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Advances in the field of functional organic materials will rely
on a combination of synthetic chemistry and materials
science. Supramolecular chemistry may serve as the bridge
between these different fields, as noncovalent interactions
dominate the intermolecular packing of the constituent
molecules in the final material and, hence, control its physical
properties. Taking the formation of hierarchical structures in
biology as a model,[1] organic materials with complex
functions might be obtained from a small number of simple
molecular building blocks through a limited set of highly
efficient reactions, as long as the information necessary for
the system to adopt a higher ordered structure is encoded at
the molecular level. Sophisticated processing procedures may,
finally, guide the system to find the desired hierarchical
structure among the manifold of energetically similar alter-
natives. However, such an approach only seems feasible if
intermolecular interactions can be used deliberately to induce
structure formation in a predictable fashion. For this purpose,
different types of supramolecular synthons need to be
systematically investigated to develop a comprehensive set
of supramolecular methods comparable to the large toolbox
of reliable organic synthetic methods used in the synthesis of
complex covalent structures. In particular, directed interac-
tions such as aromatic interactions[2] or hydrogen bonding[3]

have recently been investigated for the rational or even

predictable formation of supramolecular assemblies. A par-
ticularly instructive example was recently reported by
Rybtchinski and co-workers, who investigated the self-
assembly of poly(ethylene oxide)-substituted perylene bisi-
mide derivatives, some of which were equipped with terpyr-
idine ligands for the coordination of transition metals.[4] In
their investigations, the authors combined amphiphilicity,
polymer attachment, p–p stacking, and metallo-supramolec-
ular interactions to prepare optoelectronically active organic
materials with different supramolecular morphologies from
essentially the same simple set of molecular building blocks.

Organized assemblies of organic dyes play a major role in
electron-transfer processes in biological systems, and they are
essential in photovoltaic and other organic electronic appli-
cations. For this reason, the solution-phase self-assembly of
functionalized perylene bisimide dyes has been a popular
subject of investigation in recent years, because their promis-
ing n-type semiconducting properties render them interesting
substrates for the preparation of organic semiconducting
nanowires or nanostructured bulk materials.[5] In one of the
most elaborate examples, W�rthner, Meijer, and co-workers
reported perylene bisimides to which two oligo(phenylene
vinylene) segments with chiral substituents were attached
through complementary multiple hydrogen-bonding interac-
tions.[6] The resulting donor–acceptor–donor dye triads were
found to form well-defined, helical nanoscopic fibrils that
showed photoinduced electron transfer and may be regarded
as “double-cable” nanowires. Further examples include
liquid-crystalline phases from perylene bisimides with bulky
terminal tris(dodecyloxy)phenyl substituents,[7] organogels
from related hydrogen-bonded derivatives,[8] and helical
fibrils from perylene bisimides with tris(dodecyloxy)phenyl
residues attached as side groups at the “bay area” (1,6,7,12-
positions), which gave rise to strongly fluorescent J-aggre-
gates.[9] Li and co-workers reported the controlled folding of
macromolecules obtained by linking perylene bisimides to
oligonucleotides,[10] while Finlayson et al. covalently attached
perylene bisimides to poly(isocyanopeptide)s as rigid 41-
helical scaffolds.[11]

Metal-coordination-directed self-assembly has been thor-
oughly investigated as a means to obtain multicomponent
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macrocycles,[12] metallo-supra-
molecular polymers,[13] including
hierarchically structured materials
from folded polymers[14] or polyrot-
axanes,[15] and two-dimensional lat-
tices.[16] Metal coordination to pyr-
idine- or terpyridine-substituted
perylene bisimide derivatives has
been used to prepare defined multi-
chromophoric nano-objects and
supramolecular polymers.[17]

The attachment of amorphous
polymer segments to monodisperse
self-assembling segments is a versa-
tile tool to create well-defined
nanostructures, for example from
otherwise insoluble hydrogen-
bonded oligopeptides and oligo-
(aramide)s.[3] The polymer seg-
ments serve to 1) provide solubility
in an increased variety of chemical
environments, 2) prevent the pre-
mature precipitation of ill-defined,
insoluble aggregates, and 3) guide
the molecules toward the formation
of well-defined nanoscopic struc-
tures by “frustration” of the self-
assembling segments� crystalliza-
tion. Thus, the enthalpy of crystal-
lization is counterbalanced by the
entropy penalty associated with the
required chain extension of the
attached, noncrystalline polymer
segments, thus resulting in a ther-
modynamic equilibrium structure
with lateral dimensions on the mo-
lecular length scale.

