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1. Introduction

Water is essential! The specific properties of water make
it indispensable for life. As a solvent of nature, it not only
serves as an environment for the vital processes of life but is
also involved in numerous biochemical reactions. In accord-
ance with its biological significance, water is also called the
“molecule of life”, “matrix of life”, and other similar terms.[1]

Water is distinguished from other solvents by its anomalous
behavior in terms of many physical properties that originate
from its molecular construction. As a consequence of its
geometrical structure, water forms infinite, branched net-
works through hydrogen bonds.[2] This has two major
consequences for supramolecular chemistry, in terms of
noncovalent interactions, in this structured solvent. On the
one hand, hydrogen bonds are, in particular, created in
a hydrophobic microenvironment and they play an important
role in the folding of biomacromolecules (e.g. proteins and
DNA) and also in biological self-assembly. On the other hand,
the hydrophobic effect results in an exceptionally strong
attraction between hydrophobic molecules or surfaces in
water, and constitutes the basis not only for processes such as
the nonmiscibility of oil and water, but also the formation of
biological structures such as membranes as well as protein
folding.[3] Even today, the seemingly trivial concept of the
hydrophobic effect is not completely understood. This is due
to the complex interplay between enthalpy (DH8) and
entropy (DS8) contributions to the change in the standard
Gibbs free energy (DG8= DH8�T DS8) on hydration of
hydrophobic molecules in water, since the energetic contri-
butions depend not only on the temperature and pressure, but
also on the size of the hydrophobic surface and the concen-
tration of the solute.[4] The thermodynamic explanation of this
phenomenon also lies in the extended hydrogen-bonding
network of water, since such a network is interrupted by the

dissolved substrate, and thus a differ-
entiation should be made between
small and large substances.[5]

No hydrogen bonds need to be broken when small
molecules (< 1 nm) are dissolved in water. In this case, the
water molecules only reorient so that the hydrogen bonds
enclose the solute. This solvation process, therefore, does not
require a significant enthalpic contribution, and thus the free
energy of solvation is dominated by entropy. However, this
effect vanishes along with the loss of hydrogen bonds on
increasing the temperature until the boiling point is
approached. However, in the case of extended hydrophobic
surfaces, such as with aggregates and nanoparticles, under no
circumstances can the hydrogen-bonding network be sus-
tained. The decrease in the number of hydrogen bonds along
the extended hydrophobic surfaces (less hydrogen bonds for
the water molecules that are localized at the interface than
those in the bulk water) now leads to a situation in which the
change in the free energy for the solvation of these objects is
determined by enthalpic contributions. As a consequence of
the dependence of these enthalpic and entropic solvation
factors on temperature, size, and structural features, an
intricate situation with counter effects arises for the clustering
of hydrophobic objects in water.[6] The driving force for the
aggregation of the majority of amphiphilic molecules in water
most likely arises from a combination of dominant entropic
contributions from the solvation of the molecular building
blocks and a dominant enthalpic contribution for the
solvation of the extended aggregates to the standard Gibbs
free energy. Under these conditions, the self-assembly is often
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Perylene bisimides are among the most valuable functional dyes and
have numerous potential applications. As a result of their chemical
robustness, photostability, and outstanding optical and electronic
properties, these dyes have been applied as pigments, fluorescence
sensors, and n-semiconductors in organic electronics and photo-
voltaics. Moreover, the extended quadrupolar p system of this class of
dyes has facilitated the construction of numerous supramolecular
architectures with fascinating photophysical properties. However, the
supramolecular approach to the formation of perylene bisimide
aggregates has been restricted mostly to organic media. Pleasingly,
considerable progress has been made in the last few years in devel-
oping water-soluble perylene bisimides and their application in
aqueous media. This Review provides an up-to-date overview on the
self-assembly of perylene bisimides through p–p interactions in
aqueous media. Synthetic strategies for the preparation of water-
soluble perylene bisimides and the influence of water on the p–p

stacking of perylene bisimides as well as the resulting applications are
discussed.
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enhanced on increasing the temperature, and thus can not
accurately be described as entropy-driven.[5]

The hydrophobic effect plays a decisive role in many
important phenomena, such as molecular self-assembly,
formation of micelles and biological membranes, and protein
folding.[7–9] Although several noncovalent interactions, for
example, hydrogen bonding, are specific and directional in the
formation of supramolecular structures, this is usually not the
case for hydrophobic interactions. Therefore, the structures of
supramolecular aggregates formed in water can not be
predicted as easily as in the case of organic media. Never-
theless, water offers many opportunities and advantages as
a solvent for supramolecular chemistry compared with
organic media. On the one hand, the hydrophobic effect
results in increased interactions between hydrophobic p sur-
faces, for example, aromatic compounds, and thus the desired
recognition and self-assembly processes leading to extended
architectures may already occur in dilute solutions. On the
other hand, enormous opportunities may arise from the
interaction of such supramolecular structures with biological
materials in water.

In this regard, aggregates of p-conjugated dye molecules
are, in particular, the focus of interest. Inspired by natural
supramolecular structures such as, for example, the DNA
double helix or (bacterio)chlorophyll arrays of the photosyn-
thesis apparatus, numerous functional architectures based
mainly on p-conjugated dye molecules have been synthesized
through noncovalent interactions, particularly p–p interac-
tions. Supramolecular architectures with highly promising
optical and electronic properties, which are not inherent to
the respective individual molecules, could be generated by
this approach, and thus facilitated, for example, efficient
energy and electron transfer.[10] Such self-assembled materials
find applications in organic electronics[11] and artificial photo-
synthesis.[12] The p–p interactions between individual building
blocks used for self-assembly reflect the sum of noncovalent
interactions including electrostatic and dispersion interac-
tions as well as attractive (charge transfer (CT)) and repulsive
orbital interactions.[13] Since the individual contributions are
strongly solvent-dependent, especially in water, this may lead
to large binding constants because the hydrophobic effect
makes the largest contribution to the standard Gibbs free
energy for aggregate formation.

It turned out to be a great challenge to generate such
molecular aggregates in aqueous media, as this requires the

introduction of an adequate number of polar, water-solubil-
ity-mediating functionalities into the parent building blocks.
This has been achieved for one-dimensional p-conjugated
oligomers such as p-phenylenes,[14] p-oligophenyleneviny-
lenes,[15] and oligophenyleneethinylenes[16] as well as for
two-dimensional, extended polycyclic aromatic compounds
such as triphenylenes[17] and hexabenzocoronenes.[18]

Remarkably, the prospect of using perylene bisimide
(PBI) dyes[19, 20] (Figure 1) to construct supramolecular aggre-
gates in aqueous medium has been approached relatively late.
The targeted construction of p–p-stacked structures of PBIs
was initially restricted to organic solvents.[19]

Water-soluble PBIs with ionic substituents at the imide
positions that exhibited intensive fluorescence in water, for
example, PBIs 1 and 2 (Figure 2), were already known in the
1980s and 1990s.[21] Moreover, Ford showed that PBI 1a (n =

1) containing two glycine residues forms aggregates in basic
aqueous solutions whose fluorescence is quenched nearly
completely compared to that of the respective monomers
(fluorescence quantum yield Ff� 100%).[21b] M�llen and co-
workers considerably expanded the potential of water-soluble
PBIs by introducing ionic groups at the bay positions, which
effectively prevent aggregation even in water through elec-
trostatic shielding and steric hindrance. As a result, appreci-
able fluorescence quantum yields for PBIs such as 3 could be
achieved in water.[22] A more effective shielding by dendrons
resulted in strongly emitting PBIs such as 4.[23] These and
other similar PBI molecules and their application for protein
labeling or single-molecule spectroscopy are not the focus of
this Review, and at this point we refer the interested reader to
a recently published excellent review article on this topic by
Weil et al.[24]

This Review, in contrast, deals with p-stacked supra-
molecular structures of perylene bisimides in water. This is
still a relatively young research field, which may seem

Daniel Gçrl was born in 1984 in Erlenbach/
Main, Germany. He studied Chemistry at
the University of W�rzburg. In 2009 he
joined the group of Prof. W�rthner, where he
is currently pursuing his PhD on amphiphilic
perylene bisimides.

