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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

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 (4,=2.1D)" and enhanced solubility in
common organic solvents® compared to planar PAHs. Other
bowl-shaped molecules like subphthalocyanines®™ 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 func-
tional structures.*® Furthermore, corannulene was shown to be
a useful precursor for the synthesis of large non-planar nano-
graphenes by annulative w-extension to give new, structurally
alluring molecular shapes and motifs.”"

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 Cy, with
corannulene in the solid state”? and in solution™ due to the
complementary intimate concave-convex s-m-interactions. By
connecting two bowl-shaped precursors with a rigid bridge, it

[a] R. Renner, Dr. M. Stolte, Prof. Dr. F. Wiirthner
Institut fiir Organische Chemie & Center for Nanosystems Chemistry,
Universitdt Wiirzburg
Am Hubland, 97074 Wiirzburg (Germany)
E-mail: wuerthner@uni-wuerzburg.de

Supporting information for this article is available on the WWW under

https://doi.org/10.1002/0pen.201900291

= An invited contribution to a Special Collection dedicated to Functional Su-
pramolecular Systems

' ©2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA.

This is an open access article under the terms of the Creative Commons
Attribution Non-Commercial NoDerivs License, which permits use and dis-
tribution in any medium, provided the original work is properly cited, the
use is non-commercial and no modifications or adaptations are made.

ChemistryOpen 2020, 9, €1900291 (1 of 8)Wiley Online Library

(DOSY) measurements as well as by theoretical calculations.
Thus, herein we present the first report of a supramolecular
dimer of an annulated 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.

was further possible to synthesize the “buckycatcher”, a
molecular tweezer which is able to form a supramolecular 1:1
complex with Cg, through concave-convex z-w-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.>
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 subphtha-
locyanines 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."® 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."®?"

By introducing electron-withdrawing substituents e.g. halo-
gens or nitrile groups on the rim of the corannulene system the
electronic properties of the molecules can be altered which is
of interest for their use in organic electronics as n-type
semiconductors.”"# The same attributes can be achieved via
extension of the aromatic m-system with naphthalimide
moieties using a Suzuki-Miyaura cross coupling/Heck type
arylation cascade annulation reaction to establish an interesting
new class of bowl-shaped PAHs.** These new molecules exhibit
intriguing optical and electronic properties, being among the
highest fluorescent z-conjugated bowl-shaped dyes. Their low-
lying frontier orbitals offer the possibility to use them in
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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 3a was synthesized with
solubilizing tridodecylphenyl side chains. Here we will show
that 3a forms supramolecular dimers of outstanding thermody-
namic stability in various solvents. To the best of our knowl-
edge, 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 s-m-interactions between two mole-
cules and the other based on dipolar interactions.

2. Results and Discussion
2.1. Synthesis

The synthesis of 3a 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 1) Using tri(m-tolyl)phosphine instead of tricyclo-
hexylphosphine tetrafluoroborate as ligand in the reaction, the
product 3a was isolated as a dark red solid in a yield of 28%.
The new molecule as well as the precursor 2a were charac-
terized using 'H and "*C NMR spectroscopy (Figure S1-S4) and
mass spectrometry (MALDI, DIP, ESI). The literature known
molecule 3b could also be synthesized under these new
conditions in a yield of 24 %.

Br

2
(2eq.)

Scheme 1. Synthesis of bowl-shaped polycyclic aromatic bis(dicarboximides)
3a and 3b. a) [Pd,(dba),]- CHCl; (5 mol%), P(m-tolyl); (20 mol%), Cs,CO,
(6 equiv.), 1-chloronaphthalene; Bpin: boron(pinacol)ester.
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2.2, Optical Properties

The optical properties of the new corannulene derivative 3a
were firstly investigated in dichloromethane (DCM, Figure 1)
and compared with the previously reported molecule 3 b.

