both pairs of neighboring naphthalene units and the least shielded protons
in ortho position of the chromophore core (Figure 53). The smaller set of signals, which is
slightly upfield shifted and composed of two singlets of equal size, is ascribed to one of the >
symmetric structures V, VI or VII (Figure 53). Based on the presumably favored larger
m-overlap provided between two naphthalene subunits in one of the two bay areas we tentatively
assigned these peaks to conformational isomer V, which could originate from a concerted
rotation of two adjacent 2-naphthyl substituents starting from the symmetric structure I.

According to the sizes of their respective integrals, structures I and V presumably exist at 263 K
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in CD,Cl; in a ratio of 4:1 (Figure 45a), while only the dominant one is found in the respective

single crystal structure of 4a (Figure 43b).

In contrast to 4a, upon attachment of four naphthalene units via the 1-position (5a), a multitude
of signal sets is found at room temperature in CD>Cl, in the 'H-NMR for the PBI ortho protons,
which cannot be assigned to the respective conformational isomers in a straightforward manner
(Figure 45a, middle). Additionally, no significant differences are observable by variable
temperature 'H-NMR at the lowest and highest temperatures, indicating the formation of either
conformationally stably interlocked or easily interchangeable isomers due to the higher steric
demand of the substituents in solution (Figure 51). Closer inspection of the aromatic region
results again in the assignment of the peaks between 8.50 and 8.08 ppm to the four ortho protons
of the PBI core, as the integral of this area corresponds exceptionally well to four protons, when
calibrating the integrals to the alkyl chain in the aliphatic region of the NMR spectrum. By
precise integration, seven sets of singlets could be distinguished for these proton signals and
assigned to the overall fourteen conformers with varying symmetry that are obviously all
present in solution (Figure 45b), considering that the P- and M-atropo-enantiomers cannot be
distinguished by 'H-NMR spectroscopy. A tentative assignment of the peaks was possible by
taking into account the symmetry of the respective conformation, the 7-overlap of the four aryl-
substituents as well as the shielding and de-shielding of the ortho protons by the 1-naphthyl
substituents. Thus, the most intense and isolated singlet at 8.39 ppm (orange cross, Figure 45a)
should again correspond to structure I with D, symmetry (Figure 45b), while the other highly
symmetric conformer II also with three C, axes should correspond to the singlet at 8.28 ppm
(blue triangle). These structures account to about 27.1% (I) and 8.3% (II) of all the present
conformations in solution (Figure 45a). The rotation of only one naphthalene substituent from
either structure I or II leads to a tremendous loss of symmetry and thus four independent singlets
are expected for structures III and IV, as observed in the 'H-NMR spectrum (green rectangle
equal 37.5%, pink star equal 10.4%). The subsequent rotation of another naphthalene unit can
result in three different conformational isomers V, VI and VII, which all contain again one C>
axis resulting in two singlets in the 'H-NMR spectrum. Two sets of signals are identified
unambiguously (purple pentagon equal 6.3%, red circle equal 8.3%), while the second singlet
for the third conformer (dark blue diamond equal 2.1%) is presumably located beneath other
signals at about 8.27 ppm, taking the integral and shapes of the signals as well as expected
position into account. The coexistence of all seven conformational isomers for one enantiomer
of PBI 5a in solution at 293 K in contrast to only two isomers for PBI 4a at 263 K might be

explained by the larger preference of structure I of the latter due to better stabilization by
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n--interactions of the adjacent s-stacked substituents (Figure 45b, Figure 53). The large
conformational heterogeneity observed for Sa in solution might also explain our failure to
obtain single crystals suitable for X-ray crystallography while for 4a this was achieved in a

straightforward manner.

Interestingly, again in contrast to Sa only three different conformationally stable species are
observed at room temperature in the "H-NMR spectrum of 6a in CD>Cly, of which the derivative
with the highest symmetry is the main conformer (Figure 45a, bottom). This can be rationalized
by the even higher sterical demand of the pyrene groups, providing significantly larger
interacting z-surfaces and disfavoring the rotation of the aryl substituents. Guided again by the
structure found in the solid state (Figure 43c), the derivative with the highest symmetry and
highest share of 58.8% of all conformational isomers should be structure I (Figure 45a,
Figure 54). Subsequently, taking into consideration that symmetry breaking upon rotation of
one pyrene unit should result in four singlets in the "H NMR spectrum, the other signals for the
ortho protons of the PBI core might be tentatively assigned to conformers III and IV. We like
to note that it was not possible for us to further assess the structures by 2D-NMR spectroscopy
due the proximity of the signals and their very different intensity in the 'H-NMR spectrum
which prevents the attribution of signals to exclusively one proton. Indeed, the small amount of
some of these conformational isomers results in signals that are poorly distinguishable from the

baseline of the spectra.

To summarize our conformational analysis by NMR studies, the four hay substituents not only
result in twisted PBIs bearing conformationally stable M- and P-atropo-enantiomers but may
in addition afford the coexistence of up to seven conformational isomers for PBIs 4a, 5a and
6a in solution due to the activated rotation around the respective PBI-aryl bonds at room
temperature. The prevalence of one single conformer and the number and amount of the others
could be explained by comparison of the rotational barriers of the aryl substituents, the resulting
m-m-overlap of the neighboring bay substituents as well as sterical and symmetry

considerations.
4.2.4. Absorption and Emission Properties

The series of PBI chromophores 2a-6a in dichloromethane (DCM) exhibits colors from pink

(3a), a reddish blue (2a) over violet (4a, 5a) up to turquoise (6a) (Figure 46a, Inset). Their

molar absorption coefficients (&max) in DCM are significantly decreased to 17100-

28900 M~! cm™! compared to the unsubstituted N,N’-bis(2,6-diisopropylphenyl)perylene-

3,4:9,10-bis(dicarboximide) 76 (92900 M~'cm™') and N,N’-bis(2,6-diisopropylphenyl)-
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1,6,7,12-tetraphenoxyperylene-3,4:9,10-bis(dicarboximide) 77 (48800 M~! cm™!).[40-241]
However, in contrast to these most utilized strongly emissive PBIs, the absorption bands of the
tetraaryl-PBIs are also significantly broadened and bathochromically shifted thereby reaching
into an interesting spectral range. For tetraphenyl-substituted PBI 2a, two major absorption
bands are distinguishable in the visible range. The absorption maximum (Amax) at 602 nm can
be assigned to the So-S; transition of the PBI, while the band at 452 nm is assigned to the So-S»
transition which gains in oscillator strength due to the core twist resulting from the sterical
crowding in bay area by the four phenyl groups. The impact of the imide substituent on both
spectral shape and position as well as the absorption coefficient is only marginal for 2b-2e (see
Figure 56). In contrast, the different aryl substituents induce variations in spectral shapes and
position of the respective absorption maxima, thereby suggesting some degree of conjugation
with the PBI core (Figure 46a). Compared to 2a, the absorption maximum of 3a is
hypsochromically shifted by 19 nm (540 cm™") to 583 nm (24800 M~! cm~!) which might be
explained by a weaker conjugation due to the more electron withdrawing character of the
trifluoromethyl phenyl groups (vide infra). In case of PBIs 4a-6a bearing larger aromatic
substituents that no longer exhibit axial symmetry with respect to the connection to the PBI
core, no proper separation of the two absorption bands is observable anymore and their spectra
are even more broadened than the spectra of 2a and 3a. The broadening might be attributed to
the conformational heterogeneity of the PBI bay substituents (vide supra), which are a result of
the rotation and arrangement of the aryl substituents with respect to each other as well as the
twist in bay position. Each conformer exhibits a different absorption spectrum and thus the
ensemble spectrum observed by the measurements of solutions results from overlapping spectra
of the different conformational isomers identified by our NMR studies. The absorption band of
4a and 5a between 450 and 650 nm exhibits two poorly distinguishable absorption maxima.
DFT calculations suggest the presence of the So-S; transition as well as higher transitions
underneath the main So-S; absorption band, resulting in a higher overall molar absorptivity
(Table 11 and Table 12). Interestingly, in the absorption spectrum of derivative 6a bearing four
1-pyrenyl substituents only one broad and even more bathochromically shifted absorption band
is observed. The increased conjugation of these electron-rich substituents and the electron-poor
perylene core results in a red-shift of the absorption maximum up to 628 nm which can be
attributed to a charge transfer (CT). DFT calculations of the HOMO and the LUMO show a
localization of the HOMO mainly on the pyrene units and bay area of the PBI, while the LUMO
is localized on the central PBI moiety, supporting the assumption of the charge transfer as

source of the broadened absorption band. For all other derivatives, the HOMO is delocalized
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over the whole molecule including the aryl substituents (Figure 57). Additionally, similar to Sa,
stable conformational isomers are formed, thereby broadening the absorption spectrum. Below
400 nm, intense absorption bands are present in all spectra. These are commonly assigned to

higher energy transitions localized on the respective aryl substituents.
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Figure 46 a) UV/Vis/NIR absorption spectra and b) partially normalized emission spectra of PBIs 2a (black), 3a
(green), 4a (red), 5a (blue) and 6a (orange) measured in DCM (co = 4-10™*M) at room temperature. Inset:
Photograph of the solutions 2a - 6a (left to right, co = 4-10~* M).

The fluorescence spectra of 2a-6a upon excitation at 560 nm (600 nm for 6a) are shown in
Figure 46b. No vibronic structure is observed for the tetraarylated PBIs in contrast to the
emission spectrum of the unsubstituted parent PBI 76. Further, the Stokes shifts (AVgiokes) Of
2a-6a are quite large with values between 1200 and 1700 cm™! (Table 3). For 6a the AVgokes
of 3700 cm™! is even larger. The overall larger AVgokes compared to the parent PBI and other

2411 can be ascribed to the participation of the aryl substituents in the lowest

PBI derivatives!
excited state upon electronic and structural relaxation after photoexcitation. The fluorescence
quantum yields (@) are decreasing from 72% for 3a, bearing a rather electron-withdrawing aryl
substituent, to 43% for 2a, 33% for 4a, 15% for 5a and 1% for 6a with the more electron-rich
phenyl, naphthalene and pyrene substituents, respectively. The fluorescence lifetimes (zr) range
between 9.7 and 12.8 ns for PBIs 2a-5a with the exception of 6a whose reduced value of 2.22 ns
is again attributable to the CT character of the transition. This is also reflected by investigation
of the radiative rate constants ; that decrease from about 56.3-107 s~! for 3a to 15.4-10” s~! for
Sa and the non-radiative rate constants k. that increase even more significantly from
21.9-107 s to 87.4:107 s~! for 3a and 5a, respectively. The substitution of the imide position
exhibits only a minor influence on the emission spectra, fluorescence lifetimes and fluorescence
quantum yields. The values and spectra of 2a-2e are almost identical with emission maxima
between 663 and 680 nm and comparable shapes of the spectra.
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Table 3 Summary of the optical and electrochemical properties of compounds 2a-6a in DCM at 298 K.

PBI ™ g Aem Mgroges D 7l Eeal  Eea  Eoi  Eoo  Euomo™  Eiomo®  Eep
[om] [M'em']l [nm] [em] [%]  [ns] V] [Vl [Vl [Vl [eV] [eV] [eV]
2a 602 22500 663 1500 43 11.9 -1.05 -1.21 0.97 -0 —6.12 —4.10 2.02
452 17600
3a 583 24800 644 1600 72 12.8 -093 -1.20 1.22 1.53 —6.37 —4.22 2.15
429 12200
4a 609 17900 662 1300 33 11.6 -1.08 -1.26 095 -0 —6.10 —4.07 2.03
521 20400
5a 596 17100 689 1200 15 9.7 -1.07 -1.24 098 1.17 —6.13 —4.08 2.05
541 17100
6a 628 28900 816 3700 1 0.6 -1.04 -1.23  0.69 0.94 —5.84 —4.11 1.73
370 80900 (47%)
2.2
(53%)

[a] Spectra were measured in DCM (co = 4-107° M) at room temperature. [b] Fluorescence quantum yields were
determined using the dilution method (OD < 0.05) and Oxazine 1 (for 2a, 4a - 6a, @= 0.11 in EtOH)**"! or N,N"-
bis(2,6-diisopropylphenyl)- 1,6,7,12-tetraphenoxy-perylene-3,4:9,10-bis(dicarboximide) (for 3a, @& = 0.96 in
CHCl5)?"! as reference. [c] Fluorescence lifetimes were determined with EPL picosecond pulsed diode lasers for
time-correlated single photon counting (Aex = 505.8 nm). [d] Half-wave potentials were determined by cyclic or
square wave voltammetry measured in DCM (0.1 M TBAHFP) vs. Fc/Fc'. [e] Calculated according to literature
known procedure using the experimentally determined redox potentials (Exomo = —[Eox1 + 5.15 eV] and Erumo =

—[Ewa1 +5.15 eV]) and the energy level of Fe/Fc' with respect to the vacuum level (- 5.15 eV).['” [f] Not observed

4.2.5. Chiroptical Properties

Due to the large effective Van der Waals radii of the aryl substituents these tetraaryl-substituted
PBIs afford stable P- and M-atropo-enantiomers with axial chirality.**?3”! The separation of
the enantiomers has been achieved for PBIs 2a, 3a and 4a by semipreparative HPLC using a
column packed with amylose tris-(3,5-dimethylphenyl) carbamate immobilized on silica gel. In
contrast, the separation of the atropo-enantiomers was not possible for derivatives 5a and 6a,
probably due to the numerous conformational isomers present in solution (vide supra,
Figure 58). Circular dichroism (CD) spectra of the separated atropo-enantiomers of PBIs 2a-e,
3a and 4a were recorded and are shown in Figure 47 and Figure 58. They exhibit a mirror image
relation and broad monosignated bands for the So-S; spectral region (500 — 600 nm for 2a-e,
3a) and a bisignate Cotton effect for the higher energy So-S: spectral region (400 - 500 nm for
2a-e, 3a). The longest wavelength absorption in the visible region between 500 and 600 nm can
be assigned to a transition dipole moment polarized along the long molecular N,N’-axis, while
the second band between 450 and 500 nm can be assigned to a transition polarized along the
short molecular axis (the two twisted naphthalene planes).[**!*8) The enantiomers of 4a show

bisignate bands for the So-S; transition band, that are shifted to longer wavelength, thereby
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relating to the absorption maximum at 521 nm. The enantiomer with the positive Cotton effect
for the lowest energy transition is assigned in accordance with our earlier work on tetraphenoxy-
PBIs!!* and theoretical calculations to the P-enantiomer, while the negative signature in the

visible region correspond to the M-enantiomer.
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Figure 47 Circular dichroism (CD, ¢y = 1:107> M) absorption and circularly polarized luminescence (CPL, co =
2:107 M) spectra of P-(black) and M-(red) atropo-enantiomers of PBIs a) 2a and b) 4a in DCM at room
temperature.

The racemization of the P-enantiomers of 2a and 4a have been investigated by time-dependent
CD measurements, which were performed at four elevated temperatures between 383 and 398 K
in 1,1,2,2-tetrachloroethane (Figure 60, Figure 61, Table 7). Accordingly, the rate constants
could be determined from the change of the amplitude of the CD signal at 480 nm for 2a and
460 nm for 4a, respectively. For both derivatives half-lifetimes of 59 and 43 min at 383 K were
recorded, respectively, which are even longer than the reported half-lifetime of 36 min at 383 K
for the tetrabromo-substituted PBI.?”) This emphasizes the extraordinary conformational
stability of the enantiomers resulting from 7z-z-stacked interlocking motif of the aryl
substituents revealed from the crystal structures (Figure 43 a-c). The free enthalpies of
activation AG* at 383 K were determined to be 119.6 k] mol~! for 2a and 118.6 kJ mol~! for 4a
respectively, indicating only a minor influence of the size of the aryl substituent when attached
via the naphthalene B-position. The values for the free enthalpy of activation of 2a and 4a are
comparable to the ones of hexahelicene (154.3 kJ mol))[2*! or a trisubstituted biphenyl
(125.4 kJ mol™))2*1 which also exhibit conformationally stable isomers. DFT calculations of
the transition state confirmed the high free activation enthalpy (Figure 52a). Furthermore, the
free activation enthalpy of the rotation of the phenyl substituents was found to be significantly
lower (Figure 52b). This explains that this process could be monitored by 'H-NMR
spectroscopy (Figure 49), while the enthalpy of the racemization is too high to be determined
by this technique.
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In addition, we were able to study the circular polarized luminescence (CPL) for the
enantiomers 2a (Aex = 452 nm), 3a (Aex = 430nm) and 4a (Aex = 510 nm) (Figure 47,
Figure 58¢). The gium values of around 1-10~° for the heavily twisted molecules are of typical
magnitude and are comparable to those of chiral peropyrene reported by Chalifoux et al. and

5.1119:250-233] The monosignated spectra of the two respective P-

other chiral organic molecule
/M-enantiomers are again mirror images, and the observed Stokes shifts are in accordance with
the Stokes shifts obtained by UV/Vis/NIR and fluorescence measurements. The sign of the CPL
spectrum matches the sign of the longest wavelength transition in the CD spectrum. The CPL
spectra up to 655 nm for 4a correspond well with the PBI emission spectra and are among the

most red-shifted CPL spectra reported to date.[>3]

4.2.6. Redox Properties

The electronic effect imparted by the different aryl substituents in bay position has been
investigated by cyclic voltammetry (CV) and square wave voltammetry (SWV) in DCM with
tetrabutylammonium hexafluorophosphate (TBAHFP) as electrolyte. The data obtained from
these measurements are summarized in Table 3 and the voltammograms are depicted in
Figure 48 and Figure 62 to Figure 65. All investigated PBIs exhibit two reversible reduction
waves. With the exception of 3a, the first reduction of all derivatives is observed at
approximately —1.05V, while the second reduction occurs at approximately —1.23 V
(Figure 48a). These reduction potentials can be attributed to the formation of the respective
radical anions and dianions of the PBIs. The comparison to the unsubstituted parent PBI 76
(=1.06 V/=1.26 V) reveals only a minor impact of the aryl substituents on the reduction
potentials although the chromophore core is heavily distorted. However, the introduction of
para-(trifluoromethyl) phenyl substituents in 3a (-0.93 V/-1.20 V) led to a more easy reduction
which suggests a stabilization of the negative charge by the electron-withdrawing substituent.
A similar trend is observed upon oxidation of the PBIs. All derivatives with the exception of
6a, exhibit at least one oxidation process at approximately +0.97 V, which is comparable to the

2391 In contrast, the first oxidation of PBI

oxidation potential of tetraphenoxy-substituted PBIs.!
6a already occurs at +0.69 V, which is approximately 0.3 V lower than the oxidation of the
other PBIs and also with its increased current indicative for a two-electron process (Figure 48b).
As the HOMO of 6a is localized mainly on the pyrene subunits (Figure 57) this oxidation can
be assigned to two simultaneous one-electron oxidations (Eoxpyrene = +0.63 V, Table 8). If we

consider the structural features deduced from the single crystal X-ray analysis (vide supra) these
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observations suggest that each of the two pyrene dimers located on each side of the PBI share
one positive charge, i.e., forming so-called 7z-dimer cations.[>>>23! The second two-electron
oxidation at +0.94 V might accordingly be attributed to the second oxidation of the 7-dimer
upon which each pyrene unit is oxidized. It is noteworthy, however, that at this potential also

the perylene core might be oxidized according to studies with the other PBI derivatives.**"!
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Figure 48 Cyclic voltammograms (solid lines) and square wave voltammograms (dashed lines) of PBIs a) 2a and
b) 6a. Measurements were performed using DCM solutions (co = 2-10™#M) at 293 K, using TBAHFP (co = 0.1 M)
as electrolyte.

