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1. Introduction

With the introduction of π-conjugated systems in
electronic devices and the dream to arrive at molec-
ular electronics based on these systems, the detailed
understanding of the supramolecular interactions
between the individual π-conjugated molecules has
become one of the most challenging scientific research
areas. As a result, nanoscience and nanotechnology
are logically merged and academic and industrial
endeavors are moving hand in hand. In an unprec-
edented way, the synthesis of new molecules is
guided by the results of device physicists, while
devices show improved performance due to progress
in the synthesis of new materials. However, the
different hierarchies of organization going from mol-
ecules to devices have been addressed to a much
lesser extent, while it is generally accepted as being
the most critical issue. For electronic devices made
out of π-conjugated systems the interchain electronic
coupling will determine the device performance. Not
only is a perfect fit between the π-conjugated ele-
ments required, but also the anisotropy of the elec-
tronic coupling is equally important for a macro-
scopic performance of these mainly two-dimensional
(semi-)conductors. It is an enormous challenge to
obtain monodomain ordered structures in the mi-
crometer regime. Only in that way control over all
length scales in organic electronic devices is achieved.
In general, the average size of crystalline-like do-
mains is within the range of a few hundreds of
nanometers. Knowledge of this scope and limitations
of the ordering of π-conjugated systems at the dif-
ferent length scales has brought the area of supra-
molecular electronics1 to the fore: electronic devices
based on individual supramolecular objects in the
5-100 nm regime. This is an area between devices
based on thin films of organic materials and molec-
ular electronics based on single molecules.

The aim of this review is to bring together the areas
of supramolecular assembly and π-conjugated sys-
tems. Both polymers and oligomers are reviewed but
only in their relation to achieving supramolecular
organization of more than a few molecules. Therefore,
this review focuses on the self-assembly and proper-
ties of nanoscopic structures of π-conjugated systems.
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2. Chemical Structures of π-Conjugated Systems
π-Conjugated (semiconducting) polymers are by far

the most promising functional polymers in view of
applications in less expensive and flexible electronic
devices. Prototype field-effect transistors (FET)s,2
light-emitting diodes (LED)s,3,4 photovoltaic cells,5
and related devices have already been fabricated, and
Philips introduced the first commercial LED based
on polymer technology in 2002. Nowadays a plethora
of conjugated polymers exists having a base structure
of alternating single and double/triple bonds of which
some parent structures are shown in Figure 1.6

The performance of organic devices is mainly
determined by the chemical structure, purity, and
supramolecular organization or morphology of the
π-conjugated material. This dependence is not unique
for semiconducting materials but also valid for func-
tional polymers in general. However, the importance
of control of structure at every structural hierarchy
is by far the most delicate for semiconducting poly-
mers. Going from isolated chains to an intermolecular
hierarchy, charge transfer between chains is required
for conduction in a “microcrystalline” or mesoscopic
phase. To arrive at controlled microcrystallinity, it
is necessary to have (latent) solubilizing groups, and
nowadays a number of ways to control solubility are
known. Whereas side chains are useful at the meso-
scopic level of microcrystallization, they are some-
times detrimental for the macroscopic ordering. It is
evident that materials research in the area of semi-
conducting polymers is only useful when macro-
molecular engineering by organic synthesis is com-
bined with investigations to control molecular archi-
tecture at all levels of hierarchy (Figure 2).

The versatility of substituted conjugated polymers
has led to tunable physical properties (color, emission
efficiency, etc.) by major improvements in polymer
synthesis.7 Improved purity and a decreasing number
of defects, such as tetrahedral carbon centers that
interrupt conjugation, photodamage, or end groups,
have a positive influence on the conformational
freedom of conjugated chains.8-14 Side-chain varia-
tion on the polymer backbone has been studied in
terms of steric hindrance and electronic effects and
related to morphology and charge-carrier mobility.15-20

For instance, bulky alkyl substituents directly linked
to the conjugated rod hampers a planar confor-
mation.21-24 Systems employing linear or branched
side-chain substituents have been compared based
on their photophysics and charge transport, the
linear substituents showing emission at higher wave-
length due to formation of π-stacked aggregates,
while the branched substituents show blue-shifted
emission lacking higher order.25,26 The effects of the
chemical composition of conjugated polymers on the
supramolecular organization, i.e., the morphology of
the active layer, are of major concern to further
optimize the performance of the devices. This feature
can nicely be illustrated with poly(3-alkylthiophene)s.
Since polymerization procedures for regioregular
poly(3-substituted-thiophene)s have improved con-
siderably, it is clear that many functional properties
are more pronounced for the regioregular material,
being either head-to-tail27-29 or head-to-head/tail-to-
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tail,30 due to an improved ordering of the planar
conformation compared to the regioirregular poly-
thiophene. The latter polymer, without defined inter-
chain interactions, gave rise to low charge-carrier
mobilities (10-5 cm2/V s), whereas the former, with
lamellar arrays of polythiophene rods, gave signifi-
cant higher mobilities (0.01-0.1 cm2/V s).31,32 How-
ever, the molecular weight of regioregular poly-
thiophene has a substantial effect on the way that
the chains pack with each other. As recently found
by McGehee et al., low molecular weight poly-
thiophene films have more defined grain boundaries,
by rodlike crystalline features, than the isotropic
nodules of the high molecular weight films, thereby
creating a continuous pathway for charge carriers.
This difference in morphology causes the mobility to
rise by at least 4 orders of magnitude in a FET.33-35

In an engineering approach, variations in processing
conditions36 of the conjugated polymeric materials
have realized tremendous progress in controlling the
morphology of the active layer, also by introduction
of alignment layers37,38 and thermal39-42 and me-
chanical43 treatments. Nonetheless, most polymeric
films are highly amorphous and inhomogeneous,
resulting in small domains of 15-30 nm for poly-
fluorenes,44 while for polypyridylvinylene,45 poly-
thiophenes,46 and poly-p-phenylenevinylene47 par-

tially aligned regions of the film of typically 200-
300 nm in size are found. However, dimensions of
devices are roughly in the micrometer regime. There-
fore, additional instruments to control the morphol-
ogy of the active layers are highly requested to
improve performance. In the next section the en-
semble of supramolecular interactions that may occur
in π-conjugated polymers will be discussed with
emphasis on preorganizing these polymers in meso-
scopic domains. This ordering can be studied in
solution, and these results can be extrapolated to
polymeric thin films.

3. Self-Assembly Principles of π-Conjugated
Systems

π-Conjugated systems built up from repeating
units can roughly be divided into oligomers and
polymers. The self-assembly of these systems has
mainly been approached from both a materials and
a supramolecular chemistry point of view.

Programmed self-assembly of π-conjugated oligo-
mers has been achieved using supramolecular design
rules. Supramolecular chemistry, a term introduced
by Jean-Marie Lehn, is ‘chemistry beyond the mol-
ecule’, that is the chemistry of molecular assemblies
using noncovalent bonds.48 While a covalent bond
normally has a homolytic bond dissociation energy
that ranges between 100 and 400 kJ mol-1, non-
covalent interactions are generally weak and vary
from less than 5 kJ mol-1 for van der Waals forces,
through approximately 50 kJ mol-1 for hydrogen
bonds, to 250 kJ mol-1 for Coulomb interactions
(Table 1).

Two important secondary interactions in the design
of supramolecular materials are π-π50 and hydrogen-
bond interactions. Logically, π-π interactions often

Figure 1. Chemical structures of several conjugated polymers.

Figure 2. Schematic representation on how the properties
of optoelectronic devices such as LEDs, FETs, and solar
cells are related to chemical structure and supramolecular
organization. Chemists and materials scientists have aimed
for control of supramolecular organization of π-conjugated
polymers by using chemical modification or various prepa-
ration methods.

Table 1. Strength of Several Noncovalent Forces49

type of interaction or bonding strength (kJ mol-1)

covalent bond 100-400
Coulomb 250
hydrogen bond 10-65
ion-dipole 50-200
dipole-dipole 5-50
cation-π 5-80
π-π 0-50
van der Waals forces <5
hydrophobic effects difficult to assess
metal-ligand 0-400
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exist in π-conjugated materials. The strength as well
as the causes of these interactions, however, varies
strongly. In water the stacking interaction between
aromatic molecules is mainly caused by the hydro-
phobic effect. Water molecules solvating the aromatic
surface have a higher energy than bulk water,
resulting in stacking of the aromatic surfaces, which
reduces the total surface exposed to the solvent. In
solvents other than water the interactions between
solvent molecules are weaker, and therefore, solvo-
phobic forces play a minor role. Hunter and Sanders
developed a practical model for π-π interactions.51

In their model, which is entirely electrostatic, three
point charges are assigned to the atoms in an
aromatic molecule, one at the site of the atom (often
a positively charged carbon atom) and one above and
below the plane of the π system (π point charges of
-1/2 each) (Figure 3). One of the important outcomes
of this model is that geometries different from face-
to-face have hardly been recognized in the design of
supramolecular architectures.

Hydrogen bonds are ideal secondary interactions
to construct supramolecular architectures since they
are highly selective and directional. In nature, beau-
tiful examples of these properties are present in DNA
and proteins. Hydrogen bonds are formed when a
donor (D) with an available acidic hydrogen atom is
interacting with an acceptor (A) carrying available
nonbonding electron lone pairs. The strength depends
largely on the solvent and number and sequence of
the hydrogen bonds.52

The morphology of polymers has been mainly
controlled using block copolymers.53 The microphase
separation of diblock polymers depends on the total
degree of polymerization, the Flory-Huggins ø pa-
rameter, and the volume fraction of the constituent
blocks. The segregation product øN determines the
degree of microphase separation, and higher values
give stronger segregation. By replacing one of the
segments by a π-conjugated rigid unit, a rod-coil
diblock polymer is obtained. The self-assembly of
these polymers is also affected by the aggregation of

the π-conjugated segments. Furthermore, the stiff-
ness asymmetry present in rod-coil diblock polymers
results in an increase in the Flory-Huggins ø pa-
rameter. As a consequence, phase separation can
already occur at lower molecular weights and for
rigid segments consisting of a π-conjugated oligomer.
For example, when a good solvent for both the rod
and coil block is used during the processing, micro-
phase separation will continuously compete with
crystallization of the rod segment. If a solvent is used
that is a good solvent for one of the blocks exclusively,
the polymers will readily assemble in solution and
this superstructure will determine the final morphol-
ogy of the deposited film.

4. Nature’s Design of Multicomponent Systems
Multicomponent systems are highly important in

optoelectronic devices. For example, in solar cells the
active layer consists of electron-donor and electron-
acceptor components, while in LEDs the emissive
wavelength can be tuned in a multicomponent fash-
ion. In all these devices the organization of the
different components will largely determine the
macroscopic properties.

The way nature has mastered the art of ordering
large numbers of molecules into functional systems
remains unmatched. The light-harvesting photosyn-
thetic system of higher plants is merely one example
in which individual protein-bound pigments are
organized into a highly efficient pathway for the
transfer of excitation energy.54,55 A highly sym-
metrical organization of chromophores is also ob-
served in the photosystem of purple bacteria (Figure
4).56,57 In this case, the photosynthetic complexes are
comprised of ring-like structures of chlorophyll mol-
ecules. The continuously overlapping pigments inside
these rings serve as light-harvesting antennae, en-
suring a high absorption of sunlight.58 Coherent
transfer then funnels the absorbed energy to a
reaction center, around which another ring of bac-
teriochlorophylls is organized, having red-shifted
absorption.59 This transfer pathway eventually leads
to a charge-separated state inside the reaction center.

Photosynthetic ring-like structures have been mim-
icked in various clever ways by synthetic chemists,62-64

and mimicking of natural photosynthetic systems65

using a covalent or a supramolecular66-68 approach
is a flourishing area of science.69-71 Elegant examples
from the groups of Müllen72 and Fréchet73 comprise
multichromophoric dendrimers displaying direc-
tional, near quantitative energy transfer to a central
acceptor moiety. These are but examples of scientific
efforts to obtain control of multichromophoric func-
tionality and ordering in space, as encountered in
natural systems.

Another photosynthetic antennae system is em-
ployed by green bacteria.74-76 Instead of employing
chlorophyll molecules that are embedded in a protein
matrix, the positioning of light-harvesting chro-
mophores occurs primarily by means of supra-
molecular interactions between the individual por-
phyrin rings with little use of protein support. In this
way huge chlorosomes arise, comprised of stacked
pigments, which incorporate up to tens of thousands

Figure 3. Interaction between two idealized p atoms as a
function of orientation: two attractive geometries and the
repulsive face-to-face geometry are illustrated. (Reprinted
with permission from ref 51. Copyright 1990 American
Chemical Society.)
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of chlorophyll moieties and literally reach for the sky
to satisfy their light-harvesting purpose. Recently,
accessibility to the characterization of these complex
systems was greatly enhanced by implementation of
powerful NMR techniques (Figure 4).77 Combined
with molecular modeling, elucidation of the struc-
tural assembly of a modified bacteriochlorophyll d
yielded a valuable model for extended chromophore
aggregation in green bacteria. The chlorosome super-
structure is especially appealing to supramolecular
chemists working in electronics since it cleverly
combines cooperative supramolecular interactions
into a functional object, approaching directional, one-
dimensional energy transport.

Complexity resulting from self-assembly of indi-
vidual building blocks and the resulting long-
distance, directional energy and electron transfer is
appealing to scientists working in the field of organic
electronics. Noncovalently assembling multiple com-
ponents into large, well-defined architectures in
which the different chromophores exhibit various
functionalities remains a challenging task for chem-
ists.

5. Polymers versus Oligomers
Due to the viscosity of polymer solutions, π-conju-

gated polymers can be easily processed from solution
and therefore feature low-cost manufacture. Ink-jet
printing is, for instance, highly suitable to process
semiconducting polymers.78 The processing of the
polymers dictates morphology and interchain inter-
actions and is difficult to tune. Moreover, small
impurities in the polymer backbone can have a
negative influence on the performance of optoelec-
tronic devices.

Plastic electronic devices can also be constructed
from small molecules, i.e., π-conjugated oligomers,
which have a well-defined chemical structure and can
be purified relatively easily. Highly ordered layers
can be obtained by using vapor deposition tech-
niques,79,80 and mobilities are generally 1 order of
magnitude higher than those of solution processed

devices.2 Especially for large area electronics, solution
processing is preferred since vacuum deposition
techniques are more expensive (Figure 5).81

Exciting results have been obtained in plastic
electronic devices based on polymers and small
organic molecules. As discussed, both semiconducting
material classes have their own pros and cons in
which the processability of polymers and the high
ordering of organic thin layers are the unique fea-
tures of both systems. It is a dream for many
scientists to bring together these two features within
one class of materials, leading to highly ordered easy-
to-process molecular systems. Hence, an attractive
approach would be to use the principles of supra-
molecular chemistry in organizing conjugated oligo-
mers via programmed information within the mol-
ecule into well-defined polymeric structures.

This review will focus on π-conjugated systems and
discusses their supramolecular organization. The
first section starts with the use of polymers and
polydisperse systems, and examples will be given on
how these systems have been organized. The section
ends with supramolecular architectures based on
monodisperse, oligomeric building blocks. In the next

Figure 4. High degree of organization in the light-harvesting photosynthetic system of purple bacteria (left, courtesy of
the Theoretical Biophysics Group, Beckman Institute, University of Illinois at UrbanasChampaign) and chlorosome
organization in green bacteria (right).60,61 (Reprinted with permission from refs 60/61. Copyright 2000/2001 American
Chemical Society.)

Figure 5. Advantages and disadvantages of π-conjugated
polymers compared to that of small organic molecules.
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two sections architectures composed of two or even
more different types of π-conjugated units will be
discussed. Special attention will be paid to systems
in which electron and energy transfer occurs since
these processes are essential in optoelectronic de-
vices.

6. Supramolecular Organization of π-Conjugated
Polymers

6.1. Self-Assembly of Homopolymers

6.1.1. Thermotropic Liquid Crystallinity
π-Conjugated polymer chains obviously act as rigid

chains that could function as a mesogenic unit for
liquid-crystalline properties. Rigid-rod main-chain
polymers such as poly(2,5-dialkoxyphenylenevinylene),
poly(2,5-dialkoxy-1,4-phenylene-2,5-thiophene), poly-
(2,5-dialkylphenyleneethynylene), and poly(9,9-di-
alkylfluorene) show liquid-crystalline behavior. Po-
larizing microscopy reveals birefringent fluid melts
above their melting temperature defined as a nematic
phase. The liquid-crystalline range is tunable by
proper choice of the side chains.82-85 PPVs substituted
with dendritic side chains show liquid crystallinity
with high photoluminescence yield as further ag-
gregation is prohibited by the bulky side chains.86 A
correlation between the microscopic morphology and
photoluminescence in polyfluorenes has been estab-
lished by Lazzaroni et al. Linear alkyl substituents
allow for a close packing of the conjugated chains into
very long, regular π stacks, resulting in a red shift
of the photoluminescence and green emission. On the
contrary, bulkier substituents on the polyfluorenes
result in unorganized structures and retain the blue
emission in the solid state.87

6.1.2. Solvatochromism and Thermochromism
Solvatochromic and thermochromic behavior has

been reported for conjugated polymers. Their spectral
features vary as a consequence of the conformational
changes of the backbone, which are coupled with
aggregation processes. In a poor solvent or at low
temperature chain planarization and concomitant
interchain π-π stacking interactions take place,
generating an increase of the conjugation length.88

As a result, a bathochromic shift in the UV-vis
absorption spectra and the appearance of vibronic
fine structures are generally observed (Figure 6). The

original studies on organization processes of poly-
thiophenes in solution attributed the spectral changes
either to the existence of two distinct phases, disor-
dered polymers, and ordered polymers in the form
of microcrystalline aggregates89 or to intramolecular
conformational transitions.90-93 Similar inter-94-96

and intramolecular97-99 effects have also been re-
ported for polydiacetylene.100

McCullough,28 Yamamoto,101 and Leclerc102,103 ex-
tensively studied the self-organization of poly(3-
alkylthiophene)s in solution and in the solid state,
exploring the effect of temperature, regioregularity,
and solvent by means of spectroscopy and light-
scattering techniques. Similar studies on polymer
chain aggregation of poly(methoxy-ethylhexyloxy-
phenylenevinylene)s and poly(p-phenyleneethynylene)s
have been reviewed by Schwartz36 and Bunz,104

respectively. Most of these studies rule out that these
spectral transitions are purely based on intramolecu-
lar conformations. A high number of substituents can
prevent π stacking between polymeric chains, result-
ing in a wormlike cylindrical conformation. When the
concentration of the side chains is reduced, an
increase of the planarity of the polymeric chain will
result in stronger π stacking, leading to lamellar
arrangements. These solution properties were com-
pared to the optical properties of the same polymers
in thin films. The aggregates formed in a nonsolvent
are comparable to those found in the solid state,
although the ordering is a little less in the solid state.