In this highly polarizable solvent, the band shape as well as
the absorption maximum of the S,-S, transition, that appears at
Amax=536 Nnm, are in good accordance with the reported
absorption spectrum, which is typical for this type of corannu-
lene deriative, and wavelength for the diisopropylphenyl
derivative 3b (1 =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 A=>572 nm with only small Stokes shift of 1140 cm™". The
fluorescence quantum yield of 3a (®;=43%) is only slightly
lower than for 3b (®,=48%). Despite the varying imide
substituents, the shapes and positions of the absorption as well
as the fluorescence spectra are similar in the monomeric, non-
aggregated state.

2.3. Self-Assembly Behavior

Because the bowl-to-bowl inversion was considered to hamper
self-assembly of naphthalimide-annulated corannulene deriva-
tives, we investigated this process by temperature-dependent
'H-NMR spectroscopy in deuterated 1,1,2,2-tetrachloroethane
(TCE-d,)."” Molecule 3 a 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 indistuinguishable. In contrast, due to the two different
faces (convex, concave) of the corannulene derivative and the
steric hindrance of the diisopropylphenyl groups in molecule
3b, the isopropyl groups attached at the phenyl ring in ortho
position and the protons in meta position have different

0.5

normalized fluorescence / a.u.

T T ~:|:.'.'=-‘ 0.0
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Figure 1. UV/Vis absorption (solid line) and fluorescence (dashed line,
Aex="501 nm) spectra of 3a (red) and 3 b (black) in dichloromethane
(c=1-10"°M, 25°C).
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chemical environments and can therefore be distuinguished at
room temperature (Figure S5). Temperature-dependent 'H-NMR
studies revealed a coalescence temperature T,=370K. At
temperatures above this temperature the bowl-to-bowl inter-
conversion is very fast and thus the signals are not distinguish-
able anymore.lt 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™=78.4 kimol™', which is in
good accordance with the value obtained by theoretical
calculations (B3LYP/def2svp) of AG=76.6 kimol™' (Figure S6).
These values indicate the slow bowl-to-bow! interconversion of
naphthalimide-annulated corannulene at room temperature,
which should accordingly not disturb the self-assembly.

At room temperature, the signals of 3b appear quite sharp
in TCE-d,, indicating the lack of aggregation due to the sterically
demanding diisopropyl groups (Figure S5). In contrast, in the
absence of sterically demanding ortho-substituents, the aggre-
gation of molecule 3a 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 aromatic protons
signals can be observed, which is attributed to the formation of
the monomer (Figure S7). The aliphatic region of the spectra is
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also affected by the aggregation-dependent broadening of
signals. Similar behavior is observed in temperature-dependent
'H-NMR spectra of 3a 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 S8), which is in accordance with common observations
of other dye aggregates like perylene bisimides (PBIs)*® and
phthalocyanines.””

Deeper insights into the formation of aggregates was
obtained by concentration-dependent UV/Vis spectroscopy in
toluene due to the low polarity of the solvent and the good
solubility up to 150 mgmL™" of 3a in this solvent, which is one
order of magnitude higher than the solubility of 3b (Figure 2A).

Upon increasing the concentration of 3a a pronounced
broadening of the absorption band and a loss of its structure is
detectable, suggesting distinct intermolecular interactions be-
tween 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 size of 2, giving K,=
24-10*M™" and a cooperativity factor c=58 (see Figure S11).
Accordingly, the initial dimerization is highly favoured over the
elongation (K=4.1-10>M"") and the elongation constants are
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Figure 2. Concentration-dependent UV/Vis spectra at 25 °C of A) 3a (black, c=4.5-10""-4.0-10"* M) in toluene, the global fit analysis according to the
monomer-dimer model for 3a (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 a4,

as a function of concentration of 3 a fitted with the dimer model; C)

Concentration-dependent UV/Vis spectra of PBI 4 in toluene (c=1.0-107°-2.2-107> M) and D) molar fraction of aggregated molecules (a,4) as a function of
concentration of 4 fitted with the isodesmic model. Reproduced from Ref. [28] with permission from The Royal Society of Chemistry.
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prone to significant errors because only small amounts of the
dimers further aggregate under the given experimental con-
ditions. For this reason, the more simple monomer-dimer?”
model also afforded a good fit of the experimental data and
was therefore applied for the following solvent-dependent
aggregation studies. The dimerization constant K, 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 kJmol™' and the
ideal monomer and dimer spectra were obtained as well
(Figure 2A).

