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Abstract: Perylene bisimides bearing four aryloxy substituents in the 1,6,7,12 positions (so-
called bay area) and two receptor units at the imide nitrogens are most useful fluorescent
building blocks for the realization of a broad variety of supramolecular architectures. As dis-
cussed in this review, this versatility is not only due to the outstanding fluorescence proper-
ties of these dyes with quantum yields close to unity, but also a consequence of pronounced
twisting of the π-system with an inversion barrier of around 60 kJ/mol (leading to atropiso-
merism) and conformational flexibility of aryloxy units. The latter two properties endow
these dyes with high solubility even in least polar aliphatic solvents and enable the dyes to
maintain a distance of ≥4 Å in their supramolecular assemblies. This feature particularly re-
duces the, otherwise often observed, fluorescence quenching in dye aggregates. Thus, bright
luminescent cyclic and polymeric supramolecular architectures have become available from
these dyes by hydrogen-bond and metal-ion directed self-assembly. In those cases where ad-
ditional π−π-stacking interactions come into play, luminescent organogels and liquid crystals
are obtained.

Keywords: dyes/pigments; dye assemblies; fluorophores; supramolecular chemistry; twisted
π-systems.

INTRODUCTION

Fluorophores are widely applied functional dyes that are characterized by a radiative depopulation of
an excited singlet state. Owing to other competing processes, such as intersystem crossing to the triplet
state and internal conversion to the ground state, only few fluorophores exhibit high fluorescence quan-
tum yields (>95 %) in a broad range of solvents as observed for many perylene bisimide derivatives
(Scheme 1). 

*Paper based on a presentation at the XXIst IUPAC Symposium on Photochemistry, 2–7 April 2006, Kyoto, Japan. Other
presentations are published in this issue, pp. 2193–2359.
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Scheme 1 Perylene bisimide fluorophores and their fluorescence maxima and quantum yields (for R =
2,6-diisopropylphenyl) in dichloromethane or chloroform. The fluorescence data for 1a,b and 1d–f are taken from
refs. [8–10], see below. To complete this series, compound 1c was currently measured by us.



Moreover, perylene bisimides possess exceptionally high photostability, and their emission color
can be tuned by proper selection of substituents from green to red [1]. Accordingly, beyond classical
applications as fluorescent or laser dyes [2], perylene bisimides have been the fluorophores of choice
in particularly demanding fields of materials science, such as single-molecule fluorescence spec-
troscopy [3], due to their negligible triplet population rate [4]. However, as expected for such an ex-
tended π-system with a large quadrupole moment, perylene bisimides are prone to aggregation and
crystallization to afford typically nonluminescent pigment particles [1]. As a matter of fact, dye aggre-
gates with bright fluorescence are quite rare, despite the early discovery of fluorescent J-aggregates of
cyanine dyes in aqueous solution by Scheibe and Jelley [5,6]. The lack of a generally applicable dye for
obtaining highly fluorescent supramolecular assemblies in solvents of diverse properties was the in-
centive to start with our project, in which we aimed toward well-defined self-assembled cyclic and poly-
meric dye architectures (Fig. 1). In the course of our investigations, it became apparent that the bright
fluorescence of the building block is important not only for many interesting applications, but it is also
very beneficial for the elucidation of the structural integrity of the assemblies. 

As a most promising starting point, we have chosen Seybold’s dye 1f, a perylene bisimide deriv-
ative with a highly twisted π-system of unprecedented solubility within the class of perylene bisimide
dyes [7]. Despite this twisting of the π-system and the high conformational flexibility (for details, see
later), these dyes are outstanding fluorophores [7]. Many derivatives exhibit fluorescence quantum
yields between 90 and 100 % in a whole range of organic solvents [8] and, recently, even bright fluo-
rescent water-soluble derivatives could be realized by Müllen and coworkers [9]. Another beneficial
feature of these dyes is that their absorption and emission properties are fairly unchanged by the imide
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Fig. 1 Concept for perylene bisimide-based supramolecular chemistry: Attachment of substituents in the four bay
positions of perylene bisimides distorts the π-system out of planarity. By this means, the energy of π−π-stacking is
strongly reduced. Thus, an originally insoluble pigment chromophore (with high lattice energy) is liberated as a
soluble dye that can be equipped with receptor groups to realize desired luminescent supramolecular architectures.



substituents owing to nodes in the highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) at the nitrogens [1,2].