6.1.3. Chirality
Chiroptical techniques, which were commonly used

to probe the secondary and tertiary structure in
biopolymers, have become a highly sensitive tool for
investigating the degree of (helical) order in synthetic
conjugated polymer assemblies as disordered coil
conformations are optically inactive.105 An important
contribution to the discussion of the coexistence of
two phases was given by the work on the aggregation
behavior of a series of polythiophenes bearing chiral
substituents (Figure 7).106 Meijer et al. found that
chiral substituents can induce strong optical activity
in the π-π* transition of the backbone, though only
when the polymer is in its aggregated state. It is
proposed that strong chiroptical effects in the ag-
gregated phases result from an intermolecular chiral
orientation of the rigid polymer chains in ordered
crystalline domains. Regioregular polythiophene 1
shows a more pronounced chiroptical effect compared
to regiorandom polythiophene 2 due to the enhanced
crystallinity of 1, revealing the importance of a well-
defined structure in the helical self-assembly process.

The presence of an isosbestic point in the tem-
perature-dependent CD spectra confirms that the
induction of supramolecular chirality with preferred

Figure 6. Thermochromism of poly(3-octyloxy-4-methyl)-
thiophene in the solid state between 150 (disordered phase)
and 25 °C (ordered phase). (Reprinted with permission from
ref 93. Copyright 1992 American Chemical Society.) Figure 7. Optically active polythiophenes.
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handedness takes place upon aggregation of poly-
thiophene 3 (Figure 8).107 The cholesteric packing of
chiral polythiophenes is dependent not only on the
absolute configuration of the stereocentra but also
on their distance to the rigid core. In the aggregated
phase the sign of the induced optical activity in the
π-π* transition alternates with the parity of the
number of atoms in the spacer in a series of poly-
(dialkoxythiophene)s 4-9.108,109 The same group re-
ported circularly polarized photoluminescence of
chiral polythiophene 3 in an aggregated phase in
solution.107 Stereomutation in optically active regio-
regular polythiophene 1 has been reported as well.110

The authors show that optically inactive films at 160
°C give a restored Cotton effect upon slow cooling
whereas an inverted Cotton effect is obtained upon
fast cooling. By adjusting the cooling rate it was even
possible to produce films with no optical activity.
Opposite optical activity has also been observed for
regioregular polythiophene 10 by Sorokin et al. in
chloroform-methanol mixtures of different composi-
tion111 and two other chiral polythiophenes 1 and 11
by changing the solvent during aggregation, Figure
9.112

A cooperative behavior of the chiral side chains in
the aggregation process was found in line with the
majority rules principle for a series of polythiophenes
(12-19) in which the ratio between (R) and (S)
stereocenters in the side chain varies. For aggregates
in poor solvents, a nonlinear relation exists between
the chiral anisotropy factor and the enantiomeric
excess of the optically active substituents, e.g., for
14 with (S)-ee of 10%, gabs is already one-third of that
of the enantiomerically pure polymer 18 (Figure
10).113 The same authors revealed an increased
optical activity after cooling a blend of chiral 19 and
achiral polythiophene 20 in poor solvent. This ser-
geants and soldiers principle is strongly related to
the molecular weight of the sergeant; nucleation
starts with the longest polymer chains of 18 that
determine the further chiral or achiral aggregation
of the shorter chains.113

Sergeants and soldiers principle has also been
observed for chiral poly(p-phenylene) copolymer by
Scherf et al., where a small percentage of chiral side
groups is able to induce optical activity when the
polymer chains aggregate in poor solvents.114,115

Aggregation-induced Cotton effects have also

Figure 8. Thermochromic UV-vis absorption and CD spectra of 3 in 1-decanol. (Reprinted with permission from ref 107.
Copyright 1996 American Chemical Society.)

Figure 9. Several chiral polydialkoxythiophenes and poly(3-alkoxythiophenes).

Figure 10. Chiral copolymers 12-19 used to explore majority rules and sergeant and soldiers principles and their achiral
analogue 20. The anisotropy value g is plotted as function of the monomer enantiomeric excess. (Reprinted with permission
from ref 113. Copyright 1999 American Chemical Society.)
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been reported for chiral polydiacetylenes,116,117

poly(p-phenylenevinylene)s,118,119 poly(p-phenylene-
ethynylene)s,120,121 poly(terthiophene)s,122 and poly-
(thienylenevinylene)s, Figure 11.123-125

For all these polymers the chiroptical properties
are associated with an exciton-coupled CD effect. This
means that the electronic coupling between different
conjugated chromophores is attributed as resulting
from a helical packing of the polymer chains in the
aggregated phases. Model compounds were used to
investigate the angle between the molecules in the
helical orientation in the aggregates.126 Control over
the organization of π-conjugated polymers over mac-
roscopic length scales can lead to new applications,
such as a circularly polarized electroluminescent
device (CPEL) (Figure 12). The observation of a
CPEL effect in a LED constructed from chiral PPV
and PPE derivatives illustrates that molecular chiral-
ity can result in a net macroscopic optical activity of
a working device. Differences in the degree of circular
polarization could be related to the optical purity of
the polymer backbone.127-130 The highest dissym-
metry factors have been reported for polyfluorenes
and PPE derivatives, probably due to their thermo-
tropic behavior.131-133

6.1.4. Ionochromism
Ionochromic effects were initially reported for

regioregular head-to-head disubstituted polythio-
phenes bearing crown ether or calixarene side chains.
These polymers undergo dramatic conformational
changes upon coordination with alkali-metal ions,
creating interesting sensory systems as reviewed by
Swager et al.134 The conformational changes are
dependent on the size of the ions and its binding
strength with the host material.135-138 Leclerc et al.
studied the thermochromic and ionochromic proper-

ties of regioregular polythiophene 29 with pendant
oligo(ethyleneoxide) chains. This polymer has thermo-
chromic properties in solution; at low temperature
in methanol the polymer exhibits an absorption
maximum at 550 nm, which shifts to 426 nm upon
heating. Addition of potassium shifts the equilibrium
from an ordered to a disordered form of the polymer
through potassium complexation.102,103,139 Substitu-
tion of polymer backbones with binding sites for ionic
guests also creates a tool to control polymer aggrega-
tion. Most elegant is the induced aggregation of
polythiophene 30 by adding sodium, which already
favors interchain aggregation in a good solvent.
Swager et al. extended this concept to crown-ether-
functionalized poly(p-phenyleneethynylene) 31 that
π-π stacks upon adding potassium, whereas upon
adding sodium a planar nonaggregated polymer
backbone was obtained that is highly emissive (Fig-
ure 13).

PPV 32 with crown ether substituents could form
wormlike nanoribbons through complexation with
potassium in dilute chloroform solution. The growth
of nanoribbons is enhanced by longer exposure times
to potassium. TEM and AFM revealed that these
nanoribbons are 15 nm in diameter and a few
micrometers long (Figure 14).140,141

Acid-base interactions can also142,143 be used to
influence the conformation of the polymeric backbone
in polythiophene derivatives 33-35, resulting in
spectral changes.144-146 Schwartz et al. extended this
concept to PPV 36 substituted with dialkylamino
chains (Figure 15). Protonation of just a few percent
of the amino side groups leads to coiled polymers that
in turn result in a blue-shifted absorption. At higher
concentration, however, protonation of the side groups
increases the charge density along the polymeric

Figure 11. Various chiral π-conjugated polymers.

Figure 12. Reproducible results of the measurements of the CPEL effect for nine independent polymer LEDs having an
enantiomerically pure polymer layer (27) and eight LEDs with a racemic layer (28). Error bars indicate the standard
error of the experimental result. (Reprinted with permission from ref 127. Copyright 1997 American Chemical Society.)
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backbone. This causes the coil to collapse in order to
minimize exposure of both the backbone charges and
counterions to the nonpolar environment, resulting
in red-shifted emission. The degree of side-group
protonation varies directly with the surface topog-
raphy of the PPV films, demonstrating the ability to
transfer the degree of interchain interactions from
solution to films.147

6.2. Self-Assembly of Block Copolymers
An alternative methodology to physical blending

of different polymers is to synthetically link the oligo-
or polymeric conjugated building blocks to other
blocks that are able to enhance the positioning of the

conjugated blocks in the active layer and improve the
mechanical and processing properties (see also sec-
tion 3).

6.2.1. Polydisperse π-Conjugated Blocks
The block copolymer approach can display phase

separation, and therefore, a rich variety of nanoscopic
organizations are available ranging from lamellar,
spherical, cylindrical, to vesicular morphology.148

Micelle formation by evaporating the solvent CS2
resulted in regular pores arranged in a hexagonal
array.149 This honeycomb morphology discovered by
François et al. was made from rod-coil poly(p-
phenylene)-polystyrene block copolymer 37 (Figure

Figure 13. Polythiophenes 29 and 30 substituted with ion-coordinating groups. UV-vis absorption spectra of polythiophene
30 in acetone upon addition of NaCF3SO3. (Reprinted with permission from ref 140. Copyright 1999 Royal Society of
Chemistry.) The cartoon represents the induced aggregation of poly(p-phenyleneethynylene) 31 upon addition of potassium.
(Reprinted with permission from ref 137. Copyright 2000 John Wiley & Sons, Inc.)

Figure 14. AFM picture showing wormlike morphologies
obtained from poly(p-phenylenevinylene) 32 with pendant
crown ethers in the presence of potassium. (Reprinted with
permission from ref 141 Copyright 2003 American Chemi-
cal Society.)

Figure 15. Various π-conjugated polymers with pH-
sensitive side groups.

Figure 16. (a) Schematic representation for the cross
section and (b) SEM image of a honeycomb structure of
polymer 37. (Reprinted with permission from Nature
(http://www/nature.com), ref 149. Copyright 1994 Nature
Publishing Group.) (c) Fluorescence and SEM (inset) im-
ages of a honeycomb-structured film of PPV-b-PS 38
obtained by drop casting from CS2 and (d) lamellar
morphology as obtained by drop casting from dichloro-
benzene. (Reprinted with permission from ref 152. Copy-
right 2001 Elsevier.)
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16). Interestingly, the high number of defects in the
PPP backbone did not affect the morphology.150,151

Similarly, Hadziioannou et al. reported a honeycomb
morphology for block copolymers of polystyrene and
poly(p-phenylenevinylene) 38 when cast from CS2, a
poor solvent (Figure 16). However, when cast from a
good solvent dichlorobenzene, a bilayered lamellar
morphology was observed of stacked PPV blocks.77,152

The honeycomb morphology could also be reproduced
by François et al. with block copolymers of polysty-
rene and polythiophene.153-155

McCullough et al. were able to self-assemble regio-
regular poly-3-hexylthiophenes (39-42) copolymer-
ized with polystyrene, polymethacrylate, and poly-
urethane into cylindrical morphologies (Figure 17).
These high molecular weight materials, with poly-
dispersities of 1.4 on average, showed good mechan-
ical properties, for example, elastic polyurethane
films. Nanowire morphologies of the di- and triblock
copolymers were obtained by slow evaporation from
toluene. These films showed conductivities correlated
to the ratio of the conducting and nonconducting
blocks present in the block copolymers. Interestingly,
the long-range order induced by balanced π stacking
and phase separation is lacking when the films were
cast from chloroform, and as a result, the conductivity
drops.156

Also, the syntheses of block copolymers of polysty-
rene or poly(methyl methacrylate) with polypyrrole
and poly(3-alkylpyrroles) have been reported.157 The
synthesis of block copolymers 43-49 consisting of
polydimethylsilane or poly(ethyleneoxide) as coil seg-
ment with rod segments as poly(p-phenylene-
ethynylene),158 poly(p-phenylene),159,160 and polyfluo-
renes161 were carried out by Müllen et al. and
François et al. Optical measurements showed the
influence of the coil blocks on the optoelectronic
properties of the rod segments by induced phase
separation, Figure 18.

Lazzaroni et al. showed the strong tendency of
block copolymers containing PPP, PPE, and PF
segments to spontaneously assemble into stable,
ribbonlike fibril morphologies, irrespective of the
nature of the coil segment, when coated on substrates
(Figure 19). The ribbonlike structure was proposed
to result from the head-to-tail packing of the conju-
gated segments.162-164

Poly(phenylquinoline) (PPQ) is a well-known n-
type semiconductor and used as an electron-transport
and emission layer in LED’s.165,166 Its poor solubility
attracted Jenekhe et al. to explore the block copoly-
mer approach to improve the PPQ processability. The
authors studied the self-assembling behavior of rod-
coil copolymer 50 consisting of PPQ as the rod block
and polystyrene as the coil block. This block copoly-

mer was found to self-assemble into diverse supra-
molecular structures (Figure 20) in which the amide
linkage at the rod-coil interface provides a self-
organized scaffold by strong intermolecular hydrogen
bonding. The heterocyclic PPQ block allows tuning
of its amphiphilicity by addition of trifluoroacetic
acid, which protonates the imine-like nitrogens. For
example, fast drying at 25 °C from 9:1 TFA:dichloro-
methane leads to polydisperse cylinders 1-3 nm in
diameter and 5-25 nm in size that decreased with
the decreasing fraction of the rigid-rod block. Exci-
mer-like emission suggests close packing of the PPQ
block chains in a J-type fashion. Fluorescence images
of the cylinders reveal that the fluorescent PPQ block
is located at the outer shells of the aggregates
together with a hollow cavity and closed ends of the
cylinder. Also, because of three-dimensional sym-
metry and uniformity of emission, the authors con-
cluded that micellar bilayered supramolecular cyl-
inders are formed.167,168 In extension, the same
authors reported the self-assembly of triblock copoly-

Figure 17. Nanowire morphology in poly(3-hexylthiophene) copolymers 39-42, solvent-cast from toluene and visualized
with tapping-mode AFM. (Reprinted with permission from ref 156. Copyright 2002 John Wiley & Sons, Inc.)

Figure 18. Several π-conjugated block copolymers.

Figure 19. AFM image of the ribbonlike morphology and
the proposed stacking model of block copolymer 49. The
conjugated parts are represented by gray bricks, while the
nonconjugated parts are represented by light gray el-
lipsoids. (Reprinted with permission from ref 164. Copy-
right 2002 Elsevier.)
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mer 51 comprised of PPQ-PS-PPQ. In contrast to
the diblock copolymers with multiple morphologies,
the triblock copolymers were found to spontaneously
and exclusively form spherical vesicles.169

Complexation of block copolymers with amphiphiles
is a new strategy for the formation of self-organized
supramolecular polymeric materials developed by
Ikkala and ten Brinke et al.170 A combination of a
diblock copolymer, proton transfer, and hydrogen
bonding yields hierarchical structures of different
length scales as analyzed with SAXS and TEM. Poly-
(4-vinylpyridine) (P4VP) was stoichiometrically pro-
tonated with methane sulfonic acid, which was then
hydrogen bonded to pentadecylphenol (PDP). At
temperatures below 100 °C a protonated polystyrene-
[poly(4-vinylpyridine)pentadecylphenol] diblock co-
polyelectrolyte complex separates into microphases
with a lamellar-within-lamellae structure. Alternat-
ing layers 35 nm in width consisting of polystyrene
and poly(4-vinylpyridine)pentadecylphenol were ob-
tained. The domains of the latter phase are further
phase separated into a bilayered hydrogen-bonded
structure of pentadecylphenol moieties with a 4.8 nm
periodicity. Protonic conductivity was found to take
place in one direction of the nanoscale poly(4-vinyl-
pyridine) compartments only.171 The temperature-
induced self-organization is schematically depicted
in Figure 21.

Further known hydrogen-bonded structure-within-
structure morphologies for P4VP are lamellar-within-
spherical, lamellar-within-cylindrical, cylindrical-
within-lamellar, and spherical-within-lamellar struc-

tures and are dependent on the hydrogen-bonded
poly(4-vinylpyridine) complex weight fraction.172 Im-
posing shear can lead to considerable alignment of
cylinders and lamellae. The cylinders align along the
shear flow with the normal plane parallel with
respect to the shear plane. The matrix layers align
perpendicular to the cylinders, transverse to the
flow.173,174 Cleavage of the pentadecylphenol leads to
nanorods containing polystyrene cores and poly(4-
vinylpyridine) coronas.175 These nanorods show high
dichroism and polarized photoluminescence (Figure
22).176

6.2.2. Monodisperse Main-Chain π-Conjugated Blocks
Miller et al. prepared block copolymers 52-53

having alternating bi-, quarter-, or octathiophenes
and a polyester chain,177,178 and Jenekhe et al.179

connected terthiophenes 54 via alkyl tails. Leclerc et
al. prepared block copolymers having a range of well-
defined oligothiophene blocks and polyester chains
(55-62). The polyester with pentathiophene seg-
ments showed increased conductivity up to 0.4 S/cm
due to favorable π stacking, Figure 23.180

The block copolymer approach has been adopted
by Feast et al. for the organization of hydrophobic
oligothiophene blocks that alternate with hydrophilic
poly(ethylene oxide) blocks (Mn ) 2000, 1000, and
600) (63-66).181 Aggregation of the oligothiophenes
occurs in dioxane-water mixtures, which was mani-
fested by a blue shift of the UV-vis absorption
maximum and quenching of the fluorescence. An
oligothiophene length of three thiophenes was neces-

Figure 20. Fluorescence photomicrographs of the aggregates formed by 50 being (a) spherical (1:1 TFA:DCM v/v, 95 °C),
(b) lamellar (1:1 TFA:DCM, 25 °C), (c) cylindrical (9:1 TFA:DCM, 25 °C), and (d) vesicular (1:1-1:4 TFA:DCM, 25 °C).
(Reprinted with permission from ref 167. Copyright 1998 American Association for the Advancement of Science.)
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sary to observe aggregation.182 When a sexithiophene
is alternated with well-defined chiral undeca(ethyl-
eneoxy) blocks (67), aggregation also occurs in diox-
ane itself. However, no helicity was found in this
aggregate, which was in contrast with the monodis-

perse chiral monomeric unit. It illustrates that
although the processability and mechanical robust-
ness of block copolymers may be superior to those of
analogous oligomers, the degree of self-assembled
order found in oligomer-based systems may be lost
in alternating polymers.183 Oligo(ethylene oxide) can
also be used in alternation with distyrylbenzene units
(68), providing efficient light-emitting diodes, pre-
sumably by efficient ion-conducting pathways.184,185

Polymers consisting of alternating perylene bisimide
chromophores and flexible polytetrahydrofuran seg-
ments of different length (69) have been studied
using absorption and (time-resolved) photolumines-
cence spectroscopy. In poor solvents the chromophores
self-organize into H-type aggregates, which were
enhanced by shortening the flexible spacer.186,187

Yu et al. reported the synthesis of a polystyrene-
nonathiophene diblock copolymer (70) without speci-
fying phase separation.188 Hempenius et al. used the
same units by synthesizing a triblock copolymer of
polystyrene-undecathiophene-polystyrene (71, poly-
dispersity of 1.1), and phase separation was observed
in a poor solvent. TEM and AFM show that the
copolymer is self-assembled into irregular, spherical,
micellar structures having an average diameter of 12
nm (Figure 24). This value corresponds to about 60
block copolymer molecules per aggregate. The optical
properties are in agreement with aggregated unsub-
stituted oligothiophenes. Electrochemical doping was
hampered by the polystyrene shell; however, chemi-
cal doping afforded small nanoscopic charged ag-
gregates that are soluble in organic solvents.189

The triblock copolymer approach has been ex-
panded to other conjugated blocks such as oligo(p-
phenylenethynylene) 72, and here, phase separation
was observed also in poor solvents.190,191 In the case
of oligofluorene-polystyrene block copolymer 73, nano-
wire morphologies were observed. The polymers can
be applied in LEDs displaying stable blue light
emission, Figure 25.192

Stupp et al. reported the synthesis and character-
ization of triblock rod-coil molecules 74-78 consist-
ing of diblock coil segments of polystyrene and poly-
isoprene and oligo(p-phenylenevinylene)s (OPVs) as
rod segments. On the basis of TEM and X-ray
diffraction data, 75-78 formed self-organized nano-
structures (Figure 26) whereas 74 lacked any order,
showing that π aggregation of OPV units is not the
dominant factor in the self-assembly process. The
regularity of the nanostructures depends on rod-to-
coil volume fraction. If the diblock coil segments are

Figure 21. Schematic illustration of the temperature-
induced hierarchical self-organization of PS-block-P4VP-
(MSA)1.0(PDP)1.0. (a) Alternating PS layers and layers
consisting of alternating one-dimensional compartments of
P4VP(MSA)1.0 and PDP for T < 100 °C. (b) Alternating two-
dimensional PS and disordered P4VP(MSA)1.0(PDP)1.0 lamel-
lae for 100 °C < T < 150 °C. (c) One-dimensional disordered
P4VP(MSA)1.0(PDP)x cylinders within the PS matrix for T
> 150 °C. (Reprinted with permission from ref 171.
Copyright 1998 American Association for the Advancement
of Science.)

