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Perylene bisimide dyes and their organization into supramo-
lecular architectures through hydrogen-bonding, metal ion
coordination and mn—mn-stacking is discussed; further self-
assembly leading to nano- and meso-scopic structures and
liquid-crystalline compounds is also addressed.

I ntroduction

Perylene tetracarboxylic acid bisimide, in short perylene bisimide,
based colorants have received considerable attention in academic as
well asindustrial dye and pigment research.12 Perylene bisimides
were initially applied for industrial purposes as red vat dyes. After
1950 several members of the perylene bisimide family found high
grade industrial applications as pigments (especially in automotive
finishes) due to the favorable combination of insolubility and
migrational stability, light- and weather-fastness, thermal stability
and chemical inertness aswell as high tinctoria strength with hues
ranging from red to violet, and even black shades.2 More recent
applications of perylene bisimide pigments are in the field of
electronic materials, among which perylene bisimides are the best
n-type semiconductors available to date34 This n-type semi-
conductivity is related to the high electron affinity of rylene
bisimide dyes,> which makes naphthalene, perylene, as well as
higher rylene bisimide dyes® most promising for application in
organic field effect transistors.” In addition, based on their unique
combination of optical, redox, and stability properties perylene
bisimide dyes have already been investigated for more than a
decade in electrophotography (xerographic photoreceptors)® and
photovoltaics.®

However, owing to the intrinsic insolubility of perylene
bisimides, only in 1959 was their potential as fluorescent dyeswith
high fluorescence quantum yield and photostability discoveredi0
which constituted afertile soil for research on light-induced energy
and electron transfer processes!1-13 as well as more application-
directed studies in the field of laser dyes and fluorescent light
collectors.14-17 The past years have witnessed an ever increasing
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interest in this class of chromophores because of their above-
mentioned favorable properties. Thus, perylene monoimide and
bisimide dyes have proved to be the best fluorophores nowadays
available for single molecule spectroscopy.l® Their ingenious
incorporation into well-defined positions within shape-persistent
dendrimers by Millen and coworkers enabled unprecedented
insight into dye-dye interactions on the single molecule level
investigated by Hofkens, De Schryver and coworkers.19 In afurther
study, Adams and coworkers showed the suitability of perylene
bisimide dyes for sensors with specificity at the single molecule
level if appropriate receptor units are attached to the perylene
bisimide fluorophore.20

Although the discussion of these covalent multichromophoric
architectures and their properties would surely warrant review, this
feature article focuses on another topic, namely, the supramolecul ar
organi zation of perylene bisimide dyes to form complex functional
architectures, a subject that was mainly studied in the author’s
laboratory. In this work the emphasis lies on the control of the
spatial organization of perylene bisimide dyes by molecular-
recognition-directed self-assembly. Such self-organization of func-
tional dyes should be of great utility to tailor defined multi-
chromophoric objects or bulk solid state materials with novel
optical and electronic functionalities.

Available perylene bisimide dyes
Synthesis

Although insoluble and high-melting organic pigments like la—c
could be easily obtained by the reaction of perylenetetracarboxylic
acid bisanhydride with a multitude of aromatic and aliphatic
amines, most topics of current interest require better soluble dyes.
For the preparation of soluble perylene bisimide dyes two different
strategies proved to be successful. The first one was developed by
Langhals and coworkers, who ‘dissolved’ the pristine perylene
bisimide chromophore by introducing solubilizing substituents at
the imide nitrogen (1d, 1e).2! The dyestuffs obtained by this
approach exhibit usually indistinguishabl e absorption and emission
properties because nodes in the HOMO and LUMO at the imide
nitrogen reduce the coupling between the perylene bisimide units
and the imide substituents to a minimum.22 The second synthet-
icaly more elaborate strategy was to introduce substituents at the
carbocyclic scaffold in the so-called bay-area. This approach was
first mastered by Seybold and coworkers at BASF. They have
incorporated four phenoxy groups in high yields by nucleophilic
displacement of chlorine substituents (9a, Scheme 1).16 Introduc-
tion of other nucleophiles proved to be difficult and a single
reaction product with reasonable yield was rarely afforded.23
Although the procedure for fourfold chlorination of perylene
bisanhydride 2 was already known for awhile (even that it is not a
trivial reaction due to contamination with three- and five-fold
chlorination products),24.25 only very recently was it discovered
that the bromination of perylene bisanhydride 2 affords di-
substituted derivatives 4.26 However, the product mixture obtained
by bromination is even worse than in the case of chlorination as
threefold bromination products and significant amounts of a second
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dibromo regioisomer are formed. Moreover, the latter cannot be
removed easily from the product mixture2? and is only detectable
by high field (>400 MHz) *H NMR spectroscopy.28 Gratifyingly,
exchange of the bromine substituents of 4 is straightforward; thus,
carbon,2® cyano,30 oxygen26 and nitrogen3! nucleophiles could be
coupled to the perylene core leading to novel perylene bisimide
dyes 5-8 with interesting optical and redox features. From the
acetylenic derivative 8a even corenene bisimides 10 became
available; however, aso in this case an isomeric mixture, which
could not be separated, was obtained.2”

Optical properties

Since the discovery of the intense yellow-green photoluminescence
of the parent perylene bisimides 1, numerous perylene bisimide
dyes have been synthesized for their applicaton as fluorescent
standards, in fluorescent light collectors, or as laser dyes.2 For
such applications it has been proven to be very advantageous that
the imide substituent has a negligible influence on the absorption
and emission properties of perylene bisimides because of the nodes
of the HOMO and LUMO orhitals at the imide nitrogens (Fig. 1).
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Fig. 1 HOMO (top) and LUMO (bottom) of perylene bisimides. Note that
both frontier orbitals exhibit nodes at the imide nitrogens.

Therefore, perylene bisimides can be regarded as a closed
chromophoric system with an Sy—S; transition (polarized along the
extended molecular axis) whose intensity and position remain
unaltered by the respective imide substituents.22 In addition, the
coloristic properties of perylene bisimide dyes are scarcely
dependent upon the environment, i.e. little solvatochromism is
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observed for these dyes. Accordingly, imide substituents are well-
suited to tailor application-directed properties like solubility and to
prevent aggregation that has a pronounced influence on the optical
spectra. Very high solubility has been realized by Langhals's so-
called swallow-tail-substituents as in derivative 1d. For the longer
homologue with 1-nonyldecyl chains, solubility up to 35 g in 100
ml n-heptane has been reported.32 For most applications (such as
coloration of plastics) twisted aryl groups likein 1e and 1f seem to
be more advantageous since they not only increase the solubility
but also prevent aggregation by sterical means.16

The data in Table 1 reved that the absorption and emission
maxima are amost identical for 1d and 1e (first two entries) and

Table 1 Optical properties of perylene bisimide dyes in chloroforma

Aabs/M eM-1cm—1  Ag/nm D T/ns

1d 3 526 88 000 533 1.00 4.0

le141s 526 95 000 537 1.00 37

3b 14b 524 42 3000 551 0.92

4a27 526 57 300 547

5a 26 549 55 000 57835 ca.168 45

6a 3Lc 686 46 000 721 0.35 45

7a30 530 47 000 545 1.00

8a 27 552 45000 571

9a 17 573 45 300 608 >0.96 7.4
10a 27 511 19 700 517

aNote that values for compounds 4-8 and 10 have most likely been
determined for mixtures of 1,6- and 1,7-substituted isomers. P Vaue
determined for 3c, see ref. 37. ¢ Values measured in toluene.