Rybtchinski and co-workers
combined the different supramolecular elements outlined
above in their target molecules 1–5 (Scheme 1) and were,
thus, able to create a versatile and adaptive set of optoelec-
tronically active supramolecular materials. The covalently
linked symmetric derivative 1, for example, was observed to
self-assemble into nanoscopic fibrils that were several micro-
meters long. Their “necklace” morphology is a rarely
observed feature (Figure 1a), suggesting stacking of the
chromophores perpendicular to the fibril axis. While the
width of these “necklace” fibrils was defined by the length of
the chromophore, their uniform height was, supposedly,
controlled by “frustration” of the crystallization by the
attached polymer segments. The well-known formation of
stable perylene bisimide anions upon reduction was then
exploited to induce controlled and reversible deaggregation.
Reduction led to the formation of micelles (Figure 1b), which
was accompanied by a color change from green to blue and a
significant decrease in viscosity. Apparently, the originally
hydrophobic dye became hydrophilic, and the charges
introduced repulsive electrostatic interactions. The reductive
deaggregation was found to be reversible upon exposure to

air, yielding the same nanoscopic fibrils as before and
allowing the self-assembly of 1 to be easily switched on and
off. The authors have created a stimuli-responsive supra-
molecular polymer which forms or depolymerizes under
oxidative or reductive conditions, respectively, and changes its
optoelectronic properties accordingly.

Scheme 1. Perylene bisimide derivatives 1–5 containing hydrophilic poly(ethylene oxide) (PEO)
segments. Some of them also contain terpyridine ligands and transition-metal fragments to tune
their self-assembly behavior. OTf= CF3SO3.

Figure 1. a) Cryo-transmission electron microscopy (TEM) images of
“necklace” fibrils formed from 1 (after exposure to air). b) Micelles
after reduction of 1 to the anion.
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Extending the scope of supramolecular structures afford-
ed by a single covalent building block, Rybtchinski and co-
workers proceeded to combine the PEO-substituted perylene
bisimides as a “permanent” supramolecular motif with a
“tunable” one, that is, a terpyridine ligand which forms planar
complexes with Pd, Pt, and Ag ions. Interestingly, the
uncomplexed derivative 2 formed “necklace” fibrils (Fig-
ure 2a) closely related to those obtained from 1, indicating
the formation of loosely bonded dimers (owing to the
hydrophobic effect) which then stacked perpendicularly to
the fibril�s axis.

This self-assembly behavior changed upon the addition of
transition-metal salts, and nanoscopic tubules, vesicles, or
platelets were obtained from the complexes 3–5. The Pd
complex 3, for example, formed nanoscopic tubules (Fig-
ure 2b). Apparently, the perylene bisimides stacked to form
hollow cylinders such that the inner surface was covered with
the Pd complexes and the hydrophilic PEO segments were
placed on the outside to shield the self-assembled structures
from the hydrophilic solvent (water/THF). Interestingly, the
isovalent Pt complex 4 gave rise to bilayer vesicles about
30 nm in diameter (Figure 2c). The authors proposed that the
formation mechanism was similar to that observed for 1 and 2,
with the difference that the stacking of the perylene bisimides
perpendicular to the fibril axis appeared to be infinitely
extended, yielding two-dimensional bilayers (closing to form
vesicles) instead of one-dimensional fibrils. UV/Vis spectra
indicated the presence of Pt�Pt interactions, which seem to
provide a sufficient additional enthalpy contribution to
overcome the entropy-driven “frustration” of crystallization.
Finally, the Ag derivative 5 formed bilayer platelets several
dozens of nanometers in diameter (Figure 2d). On the basis

of the fine structure of these bilayers, the authors proposed a
structure model related to the previous case, assuming
additional hydrogen bonding of complexed water molecules
to be responsible for the extension from one- to two-
dimensional aggregates. The directional nature of these
hydrogen-bonding interactions as opposed to the Pt�Pt
interactions in 4 was proposed to induce an increased rigidity
of the resulting bilayer, decreasing the curvature and pre-
cluding the formation of closed vesicles.

The aggregates of 2–4 exhibited energy-transfer proper-
ties similar to those observed in natural photosynthetic
complexes, suggesting that they might be good candidates
for artificial light-harvesting systems. In particular, the Pt
complex 4 exhibited an excellent coverage of the solar
spectrum, and the photofunctional properties of derivative 1
could be switched off by reduction of the perylene groups and
restored under oxidation by air.

In conclusion, Rybtchinski and co-workers prepared a
variety of nanostructured materials derived from a limited set
of closely related, optoelectronically active, supramolecular
building blocks. Furthermore, they were able to provide a
reasonable explanation for the different observed super-
structures. While this, of course, does not imply predictability
of nanostructure formation, it may still serve as a valuable
guideline for how to utilize the employed supramolecular
motifs in a rational way for the preparation of highly ordered
materials. The interesting optoelectronic properties of the
obtained materials and their dependence on the type of
superstructure, combined with the elegant and simple proc-
essing into the desired morphology, could make these
materials interesting candidates for future applications in
photovoltaics.