Figure 22. (a and b) Applying sheer to hexagonally organized PS cylinders within the layered background consisting of
P4VP(PDP) and (c and d) subsequent cleavage of the PDP amphiphiles results in nanorods that can be visualized with
TEM. (Reprinted with permission from ref 174. Copyright 2003 American Chemical Society.)
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still solvated during rod block crystallization, the
steric forces among the coil segments will be larger,
stabilizing smaller nanostructures. Long-range order
is disrupted in systems 77 and 78, resulting in
polydisperse nanostructures, whereas for 76 a regu-
lar strip morphology was observed. The latter is
possibly the result of a more favorable enthalpy of
aggregation for OPV rod segments relative to those
in 77 and 78. The supramolecular strips arranged
further into antiparallel sheets. Absorption and
emission spectra showed strong photoluminescence
facilitated by the herringbone packing of the chromo-
phores.193,194a The self-assembled macroscopic mate-
rial 77 is polar, and the authors showed films with
piezoelectric activity.195 Very recently, the same

group synthesized dendron rod-coil molecules con-
taining conjugated oligothiophene, OPV, or oligo(p-
phenylene) segments.194b All three molecules self-
assembled into high aspect ratio ribbonlike nano-
structures on mica, which could be aligned using an
electric field. Interestingly, for the oligothiophene
molecule a 3 orders of magnitude increase in the
conductivity of iodine-doped films was observed.

The influence of the nature of the coil on the phase
behavior was studied in rod-coil molecules 79-83
consisting of a monodisperse oligo(p-phenylene-
vinylene) (OPV)196 and a coil segment of poly(ethylene
oxide) (PEO), poly(propylene oxide) (PPO),197-199 or
polyisoprene200 (PI) of varying length. All block
copolymers showed a polydispersity of less than 1.1.

Figure 23. Amphiphilic block copolymers containing monodisperse conjugated blocks.

Figure 24. Di- and triblock copolymer of polystyrene and oligothiophene blocks. The AFM image shows that 71 phase
separates into micellar aggregates. (Reprinted with permission from ref 189. Copyright 1998 American Chemical Society.)
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SANS data of the copolymers based on PEO or PPO
in water revealed a strong tendency to self-assemble
into cylindrical micelles in which the cylindrical OPV
core is surrounded by the PEO or PPO corona. In the
case of the PI-based polymer, a layered phase of
alternated PI and OPV was observed. In addition,
the semiflexible character of PI blocks dramatically
decreases the processability of the molecule, hence
limiting the length of the OPV segment. In the case
of the hydrophilic blocks, the supramolecular struc-
ture could be manipulated by changing the ratio of
poor and good solvent (Figure 27). Stable and ordered
cylinders are formed in the case of long PPO coil
segments. At higher ratios of poor solvent, initial
swelling of the corona occurs, followed by aggregation
among cylinders into a hexagonal closed packing.
This phase is stable upon further increasing the
amount of poor solvent. In the case of the PEO-based
systems, however, regular and interwoven fibers
micrometers long and diameters around 10 nm were
observed (Figure 27).

6.2.3. Monodisperse Side-Chain π-Conjugated Blocks
Another approach to create block copolymers is to

introduce pendant conjugated oligomers to noncon-
jugated polymers. It is expected that these polymers

form films that exhibit unique properties character-
istic of the pendant oligomer. Shirota et al. studied
the correlation between the length of pendant oligo-
thiophenes and electrical properties of the resulting
vinyl and methacrylate polymers (84, 85).201-203 The
electrical conductivity of films of these polymers
increased with increasing conjugation length of the
oligothiophene segment. Furthermore, films of longer
oligothiophene polymers exhibited a reversible color
change upon doping which could be of interest for
applications in the field of electrochromic materials.
By replacing the pendant oligomers, with, e.g.,
perylene bisimides,204 the emission could be tuned.
Soluble polyacetylenes with dangling terfluorenes
(86)205 and tetra(p-phenylenevinylene)s (87) have also
been prepared. The latter system could be applied
in a photovoltaic device when blended with a C60

derivative, Figure 28.206

The full potential of pendant oligomers to construct
functional organized materials was recently shown
by Hayakawa et al., who created extremely regular
hierarchical structures from low polydisperse copoly-
mers of coiled polystyrene blocks with semirod poly-
isoprene segments bearing terthiophene side chains
(88) (Figure 29). Self-organization at three different
length scales occurred on films cast from CS2 solu-
tion. SEM and POM images showed single layers of
hexagonally packed micropores with a narrow size
distribution: 1.5 µm in diameter having walls as thin
as 100 nm. A sulfur-distribution TEM image of cross-
sectional films indicated a 50 nm spacing of lamellar
layers of polystyrene and polyisoprene blocks per-
pendicular to the substrate. DSC and X-ray data
showed characteristics of a liquid-crystalline smectic
mesophase of the π-stacked oligothiophene blocks.
Annealing changed the direction of the cylinders from
perpendicular to parallel at the bottom of the film,
while the upper side of the film remained the same.
The depth of the pores could be adjusted by the
annealing conditions and their diameter by polymer
concentration.207

Figure 25. Block copolymers based on oligo(p-phenylene-
ethynylene) and oligofluorene.

Figure 26. Rod-coil triblock copolymers 74-78 containing oligo(p-phenylenevinylene) units. TEM micrograph of 76
revealing the formation of strips with nanoscale dimensions. The strips are about 8 nm in width and approximately 80 nm
in length, and rod segments are perpendicular to the plane of the micrograph. (Reprinted with permission from ref 194.
Copyright 1999 American Chemical Society.)
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6.3. Aided-Assembly of π-Conjugated Polymers
Templating organic synthetic methodologies have

been applied to control the superstructure of conju-
gated polymers using anionic synthetic lipid as-
semblies as a template. The anionic template assem-
blies harbor the cationic intermediates produced by
oxidative polymerization of the monomer, e.g., pyr-
role. A SEM image of the resulting poly(pyrrole) films

showed fibrous structures with a left-handed helical
motif, similar to the structure of the organic tem-
plates (Figure 30).208

Gin et al. prepared electroactive materials by
columnar self-assembly of an amphiphilic polymer-
izable liquid crystal and a water-soluble precursor
of PPV. A stable hexagonal arrangement was created
through self-assembly (Figure 31) in which the PPV

Figure 27. Schematic representation of the self-assembly of block copolymers 80-83 in aqueous solution and fluorescence
micrographs of 82 with short (left) and long (right) PPO blocks. (Reprinted with permission from ref 197. Copyright 2004
John Wiley & Sons, Inc.)

Figure 28. Graft copolymers with pendant π-conjugated oligomers.
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precursor is one-dimensionally aligned in the hex-
agonal matrix. After polymerization of the am-
phiphilic molecules and heat treatment of the pre-
cursor, a conductive nanocomposite was obtained.209

This amphiphilic template approach was also used
by Grady et al. to construct nanowires of polyaniline
and polypyrrole in a three-step process. In the first
stage the monomer and amphiphile were allowed to
aggregate on the surface of a substrate creating the
preferred cylindrical morphology. In the second stage
polymerization took place, and in the third stage the

substrate was rinsed. Nanowires in aligned arrays
were constructed from polyaniline with a diameter
of 45 nm and a few 100 nm long (Figure 32).210

To avoid polymerization reactions on surfaces,
membranes such as filter membranes can be used to
furnish conjugated materials with an engineered
nanoshape. These membranes have pores of defined
size and diameter. Using this technique PPE deriva-
tives were deposited into these pores, and the mem-
brane was dissolved in dilute base or acid to produce
solid nanotubes. The width of the tubes ranged from
200 to 300 nm, corresponding to the filter pore
dimensions. The length of the tubes reached 43 µm,
which was slightly shorter than the depth of the
pores (60 µm) (Figure 33).211

Frisbie et al. showed a mild way to produce thin
wires of poly(3-hexylthiophene) by applying a drop-
casting proceduresa small droplet of a diluted poly-
mer solution is deposited over the electrodes. After

Figure 29. Schematic representation of hierarchical, self-organized structures of 88 bearing pendant oligothiophenes. (a)
Centimeter-sized film. (b) Microsized porous structure. (c) Nanosized phase-separated structure of polystyrene and
polyisoprene-oligothiophene blocks. (d) Oligothiophene with molecularly orientated structure in polyisoprene-oligothiophene
nanophase-separated domains. (e) Cartoon representing 88. (Reprinted with permission from ref 207. Copyright 2003
John Wiley & Sons, Inc.)

Figure 30. SEM image of a poly(pyrrole) composite film
obtained by a templating method as schematically depicted.
(Reprinted with permission from ref 208. Copyright 2004
John Wiley & Sons, Inc.)

Figure 31. Schematic route to obtain a conductive PPV
nanocomposite. (Reprinted with permission from ref 209.
Copyright 1997 American Chemical Society.)

Figure 32. 2 × 2 µm2 AFM image of polyaniline wires on
HOPG using surfactant templates. (Reprinted with per-
mission from ref 210. Copyright 2003 American Chemical
Society.)
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slow evaporation of the solvent, the authors could
determine the conductivity of these wires.212 Hadley
et al. applied an ac voltage during this drop-casting
procedure resulting in the formation of aligned poly-
(3-hexylthiophene) nanowires along the electric field
lines (Figure 34). The wires show mobilities as high
as 0.04 cm2/V s.213 The organization of the nanowires,
which are 3-7 nm in diameter and a few micrometers
long, is unclear. Both an extended syn conformation
of the thiophene units leading to face-to-face ag-
gregation as well as the anti conformation of the
thiophene units in the polymer chain could result in
tubes having a diameter of a few nanometers (Figure
34).214

Controlled deposition of nanowires was also ac-
complished by a scanned-tip electrospinning deposi-
tion method by Craighead et al. using a polyaniline/
poly(ethylene oxide) mixture (ratio 72/1) (Figure 35).
In this method a droplet of a polymer solution was
placed on a tip acting as a scanned electrospinning
source. The polymer jet, electrostatically extracted
from the tip, dried in transit to a substrate on a slow
rotating electrode. This process produced oriented
nanowires over electrode patterns micrometers long
and 190 nm in diameter and showed a conductivity
of up to 0.5 S/cm upon doping.215

The Langmuir-Blodgett (LB) technique offers a
unique possibility to study supramolecular assem-
blies and internal order of conjugated systems.
Monolayers on the air-water interface can be trans-
ferred onto solid substrate by several methods such

as vertical dipping or horizontal lifting. High-quality
multilayer LB films from alkyl-substituted poly-
thiophenes can be obtained by dispersing the polymer
in amphiphilic molecules.216,217 PPVs218 or PPEs219

using different amphiphilic building blocks displayed
preferential orientations at the air-water interface.
Swager et al. showed that the isolated polymer
chain’s morphology and interchain interactions in
PPE polymers (91-94) can be controlled.220 These
PPE polymers display face-on, alternating face-on,
or edge-on (zipper) orientation depending upon the
chemical structure and surface pressure (Figure
36).220 One monolayer formed by substituted PPE
could be reconstructed into nanoscopic-aligned
networks of fibrils tens of nanometers in diam-
eter.221

Bjørnholm et al. studied the formation of nanowires
of polythiophene which were substituted by alternat-
ing hydrophilic and hydrophobic side groups.222 Iso-
thermic compression leads to densely packed mono-
layers in which the polythiophene backbones are
homogeneously π stacked parallel to the water sur-
face, the oligo(ethylene oxide) tails stick into the
water, and the alkyl tails point into the air (Figure
37). Horizontal dipping created a monolayer surface
consisting of highly ordered domains. These domains
are connected by soft, more disordered boundaries.

Figure 33. SEM image (6 × 6 µm2) showing poly(p-
phenyleneethynylene) 90 wires constructed using a mem-
brane. (Reprinted with permission from ref 211. Copyright
2003 American Chemical Society.)

Figure 34. Polythiophene nanowires 3-7 nm in diameter
aligned by an electric field (Reprinted with permission from
ref 213. Copyright 2004 IOP.) together with the suggested
mechanism that can lead to formation of such structures.
(Reprinted with permission from ref 214. Copyright 2003
American Chemical Society.)

Figure 35. Scanned electrospinning nanofiber deposition
system consisting of an arrow-shaped silicon tip source and
a rotating counter electrode to which a silicon chip is
attached. SEM image of a polyaniline/poly(ethylene oxide)
(72/1) nanowire deposited on gold electrodes with a diam-
eter of 190 nm. (Reprinted with permission from ref 215.
Copyright 2004 Royal Chemical Society.)

Figure 36. Conformations and spatial arrangements of
polymers 91-94 at the air-water interface and their
reversible conversions between face-on, zipper, and edge-
on structures. (Reprinted with permission from Nature
(http://www/nature.com), ref 220. Copyright 2001 Nature
Publishing Group.)
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The order-dependent conductivity of the monolayer
was measured by a four-point probe method. Excep-
tionally high conductivities were observed on the
single-domain level, while the disordered regions
exhibited much poorer conductivity. This indicated
that the in-plane alignment of polymer molecules in
a monolayer is a crucial parameter for the electrical
properties. When compressed beyond the collapse
point on the LB trough, the polythiophene spontane-
ously folds into wire-like structures (Figure 37),
which could be horizontally lifted onto a substrate.
The wires are micrometers long, 60 nm wide, and 15
nm high. Bundles of these nanowires could be placed
between gold electrodes showing a high conductivity
of 40 S/cm upon doping.46,222-225

7. Supramolecular Organization of π-Conjugated
Oligomers

Synthetic procedures to produce monodisperse
π-conjugated oligomers have considerably improved
during the past decades,226,227 and relationships have
been established between chemical structure and
charge-carrier mobility.228 A continuous film with
intermolecular π overlap is beneficial to increase the
charge-carrier mobility. Instead, if the charges reside
in local potential minima, or traps, they will be stuck
and relatively high voltages will be needed to dis-
lodge them. Such traps can be due to oxidizable or
reducible chemical impurities, grain boundaries, in-
homogenities at the dielectric interface, or crystal-
lographic defects, resulting in low mobility. Despite
the possibility to obtain well-ordered two-dimensional
monolayers on graphite of oligo(thiophene)s,229 oligo-
(p-phenyleneethynylene)s,230 or oligo(p-phenylene-
vinylene)s,231 as studied with STM, and the ability
to vacuum evaporate these oligomers to gain crystal-
line films,16,232-237 it is a challenge to increase control
over the mesoscopic order of such oligomers into
larger domains by less expensive means. This section
surveys the tools that are available nowadays to
organize oligomers by self-assembly (see also section
3). The first part deals with the self-assembly of
oligomers in the solid state, liquid crystals, and the
second part covers the influence of the different
supramolecular interactions on the self-assembled
structures of oligomers in solution.

7.1. Self-Assembly of Liquid-Crystalline Materials
Liquid-crystalline molecules combine the properties

of mobility of liquids and orientational order of

crystals. The mesophases and their temperature
regimes provide insight into the internal organization
of liquid crystals. Different degrees of orientational
order arise from the relative anisotropy of the mol-
ecules and can be controlled by varying the rigid
segment, its size, and the peripheral side chains.
Liquid crystals may be thermotropic, being a state
of matter between the solid and liquid phase, or
lyotropic, that is ordering induced by the solvent. In
the latter case the solvent usually solvates a certain
part of the molecule while the other part of the
molecule helps induce aggregation, leading to meso-
scopic assemblies.

7.1.1. Thermotropic Rodlike Molecules

In the field of optoelectronic applications it is
important to produce films that are less expensive
and easy to produce without forfeiting the high
charge-carrier mobility that is common in crystal
structures obtained via vacuum evaporation. Charge
transport in smectic systems is generally considered
to be two-dimensional. Terthiophene 96 forms a
highly ordered smectic SmG phase with a charge-
carrier mobility of 0.01 cm2/V s.238 End substitution
of oligo(thiophene)s 97-105 (Figure 38) with varying
alkyl chain length leads to highly soluble conjugated
oligomers, which exhibit smectic mesophases with
two spacings that increase with temperature.239-242

This result was interpreted by a model involving
alkyl-chain movements, yielding shrinkage in spac-
ing, whereas the thiophene units remained at typical
van der Waals distances. The liquid-crystal-like
structural organization of, e.g., 103 resulted in a
high-field-effect carrier mobility for cast films on the
order of 0.03 cm2/V s.243 The electron-diffraction
pattern of the crystals indicated two-dimensional
side-by-side and end-to-end packing of the molecules.
However, when oxygen substituents are introduced
(106-107), the mobilities deteriorated. Smectic phases
could be stabilized by additional hydrogen bonding
as shown by naphthalene,244 triphenylene,245,246 and
terthiophene247 derivatives bearing carboxylic acids,
carboxamide, or oxyethylenes. Long-range order in
oligo(p-phenylenevinylene)s was studied as a function
of the conjugation length (108-110). It was found
that only strong π-π interactions in the longest
oligomer could phase separate from the tridodecyl
chains.248,249 Columnar order in OPV derivatives was
also reached using hydrogen-bonded dimers between
carboxylic acids aided by strong phase separation of
the tridodecyloxyphenyl groups (112, 114).250 Also,

Figure 37. Orientation of amphiphilic polythiophene 95 at the air-water interface. Upon dipping in the upper regime of
the Langmuir isotherm, nanowires of 95 can be transferred to a silicon oxide substrate. (Reprinted with permission from
ref 223. Copyright 1999 John Wiley & Sons, Inc.)
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dimerization of OPVs by coordination (113), ionic,
and fluorophilic interactions have led to discrete
liquid-crystalline supramolecular structures that fur-
ther organize into columnar mesophases.251

7.1.2. Thermotropic Discotic Molecules

Whereas rodlike molecules predominantly form
smectic phases, discotic molecules preferably form
columnar mesophases. Since the first discotic liquid
crystal was discovered in 1977,252 a phenylene de-
rivative that exhibited a columnar mesophase, factors
that influence the short-range intracolumnar order
and long-range intercolumnar order have inten-
sively been studied by varying the substituents on
the core. Although columnar stacking was observed
by Chandrasekhar et al., the Ncol mesophase lacked
a 2D lattice structure, which was further studied by
Destrade et al. to arrive at a semiconducting colum-
nar mesophase.253-255 The exchange of the oxygens
for sulfur atoms in the side chains resulted ultimately
in two mesophases with intracolumnar liquid order,
Colhd, and intracolumnar fixed order, Colho. The latter
consisted of hexagonal arrays of columns with a
periodic, positional, and helical columnar order due
to the steric bulk of the sulfur atoms limiting the
rotation of disks but preserving π-π interactions. The
effects of the different degrees of order on the
photoconduction were shown by Haarer et al., who
injected charges into discotic liquids sandwiched
between transparent conducting electrodes. The tran-
sient time-of-flight (TOF) measurement for 115
showed increasing charge-carrier mobilities with
decreasing temperature in the Colhd, which correlates

with an increase in short-range interactions. A 2
orders of magnitude jump in the charge-carrier
mobility up to 0.1 cm2/V s is observed around the
transition to the Colho phase (Figure 39).256 The high
mobility and the time dependence of the currents
evidence an efficient short-range transport mecha-
nism provided by the face-to-face π stacking of the
triphenylene units. Moreover, these values are rep-
resentative of the bulk sample conductivity since they
correspond well with high-frequency time-resolved
microwave conduction studies (TRMC).257 Cooling
further into the glassy matrix, high mobilities are
still present but defects are locked in, causing a
significant number of traps.