The HOMO and LUMO energy levels included in Table 3 are calculated from the first oxidation
and first reduction potential respectively with the energy level of Fc/Fc' set to —5.15 eV vs.
vacuum.® The HOMOs of all PBIs are located at about —6.10 eV, with the exception of 6a,
whose HOMO level is approximately 0.4 eV higher in energy. The LUMO energies of the PBIs
are approximately —4.10 eV, which render them all suitable candidates as NFAs in OSCs. All
HOMO-LUMO gaps are about 2.00 eV. The only exceptions are 3a (enlarged gap of 2.15 eV
due to the lower LUMO) and 6a (reduced gap of 1.73 eV due to the higher HOMO attributed

to the pyrene substituents).

4.3. Conclusion

In conclusion, we synthesized a series of tetraarylated PBIs by Suzuki coupling with variation
in the bay as well as the imide positions. These dyes exhibit extraordinarily high solubility in
common organic solvents and are readily available due to their straightforward synthesis from
easily available precursors. The up to 36.6° twisted structure of these chromophores could for
the first time be unambiguously characterized by X-ray crystallography for three derivatives

bearing different aryl substituents which revealed the presence of interlocked 7-7-stacking
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motifs between these substituents. A complex ensemble of up to fourteen isomers for the PBIs
due to rotation of their large hay substituents in solution was observed and assigned by 'H-
NMR spectroscopic analysis. The optical properties were characterized by UV/Vis/NIR and
fluorescence spectroscopy, showing compared to the unsubstituted parent PBI reduced molar
absorption coefficients but a significant bathochromic shift along with spectral broadening.
Depending on the aryl substituent, the fluorescence quantum yield decreases from 72% for the
most electron-poor arene to about 1% for the most electron-rich pyrene substituent. The atropo-
enantiomers could be separated by HPLC for several derivatives using a chiral stationary phase.
Even at elevated temperature their racemization was slow (several hours) according to time-
dependent CD measurements. Circularly polarized luminescence of tetraarylated PBIs was
investigated as well, revealing one of the most bathochromic shifted CPL spectra reported to

date for small organic molecules.
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4.4. Supporting Information for Chapter 4

4.4.1. Experimental Part
General Methods

Unless otherwise stated, all chemicals, reagents and solvents were purchased from commercial
suppliers and wused after appropriate purification. The 1,6,7,12-tetrachloroperylene
bis(dicarboximides) 42a-e were synthesized according to literature.**>>-2%1 Toluene was of
HPLC grade and dried prior to use by an Innovative Technology PureSolv solvent purification
system. Dichloromethane was distilled prior to use. Column chromatography was performed
with commercial glass columns using silica gel 60 M (particle size 0.04 — 0.063 mm; Merck
KGaA) as stationary phase. Normal phase HPLC was performed on a Japan Analytical Industry
(JAI) recycling preparative HPLC system LC-9105 equipped with a VP 250/21 NUCLEOSIL
100-7 column of Macherey-Nagel. For the chiral separation of the enantiomers, the same HPLC
system was equipped with a Reprosil 100 Chiral-NR 8 um column from Trentec. NMR spectra
were recorded on a Bruker Avance III HD 400 MHz NMR spectrometer and are calibrated to
the residual proton signal of the used deuterated solvent. The chemical shifts (d) are reported in
parts per million (ppm). Multiplicities for proton signals are abbreviated as s, bs, d, bd, t, sep,
m and bm for singlet, broad singlet, doublet, broad doublet, triplet, septet, multiplet and broad
multiplet respectively. MALDI-TOF mass spectra were recorded with a Bruker Daltonics
GmbH ultrafleXtreme mass spectrometer using DCTB (2-[(2FE)-3-(4-tert-butylphenyl)-2-
methylprop-2-enylidene]malononitrile) as matrix. High resolution mass spectra were measured
by electrospray ionization (ESI) with an ESI microTOF Focus mass spectrometer from Bruker
Daltonics GmbH. The melting points were determined using a SMP50 from Stuart.
UV/Vis/NIR absorption spectra were recorded on a Jasco V-770 or Jasco V-670 spectrometer.
Fluorescence spectra were recorded on a FLS980 fluorescence spectrometer (Edinburgh
Instruments) and were corrected against the photomultiplier sensitivity and the lamp intensity.
CD spectra were recorded on a Jasco J-810 spectropolarimeter. CPL spectra were recorded with
a Jasco CPL-300/J-1500 Hybrid spectrometer. Cyclic voltammetry measurements were
conducted on an EC epsilon (BASi instruments, UK) potentiostat connected to a three-electrode
single-compartment cell. A Pt disc electrode was used as working electrode, a platinum wire as
counter electrode and an Ag/AgCl reference electrode. The spectra were referenced using the
ferrocenium/ferrocene redox couple as an internal standard. Single crystal X-ray diffraction
data were collected at 100 K on a Bruker D8 Quest Kappa diffractometer with a Photon II

CPAD detector and multi-layered mirror monochromated CuK,, radiation. The structures were
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solved using direct methods, expanded with Fourier techniques and refined with the Shelx

2601 A1l non-hydrogen atoms were refined anisotropically. Hydrogen atoms

software package.!
were included in the structure factor calculation on geometrically idealized positions.
Crystallographic data have been deposited with the Cambridge Crystallographic Data Centre
as supplementary publication no. 2086018 (2¢), 2086019 (4a) and 2086020 (6a). These data
can be obtained free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.ac.uk/data.request/cif. Theoretical calculations were performed by the Gaussian
softwarel 2! 1 using B3LYP/6-31G(d) level of theory for structure optimization and

B3LYP/def2-SVP level of theory for TD-DFT simulation of electron transitions.

General Procedure for the synthesis of tetraarylated PBI derivatives

The respective 1,6,7,12-tetrachloroperylene bis(dicarboximide) (100 pmol), the arylboronic
acid (2.00 mmol, 20 eq.), anhydrous potassium carbonate (145 mg, 1.05 mmol, 10.5 eq.) and
tetrakis(triphenylphosphine)palladium (34.7 mg, 30.0 pumol, 0.3 eq.) were added to a Schlenk
tube. Toluene (3.2 mL), ethanol (0.6 mL) and water (1.6 mL), which were degassed prior to
use, were added and the solution was subjected to three freeze-pump-thaw cycles. After stirring
overnight at 80 °C, the mixture was extracted with dichloromethane and washed three times
with water. The organic phases were combined, and the solvent removed under reduced

pressure. The crude product was purified by column chromatography and HPLC.
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Synthesis of 2a

Solvent column chromatography and HPLC: hexane/dichloromethane = 1/3; Yield: 58.9 mg
(73.0 mmol, 73%) of a blue-purple solid. 'H NMR (400 MHz, CD,Cl,, 293 K): 6§ = 8.24 (s,
4H), 7.22 (t, 4H), 7.08 (bs, 8H), 6.70 (bs, 8H), 4.18 (t, 4H), 1.74 (m, 4H), 1.47 (m, 4H), 1.00 (t,
6H); 3C-NMR (100 MHz, CD>Cl,, 293 K): 6 = 163.9, 142.7, 140.9, 133.6, 132.3, 131.7, 129.2,
127.9, 126.4, 122.8, 40.6, 30.7, 20.8, 14.1; MS (MALDI-TOF, pos. mode, DCTB in CHCl5):
m/z calculated for CseHaoN2O4" [M]": 806.31, found: 806.30; HRMS (ESI-TOF, pos. mode,
MeCN/CHCI3): m/z calculated for Cs¢Hs2N>NaO4" [M+Na]": 829.3037, found 829.3040; m.p.
>390 °C.

Synthesis of 2b

2b

Solvent column chromatography and HPLC: hexane/dichloromethane = 1/3; Yield: 75.8 mg
(74.6 mmol, 75%) of a dark blue-purple solid. 'H NMR (400 MHz, CD,Cl,, 293 K): § = 8.35
(s, 4H), 7.53 (t, 2H), 7.38 (d, 4H), 7.26 (m, 4H), 7.15 (bs, 8H), 6.83 (bs, 8H), 2.87 (sep, 4H),
1.22 (d, 12H), 1.15 (d, 12H); *C-NMR (100 MHz, CD>Cl,, 293 K): § = 166.1, 148.4, 145.3,
142.9, 136.3, 134.6, 134.1, 133.5, 133.0, 131.8, 131.1, 130.0, 129.0, 126.4, 124.5, 31.4, 26.1,
26.05; MS (MALDI-TOF, pos. mode, DCTB in CHCIs): m/z calculated for C7sHssN2O4" [M]":
1014.43, found: 1014.40; HRMS (ESI-TOF, pos. mode, MeCN/CHCI3): m/z calculated for
C7sHssNoNaO4" [M+Na]": 1037.4289, found 1037.4310; m.p. >390 °C.
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Synthesis of 2¢

2c

Solvent column chromatography and HPLC: hexane/dichloromethane = 1/3; Yield: 56.6 mg
(65.9 mmol, 66%) of a dark black-purple solid. 'H NMR (400 MHz, CD,Cl,, 293 K): 6 = 8.22
(s, 4H), 7.20 (m, 4H), 7.08 (bs, 8H), 6.70 (bs, 8H), 5.04 (m, 2H), 2.56 (m, 4H), 1.90 (m, 4H),
1.75 (m, 4H), 1.46 (m, 4H), 1.34 (m, 4H); *C-NMR (100 MHz, CD,Cl,, 293 K): § = 164.3,
142.6, 141.0, 133.5, 132.0, 131.6, 129.0, 127.8, 126.4, 123.3, 32.0, 29.6, 29.5, 27.0, 25.9, 23.0,
14.3; MS (MALDI-TOF, pos. mode, DCTB in CHCl3): m/z calculated for CooHasN2O4" [M]":
858.35, found: 858.34; HRMS (ESI-TOF, pos. mode, MeCN/CHCIls): m/z calculated for
CeoHaeN2NaO4" [M+Na]": 881.3350, found 881.3339; m.p. >390 °C.

Synthesis of 2d

Solvent column chromatography and HPLC: hexane/dichloromethane = 1/3; Yield: 38.1 mg
(45.6 mmol, 46%) of a dark purple solid. 'H NMR (400 MHz, CD,Cl, 293 K): § = 8.23 (s, 4H),
7.20 (m, 4H), 7.10 (bs, 8H), 6.72 (bs, 8H), 5.05 (m, 2H), 2.25 (m, 4H), 1.94 (m, 4H), 0.95 (m,
12H); 3C-NMR (100 MHz, CD,Cl,, 293 K): 6 = 142.8, 141.0, 133.7, 132.1, 131.7, 130.7,
129.0, 127.7, 126.6, 122.8, 57.8, 25.44, 25.40, 11.56, 11.55; MS (MALDI-TOF, pos. mode,
DCTB in CHCl3): m/z calculated for CssHasN2O4" [M]": 834.35, found: 834.37; HRMS (ESI-
TOF, pos. mode, MeCN/CHCl3): m/z calculated for CssHasN2NaO4* [M+Na]*: 857.3350, found
857.3317; m.p. >390 °C.
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Synthesis of 2e

2e

Solvent column chromatography and HPLC: dichloromethane/ethylacetate = 99/1; Yield:
36.6 mg (50.6 mmol, 51%) of a dark black-purple solid. 'H NMR (400 MHz, CD>Cl,, 293 K):
0=8.24 (s, 4H), 7.19 (bs, 4H), 7.06 (bs, 8H), 6.65 (bs, 8H), 3.63 (s, 6H); *C-NMR (100 MHz,
CDxCly, 293 K): 0 = 142.5, 140.6, 133.4, 132.2, 131.6, 131.0, 129.0, 127.8, 126.4, 123.3, 27.1;
MS (MALDI-TOF, pos. mode, DCTB in CHCls): m/z calculated for CseHaaN2O4™ [M]": 722.22,
found: 722.19; HRMS (ESI-TOF, pos. mode, MeCN/CHCIls): m/z calculated for
CseHa3sN2NaO4" [M+Na]': 745.2098, found 745.2093; m.p. >390 °C.

Synthesis of 3a

Solvent column chromatography and HPLC: hexane/dichloromethane = 1/3; Yield: 65.1 mg
(60.3 mmol, 60%) of a-purple solid. 'H NMR (400 MHz, CD>Cl,, 293 K): § = 8.33 (s, 4H),
7.39 (bs, 8H), 6.88 (bd, 8H), 4.21 (t, 4H), 1.75 (m, 4H), 1.48 (m, 4H), 1.01 (t, 6H); *C-NMR
(100 MHz, CDxCl,, 293 K): 6 = 163.4, 144.2, 141.2, 133.8, 131.8, 131.6, 130.1, 129.7, 127.2,
125.8, 123.7, 40.8, 30.7, 20.8, 14.1; MS (MALDI-TOF, pos. mode, DCTB in CHCI3): m/z
calculated for CeoH3sN2O4" [M]": 1078.26, found: 1078.30; HRMS (ESI-TOF, pos. mode,
MeCN/CHCI3): m/z calculated for CeoH3sNoNaO4™ [M+Na]™: 1101.2532, found 1101.2589;
m.p. >390 °C.
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Synthesis of 4a

Solvent column chromatography and HPLC: hexane/dichloromethane = 1/3; Yield: 28.3 mg
(28.1 mmol, 28%) of a purple solid. 'H NMR (400 MHz, CD,Cly, 293 K): 6 = 8.37 — 6.61 (bm,
32H), 4.03 (bs, 4H), 1.71 (bs, 4H), 1.45 (m, 4H), 1.00 (t, 6H); '"H-NMR (400 MHz, TCE-d,,
390 K): 0 = 8.38 (s, 4H), 7.70 (d, 4H), 7.43 (t, 4H). 7.31 (bm, 8H), 6.90 (bm, 8H), 6.63 (d, 4H),
4.23 (t, 4H), 1.80 (m, 4H), 1.50 (m, 4H), 1.02 (t, 6H); *C-NMR (100 MHz, CD2Cl, 293 K): 6
= 163.9, 142.5, 138.2, 135.0, 134.0, 132.5, 132.2, 131.8, 128.4, 127.9, 127.4, 126.9, 126.5,
123.1, 40.5, 30.6, 20.8, 14.1; MS (MALDI-TOF, pos. mode, DCTB in CHCIl3): m/z calculated
for C72HsoN204" [M]™: 1006.38, found: 1006.36; HRMS (ESI-TOF, pos. mode, MeCN/CHCls):
m/z calculated for C72HsoN2NaO4™ [M+Na]*: 1029.3663, found 1029.3660; m.p. >390 °C.

Synthesis of Sa

Solvent column chromatography and HPLC: hexane/dichloromethane 1/3; Yield: 37.8 mg
(37.5 mmol, 38%) of a purple solid; 'H-NMR (400 MHz, CD,Cl,, 293 K): § = 8.42 — 6.14 (m,
32H), 4.12 (m, 4H), 1.71 (m, 4H). 1.44 (m, 4H), 0.97 (m, 6H); *C-NMR (100 MHz, CD,Cl,,
293 K): 6 = 164.0, 163.8, 142.3, 141.9, 141.0, 140.6, 139.9, 139.8, 139.2, 139.0, 138.9, 138.8,
137.2, 136.9, 135.4, 135.1, 135.0, 134.9, 134.8, 134.6, 134.5, 134.0, 133.96, 133.91, 133.8,
133.6,132.4,131.9,131.2,131.2, 131.1, 131.0, 130.9, 129.9, 129.6, 129.4, 129.2, 128.9, 128.8,
128.5, 128.4, 128.3, 126.8, 126.7, 126.5, 126.4, 126.1, 125.92, 125.88, 125.79, 125.7, 125.5,
125.3,125.2,124.4,124.3,123.4,123.3, 123.2,121.7, 121.6, 121.4, 40.6, 30.6, 20.8, 14.0; MS
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(MALDI-TOF, pos. mode, DCTB in CHCI3): m/z calculated for C72HsoN2O4" [M]": 1006.38,
found: 1006.38; HRMS (ESI-TOF, pos. mode, MeCN/CHCIls3): m/z calculated for
C72HsoN2NaO4" [M+Na]™: 1029.3663, found 1029.3648; m.p. >390 °C.

Synthesis of 6a

Solvent column chromatography and HPLC: hexane/dichloromethane 1/3; Yield: 28.1 mg
(21.6 mmol, 22%) of a blue solid; 'H-NMR (400 MHz, CD,Cl,, 293 K): 6 = 8.55 — 5.93 (m,
40H), 4.15 (m, 4H), 1.75 (m, 4H), 1.45 (m, 4H), 0.99 (m, 6H); *C-NMR (100 MHz, CD>Cl,,
293 K): 0=164.1,142.5,137.0, 136.0, 134.3, 134.23, 134.18, 132.3, 130.7, 130.6, 130.2, 129.0,
128.7, 127.4, 127.0, 126.2, 125.8, 125.6, 125.2, 125.0, 123.6, 122.1, 121.6, 40.7, 30.7, 20.8,
14.1; MS (MALDI-TOF, pos. mode, DCTB in CHCl3): m/z calculated for CosHsoN,O4"
[M+H]": 1302.44, found: 1302.53; HRMS (ESI-TOF, pos. mode, MeCN/CHCl3): m/z
calculated for CosHssN2NaO4" [M+Na]™: 1325.4289, found 1325.4214; m.p. >390 °C.
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4.4.2. Structural Analysis

Table 4 Structural parameters found in the single crystal structures of 2c, 4a and 6a.

PBI | Space Core O (C1-C12b-Cl12a- O (C13a-C12a-C12b- O (C12b-C1-C1’-
Group | twist!® [°] C12)b[°] C13b)®[°] C2)b<l 0]
2¢ P2/c 343 32.7/33.4 33.2/33.6 42.1/42.1/43.1/43.1
4a P-1 36.6 33.5/33.5 34.1/35.4 39.4/41.2/41.2/43.3
6a P-1 29.5 29.2/29.9 27.7/29.1 46.6/50.2/54.6/56.9

[a] Angle between the two naphthalene subunits of the PBI; [b] Numbering of carbon atoms according to

Scheme 5; [c] For 4a the angle was measured between C12b-C1-C2’-C3’.

Table S Crystallographic data for compounds 2¢, 4a and 6a.

Compound 2¢

Compound 4a

Compound 6a

measured

CCDC Number 2086018 2086019 2086020

Empirical Formula Cos0Ha6N204 C72Hs50N204 CosHssN2O4

Formula weight 859.04 1007.20 1303.53

/ g mol™!