that the fluorescence quantum yield is quantitative. Because of the
fact that the fluorescence quantum yield and lifetime of dye 1d was
not affected by oxygen, this dye was suggested as a convenient
standard for the determination of fluorescence quantum yields.33 If
aryl substituents at the imide group are not fixed in an orthogonal
conformation, however, the fluorescence quantum yield decreases.
Thus, for a perylene bisimide bearing simple phenyl substituents at
the imide nitrogens a quantum yield of 70% has been reported,2s
and for more electron-rich alkoxyphenyl substituents the quantum
yield dropped to <5%.34.35 Theformer effect has been attributed to
vibronic motions (‘loose bolt effect’)34 and the latter one to a
photoinduced electron transfer from the electron-rich aromatic to
the electron-deficient perylene bisimide unit.35

More pronounced changes in the absorption and emission bands
take place if the perylene bisimides are substituted at the aromatic
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core in the bay-area, i.e. the positions 1, 6, 7, and 12. With two
phenoxy groups attached at positions 1 and 7 the absorption
maximum shifts by about 20 nm and with four phenoxy groups by
almost 50 nm compared to that of the unsubstituted dyes 1, and the
color of the fluorescence changes to orange (5) and red (9). In both
cases dl favorable properties of these perylene fluorophores,
namely, high fluorescence quantum yield, small solvent effects on
the optical properties and high photostability are maintained. More
pronounced spectral changes occur upon substitution at bay
positions with two electron-donating pyrrolidino groups that
affords the dyes 6 with a green color due to the bathochromic shift
of 160 nm and emission in the infrared region. Asthis spectral shift
is caused by charge transfer, pronounced solvatochromism is
observed for these green dyes and their fluorescence quantumyield
is decreased. By contrast, little spectral changes take place if
electron-withdrawing substituents are attached at the bay positions
(dyes 3, 4, 7). In the case of coronene bisimides 10, significant
changes in the absorption spectra are observed that are not typical
for perylene bisimide dyes. Accordingly, new electronic properties
arise by expansion of the st-conjugated system orthogonal to the
imide-imide axis.

Redox properties

The electrochemical properties of perylene bisimides have been
investigated by several groups. Table 2 summarizes the data from
Salbeck et al.,36 Wasielewski and coworkers30:31 and Wirthner et
al 3537 that have been all recalculated to a common reference, i.e.
the ferrocene/ferrocenium couple.

These data show that perylene bisimides are fairly electron-
deficient dyes, which are easy to reduce and rather difficult to
oxidize. For most compounds two reversible reduction and one
reversible oxidation waves are found in cyclic voltammetry.
Substituents in the bay-area have a pronounced effect on the
respective redox potentials. Whereas the parent dyes 1 exhibit a
first reduction potential that is aready comparable to Cg,
substitution by chlorine and especially the cyano group leads to
dyes that are strong oxidants. Thus, the redox potential of 7a is
comparable to p-chloranil and radical anionic species can be
observed aready in the presence of amines, e.g. in technical grade
DMF solution.30 With phenoxy electron-donor substituents reduc-
tionisdisfavored by ca. 0.1V, whereas areversible oxidation wave
appears at lower potential. For pyrrolidino compound 6a, even two
reversible oxidation waves are observed and the reduction requires
low potential. Accordingly, these dyes are the only ones in the
series which cannot be considered as electron-poor.

The electron-deficient character of perylene bismidedyesisalso
a prerequisite for the high photochemical stability of these dyes
because photooxidation as the major destructive mechanism for
dyestuffs is disfavored. On the other hand, the majority of these
dyes are strong reductantsin their photoexcited state. This property
has been widely applied to establish long-lived charge-separated
states in photoinduced electron transfer cascades by the research
groups of Wasielewskill and Lindsey.22 Chemoluminescence

Table 2 Redox properties of perylene bisimide dyes (in V vs. cpoFe)

applications of perylene dyes have been demonstrated by Salbeck et
al.36 as well as by Bard and coworkers.5

Structural properties

The parent perylene bisimides exhibit flat rt-systems as confirmed
by X-ray diffraction of several single crystals.38:39 According to the
bond lengths observed in these crystals, perylene bisimides can be
regarded as being composed of two naphthalene half units (marked
in red in Fig. 2a), each of which is attached to an imide unit and

Fig. 2 a) Bond lengths of 1b in the crystal;38 b) preferred conformation of
the phenoxy substituents in bay-substituted perylene bisimides 9 in the gas
phase according to AM1 calculations (and interpretation of the high
solubility due to conformational mobility); and c) in the solid state
according to asingle crystal X-ray analysis.

connected to the other naphthalene unit by two C sp>—C sp2 single
bonds. If the connecting bonds between the two half units are
considered as single bonds it is not very surprising that sterical
strain in the bay-area can lead to apropeller-like twisting of thetwo
naphthalene half units. This is indeed the case as proven
crystallographically for a tetrachloro-substituted perylene bisi-
mide3” with atorsional angle of 37° and atetraphenoxy-substituted
diazadibenzoperylene derivative with asmaller angle of 25°.40 This
distortion from planarity imposes considerable constraints in the

Solvent Ereq (PBI-/PBI27) Ereq (PBI/PBI-) Eox (PBI/PBI+) Eox (PBI+/PBI2+)

1d 36 CHsCN —121 —0.98 +1.21 Irrev.

le3s CHsCN —1.15 —0.93 +1.25 Irrev.

3c37 CH,Cl, —1.07 —0.87

535a CH.CI, —1.29 —111 +1.05

6a 3Lb.c PrCN —1.46 —1.28 +0.16 +0.23

7a30 PrCN —0.92 —0.59

935d CH,Cl, —1.25 —1.09 +0.88

aDetermined for compound 21b. » The oxidation potential for cp,Fe is taken as +0.52 V vs. SCE. ¢ The first and second oxidation waves of 6a in
dichloromethane are +0.03 and +0.35 V, respectively. 9 Determined for compound 21c.
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packing of these dyes in the solid state as well as in molecular
aggregates. The advantage of this distortion is that it affords much
better soluble dyes. The solubility increase is very pronounced for
the tetraphenoxy-substituted derivatives since the solubility of
these derivatives benefits additionally by entropic reasons as the
motiona freedom of the four phenoxy arms (Fig. 2b) has to be
frozen upon packing in the solid state. Thus, dye 9a exhibits a
solubility exceeding 100 g L—1 in ethyl acetate at 20 °C.16

The conformational preference of tetraphenoxy-substituted per-
ylene bisimides is still a matter of debate. From NMR studiesit is
evident that the barrier for planarization is small leading to rapid
interconversion between the two twisted conformers and all
attempts to isolate a particular enantiomer have failed so far.41 In
the solid state a racemic mixture is observed and the phenoxy
groups adopt an extended orientation that allows the most compact
packing of these dyes (Fig. 2¢).40 According to molecular dynamics
and semiempirical geometry optimizations, however, the structure
shown in Fig. 2b is preferred in the gas phase but severa other
conformational states exist within a small energy range.#2 Accord-
ingly, owing to solvent effects the preferred conformation or the
conformational composition remains unclear in solution as well as
in self-assembled architectures of these dyes.