Similar spectral changes from the monomeric to the dimeric
species could be observed by a decrease of the temperature of
a solution of 3a in toluene (Figure S9a). 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 kJmol™", AS°=—-10.8 JK™' and AG’=—23.6 kimol™". 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 3a
in toluene.

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 meth-
ylcyclohexane (MCH), a mixture of MCH and toluene in a ratio
of 2:1, tetrachloromethane and 1,1,2,2-tetrachloroethane (TCE)
have been chosen. All spectral data could be fitted with the
monomer-dimer model as well as with the anti-cooperative
model (Figure S10). 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 K, are summarized in Table 2 and depicted as a
function of the molar fraction of aggregated molecules in
dependence of the concentration in Figure 2B. K 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 the 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 (K,=3.0-10° M~") in CCI,,®"
extended PBI aggregates (K=1.5-10"M") in MCH®? and
merocyanine dimers (K,=2.1-10'M"") in CCI,®¥ 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.
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As bay-unsubstituted PBl dyes are congeners of the
investigated corannulene derivative 3a, a comparison to the
well-studied PBI 4, 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 structure
of the absorption band and its broadening upon aggregation is
found for 3a in a solution of toluene as well as for PBI 4
(Figure 2C). The comparison of the aggregation constants K of
molecule 3a and the congener PBI 4, shows a significant
increase by approximately two orders of magnitude for 3a in
the three solvents, which were investigated for both molecules,
MCH, toluene and CCl, (Table 2).*® 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.

2.4. Structural Elucidation

The changes in the emission spectra of dye 3a (Figure 3) are
also of high interest for the characterization of the aggregate
and a comparison to PBI 4. Depending on the concentration,
the color of the emitted light changes from vyellow (c=
11077 M) via orange to red (c=2-10"% M). A similar change of
the color depending on the fraction of aggregated molecules in
solution and the emission band is observed for the congener 4
in MCH.”? Upon aggregation, 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 4.5%** The fluorescence quantum yield (@) of 3a in toluene
is even higher (54 %) than the already substantial quantum yield
of the monomer in DCM (43%, Table 1). Remarkably, the

0.4

Fluorescence /a.u.

0.2

0 T L == T T
400 500 600 700 800
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0.0

Figure 3. UV/Vis absorption spectra (monomer: black; dimer: grey) of 3a in
toluene at 25 °C and the respective fluorescence (solid lines; A, =469 nm) as
well as excitation (dashed lines) spectra of monomer (orange, c=1-10" M;
Aem =605 nm) and dimer (red, c=2-1072 M; A, =650 nm). The inset shows
the optical photographs of the sample solutions under A) ambient and B)
black light illumination.
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Table 1. Optical properties of corannulene derivatives 3a and 3 b as well as PBI 47 in dichloromethane and toluene at 25 °C.

Solvent Aaps [NM] eMTem™] Aem [NM] Dy, [%] 7 [ns] Stokes shift [cm™']
3a DCM 536, 503, 477 52500, 56200, 44900 572 43" 492 1140
3a (M) Toluene 540, 504, 477 55250, 65400, 59000 562 549 432 730
3a (D) Toluene 555, 466 24100, 46600 612 24" 8.56 (89 %) 1680
2.81 (11%)
3b DCM 538, 504, 478 45900, 51300, 42500 573 48® 5.00 1140
429 DCM 527, 491, 460 96300, 58100, 21000 532 63 3.2 180

for reabsorption.