The thermodynamic stability of the columnar
mesophase can be stabilized by introducing ad-
ditional aromatic interactions (116, 118) at room
temperature, giving similar high mobilities.258-262

The charge-carrier mobility is determined by the
extent of electronic overlap between the triphenylene
cores.262-264 Short side chains (117, n ) 3, 10-2 cm2/V
s) allow for better interaction of the cores resulting
in higher mobilities in comparison with long side
chains (117, n ) 11, 10-4 cm2/V s).265 Not only the
size of the peripheral side chains, but also the nature
of the aromatic core affects the charge-carrier mobil-
ity. Larger aryl cores such as hexabenzocoronenes
(HBCs, 119-121) give rise to both higher mobilities
(0.7 cm2/V s)257,266-268 due to the large overlap integral
and more efficient charge injection due to the low
band gap as pioneered by Müllen et al. (Figure 40).269

The larger aryl cores also widen the mesophase, and
the phase-transition temperatures can be easily

Figure 38. Rodlike π-conjugated oligomers 96-114. TEM micrograph of a cast film of 103 showing a network morphology
of interconnected crystals with random orientations and lattice fringes having a periodicity of 3.6 nm, consistent with the
thickness of end-to-end molecular layers. (Reprinted with permission from ref 242. Copyright 1998 American Chemical
Society.)
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engineered by the length, degree of branching, and
aromaticity of the side chains.270-272

The HBC molecules can be easily processed from
the melt or from solution into columns of high
persistence length, and it is a challenge to align them
macroscopically. Films with isotropically distributed
columns yield numerous grain boundaries. Solid-
state NMR studies revealed that the HBC disks can
rotate uniaxially within the columns and mobility
gradients along the alkyl chains can exist,273 thereby
allowing the dynamic nature of liquid crystals to self-
repair defects on the mesoscopic scale. Therefore, a
variety of methods to induce macroscopic uniform
films were studied.

Annealing at the isotropic transition temperature
can induce a reorientation in mechanically deformed
films.274 The deposition of HBC molecules in the
channel of organic transistors coated with alignment
layers generated micrometer long columns extending
from source to drain with charge mobilities ap-

proaching 10-3 cm2/V s.275,276 X-ray diffraction con-
firmed that the columnar stacks were indeed oriented
parallel to the underlying PTFE chains. The charge-
carrier mobility is lower than that measured by
TRMC, indicating polycrystallinity. In a LED con-
figuration it was shown that the onset of the current
decreases in homeotropically aligned columns.

Uniaxially aligned thin films of HBC could also be
prepared by a simple solution zone-casting method
as developed by Müllen et al. (Figure 41). Deposition
of a HBC solution from a stationary nozzle onto a
moving substrate produces concentration and tem-
perature gradients, dictating uniaxial columnar
growth driven by π-stacking interactions. AFM to-
gether with X-ray diffraction data reveals large
uniform domains with slight columnar defects pre-
sumably caused by the folding of columns during final
evaporation.277

The additional aromatic interactions in 122 and the
out-of-plane orientation of the peripheral phenyl
rings induces a helical orientation of the HBC cores
giving a helical crystalline phase with a higher
persistence length.278 Spin-cast films of 122 revealed
arrays of uniform parallel nanoribbons with lengths
of 300 nm as studied by AFM (Figure 42). Slow
evaporation of the solvent resulted in long, isolated

Figure 39. Structural formula of triphenylenes 115-118 and schematic representation of the helical phase formed by
115 and its orientation with respect to the electrode surface. Variation of the TOF charge-carrier mobility as a function of
temperature for 115. (Reprinted with permission from Nature (http://www/nature.com), ref 256. Copyright 1994 Nature
Publishing Group.)

Figure 40. Hexabenzocoronenes 119-121 with temper-
ature-dependent TRMC intracolumnar charge-carrier mo-
bility data for 119 and 121. (Reprinted with permission
from ref 268. Copyright 1999 John Wiley & Sons, Inc.)

Figure 41. Schematic representation of the zone-casting
process with gray disks representing HBC 119 and AFM
image of the resulting aligned film. (Reprinted with
permission from ref 277. Copyright 2003 American Chemi-
cal Society.)
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regular ribbons 3.8 nm in height and 21 nm in width
representing parallel single columns with the colum-
nar axis oriented parallel to the substrate.279 The
increased tendency of 122 to spontaneously aggregate
is supported by the red-shifted emission solution
spectra compared to the alkyl-substituted HBC 119.

Most columnar liquid crystals are electron-rich
aromatic systems that are good hole transporters:
p-type materials. Electron-poor aromatic systems are
needed to provide electron-transporting n-type ma-
terials (123), Figure 43. Such compounds are ob-
tained when coronene derivatives were functionalized
with carboximide groups. These compounds give rise
to mesophases depending on the substitution pattern
(124-127).280-284 Coronenemonoimide 124 showed a
large intracolumnar charge-carrier mobility of 0.2
cm2/V s with room-temperature liquid crystallinity.285

Related compounds such as alkyl-substituted naph-
thalene bisimides 128 and perylene bisimides 129
also formed columnar mesophases286-289 with similar
high electron charge-carrier mobilities measured by
TRMC290 and in FET devices.291 Recently, Faul et
al.292 showed that complexation of a cationic perylene
bisimide derivate 130 with anionic aliphatic surfac-
tants in water also led to a regular hexagonal packing

of the perylene bisimides that, by shearing, produced
uniform birefringent films with high dichroic ratios
and order parameters up to 0.7 (Figure 44). Perfluoro-
alkyl or cyano substituents on oligothiophenes are
other approaches to produce n-type semiconducting
materials exhibiting at best 0.08 cm2/V s; however,
so far only crystalline materials have been used.293,294

Apart from electron-withdrawing peripheral sub-
stituents, introduction of nitrogen in the core can also
reduce the electron density of the aromatic system.

Figure 42. AFM images showing nanoribbons of 122 of 21 nm wide and 3.8 nm high, obtained from (a) spin-cast and (b)
drop-cast solutions. (Reprinted with permission from ref 279. Copyright 2004 American Chemical Society.)

Figure 43. Several general chemical structures of n-type liquid-crystalline materials bearing electron-withdrawing
substituents.

Figure 44. Chemical structure of the complex of am-
monium-derivatized perylene bisimide 130 with dihexa-
decyl phosphate. The DSC trace shows three transitions
corresponding to different mesophases. (Reprinted with
permission from ref 292. Copyright 2003 Royal Chemical
Society.)
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Different azaaromatic compounds that vary in size,
the smallest being the pyridine (131) and triazine
(132, 133) units, can give rise to columnar meso-
phases of different degrees of order.295-298 Extended
electron-deficient disks (134-137) are based on
hexaazatriphenylene299-301 and quinoxaline302-304 cores
(Figure 45), having charge-carrier mobilities up to
10-3 cm2/V s.304 The potential application as electron-
accepting materials in solar cell devices was demon-
strated on liquid-crystalline films of 136 in the
presence of a p-type polythiophene polymer by
photoinduced absorption and fluorescence measure-
ments.301

Hydrogen bonding can be used to significantly
enforce the intracolumnar stacking order. The small-
est interdisk distance of 0.32 nm ever reported in a
columnar stack was in a Colho mesophase of deriva-
tive 138 by Geerts et al. (Figure 46). The short
distance was caused by amide hydrogen bonds be-
tween adjacent molecules in the stack resulting in a
high charge-carrier mobility of 0.02 cm2/V s.305

Until recently, attempts to obtain liquid-crystalline
C60 derivatives were restricted to smectic
phases.306-311a The attachment of five phenylene
groups equipped with long alkyl chains to one pen-
tagon of a C60 fullerene yielded a deeply conical mol-
ecule (139) that stacked into columnar assemblies.311b

The stacking is driven by attractive interactions
between the spherical fullerene moiety and the
hollow cone formed by the five aromatic side groups
of a neighboring molecule in the same column.

7.1.3. Lyotropic Liquid Crystals
Discotics can also self-assemble in polar or apolar

solvents by π-π interactions, forming rod- or worm-
like polymers. Additional hydrogen-bonding and sol-
vophobic forces can further strengthen attractive
intermolecular stacking. Lateral interactions be-
tween the columns arise at higher concentrations
resulting in formation of entangled three-dimensional
networks, e.g., gel phases or lyotropic liquid-crystal-
line phases.312,313

Figure 45. Several n-type liquid-crystalline materials with electron-deficient cores.

Figure 46. Hexaamide derivative 138 is able to form inter- and intramolecular hydrogen bonds allowing stacking with
an interdisk distance of 0.32 nm. The columns further assemble into a hexagonal columnar phase as schematically drawn.
(Reprinted with permission from ref 305. Copyright 2003 John Wiley & Sons, Inc.)
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The synthesis of desymmetrized HBC deriva-
tives314,315 allows one to create amphiphilic HBCs.
Depending on the applied pressure, these am-
phiphiles can be organized in Langmuir layers re-
sulting in two different packing arrangements at the
air-water interface. Under low pressure a well-
ordered, π-stacked lamellar arrangement of HBC
derivative 140 was observed which was lost at high
pressures.316 The thickness of the first layer can be
controlled by the ionic interactions between the
carboxylate HBC derivative and polyethylene imine
anchored on a silicon oxide wafer (Figure 48).317,318

Polarized absorption confirmed the orientation of the
columns with their main axis parallel to the dipping
direction. In another experiment complexation of the

carboxylate-functionalized HBC with an aminoethyl-
proline-functionalized poly(dimethylsiloxane) results
in a polymeric complex (141), which forms highly
ordered discotic columnar structures. The polymeric
nanostructures, which contain a hierarchy of three
incompatible elements, i.e., aromatic cores embedded
in a matrix of alkyl chains which itself is embedded
in a matrix of polysiloxane, have lengths of at least
200 nm. The columns show two different degrees of
internal order; low order was found when HBC cores
were tilted with respect to the column axis and
higher order when HBCs were perpendicularly ori-
ented to the column axis. The extended columns could
be visualized by TEM due to their electron conductiv-
ity (Figure 48).319 Since polyelectrolytes can be de-
posited in a controlled way, this approach of ionic self-
assembly can tremendously aid the orientation and
positioning on a surface.320

Another approach is using organogelators as a
director to control the morphology of the liquid-
crystalline film. Oriented columns of triphenylene
derivatives are formed when mixtures of 117 (n ) 6)
with a gelator (Figure 49) are cooled from the
isotropic liquid states. The different phase sequence
of the mixture determines the size of the domains.
When gelator phase separation occurs after 117
enters the liquid-crystalline state on cooling, the
aggregates of the gelator develop in the boundary of
the liquid-crystalline domains because this meso-
phase and the isotropic liquid phase of 117 are
immiscible. In this way, uniform domain sizes of
approximately 30 µm are obtained. If the phase
sequence is reversed, the gelator forms aggregates

Figure 47. Chemical formula of fullerene derivative 139
with a modeled single conical structure. A stack of five of
these structures is shown that exhibits a hexagonal co-
lumnar mesophase from 40 to 140 °C. (Reprinted with
permission from Nature (http://www/nature.com), ref 311b.
Copyright 2002 Nature Publishing Group.)

Figure 48. Chemical structure and schematic representation of the amphiphilic HBCs 140 (Reprinted with permission
from ref 317. Copyright 2003 American Chemical Society.) and 141 complexed ionically to a silicon wafer surface. TEM
image showing brighter lines corresponding to the HBC columns and dark ones to the surrounding siloxane matrix spaced
by 2.3 nm. (For clarity, the copy of a transparent overlay is shown.) (Reprinted with permission from ref 319. Copyright
2000 Royal Chemical Society.)

Figure 49. AFM image of the xerogel 117/L-amino acid with a cartoon representing the LC domains in blue and the gel
domains in red. (Reprinted with permission from ref 321. Copyright 2002 Royal Chemical Society.)
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in the isotropic state of the triphenylene, which is a
miscible mixture. The fibers are able to form finer
networks resulting in the formation of the liquid-
crystalline domains at the submicrometer level (Fig-
ure 49).321

Interestingly, vertical alignment of HBC stacks can
be achieved using an amphiphilic poly(ethylene oxide)-
poly(L-lysine) block copolymer. Poly(ethylene oxide)-
poly(L-lysine) forms a vertical 2D hexagonal lattice
on the air-water interface in which six discotic
columns of HBC surround an R helix of poly(L-lysine)
by acid-base interactions (142, Figure 50). The
height of the columns could be tuned by changing the
length the L-lysine polymer.322

Organogelators based on π-conjugated systems are
relatively rare in contrast to systems based on dyes
(anthracene,323-330 porphyrine,331-342 (phthalo343-352)-
cyanine,353-362 pyrene,363 and squaraine364-366). Cho-
lesterol (143) and phospholipid (144, 145) tethered
trans-stilbenes are able to gelate different organic
solvents in which the steroid or lipid unit serves as
a template to form one-dimensional stacks, Figure
51.367,368

Ajayaghosh et al. serendipitously extended this
concept to OPV derivatives (146-148) and reported
a completely thermoreversible self-assembly process
in a series of hydrocarbon solvents from single OPV
molecules to fibers and ultimately to an entangled
network structure. The absorption and emission

properties showed dramatic changes during gelation,
which is an indication of strong intermolecular π
electronic coupling of the ordered OPV segments. In
a comparative study it was shown that gelation was
cooperative and strongly dependent on the choice of
hydrogen-bonding motif, alkoxy side-chain length,
and conjugation length. An alcohol OPV trimer (146)
equipped with six lateral dodecyl chains easily forms
a gel at moderate concentrations in hexane, whereas
the aldehyde analogue (148) could not gelate the
solvent nor a methyl ester analogue (147) under
extreme conditions. SEM, X-ray diffraction, and IR
on the gel from 146 revealed an entangled network
of fibers up to micrometer lengths and 100-150 nm
in width consisting of well-ordered lamellae of stacked
molecules positioned by hydrogen bonds (Figure
52).369

Van Esch et al. have shown that high charge-
carrier mobilities up to 5 × 10-3 cm2/V s can be
realized in gel networks built from thiophene deriva-
tives 149-151 modified with bisurea units. The
thiophene moieties formed closely packed arrays
enforced by the urea hydrogen-bonding units, thereby
creating an efficient pathway for charge transport.370

The nanostructures were studied on several sub-
strates, like SiO2, mica, and highly oriented pyrolytic
graphite (HOPG). Elongated twisted fibers were
observed on SiO2 with lengths of 20-100 µm and
widths of 2-10 µm (Figure 53). These fibers are
strongly birefringent, indicating a high degree of
molecular ordering. After annealing extended mono-
layers are formed consisting of upright 1D arrays
standing side-by-side.371 On HOPG the 1D arrays lie
flat on the surface with tilted thiophene rings allow-
ing partially overlapping π systems.372 Scanning
tunneling spectroscopy indicates that an effective
conjugation in the π stacks exists as the band gap of
the thiophenes was decreased (Figure 53).373

Figure 50. Molecular structure of an HBC (red) and poly-
(ethylene oxide)-block-poly(L-lysine) (blue) complex 142,
and a model showing the resulting morphology. (Reprinted
with permission from ref 322. Copyright 2003 American
Chemical Society.)

Figure 51. Stilbene derivatives capable of gelating various
organic solvents.

Figure 52. OPV derivatives 146-148 are able to gelate
in hexane monitored by temperature-dependent absorption
and emission spectra of 146. For comparison, these spectra
are also given in a good solvent like chloroform and as a
film from hexane. The SEM picture of a dried gel of 146
shows an entangled fibrillar network. The self-assembly
of the gel is proposed in the scheme. (Reprinted with
permission from ref 369. Copyright 2001 American Chemi-
cal Society.)
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7.2. Self-Assembly by Specific Interactions in
Solution

Controlled self-assembly of oligomers in solution
is of interest for obtaining objects of discrete size and
shape. This process strongly depends on the nature
of the interactions and the shape of the building
blocks, and a large variety of architectures can be
formed in solution. Structures ranging from random
coil polymers to intertwined helices and discrete
multimolecular objects have been obtained. A typical
feature of these assemblies is the dynamic behavior
of the molecules within the aggregates. The molecules
located in the aggregates may still be mobile or have
some positional disorder. Accordingly, understanding
how self-assembly is controlled by the molecular
architecture will enable the design of increasingly
complex structures.

In the self-assembly of π-conjugated oligomers
different specific interactions work simultaneously
and the strength of the overall binding is the result
of many cooperative processes. To create some order
in this review we used in this section π-π, hydro-
phobic, or hydrogen-bonding interactions as the lead-
ing factor. Recently, ligand-metal interaction has

been used to link conjugated oligomers OPV (153)
and perylene bisimide (154), both bearing terpyridine
receptor groups (Figure 54). This is an interesting
approach; however, it lacks the reversibility that is
typical for noncovalent architectures.374,375

7.2.1. Assembly by π−π Interactions
Supramolecular organization in solution of well-

defined oligomers has scarcely been taken into con-
sideration.376 For example, the relation between

Figure 53. Urea-derivatized thiophenes (Tn) 149-151 form gel networks as visualized by SEM (top image). Single ribbons
of 150 on HOPG are visualized by AFM (middle image) and analyzed by STM (bottom image). Bias-dependent STM yields
evidence for π-overlapping stacked molecules as the band gap is decreased for stacked T2 (top graph, left) compared to
single T2 (bottom graph, left). TRMC conductivity data (top graph, right) show a clear dependence on gelation or conjugation
length. (Reprinted with permission from refs 370 and 371 and 372 and 373. Copyright 1999 and 2000 John Wiley & Sons,
Inc. and 2000 and 2001 American Chemical Society.)