Packing behavior in the crystal

The packing of perylene bisimides has been studied in great detail
to understand and to optimize pigment colors for high grade
applications including automotive coatings. Graser, Hadicke and
Klebe of BASF havereported38 the crystal structures of 18 perylene
bisimide pigments that contain the parent perylene bisimide
skeleton 1 and that are only distinguished by their imide
substituents. Six more derivatives have been reported recently by
Zugenmaier et al.3® Crystal structures of the investigated dyes
exhibit planar geometry of perylene bisimides, which are arranged
in stacks showing a parallel orientation of the dyes at a distance
between 3.34 and 3.55 A (for comparison, a distance of 3.35 A is
found in graphite).38 For the stacking distance and the longitudinal
and transverse offset between neighboring perylene bisimides (Fig.
3) steric requirements of the imide substituents seem to be of

X

Fig. 3 Most common st—rt-stacking of perylene bisimides 1 in the solid state
involving longitudinal and transverse offsets.

primary importance. As a result aready for the series of simple
akyl chains significant changes in the two offsets have been found
to enableinterdigitation of alkyl chains at alarger distance of about
4.6 A. For the ethyl and some benzy! substituents, rotational offsets
have been observed leading to a screw-type stacking of the perylene
bisimide dyes.38.39

One of the most remarkable features of these crystals is their
crystallochromy, i.e. color changes resulting from the interaction of
the mt-systems in the crysta lattice. Thus, while al of these dyes
exhibit an orange color and amost identical absorption spectrain
solution, very different colors are found in the solid state depending
on the packing of these dyes. Consequently, commercia pigments
for red, maroon, red-violet, and even black are available based on
perylene bisimides.2 The comprehensive study of Graser, Hadicke

and Klebe3® enabled them to derive a rather simple empirical
relationship for the dependence of the crystal color upon the
longitudinal and transverse offsets of the dyes that relates the
bathochromic shift and the band broadening to the extent of the —
m-contact area between the stacked chromophores (Fig. 4). Thus,

R =Me
(1b, PR 179)

R= Azobenzene
(1c, PR 178)

R = p-CH,OPhCH,~
(PBI 32)

Fig. 4 Transverse and longitudinal displacements of the stacked xt-systems
in the crystals of red (PR 178), maroon (PR 179) and black (PBI 32)
perylene bisimide pigments.

already for quite small transverse offsets the n—r-interactions are
brought to a minimum leading to pigments with little crys-
tallochromic shifts compared with their solution spectra. Such
optical properties have been observed for the dye 1c (Pigment Red
178) which exhibits a brilliant red shade. For smaller transverse
shifts more perturbation takes place and maroon-type pigments
such as 1b (Pigment Red 179) result. Owing to the more extended
chromophoric system in the longitudinal direction, slipping in this
direction is less effective in reducing the coupling between
neighboring m-systems. As a consequence, pigments without or
with only little transverse offset are often black due to the strongest
electronic interaction between neighboring dyes (for example,
Pigment Black 32). A more rigorous treatment of these crys-
tallochromy effects has been given by Kazmaier and Hoffmann
based on extended Hiickel calculations on one-dimensional infinite
stacks of dyes as a function of the two offset parameters.43 It is
noteworthy that the last class of black pigmentsis considered to be
of specia interest for novel high technology applications where
high exciton and/or charge carrier mobilities are desired, eg.
photoconductors, field effect transistors, or photovoltaic devices.

Self-assembly of perylene bisimide dyes

From the structural point of view, supramolecular assemblies
constitute a state of matter that is just in between pigment particles
(e.g. 1a—) and dissolved molecular dyes (e.g. 1d—). Accordingly,
a reasonable approach to obtain supramolecular perylene bisimide
dye assembliesis the modification of these chromophoresin such a
way that structural growth (or ‘self-assembly’) becomes possible
only in one or two dimensions, while intermolecular interaction in
a third dimension leading to crystalline solids is prevented by
attaching appropriate substituents in the molecules. The judicious
choicefor such an approach is Seybold’ s dye 9a, in which the bulky
phenoxy groups strongly interfere with aggregation of the -
systems as already expressed by remarkably high solubility. In this
dye the imide substituents are properly positioned for the
introduction of supramolecular receptor units. As a matter of fact,
the most promising receptor units for supramolecular chemistry are
particularly those which enable metal-ligand coordination and
hydrogen-bonding as ubiquitously used in pigment chemistry!
Thus, from the pigment chemist’s point of view the chromophores
are just modified in a way to prevent growth in all three spatial
directions. On the other hand, a supramolecular chemist will
discuss this approach in terms of applying receptor units to direct
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the self-assembly of the individual building blocks in a defined
manner.

Binding properties of receptor-functionalized perylene
bisimides

Perylene bisimide dyes bearing one supramol ecular receptor unit at
one of the two imide functionalities could be synthesized and their
complexation to complementary guests could be studied by titration
experiments.4445 For these studies it proved to be especially
advantageous that for perylene bisimide building blocks different
spectroscopi ¢ techniques could be applied that exhibit their highest
sensitivity at different concentrations. Accordingly, not only
binding constants in the lower range of 10-1000 M—1 could be
determined by *H NMR, but also higher binding constants up to 107
M —1were accessible by UV/Visand fluorescence spectroscopy due
to spectral shiftsor changesin the fluorescence quantum yield upon
guest complexation. Scheme 2 shows examples for complex
formation by properly functionalized perylene bisimide dyes
through hydrogen-bonding and metal-ligand coordination, and
Table 3 summarizes the binding constants determined in different
solvents.

The binding data in Table 3 for these complexation events in
chloroform are in good accordance to other data known for the
given receptor pairs. This result is not unexpected since the
perylene bisimide unit is rather decoupled from the receptor units
due to the previously mentioned nodes in the HOMO and LUMO
orbitals at the imide nitrogens (the only exception is the imide
receptor 11 with the hydrogen-bond accepting carbonyl groups). As

11: R = 2-Ethylhexyl, R" = H
13: R = 2-Ethylhexyl, R' = 4-Pyridyl
14: R = n-Butyl, R' = 4-(4'-Terpyridyl)phenyl

Ar=

¢ % \
N 12 (} H TDB
<
‘ Y

=

N(OTI)Z

an important consequence, the perylene bisimide emission remains
ungquenched for most coordination events including hydrogen-
bonding and the given transition metal ions. Only in the case of
ligation to ZnTPP is the perylene bisimide emission quenched due
to the lower lying porphyrin S; electronic state.