Crystal size 0.295 x 0.2687 x 0.192 0.132x 0.108 x 0.044 0.180 x 0.072 x 0.020

/ mm

Measurement 100(2) K 100(2) K 100(2) K

Temperature

Crystal system monoclinic triclinic triclinic

Space group C2/c P-1 P-1

Lattice parameters
a/A 11.0037(3) 13.6566(11) 15.5878(5)
b/A 22.5842(7) 14.4337(12) 15.6577(5)
c/A 21.5026(6) 17.9111(15) 16.4702(5)
a/° 90 93.237(4) 70.229(2)
B/° 101.5000(10) 105.997(4) 68.009(2)
v/° 90 94.521(4) 61.8400(10)

Volume/ A3 5236.3(3) 3371.7(5) 3221.40(19)

Z value 4 2 2

Calculated Density 1.337 1.103 1.344

/gm3

F(000) 2196 1172 1360

Number of reflections 39057 50760 63653
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Number of unique
reflections

5171

13160

12693

Theta range for data
collection

3.915°to 72.295 °

2.575°to0 72.593 °©

2.952 °to 72.267 °

Completeness 100% 99.6% 99.9%

Rint 0.0243 0.0321 0.0448
Minimgm and maximum  0.5924/0.7536 0.6806/0.7536 0.5985/0.7536
transmission

Goodness of fit indicator  1.059 1.056 1.035

Final R; indices
[1> 20(1)]
(Robs, WRan)

0.0418,0.1114

0.0639, 0.1615

0.0508, 0.1343

R indices [all data] (Rops,
WRan)

0.0425, 0.1120

0.0718, 0.1670

0.0652, 0.1438

Largest diff peak and
hole (e-A7)

0.410/-0.289

0.522/-0.414

0.482/-0.432
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Figure 49 Aromatic region of 'H-NMR spectra of 2a, measured in 1,1,2,2-tetrachloroethane-d* at different
temperatures in steps of 20 K from 243 K (bottom) to 383 K (top).
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Figure 50 Aromatic region of 'H-NMR spectra of 4a, measured in 1,1,2,2-tetrachloroethane-d* at different
temperatures in steps of 20 K from 243 K (bottom) to 383 K (top).
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Figure 51 Aromatic region of 'H-NMR spectra of 5a, measured in 1,1,2,2-tetrachloroethane-d* at different
temperatures in steps of 20 K from 243 K (bottom) to 383 K (top).
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Figure 52 Relative energies in kJ mol™ of the transition states of the a) M/P-racemization and b) rotation of one
phenyl ring relative to the ground state energies of the M-Enantiomer of PBI derivative 2e calculated by the
Gaussian 09 program using DFT B3LYP/6-31G(d).

&9



Chiral Perylene Bisimide Dyes

Chapter 4

one
substituent
rotates

<
one

substituent
rotates

*
o

o

Vi

\%

NN

XXX

oe

S

g

\Y

e

(g
S@

one

substituent
rotates

& :J

v
one
substituent /
rotates
- ~ /
\‘(\5/ B Ny
coer. BT

VI

Figure 53 Possible arrangements of the four 2-naphthalene substituents in the bay region of the P-atropo-

enantiomer of 4a.
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4.4.3. Optical and Electrochemical Characterization

R R
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Figure 55 Chemical structures of reference compounds 76 and 77.
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Figure 56 a) UV/Vis/NIR absorption spectra of 2a-2e as well as b) normalized emission spectra measured in DCM
(co=4-10°M) at 293 K.
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Table 6 Summary of the optical properties of 2a-2e measured in DCM at 293 K.

PBI Janst?! £max Aem Vstokes ol 7!
[nm] M em™] [nm] [em™] %] [ns]

2a 602 22500 663 1530 43 11.9
452 17600

2b 609 23300 680 1690 46 10.9
455 14300

2¢ 601 21000 666 1620 49 12.0
449 14100

2d 602 24200 671 1740 55 11.7
449 14700

2e 601 20000 667 1650 41 12.3
448 14300

76 527 93000 534 210 99 3.7
491 60800

77 576 48800 608 920 96 6.0
444 16500

Pyrene 337 34400 37204841 | 7001454 64142621 354ld262]
322 23400

[a] Spectra were measured in dichloromethane (co = 4-10° M) at 293 K. [b] Fluorescence quantum yields were
determined using the dilution method (OD < 0.05) with Oxazine 1 in ethanol (®s = 11%) as standard.?*"! [c]
Fluorescence lifetimes were determined with EPL picosecond pulsed diode lasers (lex = 560 nm) for time

correlated single photon counting; [d] in hexane.

Figure 57 Calculated HOMO (bottom) and LUMO (top, isovalue = 0.2 a.u.) of PBIs 2-6 at B3LYP/6-31g(d) level
theory. The imide-substituents have been replaced by methyl groups for simplicity.
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Figure 58 Circular dichroism (CD, ¢y = 1-107> M) spectra of P- (black) and M- (red) atropo-enantiomers of PBIs
a) 2b, b) 2¢, ¢) 2d, d) 2e and e) 3a as well as circularly polarized luminescence (CPL, co = 2-10™° M) spectra of 3a

in DCM at

293 K.
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Figure 59 Elugrams of the HPLC separation on a chiral stationary phase of a) the successful separation of the
atropo-enantiomers of 4a, and the non-successful separations of b) 6a, as well as c¢) and d) for 5a using mixtures
of hexane and DCM as eluent. The collection times of the respective fractions are highlighted. Detection by
UV/Vis analysis at 550 nm. According to CD spectral analysis, no separation of atropo-enantiomers was achieved
for 5a. Thus, Sa was for one run separated in c) two fractions and for another separated in d) five fractions. For
each fraction a CD spectrum and a '"H-NMR spectrum was measured, but no CD signals were obtained, and the
"H-NMR spectra all look identical to the spectrum shown in Figure 82. Similar results were obtained for 6a.
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Figure 60 Time-dependent CD spectra of the P-atropo-enantiomer of 2a in 1,1,2,2-tetrachloroethane at a) 383 K,

b) 388 K, ¢) 393 K and d) 398 K.
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Figure 61 Time-dependent CD spectra of the P-atropoenantiomer of 4a in 1,1,2,2-tetrachloroethane at a) 383 K,
b) 388 K, ¢) 393 K and d) 398 K.

Table 7 Kinetic Data for the racemization process of 2a and 4a in 1,1,2,2-tetrachloroethane at four different
temperatures obtained by CD spectroscopy.?37]

2a 4a
T k tn AGH T k tin AG*
(K] (105 s71] [min]  [kJ mol"] (K] (105 s71] [min]  [kJ mol]
383 19.7 59 119.6 383 27.1 43 118.6
388 33.1 35 119.8 388 38.5 30 119.3
393 43.1 27 120.2 393 59.1 20 119.2
398 87.2 13 119.5 398 82.8 14 119.6
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2 : ' 0 ] 5 2 1 0 1 2
E/V vs Fc/Fct E/V vs Fc/Fc*

Figure 62 Cyclic voltammograms (solid lines) and square wave voltammograms (dashed lines) of PBIs a) 3a and
b) 4a. Measurements were performed using DCM solutions (co = 2-10~* M) at 293 K, using tetrabutylammonium
hexafluorophosphate (TBAHFP, 0.1 M) as electrolyte.
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Figure 63 Cyclic voltammograms (solid lines) and square wave voltammograms (dashed lines) of PBI a) 5a and
b) 2b. Measurements were performed using DCM solutions (co = 2-10* M) at 293 K, using TBAHFP (0.1 M) as

electrolyte.
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Figure 64 Cyclic voltammograms (solid lines) and square wave voltammograms (dashed lines) of a) 2¢ and b) 2d.
Measurements were performed using DCM solutions (co = 2-10* M) at 293 K, using TBAHFP (0.1 M) as
electrolyte.
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Figure 65 Cyclic voltammogram (solid lines) and square wave voltammogram (dashed lines) of 2e. Measurements
were performed using DCM solutions (co = 2-10™* M) at 293 K, using TBAHFP (0.1 M) as electrolyte.
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Table 8 Summary of the redox properties of 2a-2e. Half-wave potentials were determined by

cyclic or square wave voltammetry measured in DCM (0.1 M TBAHFP) vs. Fc/Fc' at 293 K.

PRI Erea' Ere2¥ Eoq™ Eoo Enomo™ Erumo™ Eoap
[V] [V] [V] [V] [eV] [eV] [eV]
2a -1.05 -1.21 0.97 el —6.12 —4.10 2.02
2b —-1.02 -1.25 1.01 1.19 —6.16 —4.13 2.03
2¢ —-1.12 -1.31 0.96 1.28 —-6.11 —4.03 2.08
2d —-1.08 -1.29 0.99 1.29 —6.14 —4.07 2.07
2e -1.07 -1.26 0.97 L] —6.12 —4.08 2.04
76 -1.00 -1.22 1.30 NEl —6.45 —4.15 2.30
77 —-1.10 -1.29 0.90 1.21 —6.05 —4.05 2.00
Pyrene -l -l 0.63 -l —5.78 - -

[a] Calculated according to literature known procedure using the experimentally determined redox potentials
(Enomo= —[Eox1 +5.15 €V] and ELumo = —[Erea1 +5.15 €V]) and the energy level of Fc/Fc¢™ with respect to the
vacuum level (-5.15 eV). [b] Not observed.
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Table 9 Calculated UV/Vis/NIR transitions for compound 2 using TD-DFT (B3LYP/def2-SVP).

Transition % Character Wavelength / nm Oscillator strength
188 — 189 100 669.44 0.2596

187 — 189 100 485.49 0.0420

186 — 189 97.3 472.05 0.2050

188 — 192 2.7

184 — 189 100 412.04 0.0087

Table 10 Calculated UV/Vis/NIR transitions for compound 3 using TD-DFT (B3LYP/def2-SVP).

Transition % Character Wavelength / nm Oscillator strength
252 — 253 100 792.38 0.1358
251 — 253 100 532.93 0.0272
248 — 253 26.4 471.17 0.1506
250 — 253 68.9

252 — 256 4.7

248 — 253 72.6 467.75 0.0622
250 — 253 25.2

252 — 256 2.2

239 — 253 10.3 407.63 0.0033
246 — 253 423

252 — 254 26.4

252 — 255 21.0

239 — 253 36.8 399.83 0.0194
246 — 253 15.3

252 — 254 24.7

252 — 255 232

237 — 253 4.0 397.19 0.0154
238 — 253 5.6

244 — 253 8.5

247 — 253 81.9
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Table 11 Calculated UV/Vis/NIR transitions for compound 4 using TD-DFT (B3LYP/def2-SVP).

Transition % Character Wavelength / nm Oscillator strength
240 — 241 100 760.46 0.1012
239 — 241 100 624.61 0.0573
238 — 241 100 623.55 0.0431
236 — 241 100 510.93 0.1211
235 — 241 100 466.05 0.2160
234 — 241 97.7 436.71 0.0248
240 — 243 2.3

230 — 241 3.0 400.05 0.0525
234 — 241 2.1

240 — 243 92.6

240 — 247 2.3

Table 12 Calculated UV/Vis/NIR transitions for compound 5 using TD-DFT (B3LYP/def2-SVP).

Transition % Character Wavelength / nm Oscillator strength
236 — 241 3.6 693.53 0.1344
240 — 241 96.4

239 — 241 100 658.56 0.0699
237 — 241 100 599.36 0.0292
236 — 241 96.5 499.27 0.1542
240 — 241 35

234 — 241 100 420.41 0.0031
226 — 241 2.3 402.74 0.0088
233 — 241 93.8

240 — 245 3.9

232 — 241 48.2 396.86 0.0066
240 — 243 51.8
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Table 13 Calculated UV/Vis/NIR transitions for compound 6 using TD-DFT (B3LYP/def2-SVP).

Transition % Character Wavelength / nm Oscillator strength
316 — 317 100 907.21 0.0101
315 — 317 100 885.97 0.1173
313 — 317 100 743.48 0.0491
312 — 317 100 513.35 0.0619
311 — 317 20.4 466.17 0.0404
316 — 318 79.6
311 — 317 79.4 453.49 0.2214
316 — 318 20.6
4.4.4. NMR spectra
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Figure 66 'H-NMR spectrum of 2a in CD,Cl, recorded at 295 K.
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Figure 67 3C-NMR spectrum of 2a in CD,Cl, recorded at 295 K.
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Figure 68 'H-NMR spectrum of 2b in CD,Cl, recorded at 295 K.
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Figure 69 *C-NMR spectrum of 2b in CD,Cl, recorded at 295 K.
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Figure 70 "H-NMR spectrum of 2¢ in CD,Cl, recorded at 295 K.
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Figure 71 *C-NMR spectrum of 2¢ in CD,Cl; recorded at 295 K.
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Figure 72 'H-NMR spectrum of 2d in CD,Cl, recorded at 295 K.
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Figure 73 BC-NMR spectrum of 2d in CD,Cl, recorded at 295 K.
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Figure 76 *C-NMR spectrum of 2e in CD,Cl, recorded at 295 K.
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Figure 77 "H-NMR spectrum of 3a in CD,Cl, recorded at 295 K.
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Figure 78 *C-NMR spectrum of 3a in CD,Cl, recorded at 295 K.
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Figure 81 3*C-NMR spectrum of 4a in CD,Cl, recorded at 295 K.
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Figure 83 >*C-NMR spectrum of 5a in CD,Cl, recorded at 295 K.
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Chapter 5

Substituent-Dependent Absorption and
Fluorescence Properties of Perylene

Bisimide Radical Anions and Dianions
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This chapter and the corresponding supporting information has been published:

R. Renner, M. Stolte, J. Heitmiiller, T. Brixner, C. Lambert, F. Wiirthner, Mater. Horiz. 2021,
https://doi.org/10.1039/D1MHO01019K.

Adapted or reprinted with permission from Ref. [263].

Abstract: Perylene-3,4:9,10-bis(dicarboximides) (PBIs) rank among the most important
functional dyes and organic semiconductors but only recently their radical anions and dianions
attracted interest for a variety of applications. Here, we systematically elucidate the functional
properties (redox, absorption, emission) of five PBI anions and dianions bearing different bay
substituents attached to the chromophore core. Cyclic voltammetry measurements reveal the

influence of the substituents ranging from electron-withdrawing cyano to electron-donating
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phenoxy groups on oxidation and reduction potentials that relate to HOMO and LUMO levels
ranging from -7.07eV to -6.05eV and -5.01eV to —4.05eV, respectively.
Spectroelectrochemical studies reveal a significant number of intense absorption bands in the
NIR-spectral range (750 — 1400 nm) for the radical anions, whereas the dianionic species are
characterized by similar spectra as those for the neutral dyes, however being bathochromically
shifted and with increased molar extinction coefficients of approximately 100000 M~! cm™.
The increase of the transition dipole moment is up to 56% and accompanied by an almost
cyanine-like red-shifted (by 300 nm) absorption spectrum for the most electron-poor
tetracyanotetrachloro PBI. Whilst the outstanding fluorescence properties of the neutral PBIs
are lost for the radical anions, an appreciable near-infrared (NIR) fluorescence with quantum
yield up to 18% is revealed for the dianions by utilization of a custom-built flow-cell
spectroelectrochemistry setup. Time-dependent density functional theory calculations help to

assign the absorption bands to the respective electronic transitions.
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5.1. Introduction

About 100 years ago, perylene-3,4:9,10-bis(dicarboximide) (PBI) dyes firstly attracted

(211,264.2651 When used as vat dyes, the

attention as vat dyes and later on as industrial pigments.
water-insoluble PBI pigment is reduced to the soluble leuco form, corresponding to an anionic
species, which can be processed easily in textile or paper dying and other applications. Upon
266

exposure of this reduced species to air the dye is re-oxidized, similar as for indigo,!**®! giving

the colored fabric.*!3

I Due to the straightforward adjustability of optical (absorption, emission)
and electronic (ionization potential, electron affinity) properties of PBIs by substitution, a large
variety of PBI derivatives has been developed in particular during the last decade.!'**'¥! By this
means, more sophisticated optoelectronic applications of PBIs emerged in n-channel organic
field effect transistors (OFETs), 142191 jon batteries,**” electrocatalytic reduction of oxygen to
hydrogen peroxide, 28! organic light emitting diodes (OLEDs)??">2%°) and in organic
photovoltaics (OPVs).[*%27 These applications, similar to the vat dying process, rely on the
electron-deficient character of the PBI core and the formation of comparably stable delocalized
radical anions and dianions upon the addition of electrons.[*’!-273] Likewise, PBIs enjoy great
popularity as acceptor components in molecular dyads due to the formation of stable and

[274-276] More recently, the use of PBI radical

spectroscopically characteristic anionic species.
anions and dianions generated by photoexcitation in the presence of triethylamine was further
demonstrated as photosensitizer, catalyzing the dehalogenation reaction of a broad variety of
aryl halides, further revealing the versatile applicability of the robust reduced PBI
species.?’"-278 Investigations by transient absorption (TA) spectroscopy proved the efficient
photoinduced electron transfer from the excited doublet state of the PBI radical anion to electron
acceptors.[?7%:28%] This characteristic of PBIs and related rylene bisimides might be further
utilized in the development of new photosensitizers as catalysts for reactions, which would
otherwise need highly negative potentials. In this regard Xie and coworkers could just recently
demonstrate the stepwise reduction of a PBI dye under irradiation, used for the injection of an
electron into TiO, nanoparticles coated with platinum as co-catalyst, which could be used for

the efficient reduction of water into hydrogen.[?8!]

Chemical reduction of PBIs remains a field to be further explored, as reports are relatively
scarce due to the ambient instability of most reduced PBIs. Accordingly, most anions and
dianions reported in literature are generated in situ electrochemically or chemically by the
reduction with sodium dithionite in deoxygenated water, affording stable solutions for months

due to the delocalized aromatic character of these PBI dyes.!*’!?7*:282] Unfortunately, these
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species cannot be easily isolated from solution. The first report of an isolated and completely
characterized, albeit zwitterionic radical anion which is stable under ambient conditions shows
the feasibility of the generation of isolable PBI radical anions in general.*'®! This organic
zwitterion can be considered as a PBI radical anion, which is stabilized by a o-bonded
imidazolium cation. Furthermore, it can be reduced and oxidized further by titration with
tetrabutylammonium fluoride or nitrosyl tetrafluoroborate, respectively. In the same year, an
extremely electron-poor PBI, having chlorine atoms attached in bay as well as cyano groups in
ortho positions was isolated and characterized by single crystal X-ray diffraction.!*s3] Reduction
of this molecule with palladium on activated charcoal, hydrogen and sodium hydrogen
carbonate gave the PBI dianion disodium salt, which was stable even under ambient conditions
for months.**! In the following years, more examples of ambient stable radical anions and
dianions have been reported, using more moderate reducing agents like potassium carbonate in

DMF(284.2831 or tetraphenylphosphonium iodide. 236!