[a] For molecular structure of PBI 4, see Figure 2C. [b] Fluorescence quantum yields were determined relative to a standard dye (N,N'-bis(2,6-
diisopropylphenyl)-3,4,9,10-perylenetetracarboxylic diimide.”” [c] Fluorescence quantum yields were determined with an integrating sphere and corrected

Table 2. Comparison of the dimerization constant Kj of 3a and the

isodesmic aggregation constant K of PBI 4 in different solvents at 25 °C.
Ko (3a) [M7] K (4) M1

Hexane il 1.2-10°

MCH ~3.10%®! 9.7-10*

MCH/Toluene 2:1 1.8-10° -

Toluene 2.4-10 5.9-10°

cal, 2.1-10 6.5-10

TCE 2410 -

[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. [28]; MCH = methyl-

cyclohexane, TCE=1,1,2,2-tetrachloroethane.

aggregate also exhibits a quite high quantum yield of 24%
despite of the contortion of the z-scaffold that is known to
favour 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
4,54 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 3a which show a decrease of the intensity of
the 0,0 transition and a hypsochromic shift of the absorption
maximum compared to the monomer which are indicative for a
H-type exciton coupling.?’*®

Supporting evidence for the formation of dimers has been
obtained by AFM measurements that were performed by spin
coating solutions of different concentrations of 3a in toluene
(monomeric: c=2-10"°M and aggregated: c=3-10"* M) onto
TPA-modified SiO,/AIO, substrates (Figure 4). Spin-coating leads

' 3.0 nm

l 30nm

1.5 nm 1.5nm

8.0 nm 0.0 nm

Figure 4. AFM height images of 3a prepared by spin-coating onto TPA-
modified SiO,/AlO, substrates from toluene at a concentration of A)
€=2-10"M (€,gy=0.11) and B) c=3-10"> M (a1,4y=0.91).
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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 3b 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. Obviously, the AFM images do not indicate the
formation of any larger-sized columnar aggregates which were
observed for PBI 4 and other related PBI aggregates whose self-
assembly is characterized by an isodesmic growth.®¥ Accord-
ingly, the preferentially dimerized 3a species in solution
obviously do not form defined extended aggregates upon
solvent evaporation during the spin-coating process.

To further confirm the presence of dimers of 3a in solution,
DOSY NMR studies were performed in TCE-d, (c=5-10"* M) at
260 K as well as 390 K, where either mostly dimers (c,q,=0.9) or
monomers (a,,, =0.1) are present. The diffusion coefficients of
Dy=4.19-10"""m?s™" for the monomeric species at elevated
temperatures and D, =4.31-10""" 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
rw=13.7 A for the monomer and r,=15.6 A for the dimer,
respectively (Figure S11). The obtained values match the
dimension of a dimer at high concentrations and room temper-
ature 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 3a afforded two structures of lowest energy, driven either
primarily by the maximization of m-overlap (dispersion inter-
actions) or the antiparallel alignment of the ground state dipole
moments (electrostatic interactions). The maximization of m-7-
interactions between the concave and convex face of the
corannulene derivative is realized in the structure shown in
Figure 5A, making the system overall 11 kJmol™" lower in
energy compared to the structure in Figure 5B. The structural
motif in Figure 5A also resembles the one calculated for
corannulenes without appended naphthalimide units which
suggested the formation of eclipsed dimers to be energetically
favoured.®”
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Figure 5. Top and side views onto two geometry-optimized (PM6-D3H4)
structures that are lowest in energy for the dimer of 3a governed either by
A) intimate sr-r-stacking or B) electrostatic dipole-dipole interactions.
Bottom: Comparison of the minimal overlap of the zz-systems (light blue
area) of both dimeric structures of 3a. The dodecyl chains were omitted for
the geometry optimization.

In this favoured structure, depicted in Figure 5A, two
corannulene moieties stack on top of each other in a parallel
fashion. As a consequence, the overall ground state dipole
moments sum up to uy=7.5D compared to the monomeric
species (u;=3.8D). Previous theoretical investigations of
corannulene dimers showed that the interactions between
these curved s-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
m-n-distance in PBI molecules.”

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 3.42 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 sr-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 side chains that are located rather
close in space due to the small rotational displacements for the
lower energy dimer structure displayed in Figure 5A. Notably,
this rotational displacement is by far smaller than for perylene
bisimides.?¥

In contrast, in the second structure shown in Figure 5B, the
dimerization is strongly governed by the antiparallel alignment
of the two corannulene moieties, almost completely cancelling
the ground state dipole moment to u,=1.6 D. In this structure,
less overlap of the two m-systems is observed. Both structures

ChemistryOpen 2020, 9, €1900291 (6 of 8)www.chemistryopen.org
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are quite similar in size and energy, thus it is not possible to
differentiate them in solution by the applied experimental
techniques.