Owing to the high solubility of dye 11 the solvent effect on the
strength of triple hydrogen-bonding in most organic solvents could
be studied in detail .45 While this binding strength is very weak in
hydrogen-bond acceptor solvents such as tetrahydrofuran and only
moderate in chlorinated solvents, adramatic increasein the binding
constant was observed in the least polar aliphatic solvents. This
leads to binding constants greater than 104 M—1 that are required
once high degrees of association are desired at stoichiometric
concentrations in the millimolar regime. Note that at a concentra-
tion of /K the degree of complexation amounts to 50% for a 1:1
binding process at stoichiometric concentration of the two binding
partners. For the self-assembly processes based on ditopic binding
partners at stoichiometric concentrations K > 104 M—1 or
preferably > 108 M—1 is mandatory and, therefore, the triple
hydrogen-bonding motif will be only applicable in aliphatic
solvents to construct large objects or nano- and meso-scopic
assemblies. On the other hand, coordination of the pyridine receptor
to Pt(n), Pd(n) or of the terpyridine receptor to Zn(n) ionsis well-
applicable for self-assembly in more polar media

Although the ‘solvent polarity’ cannot be defined by a single
parameter, a comparison of the characteristic binding constants
depending on the solvent polarity is very illustrative. Thus, in Fig.
5 the solvent-dependent binding strengths for different noncovalent
interactions are compared which are generally decreased with

[13 - TDB) A
NP
-
-/—\ Ao |
\ AR
AV
ZnTPP ton U

2T

I
— OO

[(13); « Pd(PPh;),(OTf),]

[(14), - Zn(OTA,  (_)

Scheme 2

Table 3 Binding constants and Gibbs free binding energies determined for the coordination of perylene bisimide receptors to complementary guest shown

in Scheme 2 4445

Complex Solvent K/M-1 —AGYge/kd mol -1 Method
[11-12] [Dal THF 15 6.5 NMR
[11-12] CDCl3 240 136 NMR
[11-12] CD.Cl, 270 14.0 NMR
[11-12] CeDs 1530 18.2 NMR
[11-12] ccl, 4080 206 UVVis
[11-12] MCH 54 000 270 UV/Vis
[11-12] n-Hexane 90 000 28.3 Fluorescence
[13-TDB] CDCl, 140 122 NMR
[13-ZnTPP] CDCl; 1650 18.3 NMR
[(13),-Pd(PPhs)(OT)] CDCl3 106a 3Ha NMR
[(14)-Zn(OTH),] CH3Cl/MeOH >107a >40a ITCP

aThe reported values are microscopic site binding constants. P Isothermal titration calorimetry.
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Fig. 5 Comparison of the solvent dependence of noncovalent interactions,
which have been applied for the self-organi zation of perylene bisimide dyes.
On the left scale, Gibbs free energies for bimolecular association are given
that have been calculated from the respective binding constants. Gibbs
interaction energies of 34 kJmol—* are necessary to trigger self-assembly at
micromolar concentration (50% of the receptors are complexed if both
supramolecular building blocks are present at the same concentration),
while only 17 kJ mol—1 are sufficient for self-assembly at millimolar
concentration.

increasing solvent polarity. As K values higher than 106 are
required to afford extended supramolecular assemblies in dilute
solution (c < 1 mM), self-assembly through triple hydrogen-
bonding can be achieved only in least polar, aiphatic solvents.
However, under these conditionsthe r—r-stacking interactions al so
take place. Thus, for the m—r-aggregation of the parent perylene
bisimides (left bar), higher interaction energies than for triple
hydrogen-bonding are observed in polar as well as in nonpolar
solvents (n-hexane, dichloromethane), whereas upon introduction
of bay substituents the n—s-interaction is reduced. The synergistic
effect of hydrogen-bonding and n—m-stacking may lead to
interesting possibilities (vide infra). On the other hand, metal—
ligand coordinativeinteractions are tunabl e to high binding strength
even in polar solvents. Thus, the coordination of pyridine ligand to
Pd(1) and Pt(n) ions is suitable to drive self-assembly processes to
completion in CH,Cl, or CHCI3 (in which the t-systems do not
aggregate) in the millimolar regime. Clearly, from Fig. 5 experi-
mental conditions can be chosen under which a particular
recognition event takes place whereas another oneisnot yet active.
In a follow-up process such as an increase of concentration or
addition of a less polar solvent, however, the less favored
interaction can also be triggered to enable structural growth in a
hierarchical fashion.45

If hydrogen-bonding receptor units are desired in more polar
solvents, quadruple hydrogen-bonds may be applied to afford
binding constants of about 108 M—1 in toluene.46 In arecent study,
this motif was applied by Janssen and coworkers to form a

15 + 16

supramolecular complex between a perylene bisimide (15) and an
oligophenylenevinylene dye (16) (Scheme 3).47

M etal-ligand-coor dination-dir ected self-assembly in
solution

The high binding strength of metal-igand coordinative bonds in
solventswhere perylene bisimide dyes exhibit the highest solubility
and the least tendency towards aggregation (see Fig. 5) makes this
noncovalent interaction especialy suited for self-assembly of
defined multichromophoric nano-objects. Thus, several molecular
squares could be prepared which incorporate perylene bisimide
dyes bearing additional functional units such as ferrocene electro-
phores and pyrene chromophores (Scheme 4).48-50

The dimension of these assembliesis about 2.4 X 2.4 nm with a
large inner void that seems to be promising to accommodate
additional guest molecules. Despite the large size and high
molecular mass (almost 12 kD for 18c), electrospray ionization of
intact squares was accomplished for 18b,c allowing unambiguous
characterization of the assemblies in solution by Fourier trans-
formation ion cyclotron resonance el ectrospray ionization (FTICR-
ESl) mass spectrometry. Additional support for the exclusive
existence of square-type oligomers comes from 1H and 31P NMR
studies that show only a single product of high symmetry. Already
the parent molecular square 18a exhibits remarkable functionality.
Thus, the fluorescence quantum yield of the perylene bisimide
fluorophore in the square remains aimost unchanged as well as the
electrochemical properties (two reversible reductions and one
reversible oxidation for each perylene bisimide unit). For the
ferrocene-substituted assemblies 18d all ferrocene units could be
reversibly oxidized and a peak splitting in the reductive wave
(‘spike effect’) was revealed by the cyclic voltammogramm.50
From the structural point of view, the pyrene-substituted assembly
18c seems to be a good model for the light-harvesting system of
photosynthetic purple bacteria. The latter contain 24 chlorophyll
and 8 carotene dyes arranged in acyclic manner around an eightfold
symmetry axis, whereas square 18c contains 16 pyrene and 4
perylene dyes organized around a fourfold symmetry axis.
However, the photophysical functionality of the model system is
quite distinct from the natural counterpart due to the competitive
energy and electron transfer processes between the pyrene and
perylene bisimide manifold.4°

By employing the concept of metal-coordination-directed self-
assembly, metallo-supramolecular polymers could be obtained
through adding metal salts into a solution of the bis-terpyridine-
functionalized perylene bisimide dye 19 according to Scheme 5.
Although the coordinative bonds formed in this process are quite
strong (compare Table 3) the appropriate choices of metal ion, i.e.
zinc(n), and the solvent, i.e. chloroform/methanol, enables full
reversibility of the binding event within ashort timescale (< 1 min).
As in the case of metallo-supramolecular squares, also here the
intense red photoluminescence of the incorporated perylene
bisimide dye 19 was maintained in the polymeric product 20. The

OCH,,H,5
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latter could be further deposited on a quartz substrate in alayer-by-
layer approach by using the method of Decher.51

n—n-Aggregation in solution

Although the stacking of the planar rt-systems of perylene bisimide
dyes is well documented in the crystal structures of the perylene
pigments,38:39 only recently has the aggregation of these dyes been
studied in solution and the Gibbs aggregation energies could be
determined.35 For these studies it was useful to equip the imide
functional groups with solubilizing 3,4,5-tridodecyloxyphenyl
substituents to afford dissolution of these dyes in the least polar
aliphatic solvents, in which the aggregation constants are strong-
est.