Xin Zhang was born in 1972 in the Jilin
province, China. He studied Chemistry at
Jilin University, China (bachelor degree
1995). Subsequently he completed his PhD
in the group of Prof. Fumian Li at Peking
University in 2003, followed by two years of
research work in the group of Prof. Zi-Chen
Li. He was awarded an Alexander von
Humboldt postdoctoral fellowship from
March 2006 to August 2007 to continue his
scientific career in the research group of
Prof. W�rthner at the University of W�rz-
burg. Since 2007, he has been working as
a research associate in W�rzburg.

Figure 1. General chemical structures of perylene bisimides (PBIs)
without (left) and with (right) substituents in the bay positions.
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surprising, but perylene bisimides seem to be suitable for
many applications in aqueous media. One might expect on
considering the parent structure of perylene bisimides that
the carbonyl acceptors of the imide groups would promote
water solubility through hydrogen bonding, which would
come into play particularly in p–p aggregates because of the
peripheral position of the carbonyl groups being in contact
with the aqueous medium. Moreover, the high quadrupole
moment of the perylene scaffold should have a positive
influence on the water solubility.

In fact, by using very similar concepts known for organic
media, perylene bisimides can be derivatized for the directed

assembly of supramolecular aggregates in
water.[15,25–27] Thus, by simple incorporation
of hydrophilic side groups in the imide
substituents, PBI derivatives could be gen-
erated that already aggregate in highly dilute
solutions with binding constants greater than
108

m
�1 and still possess outstanding solubility

at high concentrations.[26, 27] In the following,
fundamental studies and the resulting appli-
cations will be discussed.

2. Basic Aspects of p–p Stacking of
PBIs in Water

The fundamental question is how does
water affect the interaction of PBI molecules,
or how pronounced is its influence on the
structure and stability of PBI aggregates? To
answer this question, a deeper understanding
of solvent effects on the p-p aggregation of
PBIs is essential. The effect of the solvent on
the binding constants of the p–p aggregation
of perylene bisimides has been investigated
in great detail by our research group for core-
unsubstituted PBIs that undergo isodesmic
(i.e. described by a single binding constant K,
also known as the equal K model)[26] self-
assembly into columnar stacks. We have
correlated the obtained standard Gibbs free
energies �DG8 for p–p stacking with solvent
permittivity as well as with the empirical

polarity scales of solvents.[27] Quantum chemical calculations
have shown that the p–p interaction of PBI dyes is influenced
by different forces, of which the electrostatic and dispersion
interactions contribute the most.[28] Scanning force and trans-
mission electron microscopy (TEM) studies revealed a one-
dimensional columnar arrangement of the aggregates of PBIs
5 and 6 (Figure 3) in organic[29] (5) as well as in aqueous[30] (6)
environment.

On the basis of the experimental data for PBIs 5 and 6,
which as a result of their hydrophobic and hydrophilic imide
substituents, respectively, cover complimentary solvent polar-
ity ranges, evidence for a biphasic aggregation behavior of
these dyes was obtained (Figure 4a).[27] Thus, the aggregation
constants and the related standard free energies �DG8 for 5,
whose hydrophobic imide substituents impart a high solubility
in nonpolar solvents, decrease with increasing solvent polar-
ity, whereas the aggregation constants and �DG8 values for 6
in polar solvents, which are now suitable solvents for this PBI
because of its hydrophilic imide substituents, increase again as
the solvent polarity increases.[27] A special effect arising from
alkyl or oligoethylene glycol chains does not appear to exist,
since identical values were obtained for 5 and 6 in several
solvents. The results for 5 reveal that, besides dispersion
forces, electrostatic interactions also provide a significant
contribution to the binding strength between PBI molecules
in nonpolar solvents, while their contribution in polar media
appears to be rather small. In the latter case, besides

Figure 2. Chemical structures of water-soluble PBIs 1–4.
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dispersion interactions, hydrogen bonds
play an important role, which is evident in
the series of alcohols applied in these
studies. It is remarkable that, upon changing
to polar solvents, the increase in the
�DG8 value does not first take place in
structured alcoholic solvents but already
occurs in the dipolar aprotic solvents THF,
acetone, and acetonitrile.

The significantly increased value of
�DG8 in water suggested the need for
further investigations, first, because this
value is given only as a lower limit[27] and,
second, because it indicates a very strong
hydrophobic effect. Indeed, the propensity
of PBI 6 to undergo p–p stacking in water is
so pronounced that essentially complete
aggregation was observed with a binding
constant of K> 108

m
�1 and a standard Gibbs

free energy of �DG8> 45 kJ mol�1 even at
nanomolar concentrations. This substantial
increase in the �DG8 value compared with
all other values shown in Figure 4a provides
proof of the large hydrophobic contribution

of the solvent water. Although the significance of such
hydrophobic effects is well known for many structure-creating
processes in nature, such as, for example, protein folding, we
are not aware of any further example from supramolecular
chemistry for which such a comparably strong increase in the
aggregation constant in water has been observed. In contrast,
on the basis of solvent-dependent binding constants for the
enclosure of pyrene in a hydrophobic cavity[31] and for the p–p

stacking between 1,5-dialkylnaphthalenes and naphthalene
diimides,[32] no special hydrophobic effect could be found.

The aggregation processes of PBIs 5 and 6 in the solvents
depicted in Figure 4a can be followed by the spectral changes
(Figure 4b) on transition from molecularly dissolved dyes to
aggregated species upon increasing concentration. For non-
aggregated PBIs, a clear vibronic fine structure of the
electronic transition from the S0 to S1 state was always
observed. This information disappears during the aggregation
process because of strong excitonic interactions between the
PBI chromophores,[33, 34] and the ratio of the two most
intensive absorption bands inverts. The spectrum becomes
broader and unstructured with a reduced absorption coef-
ficient. As a consequence of the hypsochromic shift of the
dominant absorption bands of these aggregates, one can
speak of H-aggregates (H denotes hypsochromic). Interest-
ingly, PBIs with hydrophilic imide substituents form similar
aggregate structures in water or methanol to those formed by
PBIs substituted with nonpolar residues in organic solvents.
On the basis of thermodynamic data (isodesmic aggregation)
as well as changes in the absorption spectra upon aggregate
formation and quantum chemical calculations, the structural
model depicted in Figure 5 was developed, in which the
individual PBIs in p–p stacks are rotationally displaced by
about 308 to each other.[19, 29] A further characteristic of this
arrangement is the appearance of a long-lived, strongly red-
shifted emission,[29] which could be attributed to a change in

Figure 4. a) Plot of the standard Gibbs free energy �DG8 for isodes-
mic aggregation versus solvent polarity ET(30) for PBI 5 (squares,
r =0.98) and PBI 6 (triangles, r =0.97). The data points in parentheses
(mainly for easily polarizable solvents, which undergo strong disper-
sion interactions with p surfaces) were not considered for the linear
regression analysis. THF = tetrahydrofuran, DMSO =dimethylsulfoxide,
MCH = methylcyclohexane. b) Concentration-dependent UV/Vis spec-
tra of 6 in MeOH (6.1 � 10�7

m to 2.5 � 10�4
m) at 25 8C. The arrows

indicate the spectral changes with increasing concentration.