Usually, characterization of the reduced species remains scarce and only qualitative
UV/Vis/NIR absorption spectra of the neutral as well as reduced species are reported, while
insights into emission properties are missing. Recently, after Rybtchinski’s first observation of
fluorescence for the parent core-unsubstituted PBI dianion,?** we were able to disclose the first
example for a fluorescence spectrum for the dianion of a tetraphenoxy-substituted PBI, utilizing
a flow-cell setup which enabled the investigation of the emission as well as femtosecond and
coherent two-dimensional (2D) electronic spectroscopy measurements.?®” The latter technique
indeed points at another major application of PBI dyes as acceptors in donor-acceptor dyads.
Here, PBIs are preferred acceptors due to the characteristic signature of the PBI radical anion

e.[288] However, whilst TA signatures can be easily assigned for

bands in the NIR spectral rang
those PBIs that have been characterized by spectroelectrochemistry, they are not available for
the vast majority of core-substituted PBIs that could be of value for such studies due to the
tunability of their redox properties. Because until now, a concise series of PBIs with a
systematic variation of their redox properties has been missing, we herein investigate PBIs in
the neutral as well as in their radical anion and dianion states for a consistent series of five PBI
dyes bearing the 2,6-diisopropylphenyl imide substituent and different bay substituents by
electrochemical and spectroelectrochemical measurements. Further, we also investigate the
emission properties for the dianions of this series of PBIs. Within our series, the respective first

reduction potential varies by about 1 eV and also comprises planar as well as heavily twisted

chromophores. Furthermore, (time-dependent) density functional theory ((TD-)DFT)
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calculations have been performed to systematically assess the origin of the observed molecular

properties and spectral features of the differently charged species.

5.2. Results and Discussion

5.2.1. Molecular Design and Chemical Reduction

Five PBIs have been chosen for the investigation of their molecular properties in their neutral
as well as reduced states. Three of them (PBI-Cl, PBI-H, PBI-OPh) are commonly applied as
organic semiconductors??>289-2!1 or fluorescent dye derivatives?!> whilst the two others
complement the series based on a comparably very high reduction potential (PBI-CICN)!?3!
and a fixed helical twist (PBI-Ph)*"! that seems to be important for the successful application
of these PBIs as non-fullerene acceptors in OPV (Figure 86a).1°>2%%] For all derivatives, the
bulky 2,6-diisopropylphenyl (Dipp) has been chosen as imide residue to prevent aggregation

and ensure a high solubility.

Generally, either chemical reduction, photoinduced electron transfer or electrochemical
reduction can be used to obtain the reduced species of PBIs. Advantageous of the former
method would be the straightforward measurement of the desired species by a variety of
techniques without the need of elaborate setups due to different measurement geometries and
accordingly we first pursued with the reduction with KCs in THF.**Yl As the stoichiometric
addition of the reducing agent did not give the desired dianions, an excess of up to four
equivalents of the reducing agent was used. The reaction could be monitored by the naked eye,
due to prominent changes of the colored PBI solutions. Upon the addition of 18-crown-6 to the
solution, the reaction was significantly accelerated. All obtained products could be dissolved in
1,2-difluorobenzene for the measurement of UV/Vis/NIR absorption spectra. However even
under inert conditions, the oxidation of the generated dianions into the radical anions was
observed (Figure 96). The increased stability of the radical anions compared to the dianions is
quite remarkable and has already been observed for other organic radical anions.[?**?%>! As the
stability of the dianions for hours in solution would be necessary for the full characterization of
their optical properties, this reduction method did not provide the needed species with sufficient
selectivity. Furthermore, the spectra could only be measured in the rather exotic solvent 1,2-
difluorobenzene due to an even more pronounced instability in other solvents. As more common

solvents like dichloromethane or chloroform are desirable to be more comparable to literature
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reported TA spectra, we focused our attention on the electrochemical reduction to

spectroscopically characterize the radical anions and dianions of all PBIs.

5.2.2. Cyclic and Square Wave Voltammetry

The redox properties of the PBI series have been investigated by cyclic voltammetry (CV) and
square wave voltammetry (SWV) under identical experimental conditions in dichloromethane
(DCM) using tetrabutylammonium hexafluorophosphate (TBAHFP) as electrolyte. The SW
voltammograms as well as a schematic diagram of the electrical band gaps are depicted in
Figure 86b,c and the half-wave potentials and calculated HOMO and LUMO potentials are
listed in Table 14 (Figure 93-95).
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Figure 86 a) Molecular structures of the PBIs investigated by electrochemical reduction. b) Square wave
voltammograms of PBI-CICN (black), PBI-CI (red), PBI-H (blue), PBI-Ph (green) and PBI-OPh (orange).
Measurements were performed using DCM solutions (co = 2-10* M) at room temperature, using TBAHFP (0.1 M)
as electrolyte (scan rate 100 mV s~!, SW amplitude 25 mV, SW frequency 15 Hz). ¢) Schematic diagram of the
electrical band gaps of the investigated PBIs (energy level of Fc/Fc" with respect to the vacuum level =—5.15 eV).

At least two reversible reduction waves are observed for all five derivatives. Values range
from —0.14 V for the first reduction and —0.48 V for the second reduction of the strongest

electron acceptor PBI-CICN, which are in line with reported values for a derivative thereof,*%*!
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to —1.10 V and —1.29 V for the first and second reduction wave, respectively, for the weakest
electron acceptor PBI-OPh.1>*!l The other derivatives follow the expected sequence by
exhibiting their first reduction wave at —0.77 V for PBI-CIl, —1.00 V for PBI-H and —-1.02 V
for PBI-Ph, respectively. The potentials of the second reduction wave follow the same trend
with values of —1.02V, —1.22V and —1.25V for the latter three PBIs, respectively.
Interestingly, the first and second reduction potentials of the planar PBI-H and the heavily
twisted PBI-Ph are very similar, indicating the comparably small influence of a directly
attached aryl unit compared to stronger electron withdrawing groups like halogens or electron
donating aryloxy groups on the electronic properties of the molecule. Integration of the first
and second reduction peaks in the SW spectra proved that the ratio of the electronic quantity of
the reduction processes from PBI to PBI'~ and PBI~ to PBI*" is one, substantiating the nature
of the proposed reduced species. A third reversible reduction wave at —1.73 V could only be
observed for PBI-CICN, accentuating the electron deficiency of this derivative due to the

additional cyano groups in ortho position.

Table 14 Summary of the redox properties of the investigated PBIs. Half-wave potentials were determined by CV
or SWV measurements in DCM (0.1 M TBAHFP) vs. Fc/Fc' at room temperature.

EXS | BN | BRSO | EQR' | ESY | Ewowo | Ewmo | AESN | AEgy
[V] [V] [V] [V] [V] [eV]PT | [eV]P! [eV] [eV]
PBI-CICN | -0.14 -0.48 -1.73 -[a] -[a] —7.07t1 | —5.01 2.06 2.13M
PBI-Cl1 -0.77 -1.02 -[a] +1.59 [al -6.74 —4.38 2.36 2.21
PBI-H -1.00 -1.22 [al +1.30 -[a] -6.45 -4.15 2.30 2.26
PBI-Ph -1.02 -1.25 -[al +1.01 +1.19 -6.16 —4.13 2.03 1.82
PBI-OPh | -1.10 -1.29 -[a] +0.90 +1.21 -6.05 -4.05 2.00 1.99

[a] not observed; [b] Calculated according to literature known procedure using the experimentally determined

redox potentials (Exomo = —[EQ%" + 5.15 eV] and Erumo = —[Ef3' '+ 5.15 ¢V]) and the energy level of Fe/Fc*

with respect to the vacuum level (=5.15 eV);¥! [¢] Calculated according to Enomo = ELumo — E(Amax)- [d] optical
band gap higher than electronic band gap probably due to distortion of the band shape due to the overlap of different

transitions. Elaborate calculations taking correction factors into account can be found in Table 16 and Table 17.

The effect of the substituents on the redox potentials is even more pronounced for their
respective oxidation processes.**! Due to the highly electron-deficient character of PBI-CICN,
no oxidation could be observed within the available potential range of the used electrolyte
system, whereas one oxidation process is observed at +1.59 V and +1.30 V for PBI-CI and
PBI-H, respectively. Due to the shift of the oxidation waves to lower potentials, two oxidations
are observable for the other two PBIs at +1.01 V and +1.19 V for PBI-Ph and +0.90 V and
+1.21 V for PBI-OPh. The values are summarized in Table 14. The HOMO and LUMO energy
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levels have been calculated from the half-wave potential of the first oxidation and reduction
process, which were obtained by the CV measurements with the energy level of the
ferrocene/ferrocenium redox couple set to —5.15 eV vs. vacuum.*! They cover a broad range
of almost 1 eV within this series between —7.07 eV and —6.05 eV for the HOMOs and —5.01 eV
and —4.05 eV for the LUMOs for PBI-CICN and PBI-OPh (Figure 86c), respectively. Notably,
PBI-CICN ranks according to this analysis among the most electron-deficient 7z-cores,

comparable to tetracyanoquinodimethane (TCNQ).[2!7-2%

5.2.3. UV/Vis/NIR Absorption Properties in Neutral and Reduced States

The UV/Vis/NIR absorption spectra of the neutral, radical anionic and dianionic PBIs in DCM
could be obtained by electrochemical reduction in situ with a custom built
spectroelectrochemical cell and are depicted in Figure 87 and the derived data are collected in
Table 15 (for details see Figures 98-107, Table 18). The optical band gap calculated with the
help of the absorption spectra of the neutral species and extrapolation by a linear curve (Tauc’s
plot)?*" is in all cases, except PBI-CICN, lower in energy than the electrical band gap, which
is expected since the threshold for the absorption of photons is smaller than the threshold for

the creation of an electron-hole pair.[>*®!

In accordance with earlier results for this and related PBIs,?** the unsubstituted planar PBI-H
exhibits an intense absorption band of the So-S; transition with vibronic progression with an
absorption maximum (Amax) at 527 nm and a high molar extinction coefficient (&max) of
93700 M~' cm™"' in DCM. Upon substitution in bay position, as it is the case for all other
derivatives within this series, the spectra become more broadened, show a decrease in gmax and
the vibronic progression of the So-S; transition is less clearly visible. Furthermore, the So-S>
transition, which is symmetry forbidden for the planar chromophore!'* becomes allowed and
can be observed as a second absorption maximum at about 440 nm. This effect is most
pronounced for PBI-Ph, that constitutes the most twisted chromophore.*”! The attachment of
electron withdrawing halogen atoms in bay position does not exhibit a large influence on the
absolute position of the absorption maximum (PBI-CI 522 nm; PBI-CICN 531 nm) whereas
the more electron donating groups like tetraaryl (PBI-Ph 609 nm) or tetraaryloxy (PBI-OPh
576 nm) afford a significant redshift, reflecting electronic interactions, i.e., electron donation

from the bay substituents to the PBI core.[*%*!
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Figure 87 UV/Vis/NIR absorption spectra of the neutral (black), radical anionic (blue) and dianionic (red) PBI
species of a) PBI-CICN; b) PBI-CI; ¢) PBI-H; d) PBI-Ph; and ¢) PBI-OPh measured in DCM (co = 4-10~* M) at
room temperature using TBAHFP (0.1 M) as electrolyte.

Under the influence of an electrochemical potential between —0.1 and —1.2 V, significant
spectral changes occur for all PBI dyes in DCM. All radical anions exhibit multiple
characteristic spectral features in the UV/Vis/NIR region, each with a prominent and broad
absorption band at 957 nm or above (PBI-H), which is commonly assigned to the Do-Di
transition (vide infra).l?*! In case of PBI-CICN this NIR transition appears at 1243 nm,
followed by PBI-Ph (1097 nm), PBI-OPh (1076 nm) and PBI-CI (1011 nm) (Figure 87). The
absorption spectra in the UV/Vis/NIR region of all five radical anions exhibit at least three
clearly distinguishable transitions. The most prominent absorption band is also

bathochromically shifted with respect to that of the neutral PBIs and is found for all derivatives
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between 715 nm for the unsubstituted PBI-H and 817 nm for PBI-CICN. Whereas the electron
withdrawing groups exert only a minor influence on the wavelength of the lowest energy
absorption band in the neutral state, they affect those of all absorption bands in the radical
anionic state in a similarly pronounced way as the electron donating substituents. Furthermore,
different from PBI-H with an almost unchanged emax value of 94100 M~ cm™" upon reduction
to the radical anion, significant increase between 174% (PBI-CI, 101100 M~! cm™") up to 212%
(PBI-CICN, 70300 M'cm™) in &nax is found for the main absorption band of all bay
substituted derivatives. Additionally, at least one further transition can be observed between the
absorption maximum for the most intense band and the lowest energy absorption band of the

radical anions.

Table 15 Summary of the absorption and emission properties of the investigated PBIs and their electrochemical
generated dianions measured in DCM (0.1 M TBAHFP) at room temperature.

Amax Emax Heg Aem AVstokes 23 TF

[nm] M'tem™] | [D] [nm]&! [em™] [%o]®! [ns]c!
PBI-CICN | 531 33900 -ld] 575 1510 0.1 0.15,2.10
PBI-CICN* | 817 87200 4] -Lel -Lel el el
PBI-Cl1 522 58200 8.7 549 940 57 5.06
PBI-CI* 684 109100 12.6 722 770 3 2.04
PBI-H 527 93700 8.8 534 210 99 3.72
PBI-H* 574 102600 3.5 662 300 18 5.92
PBI-Ph 609 23400 6.4 677 1650 46 10.87
PBI-Ph* 653 67300 10.0 676 520 15 4.36
PBI-OPh 576 49600 8.7 608 915 96 6.01
PBI-OPh* | 689 88700 12.4 738 960 17 3.93

[al Fluorescence spectra of PBI>~ have been measured in front-face geometry (22.5°) and all spectra are corrected
against the photomultiplier sensitivity and the lamp intensity; [°! Fluorescence quantum yields of the neutral PBIs
were determined using the dilution method (OD < 0.05) and N,N’-bis(2,6-diisopropylphenyl)-perylene-3,4:9,10-
bis(dicarboximide) (@ = 1.00 in CHCI3) or N,N’-bis(2,6-diisopropylphenyl)-1,6,7,12-tetraphenoxy-perylene-
3,4:9,10-bis(dicarboximide) (for PBI-OPh, @ = 0.96 in CHCI;)?'*! as reference. Fluorescence quantum yields of
PBI>~ were determined relative to PBI by excitation at 385 nm (PBI-Cl), 415 nm (PBI-H), 490 nm (PBI-Ph) and
398 nm (PBI-OPh); [ Fluorescence lifetimes were determined with EPL picosecond pulsed diode lasers for time-
correlated single photon counting (Aex = 530 nm (PBI-CICN), Aex = 550 nm (PBI-CL, PBI-H, PBI-OPh), 1. =
560 nm (PBI-Ph), Aex = 725 nm (PBI-CI>), A = 662 nm (PBI-H?), Aex = 725 nm (PBI-CI*), Aex = 677 nm
(PBI-Ph%), A = 735 nm (PBI-OPh™)); [ Significant overestimation due to multiple transitions present in the

So-S1 absorption band; [ Not observed

For the unsubstituted derivative PBI-H, even more distinguishable absorption features than for
the other PBIs are found, which originate from the more rigid and planar 7z-scaffold, similar to
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the neutral species. These intense and characteristic absorption bands make the here
investigated PBI derivatives particularly valuable for the investigation of photoinduced electron

transfer processes in molecular dyads as well as solid state materials.!>%]

Upon further reduction at a bias between —0.4 and —1.3 V, the absorption spectra of all PBI
dianions simplify to one prominent absorption band that is located between 650 and 900 nm.
This hypsochromic shift with respect to the NIR bands of the radical anion species is
accompanied by an additional increase in band intensity. Thus, the values for &nax increase
further for all derivatives to more than 100000 M~' cm™! in case of PBI-CI (684 nm) and PBI-H
(574 nm) and to more than twice the intensity of the respective neutral species in case of
PBI-Ph (67300 M'cm™ at 653nm) and PBI-CICN (87200 M~'cm™ at 817 nm).
Surprisingly, only the dianion of the parent PBI-H displays an optical spectrum of rather
different shape with a transition at 649 nm of lower intensity (25600 M~! cm™) followed by a
strong absorbing and structured absorption spectrum at about 570 nm. The increase in tinctorial
strength for these PBI dianions is indeed remarkable. Integration of the respective isolated
longest wavelength So-S1 absorption bands of the neutral and the dianionic species shows again
an increase in the transition dipole moments z4g from 8.7 to 12.6 D (PBI-Cl), 6.4 to 10.0 D
(PBI-Ph) and 8.7 to 12.4 D (PBI-OPh) for all derivatives except PBI-H, where it decreases
from 8.8 to 3.5 D (Table 15). Some of these values might be overestimated due to the presence

of multiple transitions in the respective So-S1 absorption band (vide infra).

5.2.4. Fluorescence Properties in the Neutral and Dianionic State

The fluorescence spectra, fluorescence quantum yields (@) as well as fluorescence lifetimes
(7r) of the five neutral PBIs and four dianionic PBIs could be obtained within a SEC flow-cell
setup (Figure 88, Table 15, Figure 97b, 109-111). As expected, all radical anions showed no
emission. The @ of the dianions were determined relative to the respective neutral species
within one SEC run while the fluorescence decay curves were recorded by time-correlated
single-photon counting (TCSPC) in front-face geometry (22.5°). All emission spectra of the
neutral and dianionic PBIs show mirror-like shape with respect to their corresponding
absorption spectra, with the exception of PBI-Ph?>~ which exhibits an unexpected narrow
fluorescence band with a well-defined vibronic progression. All bay substituted PBIs show
almost equal (PBI-OPh*") or even decreased Stokes shifts (A¥siokes) in their dianionic state,
while the unsubstituted PBI-H exhibited a slight increase from 210 cm™' (PBI) to 300 cm™!

(PBI*), which is still smaller than A¥gi,yes Of the other derivatives due to the more rigid
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framework and lack of substituents. The same holds true for 7z, which is increased again only
for PBI-H from 3.72 ns (PBI) to 5.92 ns (PBI*"), while it is decreased in all other derivatives

upon reduction.

The @& of all dianions are significantly reduced as expected for the emission due to the
decreased band gap!'¥) but are still appreciably high with 18% at 662 nm (PBI-H*) and 17%
at 738 nm (PBI-OPh?") compared to e.g. higher rylene dyes emitting in the region between 650
and 950 nm.*°1:392) For PBI-CI?~ an emission maximum at 722 nm, with reduced A¥g;oyes Of
770 cm~! and the most pronounced decrease of the quantum yield within this series is noted
from 57% (PBI) to 3% (PBI*"). PBI-Ph exhibits a large A¥gyokes of 1650 cm™' affording Aem of
677 nm. This indicates the participation of the core-substituents in the lowest excited state upon

(275] Interestingly, the @ of the arylated dye

photoexcitation and following structural relaxation.
does not decrease as significantly upon reduction as the other derivatives, from 46% of the
neutral PBI-Ph to 15% for PBI-Ph*~. Together with the structured fluorescence spectrum such
high quantum yield corroborates the rigidification effect impaired by the four phenyl units that

(2191 The neutral

are interlocked based on crystallographic evidence from related chromophores.
PBI-CICN exhibits only very weak fluorescence upon excitation at 490 nm, with a Aem at
575 nm and a @ of merely 0.1%. Because this is much lower than the reported quantum yield
of 11% of the neutral congener with electron-withdrawing fluoroalkyl chains in imide position
we attribute the fluorescence quenching to a photo-induced electron transfer from the Dipp
substituent into the highly electron-deficient core.*®! Similar processes have been reported for

more electron-rich imide substituents to the parent electron-poor PBI.[273:304]
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Figure 88 UV/Vis/NIR absorption spectra (dashed line) as well as the fluorescence spectra (solid line) of the
neutral (black) and dianionic (red) a) PBI-Cl, b) PBI-H, c) PBI-Ph and d) PBI-OPh measured in DCM (¢p =

4-107* M for absorption, co = 1-107> M for fluorescence of PBI and co = 1-10™# M for fluorescence of PBI?") at
room temperature using TBAHFP (0.1 M) as electrolyte.