Fig. 6a shows concentration-dependent UV/Vis studies for dyes
21a and 21c (see also Chart 1). Upon aggregation, both dyes
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experience significant spectral changes with defined isosbestic
points. Evaluation of the absorbance changes depending upon the
concentration in an isodesmic model (formation of one-dimen-
sional aggregates with equal binding constants for the top and
bottom faces of the dyes) by nonlinear regression analysis affords
the aggregation constants and Gibbs association energies. The data
for perylene bisimide dyes 21a—d bearing different substituentsin
the bay-area are compared in Table 4.

Thedatain Table 4 clearly confirm that the m—r-stacking energy
issignificantly reduced by bay substituents. Thus, the highest Gibbs
binding energy is obtained for the unsubstituted derivative 21a and
the lowest value for the tetrachlorinated derivative 21d, the latter
exhibits the most twisted w-system in this series.37 As the mt—r-
stacking energy is strongly reduced in more polar aromatic,
chlorinated, and dipolar solvents, it is not surprising that for dyes
21b—d no evidence was obtained for aggregation up to the mmM
regime in these solvents. On the other hand, for the most strongly
aggregating dye 21a, a recent study on solvent effects provided
aggregation constants of 1.6 x 108 M—1in dibutyl ether (e, = 3.0),
4.5 % 10 M—1intoluene, and 1.6 x 103 M—1in dichloromethane
(& = 8.9) (Fig. 6b). A comparison of these values with those
reported in Table 3 shows that the intermolecular forces between
unsubstituted perylene bisimide dyes are comparable with those of
triple hydrogen-bonds (see also Fig. 5).

It is remarkable that dyes 21b,c show a bathochromic shift upon
aggregation (Fig. 6a,b) leading to J-type aggregates. In general, for
such aggregates the fluorescence intensity is not reduced in the
aggregated state. This is aso the case for 21b,c; however, these
dyes suffer from reduced fluorescence quantum yields because of
the el ectron-rich imide substituents, which may function as electron
donors in a photoinduced electron transfer process (see above).
This bathochromic shift of the absorption band can be explained in
terms of alongitudinal displacement of the dyes toward each other
in the aggregated state, an effect that has been attributed to a
favorable stacking interaction between the electron-poor perylene
bisimide core and the electron-rich trialkoxypheny! units (compare
thelongitudinal offset in pigment black 32, Fig. 4). Thisinteraction
is also expressed by the magnitude of the binding constants since
significantly higher values were observed for dyes 21 compared to
those of related perylene bisimides with simple alky! substituents at
the imide nitrogens.

In contrast to the sterically restricted dyes 21b-d severa
possihilities arise for the t—t-stacking of dyes 21a and 21e with a
fully planar m-system. For pigments (compare Fig. 3 and 4)
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Fig. 6 (8 Concentration-dependent UV/Vis spectra of 2la(top) and
21c (bottom): arrows indicate changes upon increasing concentration. (b)
Fraction of aggregated ni-faces Xagq and average number of molecules per
aggregate N as a function of the concentration of 21a in different solvents.
(c) Concentration-dependent luminescence of 21e in toluene. The concen-
trations from |eft to right are: 10-6, 10-5, 10—4, 10—3, and 10-2 M.

longitudinal, transverse as well as rotational offsets have been
observed.38.39 Apparently, al these displacements |ead to attractive
interactions between the m-systems. Therefore, in the pigment
particles, it is the packing of the substituents at the imide nitrogen
that controls the type and the degree of dlipping of the cofacialy
aggregated dyes. For one-dimensional columnar aggregates in
solution these packing restrictions are absent and, therefore, the
aggregation of the perylene dyes should be only governed by the
chromophore-chromophore interactions themselves. It is indeed
quite interesting to see that spectral changes upon m—r-stacking of
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21a:R=0CyHy R'=RZ=H

21b: R = 0CyyHys, R'=H, R = p-tBuPhO
21¢c: R=0CyyHys, R'=R?=p-tBuPhO
21d: R=0Cq,Hps, R'=R2=Cl
21e:R=CyHys, R'=R?2=H

Chart 1

Table 4 Aggregation constants and Gibbs energies for perylene bisimide
dyes in methylcyclohexane (MCH) at 25 °C determined by concentration-
dependent UV/Vis studies3s

KIM-1 — AGY/kJ mol 1
21a 15 x 107 409
21b 6 x 105 331
21c 1x 105 29.0
21d 700 16.2

dyes21a, 21e, and 22a as well as covalently tethered dyes 22b and
23 (Chart 2) are al quite similar irrespective of the substituents at
the imide nitrogen and the solvent. Thus, in all cases where the flat
parent perylene bisimides with only hydrogen substituents at the
coreareinvolved, astrong hypsochromy is observed pointing at H-
type aggregation (Fig. 6a). However, it isnot yet clear for this class
of perylene bisimide dye aggregates what type of offset (longitudi-
nal, transverse, or rotational) is given and whether indeed a
common packing pattern is existing irrespective of the imide
substituents. (Note that the illustrations presented in Fig. 6, and
later in Scheme 6 and Scheme 7 depict only one reasonable
possibility of how the dyes might be aggregated.) From the
functional point of view, it is remarkable that the remova of
electron-donating oxygens from the imide substituentsin 21a leads
to the strongly luminescent dye 21e (@; = 0.7 in dichloromethane)
and this luminescence changes from green (nonaggregated mono-
mer) to yellow, orange, and even red upon aggregation (see Fig.
6C).

Like in aiphatic solvents, m—m—stacking interactions between
perylene bisimide dyes become strong in al cohols and water which
are equally little polarizable solvents and, therefore, cannot solvate
the rt-surfaces well (this can easily be seen if the refractive indices
of water, aliphatic, and alcoholic solvents are compared, which are
only ca. 1.3). Thisfact has been applied by Li and coworkers>2 and
by Janssen’s group to design foldable oligomers 22 and polymers
23 in which perylene bisimide units are connected by oligo-
(ethylene glycol) or poly(THF) chains that render the compounds
soluble in an aqueous environment.53 For the monomeric model,
compound 22a self-aggregation to one-dimensional stacks hasbeen
observed to be similar to that of compounds 2la—e and an
aggregation constant of 52 M—1 in chloroform has been reported.>4
Temperature-dependent studies confirmed that the aggregation
process is an enthapicaly driven process (AH® = —7.4 kcal
mol—1; AS’ = —17 cal mol—1K—1). Asinthecase of 21e, also here
quite remarkable changes in the optical properties arise leading to
tunable luminescence colors.