Figure 54. Supramolecular polymers by metal coordina-
tion to π-conjugated oligomers.
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intermolecular interactions and optical properties of
substituted ter- and quarterthiophenes or tetra-
thienylenevinylene has been studied by UV-vis and
fluorescence spectroscopies in linear and branched
alkane or PMMA matrixes.377,378 These results showed
that aggregates of oligothiophenes display a blue-
shifted absorption spectrum with respect to the
molecularly dissolved state. This behavior was
attributed to the formation of H aggregates,
assemblies in which the conjugated segments
have an orientation perpendicular to the packing
axis.379,380

Fréchet et al. synthesized triblock systems by
symmetrically substituting undeca- and heptadeca-
thiophene cores (155, 156) with oligo(benzyl ether)
dendrons. In such a way monodisperse macromolecu-
lar architectures381 are obtained similar to dendriti-
cally substituted oligothienylenevinylene382 and oligo-
imides.383,384 Janssen et al. showed TEM images of
the self-assembly of 156 into uniform nanoaggregates
in size (20 nm) and shape (rodlike) in dichloro-
methane at low temperatures (Figure 55). Detailed
analysis of the self-assembly in solution indicated a
temperature-induced aggregation in which an intra-
chain planarization preceded the intermolecular π-π
stacking. The favorable interactions led to an inter-
chain delocalization of the photoexcited singlet, trip-
let, and charged states. Quantitative analysis of the
aggregation process shows that the supramolecular
aggregates are relatively small involving five to six
molecules.385-387 The apparent size limitation of the
aggregates is ascribed to steric constraints imparted
by the dendritic wedges.388

7.2.2. Assembly by Amphiphilic Interactions
Advincula et al. designed a sexithiophene bearing

cationic alkyl substituents at either end of the
hydrophobic aromatic core. Ordered ultrathin films
by layer-by-layer self-assembly from either a molecu-
larly dissolved or an aggregated state was aimed for
in this study.389,390 Cationic substituents were also
use in a third-generation poly(propylene imine) den-
drimer modified with oligo(p-phenylenevinylene)s to
create a branched amphiphile. Spherical and rod-like
aggregates form in protic solvents such as water and
decanol. Interestingly, the spherical aggregates could
be manipulated by optical tweezers.391

Leclère et al. described the self-assembly process
of amphiphilic sexithiophene derivatives substi-
tuted with chiral penta(ethyleneoxide) chains to
control the interplay of hydrophobic and hydrophilic
interactions, guiding the π-π stacking of the oligo-
meric units and allowing this material to be used for
fabrication of a thin film transistor.392 On silicon
wafers aggregation of 157 led to ropes with left-
handed supramolecular helicity, which was not
present in ropes from achiral analogue 159.393,394 The
oligomers adopt an edge-on orientation on oxidic
surfaces by minimizing the contact area between
hydrophobic parts of the molecule and surface (Figure
56). A face-on lamellar array of π-stacked oligomers,
typically a 3-5 molecules in width, was observed on
HOPG. Results reported for a series of oligo(p-
phenyleneethynylene) derivatives revealed the im-
portance of regular π-stacking interactions. Nano-
ribbons are formed on HOPG from oligomers with
seven repeat units and higher, whereas the shorter
ones revealed globular aggregates.

Figure 55. Dendritically substituted thiophenes that aggregate into nanorods as imaged by TEM. (Reprinted with
permission from ref 386. Copyright 2001 American Chemical Society.)

Figure 56. AFM images show (a) large ribbons on graphite, (c) left-handed helical aggregates on silicon oxide, and (d)
pyrimidal assemblies on mica formed by the slow evaporation of a THF solution of 157. (b) An 80 × 80 nm2 STM image
shows the internal structure of a ribbon on graphite. The white arrows indicate the width of a single, thin ribbon. (Reprinted
with permission from refs 393 and 394. Copyright 2004 Elsevier and 2002 American Chemical Society.)
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Meijer and Feast et al. studied the aggregation of
sexithiophenes 157 and 159 in protic media such as
water and butanol (Figure 57).395,396 The self-as-
sembly was accompanied by a blue shift of the UV-
vis absorption, reduced fluorescence intensity, and,
for 157, observation of a bisignate CD effect indicat-
ing chiral superstructures. Thermochromic CD and
UV-vis measurements showed a reversible transi-
tion at 30 °C, demonstrating that the chiral ag-
gregates break up. The shape of these supramolec-
ular assemblies was not elucidated by the authors;
however, recent studies on analogous asymmetric
quarterthiophene bearing only one oligo(ethylene

oxide) chain show the formation of multilamellar
vesicles in water.397

Recently, Bouteiller et al. reported on amphiphilic
perylene 160 that self-assembles into monomolecular
flexible rods in water as demonstrated by UV-vis
absorption and SANS measurements.398 Other mol-
ecules which have been reported to self-assemble
through hydrophobic π-π interactions are OPVs
bearing sulfonic acid side groups (161)399 or oligo-
(ethyleneoxide)s (162-164), Figure 58.400

The organization of OPV amphiphiles 163 and 164
in water revealed aggregation into chiral objects.
Thermochromic CD measurements showed a transi-

Figure 57. Absorption and fluorescence spectra of 159 in THF and butanol. Temperature-dependent absorption, CD, and
fluorescence spectra of 157 in n-butanol. (Reprinted with permission from ref 394. Copyright 2002 American Chemical
Society.)

Figure 58. Amphiphilic oligomers designed to self-assemble in water.
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tion at 50 °C from a chiral aggregated state to
disordered aggregates in a moderately cooperative
process.401 A hexameric OPV analogue bearing meth-
yl groups on either end of the OPV displayed a
complicated aggregation behavior. The magnitude
and sign of the Cotton effect varied in a range of
solvents.402

The strong influence of solvophobic interactions on
the change of the shape of the structures in water
compared to bulk morphology was shown by Lee et
al. In the bulk the octa-p-phenylenes equipped with
oligo(ethyleneoxide) dendrons (165) formed an inter-
digitated parallel arrangement with a 2 nm periodic-
ity, whereas in dilute solution an ordered radial
arrangement was obtained resulting in nanocapsules
46 nm in diameter (Figure 59).403

7.2.3. Assembly by Hydrogen Bonding

Supramolecular polymers are constructed from
monomeric units that are glued together by reversible
noncovalent hydrogen-bond interactions and as such
comprise a special class of self-assembled systems.404

Recently Meijer et al. reported on supramolecular

hydrogen-bonded OPV dimers (166) and polymers
(167) in which the specific electronic and optical
properties of conjugated OPV oligomers were com-
bined with the material properties of polymers.405,406

These polymeric systems are based on the dimeriza-
tion of strong quadruple hydrogen-bonding ureido-
pyrimidinone units, resulting in a random coil poly-
mer in solution lacking higher mesoscopic order. The
supramolecular polymer could easily be processed,
revealing smooth films, and photoinduced electron
transfer was observed when blended with a C60
derivative. This blend could be successfully incorpo-
rated in a photovoltaic device.

Hydrogen bonds have also been used to obtain
liquid-crystalline phases. When nucleobases such as
adenine and thymine are attached to known me-
sogens such as alkoxyphenylethynylenes 168-171,
no liquid crystal phase could be observed. However,
the 1:1 blends of the complementary nucleobase
derivatives resulted in formation of fairly stable
lyotropic liquid-crystalline phases, Figure 60.407

Hydrogen bonds have also been used to position
π-conjugated molecules in self-assembled architec-
tures. Multiple hydrogen-bonding interactions were

Figure 59. Schematic representation of the molecular arrangement of 165 either into an interdigitated parallel
arrangement (TEM) of molecules or into an orientationally ordered radial arrangement of molecules resulting in
nanocapsules (AFM). (Reprinted with permission from ref 403. Copyright 2004 American Chemical Society.)

Figure 60. Conjugated oligomers provided with strong hydrogen-bonding interacting units.
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introduced in OPV systems to create organized
structures, sheets, and wires. An OPV trimer, tet-
ramer, and pentamer (172-174) were equipped with
a diaminotriazine hydrogen-bonding motif and a
tridodecyloxy wedge as end groups and substituted
with enantiomerically pure (S)-2-methylbutoxy side
chains on the OPV backbone. Stable monomolecular
Langmuir films are constructed of the π-stacked
tetramers with the triazine moieties pointing into the
water phase.408 The possibility of recognizing comple-
mentary molecules present in the water subphase via
multiple hydrogen-bonding interactions was consid-
ered to be an important application. On another
ordered substrate, HOPG, monolayers were studied
by STM. Chiral hexameric macrocycles at the solid-
liquid interface were formed by hydrogen bonding
between adjacent diaminotriazine moieties (Figure
61). These cycles further organize into tubes in apolar

solution, as demonstrated by UV-vis, fluorescence,
and CD spectroscopy. The OPV molecules self-
assemble hierarchically: first forming hexameric
rosettes by hydrogen-bond formation, which subse-
quently develop into stacks aided by π-π interactions
of the phenylenevinylenes. The chiral side chains
induce supramolecular helicity. It was proposed that
the cyclic hexameric rosettes were not fully planar,
resulting in a propeller arrangement allowing inter-
planar hydrogen-bond interactions from rosette to
rosette, thereby locking the rosettes within the
tubules. Tubules 7 nm in diameter and 180 nm in
length and with perfect space filling are still soluble
due to the apolar shell that surrounds the stacks as
revealed by SANS and AFM (Figure 61).409

Hydrogen-bond-mediated complexes of naphthal-
enebisimide and complementary dialkylated mel-
amines can also result in mesoscopic tube-like nano-
structures as shown by Kimizuka et al. (Figure 62).
Molecular stacking of the hydrogen-bond-mediated
aromatic sheets was proved by a red shift of the onset
in absorption spectra of the naphthalenebisimide
chromophore. The flexible alkyl chains that surround
the aggregate probably stabilize the weak hydrogen
bonds. Flexible rodlike aggregates with widths of 12-
15 nm are found by electron microscopy, and a
stacked cyclic dodecameric structure or a helically
grown structure was proposed (Figure 62).410,411

Würthner et al. extended the process of superstruc-
ture formation to perylene bisimide derivatives. The
schematically outlined process in Figure 63 is hier-
archical and involves multiple intermolecular inter-
actions, appropriate solubilizing substituents, and a
solvent of low polarity. NMR, optical spectroscopy,
and DLS measurements revealed large-sized ag-
gregates of 200 nm already in dilute methylcyclo-
hexane solution. Complexation of perylene bisimide
with chiral melamines exhibited exciton-coupled Cot-
ton effects for the perylene bisimide absorption
bands. SEM images of these mesoscopic superstruc-
tures showed a densely intertwined network with

Figure 61. Representation of OPVs functionalized with
a hydrogen-bonding triazine unit that form hexameric
rosettes, which stack into helical wires in apolar solvents.
(Reprinted with permission from ref 409. Copyright 2004
John Wiley & Sons, Inc.)

Figure 62. TEM image of self-assembled melamine-naphthalenebisimide complexes from apolar solvent. Three different
modes of self-assembly are schematically depicted. (Reprinted with permission from ref 411. Copyright 1995 American
Chemical Society.)
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cylindrical strands having diameters in the range of
15-500 nm. These dimensions indicate that further
self-assembly into tertiary structures takes place.
Confocal fluorescence microscopy studies showed
excellent photostability of these superstructures in
the solid state.412-414

The hydrogen-bonding strength in OPV systems
could be augmented by increasing the number of
hydrogen-bond interactions.404,415 OPVs that differ in
conjugation length have been synthesized that
contain chiral side chains, long aliphatic chains, and
a ureido-s-triazine hydrogen-bonding unit (175-
177).416,417 Quadruple hydrogen bonding plays a
dominant role in the intermolecular interactions, and
dimers are already formed in chloroform. 1H NMR
and photophysical measurements showed that the
OPV oligomers grow hierarchically in an apolar
solvent into chiral stacks by solvophobic and π-π
interactions (Figure 64).

The melting temperature and the persistence length
of the stacks increases with elongation of the π
system of the OPV oligomers as shown by SANS and
optical measurements. Rigid cylindrical objects are
formed which, in the case of the tetramer 176a, have
a persistence length of 150 nm and a diameter of 6
nm, whereas trimer 175 shows rigid columnar do-
mains 60 nm in length with a diameter of 5 nm
(Figure 64). Melting of the stacks takes place in a
relatively narrow temperature range, indicating that
thermal denaturation of the stacks is a cooperative
process. It is probable that the stability of the stacks
is a consequence of many reinforcing bonds, each of

which is relatively weak. Formation of any of these
stabilizing bonds is very dependent on whether
adjacent bonds are also made. Melting of the stacks
depends on the concentration, similar to what is
found for denaturation of DNA in nature. Exciton
quenching by either dissociation at charge-transfer
traps or internal conversion in structural defects is
fast, less than 50 ps for 176a (Figure 65).418 Exciton
bimolecular annihilation is observed at high exciton
densities. The electronic properties of the supra-
molecular OPV wires are intermediate between mo-
lecular crystals and disordered polymeric conductors,
i.e., between collective excitation and hopping re-
gimes.419

When two hydrogen-bonding units are connected
via a short spacer, a bifunctional OPV derivative was
obtained, 176b, which is capable of forming a random
coil supramolecular polymer in chloroform. These
supramolecular polymers form long columns in
apolar solvents. However, no CD effect was observed,
in contrast to their analogues that lack the OPV
core.420 The presence of a covalent linkage between
consecutive layers of the column conflicts with the
favorable π-π interactions between OPVs; hence, so-
called frustrated stacks are formed. AFM studies
showed that transfer of single OPV cylinders of 176a
from solution to a solid support as isolated wires was
only possible when specific concentrations and spe-
cific solid supports were used. On graphite, numerous
single micrometer long fibers were found with a
uniform height of 5.2 nm and a persistence length of
125 nm. At higher concentrations an intertwined

Figure 63. Concentration- and temperature-dependent self-assembly of a perylene-melamine complex in an apolar solvent.
TEM imaging reveals an entangled network. (Reprinted with permission from ref 413. Copyright 2000 John Wiley &
Sons, Inc.)
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network was formed consisting of single wires, while
at low concentration ill-defined globular objects were
observed. On graphite and silicon oxide molecule-
surface interactions were suppressed yielding a suc-
cessful transfer of the supramolecular stack as single
isolated entities on the substrate. On gold the mol-
ecule-molecule interactions in solution were per-
turbed by stronger molecule-surface interactions, so-
called attractive surfaces. Repulsive surfaces (mica
and glass) give rise to clustering of stacks due to
minimization of the contact area between the stack
and the support, resulting in lamellar arrays of
stacks. Together with the fact that the concentration
and temperature of the cast solution determines the
equilibrium between individual molecules and the
supramolecular stack it is obvious that many vari-
ables control the successful transfer of isolated single
stacks from solution to surfaces. However, compre-
hensive knowledge of all intermolecular interactions
gives rise to controlled transfer of π-conjugated
assemblies to specific surfaces. Understanding the
interactions in this transfer process will be crucial
for applying these semiconducting stacks in the field
of nanotechnology (Figure 66). The design of such
nanodevices must be such that all components be-

have as an inert surface toward self-assembled
stacks.

8. Supramolecular Organization of
Multicomponent Systems

Complexity resulting from self-assembly of indi-
vidual building blocks and resulting long-distance,
directional energy and electron transfer is appealing
to scientists working in the field of organic electron-
ics. Noncovalently assembling multiple components
into large, well-defined architectures in which the
different chromophores exhibit various functionalities
remains a challenging task for chemists.

Figure 64. OPVs of different conjugation length functionalized with a hydrogen-bonding urideotriazine unit 175-177, a
representation of a helical assembly formed by stacked dimers of this molecule, and an AFM image showing single fibers.
The variation of the melting transition temperature as a function of concentration is given for different conjugation lengths.
(Reprinted with permission from ref 416. Copyright 2003 American Chemical Society.)

Figure 65. Time-resolved photoluminescence on stacks of
176a at different temperatures. (Reprinted with permission
from ref 418. Copyright 2003 American Physical Society.)

Figure 66. Plot showing the dependence of morphology
of 176a on both solution concentration and surface type.
Depicted are tapping-mode AFM images on glass (repulsive
surface), graphite (inert surface), and gold (attractive
surface). (Reprinted with permission from ref 416. Copy-
right 2003 American Chemical Society.)
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Literature reports the use of noncovalent interac-
tions to assemble donor and acceptor moieties by a.o.
hydrogen bonding,421-424 metal coordination,425-429

and electrostatic interactions.430,431 This has led to a
variety of functional structures in which the interplay
between single acceptors and one or multiple donors
could be studied in detail (Figure 67).

These supramolecular systems exhibit short-range
order and lack designs for further self-assembly into
three-dimensional architectures and are thus merely
applicable to fundamental studies at the molecular
level. Moreover, energy and electron transfer has
been studied in Langmuir-Blodgett monolayers by
either placing chromophores in a lipid monolayer
matrix432,433 or direct formation from functionalized
amphiphilic donors and acceptors.410 In this way the
dependence of energy transfer on monolayer com-
pression, and thus donor-acceptor distance and
molecular orientation, can be studied. Going to higher
dimensions, preparation of bilayer vesicles from
stacked π-electron arrays434 and mixed phospholipid-
substituted porphyrins435 has been demonstrated in
which energy and electron transfer occurs with high
efficiencies. In some of these cases the number of
donors that couple with a single acceptor chro-
mophore can be very high. Other useful systems to
couple a large, predetermined number of donor
groups supramolecularly with a single acceptor are
dendritic macromolecules, which enables directional
energy transfer from the periphery to a dye in its
hydrophobic core (Figure 67c).430,436 Other systems
that have been studied are nanoparticles437,438 and
inclusion compounds,439-441 which have been used as
microenvironments for self-assembly of donors and

acceptors and subsequent photophysical excitation
transfer. From these examples it becomes clear that
a thorough design enables formation of a wide range
of structures with the use of noncovalent interactions.
This diversity illustrates but one of the strengths of
a supramolecular approach. Using single molecules
as building blocks enables a tight and well-defined
positioning in space, though the challenge of this
methodology will obviously lie in competing with
devices based on their polymeric counterparts, for
which high mobilities and especially ease of process-
ing are generally obtained.

A classical example of the use of electrostatic
interactions for ordering molecular donor-acceptor
couples lies in the construction of mixed cyanine
J-aggregates (Figure 68) on which comprehensive
work has been performed by Yonezawa et al.442

Within mixed cyanine assemblies high exciton delo-

Figure 67. Various ways of electronically coupling one or more donors with energy acceptors in a supramolecular
fashion: (a) quadruple hydrogen bonding between OPV and C60,422 (b) bipyridine coordination to Ru (Reprinted with
permission from ref 429. Copyright 2003 The Royal Society of Chemistry.), (c) hydrophobic interactions between a dye and
an OPV dendrimer (Reprinted with permission from ref 436. Copyright 2000 American Chemical Society.), and (d) mixed
bilayer vesicles of amphiphilic porphyrins.435

Figure 68. Schematic representation of different types of
cyanine J-aggregates that have been observed in the
literature: (a) separate donor and acceptor aggregates, (b)
mixed mosaic aggregates, and (c) homogeneous donor-
acceptor aggregates. (Reprinted with permission from ref
450. Copyright 1996 Elsevier.)
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calization443,444 generally ensures efficient energy or
electron transfer, enabled by tuning the electronic
properties of the two different cyanine dyes. Sako-
mura et al. used this high excitonic coupling to
efficiently harvest light and transfer energy to
perylene doped into cyanine LB monolayers.445 It was
shown that depending on the amount of perylene as
much as 250 cyanines could electronically com-
municate with a single incorporated perylene, which
mainly emits light. Originally used as spectral sen-
sitizers in silver halide photography, experiments on
mixed cyanine dyes have mostly been carried out in
layer-by-layer alternate assemblies on surfaces446-448

and in (LB) films.449-456 Some examples focus on the
use of silica or clay nanoparticles as hosts for self-
assembly.457,458 A more recent paper by Pawlik et
al.459 demonstrates the formation of supramolecular
helices of novel cyanine assemblies in aqueous envi-
ronment,460 displaying optical activity.461

Supramolecular ordering of donor and acceptor
molecules into defined architectures was also ap-
preciated in the field of crystal engineering.462 Grow-
ing single crystals from mixed equimolar donor/
acceptor (DA) solutions yields infinite DA arrays in
the solid state. However, in solution, only 1:1 charge-
transfer dimers are present since the molecules lack
the design for further assembly into well-defined
higher structures.463-465 Nonetheless, crystal engi-
neers were among the first to study charge transfer
in ordered DA mixed structures.