PROPERTIES OF BAY-SUBSTITUTED PERYLENE BISIMIDES

X-ray crystallography [10b,11–16], molecular modeling [17,18], and NMR studies have provided in-
sight into the deformation of the perylene bisimide core upon attachment of substituents at the bay po-
sitions. According to molecular modeling, a significant number of conformations have to be considered
for aryloxy-substituted compounds (Scheme 2), whilst twisting angles θ1 and θ2 are sufficient to de-
scribe the structure of halogenated perylene bisimides. Table 1 summarizes the twist angles θ calculated
with AM1 methods and those observed in single crystals by X-ray diffraction analysis.

Table 1 Observed (XRD) and calculated (AM1) twisting angles θ (°) for
perylene bisimides 1a–f and coalescence temperatures Tc and barriers of
inversion ∆G‡ in CDCl3.

Compound θ (°)a θ (°)b Tc (K) ∆G‡ (kJ/mol)

1a 0 0 [1] – –
1b 21 28/18 [10b] n.d. n.d.
1c 36 37 [14]; 35/37 [15] >376c >85c

1d 24 24 [13] n.d. n.d.
1e 15 n.d. n.d. n.d.
1f 27 25 [11,12], 33 [12] 271 60

aFrom AM1 calculations for R = Me. 
bFound in crystal structures (dihydral angles involving four carbon atoms at one of the
two bay regions). 
cMeasured in Cl2DC-CDCl2.

As the data in Table 1 reveal, only in the unsubstituted derivative proper planarity of the π-sys-
tem is maintained. The same holds true for the compound with two cyano substituents (X = H, Y = CN
in Scheme 1) as shown recently by Wasielewski and coworkers [19]. Otherwise, already for two sub-
stituents, sterical crowding enforces the distortion of the π-system into two twisted naphthalene imide
subunits. Depending on the number and steric demand of the substituents, angles from 18° to 37° are
found in the solid state by single-crystal X-ray analysis which are in good agreement with those esti-
mated by semiempirical calculations.

The distortion of the π-system has a significant impact on the intermolecular π−π-stacking energy
of these compounds in the solid state and for aggregates in solution as well. For perylene bisimides with

© 2006 IUPAC, Pure and Applied Chemistry 78, 2341–2349

Twisted fluorophores 2343

Scheme 2 Schematic representation of twisted perylene bisimides and conformational isomerism arising from
different orientations of the tetraaryloxy substituents.



solubilizing imide substituents, spectral changes upon aggregation can be monitored by concentration-
dependent UV/vis and fluorescence spectroscopy. Figure 2a shows the concentration dependency of the
amount of aggregated dyes in an aliphatic solvent (most related situation to the gas phase) for perylene
bisimide dyes bearing different bay substituents. In Fig. 2b, the relationship between the logarithm of
the aggregation constant K (proportional to the Gibbs interaction energy ∆Go) and the twisting angle θ
is depicted. The highest driving force for π−π-stacking is found for the flat parent chromophore and the
lowest one for the most twisted tetrachlorinated compound. Empirically, we can derive an almost lin-
ear relationship between logK and θ.

Besides its impact on solubility and applicability of these dyes for various purposes [7], such
twisting of the π-system imparts to bay-substituted perylene bisimides conformational chirality, thus,
these twisted π-systems are of interest of their own. In this article, we will denote these stereoisomers
as atropisomers, despite the fact that in a strict sense we deal here with planar chirality, and not with
axial chirality [20]. The possibility of obtaining helically twisted fluorophores from this class of dyes
has already been recognized some years ago [21], but it was only recently that the barriers of inversion
have been determined by temperature-dependent 1H NMR spectroscopy [22]. The values given in Table
1 show that a resolution of the racemic mixtures of tetrachlorinated derivatives 1c might be feasible by
low-temperature chromatography on a chiral phase, whilst the barrier for tetraphenoxy-substituted com-
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Fig. 2 (a) Molar fraction of aggregated molecules as a function of the total concentration in methylcyclohexane and
calculated lines according to the isodesmic aggregation model from concentration-dependent UV/vis absorption
spectra [24]. (b) Correlation of the logarithm of the aggregation constant K and the twist angle θ of the perylene
core estimated by semiempirical calculations.