Figure 3. Chemical structures of PBIs 5 and 6.
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the supramolecular arrangement in the electronically excited
state.[28b] An excited dimer (excimer),[35] which is comprised of
two nearly parallelly oriented PBI building blocks, is gen-
erated within the dye stack through this relaxation process,
and the long-lived emission of such dimers is attributed to
a nearly forbidden optical transition (H-aggregate).[36]

Investigations on the aggregation propensities of den-
dron-functionalized perylene bisimides in water provided
valuable information on the transition from molecularly
dissolved dyes to aggregated species and its impact on the
optical properties.[37] For this purpose, hydrophilic polygly-
cerol dendrons of generation 1 (G1) to 4 (G4) were attached
to the imide nitrogen atoms of the PBI core and their optical
properties and aggregation behavior in water were studied.
UV/Vis studies revealed that G1-dendronized PBI 7 (Fig-
ure 6a) exists in an aggregated form over the whole accessible
concentration range, as the G1 dendron at the imide position

is apparently too small to sterically
shield the PBI core and thus to sup-
press the aggregation.

In contrast, the transition from
aggregated dyes to monomers is
observable for the second generation
dendronized PBI 8 once the solution
is diluted (Figure 6b). The dendrons
of the third and fourth generation are
then sufficiently large to shield the
p surfaces of the PBI effectively, thus
the observed absorption spectra over
the whole concentration range arise
from PBI monomers. The degree of
shielding is also reflected in the fluo-
rescence quantum yields of this series
of dendronized PBIs. As the size of
the dendron increases, the fluores-
cence quantum yields of the PBIs
increased from 33 % for the first
generation to nearly 100 % for the
fourth generation (Figure 6e). If the
aggregation is suppressed effectively,
PBIs can possess similarly high fluo-
rescence quantum yields in water as in
organic media. Substantial efforts are
thus necessary to shield the chromo-
phore in water because of the very
strong propensity for p–p aggrega-
tion. UV/Vis studies with PBIs func-
tionalized with oligoethylene glycol
dendrons led to the same conclu-
sion.[38]

The aggregation of PBIs can also
be hindered by more simple
approaches, such as the introduction
of multiply charged ionic side chains,
as the investigations with spermine-
functionalized PBIs 9 and 10 have
shown (Figure 7).[39] Thus, the
bolaamphiphile 9 exists in a molecu-
larly dissolved form in aqueous solu-

Figure 5. Schematic model for the columnar p-p stacking of PBIs in
which alternating as well as helical segments may coexist. The average
length of the p stack results from the thermodynamic parameters DH8
and DS8, as well as temperature and concentration.

Figure 6. Chemical structures of 7 and 8 (above). a–d) UV/Vis absorption spectra of aqueous
solutions of PBIs functionalized with polyglycerol dendrons of the 1st (a), 2nd (b), 3rd (3), and 4th
(d) generation in a concentration range from 10�4 to 10�6

m. e) The effect of dendron substituents
on the fluorescence quantum yield of the PBI chromophore at the highest accessible dilution
(ca. 10�7

m). Reproduced from Ref. [37] with permission. Copyright (2010) RSC Publishing.

Perylene Bisimide Aggregates in Water
Angewandte

Chemie

6333Angew. Chem. Int. Ed. 2012, 51, 6328 – 6348 � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


tion at low concentration and at
a nearly neutral pH value. In the
mostly protonated form, the positively
charged side chains apparently hinder
the p–p stacking through electrostatic
repulsion. Accordingly, the fluores-
cence quantum yield for PBI 10
reaches a remarkable value of 90%
in water. As the concentration of
bolaamphiphile 9 in water is
increased, however, aggregation
takes place, which occurs together
with an increase in the pH value to 4.
This can be explained in such
a manner that the protons of the side
chains in the aggregate being trans-
ferred to the surrounding water to
minimize the electrostatic repulsion.
On the other hand, the hydrogen
bonds between the positively charged
ammonium groups and neutral amine
groups of the side chains may facilitate
the p–p stacking of PBIs. Upon
increasing the distance between the
protonated amine groups and the PBI
core by the introduction of aliphatic
spacer units (10 a–c), the aggregation
tendency of these PBIs is increased,
and this is associated with a decrease
in the fluorescence quantum yields.
The hydrophobic interactions of these
spacer units with each other result in
the p–p stack being additionally sta-
bilized, and hence the aggregation is
favored. Atomic force microscopy
(AFM) and TEM studies have shown
that the PBI molecules are arranged
into large rod-type structures, whose
length and diameter increase as the
spacer length increases (Figure 7).

Similar fluorescent rodlike nanostructures are also
formed by the self-assembly of b-cyclodextrin-substituted
PBI 11a (Figure 8) in water.[40] The incorporation of a proto-
natable amino group in the vicinity of the PBI core facilitated
an interesting pH-dependent control of the aggregation
behavior. Thus, while the protonated form of 11b creates
only small aggregates, the deprotonated form assembles into
larger flakelike structures.[41] Greater aggregates have also
been reported for the crown ether functionalized PBI 12.[42]

Such aggregates could be easily separated with G4 glass
filters, but, nevertheless, they appear to form dispersions in
water that are stable for a prolonged time.

Another interesting class of water-soluble PBIs has been
introduced by Hirsch and co-workers. The Newkome den-
drons function in these PBIs as hydrophilic substituents at the
imide positions and provide appreciable water solubility and
also exert an aggregation-inhibiting effect because of their
bulkiness and anionic character.[43] A bolaamphiphile bearing
Newkome dendrons of the first generation again exhibited

the typical characteristics of aggregated PBIs, that is, a broad
absorption spectrum with a hypsochromically shifted absorp-
tion maximum and a weak fluorescence. The aromatic core in
the symmetrical PBI 13 (Figure 9) containing second gener-
ation dendron substituents is, in contrast to the previous

Figure 7. Chemical structures of spermine-functionalized bolaamphiphiles 9 and 10, and AFM
images of aqueous solutions (c = 10�3

m) of 9 (A), 10 a (B), 10b (C), and 10c (D) that are spin-
coated onto mica. The scale bar corresponds to 50 nm. Reproduced from Ref. [39] with
permission.

Figure 8. Chemical structures of PBIs 11a,b substituted with b-cyclo-
dextrin and that of PBI 12 substituted with a crown ether.
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example, effectively shielded and thus is molecularly dis-
solved at lower concentration, which is reflected in an
enhanced fluorescence of this PBI. This appears to be not
only a consequence of the increased steric demand of the
dendron units, but also a result of electrostatic repulsion, as
most of the 18 carboxy groups are deprotonated at neutral
pH. TEM investigations confirmed that the bolaamphiphile
containing first generation Newkome dendrons is more prone
to aggregation than the one with second generation dendrons.
Accordingly, larger aggregates with irregular shapes were
formed in the former case. Interestingly, defined aggregates
can be obtained if one dendron substituent is replaced by
a dodecyl chain, as in PBI 14. The resultant amphiphile then
self-assembles into spherical micelles in water, where the
hydrophilic Newkome dendrons are turned outwards towards
the surrounded aqueous medium and the alkyl chains form
the hydrophobic interior core. In further studies, chiral
alanine and lysine residues were incorporated between the
PBI core and the Newkome dendron scaffold to increase the
molecular order in the aggregates, and thus to achieve
a diastereoselective self-assembly.[44]

3. Micelles, Vesicles, and Membranes by Self-
Assembly of PBIs

A prediction of the supramolecular architectures that
would be created by p–p stacking is challenging, particularly
for those formed from amphiphilic building blocks in water

where the hydrophobic effect exerts
a decisive influence. The formation
of different kinds of aggregate struc-
tures and their sizes are dependent
on many factors, such as temper-
ature,[45] concentration,[46] solvent
composition,[47] molecular structure
and the form of building
blocks,[14a, 30] steric interactions
between molecular units and the
presence of particular additives,[48]

and the relative ratio of hydropho-
bic and hydrophilic units within the
molecules.[9,49] In the case of block
copolymers, the size of these supra-
molecular structures might also be
influenced by the molecular weight
of the polymer.[50]

As discussed in the previous
section, substituents exercise a cru-
cial influence on the ability of PBIs
to aggregate in water. The effect of
molecular shapes and the possibil-
ities resulting from mixtures of dif-
ferently shaped PBIs have been
investigated by our research group
only a few years ago.[30] It has been
demonstrated with the amphiphilic,
unsymmetrically substituted PBIs
15 and 16 that the morphology of

the resultant aggregates can be predicted on the basis of the
ratio of the hydrophilic and hydrophobic packing parame-
ters[9] of the involved molecules (Figure 10).