This section will focus on construction of supra-
molecular DA architectures and their implementa-
tion as functional materials either for fundamental
studies on energy and electron transfer or as active
components in organic devices (see also section 4).

8.1. Assembly in Organic Devices
One of the major challenges in the field of electron-

ics based on organic molecules is the design of
functional, multicomponent architectures possessing
long-range ordering. Having an electron-donating as
well as an electron-accepting chromophore is a pre-
requisite to obtain organic photovoltaics. It has also
been demonstrated that incorporation of energy- or
electron-accepting chromophores into π-conjugated
polymer backbones can rigorously alter the electro-
optical properties of the resulting copolymers. For
instance, block copolymers of perylene and fluorene466

have been prepared, and both porphyrin467,468 and

perylene bisimide (182)469 have been included into
the PPV main chain (Figure 69). The resulting
copolymers are characterized by either almost exclu-
sive emission from the incorporated acceptor moiety
or efficient charge transfer. Recently, an end was put
to a long discussion about undesired green emission
in polyfluorenes, which appeared to arise from ef-
ficient energy transfer to small amounts of oxidized
monomer,470 indicating the necessity for high-purity
polymers.

The viability of this functional approach has been
shown by the successful tuning of electrolumines-
cence in a light-emitting diode (LED) consisting of
PPV with dangling porphyrins.471 Also, a photovoltaic
device based on a blend of PPV and polyfluorene with
dangling perylene 183 proved to yield high external
quantum efficiencies in both the perylene and the
polyfluorene absorption regions, due to energy trans-
fer from the polyfluorene to the perylene with near
unit efficiency.472 Some recent papers appeared on
the functionalization of polyacetylene with either
pyrene473 or carbazole.474

An elegant example which cleverly combined the
advantages of microphase separation in rod-coil
block copolymers (see also section 6.2) with donor-
acceptor interactions was reported by Hadziioannou
et al. Diblock copolymers were synthesized containing
an OPV rod and a PS coil, the latter of which was
functionalized with C60 molecules (Figure 70).152,475,476

Apart from rich morphologies exhibited by 184,
photoinduced electron transfer from the excited PPV
to C60 occurs, as illustrated by the strong PPV
lifetime decrease in time-resolved photoluminescence
(Figure 70).

As an alternative to covalently incorporating ac-
ceptors, blending fluorescent or phosphorescent477-479

dyes into polymer films has received enormous at-
tention over the years. Doping PPV-LEDs with small
amounts of, e.g., porphyrin480 or boronic dyes481 leads
to sensitized emission from the guest molecules as a
consequence of energy transfer, generally with very
high efficiencies. This is desired for the purity of light
emission as well as expected, since the process occurs
in the solid phase and most dye molecules are within
the Förster radius from the donor polymer, even at
low dye incorporations. Welter et al.482 elegantly
applied this principle to an electroluminescent device
containing PPV 185 doped with dinuclear ruthenium
complex 186 in which switching between forward and

Figure 69. General structures of covalently linked donor-acceptor copolymers 182 and 183. Both have been applied in
photovoltaic devices and were characterized by highly efficient electron (left) and energy transfer (right) to the perylene
moiety.
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backward bias enabled reversible switching between
red and green emission (Figure 71).

In all polymer-based devices, however, due to their
inherent polydisperse and defect containing nature,
disordered samples are obtained which lack a uni-
form positioning of chromophores. This lack of higher
order also stems from preparation methods such as
spin coating, which is usually employed for polymeric
systems but does not guarantee any structural or-
ganization at all. A uniform distribution will highly
improve efficiencies that are reached in devices such
as LEDs, solar cells, and FETs by creating regular
pathways for charges between the two electrodes.

Phase separation between the polymer and incor-
porated dyes is also a possibility that is highly
undesired, since this drastically reduces the energy-
or charge-transfer efficiency and may lead to pollu-
tion of the emitted color.

One step closer to the self-assembly of well-defined,
functional objects was reported by Stupp et al., who
prepared oligomers consisting of pentameric OPV
blocks and electroactive triphenylamine coils 187.483

Although still polydisperse (PDI ) 1.09), thin films
of these oligomers showed a high degree of inter-
molecular order and efficient energy transfer from
the coils to the blocks (Figure 72).

The beneficial outcome of attaining order at all
hierarchical levels on device properties was illus-
trated by a beautiful example on the use of mono-
disperse conjugated oligomers in organic LEDs,
recently reported by Chen and Tang et al.484 They
synthesized well-defined fluorene oligomers 189-193
containing central OPV, perylene, and benzothia-
diazole chromophores,485 designed to act as efficient
energy acceptors from the fluorene moieties (Figure
73). By using a uniaxially buffed PEDOT:PSS film,
highly aligned thin films of the pure fluorene oligo-
mer with varying amounts of acceptors were ob-
tained. As a consequence, the electroluminescence of
the resulting device was highly polarized and very
efficient energy transfer to the incorporated acceptors
lead to green, red, or white light emission. Moreover,
the polarization ratio and luminance yield proved to

Figure 70. Structure of donor-acceptor diblock copolymer 184. This is a general structure since cross-linking occurs.
Time-resolved photoluminescence curves of spin-cast films of unfunctionalized PPV-b-PS and 184 indicated a strong decrease
in PPV fluorescence lifetime as a consequence of electron transfer to C60. (Reprinted with permission from ref 475. Copyright
2000 American Chemical Society.)

Figure 71. Device characteristics of PPV 185, doped with
bisruthenium dye 186, enabling reversible emission switch-
ing as a consequence of the dual role of the dye as triplet
emitter and electron-transfer mediator. (Reprinted with
permission from Nature (http://www/nature.com), ref 482.
Copyright 2003 Nature Publishing Group.)

Figure 72. Rod-coil diblock oligomer 187 containing triphenylamine coils and pentameric OPV blocks and reference
triphenylamine coil 188. The spectrum compares the fluorescence of 187 and 188 upon almost exclusive excitation of
triphenylamine. Quenched triphenylamine luminescence and sensitization of OPV fluorescence within self-assembled
structures of 187 yields evidence for energy transfer. (Reprinted with permission from ref 483. Copyright 2000 John Wiley
& Sons, Inc.)
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be superior to the devices fabricated using merely the
pure components.

This last example employs well-defined chemical
structures and clearly indicates the strength of using
monodisperse oligomers. Apart from implementation
in LEDs, the concept of a well-defined supramolecu-
lar donor-acceptor assembly has also successfully
been applied in a photovoltaic device by Müllen and
Friend et al. (Figure 74).486 A discotic hexabenzo-
coronene and a perylene bisimide were organized into
highly ordered, vertically segregated structures (see
also section 7.1.2) in a single solution processing step.
The resulting high interfacial area between donor
and acceptor and favorable morphology gave rise to
strong photoinduced charge separation, which in turn

lead to an external quantum efficiency (EQE) of
∼34% and a power efficiency of ∼2%.

This last example describes liquid-crystalline hexa-
benzocoronene (HBC), the mesoscopic ordering of
which leads to a one-dimensional charge transport,
which is useful for optoelectronic applications. The
next paragraph will further explore multicomponent
liquid-crystalline materials.

8.2. Assembly by Liquid Crystallinity
High transport mobilities in liquid-crystalline co-

lumnar mesophases have prompted scientists to
intensively investigate energy and charge transfer
along the one-dimensional assemblies. Roughly, two
distinct kinds of studies can be discerned, namely,
the doping of pure liquid-crystalline phases with
acceptor molecules and preparation of mesophases
from covalent donor-acceptor complexes. The field
of mixed liquid crystals is a major focus of this review
since it comprises the bulk of research done on well-
defined DA architectures that are promising materi-
als for the actual implementation in high-efficiency
devices.

8.2.1. Mixed Liquid Crystals
At the end of the 1980s numerous studies were

performed on excitation transfer in columnar meso-
phases of pure triphenylene,487 phthalocyanine,488,489

triarylpyrylium,490 and porphyrine.491 General obser-
vations were high mobilities of both singlet and
triplet exciton migration along the stacks and the
detrimental effect of disorder on desired lumines-
cence properties, i.e., efficient quenching at defect
sites. The mechanism of charge transport within pure
triphenylenes was investigated on the basis of tran-
sient photoconductivity spectroscopy and found to be
highly anisotropic (µ|/µ⊥ ≈ 103).492 The quasi-one-
dimensional transport properties could be described
using a hopping mechanism between neighboring
triphenylene cores. Packing irregularities result in

Figure 73. Fluorene donor oligomer 189 and analogues with incorporated acceptor chromophores 190-193. (a) Polarized
electroluminescence from devices with small amounts of acceptors 190-192 in donor 189 showing almost exclusive acceptor
luminescence. (b) Electroluminescence from devices with varying amounts of acceptor 193 in donor 189 in order to obtain
polarized white light emission. (Reprinted with permission from ref 484. Copyright 2004 John Wiley & Sons, Inc.)

Figure 74. Thin films of hexabenzocoronene 194 and
perylene bisimide 195 are self-organized into vertically
segregated structures. AFM image of a thin film containing
a 194:195 (40:60) blend. Current-voltage characteristics
of a photodiode (having an identical composition) in the
dark and under illumination at 490 nm. The fill factor is
40%, and the power efficiency maximum is 1.95% at 490
nm. (Reprinted with permission from ref 484. Copyright
2001 American Association for the Advancement of Sci-
ence.)
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local potential minima that act as traps in the
crystalline state but much less in the liquid-crystal-
line state due to self-healing.

Various mixed liquid-crystalline systems have been
studied as well, notably phthalocyanine348,449,493-495

(Figure 75) and triphenylene derivatives. Markovitsi
et al. performed multiple detailed studies on doping
discotic triphenylene mesophases with energy accep-
tors such as perylene,496 2,4,7-trinitrofluorenone
(TNF),263,497-499 and 1,2,4,5-tetracyanobenzene.500 In-
corporation of dyes in various ratios into the columns
results in a very efficient quenching of triphenylene
fluorescence as a consequence of energy or charge
transfer to the dyes (Figure 76).

Monte Carlo simulations show that the transport
is initially one dimensional and becomes three di-
mensional at longer times, as excitonic hopping
between columns becomes possible.501

Other examples of compounds that have been
mixed with triphenylene mesophases are electron-
deficient perfluorotriphenylene,502 aiming at a charge-
transfer complex, and hexaalkylphenyltriphenylene,259

of which the enlarged π system leads to more ordered
columnar structures. In both cases one-to-one com-
plexes of donor and acceptor significantly enlarged
the temperature range over which the mesophase is
stable; for the latter case even higher mobilities were

obtained in the binary mixture. In some cases the
donor-acceptor interactions alter the liquid-crystal-
line packing, induce mesophases from non-liquid-
crystalline materials,503 or induce supramolecular
chirality in the mesophases when chiral dopants such
as (-)-menthol-3,5-dinitrobenzoate are used.504,505

Another example is that of an electron-rich triaryl-
amino-s-triazine mesophase doped with either TNF
or 2,4,7-trinitrofluoren-9-yli-dene malodinitrile, of
which the two-dimensional lattice symmetries can be
controlled with hydrogen bonding to complementary
alkoxy-substituted benzoic acids.506-508 The concept
of doping liquid-crystalline triphenylene has been
successfully applied in light-emitting diodes. Com-
bined with incorporated pyrene and perylene accep-
tors it proved possible to tune electroluminescence
over the entire visible spectral range.509 Very re-
cently, mixed chromonic liquid crystals of a quater-
rylene bisimide (an extended rylene dye with four
aromatic repeating units) with a functionalized
perylene bisimide were reported.510 The high orienta-
tion after alignment by shearing may prove useful
in the implementation of these materials in liquid-
crystal displays, since the fact that both components
absorb at different wavelengths significantly broad-
ens the spectral range over which the polarization
principle is applicable.

Supramolecular ordering of π-conjugated chro-
mophores into efficient, electronic materials was
reported by Percec et al.,511,512 who studied the self-
assembly of various donor and acceptor dendrons into
supramolecular columns (Figure 77).

The building blocks are composed of semifluori-
nated dendrons bearing electroactive carbazole, naph-
thalene, and pyrene as donors and trinitrofluorenone
as acceptor. Moreover, co-assembly of donor and
acceptor dendrons leads to columns incorporating a
central donor-acceptor complex. The columns further
self-organize between electrodes into highly ordered
homeotropic liquid crystals of various symmetries.
The beneficial effects of ordering the π-conjugated
moieties on materials properties is clearly illustrated
by the electron and hole mobilities, which are 2-5
orders of magnitude higher than those of the corre-
sponding amorphous polymers. This dendritic ap-

Figure 75. Energy transfer in a columnar mesophase
formed by a random mixture of metal-free and copper
phthalocyanine.348 Incorporation of 16% of the copper
complex completely quenched the luminescence of the free-
base derivative. (Reprinted with permission from ref 348.
Copyright 1987 American Chemical Society.)

Figure 76. Triphenylene 196 fluorescence quenching as
a function of mole fraction of TNF in the mesophase. The
transient absorption spectra after 0.5 (solid circles) and 10
µs (open circles) for mixed systems with (a) 10-3, (b) 10-2,
and (c) 5 × 10-2 molar fractions TNF indicate triplet energy
transfer to the incorporated trap. (Reprinted with permis-
sion from ref 499. Copyright 2001 American Chemical
Society.)

Figure 77. Schematic representation of the self-assembly
of various donors and acceptors into highly ordered, com-
plex structures. (Reprinted with permission from Nature
(http://www/nature.com), ref 511. Copyright 2002 Nature
Publishing Group.)
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proach is further enhanced by the possibility of
ordering disordered polymer backbones, bearing do-
nor or acceptor groups, into the interior of columns
by complexation with dendrons, leading to much
higher mobilities. Although details of the charge-
transport process inside the ordered columns remain
unclear, combination of X-ray diffraction and 1H
NMR yield valuable data on the supramolecular
packing of its building blocks (Figure 78).

As shown in Figure 78, pure columns of the
nitrofluorenone dendron are composed of highly
ordered π stacks of sandwiched fluorenones sur-
rounded by a helical packing of dendron phenyl rings.
The electronically active inner column is subse-
quently shielded from water by the fluorenated,
isolated jacket. However, lack of defects is only
achieved upon slowly cooling the samples from the
melt into the liquid-crystalline and glassy phases. In
this way the system exhibits a ‘self-repairing’ mech-
anism, removing flaws in its internal organization.

8.2.2. Covalent Donor−Acceptor Liquid Crystals
Formation of columnar mesophases from covalently

linked donor-acceptor mesogens has been studied,
in particular, by Wendorff and Janietz513 et al., who
synthesized, e.g., complexes of electron-rich penta-
alkynylbenzene attached directly to TNF.514,515 In
these systems strong intermolecular donor-acceptor

interactions lead to the formation of highly ordered,
columnar mesophases. In further studies elaborating
on this work a calamitic azobenzene spacer was used
to connect pentaalkynylbenzene516 or triphenylene517

(197, Figure 79) to TNF. Combination of a disklike
donor, a rigid-rod bridge, and a strong electron
acceptor within one molecular building block ensured
preservation of a columnar mesophase, which is
normally destroyed upon addition of a calamitic
chromophore. As a drawback no clear intercolumnar
order could be obtained. In the case of the penta-
alkynylbenzene donor the columnar mesophase formed
by intercalation of donor and acceptor is not de-
stroyed upon isomerization of the azobenzene due to
the favorable charge-transfer interactions with TNF.

These triple-compound systems exhibit interesting
optical storage properties upon light-induced reori-
entation of the azobenzene, while the liquid-crystal-
line environment ensures a strong amplification of
the optical response.518

Combining covalent donor-acceptor synthesis with
liquid-crystal mixing Manickam et al. synthesized
central triphenylenes 198-204 bearing one to four
and six covalently attached carbazole moieties (Fig-
ure 80). It was shown that the resulting molecules
did not possess liquid-crystalline behavior but could
form hexagonal columnar mesophases of various
stability, induced by TNF doping.519 However, this
occurred only when the carbazole substitution did not
exceed two, indicating that the higher substituted
compounds do not display ordered stacking behavior.

Apart from a vast range of triphenylenes, much
research has been done on discotic HBCs, which are
excellent candidates for the use in optoelectronic
devices due to high transport mobilities in its liquid-
crystalline state. This self-assembly into highly or-
dered nanostructures provides an attractive scaffold
for the study of multicomponent systems,520 the
success of which relies on a high degree of inter- or
intramolecular order. Müllen and Rabe et al. per-
formed considerable work in this field by tethering
additional functional π systems to the HBC core, like
pyrene (205)521 or anthraquinone (206 and 207,
Figure 81).522a

If successfully applied, both systems would form
an attractive, supramolecular alternative to double-
cable polymers from the possibility of obtaining
homeotropically aligned donor and acceptor stacks.
In the latter case one or six strongly electron-deficient
anthraquinones are covalently attached to the elec-

Figure 78. Proposed structure of a pure TNF column
showing nitrofluorenone packing with an interdistance of
3.5 Å, jacketed by helical dendrons. (Reprinted with
permission from Nature (http://www/nature.com), ref 511.
Copyright 2002 Nature Publishing Group.)

Figure 79. The formation of a columnar mesophase from covalently linked donor-acceptor molecule 197 containing a
switchable azobenzene bridge. The rigid-rod azobenzene does not destroy the columnar packing due to its covalent
incorporation. (Reprinted with permission from ref 517. Copyright 2000 The Royal Society of Chemistry.)
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tron-rich HBC, leading to photoinduced charge-
transfer efficiencies up to 96%. By comparing the
STM data on both systems with a reference HBC
system bearing only alkyl tails it can be concluded
that separate stacks of donors and acceptors are
formed on HOPG. However, due to the cross-section
mismatch between donor and acceptor and dimor-
phism (multiple packing arrangements) for the an-
thraquinone moiety, rather loose packing is observed
for 206. Even though the size mismatch also exists
for the HBC-pyrene dyad 205, pyrene probably has
a greater affinity for HOPG than anthraquinone. The
fact that monolayers of 207 form much more ordered
2D crystals (Figure 82) is explained by satisfying
space-filling requirements better.