pounds is apparently too low. For a recently synthesized macrocyclic compound 2, a significant increase
of the inversion barrier is observed (∆G‡ = 74 kJ/mol), and for the isomeric species 3a as well as for re-
lated compounds with longer oligoethyleneglycol chains (n = 1–4) the conformation is completely fixed
(Scheme 3) [12]. This has enabled the isolation of a pure diastereomer of 3b by high-performance liq-
uid chromatography (HPLC) and the investigation of its chiroptical properties [23].

As expected from the macrocyclic isomeric structures shown in Scheme 3, different conforma-
tional possibilities arise also for unfixed aryloxy-substituted perylene bisimides. The coexistence and
interconversion of such conformational isomers was indeed the reason that macrocycles with side-on
linkage like 2 and top-bottom linkage like 3 could be obtained from the same tetraresorcinol-substituted
precursors upon addition of ditosylated oligoethyleneglycols [12]. In different laboratories, structure A
(Scheme 2) has been calculated as the lowest energy conformation for tetraphenoxy-substituted
perylene bisimides 1f in the gas phase by semiempirical and force field methods as well [17,18].
However, in the solid state, stretched conformations of type B2 are found [11,12]. Originally, this dis-
crepancy has been attributed to the fact that stretched conformations like B1 and B2 enable stronger
intermolecular π−π-stacking interactions in the solid state that will increase the lattice energy. As the
same packing forces also apply for aggregates of these dyes in solution and in columnar liquid crystals
[24], also for these phases stretched conformations have been considered as the more likely structures.
However, recent comparative investigations of the NMR, absorption and fluorescence properties of
resorcinol-substituted perylene bisimides with and without macrocyclic fixation (like in 2 and 3)
strongly suggest that also unfixed tetraphenoxy-substituted perylene bisimides do preferentially popu-
late a stretched conformation like B1 or B2 in solution [12].

Macrocyclic perylene bisimides that were fixed in stretched conformations of type B showed
higher fluorescence quantum yields compared to macrocycles that are fixed in conformation A, at least
for the case of electron-rich aryloxy substituents like resorcinol. However, depending on the exact elec-
tronic and steric properties of the aryloxy substituent, the equilibrium between these energetically quite
similar conformations might shift toward conformation A as suggested for dendron-derivatized com-
pounds [17]. It is noteworthy that the population of different conformations has a very beneficial influ-
ence on solubility properties due to an increase of entropy. This feature leads to unprecedented solubil-
ity for perylene bisimides that is the prerequisite for obtaining broadly applicable supramolecular
building blocks and self-assembled multichromophoric architectures. This behavior is in strict contrast
to conventional chromophores, which form insoluble pigments in the presence of receptor units for hy-
drogen bonding or metal ion coordination. Illustrative examples are given by the yellow isoindoline
pigment 4, the red diketopyrrolo pigment 5, violet quinacridone pigment 6, and the greenish-yellow
metal complex pigment 7 shown in Scheme 4.
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Scheme 3 Macrocyclic perylene bisimides with conformational chirality.



SELF-ASSEMBLED PHOTOLUMINESCENT ARCHITECTURES

In the last years, our group has synthesized all the architectures suggested in Fig. 1 by the self-assem-
bly approach from the receptor-functionalized perylene bisimide derivatives shown in Scheme 5 [1].
Taking advantage of the strongest noncovalent interactions, namely, metal ion coordination, extended
metallosupramolecular polymers could be obtained even in solvents of high polarity like dimethyl-
formamide (DMF) [25]. Owing to the polyelectrolyte nature of these polymers, a further level of hier-
archy could be realized by applying the electrostatic layer-by-layer deposition approach [26]. Although
the coordinative forces are not as strong as for the tridentate terpyridine ligand, cis-Pt(II)-pyridine co-
ordination motif has proven to be a suitable supramolecular corner unit for the synthesis of well-defined
metallosupramolecular squares [27]. Finally, also weaker hydrogen bonding and π−π interactions could
be applied in solvents of lower polarity like methylcyclohexane to enable the growth of columnar ag-
gregates, nano- and mesoscopic assemblies, or liquid-crystalline mesophases with a remarkably bright
fluorescence [24,28,29].