3. Conclusions

In conclusion, we have studied the self-assembly of a new
naphthalimide-annulated corannulene derivative, with tridode-
cylphenyl 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 (K,=
3.0-10°M™") in CCl, extended PBI aggregates (K=1.5-10"M™")
in MCH and merocyanine dimers (Kp=2.1-10"M™") in CCl,.
Direct comparison to a structurally related PBI congener
demonstrated the high propensity of our naphthalimide-
annulated corannulene to self-assemble 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 dimeriza-
tion, we were able to propose two optimized structures for the
aggregate by semi-empirical calculations, one showing parallel
alignment driven by s-z-interactions and the other antiparallel
alignment, supported by dipolar interactions. Having a signifi-
cantly higher degree of -overlap and a by 11 kimol™" 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 semi-
conducting polymers.*"#

Experimental Section

Materials & 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 per-
formed with commercial glass columns using silica gel 60 M
(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 Il HD 400 or Avance Illl HD 600 spectrometer and are
calibrated to the residual proton signal of the used deuterated
solvent. The chemical shifts (0) 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
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and multiplet, respectively. MALDI-TOF mass spectra were recorded
with an autoflex Il mass spectrometer (Bruker Daltonics GmbH)
using DCBT  (2-[(2E)-3-(4-tert-butylphenyl)-2-methylprop-2-enyli-
dene]malononitrile) as matrix. High resolution mass spectra (ESI)
were recorded with an ES/ 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 deter-
mined on a Hamamatsu Absolute PL Quantum Yield Measurement
System (€(C9920-02. 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 3a onto TPA-functionalized SiO,/AlO,-substrates. Theoret-
ical calculations were performed by Gaussian 09 program using
DFT B3LYP/def2svp or the semi-empirical PM6-D3H4 method™*** as
implemented in MOPAC2016."' Optimized ground-state geome-
tries 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 3 b was resynthesized according
to the literature.””

Synthesis of 2a

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 16h. After cooling, the product was obtained by silica
gel column chromatography (cyclohexane: dichloromethane 9:1)
to give 2a (4.3 mg, 4.82 umol, 17%) as a slightly orange solid. Mp.
34°C. "H-NMR (400 MHz, CDCl,): 6 [ppm]=8.56 (d, J=8.0 Hz, 1H),
8.44 (d, J=8.0Hz 1H), 8.21 (d, J=8.0Hz, 1H), 7.94 (d, /=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); PC-NMR (100 MHz, CDCl,): 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 CHCl,): m/z calculated for Cs,Hg;BrCINO,™ [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 3a

Corannulene diboronic acid bis(pinacol)ester 1 (100 mg, 199 umol),
precursor 2a (223 mg, 440 umol), tris(dibenzylideneacetone) dipal-
ladium(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 1d.
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 3a as a dark red solid
(100mg, 55.6 pmol, 28%). Mp. 330°C. 'H-NMR (400 MHz, TCE-d,,
390 K): 6 [ppm] =8.68 (d, J=7.9 Hz, 2H), 8.65 (d, J=7.9 Hz, 2H), 8.49
(d, J=7.9Hz, 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):
Olppm]= 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,
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DCTB in CHCILy): m/z calculated for C,gH;6N,0,~ [M]7: 1797.301,
found: 1797.298; HRMS (ESI-TOF, pos. mode, acetonitrile/chloroform
1/1) m/z: calculated for CyyH;eN,NaO,": 1820.2896 [M-+Nal*,
found: 1820.2807; UV/Vis (c=1-10""M, DCM, 293 K): &, (Amm) =
56200 M~'ecm™' (503 nm); Fluorescence (DCM): Apay (e =572 NM
(501 nm); @ =0.43+0.04.
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