Cooling of 206 from its isotropic phase leads to a
highly mobile, discotic hexagonal mesophase, in clear
contrast with 207, which directly passes into a
polycrystalline state as a consequence of the entropic
disruption that the six tethered anthraquinones
provide. Very recently, Langmuir and Langmuir-
Blodgett studies were performed on 206 with which
well-defined thin films could be obtained containing
cofacially packed columns aligned along the dipping
direction.523 Very recently, Müllen et al. synthesized
HBC that was peripherally substituted with six
triarylamines, aiming for coaxial ‘double-cable’ hole
transporting materials.522b Interestingly, a combina-
tion of wide-angle X-ray diffraction and mobility
measurements on these systems showed that a

higher degree of columnar order resulted in better
charge-transport properties.

Electron transfer in supramolecular donor-accep-
tor assemblies has also been the focus of attention
for Meijer and Janssen et al., who synthesized cova-
lent triad 208 consisting of a central perylene bisim-
ide directly linked to two OPV4 units (Figure 83).524

The resulting compound showed liquid-crystalline
behavior and was characterized by subpicosecond
electron transfer from the OPVs to the perylene
bisimide. Upon going from THF solution to thin films,
the lifetime of the charges significantly increased,
since migration and spatial separation of charges in
the film decreased geminate recombination. This pro-
cess could be monitored by probing the transient ab-
sorption of the OPV•+ radical cation. Triad 208 seems
to be an ideal system for obtaining vertical segrega-
tion of donor and acceptor, which is necessary for
obtaining efficient charge-transport pathways in de-
vices. Attempts to incorporate system 208 in a photo-
voltaic device, however, were not successful since the
devices exhibited little or no photovoltaic effect. This
may be a consequence of too small domain sizes or
wrong alignment with respect to the electrodes.

Apart from electron transfer in supramolecular DA
aggregates, energy transfer has also been studied in
literature. The use of phthalocyanines in liquid-
crystalline donor-acceptor aggregates was explored

Figure 80. Structures of triphenylene derivatives 198-204 with one and two carbazole units attached. Columnar
mesophases of 198 doped with various amounts of TNF: (a) 2.3, (b) 9.5, (c) 32.9, and (d) 41.1 mol %. (Reprinted with
permission from ref 519. Copyright 2001 The Royal Society of Chemistry.)

Figure 81. Donor-acceptor systems 205-207 consisting
of hexabenzocoronene with covalently tethered pyrene and
anthraquinone moieties, as studied by Müllen and Rabe.

Figure 82. STM image showing very regular patterning
of 207 on an HOPG surface. Its high symmetry leads to
three rectangular, energetically equivalent orientations of
the unit cell, which follow the crystallographic axes of the
surface. (Reprinted with permission from ref 522. Copyright
2004 American Chemical Society.)
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by Kimura et al.,525 who functionalized a Zn(II)-
phthalocyanine core with four or eight OPV side
chains (209a, Figure 84). It was possible to obtain
fully conjugated, star-shaped stilbenoid phthalo-
cyanines in which very efficient photoinduced intra-
molecular energy transfer occurred from the donating
OPVs to the accepting phthalocyanine.

Moreover, when OPVs with flexible hexyl tails were
used as building blocks the system displayed liquid
crystallinity in the bulk. Slow cooling from the
isotropic phase yielded a hexagonal columnar meso-
phase driven by π-π and van der Waals interactions.
UV-vis on a thin film at 130 °C revealed strong
hypsochromic shifts of both donor and acceptor

chromophores, whereas X-ray diffraction revealed a
stacking interdistance of 3.5 Å. These results confirm
that 209a self-assembles into one-dimensional col-
umns, which may be applied as electron-conducting
wires in devices. However, due to the lack of control
over the ordering of the OPVs with respect to one
another the question remains whether a high exci-
tonic coupling might be obtained within these ag-
gregates.

With the aim of constructing high-performance thin
films, Nierengarten et al. studied energy transfer in
donor-acceptor liquid crystals using OPV as an
energy donor and covalently attached C60 as an
energy acceptor (Figure 85).526a,b It was shown using

Figure 83. Donor-acceptor-donor triad 208 consisting of two chiral OPVs that are covalently attached to a central
perylene bisimide. Transient absorption curves at λ ) 1450 nm showing an increase in charge-separated state lifetime
upon going to the solid state as a consequence of charge delocalization. (Reprinted with permission from ref 524. Copyright
2002 John Wiley & Sons, Inc.)

Figure 84. Self-organization of stilbene-functionalized phthalocyanines 209a (general structure) into a liquid-crystalline
mesophase, visualized under the polarization microscope. (Reprinted with permission from ref 525. Copyright 2002 American
Chemical Society.)

Figure 85. Covalently bound OPV and C60 209b,c are functionalized with cyanobiphenyl dendron mesogens to yield
liquid-crystalline donor-acceptor systems. The observation of a smectic mesophase with X-ray diffraction is shown for
209c (Reprinted with permission from ref 526a. Copyright 2002 The Royal Society of Chemistry.).
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X-ray diffraction that molecules 209b and 209c
formed smectic mesophases due to the appended
cyanobiphenyl dendrons.526c Within these phases the
strong dipolar interactions between the cyano groups
ensured a bilayered organization in which C60 was
confined to an inner sublayer of high electron density.
The presence of donor and acceptor groups and the
degree of ordering may be promising for photovoltaic
applications.

A last example of well-defined, multicomponent
assembly stems from the group of Yu et al., who
synthesized monodisperse, liquid-crystalline rod-rod
co-oligomers 209d-f consisting of thiophene and
phenylene-vinylene blocks (Figure 86).526d A thor-
ough analysis using X-ray diffraction indicated that
these molecules form various interesting self-
assemblies, which could be visualized using TEM. For
instance, 209e forms highly ordered, layered stripes
when drop cast on a carbon-coated copper or SiN grid.
The occurrence of complete, intramolecular energy
transfer from OPV to thiophene renders these sys-
tems interesting for molecular electronic applications.

8.3. Assembly in Mixed Gels
Among a variety of tools to arrange molecules into

ordered arrays with functional properties, gelation
of either water527 or organic solvents312,313 is a widely
implemented phenomenon. Gels based on low mo-
lecular weight organic dyes such as anthra-

cene,324,325,328-330 azobenzene,528-530 porphyrine,332,335,337

phthalocyanine,341,347 and squaraine364 have been
intensively investigated for potential use as, e.g.,
molecular wires or sensors. Some of these examples
show the feasibility of obtaining gels that contain
highly ordered, chirally twisted stacks due to the use
of enantiomerically pure building blocks.335,341 How-
ever, despite the potential possibilities for supra-
molecular electronics, relatively few examples exist
in the literature of organogels based on π-conjugated
molecules.84,370,371,531,532

An interesting contribution to this field was made
by Ajayaghosh et al., who prepared organogels based
on oligo(p-phenylenevinylene)s369 and used these
assemblies for light-harvesting applications and en-
ergy transfer to an incorporated dye (Figure 87).533

The gels emerge as a combination of hydrogen
bonding between the benzylic alcohols of OPVs 146
and π-π stacking of the conjugated backbones in
cyclohexane. Upon doping with excess Rhodamine B,
using selective excitation of the OPV chromophores,
fluorescence of the self-assembled OPVs is quenched
in favor of Rhodamine luminescence, indicating
energy transfer to the dye. The increased lumines-
cence at λem ) 620 nm as compared to direct
Rhodamine excitation points to a significant light-
harvesting effect. Energy transfer occurs merely from
assembled OPVs but not from molecularly dissolved

Figure 86. Covalently bound thiophene and OPV blocks construct co-oligomers 209d-f, which exhibit complete,
intramolecular energy transfer from OPV to thiophene. These molecules display interesting self-assembly properties, as
shown in the TEM image for 209e. (Reprinted with permission from ref 526d. Copyright 2002 John Wiley & Sons, Inc.)

Figure 87. Supramolecular π-conjugated framework of 146 with incorporated Rhodamine B depicted as ellipsoids.
Quenching of OPV fluorescence at (a) λexc ) 380 and (b) 470 nm and concomitant sensitized Rhodamine B luminescence
at 620 nm. Squares show the fluorescence of 146, circles the fluorescence of 146 with Rhodamine B, and triangles the
fluorescence of Rhodamine B after selective dye excitation. (Reprinted with permission from ref 533. Copyright 2003 John
Wiley & Sons, Inc.)
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oligomers, as indicated by the unaffected OPV lumi-
nescence around λem ) 450 nm. Efficient energy
transfer was also observed in a xerogel film, doped
with a 2:1 ratio of dye molecules, in which OPV
fluorescence was almost completely quenched. The
crucial role of the supramolecular OPV organization
on energy transfer was illustrated with a tempera-
ture-dependent study on a mixed xerogel in which
the reversible gel formation with temperature was
used to switch the energy-transfer process on and off.
Finally, a scanning electron microscopy (SEM) study
on this mixed system revealed that the dye molecules
are partly trapped inside the gel structure, in this
way bringing donor and acceptor within the Förster
radius from each other.

This clearly demonstrates the power of organogels
as regular host networks, the properties of which can
be altered by the supramolecular incorporation of
guest molecules. This concept was demonstrated
before for pyrene organogels that were doped with
N,N-dimethylaniline534 or TNF,363,535 resulting in
charge transfer to the intercalated acceptor and
expressing the requirement of both π-π stacking and
hydrogen-bonding interactions for gel formation.
Another elegant example stems from Kimizuka et al.,
who prepared light-harvesting hydrogels by electro-
statically incorporating naphthalene and anthracene
chromophores into a framework of cationic L-glutamate
gelators.536 The regular packing of the glutamate
chains into bilayers ensures highly ordered dye self-
assembly and, consequently, efficient energy transfer
from the naphthalene donors to the anthracene
acceptors. Bundles of bilayer membranes further
assemble into fibers of micrometer length, which
could be visualized using AFM.

Shinkai et al. studied energy transfer in mixed
organogels.537 Using perylene bisimide functionalized
cholesterol-based gelators 210-213 (Figure 88) they
were able to create a light-harvesting energy-transfer
cascade.

For this purpose the absorption spectra of four
perylene bisimides were tuned across the visible
spectrum by attaching different substituents at the
bay position of the chromophores. Gels of the parent
perylene were prepared in a mixture of p-xylene and
1-propanol and shown to yield fibrous, chiral net-
works of 1D-stacked molecules. Various binary, ter-
nary, and quaternary perylene gels were studied with
fluorescence spectroscopy in order to observe excita-

tion energy transfer from 210 to 213 using 211 and
212 as stepping stones. Excitation at λexc ) 457 nm,
i.e., almost selective 210 excitation, resulted in
quenching efficiencies at λem ) 544 nm of 68% for 211,
53% for 212, and 34% for 213, consistent with
decreasing donor-acceptor spectral overlap.

In the quaternary system perylene bisimide 213
effectively acts as an energy sink as a consequence
of its twisted intramolecular charge-transfer char-
acter (Figure 89). This is reminiscent of natural
photosynthetic systems in which red-shifted absorp-
tion of pigment molecules triggers an energy-transfer
cascade and eventually leads to a charge-separated
state in a reaction center. Here, it is the supra-
molecular organization in the gel state that guaran-
tees the success of this cascade transfer process, since
in solution the mentioned effects are not observed.

9. Supramolecular Organization of Nanoscopic
Multicomponent Systems in Solution

Although tremendous amounts of work have been
performed on both covalent and hydrogen-bonded
diads, triads, and higher order donor-acceptor sys-
tems in solution, reports on further self-assembly of
these complexes are relatively scarce. This is quite
unfortunate since this self-assembly process may
have enormous potential for scientists working in
organic electronics by providing a pathway to order
donor and acceptor moieties into higher architec-
tures. In solution these systems would be ideal for
either studying (long-range) energy or electron trans-
fer on a more fundamental basis or simply probing
the feasibility of the simultaneous use of multiple
supramolecular interactions. It is known, for ex-
ample, that multiple noncovalent interactions such
as π-π stacking and hydrogen bonding do not always
have a synergistic effect on the regular stacking of
chromophores. Eventually, the transfer of these
shape-persistent structures from solution to the
active layer of organic devices will prove to be crucial
as well. However, for the successful implementation
of supramolecular electronics in practice the molec-
ular building blocks should be programmed in such
a way that the design enables the organization of

Figure 88. Cholesterol-based perylene gelators 210-213
with increasing electron-accepting character.

Figure 89. Fluorescence curves indicating energy and
ultimate electron transfer inside mixed perylene gels. The
molar ratio 210/211/212/213 is given for the various
mixtures a-f. (Reprinted with permission from ref 537.
Copyright 2004 John Wiley & Sons, Inc.)
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functional chromophores into ordered, nanosized
aggregates. This was illustrated by a recent report
on a triple hydrogen-bonded triad consisting of a
central perylene that was connected to two C60
chromophores.538 In solution the hydrogen bonding
enables electron transfer between the components,
but since the system lacks the design for specific
further self-assembly, random ball-like superstruc-
tures are observed on a copper surface.

To achieve control over the architecture of complex
molecular aggregates in solution it is required to
make use of all available secondary interactions
simultaneously. To create some order in this section
we subdivided the different topics by its leading
supramolecular interaction. However, note that the
self-assembling behavior is always a combined effect
of all active ingredients.

9.1. Assembly by π−π Interactions
Torres and Nolte et al. reported monodisperse

nanoaggregates of mixed phthalocyanines.539 These
aggregates were comprised of stacked donor-
acceptor couples 214, each consisting of a donor
Zn(II)-phthalocyanine and an acceptor Ni(II)-
phthalocyanine covalently joined together by a para-
cyclophane bridge (Figure 90).

Both pure donor and acceptor phthalocyanines
were designed not to form aggregates by using very
short solubilizing chains, thereby minimizing colum-
nar stacking due to favorable van der Waals interac-
tions. Mixtures of these two components, however,
did show the formation of a heterodimer with a
dimerization constant of Kdimer ) 2 × 107 M-1. In
addition to these results a charge-transfer band in
the UV-vis spectrum for 214 indicates that the
donor-acceptor interaction is the main driving force
for aggregation in chloroform, a unique feature for
phthalocyanines. From UV-vis studies a dimeriza-
tion constant of Kdimer ) 1.1 × 106 M-1 was deter-
mined. The lower value for the bifunctional molecule
represents the fact that cofacial stacking for this
molecule is hampered by the steplike cyclophane
unit. Nevertheless, large one-dimensional aggregates
were observed using transmission electron micros-
copy (Figure 91).

Another example of a covalently bound donor-
acceptor complex that self-assembles into elongated
stacks stems from Wasielewski et al.342 A detailed
study was performed on large, ordered photoactive
aggregates composed of stacked porphyrins with four

perylene bisimides attached to it (215, Figure 92).
Since the bridging phenyl rings are almost perpen-
dicular to the plane of both the porphyrin and the
imide, stacking becomes possible between the large,
extended π surfaces.

Inside these assemblies the perylenes act as an-
tenna chromophores for a large absorption cross-
section, preceding charge separation where the Zn(II)-
porphyrin acts as an electron donor to the perylene
moieties. The strong tendency of 215 to aggregate
was illustrated by the matrix-assisted laser desorp-
tion time-of-flight (MALDI-TOF) spectrum, indicating
the presence of up to 20-mers in the gas phase. In
toluene solution a bathochromic shift of the perylene
absorption suggests that the perylenes are aggre-
gated in a stacked, parallel fashion. On the basis of
the observed excitonic coupling between the ZnTPP
moieties, a stacking model is proposed in which the
porphyrins are separated by 7 Å and the perylenes
by 3.5 Å (Figure 93). In thin films of the compound
on a quartz substrate this stacking geometry is
believed to persist and photoinduced charge separa-
tion in the nanoparticles is established with almost
unit efficiency by selective excitation of either the
porphyrin or the perylene moiety.

Figure 90. Highly ordered assemblies of bifunctional
phthalocyanine 214 in chloroform solution. The building
blocks comprise covalently linked donor Zn(II)- and ac-
ceptor Ni(II)-phthalocyanine. (Reprinted with permission
from ref 539. Copyright 2003 American Chemical Society.)

Figure 91. TEM images showing rodlike aggregates of
mixed phthalocyanine 214. (Reprinted with permission
from ref 539. Copyright 2003 American Chemical Society.)

Figure 92. Four perylene bisimides attached to a central
Zn-porphyrin core represents 215, which is used as a
building block for supramolecular nanoparticles. The Zn-
porphyrin acts as an electron donor for the perylene
bisimides.
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The observed line broadening of the PDI4
- radical

anion at λ ) 720 nm suggests that after formation
the charges are able to delocalize among the perylenes.
The mean electron-hole distance is calculated to be
21 Å, placing the electron on a PDI unit which is five
layers removed from the ZnTPP radical cation. The
formation of superstructures of 215, with perylene
bisimide and porphyrin stacked in a parallel fashion,
resembles an ideal LED or solar cell morphology.
Donors and acceptors are co-aggregated into an
intimate network, yielding fast charge separation,
with one-dimensional transport pathways for both
holes and electrons that are formed after excitation.
Recently, the authors extended this work to supra-
molecular aggregates of multichromophoric perylene
bisimides antennae, which formed dimers in solution
and self-assembled into ∼130 nm long fibers on a
hydrophobic surface. The high electronic coupling
among chromophores resulted in fast singlet exciton-
exciton annihilation among excimer-like states.540a

Elaborating on this, self-assembled light-harvesting
arrays of covalently linked central zinc phthalo-
cyanine and four perylene bisimide derivatives were
synthesized.540b These molecules stacked into fibers
of micrometer length which displayed ultrafast en-
ergy transfer from the aggregated peripheral perylene
bisimides to the central zinc phthalocyanine. Further
energetic delocalization among zinc phthalocyanines
was observed before excited-state decay occurred.

9.2. Aided-Assembly Using DNA, RNA, or PNA
Nature has evolved functional assemblies over

millions of years; hence, scientists often gather
inspiration from the beautiful structures that are
encountered. One of the fundamental, supramolecu-
lar building blocks of life itself, the DNA double helix,
may be a promising electronic material. Over the
years much interest has arisen in the use of DNA as

a charge-transport material541 due to the possibilities
of electron542,543 and hole544,545 transport along stacked
base pairs. Originally engaged in genetic coding,
these findings offer potential for new applications,
such as the use of DNA as one-dimensional molecular
wires in electronic systems. As a result of its negative
charge, DNA can be used as a template for the
binding of cationic organic molecules. Dye molecules
such as porphyrins546-551 and cyanines552-556 were
designed to target the major and minor groove of
double-stranded DNA, resulting in helical chromo-
phore assemblies. Moreover, by synthetically modify-
ing oligonucleotides by attaching chromophores, elec-
tron transfer in the duplex could be investigated557

and energy transfer was observed between various
chromophores, often for the sake of DNA detec-
tion.558-560 It has also been shown that duplex,
triplex, and quadruplex hairpins can be stabilized to
a large extent by noncovalent stacking interactions
with, e.g., stilbenes561 or perylenes.562,563 These con-
jugates can subsequently be used in studying electron
transfer through the DNA strands564,565 by charge-
transfer interactions with the nucleobases or ap-
pended acceptor molecules.566 Recently, Wang and co-
workers reported the synthesis of alternated DNA
and π-conjugated perylene bisimide sequences,567

which folded into nanostructures by π-π stacking
and hydrophobic interactions. The folding could be
controlled with temperature and was disrupted upon
complexation with complementary DNA, leading to
a color change.