The latter examples provide a particularly convincing demonstration for the capabilities of the
supramolecular approach. Thus, whilst an individual triple hydrogen-bonding interaction is too weak to
overcome the entropic costs that are demanded to form polymeric chains in dilute solution, assistance
by π−π-stacking forces triggers self-assembly giving rise to hierarchical superstructures [30] in the
nano- and mesoscopic regime [29,31]. The entropic cost associated with self-assembly can be further
reduced if both kinds of interactions are combined in one molecule as it is the case in perylene bisimide
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Scheme 4 Insoluble chromophores applied in commercial color pigments. Note that the combination of strong
π–π-stacking interactions between flat chromophores and hydrogen-bonds (for 4–6) or metal ion coordination (for
7) provides the high lattice energies required to afford insoluble pigments.

Scheme 5 Soluble tetraphenoxy-substituted perylene bisimides equipped with receptor units to control their self-
assembly.



13 that has proven to be a good gelator for aliphatic as well as aromatic solvents (Scheme 6) [32]. The
same situation holds true if the self-assembly process is templated by a surface as has been shown by
De Feyter et al. for hydrogen-bonded perylene bisimides 11 [33].

In addition to the above-mentioned assemblies that conserve the fluorescence properties of con-
stituent perylene bisimide, more complex architectures have recently been assembled that incorporate
further functional dyes (Scheme 7). 

For porphyrin-perylene bisimide triad 14, different cascades of photophysical processes take
place upon excitation of the perylene and the porphyrin chromophores [34]. Thus, photoinduced elec-
tron transfer from the ruthenium porphyrin to the perylene bisimide is observed upon illumination of
the perylene bisimide subunit, whilst ultrafast intersystem crossing followed by triplet energy transfer
to the perylene bisimide is observed upon illumination of the ruthenium porphyrin. As a result, a long-
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Scheme 6 Organogelator 13 (Ar = p-tBuPh) and enhanced stacking by hydrogen bonding between urea units.

Scheme 7 Metallosupramolecular multichromophoric architectures for which novel photophysical properties arise
upon self-assembly from the individual components.



lived (τ = 9.8 µs) perylene bisimide triplet state is formed that is not easily accessible for perylene
bisimide chromophores by other means. For multichromophoric square 15, in which a perylene
bisimide molecular square scaffold is surrounded by 16 additional pyrene antenna chromophores, ultra-
fast energy and electron-transfer processes have been observed between the two dye manifolds [35]. In
a further study, electron-rich oligophenylenevinylenes have been co-assembled with electron-poor
perylene bisimide dyes by hydrogen bonds and π−π-stacking interactions to construct supramolecular
p-n-heterojunctions with ultrafast photoinduced charge separation [36,37].

To conclude, perylene bisimides bearing four aryloxy substituents in their bay area have been
introduced as highly versatile fluorescent supramolecular building blocks. In this overview, we have
elucidated the structural design principles of these chromophores that have been the prerequisite for
broad supramolecular applications. These design principles involve the highly twisted π-core and the
conformational flexibility of the appended aryloxy groups. When equipped with supramolecular recep-
tor units for metal-ion or hydrogen-bond directed self-assembly processes, a broad variety of dye as-
semblies can be made available upon addition of a complementary binding partner. If this partner like-
wise contains two binding sites, cyclic oligomers or extended polymers are obtained which quite often
conserve the bright fluorescence of the incorporated perylene bisimide. With binding partners contain-
ing a second functional π-conjugated system, novel photophysical functionalities are achievable on the
nanoscale. An ultimate goal of this research is to derive self-assembled nanoelectronic and nano-
photonic devices [38] and to engineer functional assemblies with the capability to interact with func-
tional structures abundant in nature [39].
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