Li’s synthesis of higher oligomers is based on phosphoramidite
chemistry and has been carried out in a sequential fashion to obtain
defined moleculeswith up to 11 perylene bisimide units.52 [n water,
all of these molecules exist in afolded state that is characterized by
a hypsochromically-shifted absorption band (H-aggregate). Also
interesting here, emission colors from orange (dimers) to red
(higher oligomers) arisewhich isquite surprising for dyesfoldedin
the suggested H-type fashion. For electrostatic reasons, however, it
can be assumed that the dyes are not realy stacked perfectly
cofacial on top of each other and, therefore, the forbidden lower
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energy excitonic transition may become alowed by means of a
rotationa displacement (compare also the stacking observed in the
pigments). Upon increasing the concentration to >1 mM, further
aggregation takes place that has been attributed to the formation of
larger aggregates by self-assembly. Similar observations have been
made by Janssen and coworkers on the related series of perylene
bisimide—poly(THF) copolymers 23.53 |n o-dichlorobenzene, these
chromophores self-aggregate by folding to give H-type aggregates
with almost identical spectral shiftsin the UV/Visand fluorescence
spectra like those observed for 22. The fluorescence has been well
characterized by time-resolved photoluminescence studies, and
quantum yield determinations confirm that folding into the H-
aggregated state does not fully quench but at least significantly
reduces the fluorescence intensity.

Such folding behavior currently receives great interest as it is
recognized that the formation of highly ordered structural domains
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distinguish natural macromolecules, i.e. proteins and DNA, from
simple man-made technical polymers. In this context Li’s recently
reported hybrid structures consisting of aternating hydrophobic
perylene bisimides and hydrophilic single-stranded desoxyribonu-
cleic acids (ssDNA) connected by tetraethylene glycols seem to be
particularly interesting. Depending on the sequence of the ssDNA
linkers, unfolded or folded structures are accessible whose
interaction with other DNA sequences may be monitored by
fluorescence color changes caused by folding/unfolding of the
perylene bisimide manifold.55 It is noteworthy that, indeed, folding
of perylene bisimides takes place upon heating (an inverse
temperature behavior) as shown in Scheme 6.

Perylene bisimide aggr egates in the liquid-crystalline state

In the solid state perylene bisimide dyes 2la—e form liquid-
crystalline (LC) phases over a broad temperature range. It is
assumed that the st-systems pack in a similar way as observed for
the dye aggregates in solution despite additional packing con-
straints that arise in the bulk of the LC phase. Credence to this
assumption is given by wide angle X-ray diffraction data which
show an increasing distance between the rt-systemswith increasing
sterical demand of the substituents at the bay positions. Addition-
aly, smal angle X-ray diffraction data revealed a hexagonal
columnar packing.3>

Considering thelong history of academic and industrial research
on perylene bisimide dye it is rather surprising that only in the last
years have LC perylene bisimide dyes been discovered. The first
observation of liquid-crystalline perylene bisimide dyes [1k,| and
other derivatives with oligo(oxyethylene) chains (Chart 3)] was
reported by Cormier and Gregg,5¢ subsequent to the discovery of
liquid-crystallinity of therelated perylenedyes 25 by Mllen, Spief
and coworkers.5” Poly(oxyethylene) substitutents at the imide
nitrogens render the perylene bisimides 1k,| low-melting materials
(e.g. 1k meltsat ca. 55 °C) that easily enter into aliquid-crystalline
phase upon cooling from the melt. However, these LC phases are
only monotropic and transformation into crystalline phases takes
place upon standing.56 More recently, liquid-crystallinity of some
coronene bisimides 10,27 perylene tetracarboxylic acid tetraesters
26,5859 perylene bisimide 27,0 and even perylene bisimides
1g,h,i 3 with simple aliphatic chains has been recognized. The last
finding seems to be particularly surprising as the compounds have
been known for along time.

Most of these dyes form hexagonal columnar mesophases as
expected from their molecular structure. For 21a—c, Coly,, (ordered)
and Col 4 (disordered) phases are found which are stable from room
temperature up to the clearing points between 283 and 373 °C.35
Because such a broad range for a mesophase is rather unusual it is
assumed that solidification leads to a glassy solid which preserves
the order of the liquid-crystalline phase. Likewise, 10a—d and 27
form Colp, phases.27.60 However, as expected from their extended
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aromatic surfaces these compounds enter the mesophases only at
considerably high temperatures (> 180 °C) and recrystallize upon
cooling. This property is prohibitive for applications at room
temperature. Lower temperature columnar mesophases are acces-
sible with tetracarboxylic acid esters 26 which can enter the LC
phase at temperatures between 62 (26g) and 244 °C (26a)
depending upon the alkyl substituents.5®

For the parent compounds 1g- the phase behavior is more
complicated. For 1g+ it has been shown that several crystalline and
liquid-crystalline phases occur between room temperature and the
clearing points of these compounds.3 The liquid-crystalline phases
exhibit high structural ordering in all three dimensions pointing at
smectic layers with interdigitating alkyl chains in one dimension
and columnar ordering with cofacially m—r-stacked perylene
bisimide dyes in a second dimension. For 1k,| no X-ray data have
been reported and, accordingly, no phase assignment could be
made.56

Several of these compounds are promising for electronic
applications since high n-type mobilities were measured in their
liquid-crystalline phase (e.g. 0.11 cm2 V-1 s—1for 1i and 0.08 cm?
V-1 s-1 for 21d),361 and electroluminescent diodes which emit
yellow and orange light could be prepared (e.g. for 26 and 27).58.60
For organic light emitting diodes (OLEDs) such liquid-crystalline
emitter materials could provide two distinct advantages. Oneisthe
preparation of an ordered aggregate by self-assembly from amolten
liquid upon cooling between the electrodes, a process that seemsto
be far more elegant (and cheaper!) than traditional formation of
crystalline films by vacuum sublimation. The second advantage is
the higher brightness through emission of polarized light from the
liquid-crystalline phase. However, these novel materials are not yet
mature enough to match the efficiency of more developed
crystalline or polymeric OLED materials.

Another challenging application of liquid-crystalline perylene
bisimidesisin the field of photovoltaics where these dyes may also
exhibit a dual function, namely, light absorption and transport of
charge carriers to the electrodes. Continuously over the last years
Gregg and coworkers have explored the applicability of perylene
bisimide dyestuffs as functional units for solar energy conversion.
In Graetzel-type, dye-sensitized solar cells perylene bisimide dyes
have been applied as efficient sensitizers of the inorganic
semiconductor SnO,.62 In a more basic study thin polycrystaline

films of the black perylene bis(phenethylimide) (the black color
indicates strongly coupled dyes in the solid state, see above) have
been shown to exhibit singlet exciton transfer lenghts of 2.5 um
which is the highest value ever reported for an organic material.63
In another study, n-type doping of 1l was achieved by adding 1
mol% of the radical anionic derivative of 28 leading to a highly
conductive liquid-crystalline film (Scheme 7).64 By combining
such favorable exciton and el ectron transport properties of perylene
bisimide aggregates with a suitable p-type organic semiconductor
in abulk p—n-heterojunction material an efficient solar cell may be
afforded (see below).
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Multichromophoric dye assemblies