Considerable work on the interplay between DNA
and π-conjugated polymers has been performed by
Bazan et al., who used polycationic oligo- and poly-
fluorenes to create interpolyelectrolyte complexes
based on electrostatic interactions.568-570 By using
dye-labeled DNA, RNA, or PNA, energy transfer from
the conjugated polymer to the dye is observed upon
complexation to the complementary oligonucleotide,
providing the means for implementation of these
systems as sensors. By synthesizing a copolymer of
fluorene-co-phenylene incorporating 5% benzo-
thiadiazole traps (216, Figure 94), luminescence
could be tuned from blue to green upon random DNA
binding and from green to red upon binding to a dye-
labeled complementary DNA strand.571

In another work an energy-transfer cascade was
constructed by complexing a positively charged
phenylene-fluorene polymer with fluorescein-end-
capped ds-DNA, which was intercalated with ethid-
ium bromide.572 Exciting the conjugated polymer lead
to energy transfer to the fluorescein, which in turn
transferred its excitation energy to the ethidium
bromide, having the most red-shifted absorption. It
was nicely shown that the luminescence intensity of
the ethidium bromide increased almost eight times,
as compared to direct excitation, and that this
concept only worked when a complementary strand
of DNA was added to the fluorescein-end-capped ss-
DNA.

9.3. Assembly of Mixed Porphyrins
In the beginning of this review we encountered the

ring-like photosystems of green plants and purple

Figure 93. (a) Proposed and (b,c) calculated aggregate
structure consisting of 12 molecules of 215 in which both
porphyrin and perylene are packed into highly ordered
sheets. After photoexcitation the electron is shown to
delocalize over multiple perylene bisimide layers. (Re-
printed with permission from ref 342. Copyright 2002
American Chemical Society.)
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bacteria and the unique antennae system of green
bacteria.74-76 In the latter system instead of employ-
ing chlorophyll molecules that are embedded in a
protein matrix, the positioning of light-harvesting
chromophores occurs primarily by means of supra-
molecular interactions between the individual por-
phyrin rings with little use of protein support. In this
way huge chlorosomes arise, comprised of stacked
pigments, which incorporate up to tens of thousands
of chlorophyll moieties. Recently, accessibility to the
characterization of these complex systems was greatly
enhanced by implementation of powerful NMR tech-
niques.77 Combined with molecular modeling, eluci-
dation of the structural assembly of a modified
bacteriochlorophyll d yielded a valuable model for
extended chromophore aggregation in green bacteria.
The chlorosome superstructure is especially appeal-
ing to supramolecular chemists working in electronics
since it cleverly combines cooperative supramolecular
interactions into a functional object, approaching
directional, one-dimensional energy transport. The
preparation of supramolecular imidazolylporphyrin
assemblies through hydrogen-bonding and stacking
interactions was demonstrated by Nagata et al.573

Fluorescence quenching using chloranil and Mn(III)-
porphyrin as acceptors was studied in toluene, indi-
cating efficient energy transport in the aggregates
to the incorporated guests.

A collaboration between the groups of Tamiaki and
Holzwarth has yielded valuable data on energy trans-
fer within self-assembled porphyrin aggregates.574-576

They employed synthetic analogues of natural por-
phyrins (Figure 95) to mimic the light-harvesting
system of green photosynthetic bacteria in a thor-
ough, time-resolved fluorescence study.577 By co-
aggregation of zinc chlorins and bacteriochlorophylls
with various energy traps an artificial supramolecu-
lar antenna system could be designed, strongly
reminiscent of its natural analogue. The strong red
shift of the absorption maxima of 217, 218, and 219
in an aqueous environment as compared to the
monomers points to aggregation of the compounds.
Upon adding ∼4% energy traps 220 or 221 to ag-
gregates of 217 or 221 to aggregates of 219 the

characteristic trap absorption around λ ) 800 nm
becomes visible as a small shoulder. However, the
steady-state fluorescence spectra have undergone
much more rigorous changes (Figure 95). The lumi-
nescence of 217 is quenched to a large extent in favor
of that of the trap molecules, indicating efficient
energy transfer to the incorporated energy trap (59%
and 68% efficiency for 220 and 221, respectively). The
system 219 + 221 shows much less efficient energy
transfer.

The experiments were performed in the presence
of sodium dithionite, i.e., under reducing conditions,
to rule out effective quenching by small amounts of
chlorin cations. From decay-associated fluorescence
spectroscopy (DAS) and kinetic modeling it was
shown that the excitation in the chlorin aggregates
must be effectively delocalized over at least 10-15
pigment molecules. The high efficiency for the col-
lection of energy at the trap position yields interest-
ing perspectives for further use in artificial photo-
synthetic systems for the creation of a charge-
separated state.

Co-aggregation of donor and acceptor occurs in
dilute solution as a consequence of strong inter-
molecular interactions and solvophobicity. However,
in this last example the possibility presents itself to
dope the donor aggregates with arbitrary amounts
of acceptor, as opposed to the co-aggregation that was
observed in section 9.1. For the latter systems ag-
gregates composed of either covalent or supra-
molecular complexes are formed but the ratio be-
tween donor and acceptor is fixed. In gelated and
liquid-crystalline systems we observed that it is, in
principle, always possible to randomly vary the
amount of acceptor, although in the latter case
mesophases are often most stable when a 1:1 donor-
acceptor ratio is used. However, reports on the
incorporation of variable amounts of acceptor into
one-dimensional supramolecular stacks in solution
are scarce, probably because of the stringent require-
ments for the design of such mixed systems and the
difficulty of avoiding phase separation.

Another system that allows for variation in donor-
acceptor ratio was studied by Ihara et al.,578 who

Figure 94. Polycationic copolymer 216 containing fluorene donors and 5 wt % benzothiadiazole acceptors and normalized
fluorescence spectra in water (a) 216/dye-labeled PNA leads to blue fluorene emission due to the absence of intramolecular
energy transfer. (b) 216/dye-labeled PNA with noncomplementary DNA yields green benzothiadiazole luminescence by
polymer aggregation and subsequent efficient energy transfer from fluorene parts. (c) 216/dye-labeled PNA with
complementary DNA results in red emission as a consequence of essentially complete energy transfer to the dye. (Reprinted
with permission from ref 571. Copyright 2004 American Chemical Society.)
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prepared fibrous assemblies of porphyrin- (222) and
pyrene-substituted (223) L-glutamic acid (Figure 96).

By amide hydrogen bonding both chromophores
self-assemble cofacially into chiral fibers as long as
hundreds of micrometers, and the assembly process
can be controlled with temperature. The porphyrin
forms a physical gel, and optical studies confirm the
presence of highly ordered aggregates even below the
critical gel-forming concentration. Although the pyrene
did not produce a gel state at room temperature, it
does form ordered aggregates in solution. Preliminary
results indicate energy transfer within mixed as-
semblies in solution from pyrene excimers to por-
phyrin traps. Moreover, the L-glutamic acid induces
helicity into the fibers, as concluded from the ob-
served Cotton effects for both the porphyrin and the
pyrene systems.

9.4. Assembly by Hydrogen Bonding

As encountered in section 8.2.2, Meijer et al.
synthesized a covalent triad that formed an ordered
liquid crystal in the bulk. In an extension of this
work, donor-acceptor-donor triad 224 was synthe-
sized in which the two OPVs and the central perylene
bisimide are connected by a chiral linker incorporat-
ing amide bonds (Figure 97).579

Molecule 224 was designed to self-assemble in
toluene solution into chiral aggregates. Photoinduced
electron transfer from the OPVs to the perylene
occurred with high efficiency, creating a nanoscopic
p-n-heterojunction in solution. From IR studies on
a model compound it was observed that the presence
of the amide bonds leads to strong intermolecular
hydrogen bonding in toluene solution.

Figure 95. Structures of porphyrins 217-219 and energy traps 220 and 221. Absorption (solid) and fluorescence (dashed)
curves of (a) co-aggregates of 217 and 220 without dithionite, (b) co-aggregates of 217 and 220 with dithionite, and (c)
co-aggregates of 219 and 221 with dithionite. The mixed systems in a and b indicate efficient energy transfer to the acceptors,
while that in c shows less efficient energy transfer. (Reprinted with permission from ref 577. Copyright 2002 American
Chemical Society.)

Figure 96. Didodecyl L-glutamic acid-substituted porphyrin 222 and pyrene 223 form mixed assemblies in benzene. Energy
transfer from pyrene excimers to porphyrin acceptors in the assemblies is schematically depicted. (Reprinted with permission
from ref 578. Copyright 2002 American Chemical Society.)
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In a recent paper by Aida et al. the authors report
an elegant design for one-dimensional ordering of
Zn(II)porphyrin and C60, thereby creating electronic
structures that resemble peapods (Figure 98).580 An
acyclic zinc porphyrin dimer, bearing large dendritic
wedges for solubility, can incorporate fullerenes such
as C60 and C70,581 after which the free porphyrin
carboxylic acid groups ensure supramolecular polym-
erization by hydrogen bonding. As opposed to pure
porphyrin assembly, the fullerene-triggered self-
assembly occurs in a highly ordered fashion as a
consequence of conformational changes of the por-
phyrin dimer upon sandwiching of C60.

It is shown that these carboxylic acid groups are
essential for the self-assembly since methyl-ester-

functionalized building blocks do not show any signs
of the formation of superstructures. With TEM fibers
of uniform width and very high aspect ratios are
observed, making these assemblies promising elec-
troactive components in the field of supramolecular
electronics.

Meijer, Schenning and Würther et al. extended the
concept presented in Figure 97 to chiral aggregates
of triple-hydrogen-bonded 1:2 complexes of perylene
bisimide and OPVs 225-227 in methylcyclohexane
(MCH) (Figure 99).582 These superstructures are
formed in a hierarchical process in which the hydro-
gen-bonded triad further self-assembles in one di-
mension by π-π interactions. The resulting J-type
aggregates are characterized by bathochromic shifts
for both chromophores, as high as 40 nm for the
perylene moiety. The chirality of the OPV side chains
imparts chirality to the aggregates as well and is
transferred to the perylene bisimide as observed with
CD spectroscopy. From fluorescence and photo-
induced absorption (PIA) measurements it can be
concluded that within the aggregates photoinduced
electron transfer occurs from the OPVs to the perylene
bisimide. Moreover, the optical techniques prove the
existence of two phases for the hydrogen-bonded
complex in solution, namely, a molecularly dissolved
one at high temperatures and an aggregated state
at low temperatures. A sharp transition between the
two states is observed at ∼55 °C (10-5 M in MCH).
AFM measurements using 226 on glass clearly show
rodlike aggregates consisting of left-handed helical
π-π co-aggregates of the two dyes that are further
assembled to right-handed nanometer-scale super-
coils (Figure 100).

Recently, using a modular approach,416 it was
possible to extend this concept to a series of OPVs of
different length.583 Temperature- and concentration-
dependent results clearly indicate that the stability

Figure 97. Donor-acceptor-donor triad 224 consists of two chiral OPVs that are covalently attached to a central perylene
bisimide via a chiral amide linker. CD spectra of 224 in various solvents indicating supramolecular chirality in chloroform
and toluene. (Reprinted with permission from ref 579. Copyright 2002 The Royal Society of Chemistry.)

Figure 98. Schematic representation of the self-assembly
of porphyrin-sandwiched-C60 complexes into highly ordered
structures resembling peapods. After the sandwiched
complex has been formed, intermolecular hydrogen bonding
ensures supramolecular polymerization. (Reprinted with
permission from ref 580. Copyright 2003 American Chemi-
cal Society.)

Figure 99. Two chiral OPVs, of which the conjugation length can be varied, are joined with a central perylene bisimide
by triple hydrogen bonding. These supramolecular donor-acceptor-donor triads 225-227 self-assemble in apolar solvent
and are characterized by efficient intermolecular electron transfer to the perylene bisimide.
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of the donor-acceptor aggregates increases with OPV
conjugation length due to the possibility of having
more π-π stacking interactions between the building
blocks. These co-aggregates can be regarded as nano-
scopic p-n-heterojunctions, which may serve as
valuable models for photoinduced electron-transfer
processes in solid-state devices.

Meijer and Schenning et al. also focused on the
preparation of mixed aggregates of pure hydrogen-
bonded OPVs 175 and 176a (Figure 101) in solu-
tion.584 These helical assemblies are formed in a
hierarchical process in which hydrogen-bonded dimers
further self-assemble into extended columnar ag-
gregates by π-π stacking interactions. The oligomers
of different length possess an identical ureido-s-
triazine hydrogen-bonding motif, enabling the forma-
tion of heterodimers and thus mixed stacks in an
apolar environment.

It was shown that by doping small amounts of 176a
into donor 175 aggregates, with intermediate heat-
ing, fast and efficient energy transfer occurs from the
short to the longer oligomers inside the mixed as-
semblies (Figure 101b,c). The stacks ensure an ef-
fective pathway for the transfer of excitation energy,
as illustrated by the loss of acceptor signal at tem-
peratures above the melting temperatures of the
stacks. Up to about 2 mol %, 176a exists as isolated

energy traps inside 175 aggregates. Above this con-
tent, clustering of the acceptor molecule occurs as can
be concluded from its quenched and red-shifted
fluorescence, probably due to the possibility of having
more favorable π-π interactions. When the addition
of the longer oligomer is performed below the melting
temperature of the aggregates, no exchange is pos-
sible between the two oligomeric stacks and the
energy-transfer process is consequently blocked.

One of the main drawbacks of the system in Figure
101 is that there is no possibility of controlling the
length of the stacks. Though the persistence length
of the donor columns is around 60 nm, the system
appears to be a quite dynamic. Moreover, the same
hydrogen-bonding motif which enables the formation
of mixed stacks in the first place prevents the exact
control of the trap position due to its self-comple-
mentarity. This eventually leads to the observed
phase separation between donor and acceptor and
thus the undesired clustering of guest molecules.

The energy-transfer process is characterized by a
very fast component in the rise of the acceptor
luminescence, which is absent when the stacks are
dissociated at high temperatures. This component is
directly correlated with the high degree of order
inside the OPV assemblies, which enables fast exci-
tonic diffusion418 along the stacks before excitations
are trapped inside local potential minima. At longer
time scales coupling between the chromophores is
weaker and a direct Förster-type of energy transfer
to the guest molecules starts to dominate. Here, an
analogy can be drawn between natural and syn-
thetic systems. It is known from the literature that
electron transfer merely occurs through DNA when
the base pairs are aligned in a certain, well-coupled
fashion and is characterized by an ultrafast decay
component.585 This means that when there is dis-
order in a DNA duplex, electron transfer is only pos-
sible upon rearrangement into an ordered stack with-
in the lifetime of the excited donor base. In this way,
both systems indicate that a high degree of order is
a prerequisite for fundamental issues such as energy
and electron transfer to occur with high efficiency.

Figure 100. Tapping-mode AFM image (715 nm × 475
nm) showing right-handed supercoils, consisting of left-
handed helices of 226 on a glass slide. (Reprinted with
permission from ref 582. Copyright 2002 American Chemi-
cal Society.)

Figure 101. The self-complementary hydrogen-bonding motif of OPVs 175 and 176a enables the formation of mixed
dimers and mixed aggregates. Photoluminescence spectra for mixtures in dodecane solution: (a) 0-30 mol % 176a at 80
°C, (b) 0-30 mol % 176a at 10 °C, and (c) 0-1.2 mol % 176a at 10 °C. Inside the mixed stacks efficient energy transfer is
observed from 175 to 176a. (Reprinted with permission from ref 584. Copyright 2004 John Wiley & Sons, Inc.)
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10. Conclusions and Prospects
Self-assembly offers an attractive tool to construct

well-organized π-conjugated materials. As can be
deduced from this review, it is possible not only to
study material properties at the supramolecular
level, but also to tune the macroscopic properties of
π-conjugated systems. These tailormade supra-
molecular assemblies will enormously influence the
macroscopic properties. The combination of supra-
molecular architecture with functionality in macro-
molecules will not only give rise to emerging op-
portunities in materials science, but also significantly
contribute to bridge the gap between natural and
artificial systems in an effort to fully understand the
guidelines used to assemble natural units in the
different hierarchies of organization. On the other
hand, progress in synthetic methodologies has also
been used to prepare completely new structures with
unique properties. However, there are still a number
of very appealing targets that should be reached
before these very promising organic and polymeric
materials with tailored supramolecular architectures
will be used in active devices. The inability to exactly
position chromophores with nanometer precision and
difficulty in controlling the dimensions of supra-
molecular nanostructures will be challenges to tackle
to improve this relatively new discipline. The use of
templates could be one attractive approach to solve
these problems. Another issue is the robustness of
noncovalent interactions, which are often tempera-
ture and solvent sensitive. Recently, several new
approaches have been reported to fixate self-
organized π-conjugated systems. Thermotropic and
lytropic liquid-crystalline phases of π-conjugated
systems586,587 and specific conformations of poly-
mers588 have been polymerized in order to create
shape-persistent objects. Another elegant method in
this respect is to remove the solubilizing groups in
an additional processing step after self-assembly.589

For fabricating plastic electronic devices, extra ma-
nipulation steps such as alignment layers are often
required to obtain long-range order. Moreover, verti-
cal or homeotropic alignment of self-assembled ob-
jects is extremely difficult and is still a great chal-
lenge.590 This review also shows that successful
implementation of self-assembled π-conjugated sys-
tems in electronics largely depends on the other
layers and electrodes present in the devices. To
increase the compatibility and simplify processability
it would be a dream to self-assemble all these
components at once like nature does. Recently, the
first step in this direction was reported in the
orthogonal self-assembly of p- and n-type fibers. In
one step separate stacks of electron donor and ac-
ceptor were constructed in which photoinduced elec-
tron transfer is still possible.591

From a chemical point of view it is a prerequisite
to join the disciplines of organic, polymer, and
materials chemistry. Only then can the specificity
and selectivity in molecular synthesis, recognition,
and function be combined with synthetic polymers
and materials, leading to artificial polymers with
natural efficiency. Taking into account the recent
progress in obtaining full control over large three-

dimensional polymeric architectures, it is safe to
conclude that soon a next generation of functional
conjugated polymers, which by molecular design will
possess a unique polymeric architecture, will be used
in devices. This review, however, clearly shows that
the persistence length of the supramolecular archi-
tectures is often in the nanometer range.

Since many supramolecular architectures have a
persistence length in the 100 nm range, it seems
attractive to use them as independent objects in
supramolecular electronics as alternatives for single-
wall carbon nanotubes or inorganic wires. Supra-
molecular electronics1 could bridge the gap between
molecular electronics,592 having Ångstrom dimen-
sions, and plastic electronics, having dimensions in
the micrometer range. Recently, Aida et al. showed
that such objects can be constructed.593 An am-
phiphilic hexa-peri-hexabenzocoronene was self-
assembled into nanotubes that upon oxidation showed
a 2.5 MΩ resistivity when placed between 180 nm
gap electrodes. This behavior shows that self-
assembled π-conjugated systems can serve as a
beautiful starting point for the search of supra-
molecular electronics, Figure 102.
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Chem., Rapid Commun. 1998, 19, 275-281.

(159) Marsitzky, D.; Brand, T.; Geerts, Y.; Klapper, M.; Müllen, K.
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Meijer, E. W. J. Am. Chem. Soc. 1998, 120, 2798-2804.

(190) Li, K.; Wang, Q. Macromolecules 2004, 37, 1172-1174.
(191) Kukula, H.; Ziener, U.; Schöps, M.; Godt, A. Macromolecules
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