The decrease of @r upon reduction for all derivatives can be ascribed to an increase of the rate
of non-radiative decay processes, as expected due to the smaller band gap for the dianionic
state.’%! The trend observed in 7r corresponds to the trend obtained for the natural lifetimes
by analysis according to the Strickler-Berg relationship.*°® For PBI-H, r is slightly increased
in the dianion (3.64 ns to 3.75 ns), while for the other three derivatives PBI-CI (5.14 ns to
4.50 ns), PBI-Ph (17.5 ns to 5.08 ns) and PBI-OPh (6.89 ns to 5.22 ns) 1 is decreased in the
measured reduced state of the molecules due to the increase of the transition dipole moment
and oscillator strength. The radiative decay rates k: obtained by this analysis nevertheless
decrease in all derivatives upon reduction, while the non-radiative decay rates kn: are increased,

confirming the experimental results of the decreasing quantum yields in the PBI dianions.

5.2.5. Theoretical Investigations

In order to further elucidate the trends observed by optical spectroscopy upon electrochemical

reduction, (time-dependent) density functional theory ((TD-)DFT) calculations were
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performed. For simplicity, the imide residues were replaced by methyl groups, as their impact

on the molecular properties of the chromophore is negligible.?!?

The geometry-optimized structures of all derivatives with the exception of PBI-H exhibit a
large twist of the two naphthalene subunits between 31.0° (PBI-OPh) and 39.5° (PBI-CICN).
This results in a distortion of the PBI 7~MO system. In all derivatives the LUMO of the neutral
PBI, the SOMO of the radical anion (PBI-) and the HOMO of the dianion (PBI*") are visually
indistinguishable and thus in Figure 89 (Figure 113-114) only the MOs of the neutral PBI are

shown.

As depicted in Figure 89d for the tetrachlorinated PBI-CI there are significant changes in bond
length upon reduction from the neutral to the dianionic state. Whilst the changes in bond length
are comparably minor for the inner bonds of the perylene (<3 pm), the conjugated outer
perimeter experiences a significant alteration where bonds either get shorter by up to 3.8 pm
from 148.5 pm to 144.7 pm or longer by up to 3.4 pm from 138.0 pm to 141.4 pm. This change
in bond length relates to a reversal of single versus double bond character that is in accordance
with the bonding character between the involved atoms in the LUMO (Figure 89b). As a
consequence, the PBI skeleton of PBI-CI (and likewise the other derivatives) is contracted by
about 66 pm along the long molecular axis upon twofold reduction and expanded by about
57 pm along the short axis. It is interesting to relate these bond length alterations to the carbon-
carbon bond stretching vibration that occurs upon photoexcitation of PBI into the S state, i.e.,
promotion of an electron from the HOMO into the LUMO, and that causes the characteristic
vibronic progression in the absorption and fluorescence bands of PBIs. The most striking
change of bond length concerns the bonds connecting the two naphthalene subunits, e.g., in the
tetrachlorinated PBI-CI from 146.8 pm for the neutral PBI via 144.8 pm for the radical anion
to 143.1 pm in the dianion (Table 19). This decreased bond length in the dianion for the central
connections between the naphthalene subunits as well as the bond length alterations for the
peripheral C-C carbon chain is in accordance with calculations by Iron, Rybtchinski and co-
workers for the unsubstituted PBI?’1-*%2] and our experimental results by single-crystal X-ray
analysis for a derivative of PBI-CICN.!?*3] This corroborates a stiffening of the z-scaffold for
the central ring and planarization of the PBI core with a reduction of the twist angle from 35.4°

to 31° in PBI-CI due to the additional electron density in the system (Table 19).
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Figure 89 a) HOMO, LUMO and LUMO+I levels as obtained from DFT calculations of PBI-CI (left), the
corresponding a- and B-spin MO levels of PBI-CI™ (middle) and HOMO-1, HOMO and LUMO levels of
PBI-CI* (right), as well as the electrostatic potential maps of the respective derivative (top, isovalue 0.020 a.u.).
b) Calculated bond length for perylene carbon-carbon bonds in neutral and dianionic state in pm (for details, see
Table 19). Bonds drawn in red indicate a high double-bond character. c) HOMO, LUMO and LUMO+1 (bottom
to top) of PBI-CL The corresponding orbitals of PBI-CI~ and PBI-CI>~ are visually indistinguishable. Orbitals
and electrostatic potential maps were calculated using DFT (B3LYP/6-31g(d)). d) Calculated AICD isosurface
plots of PBI-CI, PBI-CI'~ and PBI-CI*~. Clockwise ring current is depicted with red arrows and counter-clockwise
ring current with blue arrows (isosurface value 0.025).

The transitions to the excited states obtained by TD-DFT calculations are in good accordance
with the experimental results concerning the number and the intensities of the observed
transitions (Figure 112, Table 20-34) While the calculated transition energies agree reasonably
well with the neutral PBIs, e.g., PBI-H with 488 and 527 nm for the calculated and
experimental spectra, respectively, they deviate in some examples of the radical anions and
dianions quite severely. Nevertheless, the bathochromic shift of the radical anion spectra visible
in all derivatives, as well as the subsequent hypsochromic shift of the most prominent
transitions of the dianions is substantiated by the theoretical results. The calculated energies for
the allowed optical transitions could be correlated to the respective experimental values well
enough by shifting the whole spectrum, so that the transitions with the highest oscillator
strength exhibits the same energy as the absorption maximum in the experimental absorption
spectrum, allowing for an assignment of the individual absorption bands (Figure 112) with

which some further conclusions could be made (vide infra).
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According to the calculations, for the neutral state of the most electron-deficient PBI-CICN,
two transitions are quite close in energy around 570 nm and thus no clear separation thereof
can be observed in the experimental spectra (Table 20). In the other three bay substituted
derivatives, the bands of the experimental spectra could be assigned to the So-S; transition as
well as the So-S; transition at slightly higher energies. In the planar unsubstituted PBI-H, only
the So-S; transition exhibits a noteworthy oscillator strength, corresponding to former reports

2031 Due to the spin-separated energy

and the symmetry forbiddance of the So-S transition.
levels in the radical anionic state, the assignment of the transitions is more complex. In the bay
chlorinated PBIs PBI-CICN and PBI-CI the SOMO-LUMO transition corresponds to the
lowest-energy transition in the NIR region and thus can be assigned as Do-D; transition. The
same holds true for PBI-OPh. In the unsubstituted PBI-H, this transition causes the absorption
band at 649 nm in the calculated spectrum, while the most bathochromically shifted absorption
band corresponds to a transition of the electron from the highest occupied B-spin orbital to the
lowest unoccupied B-spin orbital. In the tetraphenyl derivative PBI-Ph, the SOMO-LUMO
transition corresponds to the absorption maximum at 679 nm while for the lowest-energy
absorption band a similar transition of the electron in the B-MO as in PBI-H is found. The
predictions for optically allowed transitions of PBI radical anions are probably less accurate
than the predictions for the neutral and dianionic species due to the radical nature of the PBIs

and the neglect of solvent effects./*’!]

In the calculated transitions of the dianions, the HOMO-LUMO transition thereof corresponds
to the lowest-energy transition in all derivatives except for PBI-CI and PBI-OPh. For these
two derivatives, the lowest-energy transition is not well described by simple HOMO-LUMO
transition but rather by a HOMO-LUMO+1 transition, which suggests that the excitation energy
is actually not equal to the HOMO-LUMO orbital energy difference. Thus, even though the
calculations are of good assistance in the interpretation of the experimental spectra, the reality
might be more complex. In accordance with the experimental UV/Vis/NIR spectrum of
PBI-H?-, the calculations predict a significantly smaller oscillator strength of 0.0938 for the
So-S1 transition than for the So-S, transition with 0.8905 (see Figure 87c and Table 28). The
intensity of absorption bands relates to the oscillator strength or the transition dipole moment.

Unfortunately, the experimental determination of the transition dipole moment (&) of some
derivatives, especially in their reduced states, is not straightforward for this series of dyes due
to significant overlap of different transitions thus overestimating the values significantly (vide
supra). However, the values for z&g of neutral PBI-CL, PBI-H, PBI-Ph and PBI-OPh could be
determined by integration of the absorption band corresponding to the So-S; transition of the
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experimental spectra to be 8.7 D, 8.8 D, 6.4 D and 8.7 D, which fits reasonably well with the
values obtained from TD-DFT calculations of 7.6 D, 8.8 D, 6.6 D and 8.1 D, respectively
(Table 35). Theoretical determination of z4g from the TD-DFT calculations for all species
shows a decrease of the transition dipole moment for the lowest energy transition upon the first
reduction of the PBIs with the exception of the directly arylated PBI-Ph, where &, of the
radical anion is increased compared to the neutral PBI. Upon further reduction to the dianion,
a further increase of g is noted for all PBI dyes with values reaching above 9.0 D for most
derivatives. Similar to the previous results (vide supra), the calculations predict ueg of all five

neutral PBIs as well as their dianionic states reasonably well (Table 35).

The differences in oscillator strength of the first two transitions of PBI-H>~ compared to the
bay substituted PBIs can be rationalized by investigation of the transition density (Figure 116).
It can be seen that the transition density of the So-S; transition of PBI-H?~ is polarized along
the short molecular axis and resembles the transition densities of the So-S; transitions of the
four substituted PBI dianions. In contrast, the S-S, transition density of PBI-H*", which is
polarized along the long molecular axis (N,N’) exhibits a high oscillator strength in the
absorption spectrum which is comparable to the So-S; transitions of the substituted PBI
dianions, thus the two differently polarized transitions are interchanged in the planar PBI

dianion compared to the bay substituted contorted systems.[>?”!

To further explore the aromaticity of the different reduced species, anisotropy of the induced
current-density (AICD) calculations were performed for PBI-CI and PBI-H as well as their

[308.309] In both neutral molecules, clockwise diamagnetic ring

respective reduced species.
currents can be observed that are localized in the two naphthalene subunits, suggesting a Clar-
type localization of aromaticity, while the central PBI ring exhibits a counter-clockwise
paramagnetic ring current, indicating anti-aromaticity (Figure 89c, Figure 117). Upon
reduction, the clockwise ring current expands over the whole PBI core along the outer perimeter
and the counter-clockwise current in the centre vanishes. This reorganization of the 7z-electron
delocalization has been elucidated before in a theoretical study by Iron and co-workers to
explain the high stability of PBI dianions in water due to their increased aromatic character.[*’!!
These results from AICD calculations match quite well to our earlier observations, i.e., the
contraction of the bonds connecting the two naphthalene subunits due to increased conjugation

and the increase of the absorption coefficients and bathochromic shifts of the absorption bands

observed for PBI dianions.
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5.3. Conclusion

In this article, the optical properties for a series of five perylene bisimide dyes bearing 2,6-
diisopropylphenyl groups in imide position but different bay substituents on the z-core have
been investigated upon their reduction into radical anion and dianion states in custom-built
spectroelectrochemical cells for UV/Vis/NIR absorption and emission studies. Their first
reduction potential ranges almost over 1V from —0.14 V for the most electron-deficient
PBI-CICN to —1.10 V for the most electron-rich PBI-OPh. A significant bathochromic shift
of all absorption spectra upon the first reduction with the most red-shifted maximum at 1243 nm
(PBI-CICN) was observed. Upon further reduction, the absorption maxima shift again back
hypsochromically compared to the radical anionic spectra. The molar extinction coefficients
&max increase in all derivatives upon reduction to approximately 100000 M~! cm™!, with
absorption maxima between 649 nm (PBI-H) and 817 nm (PBI-CICN) for the dianions. While
fluorescence data of neutral PBI dyes are abundantly reported, we could study and quantify the
fluorescence properties (@, v, AVsiokes) Of the dianions of the whole series in a custom-built
flow-cell setup. While the fluorescence quantum yield was reduced for all PBI dianions, due to
an increased influence of non-radiative decay pathways, values of up to 18% (662 nm) and 17%
(738 nm) were retained for PBI-H and PBI-OPh, respectively. DFT and TD-DFT calculations
assist in the elucidation of the origin of the experimentally observed absorption bands as well
as structural changes of all PBIs and their reduced species. They showed a localization of the
MOs on the perylene core rather than on the substituents for the relevant energetic states.
Furthermore, the experimental spectra could be brought into line with the calculated absorption
spectra. Overall, based on our comprehensive library of five PBIs, electronic and optical
properties of their radical anions as well as their dianions could be characterized in a systematic
manner. This information should be of great value for the analysis of PBI bearing molecular
dyads and PBI-based solid-state materials by transient absorption spectroscopy as well as for

the utilization of these dyes as sensitizers for photocatalysis.
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5.4. Supporting Information for Chapter 5

5.4.1. General Methods

Unless otherwise stated, all chemicals, reagents and solvents were purchased from commercial
suppliers and used after appropriate purification. N,N’-Bis(2,6-diisopropylphenyl)-1,6,7,12-
tetraphenylperylene-3,4:9,10-bis(dicarboximide) was synthesized according to literature. "
The solvents for the reduction and spectroscopic measurements were of HPLC grade and dried
prior to use by an Innovative Technology PureSolv solvent purification system (DCM), by
refluxing the solvent over sodium followed by distillation onto sodium (THF) or by refluxing
the solvent over molecular sieves (4 A, 1,2-difluorobenzene). Optical measurements were
performed under inert conditions. UV/Vis/NIR absorption spectra were recorded on a Jasco
V-770 or V-670 spectrometer. Cyclic and square wave voltammetry measurements were
conducted on a standard commercial electrochemical analyzer (EC epsilon, BASi instruments,
UK) with a three-electrode single-compartment cell. A Pt disc electrode was used as a working
electrode, a platinum wire as a counter electrode and an Ag/AgCl reference electrode using
ferrocenium/ferrocene (Fc'/Fc) as an internal standard for the calibration of the potential. The
measurements were carried out under an argon atmosphere in DCM and tetrabutylammonium
hexafluorophosphate (TBAHFP) was added as supporting electrolyte, resulting in an available
redox window from —-2.25V to +1.75V (vs. Fc/Fc"). Spectroelectrochemical absorption
measurements were recorded in reflection mode in a three-electrode custom-made cell with a
6 mm diameter Pt-disc working electrode, Pt counter and Ag/AgCl leak free reference electrode
implemented in an Agilent Cary 5000 UV/Vis/NIR spectrometer. The optical path was adjusted
to 100 um with a micrometer screw. Potentials were applied with a reference 600 potentiostat
(Gamry Instruments). Application of potential steps and recording of absorption spectra was
automated by a lab view routine. Fluorescence spectra were measured on a FLS980
fluorescence spectrometer (Edinburgh Instruments Ltd.; Inc) and were corrected against the
photomultiplier sensitivity and the lamp intensity. For the fluorescence spectra of the PBI
dianions, a custom-built flow cell setup has been built into this spectrometer®®”] and the
measurements were conducted in front-face geometry (22.5°). The fluorescence lifetimes were
determined using picosecond pulsed diode lasers (EPL-series, Edinburgh Instruments Ltd.; Inc)
and a PMT-900 fast photomultiplier (Edinburgh Instruments Ltd.; Inc.) for time correlated
single photon counting (TCSCP). The fitting of the data was carried out using the Exp. Tail Fit
or the Exp. Reconvolution Fit (for PBI-CICN) routine supplied by Edinburgh Instruments Ltd.;

Inc. Fluorescence quantum yields of the neutral PBIs were determined using the dilution
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method (OD < 0.05) and N,N -bis(2,6-diisopropylphenyl)perylene-3,4:9,10-bis(dicarboximide)
(@r = 1.00 in CHCl3) or N,N’-bis(2,6-diisopropylphenyl)- 1,6,7,12-tetraphenoxyperylene-
3,4:9,10-bis(dicarboximide) (for PBI-OPh, &= 0.96 in CHCI;)!% as reference. Fluorescence
quantum yields of PBI*~ were determined relative to the neutral PBI by excitation at 385 nm
(PBI-Cl), 415nm (PBI-H), 490 nm (PBI-Ph) and 398 nm (PBI-OPh). Theoretical
calculations were performed by the Gaussian software!?¢!! using B3LYP/6-31G(d) level theory
for structure optimization and B3LYP/def2-SVP (for PBI-CICN, PBI-CIl and PBI-H) or
®B97XD/def2-SVP (for PBI-Ph and PBI-OPh) level theory for TD-DFT simulation of
electron transitions, as these basis sets gave the best results in accordance with the experimental
data respectively. Transition densities were calculated using the multiwfn program by T. Lu e?

al. [307]

5.4.2. Synthesis

PBA-CIBr and PBI-CIBr have been synthesized according to previously reported
procedures.[?!1°] For the synthesis of PBI-CICN, a literature known procedure has been

modified.l?®!

0+ 0.0 0s0._0 Ox N._O OsxN.__O

O 3OO Cor oo

Cl Cl a) Cl Cl b) Cl Cl c) Cl Cl
Cl OO Cl Cl ! l Cl Cl OO Cl Cl OO Cl
Br Br Br Br NC CN

O o "0 o~ O (0] o} l}l 6] (@) l}l O
Dipp Dipp
PBA-CI PBA-CIBr PBI-CIBr PBI-CIBr

Scheme 6 Synthesis of PBI-CICN a) DBI, 50% oleum, 100 °C, 18 h, 80%; b) 2,6-diisopropylaniline, propionic
acid, reflux, 16 h, 79%; ¢) CuCN, DMF, 140 °C, 3 h, 9%. DBI = dibromoisocyanuric acid.

A solution 0f 300 mg (258 umol) PBI-CIBr and 138 mg (1.55 mmol) copper cyanide in 30 mL
of dry DMF was heated to 140 °C for 3 h under argon. After cooling to room temperature, the
mixture was poured on water and extracted with dichloromethane. The solvent was removed
under reduced pressure and the crude product was purified by column chromatography
(dichloromethane) and HPLC (dichloromethane) to give a light red solid.