The wedge-shaped amphiphile 15 bearing a hydrophobic
hexylester chain at one end and a hydrophilic triethylene
glycol chain at the other end assembles into micelles with
a diameter of 4–6 nm, with the hydrophobic part forming the
inner core, while the hydrophilic chains interacting with the
surrounding water medium. However, coaggregation of 15
with dumbbell-shaped PBI 16 results in the formation of
vesicles with a bilayer membrane. The combination of 15 and
16 in a 8:1 molar ratio in a H2O/THF (2%) mixture leads to
the formation of spherical structures with a diameter of nearly
100 nm and a membrane thickness of 7–8 nm. The latter value
corresponds to approximately twice the length of the PBI
monomers, and hence provides evidence for a bilayer mem-
brane. Vesicles with larger or smaller diameters are formed
upon increasing or decreasing the amount of 16, respec-
tively.[30] At a higher portion of 16, the ratio of the hydro-
phobic part in the aggregate increases, which leads to an
overall decrease of the surface curvature and ultimately to an
enlargement of the vesicle. In the self-assembly of 15,
however, the curvature in the aggregate is at a maximum
and the formation of considerably smaller micelles becomes
feasible. The structures could be characterized by TEM,
dynamic light scattering (DLS), and, because of their
intensive fluorescence, also by confocal fluorescence micros-
copy.[30] The supramolecular structure of the obtained vesicles
could be stabilized by photopolymerization of the terminal

Figure 9. Chemical structures of PBIs 13 and 14 substituted with the Newkome dendron.
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double bond in the hydrophobic side chain. Thus, the covalent
linkage preserves the original aggregate structure and size,
and enhances the morphological stability against external
influences.

The preparation of vesicles based on amphiphilic perylene
bisimides in an aqueous medium leads to the creation of
a reaction compartment separated by a photoactive mem-
brane. In further studies, these vesicles were loaded with
water-soluble, protonatable bispyrene derivatives that upon
photoexcitation with UV light under basic pH conditions
undergo a fluorescence resonance energy transfer (FRET) to
the PBI membrane, which functions as an acceptor
(Figure 11).[51] This FRET process does not take place in
acidic solutions, and thus the PBI membrane is not excited.
The reason for this rests on the degree of protonation of the
nitrogen atoms in the bispyrene derivative, which exists in
a stretched conformation in acidic solution and in a stacked
conformation in basic solution. While the stacked conforma-

tion exhibits a green excimer emission at
460–540 nm, the unstacked conformation
emits blue light at 370–420 nm. Thus, the
emission of bispyrene varies depending
on the pH value. Under strong basic
conditions (pH 11–13), the emission
spectrum of the pyrene excimer overlaps
nearly completely with the absorption
spectrum of the perylene bisimide
bilayer membrane, and thus the most
efficient energy transfer from pyrene to
the PBI membrane takes place under
these conditions. As a result of this
energy transfer, the membrane fluores-
ces upon photoexcitation of the pyrenes.
The spectral position and band shape of
the PBI emission emanating from the
membrane are in accordance with the
structural relaxation of excited PBIs with
population of the excimer-type excited
states, as discussed before for simple PBI
stacks (Figure 5). The spectral overlap
from the donor to the acceptor results in
a pH-dependent fluorescence, which at
pH 9 passes through the white light
region, and is thus particularly interest-
ing for diagnostic purposes (Figure 11).

A further amphiphile, PBI 17, con-
taining a galactosyl group as the hydro-
philic unit has been reported by Faul and
co-workers. This PBI forms right-handed
superhelical structures with a diameter of
100 nm in a 1:1 mixture of water and
THF (Figure 12).[52] These structures are
composed of bundles of individual heli-
cal fibers, in which the galactosyl groups
serve for the formation of highly ordered
structures through hydrogen bonding.

Liu and co-workers have studied the
aggregation behavior of the amphiphilic
cyclodextrin–PBI conjugate 18.[47a] Com-

pared with the previously discussed bolaamphiphile 11, PBI
18 exhibits a stronger aggregation capability because the p–p

stacking of this PBI is more pronounced due to the absence of
a second cyclodextrin unit and is additionally strengthened by
the hydrophobic interaction of the alkyl chains. The morphol-
ogy of the aggregates of PBI 18 is dependent on the solvent
composition.[47a] TEM and SEM images obtained from
a solution of 18 in pure methanol revealed the formation of
nanorods, with the PBIs stacked on top of each other in
a rotational manner[29] and the hydrophilic and hydrophobic
residues pointing outwards in a rather random manner. The
amphiphilic character of this PBI derivative becomes more
evident in water-containing solutions. In contrast to the pure
methanol solution, compact aggregates were formed in
a 4:6H2O/MeOH mixture, with the hydrophobic alkyl
chains avoiding the solvent and the cyclodextrin groups
pointing outwards. The molecular arrangement becomes
more defined at a higher water content (H2O/MeOH = 9:1),

Figure 10. Chemical structures of amphiphilic PBIs 15 and 16 (top). Schematic representation
of the formation of micelles by self-assembly of PBI 15 and of vesicles by coassembly of PBIs
15 and PBI 16 (bottom).
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and for this solvent mixture the formation of vesicular
structures was reported. These vesicles were embedded in
a polyvinylidene fluoride (PVDF) membrane and used for the
detection of organic amines in the gas phase by fluorescence
quenching. These analytes could be bound to cyclodextrin
units, thereby leading to a decrease in the excimer-type
fluorescence of the PBIs. According to the authors, this
fluorescence quenching is caused by two factors: the photo-
induced electron transfer from amine analytes to the electron-
poor PBI, and the inclusion of the analytes disturbing the
well-defined aggregate structure and thus also the exciton
migration in the aggregate. This also explains why PBI 18 is
better suited for such an application than the bolaamphiphile
11. The latter does not aggregate so strongly, and accordingly
highly ordered, extended structures are not formed.