Received: February 16, 2009
Published online: May 19, 2009

[1] R. Lakes, Nature 1993, 361, 511 – 515.
[2] E. A. Meyer, R. K. Castellano, F. Diederich, Angew. Chem.

2003, 115, 1244 – 1287; Angew. Chem. Int. Ed. 2003, 42, 1210 –
1250.

[3] a) E. Jahnke, I. Lieberwirth, N. Severin, J. P. Rabe, H. Frauen-
rath, Angew. Chem. 2006, 118, 5510 – 5513; Angew. Chem. Int.
Ed. 2006, 45, 5383 – 5386; b) E. Jahnke, P. Kreutzkamp, N.
Severin, J. P. Rabe, H. Frauenrath, Adv. Mater. 2008, 20, 409 –
414; c) H. Frauenrath, E. Jahnke, Chem. Eur. J. 2008, 14, 2942 –
2955; d) H. G. B�rner, H. Schlaad, Soft Matter 2007, 3, 394 – 408;
e) H. M. K�nig, A. F. M. Kilbinger, Angew. Chem. 2007, 119,
8484 – 8490; Angew. Chem. Int. Ed. 2007, 46, 8334 – 8340.

[4] a) J. Baram, E. Shirman, N. Ben-Shitrit, A. Ustinov, H. Weiss-
man, I. Pinkas, S. G. Wolf, B. Rybtchinski, J. Am. Chem. Soc.
2008, 130, 14966 – 14967; b) G. Golubkov, H. Weissman, E.
Shirman, S. G. Wolf, I. Pinkas, B. Rybtchinski, Angew. Chem.
2009, 121, 944 – 948; Angew. Chem. Int. Ed. 2009, 48, 926 – 930.

[5] a) F. W�rthner, Chem. Commun. 2004, 1564 – 1579;
b) J. A. A. W. Elemans, R. van Hameren, R. J. M. Nolte, A. E.
Rowan, Adv. Mater. 2006, 18, 1251 – 1266; c) C. W. Struijk, A. B.
Sieval, J. E. J. Dakhorst, M. van Dijk, P. Kimkes, R. B. M.
Koehorst, H. Donker, T. J. Schaafsma, S. J. Picken, A. M. van de
Craats, J. M. Warman, H. Zuilhof, E. J. R. Sudh�lter, J. Am.
Chem. Soc. 2000, 122, 11057 – 11066; d) C. D. Dimitrakopoulos,
P. R. L. Malenfant, Adv. Mater. 2002, 14, 99 – 117.

Figure 2. Cryo-TEM images of 2–5 revealing a) “necklace” fibrils,
b) hollow tubules, c) vesicular aggregates, and d) lamellar platelets.

Highlights

4482 www.angewandte.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2009, 48, 4480 – 4483

http://dx.doi.org/10.1038/361511a0
http://dx.doi.org/10.1002/ange.200390290
http://dx.doi.org/10.1002/ange.200390290
http://dx.doi.org/10.1002/anie.200390319
http://dx.doi.org/10.1002/anie.200390319
http://dx.doi.org/10.1002/ange.200600610
http://dx.doi.org/10.1002/anie.200600610
http://dx.doi.org/10.1002/anie.200600610
http://dx.doi.org/10.1002/adma.200701010
http://dx.doi.org/10.1002/adma.200701010
http://dx.doi.org/10.1002/chem.200701325
http://dx.doi.org/10.1002/chem.200701325
http://dx.doi.org/10.1039/b615985k
http://dx.doi.org/10.1002/ange.200701167
http://dx.doi.org/10.1002/ange.200701167
http://dx.doi.org/10.1002/anie.200701167
http://dx.doi.org/10.1021/ja807027w
http://dx.doi.org/10.1021/ja807027w
http://dx.doi.org/10.1002/ange.200805202
http://dx.doi.org/10.1002/ange.200805202
http://dx.doi.org/10.1002/anie.200805202
http://dx.doi.org/10.1039/b401630k
http://dx.doi.org/10.1002/adma.200502498
http://dx.doi.org/10.1021/ja000991g
http://dx.doi.org/10.1021/ja000991g
http://dx.doi.org/10.1002/1521-4095(20020116)14:2%3C99::AID-ADMA99%3E3.0.CO;2-9
http://www.angewandte.org


[6] A. P. H. J. Schenning, J. van Herrikhuyzen, P. Jonkheijm, Z.
Chen, F. W�rthner, E. W. Meijer, J. Am. Chem. Soc. 2002, 124,
10252 – 10253.

[7] F. W�rthner, C. Thalacker, S. Diele, C. Tschierske, Chem. Eur. J.
2001, 7, 2245 – 2253.

[8] X.-Q. Li, V. Stepanenko, Z. Chen, P. Prins, L. D. A. Siebbeles, F.
W�rthner, Chem. Commun. 2006, 3871 – 3873.