Yield: 22.2 mg (23.4 umol, 9%). '"H NMR (400 MHz, CD,Cl»): 6 = 7.61 (t, 2H), 7.43 (d, 4H),
2.67 (sept, 4H), 1.21 (d, 12H), 1.20 (d, 12H); *C NMR (100 MHz, CD,Cl,): § = 159.3, 146.0,
140.4,132.5,131.0, 129.2, 129.1, 127.4, 125.0, 123.4, 118.7, 113.2, 29.9, 24.21, 24.16; HRMS
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(ESI, negative mode, acetonitrile/chloroform 1:1): m/z calculated for Cs2H34ClaNsO4~ 946.1401
[M]~; found: 946.1430; m.p.>350 °C.

Typical procedure for the chemical reduction

Under an argon atmosphere in a Schlenk flask, the respective PBI (5 umol), potassium graphite
(2.70 mg, 20 umol, 4 eq) and 18-crown-6 (5.29 mg, 20 umol, 4 eq) were dissolved in THF and
stirred at room temperature for one hour. Afterwards, the solvent was removed in vacuo and
the residue washed with hexane and toluene. Then the obtained solid was dissolved in 1,2-
difluorobenzene and immediately put into a UV/Vis/NIR spectrometer to characterize the

obtained species.
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Figure 90 'H-NMR (400 MHz) spectrum of PBI-CICN in CD,Cl, at room temperature.
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Figure 91 *C-NMR (100 MHz) spectrum of PBI-CICN in CD,Cl, at room temperature.
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Figure 92 ESI-MS spectrum of PBI-CICN.
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5.4.3. Electrochemical Measurements
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Figure 93 Cyclic voltammograms (solid lines) and square wave voltammograms (dashed lines) of a) PBI-CICN
and b) PBI-CI. Measurements were performed using DCM (co = 2-10™* M) at room temperature, using TBAHFP
(0.1 M) as electrolyte (scan rate 100 mV s~!, the scan direction is indicated by the small arrow, SW amplitude
25 mV, SW frequency 15 Hz).
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Figure 94 Cyclic voltammograms (solid lines) and square wave voltammograms (dashed lines) of a) PBI-H and
b) PBI-Ph. Measurements were performed using DCM (co = 2-107* M) at room temperature, using TBAHFP

(0.1 M) as electrolyte (scan rate 100 mV s~', the scan direction is indicated by the small arrow, SW amplitude
25 mV, SW frequency 15 Hz).
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Figure 95 Cyclic voltammogram (solid line) and square wave voltammogram (dashed line) of PBI-OPh.
Measurements were performed using DCM (co = 2-107* M) at room temperature, using TBAHFP (0.1 M) as

electrolyte (scan rate 100 mV s, the scan direction is indicated by the small arrow, SW amplitude 25 mV, SW
frequency 15 Hz).

Table 16 Electron affinities of the different investigated PBIs as isolated molecule (4,), as molecular solid (4c)

and in solution (A4s1) calculated according to Ref. [311].

PBI-CICN PBI-C1 PBI-H PBI-Ph PBI-OPh
Ag 2.96 eV 231eV 2.07 eV 2.05eV 1.96 eV
A 4.30eV 3.63 eV 3.38eV 3.36eV 327 eV
Asol 5.01eV 4.38 eV 4.15eV 4.13 eV 4.05eV

Table 17 Ionization energies of the different investigated PBIs as isolated molecule (/), as molecular solid (/)
and in solution (/s1) calculated according to Ref. [311].

PBI-CICN PBI-CI PBI-H PBI-Ph PBI-OPh
Iy - 7.45 eV 6.94 eV 6.43 eV 6.23 eV
I - 6.60 eV 6.17 eV 5.74 eV 5.58 eV
Isol - 6.74 eV 6.45 eV 6.16 eV 6.05 eV
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5.4.4. Optical Measurements
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Figure 96 UV/Vis/NIR absorption spectra of mixed solutions of PBI?>~ and PBI'~ generated by chemical reduction
of a) PBI-CIl, b) PBI-H, c¢) PBI-Ph and d) PBI-OPh with KCs measured in 1,2-difluorobenzene at room
temperature stored under inert conditions during the measurements.
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Figure 97 Schematic illustration of the custom built spectroelectrochemical cells for a) absorption measurements
adapted from Borg et al.3'?! and b) fluorescence measurements as described by Heitmiiller ef al. Adapted with
permission from Ref. [287] with permission from Elsevier.
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Figure 98 UV/Vis/NIR absorption changes upon electrochemical reduction of a) PBI-CICN to PBI-CICN™ (in
steps of 20 mV) at potentials from +500 to +200 mV. b) PBI-CICN™~ to PBI-CICN*" (in steps of 20 mV) at
potentials from +200 to —300 mV (co =2-10% M, 0.1 M TBAHFP, DCM).
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Figure 99 a) Plots of the relative changes upon reduction of PBI-CICN compared to the neutral state; b) Plots of
the absorbance in dependance of the applied voltage V,, at 1243 nm (grey squares), 817 nm (red circle) and 531 nm

(blue triangle).

a)

0.5

0.31

0.2

absorbance / a.u.

0.4 heutral PBI

- 0.0 ' S
800 1000 1200 1400 400 600 800 1000 1200 1400

wavelength / nm

b)

0.5

T PBI dianion
{ Vap=-900 mV

0.4+

absorbance / a.u.

wavelength / nm

Figure 100 UV/Vis/NIR absorption changes upon electrochemical reduction of a) PBI-CI to PBI-CI'™ (in steps of
20 mV) at potentials from —100 to —420 mV; b) PBI-CI'~ to PBI-CI*~ (in steps of 20 mV) at potentials from —420
to —900 mV (co = 4-10* M, 0.1 M TBAHFP, DCM).
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Figure 101 a) Plots of the relative changes upon reduction of PBI-CI compared to the neutral state; b) Plots of the
absorbance in dependance of the applied voltage Vyp at 1011 nm (grey squares), 759 nm (red circle), 684 nm (blue
triangle) and 522 nm (green inverse triangle).
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Figure 102 UV/Vis/NIR absorption changes upon electrochemical reduction of a) PBI-H to PBI-H" (in steps of
20 mV) at potentials from —-300 to —660 mV; b) PBI-H™ to PBI-H*~ (in steps of 20 mV) at potentials
from —660 mV to —1.20 V (co = 4-10* M, 0.1 M TBAHFP, DCM).
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Figure 103 a) Plots of the relative changes upon reduction of PBI-H compared to the neutral state; b) Plots of the

absorbance in dependance of the applied voltage V3, at 957 nm (grey squares), 715 nm (red circle), 574 nm (blue
triangle) and 527 nm (green inverse triangle).
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Figure 104 UV/Vis/NIR absorption changes upon electrochemical reduction of a) PBI-Ph to PBI-Ph™™ (in steps
of 20 mV) at potentials from -300 to —680 mV. b) PBI-Ph™ to PBI-Ph*" (in steps of 20 mV) at potentials
from —680 to —1.10 V (cp = 8:10™* M, 0.1 M TBAHFP, DCM).
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Figure 105 a) Plots of the relative changes upon reduction of PBI-Ph compared to the neutral state; b) Plots of
the absorbance in dependance of the applied voltage Vs, at 1097 nm (grey squares), 799 nm (red circle), 653 nm
(blue triangle) and 609 nm (green inverse triangle).
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Figure 106 UV/Vis/NIR absorption changes upon electrochemical reduction of ¢) PBI-OPh to PBI-OPh™ (in
steps of 20 mV) at potentials from =400 to —780 mV; d) PBI-OPh™~ to PBI-OPh?~ (in steps of 20 mV) at potentials
from =780 mV to —1.10 V (co = 3.6:10* M, 0.1 M TBAHFP, DCM).
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Figure 107 a) Plots of the relative changes upon reduction of PBI-OPh compared to the neutral state; b) Plots of
the absorbance in dependance of the applied voltage V,p at 1076 nm (grey squares), 785 nm (red circle), 689 nm
(blue triangle) and 576 nm (green inverse triangle).

Table 18 Summary of the absorption properties of the investigated PBIs and their electrochemical reduced species

measured in DCM (0.1 M TBAHFP) at room temperature.

Vo !V

Zabs [nm] &max [M™! em™]
PBI PBI™ PBI* PBI PBI™ PBI*-
PBI-CICN 531* 1243 817* 33900* 26100 87200%*
496 1043 737 22100 4800 24200
446 947 669 12200 7400 12300
817* 70300%*
714 10700
PBI-C1 522% 1011 684* 58200* 22100 109100*
489 918 41600 51800
428 759* 16300 101100%*
679 22000
PBI-H 527* 957 649 93700* 42800 25600
491 797 574* 61300 63500 102600%*
459 768 23600 29500
715% 94100%*
703 93000
682 61700
PBI-Ph 609* 1097 653* 23400* 8300 67300*
454 877 606 14600 27300 4200
799* 447 47600* 8800
489 10600
PBI-OPh 576* 1076 689* 49600* 15100 88700%*
539 971 31900 24800
443 785% 16700 88700*

“main absorption peak.
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Figure 108 Tauc plots (black) including the linear fit (red) of a) PBI-CICN, b) PBI-CI, c) PBI-H, d) PBI-Ph and
¢) PBI-OPh. The absorption band used to obtain the Tauc plots always corresponds to the So-S; transition of the

neutral PBI.
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Figure 109 UV/Vis/NIR absorption and fluorescence emission spectra of the neutral (a-e) and dianionic (f-i) PBI
species of a) PBI-CICN; b), f) PBI-CI; c), g) PBI-H; d), h) PBI-Ph; and e), i) PBI-OPh measured in DCM (co =
4-10™* M for absorption, cp = 1:10~°> M for fluorescence of PBI and ¢y = 1-10™* M for fluorescence of PBI*) at
room temperature using TBAHFP (0.1 M) as electrolyte.
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Figure 110 Fluorescence decay in dichloromethane at 293 K for PBI-CICN (black), PBI-CI (red), PBI-H (blue),
PBI-Ph (green) and PBI-OPh (orange) in their a) neutral as well as b) dianionic state (co = 11073 M for lifetime
of PBI and ¢o = 1-10~* M for lifetime of PBI>").
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Figure 111 Fluorescence decay of the neutral (solid circles) and dianionic (open circels) a) PBI-Cl, b) PBI-H, c)

PBI-Ph and d) PBI-OPh in dichloromethane at 293 K (co = 1:107> M for lifetime of PBI and ¢y = 1:10™* M for
lifetime of PBI>").
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5.4.5. Theoretical Investigation
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Figure 112 UV/Vis/NIR absorption spectra of PBI (dark grey) and the electrochemically generated PBI™™ (red)
and PBI?~ (blue) of a) PBI-CICN, b) PBI-Cl, ¢) PBI-H, d) PBI-Ph and ¢) PBI-OPh measured in DCM (¢o =
4-10* M) at room temperature using TBAHFP (0.1 M) as electrolyte, as well as the calculated transitions thereof
(lighter color) using TD-DFT (a) — ¢) B3LYP/def-SVP and d)-¢) ©@B97XD/def2-SVP).

The calculated transitions in Figure 112 have been shifted, so that the transition with the highest

oscillator strength corresponds in energy to the wavelength of the absorption maximum.
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Figure 113 HOMO, LUMO and LUMO+1 levels as obtained from DFT calculations of a) PBI-CICN (left), the
corresponding a- and B-spin MO levels of PBI-CICN™™ (middle) and HOMO-1, HOMO and LUMO levels of
PBI-CICN?" (right), as well as the electrostatic potential maps of the respective derivative (top, isovalue
0.020 a.u.) and b) PBI-H as well as the respective reduced states. HOMO, LUMO and LUMO+1 (bottom to top)
of ¢) PBI-CICN and d) PBI-H. The corresponding orbitals of PBI-CICN"~ and PBI-CICN?~ and PBI-H™~ and
PBI-H* respectively are visually indistinguishable. Orbitals and electrostatic potential maps were calculated using
DFT (B3LYP/6-31g(d)).
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Figure 114 HOMO, LUMO and LUMO+1 levels as obtained from DFT calculations of a) PBI-Ph (left), the
corresponding o- and B-spin MO levels of PBI-Ph™ (middle) and HOMO-1, HOMO and LUMO levels of
PBI-Ph?~ (right), as well as the electrostatic potential maps of the respective derivative (top, isovalue 0.020 a.u.)
and b) PBI-OPh as well as the respective reduced states. HOMO, LUMO and LUMO+1 (bottom to top) of c)
PBI-Ph and d) PBI-OPh. The corresponding orbitals of PBI-Ph~ and PBI-Ph* and PBI-OPh™ and
PBI-OPh? respectively are visually indistinguishable. Orbitals and electrostatic potential maps were calculated
using DFT (B3LYP/6-31g(d)).
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Figure 115 Chemical structures and atom numbering of PBI-CI.

Table 19 Comparison of the calculated bond distances and torsion angles of PBI-C1, PBI-CI'~ and PBI-CI*~. The
numbering of carbon atoms is according to Figure 115.

PBI-CI PBI-CI" PBI-CI*
C-C (C6a-C6b, C12a-C12b) | 146.8 pm 144.8 pm 143.1 — 1432 pm
C-C (C1-C2, C5-C6, C7-C8, | 140.6 pm 138.6 pm 136.9 — 137.0 pm
C11-C12)
C-C (C2-C3, C4-C5, C8-C9, | 138.0 pm 139.6 - 139.7 pm 141.3 - 141.4 pm
C10-C11)
C-C (C3-C3a, C4-C3a, C9- | 141.3 pm 141.4 - 141.5 pm 141.6 — 141.7 pm
C9a, C10-Ca)
C-C (C3a-C13b, C9a-C13a) | 142.0 pm 142.9 pm 143.9 pm
C-C (CI13b-Cl2b, CI3b- | 143.5 pm 143.6 pm 143.8 pm
C6a, C13a-C6b, C13a-C12a)
C-C (CI-CI12b, C6-C6a, C7- | 140.4 pm 142.2 pm 143.8 — 143.9 pm

Coéb, C12-C12a)

C-C (C3-C3b, C4-C4a, C9- | 148.5 pm - 148.6 pm 146.5 - 146.6 pm 144.7 pm
C9b, C10-C10a)
Torsion angle 35.4° 33.4°/33.5° 31.2°/31.4°
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PBI (80'81)

PBI2- (S,-S,) PBI2- (S,-S,)

PBI-CICN

Figure 116 Transition densities (isovalue = 0.0004 a.u.) of the neutral So-S; (left) and dianionic So-S; (middle) as
well as dianionic So-S» (right) transitions of PBI-CICN, PBI-Cl, PBI-H, PBI-Ph and PBI-OPh.
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PBI PBI*- PBI?-

Figure 117 Calculated AICD isosurface plots of PBI, PBI'~ and PBI*~ of a) PBI-Cl and b) PBI-H. Clockwise ring
current is depicted with red arrows and counter clockwise ring current with blue arrows (isosurface value 0.025).
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Table 20 Calculated UV/Vis/NIR transitions for PBI-CICN.

Transitions % character Acal [nM] Oscillator strength f
162 — 165 6.53 571.03 0.3743
164 — 165 93.5

162 — 165 88.5 564.01 0.0302
163 — 166 4.49

164 — 165 7.02

157 — 165 9.01 464.71 0.410
159 — 165 28.7

161 — 165 62.3

156 — 165 34.3 460.32 0.0028
158 — 165 20.3

160 — 165 45.4

155 — 165 2.52 455.02 0.0641
156 — 165 2.40

157 — 165 32.6

159 — 165 27.0

161 — 165 35.5

156 — 165 8.81 438.60 0.0187
158 — 165 39.9

160 — 165 49.0

164 — 169 2.26

154 — 165 3.32 425.93 0.0082
156 — 165 53.5

158 — 165 37.0

160 — 165 6.18

155 — 165 15.0 419.07 0.0158
157 — 165 11.5

159 — 165 9.96

164 — 166 52.4

155 — 165 15.2 416.80 0.0492
157 — 165 30.5

159 — 165 354

164 — 166 18.9
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Table 21 Calculated UV/Vis/NIR transitions for PBI-CICN™.

Transitions % character Acal [nmM] Oscillator strength f
165A — 166A 75.9 1036.86 0.0585
164B — 165B 24.1

165A — 166A 24.3 665.96 0.4235
164B — 165B 74.5

165A < 166A 1.2

165A — 167A 98.4 647.56 0.0267
161B — 165B 1.58

165A — 168A 100 584.36 0.0011
160A — 166A 2.91 465.21 0.0597
164A — 168A 1.60

159B — 165B 1.13

160B — 166B 1.62

161B — 165B 92.7

161A — 166A 4.14 448.09 0.0090
158B — 165B 2.39

160B — 165B 90.5

161B — 166B 3.01

Table 22 Calculated UV/Vis/NIR transitions for PBI-CICN?*-.

Transitions % character Acat [nm] Oscillator strength f
165 — 166 95.1 719.15 0.5538
165 «— 166 4.92

165 — 167 83.6 601.17 0.0499
165 — 169 16.4

165 — 168 100 581.34 0.0029
165 — 167 15.5 531.39 0.0429
165 — 169 84.5

164 — 167 2.21 342.52 0.0047
164 — 169 4.32

165 — 171 93.5
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Table 23 Calculated UV/Vis/NIR transitions for PBI-CI.

Transitions % character Acal [nM] Oscillator strength f
140 — 141 100 526.58 0.5139
139 — 141 97.5 418.46 0.0874
140 — 145 2.48

136 — 141 100 393.88 0.0058
131 — 142 2.15 372.17 0.0268
132 — 141 35.6

133 — 141 12.7

135 — 141 49.5

130 — 141 3.66 370.97 0.0073
131 — 141 32.0

134 — 141 64.4

132 — 141 5.34 631.66 0.0038
133 — 141 27.9

135 — 141 4.45

140 — 142 62.3

130 — 141 18.3 358.91 0.0040
131 — 141 58.9

134 — 141 20.1

140 — 143 2.69

132 — 141 47.8 355.69 0.0536
133 — 141 4.46

135 — 141 47.8

Table 24 Calculated UV/Vis/NIR transitions for PBI-CI"".

Transitions % character Acal [nm] Oscillator strength f
141A — 142A 61.4 830.49 0.0172
140B — 141B 38.6

141A — 143A 98.6 667.64 0.0311
139B — 141B 1.38

141A — 142A 38.9 587.89 0.5735
140B — 141B 61.1

141A — 144A 2.17 427.16 0.0617
139B — 141B 97.8

136B — 142B 2.68 414.57 0.0015
137B — 141B 93.1

138B — 142B 3.09

139B — 141B 1.15
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Table 25 Calculated UV/Vis/NIR transitions for PBI-CI*.