Likewise, symmetrically substituted PBI 19a with trialkyl-
ammonium groups at the imide position has been introduced,
with iodide as the counterions, for application as a sensor for
amines (Figure 13). One-dimensional nanotubes were formed
upon drop-casting of an aqueous solution of this PBI on

a silicon substrate and slow evaporation of the solvent at
room temperature. However, nanorods were formed from
a solution of 19 a in methanol that did not have hollow
interiors. Apparently, the application of different solvents
results in different crystallization processes, since 19a exists
strongly aggregated in water and predominantly as monomers
in methanol. Both nanostructures have been used for the
detection of amines through electric conductivity measure-
ments, and they showed high sensitivity particularly toward
reducing agents that possess electron-donor groups such as
hydrazine or phenylhydrazine. As a consequence of the larger
surfaces, the hollow nanotubes obtained from aqueous
solution are more effective for amine sensing than the rod-
shaped aggregates obtained from methanol solution.[53] More-
over, this positively charged PBI has been used in thin films
that were electrolytically self-assembled with negatively
charged polyelectrolytes.[54]

In an interesting study, Tam-Chang et al. have investi-
gated the structural effects of these (19b,c) and similar ionic
PBIs (20, 21) in regard to their lyotropic liquid-crystalline
properties.[55] Despite containing different ammonium side
chains and counterions, these PBIs exhibit similar aggregation
behavior and optical properties in water. They form chro-
monic liquid-crystalline phases that are characterized by
a transition from an isotropic to a nematic phase (N) and
finally to a hexagonal phase (M) upon an increase in the
concentration.[56] Accordingly, both 19 b and 20 a first form

Figure 11. Schematic illustration of pH-dependent fluorescence reso-
nance energy transfer in PBI vesicles loaded with pyrene donors (top),
fluorescence spectra (middle), and a photograph of donor-loaded
vesicles in aqueous solution at different pH values under UV light
(366 nm), together with a CIE 1931 chromaticity diagram (bottom).
Reproduced from Ref. [51] with permission. Copyright (2009) Nature
Publishing Group.

Figure 12. Chemical structures of amphiphilic PBIs 17 und 18 (top).
Helical nanostructures in a TEM image obtained from a solution of 17
in a 1:1 mixture of water and THF (bottom). Reproduced from Ref. [52]
with permission. Copyright (2011) RSC Publishing.
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a nematic phase, while at higher concentrations they exhibit
a hexagonal phase (Figure 13 a,b). Protonation or methyla-
tion of the terminal amino groups clearly has only a minor
effect on the phase properties, while the effect of counterions
is more pronounced. Compared with the PBIs 19 b and 20a,
the transition from an isotropic to a nematic phase was
observed only at a significantly higher concentration in the
case of PBI 21. A further increase in the concentration
resulted in the formation of crystals, and not in a hexagonal
phase (Figure 13 c,d). Thus, the methyl groups between the
PBI core and the ammonium units in 21 evoke a different
packing behavior that reduces the range of the liquid-
crystalline phase.

Rybtchinski and co-workers synthesized a series of
amphiphilic PBIs possessing polyethylene glycol (PEG)
chains at the bay positions (Figure 14), and investigated in
detail their aggregation properties in aqueous media and also

in the presence of particular additives.[57] Compound 22,
which is composed of two PBI units, forms nanofibers that are
several micrometers long in a 4:1 mixture of water and
THF.[58] The addition of the reducing agent sodium dithionite
results in a dramatic color change of the aggregate solution in
H2O/THF (4:1) mixture from green to blue and a drastic drop
in the viscosity. It is assumed that 22 is reduced up to the
trianion and thus becomes significantly more soluble in the
aqueous medium. As a consequence, the nanofibers dissolve
and the micelles are now the dominant aggregate structures.
This process is reversible, since the reduced system is oxidized
by exposure to atmospheric oxygen which results in regener-
ation of the fiberlike aggregates. Recently published theoret-
ical calculations have indeed shown that the dianion of
a simple PBI is remarkably stable in water because of its
aromaticity.[59] These findings are in agreement with the fact
that perylene bisimides were initially developed not for their
most popular application nowadays as red pigments, but
rather as vat dyes.[60]

Unlike compound 22, both PBI units in compound 23 are
connected through a bipyridyl bridge. This molecule also
assembles in aqueous media into uniform fiberlike structures,
which through its three-dimensional supramolecular network
forms an exceptionally stable hydrogel that can be heated to
70 8C for at least one hour without any apparent changes
(Figure 15 a,b).[61] Under reductive conditions, however, this
gel changes to a fluid solution. Since this process is also
reversible, the gel can be regenerated by exposure to
atmospheric oxygen. More interestingly, the solvent can be
removed quantitatively without affecting the structure of the
ordered PBI fibers. Despite only noncovalent binding
between the PBIs, the robust network resists external
mechanical influences. Upon filtration of the aggregate
solution, the authors isolated a porous supramolecular layer
that can function as a membrane (Figure 15c–e).[62] This was
demonstrated for the separation of gold nanoparticles in
aqueous solution according to their size. Small gold nano-
particles with a maximum size of 5 nm could easily pass
through the membrane, whereas larger particles were
retained. Intriguingly, this membrane can be recycled by
dissolving it in organic solvents and reinitiating the self-
assembly process by the addition of water.

PBI 24 has a terpyridine unit in the bay position as an
anchor functionality, which can coordinate soft transition-
metal cations. Thus, this molecule arranges differently in the
presence of different metal cations, and diverse morphologies
can be observed.[63] PBI 24 alone forms in aqueous media long
fiberlike structures, which are comprised of individual seg-
ments arranged in sequence, and in these structures only the
PEG chains are turned towards the water. Upon binding the
metal cation Pd2+, this PBI also forms long, fiberlike
structures, but they possess tubular architectures. The
hollow interior is covered by the receptor units, whose
cationic Pd centers constitute the interior surface. Upon
binding the Ag+ cation, PBI 24 assembles preferentially into
two-dimensional aggregates.

In the presence of platinum cations, PBI 24 creates
predominantly vesicular aggregates with a bilayer membrane,
and Pt-Pt interactions between two neighboring complexes

Figure 13. Chemical structures of ionic PBIs 19, 20, and 21 (top).
Representative optical textures observed for different chromonic liquid-
crystalline phases of PBIs 19b und 21 in water. a) N phase of 19b
(6.8 wt %); b) granular M phase of 19b ; c) Schlieren texture for the
N phase of 21 (18.8 wt %); d) crystals formed upon evaporation of the
solvent from a solution of 21 in the N phase. Reproduced from
Ref. [55a] with permission. Copyright (2008) American Chemical Soci-
ety.
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possibly contribute to their formation.[63] Moreover, tripep-
tide frameworks containing a terminal cysteine residue could
be connected with this PBI through the thiol group of
cysteine, which binds to the coordinated platinum center.[64]

Kinetic intermediates in the self-assembly of these complexes
in aqueous media could be detected by spectroscopic and
electron microscopy methods. The formation of equilibrated
supramolecular structures is thus simply delayed in the
presence of the strong hydrophobic interactions of PBIs in
water. The structural motif described here could also be
incorporated into PBI oligomers. PBI pentamer 25 forms
a two-dimensional porous network in aqueous solution,[65]

while PBI hexamer 26 assembles into tubular structures in
a water/THF (7:3) mixture that show confinement of the
exciton and thus localized emission. A high binding constant
of about 109

m
�1 was reported for the aggregation of PBI 26,[66]

which is consistent with the thermodynamic data described at
the beginning for PBI 6.

4. p–p Stacking of PBIs in and with DNA

The outstanding fluorescence and electron-acceptor prop-
erties of PBIs appear to be particularly interesting for
a diagnostic application based on intercalation into ribonu-
cleic acid (RNA) or deoxyribonucleic acid (DNA). Thus, we
devote a separate section to this subject, in which we highlight
the potential of PBIs for studying biomolecules, particularly
DNA, and their physiological functions on the basis of altered
absorption properties, fluorescence signals, or electronic
properties. In principle, there are two different possibilities
by which PBIs can interact with DNA. On the one hand, these
chromophores can be a part of DNA–PBI conjugates once

they are covalently connected to oligonucleotides and, on the
other hand, they may interact with DNA bases through
noncovalent p–p interactions (upon intercalation).