If additional chromophores are attached at the imide groups of the
perylene bisimides, energy and electron transfer processes are
expected for the photoexcited (super)molecules. Upon self-
aggregation of such molecules functional nanostructures are
formed which may function as efficient light-harvesting and
charge-transporting units for applicationsin solar cells (videinfra).
Recent examples for this approach are compounds 29-31 in Chart
4,

Compounds 29 and 30 are composed of strongly luminescent
electron-rich OPV (oligophenylenevinylene) moieties (compounds
of this type have been widely employed in electroluminescent
devices) and strongly luminescent electron-poor perylene bisimide
moi eti es.65-67 The combination of these dyesin one supermolecule
leads to complete quenching of the fluorescence of both dyesdueto
an efficient electron transfer process in the excited state. Based on
the extended aromatic surfaces of these molecules, a pronounced
tendency of these dyes towards aggregation was envisioned. UV/
Vis dilution studies for the OPV—perylene bisimide system 29b
revedled a defined m—r-stacking process in methylcyclohexane
with abinding constant whichisone order of magnitude higher than
those of the corresponding simple perylene bisimide dye 21¢.67 For
29a an even higher value was expected but not evident in dilute
toluene solution.®5 Such strong m—r-stacking was, however, found
for the related molecule 30 that shows pronounced changes with
well-defined isoshestic points in temperature-dependent UV/Vis
studies in tetrachloromethane, toluene, and even chloroform. In
contrast to the earlier examples, here, hydrogen-bond formation
from the carbamate to the perylene bisimide oxygen provides an
additional enthalpic contribution to m—m-stacking and leads to
dimeric species instead of extended columnar aggregates.66

For Wasielewski’s fourfold perylene bisimide-substituted por-
phyrin 31 a much higher energy for m—m-stacking was deduced
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from UV/Vis spectra in chloroform, dimethyl sulfoxide, and
pyridine.®8 Even at low concentrations of 10—5 M and temperatures
as high as 100 °C excitonic coupling is observed between the
perylene bisimide units suggesting the presence of aggregates. As
shown by light scattering and atomic force microscopy (AFM)

0 H-N

studies, extended particles are formed with closely stacked
perylene bisimide units (ca. 3.5 A) and more distant zinc porphyrin
units (ca. 7 A). Upon photoexcitation ZnTPP+—PDI— ion pairs are
formed which could be conveniently detected by UV/Vis spectros-
copy due to the strong and characteristic PDI— absorption band at
720 nm.

Hydrogen-bond-directed self-assembly

The comparison of the Gibbsfree energiesfor the hydrogen-bonded
melamine-imide interaction (Fig. 5) with those determined for 7i—
ni-stacking of perylene bisimides reveals that these energies are
quite similar, at least in aiphatic, aromatic, and chloroaliphatic
solvents. Accordingly, asimple self-assembly protocol for defined
objects that is solely based on hydrogen-bonding similar to that of
metal-igand coordination should be ruled out. Instead, at the
required concentrations for triple hydrogen-bond formation st—-
stacking will also take place. This leads to a rather interesting
situation when ditopic perylene bisimide 32 and ditopic com-
plementary melamine 33 are brought together at identical concen-
trations in a solvent of low polarity. In methylcyclohexane, where
perylene bisimide 32 is only sparingly soluble, in the presence of
melamine 33 deeply colored and strongly fluorescent solutions are
formed (Scheme 8). Concentration-dependent UV/Vis studies
show adistinct transition from molecularly dissolved perylene dyes
a <10-% M to aggregated dyes at 10—4 M. Compared to simple
one-dimensional aggregates of 21a—e a much faster growth into
extended aggregates is observed upon increasing the concentration,
and dynamic light scattering experiments confirmed the existence
of nanoparticles already at concentrations as low as 104 M.
Therefore, this system behaves quite similarly to 31 but with the
difference that in the system 32-33 the lateral self-assembly is
accomplished by hydrogen-bonding and the vertical self-assembly
by n—m-stacking interactions. Once these solutions are evaporated
on hydrophobic surfaces, intensely luminescent fibrous aggregates
are obtained (Fig. 7).

Theinfluence of —r-stacking on the fluorescence properties has
been studied in solution and also for the mesoscopic assembliesin
the solid state. In both cases a significant bathochromic shift and
line-broadening were observed compared to the spectra of the
isolated chromophores in dilute solution. Once melamine 33 was
replaced by melamines 34 bearing chiral side chains derived from
amino acids, a similar aggregation process took place and an
intense bisignate Cotton effect was observed for the perylene
bisimide band. This Cotton effect was explained in terms of a
helical stacking of the chromophores that is directed by the chiral
side chains of the hydrogen-bonded melamines (Scheme 9).6°

The same strategy of hydrogen-bond-directed hierarchical
growth was successfully applied to synthesize well-defined coag-
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Fig. 7 Confocal fluorescence micrograph of mesoscopic superstructures of
32-33 on a silanized glass surface (for details see ref. 45).
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gregates of oligophenylenevinylene (OPV) and perylene bisimide

dyes 35-32-35 (Scheme 10).67.70 These assemblies are particularly

interesting from the structural as well as afunctional point of view.
Thus, by means of triple hydrogen-bonding aweak (i.e. reversible)

but nonetheless quite rigid bond (three hydrogen-bonds fix the
planes of the two molecules to coplanarity) is formed which does
not couple the two chromophores el ectronically. On the other hand,
when s—r-stacking of this supramolecular unit in the orthogonal
direction takes place, strong coupling between each dye manifold
occurs. In the given example this coupling was particularly strong
as evidenced by a pronounced bathochromic shift of the perylene
bisimide absorption band from 562 nm to 604 nm upon aggrega-
tion. Moreover, CD spectroscopy showed not only a significant
bisignate Cotton effect for the OPV absorption band pointing at a
helical stacking of the OPV dyes but, additionally, a strong CD for
the perylene bisimide band, which is indicative of chirdity
induction from the optically active OPVs to the perylene bismide
backbone. Thus, while in solution the interconversion between the
two twisted perylene bisimide conformers (cf. Fig. 2) is fast and
both enantiomers are present in equal concentration (racemic
mixture), upon aggregation under the influence of chiral OPVsthe
M-stereoisomer is favored in the diastereomeric coaggregate.
Furthermore, the P-helical superhelices and double-helical nano-
structures of these coaggregated dyes could be visualized by AFM
that revealed even higher hierarchical levels of self-organization.
For the structurally rel ated diazadibenzoperylene dyes, which are
accessible from perylene bisimides by reduction of the carbonyl
groups and subsequent dehydrogenation, liquid-crystalline meso-
phases could be induced by coordination of the aromatic aza
ligands to tridodecyloxybenzoic acids by hydrogen-bonding.”*

lonic self-assembly

Whilst the supramolecular ordering in the above-mentioned
examples was controlled by highly directional noncovalent forces
(hydrogen-bonding and m—r-stacking), other forces also proved
successful for directing the structural growth over several length
scales. In this regard the simple approach of Iverson and Tam-
Chang72 and Faul, Antonietti and coworkers?3 to organize perylene
bisimide dyes by ionic self-assembly seems to be particularly
interesting because it is applicable in water. Thus, the rather simple
amphiphilic perylene bisimide derivative 36a (Chart 5) could be

n-m-stacking

- P-enantiomer

Scheme 10
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dissolved in water at rather high concentrations leading to a
lyotropic nematic mesophase. This solution could be transferred to
asolid support with alignment of the molecul es along the spreading
direction. After removal of the solvent highly anisotropic films
could be obtained whose dichroic ratio rivals commercia polar-
izers.’2 In a more recent communication the same authors have
applied this concept to the more extended quaterrylene bisimide
dyes affording along-wavelength polarizing material.”4 In the case
of 36b, iodide was exchanged with the anionic surfactant
dihexadecyl phosphate to afford a thermotropic liquid-crystalline
material with acomplex phase behavior. ThisLC was characterized
by differential scanning calorimetry (DSC) as well as by wide and
small angle X-ray scattering.”3