Transitions % character Acal [nm] Oscillator strength f
141 — 143 100 583.22 0.0947
141 — 142 96.98 571.34 0.6747
141 < 142 3.02
141 — 144 100 441.88 0.0074
140 — 143 3.40 362.02 0.0082
141 — 145 4.81
141 — 146 91.8
140 — 143 97.4 337.46 0.0090
141 — 146 2.64
141 — 149 41.3 300.87 0.0534
141 — 150 58.7
Table 26 Calculated UV/Vis/NIR transitions for PBI-H.
Transitions % character Acal [nM] Oscillator strength f
108 — 109 97.4 524.36 0.6922
108 «— 109 2.59
102 — 109 23.8 380.11 0.0049
104 — 109 76.2
102 — 109 74.9 365.08 0.0015
104 — 109 25.1
Table 27 Calculated UV/Vis/NIR transitions for PBI-H"".
Transitions % character Acal [nM] Oscillator strength f
109A — 111A 27.1 773.90 0.0253
108B — 109B 72.9
109A — 110A 100 648.62 0.0342
103A — 110A 1.17 530.10 0.7603
109A — 111A 72.8
108B — 109B 26.1
Table 28 Calculated UV/Vis/NIR transitions for PBI-H?".
Transitions % character Acal [nm] Oscillator strength f
109 — 110 100 570.61 0.0938
109 — 111 97.9 482.09 0.8905
109 « 111 2.07
109 — 112 100 487.44 0.0044

154



Chapter 5 Perylene Bisimide Radical Anions and Dianions

Table 29 Calculated UV/Vis/NIR transitions for PBI-Ph.

Transitions % character Acal [nM] Oscillator strength f
188 — 189 100 570.60 0.3555
186 — 190 2.37 386.66 0.0718
187 — 189 94.8

188 — 193 2.82

177 — 189 5.17 377.15 0.2671
186 — 189 84.4

187 — 190 3.47

188 — 192 6.99

178 — 189 4.57 344.60 0.0086
179 — 189 69.0

181 — 189 6.37

188 — 191 20.0

176 — 189 293 311.14 0.0062
179 — 189 14.6

187 — 189 3.51

188 — 191 73.8

188 — 193 5.22

175 — 189 17.0 306.00 0.0030
176 — 190 8.68

177 — 189 9.72

180 — 189 7.49

183 — 189 29.4

185 — 189 20.0

186 — 191 2.51

188 — 190 5.20

172 — 191 2.34 307.70 0.0023
175 — 190 16.6

176 — 189 68.7

176 — 195 5.10

177 — 190 3.96

188 — 191 3.26

175 — 189 28.9 303.94 0.0079
176 — 190 11.9

177 — 189 16.6

180 — 189 4.13

183 — 189 28.4

185 — 189 6.71

188 — 190 3.30
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Table 30 Calculated UV/Vis/NIR transitions for PBI-Ph*".

Transitions % character Acal [nm] Oscillator strength f
189A — 190A 26.8 821.94 0.0108
185B — 190B 1.52

188B — 189B 71.7

185A — 191A 1.66 679.33 0.4376
189A — 190A 72.5

189A — 193A 1.31

185B — 190B 1.55

188B — 189B 23.0

188A — 200A 1.28 626.34 0.0888
189A — 191A 97.6

186B — 189B 1.12

188A — 191A 7.39 503.73 0.0035
188A — 194A 2.47

189A — 192A 70.1

189A — 202A 8.49

184B — 189B 2.05

187B — 189B 3.79

188B — 191B 5.68

188A — 192A 6.02 456.13 0.0041
188A — 202A 1.17

189A — 194A 78.0

189A — 199A 6.10

189A — 201A 7.53

188B — 192B 1.18

188A — 191A 13.8 426.04 0.0184
189A — 192A 17.7

189A — 200A 6.95

170B — 189B 1.62

184B — 189B 10.4

187B — 189B 26.0

188B — 191B 23.6

183A — 193A 1.29 399.00 0.0318
186A — 192A 5.49

187A — 191A 1.23

188A — 195A 4.49

189A — 193A 83.6

189A — 204A 1.59

186B — 192B 2.31

188A — 191A 1.62 382.54 0.0111
180B — 191B 1.17

184B — 189B 35.9

186B — 190B 6.89

187B — 189B 49.7

188B — 191B 4.74
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Table 31 Calculated UV/Vis/NIR transitions for PBI-Ph*".

Transitions % character Acal [nmM] Oscillator strength f
189 — 190 92.9 575.80 0.5119
189 — 193 7.11

189 — 191 96.6 548.14 0.2973
189 — 199 3.45

189 — 192 93.3 520.90 0.0359
189 — 200 3.18

189 — 202 3.52

188 — 192 2.52 450.41 0.0440
189 — 194 50.9

189 — 199 31.5

189 — 201 15.0

189 — 190 7.55 433.96 0.1845
189 — 193 92.4

189 — 192 2.11 387.68 0.0106
189 — 95 95.4

189 — 200 2.48

189 — 194 48.1 374.13 0.0375
189 — 199 51.9
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Table 32 Calculated UV/Vis/NIR transitions for PBI-OPh.

Transitions % character Acal [nM] Oscillator strength f
204 — 205 100 477.05 0.6518
194 — 205 2.48 359.77 0.2252
197 — 205 3.52

202 — 205 10.4

203 — 205 83.6

197 — 205 6.19 348.76 0.1206
201 — 205 12.0

202 — 205 72.6

203 — 205 9.12

197 — 205 5.08 303.96 0.0225
201 — 205 62.7

202 — 205 22.6

203 — 207 4.36

204 — 207 5.25

189 — 205 5.99 298.51 0.0031
204 — 206 94.0

187 — 205 3.95 292.17 0.0130
188 — 205 4.29

190 — 205 11.8

197 — 205 23.1

198 — 205 2.68

199 — 205 7.84

200 — 205 10.2

203 — 205 9.09

204 — 207 22.9

204 — 208 4.16

188 — 205 5.82 290.90 0.0156
190 — 205 5.06

194 — 205 9.93

197 — 205 4.03

199 — 205 7.11

200 — 205 25.6

201 — 205 11.0

204 — 207 31.5
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Table 33 Calculated UV/Vis/NIR transitions for PBI-OPh™.

Transitions % character Acal [nm] Oscillator strength f
205A — 206A 73.3 767.46 0.0624
204B — 205B 26.7

204A — 217A 1.17 634.20 0.0644
205A — 207A 98.8

198A — 207A 1.47 570.46 0.6470
205A — 206A 25.6

198B — 206B 1.99

204B — 205B 70.9

204A — 218A 2.11 42498 0.0117
205A — 208A 22.4

205A — 210A 2.70

205A — 211A 3.70

205A — 212A 22.5

205A — 213A 8.06

205A — 214A 32.7

205A — 215A 4.50

205A — 218A 1.33

204A — 207A 1.24 356.10 0.1527
196B — 205B 3.21

197B — 205B 5.12

202B — 205B 3.42

202B — 206B 2.46

203B — 205B 79.4

203B — 206B 5.11

204A — 207A 2.82 349.43 0.0285
195B — 205B 1.44

196B — 205B 6.79

201B — 205B 6.44

202B — 205B 72.6

202B — 206B 5.76

203B — 205B 1.73

203B — 206B 2.39

204A — 207A 6.83 328.69 0.0108
205A — 210A 5.16

205A — 212A 4.90

205A — 214A 1.64

205A — 217A 11.1

205A — 218A 17.5

196B — 205B 20.4

204B — 207B 324
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Table 34 Calculated UV/Vis/NIR transitions for PBI-OPh*".

Transitions % character Acal [nM] Oscillator strength f
205 — 206 4.54 555.80 0.2046
205 — 207 70.3

205 — 208 2.66

205 — 209 18.0

205 — 211 4.50

205 — 206 97.2 550.25 0.7577
205 — 207 2.82

205 — 207 6.39 430.38 0.0355
205 — 208 26.6

205 — 209 22.4

205 — 210 2.30

205 — 211 3.78

205 — 212 5.88

205 — 216 30.3

205 — 221 2.32

205 — 208 45.1 429.54 0.0054
205 — 209 10.4

205 — 210 17.0

205 — 211 3.23

205 — 212 2.60

205 — 213 8.10

205 — 217 4.71

205 — 220 4.83

205 — 222 3.98

205 — 207 4.40 412.89 0.0018
205 — 208 12.5

205 — 209 40.8

205 — 210 31.9

205 — 211 5.27

205 — 213 5.03

205 — 207 14.0 396.20 0.0321
205 — 208 9.85

205 — 209 11.5

205 — 210 15.8

205 — 212 20.5

205 — 216 28.4

205 — 207 3.88 392.47 0.0241
205 — 210 17.9

205 — 211 73.9

205 — 212 4.27

205 — 208 9.04 380.94 0.0126
205 — 210 17.0

205 — 211 5.89

205 — 212 13.9

205 — 213 21.5

205 — 216 20.4

205 — 217 3.10

205 — 219 3.32

205 — 220 5.89

205 — 211 4.97 363.43 0.0446
205 — 212 56.2

205 — 213 30.7

205 — 216 8.15

205 — 213 3.38 350.44 0.0162
205 — 214 93.9

205 — 216 2.67
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Table 35 Experimental and calculated transition dipole moments (ucg) of the PBIs in Debye

Heg (Experimental) [D]"! Meg (Calculated) [D]™
PBI PBI- PBI* PBI PBI"- PBI*-
PBI-CICN el -l el 6.7 3.6 9.2
PBI-CI 8.7 3.8 12.6 7.6 1.7 9.1
PBI-H 8.8 34 3.5 8.8 2.2 34
PBI-Ph 6.4 3.1 10.0 6.6 8.0 8.0
PBI-OPh 8.7 35 12.4 8.1 3.2 9.4

[a] Obtained by integration of the respective So-S; or Dy-D; transition (see Table 36). [b] Taken from the TD-DFT
calculations of the absorption spectra performed by the Multiwfn program.%” [¢] Not determined due to possible

significant overestimation as multiple transitions are present in the respective absorption bands.

The transition dipole moment (ue¢) has been calculated from the integral of the lowest energy

absorption band according to equation (Eq. 3)

ﬁz —
2 3hcgyln10 e(v)
= —— | —=dv Eq.3
|:ueg| 27.[2NA N] 17 v ( q )
Uq

with the molar extinction coefficient £(9), speed of light ¢ = 2.9979-10'° cm s~!, Planck’s
constant # = 6.6262-1073 I s, permittivity & = 8.8542:10~12 F m~! and Avogadro’s number Na
=6.0221-10% mol ™.

Table 36 Integration areas for the determination of the transition dipole moments (4&g) according to equation Eq. 3
of the PBIs from the experimental absorption spectra (Table 35).

PBI PBI~ PBI*-
PBI-Cl 440-580 nm 980-1125 nm 530-760 nm
PBI-H 400-600 nm 900-1025 nm 630-700 nm
PBI-Ph 510-715 nm 1010-1285 nm 525-735 nm
PBI-OPh 480-625 nm 1030-1165 nm 515-790 nm

161




Summary and Conclusion Chapter 6

Chapter 6

Summary and Conclusion

The increased research interest in polycyclic aromatic hydrocarbons (PAHs) due to their
favorable properties for the application in organic electronics like organic solar cells (OSCs),
organic thin film transistors (OTFTs) and organic light emitting diodes (OLEDs), has led to a
rapid development in the bottom-up synthesis of tailor-made novel materials with high carbon
content (Chapter 2.1). In recent years, the higher solubility and resulting easier processability
of nonplanar PAHs have been one of the driving forces in the development of methods to
introduce distortion into 7-systems. Examples on how to achieve this have been discussed in
Chapter 2.2, including the variation of the ring size to achieve Gaussian positive curvature with
rings containing less than six carbon atoms, e.g., in corannulene and sumanene or Gaussian
negative curvature by including larger, especially seven membered rings. Furthermore, the
introduction of groups in steric vicinity to achieve distortion through steric repulsion as well as
the connection of planar scaffolds via 3D linkers have been elucidated. Examples including two
or more of these motifs furthermore showed the vast possibilities in the design of novel
nonplanar PAHs. The group of nonplanar organic dicarboximides, e.g., rylene imides have
received considerable attention due to their good electron accepting properties as well as
intriguing structural variability and high conformational stability upon proper substitution
(Chapter 2.3). Especially perylene bis(dicarboximides) (PBIs) have been shown to be highly
functional due to their strong and distinct light absorption, which can be tuned readily by proper
substitution and fluorescence quantum yields up to unity. Thus, the main focus of this thesis
was to synthesize novel nonplanar PAHs based on corannulene and PBI z-scaffold and

elucidate their properties and self-assembly in solution as well as in the solid state.

Based on the previously investigated corannulene bis(dicarboximide) 1b,!®* the highly soluble
corannulene bis(dicarboximide) 1a with long trialkylphenyl chains in imide position could be
obtained by Suzuki-coupling and direct arylation of corannulene diboronic acid ester and the
corresponding naphthalene imide precursors (Chapter 3, Figure 118). The bowl-to-bowl

inversion was studied by temperature-dependent '"H-NMR studies, revealing a rate constant k
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of 65.2 57! and a free energy of activation of 78.4 kJ mol! indicating a slow bowl-to-bowl
inversion at room temperature, which should not disturb the envisioned aggregation. Despite
the similar properties of the monomeric 1a and 1b in dichloromethane (DCM) solution,
aggregation could only be observed for 1a upon dissolution in less polar solvents like methyl
cyclohexane, toluene or CCl4. Investigation by UV/Vis/NIR as well as 'H- and DOSY-NMR

spectroscopy resulted in the assignment of the aggregated species to thermodynamically stable

dimers.
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Figure 118 a) Chemical structure of electron-poor corannulene dicarboximides la-lc. b) The UV/Vis/NIR
absorption spectra (monomer: black, dimer: grey), fluorescence (solid line) and excitation spectra (dashed line) of
monomer (orange) as well as dimer (red) of 1a in toluene at room temperature (monomer: co = 1-10”7 M, dimer:
co = 2:1073 M). Inset: Molar fraction of aggregated molecules a,g as a function of the concentration in different
solvents fitted with the dimer model. ¢) Comparison of the minimal 7-overlap of the two proposed structures for
the dimer of 1a.

The extraordinary stability was again highlighted by comparison of the dimerization constants
of 1a in different solvents to a PBI congener bearing the same imide residue, which self-
assembles in an isodesmic fashion. In every solvent, the dimerization constant of l1a is
approximately two orders of magnitude higher than the isodesmic aggregation constant of the
PBI. The color of emitted light of 1a has been found to change from yellow for the monomer
to red for the dimer, which is reflected by a bathochromic shift and broadening of the emission
spectrum upon dimerization. Two structures were proposed for the arrangement of the two
molecules of 1a in a dimer of which the one with parallel aligned chromophores is governed by
larger 7-r7-interactions and the structure with antiparallel aligned molecules by dipolar
interactions (Figure 118c). An additional derivative of 1a, with more flexible alkyl chains in
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imide position 1c¢ has been synthesized as well within this thesis. Further organic photovoltaic
(OPV) studies in OSCs in combination with the donor polymer PCE-10 yielded a highest to
date reported maximum power conversion efficiency PCEmax of up to 2.1% for a corannulene

derivative.[?13

Changing the central 7-system from corannulene to perylene, nonplanar PBIs 2a-6a were
obtained by fourfold substitution of a tetrachlorinated PBI precursor with various aromatic
groups in bay position by Suzuki-coupling (Chapter 4). The large aryl groups impose a high
sterical crowding in the bay area which results in the distortion of the chromophore core. The
structure of three of these molecules could for the first time be unambiguously determined by
single crystal X-ray analysis, confirming the highly twisted arrangement of the two naphthalene
planes in the PBI core with twist angles up to 36.6° for 4a as well as the presence of two atropo-
enantiomers due to the axial chirality of the core (Figure 119b). While the solid-state
arrangement of the phenyl-derivative (2¢) and 2-naphthyl-derivative (4a) has been shown to be
predominantly determined by interactions between the chromophore cores, the packing in 6a,
however, is governed by the largest pyrene substituents, since they exhibit the same packing,
also found in pristine pyrene single crystals. Conformational analysis in solution by 'H-NMR
spectroscopy showed the ability of the smaller aryl residues to rotate freely around the C-C
bond connecting them to the chromophore, while larger substituents tend to form a total of up
to fourteen stable conformational isomers, which could be successfully distinguished by
extensive analysis of the 'TH-NMR spectra. The stability of the isomers as well as the ability of
the substituents to rotate has furthermore been shown to be dependent on the position of the
attachment in the aryl-substituent. In the 2-naphthyl (4a) derivative, rotation of the naphthyl
residues could be observed by 'H-NMR spectroscopy while in the 1-naphthyl (5a) derivative,
only a mixture of all fourteen possible conformational isomers could be found, indicating the
high stability of each conformation. UV/Vis/NIR and fluorescence spectroscopy showed
reduced molar absorption coefficients as well as a significant bathochromic shift compared to
the planar unsubstituted PBI. The atropo-enantiomers of 2a-2e, 3a and 4a could be separated
by chiral HPLC and analyzed by circular dichroism (CD) and circularly polarized luminescence
(CPL) spectroscopy, showing a mirror image relation with broad monosignate bands for the
So-S1 transition and a bisignate Cotton effect for the So-S: transition. Temperature-dependent
CD studies were conducted to evaluate the stability of the atropo-enantiomers towards
racemization. The free enthalpies of activation were determined to be 119.6 kJ mol™' and
118.6 k] mol~! for 2a and 4a, respectively. This demonstrates the high conformational stability

at room temperature, which enables the separation of both atropo-enantiomers.
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Figure 119 a) Chemical structures of synthesized tetraarylated PBIs 2a-6a. Single crystal X-ray structures of the
M-atropo-enantiomer of b) 2¢, c) 4a and d) 6a obtained from a racemic mixture of the respective PBI. CD and

CPL spectra of €) 2a and f) 4a in DCM (cp = 2:107% M) at room temperature.

The CPL spectra are among the most bathochromic shifted spectra of small organic molecules

with gium values of 10~ which is in the typical order of magnitude for small organic molecules.

In order to gain concise insights into the absorption and emission properties of a series of five
PBIs upon reduction to the radical anion and dianion, experimental and theoretical methods
were combined (Chapter 5). The four bay substituted PBIs PBI-CICN, PBI-CI, PBI-Ph and
PBI-OPh and the unsubstituted PBI-H were investigated by electrochemical as well as
spectroscopic methods (Figure 120). Cyclovoltammetry (CV) and square wave voltammetry
(SWV) measurements illustrate the large range of the first reduction potentials of nearly 1 V

between the most electron rich and poor PBI.
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Figure 120 a) Chemical structure of the PBIs investigated in their neutral and reduced states and the respective
absorption (dashed) and emission (solid) spectra of the b) neutral and c¢) dianionic PBIs in DCM (PBI-CICN
(black), PBI-CI (red), PBI-H (blue), PBI-Ph (green) and PBI-OPh (orange), ¢ = 4-10* M for absorption, cp =
1-107 M for fluorescence of PBI and o = 1-10~* M for fluorescence of PBI?>~ at room temperature using TBAHFP
(0.1 M) as electrolyte.

While the chemical reduction of these PBIs was successful in obtaining the desired reduced
species, it failed in long-term stability of the PBI anions, which was needed for the optical
measurements as the reoxidation could be monitored by absorption spectroscopy. Thus, the
radical anions and dianions were generated in situ electrochemically for the optical
characterization. Spectroelectrochemical UV/Vis/NIR measurements revealed bathochromic
shifts of up to 286 nm of the absorption maxima compared to the spectra of the neutral PBIs
upon the first reduction, with the most red-shifted band being relatively far in the NIR region
up to 1243 nm for PBI-CICN. Upon further reduction to the dianions, a hypsochromic shift of
different extent was observed for all derivatives and the molar extinction coefficient increased

to approximately 100000 M~! cm™!