It has been known for long time that water-soluble PBIs
undergo p-stacking interactions with DNA bases. Cationic
PBIs, in particular, showed enormous potential for the
stabilization of DNA G-quartets, which are guanine-rich (G-
rich) secondary structures of DNA that can be found mainly
at the end of chromosomes, that is, in telomeres; the latter
play important roles in cell division and DNA replication.[67]

Telomeres are comprised of tandemly repeated units of the G-
rich base sequence TTAGGG, and may extend up to
25000 base pairs. This hexanucleotide sequence at the end
of linear chromosomes ensures complete replication of
chromosomal DNA and also protects the chromosomes
against fusion and degradation. Although most of the
telomeric DNA structures are double-stranded, there are
also noncanonical base pairs such as four-stranded G-quad-
ruplexes, in which the four guanine bases form a planar
surface through Hoogsteen interactions.[68] Since erosion of
telomeres takes place over time and they become progres-
sively shorter after every cell division, an enzyme system has
evolved that biocatalytically restores the telomere length. The
decisive enzyme in this process is the telomerase, a reverse
transcriptase, which first has to unwind the G-quartet
structures so that the telomere can be subsequently extended.
Since the telomerase exhibits especially high activities and is
over-expressed in cancer cells, appreciable efforts have been
made to inhibit this enzyme in order to develop an approach
for cancer therapy. It has been shown that extended p-
conjugated molecules can stabilize the G-quartets to such an
extent that they can no longer be unwound, and as a result the
telomerase activity is inhibited.[69, 70]

Figure 14. Chemical structures of PBIs 22–26 substituted at the bay position with PEG.
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Compound 27 is possibly the best studied PBI derivative
in terms of G-quartet–PBI interactions (Figure 16). This
compound contains two piperidine substituents at the imide
positions, and is thus generally denoted as PIPER in the
literature.[71–74] The protonation of the amine nitrogen atoms
under neutral conditions ensures water solubility and
strengthens the binding between the chromophore and
tetrameric, parallel G-quadruplex DNA—which is otherwise
enabled through p-p interactions—by electrostatic interac-
tions of the positively charged ammonium side chains with the
negatively charged phosphate backbone of DNA.[71] More-
over, PBI 27 initiates the formation of G-quartets from DNA
oligomers that contain two tandem repeats of TTAGGG
sequences.[72] PBI 27 can also effect the transition of duplex
DNA, which is paired through Watson–Crick hydrogen
bonding, into G-quadruplex DNA.[73] Studies with the
enzyme helicase Sgs1, which preferentially unwinds G-quad-
ruplex DNA but also duplex DNA to a small extent, have
impressively demonstrated the selectivity of the binding of
PBI 27 to DNA.[74] Thus, it was shown that the nearly
exclusive binding of 27 to G-quadruplex DNA prevents its
unwinding by this enzyme, while duplex DNA can still be
enzymatically unwound because of the lack of stabilization by
this PBI. In parallel to the increasing tendency of 27 to
aggregate upon changing from acidic to basic conditions—
protonation under acidic conditions counteracts the aggrega-
tion (see Section 3)—the binding selectivity also increases.
For example, the selectivity of 27 for G-quadruplex DNA
over duplex DNA is higher at pH 8.5 than at a neutral
pH value.[75]

By considering these interesting properties, it is not
surprising that a large number of PBIs with various substitu-
ents at the imide position have been investigated in regard to
their interaction with G-quartets. Figure 16 depicts a small
selection of such PBIs, which will be discussed in detail in the
following. PBIs with basic residues or cationic side chains (27,
28) have been shown to be best suited for such studies.[76]

Neutral PBIs such as 29 also stabilize G-quartets, but with

comparably lower affinity,[77] while negatively charged PBIs
barely bind,[76b] thus convincingly demonstrating the crucial
influence of ionic interactions with DNA backbone. The
binding affinity can still be increased if the PBI contains
special DNA groove binding units as substituents such as, for
example, in PBI 30.[78] PBIs substituted at the bay positions,
whereby the optical properties of the formed complexes can
be varied, have also been investigated.[79] G-quartets may also
be created if PBI is terminally connected with a guanine-rich
DNA strand at its imide position. The strong p–p interactions
between terminal PBIs and DNA bases drive the association
of guanine strands, and thus a tetrameric, parallel G-quartet is
preferentially formed.[80] Since all aspects of this topic, such
as, for example, the selectivity of PBIs for particular top-
ologies of G-quartets and selectivity compared to duplex
DNA, could not be covered here extensively, we refer the
interested reader to further literature.[70]

It has also been known for a long time that the use of PBIs
as linker units in DNA hairpin constructs can also stabilize
rather unusual DNA secondary structures such as DNA
triplexes through hydrophobic interactions with the neigh-
boring DNA bases. Thus, it was shown that a target DNA
single strand can be bound to two DNA strands that are
connected by a PBI linker and are complementary to the
target single strand, thereby leading to a hairpin DNA triplex
structure.[81] Watson–Crick base pairing with one strand and
Hoogsteen base pairing[68] with the other strand contribute to
the stabilization of the triplex. But what effect does the
covalent incorporation of the PBI chromophore into DNA
sequences actually have? To answer this query, numerous
DNA–PBI conjugates, in which PBIs were covalently linked
to oligonucleotides, were synthesized in the last few years and
their properties were thoroughly investigated. These studies
are discussed in the following.

It was soon shown that DNA–PBI conjugates that are
constructed by the incorporation of single-stranded DNA
sequences at the imide positions of PBIs can hybridize with
complementary DNA–PBI analogues.[82, 83] The resulting

Figure 15. a) Cryo-SEM image of a sample prepared from a solution of aggregated 23 (10�4
m) in a 4:1 mixture of water and THF. b) Magnification

of the framed area in (a). Reproduced from Ref. [61] with permission. Copyright (2009) American Chemical Society. c) Cross-section of
a 1 � 1 mm2 area of the supramolecular membrane (0.65 mg 23 per cm2) on a cellulose acetate (CA) support. d) Magnification of an area in (c),
showing the border between the rough CA layer and smooth PBI membrane. e) High magnification of the PBI membrane. Reproduced from
Ref. [62] with permission. Copyright (2011) Nature Publishing Group.
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duplex DNAs show enhanced stability because, besides
hydrogen bonding between DNA bases, the p–p interactions
between the PBIs located opposite to each other in the duplex
DNA also contribute to the stability.[82] The effects of the
incorporation of such PBIs in single-stranded DNA on
aggregation were studied first with a DNA–PBI oligomer, in
which the PBI chromophores stack depending on temper-
ature.[84] No interaction between the PBI units of the
polynucleotide shown in Figure 17 (DNA 1) was observed
at room temperature. Apparently, the DNA sequences
prevent such an interaction through their steric and anionic
properties. Heating this conjugate, however, resulted in the
p–p stacking of PBIs, and led to the folding of this
polynucleotide. Since this folding process should principally

be disfavored at a higher temper-
ature because of the loss of con-
formation entropy, a strong
entropy-driven hydrophobic
effect is apparently involved,
which leads to the aggregation at
higher temperature.

In a much larger number of
studies, PBIs were incorporated in
double-stranded DNA and their
function as a base-pair surrogate
elucidated. The molecular size of
a PBI corresponds nearly to that
of a base pair, and thus it should
also exhibit a similarly strong p–p

interaction with neighboring base
pairs in DNA. Figure 18 depicts
a model for the p stacking of a 5’-
terminally attached PBI chromo-
phore with a double-stranded
DNA. To realize such an interac-
tion in an internal position, a base-
free 2’-deoxyribofuranoside needs
to be incorporated at a respective
position in the opposite strand. In
this case, the emission of the PBI
is rather weak because of p–p

interactions or photoinduced elec-
tron-transfer process with the

adjacent DNA bases. Temperature-dependent fluorescence
spectra showed that the PBI emission is only moderately
increased even after dehybridization (Figure 19) and the

Figure 16. Chemical structures of the G-quartet-binding PBIs 27–30.