Self-assembly on surfaces and interfaces

Formation of well-ordered organic—inorganic interfaces has along
tradition in the field of organic epitaxy, and perylene tetra-
carboxylic acid dianhydride (PTCDA; 2) is one of the most studied
compoundsin thisfield. Thisis because deposition of PTCDA onto
various substrates under ultrahigh vacuum (UHV) conditions
affords almost perfectly ordered overlayers.”s In these layers the
molecular arrangement is governed by quadrupolar forces between
the PTCDA molecules as well as by intermolecular interactions
between the dyes and the substrate. On graphite surfaces the
intermolecular interactions prevail leading to a densely packed 2D
layer where the quadrupol ar interactions between the molecules are
optimized in a herringbone arrangement of the dyes (Fig. 8).76 On
Ag(111) the packing is quite similar, but owing to a stronger dye—
substrate interaction a less dense packing is observed and
commensurability of the monolayer and substrate lattice is
realized.”” In this particular case, the perylene bisanhydride -
system seems to be bound to the substrate by ‘ chemical bonding’ in
contrast to the more common physisorption as observed on
graphite.”s

Recently, perylene bisimide 1a has also been deposited under
UHV conditions and rows of hydrogen-bonded molecules could be
nicely observed on the hydrogen-terminated Si(111) surface by
scanning tunneling microscopy (STM).7° This study has shown that
the strength and directionality of two hydrogen-bonds suffices to
overcome quadrupolar forces. If additional melamine (37) is co-
adsorbed, a two-dimensional honeycomb network is formed
through triple hydrogen-bonding (Fig. 9) similar to the self-
assembly process in solution shown in Scheme 8. The large pores
of this hexagonal network could be used to accommodate
heptameric Cgo clusters.80 Such controlled deposition of electron-
ically active molecules, e.g. perylene bisimides and fullerenes, in
well-defined surface patterns might be of considerable interest for
various applications including molecular electronics.

For less volatile perylene bisimides such as OPV—perylene
bisimide 29b, two-dimentional organization could be achieved at
the graphite (HOPG)/liquid interface of a 1-phenyloctane solution
and investigated by STM.81 Remarkably, for this extended -
conjugated molecule, not only could the individua units of the
perylene bisimide, the two OPV's, and the alkyl chains be resolved,
but, additionally, the two st-conjugated units could be distinguished
by bias-dependent tunneling currents. Thus, at negative samplebias
a higher tunneling current was observed for the OPV molecular
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Fig. 8 Organization of PTCDA molecules 2 on graphite. The dashed lines
visualize the quasi-hexagonal symmetry of the PTCDA monolayer.

parts, whereas at positive sample bias a higher tunneling current
was observed for the perylene bisimide part. This intriguing
observation has been attributed to the energetic position of the
HOMO (located on OPV) and LUMO (located on perylene
bisimide) frontier orbitals with respect to the Fermi level of
graphite. Again, it isthe nodesin the HOMO and the LUMO of the
perylene bisimides that enable such diode-type properties to be
observed within a single molecule.

Recently, other approaches to the self-assembly of perylene
bisimides by n—-stacking at interfaces have been reported.82.83 In
the first case the earlier discussed perylene bisimides 1k and 1l
were compressed at the air/water interface in a Kibron trough to
prepare Langmuir—Blodgett films. In the second study, disulfides
38 were self-assembled on plain and nanostructured gold surfaces
(Fig. 10). On both types of gold surface, m—m-aggregation of the
perylene bisimide dyes takes place as confirmed by fluorescence
spectroscopy. However, the luminescence intensity remains high
only for the gold nanoparticle-assembled dyes.

Conclusions and per spectives

During the last years severa new perylene bisimide dyes have
become available with a broad range of optical and electrochemical
properties. More than for any other class of dyes (maybe with the
exception of porphyrins), the supramolecular organization of
perylene bisimides by directional forceslike hydrogen-bonding and
metal—ligand coordination has been developed and diverse archi-
tectures such as squares, rosettes, and extended fibrous assemblies
have been obtained in solution and at interfaces. In addition, these
directional noncovalent forces have proven to be useful to control
the m—st-stacking of perylene bisimides.

Such n—m-stacking may strongly change the molecular proper-
ties of these dyes (absorption, fluorescence) and enable (or
improve) desirable properties like exciton and charge transport
which are of importance for applications of w-conjugated mole-
culesin organic field effect transistors and light emitting devices as
well as in organic solar cells. For al of these applications
remarkable progress has recently been achieved with perylene
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Fig. 9 Formation of a hexagonal network of melamine (37)/perylene bisimide (1a) assemblies by triple hydrogen-bonds according to STM studies on Ag/

Si(111).
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Fig. 10 Self-assembly of thiol-functionalized perylene bisimide dyes 38 on
a patterned surface of gold nanoparticles.

bisimide-based materials, however, yet mostly by rather conven-
tional crystalline derivatives49 Therefore, it remains to be
established that rational organization of perylene bisimidesin space
on the nano- and meso-scopic scale can lead to better technical
performance on the device level. For solution- and melt-proces-
sable liquid-crystalline perylene bisimides notable charge carrier
mobilities and electroluminescence properties have already been
realized.3.58.60 However, as in the case of polymer-based electron-
ics and photovoltaics limitations in charge carrier mobilities and

exciton diffusion length are directly related to the structural and
energetic disorder in not precisely and equidistantly organized
dyes. This challenge may be encountered by additional well-
positioned supramolecular interaction sites that provide the re-
quired set screws for fixation of the functional dyes within nano-
and meso-scopic aggregates in time and space.

Besides these goas in the field of advanced technology,
appealing structures have become accessible by receptor-function-
alized perylene bisimides upon self-assembly with complementary
guests. The simplicity of such an approach for the construction of
multichromophoric architectures is clearly very attractive since it
does not require time-consuming multi-step covalent synthesis, and
it can lead to quite large but defined objects. Even larger sized
objects of thistype are found in the light-harvesting complexes that
occur in nature which contain chlorophyll, carotenes and other dyes
held together by noncovalent interactions.84 Therefore, it is our
hope that the concepts outlined in this feature article for perylene
bisimide dyeswill be al so applicableto organize other kinds of dyes
and that eventually a construction kit for supramolecular electron-
ics and photonics®> will become reality.
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