[9] T. E. Kaiser, H. Wang, V. Stepanenko, F. W�rthner, Angew.
Chem. 2007, 119, 5637 – 5640; Angew. Chem. Int. Ed. 2007, 46,
5541 – 5544.

[10] W. Wang, W. Wan, H.-H. Zhou, S. Niu, A. D. Q. Li, J. Am. Chem.
Soc. 2003, 125, 5248 – 5249.

[11] C. E. Finlayson, R. H. Friend, M. B. J. Otten, E. Schwartz,
J. J. L. M. Cornelissen, R. J. M. Nolte, A. E. Rowan, P. Samor�,
V. Palermo, A. Liscio, K. Peneva, K. M�llen, S. Trapani, D.
Beljonne, Adv. Funct. Mater. 2008, 18, 3947 – 3955.

[12] B. H. Northrop, H.-B. Yang, P. J. Stang, Chem. Commun. 2008,
5896 – 5908.

[13] U. S. Schubert, C. Eschbaumer, Angew. Chem. 2002, 114, 3016 –
3050; Angew. Chem. Int. Ed. 2002, 41, 2892 – 2926.

[14] a) H.-J. Kim, E. L. Min, G. Kim, M.-C. Kim, M. Lee, E. Sim,
Chem. Eur. J. 2008, 14, 3883 – 3888; b) M. Ikeda, Y. Tanaka, T.
Hasegawa, Y. Furusho, E. Yashima, J. Am. Chem. Soc. 2006, 128,
6806 – 6807.

[15] K.-M. Park, D. Whang, E. Lee, J. Heo, K. Kim, Chem. Eur. J.
2002, 8, 498 – 508.

[16] T. N. Milic, N. C. Dalia, G. Yablon, G. W. Flynn, J. D. Batteas,
C. M. Drain, Angew. Chem. 2002, 114, 2221 – 2223; Angew.
Chem. Int. Ed. 2002, 41, 2117 – 2119.

[17] a) C.-C. You, F. W�rthner, J. Am. Chem. Soc. 2003, 125, 9716 –
9725; b) F. W�rthner, A. Sautter, D. Schmid, P. J. A. Weber,
Chem. Eur. J. 2001, 7, 894 – 902.

Angewandte
Chemie

4483Angew. Chem. Int. Ed. 2009, 48, 4480 – 4483 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1021/ja020378s
http://dx.doi.org/10.1021/ja020378s
http://dx.doi.org/10.1002/1521-3765(20010518)7:10%3C2245::AID-CHEM2245%3E3.0.CO;2-W
http://dx.doi.org/10.1002/1521-3765(20010518)7:10%3C2245::AID-CHEM2245%3E3.0.CO;2-W
http://dx.doi.org/10.1039/b611422a
http://dx.doi.org/10.1002/ange.200701139
http://dx.doi.org/10.1002/ange.200701139
http://dx.doi.org/10.1002/anie.200701139
http://dx.doi.org/10.1002/anie.200701139
http://dx.doi.org/10.1021/ja0341900
http://dx.doi.org/10.1021/ja0341900
http://dx.doi.org/10.1002/adfm.200800943
http://dx.doi.org/10.1039/b811712h
http://dx.doi.org/10.1039/b811712h
http://dx.doi.org/10.1002/1521-3757(20020816)114:16%3C3016::AID-ANGE3016%3E3.0.CO;2-5
http://dx.doi.org/10.1002/1521-3757(20020816)114:16%3C3016::AID-ANGE3016%3E3.0.CO;2-5
http://dx.doi.org/10.1002/1521-3773(20020816)41:16%3C2892::AID-ANIE2892%3E3.0.CO;2-6
http://dx.doi.org/10.1002/chem.200800056
http://dx.doi.org/10.1021/ja0619096
http://dx.doi.org/10.1021/ja0619096
http://dx.doi.org/10.1002/1521-3765(20020118)8:2%3C498::AID-CHEM498%3E3.0.CO;2-M
http://dx.doi.org/10.1002/1521-3765(20020118)8:2%3C498::AID-CHEM498%3E3.0.CO;2-M
http://dx.doi.org/10.1002/1521-3757(20020617)114:12%3C2221::AID-ANGE2221%3E3.0.CO;2-U
http://dx.doi.org/10.1002/1521-3773(20020617)41:12%3C2117::AID-ANIE2117%3E3.0.CO;2-2
http://dx.doi.org/10.1002/1521-3773(20020617)41:12%3C2117::AID-ANIE2117%3E3.0.CO;2-2
http://dx.doi.org/10.1021/ja029648x
http://dx.doi.org/10.1021/ja029648x
http://dx.doi.org/10.1002/1521-3765(20010216)7:4%3C894::AID-CHEM894%3E3.0.CO;2-N
http://www.angewandte.org