Figure 17. Thermophilic properties of the DNA–PBI trimer DNA 1.

Figure 18. Model for the p-p stacking of a PBI chromophore (red)
attached to the terminal position of a duplex DNA with the adjacent
DNA bases.
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absorption spectra exhibit only a slight hyposochromic shift of
the absorption maximum upon dehybridization.[85] The
observed weak emission indicates a quenching of the
fluorescence by an electron-transfer process from the elec-
tron-rich DNA bases to the electron-poor PBI.[86]

Intensively fluorescent DNA–PBI conjugates can, how-
ever, be constructed if the interaction of the PBI with itself or
with the adjacent base pairs is suppressed. This was achieved
by the introduction of “isolator” molecules that do not
possess any p electrons and shield the chromophore from
neighboring p systems.[87] A second approach is based on the
introduction of electron-donating substituents
in the bay positions of the PBIs. As a conse-
quence of an electron-rich aromatic core, as in
the case of N-pyrrolidinyl-substituted PBI for
example, a quenching effect by adjacent gua-
nine bases no longer occurs.[88]

If the PBI is terminally attached to a duplex
DNA, as in DNA 2 (Figure 19, right), an
excimer-type emission is observed, which sug-
gests a dimerization of two PBI–DNA strands
through aggregation of the terminal PBIs.[89]

Interestingly, the formation of the PBI dimer
aggregate is no longer possible after dehybrid-
ization, which is expressed by a monomer-like
PBI emission. A completely intact DNA sec-
ondary structure is thus a prerequisite for
excimer formation. This motif was used in
subsequent studies to construct supramolecular
DNA structures which are arranged in
a defined way through strong p–p interactions
between terminally attached PBIs. The “three-
armed” duplex DNA–PBI conjugate DNA 4
(Figure 20) thus aggregates spontaneously
above a critical concentration.[90]

PBI stacking is also possible if this chro-
mophore functions as a linker unit in a DNA
hairpin (e.g. DNA 5) or in a dumbbell-shaped
DNA construct (e.g. DNA 7; Figure 20). Lewis

and co-workers synthesized a series of such PBI–DNA
hairpins[82, 91] and showed that PBI units do not interact with
each other in buffered aqueous solution, but instead form
stable p–p stacks with the adjacent base pairs (DNA 5). The
interaction with neighboring AT bases pair leads to fluores-
cence quenching, and thus the PBIs fluoresce only very
weakly in these conjugates. However, in the presence of an
excess amount of sodium chloride such DNA hairpins
assemble into dimers (DNA 6) through PBI–PBI interactions.
This effect is, amongst other things, due to the fact that the
higher salt concentration enhances the hydrophobic effect of

Figure 19. Schematic representation of PBI–DNA conjugates with terminal (DNA 2) and internal PBI chromophore (DNA 3), and the respective
temperature-dependent fluorescence spectra (2.5 mm DNA in 10 mm sodium phosphate buffer, pH 7, lex = 505 nm). Reproduced from Ref. [85]
with permission. Copyright (2006) American Chemical Society.

Figure 20. Schematic representation of different PBI–DNA conjugates (DNA 4–11).
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the PBI surfaces and thereby leads to stacking. The PBI–PBI
interaction is then so strong that it can only be broken by
increasing the temperature until the double-stranded DNA
melts. In contrast, the dissociation of the dimer occurs prior to
dehybridization at a lower salt concentration. On the basis of
these results it was concluded that an intact secondary
structure at a sufficiently high salt concentration is a prereq-
uisite for the formation of a stable dimer from two PBI–DNA
hairpins.[91a] A similar behavior was observed for the dumb-
bell-shaped PBI–DNA conjugate DNA 7, which first exhibits
a monomeric PBI absorption spectrum in buffered aqueous
solution, but the appearance of the spectrum corresponding
to PBI dimer aggregates was observed at sufficiently high salt
concentration, thus suggesting formation of supramolecular
polymers. Indeed, AFM and TEM images showed branched
fibers composed of seven hexagonally arranged double-
stranded DNA polymers.[92] However, if these DNA struc-
tures are dehybridized, the PBI units stack intramolecularly,
and thus structurally defined, extended aggregates are no
longer accessible.[93] Investigations of the excited state, charge
transfer, and spin dynamics were performed on DNA hairpins
in which a GC base pair was incorporated and its distance to
the PBI linker was systematically enlarged.[94] These DNA
hairpin structures also led to stabilization of DNA triplexes
(e.g. DNA 8). Thus, different triplexes could be produced by
binding poly(dT) single strands to PBI hairpin structures
consisting of poly(dT) and poly(dA) strands.[95]

p–p interactions between PBIs placed in an internal
position of double-stranded DNA can be observed if they are
located in the direct neighborhood in the same single strand
or opposite to each other in the double helix (Figure 20). In
the latter case (DNA 9), the PBIs exhibit strong electronic
interaction leading to excimer fluorescence, which changes to
a typical monomer fluorescence upon dehybridization of the
duplex DNA into the complementary single strands.[89] This
behavior was used only recently in a DNA probe, in which
two PBIs were positioned in a hairpin opposite to each other,
thus enabling electronic coupling with each other. The
addition of a complementary DNA single strand results in
the separation of the PBI dimer, and hence the hybridization
with the target DNA can be proven by the appearance of
monomer-type PBI fluorescence.[96] Higher melting temper-
atures of DNA–PBI conjugates compared with those of their
analogues without PBIs reveal that the hydrophobic PBI
interactions stabilize DNA double strands.[89, 97] The driving
force for the formation of the intrastrand dimer is so
pronounced that the PBIs can only be isolated from each
other if they are separated by a matched DNA base pair, for
example, AT in DNA 10 a. In the case of a single-mismatched
base pair, for example, AA in DNA 10b, which results in
a weaker interaction of the DNA bases, the base pair is
already squeezed out from the strand by both PBIs, and thus
excimer fluorescence reappears.[89] It was shown that such
PBI–DNA strands can clearly differentiate between a com-
plementary and noncomplementary counterstrand. The
amount of the complementary strand could be assessed on
this basis even in mixtures of both counterstrands.[89] If a base
pair is placed between two PBI chromophores located on
opposite strands, this base pair can also be squeezed out from

the DNA strand as a result of the strong PBI interaction. An
AT base pair, which possesses two hydrogen bonds, is already
separated at room temperature, while this happens only at
higher temperature in the case of a GC base pair with three
hydrogen bonds.[98]

No further stabilization of the DNA could be achieved by
incorporation of a p stack with multiple PBI units in the
duplex DNA. As Wagenknecht and co-workers noticed, the
DNA double helix tolerates the formation of a dimer, but
loses its stability by the presence of several PBIs that interact
with each other, which was shown with a DNA strand
containing six diagonally interacting PBIs (DNA 11).[97] In
this case, the PBIs are arranged in an alternating stacked
fashion, like in a zipper. Here, the excimer fluorescence,
however, cannot be changed to the monomer-type fluores-
cence by melting the DNA because a strong p–p interaction
between the three adjacent PBIs still exists.