. The emission properties of the reduced PBIs were
furthermore studied in a custom-built cell, revealing the non-emissive character of the radical
anions and a decrease of the fluorescence quantum yields for the dianions compared to their
neutral states. This has been ascribed to an increased number of nonradiative decay pathways
in the dianions but still afforded NIR fluorescence of up to 18% for PBI-H*~. DFT and TD-

DFT calculations were conducted to help in the interpretation of the electronic and structural
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changes as well as to rationalize the experimental absorption spectra. Especially the low
oscillator strength for the So-S; transition of the dianion of PBI-H compared to the other
dianions of bay substituted derivatives was found to stem from the difference in transition
density. These investigations enabled the establishment of a systematic library of opto-
electronic properties of PBIs in their different reduced states, which will enable researchers in

the field of transient absorption to compare their obtained data with the herein presented.

In conclusion, different nonplanar PAHs with corannulene or perylene as the central 7z-system
were successfully synthesized and investigated in this thesis. The investigations covered the
self-assembly behavior of novel corannulene derivatives in solution and the systematic
variation of the imide and bay residues in tetraarylated PBIs, resulting in structural and chemical
changes, which proof to be useful in the deeper understanding of the intermolecular
interactions, especially in the solid state. The concise elucidation of the properties of a series of
PBIs in their neutral and reduced states should be of value for the analysis of PBI based
molecules and materials by transient absorption spectroscopy. Some of the herein described
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dinaphthylcorannulenel®'* and twisted perylene derivatives!®'*! have already been applied

successfully as NFA material in OSCs.
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Aufgrund der vorteilhaften Eigenschaften fiir die Anwendung in der organischen Elektronik
wie beispielsweise organischen Solarzellen (OSC), organischen Diinnschichttransistoren
(OTFT) und organischen Leuchtdioden (OLED) hat sich das Forschungsinteresse an
polyzyklischen aromatischen Kohlenwasserstoffen (PAK) erhoht. Dies fiihrte zu einer rasanten
Entwicklung bei deren Synthese, ausgehend von kleineren Molekiilen als Vorstufen von
mafgeschneiderten neuartigen Materialien mit hohem Kohlenstoffgehalt (Kapitel 2.1). In den
letzten Jahren war eine der treibenden Krifte bei der Entwicklung von PAKs die Einfithrung
von Storungen der Planaritdt, womit eine hohere Loslichkeit und sich eine daraus resultierende
leichtere Verarbeitungsfahigkeit ergibt. Beispiele dafiir, wie dies erreicht werden kann, wurden
in Kapitel 2.2 erortert, einschlieBlich der Variation der Ringgréf3e zur Realisierung einer
positiven Gaufi’schen Kriimmung mit Ringen, die weniger als sechs Kohlenstoffatome
enthalten, z.B. in Corannulen und Sumanen, oder einer negativen Gauf3’schen Kriimmung
durch Integration groferer, insbesondere siebengliedriger Ringe. Dariiber hinaus wurden die
Einfiihrung von Gruppen, welche in rdumlicher Néhe zueinander stehen zur Realisierung von
Verzerrungen aufgrund sterischer Abstoung sowie die Verbindung von planaren Geriisten
mittels 3D-Verbindungseinheiten aufgekléart. Beispiele, die zwei oder mehr dieser Motive
enthalten, zeigten dariiber hinaus die weitreichenden Mdglichkeiten fiir das Design neuartiger
nicht-planarer PAK. Die Familie der nicht-planaren organischen Dicarboximide, z.B.
Rylenimide, erhielt aufgrund ihrer guten Elektronenakzeptoreigenschaften sowie ihrer
faszinierenden strukturellen Variabilitit und hohen Konformationsstabilitdt bei geeigneter
Substitution groBe Aufmerksamkeit (Kapitel 2.3). Insbesondere Perylen-bis(dicarboximide)
(PBIs) haben sich aufgrund ihrer starken und charakteristischen Lichtabsorptionsfahigkeit, die
durch geeignete Substitution leicht eingestellt werden kann und Fluoreszenzquantenausbeuten
bis zu 100% als hochfunktionell erwiesen. Das Hauptaugenmerk dieser Arbeit lag daher auf der
Synthese neuartiger nicht-planarer PAK auf der Basis von Corannulen und PBI 7-Gertisten
sowie der Untersuchung ihrer Eigenschaften und ihres Selbstorganisationsvermogens in
Losung und im Festkorper.
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1651 konnte das gut

Ausgehend von dem zuvor untersuchten Corannulen-bis(dicarboximid) 1b,
16sliche Corannulen-bis(dicarboximid) 1a mit langen Trialkylphenylketten in Imidposition
durch Suzuki-Kupplung und direkte Arylierung von Corannulendiborsdureester mit den
entsprechenden Naphthalimid-Vorstufen erhalten werden (Kapitel 3, Abbildung 1). Die
Schaleninversion wurde mittels temperaturabhiingiger 'H-NMR Studien untersucht, welche
eine Geschwindigkeitskonstante & von 65.2s™' und eine freie Aktivierungsenergie von
78.4 kJ mol™! zeigten, was auf eine langsame Schaleninversion bei Raumtemperatur hindeutet,
die die angestrebte Aggregation nicht beeintrachtigen sollte. Trotz der dhnlichen Eigenschaften
der monomeren Molekiile 1a und 1b in Dichlormethan (DCM), konnte die Aggregation
lediglich fiir 1a in weniger polaren Losungsmitteln wie Methylcyclohexan, Toluol oder CCly

beobachtet werden. Untersuchungen mittels UV/Vis/NIR sowie 'H- und DOSY-NMR

Spektroskopie ergaben eine Einordnung der aggregierten Spezies als thermodynamisch stabile
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Die auBergewodhnliche Stabilitit der Dimere wurde durch den Vergleich der
Dimerisierungskonstanten von 1a in verschiedenen Losungsmitteln mit einem verwandten PBI,

welches denselben Imidrest aufweist und nach dem isodesmischen Modell aggregiert,
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hervorgehoben. Die Dimerisierungskonstante von 1a ist in jedem untersuchten Losungsmittel
etwa zwei GroBenordnungen grofer als die isodesmische Aggregationskonstante des PBIs. Die
Farbe des von 1a emittierten Lichts verdndert sich von gelb fiir das Monomer zu rot fiir das
Dimer, was sich ebenfalls in einer bathochromen Verschiebung und einer Verbreiterung des
Emissionsspektrums widerspiegelt. Fiir die Anordnung der beiden Molekiile von 1a in einem
Dimer wurden zwei mogliche Strukturen vorgeschlagen, von denen diejenige mit parallel
ausgerichteten Chromophoren durch gréBere 7-7-Wechselwirkungen und die Struktur mit
antiparallel ausgerichteten Molekiilen durch dipolare Wechselwirkungen favorisiert wird
(Abbildung Ic). Ein weiteres Derivat von 1a mit flexiblen Alkylketten in der Imidposition 1c
wurde im Rahmen dieser Arbeit ebenfalls synthetisiert. Weitere Studien zur Anwendung dieses
Derivates 1e¢ in organischer Photovoltaik (OPV) in OSCs in Kombination mit dem
Donorpolymer PCE-10  ergaben die  bisher hochste  berichtete  maximale

Energieumwandlungseffizienz PCEmax fiir ein Corannulenderivat von bis zu 2.1%.113

Durch die Anderung des zentralen 7-Systems von Dinaphthylcorannulen zu Perylen konnten
die nicht-planaren PBIs 2a-6a durch vierfache Substitution einer vierfachchlorierten PBI-
Vorstufe mit verschiedenen aromatischen Gruppen in Buchtposition durch Suzuki-Kupplung
erhalten werden (Kapitel 4). Die grollen Arylgruppen weisen einen hohen sterischen Anspruch
auf, was zu einer Verdrehung des Chromophorkerns fiihrt. Die Struktur von drei dieser
Molekiile konnte erstmals durch rongenkristallographische Analyse bestimmt werden, wobei
die stark verdrehte Anordnung der beiden Naphthalinebenen im PBI-Kern mit
Verdrehungswinkeln von bis zu 36.6° fiir 4a, sowie die Anwesenheit von zwei Atropo-
Enantiomeren aufgrund der axialen Chiralitdt des Kerns, bestitigt wurden (Abbildung 2b).
Wihrend die Packung des Phenyl-Derivats (2¢) und des 2-Naphthyl-Derivats (4a) im
Festkorper in erster Linie durch Wechselwirkungen zwischen den Chromophorkernen bestimmt
wird, wird die Packung von 6a im Festkorper von den sterisch anspruchsvollen
Pyrensubstituenten kontrolliert, da diese die gleiche Anordnung aufweisen, die auch in reinen
Pyren Einkristallen zu finden ist. Die Analyse der Konformation in Lésung mittels 'H-NMR
Spektroskopie zeigte, dass die kleineren Arylreste in der Lage sind, frei um die C-C-Bindung
zum Chromophor zu rotieren, wiahrend groBere Substituenten bis zu insgesamt vierzehn
Stereoisomere liefern, die durch eine umfassende Analyse der '"H-NMR Spektren erfolgreich
unterschieden werden konnten. Die Stabilitit der Isomere, sowie die Fahigkeit der Rotation der
Arylsubstituenten ist des Weiteren von der Position der Bindung im Aryl-Substituenten
abhiingig. Im 2-Naphthylderivat (4a) konnte die Rotation der Naphthylreste mittels 'H-NMR
Spektroskopie beobachtet werden, wiahrend im 1-Naphthylderivat (Sa) lediglich eine Mischung
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aller vierzehn moglichen Stereoisomere gefunden werden konnte, was auf die hohe Stabilitit

jedes einzelnen Isomers hindeutet.
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Abbildung 2 a) Chemische Struktur der synthetisierten tetraarylierten PBIs 2a-6a. Mittels Rontgenstrukturanalyse
erhaltene Einkristallstrukturen der M-Atropo-Enantiomere von b) 2¢, ¢) 4a und d) 6a. CD und CPL Spektren von

€) 2a und f) 4a in DCM (co = 2:107° M) bei Raumtemperatur.

Die UV/Vis/NIR- und Fluoreszenzspektren zeigten reduzierte molare dekadische
Absorptionskoeffizienten sowie eine signifikante bathochrome Verschiebung im Vergleich zu
einem planaren, unsubstituierten PBI. Die Atropo-Enantiomere von 2a-2e, 3a und 4a konnten
mit Hilfe von HPLC an einer chiralen stationidren Phase getrennt werden und mittels
Zirkulardichroismus (CD) und zirkular polarisierter Lumineszenzspektroskopie (CPL)
charakterisiert werden. Dabei zeigte sich eine spiegelbildliche Beziehung mit breiten Banden
fiir den So-Si Ubergang und einem bisignaten Cotton-Effekt fiir den So-S» Ubergang.
Temperaturabhiingige CD-Studien wurden durchgefiihrt, um die Stabilitit der Atropo-

Enantiomere gegeniiber Razemisierung einzuschdtzen. Die freien Aktivierungsenthalpien
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konnten hierbei mit 119.6 kJ mol~!' und 118.6 kJ mol~! fiir 2a und 4a bestimmt werden. Dies
zeigt die hohe Konformationsstabilitit bei Raumtemperatur, die die Trennung der beiden
Atropo-Enantiomere ermoglichte. Die CPL-Spektren gehoren zu den am stédrksten bathochrom
verschobenen Spektren kleiner organischer Molekiile mit gum Werten von 10~3, was in der

typischen GréBenordnung fiir kleine Molekiile liegt.

Um prézise Einblicke in die Absorptions- und Emissionseigenschaften einer Reihe von fiinf
PBIs und deren Radikalanionen und Dianionen durch Reduktion zu erhalten, wurden
experimentelle und theoretische Methoden kombiniert (Kapitel 5). Die vier buchtsubstituierten
PBIs PBI-CICN, PBI-Cl, PBI-Ph and PBI-OPh sowie das unsubstituierte PBI-H wurden
sowohl mittels elektrochemischer als auch mit spektroskopischen Methoden untersucht
(Abbildung 3). Cyclovoltammetrie- (CV) und Rechteckwellenvoltammetrie (SWYV)
Messungen verdeutlichen den grolen Bereich von fast 1V, der zwischen dem
elektronenreichsten und elektronendrmsten PBI abgedeckt wird. Zwar war es moglich, die
gewiinschten reduzierten Spezies durch chemische Reduktion erfolgreich zu erhalten, jedoch
scheiterten die optischen Messungen dieser Spezies an deren rascher Reoxidation, welche
mittels Absorptionsspektroskopie verfolgt werden konnte. Aufgrund dessen wurden die
Radikalanionen und die Dianionen der PBIs fiir deren optische Charakterisierung in-situ
elektrochemisch erzeugt. Spektroelektrochemische UV/Vis/NIR-Messungen zeigten eine
bathochrome Verschiebung der Absorptionsmaxima der Radikalanionen um bis zu 286 nm im
Vergleich zu den Spektren der neutralen PBIs, wobei die am stirksten rotverschobenen Banden
vergleichbar weit im NIR-Bereich liegen, mit einer Verschiebung bis zu 1243 nm fiir
PBI-CICN. Bei der Reduktion zu den Dianionen durch das Anlegen eines negativeren
Potenzials konnte bei allen Derivaten eine hypsochrome Verschiebung der Absorptionsspektren
unterschiedlichen Ausmales festgestellt werden. Der molare Extinktionskoeffizient stieg fiir

beinahe alle PBIs auf 100000 M~! cm™'.
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Abbildung 3 a) Chemische Struktur der untersuchten PBIs, welche in ihrem neutralen und reduziertem Zustand
untersucht wurden und die jeweiligen Absorptions- (gestrichelte Linie) und Emissionsspektren (durchgezogene
Linie) der b) neutralen und ¢) dianionischen PBIs in DCM. (PBI-CICN (schwarz), PBI-CI (rot), PBI-H (blau),
PBI-Ph (griin) und PBI-OPh (orange), co = 4-10™* M fiir die Absorption, co = 1:10~ M fiir die Fluoreszenz des
PBI und ¢p = 1:10* M fiir die Fluoreszenz von PBI>~ bei Raumtemperatur unter Verwendung von TBAHFP
(0.1 M) als Leitsalz.

Die Emissionseigenschaften der reduzierten PBIs wurde dariiber hinaus in einer fiir diesen
Zweck angepassten Zelle untersucht. Dabei zeigte sich, dass die Radikalanionen nicht
emittierend sind und die Fluoreszenzquantenausbeute der Dianionen im Vergleich zu ihren
neutralen Zustdnden abnimmt. Dies wurde auf eine erhohte Menge nichtstrahlender
Desaktivierungswege in den Dianionen zuriickgefiihrt, welche jedoch immer noch eine NIR-
Fluoreszenz von bis zu 18% fiir PBI-H?* erreichten. Desweiteren wurden DFT und TD-DFT-
Rechnungen durchgefiihrt, um die elektronischen und strukturellen Verdnderungen besser
interpretieren zu konnen und die experimentell erhaltenen Absorptionsspektren zu erklaren.
Insbesondere die niedrige Oszillatorstiirke fiir den So-S1 Ubergang des Dianions von PBI-H im
Vergleich zu den Dianionen der anderen buchtsubstituierten PBIs konnte durch diese
Berechnungen auf einen Unterschied in der Ubergangsdichte zuriickgefiihrt werden. Diese
Untersuchungen ermdglichten die Erstellung einer systematischen Bibliothek der
optoelektronischen Eigenschaften von fiinf verschiedener PBIs und deren verschiedener

reduzierter Zustinde, welches Forschern insbesondere auf dem Gebiet der transienten
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Absorptionsspektroskopie den Nachweis fiir die Population dieser transienten Spezies

ermoglicht.

Zusammenfassend kann festgehalten werden, dass in dieser Arbeit verschiedene nicht-planare
Imid-substituierte PAK mit Dinaphthylcorannulen und Perylen als zentralem 7z-System
erfolgreich synthetisiert und untersucht werden konnten. Die Studien umfassten das
Selbstorganisationsverhalten neuartiger Corannulenderivate in Losung und die systematische
Variation der Imid- und Buchtreste in vierfach arylierten PBIs. Diese fiihrten zu strukturellen
und chemischen Verdnderungen, welche sich als niitzlich fiir das tiefere Verstindnis der
intermolekularen Wechselwirkungen, insbesondere im Festkorper, erwiesen. Die prizise
Aufklarung der Eigenschaften einer Reihe von PBIs in ihren neutralen und reduzierten
Zusténden diirfte sich des Weiteren in Zukuntft fiir die Analyse von Molekiilen und Materialien,
welche auf PBIs basieren mittels transienter Absorptionsspektroskopie als niitzlich erweisen.
Einige der hier beschriebenen Bisimide der Dinaphthylcorannulene*!¥ sowie kernverdrillten
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Perylene®'¥ konnten bereits erfolgreich als Akzeptormaterialien in organischen Solarzellen

eingesetzt werden.
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Self-Assembly of Bowl-Shaped Naphthalimide-Annulated Corannulene

R. Renner, M. Stolte, F. Wiirthner, ChemistryOpen 2020, 9, €1900291.

author R. R. M. S. F. W.
Design der Studie 30% 10% 60%
Synthese 100% - -
Charakterisierung 100% - -
Optische Untersuchungen 80% 20% -
NMR Untersuchungen 95% 5% -
Verfassen der Ver6ffentlichung 55% 35% 10%
Korrektur der Veroffentlichung 10% 35% 55%
Koordination der Verdffentlichung 20% 20% 60%
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Chiral Perylene Bisimide Dyes by Interlocked Arene Substituents in the Bay Area

R. Renner, B. Mahlmeister, O. Anhalt, M. Stolte, F. Wiirthner, Chem. Eur. J. 2021, 27,
https://doi.org/10.1002/chem.202101877.

author R.R. B. M. 0. A. M. S. F. W.
Design der Studie 30% - - - 70%
Synthese 100% - - - -
Aufreinigung 100% - - - -
Charakterisierung der Molekiile 100% - - - -
Optische Untersuchungen 80% 20% - - -
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Kristallstrukturanalyse - - 100% - -
Theoretische Berechnungen 100% - - - -
Verfassen der Veroffentlichung 65% 10% - 15% 10%
Korrektur der Verdffentlichung 15% 10% - 25% 50%
Koordination der Veroffentlichung 20% - - 20% 60%
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Substituent-Dependent Absorption and Fluorescence Properties of Perylene Bisimide

Radical Anions and Dianions

R. Renner, M. Stolte, J. Heitmiiller, T. Brixner, C. Lambert, F. Wiirthner, Mater. Horiz. 2021,
https://doi.org/10.1039/D1IMHO01019K.
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Korrektur der Ver6ffentlichung 15% 20% 5% 5% 5% 50%
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