Another approach for the detection of single-stranded
DNA was developed by H�ner and co-workers that was based
on the interaction of the electron-rich pyrene chromophore
with the PBI chromophore in duplex DNA to give a stable
donor–acceptor complex.[99] As a result of this interaction, the
fluorescence of the PBI and pyrene was nearly completely
quenched.[100] When both chromophores are components of
a DNA hairpin (DNA 12), a highly stable aggregate structure
with a pyrene-PBI-pyrene-PBI sequence is thus achieved. If
the PBIs and pyrenes are separated from each other upon
hybridization with a DNA counterstrand, then the excimer

Figure 21. Top: Schematic illustration of the operating mode of a PBI-
pyrene-functionalized hairpin as a DNA probe. Hybridization with
a target DNA separates the PBI and pyrene units from their non-
fluorescent donor–acceptor complex with formation of an emitting
pyrene excimer. Bottom: Fluorescence readout by the hybridization of
DNA 12 with a complementary target DNA (lex = 370 nm, 10 mm

phosphate buffer, pH 7.0, 100 mm NaCl, 37 8C). Reproduced from
Ref. [99b] with permission.
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formation between the pyrenes results in an intensive
fluorescence, and thus the binding to the counterstrand can
be detected (Figure 21).

In this section we have discussed how PBIs that are bound
to nucleic acid sequences interact with themselves or with
(pseudo) base pairs of DNA through p–p interactions. For
a general overview on the arrangement of chromophores in
DNA–dye conjugates we refer to a review recently published
by H�ner and co-workers.[101]

5. p–p Stacking
between PBIs and
Functional Carbon
Materials

In addition to the
interaction of PBI dyes
with DNA and the result-
ing potential applica-
tions, particularly in the
area of medicine, water-
soluble PBIs should also
be able to undergo p-
stacking interactions
with other p systems as
a result of their previ-
ously discussed proper-
ties. Indeed, a nice exam-
ple of this ability was
recently shown by
Hirsch and co-workers
on using their PBIs sub-
stituted with the New-
kome dendron
(Figure 22).[102] These
PBIs are well-suited for
the dispersion of poorly
soluble extended p-con-
jugated carbon materials
such as single-wall
carbon nanotubes
(SWCNTs) or graphenes.
The basis for this is
a strong p–p interaction
between the electron-
poor PBI derivative and
the p surface of the
carbon materials. The
interaction of SWCNTs
with the water-soluble
PBI amphiphile 13 led
to the dispersion of
carbon nanotubes, and
isolated individual nano-
tubes could also be gen-
erated. The fluorescence
of PBIs is quenched
when they adsorb onto

the surface of the nanotubes. Spectroscopic investigations
revealed that a pronounced electronic coupling between the
carbon nanotube and PBI occurs, which should lead to
photoinduced charge-transfer processes.[102–104]

The dispersion and isolation of individual carbon nano-
tubes, which are already noticeable at a PBI concentration of
0.004 wt%,[102] can be followed by the fluorescence of the
nanotubes, which is, however, weaker than when conventional
detergents such as sodium dodecylbenzenesulfonate (SDBS)

Figure 22. Chemical structures of Newkome- (12, 13, 31) und OEG-dendronized (32) PBIs, which were used for
the dispersion of functional carbon materials. The structures of 12 and 13 are shown here again for a better
overview.
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are used instead of a PBI. Investigations with a first gen-
eration bolaamphiphile (PBI 31) showed that carbon nano-
tubes can play the rather unusual role of an electron donor as
a consequence of the interaction with the strong PBI electron
acceptor, and thus a radical ion pair can be formed by
photoinduced electron transfer.[103,104] It could be shown by
comparing the near infrared (NIR) fluorescence of nanorods
that different PBIs interact differently with nanorods. While
PBI 12 quenches the NIR fluorescence of nanorods com-
pletely, it is still clearly observable for the interaction with
PBI 13. This shows that the interaction of PBIs with SWCNTs
is dependent on the structural features of the PBIs and
presumably relates to their propensity for self-assembly (see
Section 3). The pH value of the buffer solution used also has
a significant influence on the ability of PBI 12 to disperse
carbon nanotubes. This ability is more pronounced at higher
pH values because of the Coulombic repulsion of the
negatively charged carboxylate groups of the PBIs
(Figure 23).[105] It should also be mentioned that PBI 12 was
successfully used for the dispersion of graphene sheets, thus
emphasizing the potential of water-soluble PBIs as surfactants
for the dispersion of carbon materials. In this way, multilayer
stacks could also be separated from graphite.[106]

Dispersions of SWCNTs could also be obtained in organic
solvents by using OEG dendrons (such as in PBI 32) instead
of Newkome dendrons. However, the stability of the PBI/
SWCNT hybrids decreases as the size of the dendron
substituents increases, because the steric demand and the
hydrophilicity of the PBIs are increased.[107]

Noncovalent modification of SWCNTs offers several
advantages. On the one hand, the molecular structure of the
nanotubes and many of their intrinsic properties are pre-
served. On the other hand, the dispersion of nanotubes
provides a way for their purification. As-synthesized
SWCNTs are neither homogeneous nor well defined, but
are instead mixtures of metallic and semiconducting tubes
with varied lengths and diameters. After dispersion with
water-soluble PBIs they can be purified and separated by
ultracentrifugation.[108]

The examples discussed here impressively demonstrate
that the p–p interaction of PBIs in water results in supra-
molecular structures with great potential applications in
various fields, from materials science up to medicine.

6. Summary

Perylene bisimides (PBIs) are well-known for their
versatile applications as pigments,[60] fluorescence dyes,[20]

and n-semiconducting materials for organic electronics.[109,110]

Thus, in the past few years enormous research effort has been
focused on the development of PBI derivatives with greater
solubility in organic solvents to enable easy purification and
better processibility, and to achieve proper control of their
arrangement in the solid state and supramolecular aggre-
gates.[19] While PBIs have been established as an outstanding
class of functional materials in these fields, their application in
aqueous media was hardly investigated initially. Thus, the
purpose of this Review is to illustrate that water is indeed
a highly suitable solvent for this class of dyes and offers many
opportunities, particularly in regard to self-assembled molec-
ular aggregates, whose formation in the case of PBIs is driven
by particularly strong hydrophobic interactions. Since p–p

stacking interactions in water are not restricted to PBIs, this
Review may also stimulate other studies in the field of
supramolecular dye chemistry in aqueous media.

The concepts and strategies for supramolecular synthesis
discussed in this Review have shown that PBIs can be made
compatible with water as a solvent rather easily by the
introduction of hydrophilic substituents. PBIs can be func-
tionalized with water-solubility-mediating substituents at the
imide as well as at the bay position, thus offering versatile
opportunities for structural variations that are at best only
rudimentarily explored so far. Water-soluble PBIs that are
accessible by this approach possess strongly hydrophobic
p surfaces, which can interact with themselves or with other
p systems. The former process results in highly attractive
macroscopic molecular assemblies such as micelles, vesicles,
or nanofibers with numerous potential applications for
materials research to artificial photosynthesis.[12c,111] It is
quite encouraging that well-defined PBI dye aggregates and
bilayer membranes can already be obtained in water, since
the natural light-harvesting systems impressively illustrate the
function and the benefit of highly organized membrane-
bound dye aggregates.

Amongst the interactions of PBIs with other p systems,
the dispersion of carbon nanotubes and graphenes stands out,
as does the interactions with DNA. While the application of
PBI-based fluorescence probes has been the topic of a pre-
viously published review in Angewandte Chemie,[24] the
present Review illustrates how PBI-based molecular aggre-
gates can contribute to a better understanding of the structure
and physiological function of biomolecules such as DNA.
Moreover, the examples discussed in this Review impres-
sively demonstrate that the p–p interaction of PBIs with
extended p surfaces of CNTs and graphene in water results in
supramolecular structures with great potential for materials
science up to photocatalytic application.[112] The topics of this
Review represent high-priority research subjects, from which
further interesting studies can be expected in the field of
water-soluble p-conjugated chromophores in general and of
perylene bisimides in particular.

Figure 23. Schematic illustration of the separation of individual carbon
nanotubes by PBI dispersion.
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