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limited by weak electronic coupling between molecules. By implementing designed supramolecular
interactions, chemists have begun taking control of the nanoscale ordering of the active layer in an effort to
move beyond the trial and error tuning of the device morphology. This review describes current progress
in solid-state devices in which the molecular components possess designed supramolecular interactions
- as opposed to non-specific cohesive forces - used to instill or modify functionality. Supramolecular
organic devices for applications in solar energy conversion, light-emitting diodes, field-effect transistors,
storage and logic functions are covered.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Interest in organic materials for applications in electronics
was launched by Aviram and Ratner’s seminal 1974 article on
the propensity of a single molecule to act as a rectifier circuit
[1]. Since then, this and other theoretical predictions (quantized
conductance, dephasing, Coulomb blockade) have been experi-
mentally documented despite the great difficulties inherent to
single-molecule experiments. While integrated circuits based on
single-molecule components may one day emerge [2-12], it is
much more likely that initial devices will contain a non-discrete
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number of molecules cast into the active area of the component.
Although the allure of miniaturization beyond silicon is lost, such
components are much easier to manufacture than single-molecule
devices and remain appealing in view of the unique properties of
molecules vs. semiconductors, which include transparency in the
visible region of the spectrum, flexibility, and potential for facile
low-cost fabrication.

It is interesting to remark that the same forces that make
molecules appealing are at the heart of their shortcomings. The
well-defined electron density map that characterizes a molecule
determines its relatively narrow electronic absorption spectra, but
also signifies that intermolecular electronic overlap integrals are
small except in specific cases, e.g. when m-stacking is important.
One fortunate outcome of this is that molecule-based electronic
materials are much less susceptible to defects and impurities,
as their effect is localized to nearby molecules only. However,
this lack of intermolecular electronic communication abates the
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charge-carrier mobility, which ultimately clamps device perfor-
mance. The introduction of long-range order can restore high
charge-carrier mobility, for example in crystalline samples, but this
would be detrimental for the flexibility of the device, which benefits
from amorphous materials, and potentially costly to manufacture.

What then, is the solution to improve the properties of molec-
ular materials for organic electronic applications? How can one
introduce long-range order without compromising flexibility and
ease of manufacture? The problem is an old one, which involves
up-scaling order from the molecular level to - at least — the nano-
or microscopic domain. As it turns out, a possible solution to this
conundrum is also equally old, and has been used by Nature for
millennia: supramolecular self-assembly. Using this, Nature builds
molecular components that spontaneously self-assemble into
ordered architectures with designed functionalities. By controlling
the type and number of interactions, it is possible to obtain very
precise architectures (e.g. the photosynthetic reaction center in
bacteria), or more flexible systems that are tolerant of physical
deformations, such as cellular lipid bilayer membranes.

The underlying principle behind the use of designed inter-
molecular interactions in organic electronic devices is to dissociate
the fundamental electronic properties of the molecular compo-
nent (principally determined by its electronic structure) from its
self-aggregation properties which drive the morphology of the
molecular active layer of the device. The latter is important in
controlling through-space interactions which in turn determine
long-range charge transport. Since device performance is to a large
extent determined by the mobility of charge carriers, independent
control of the morphology and electronic properties will in prin-
ciple allow one to separately tune electronic characteristics while
optimizing charge transport. Materials capable of self-assembly
are of interest here, since they have the potential to form well-
defined structures in which molecular ordering facilitates efficient
charge transport. The quality of the intermolecular interaction (in
terms of the magnitude of the charge-transfer integral between
adjacent sites) is of course dependant on the relative orientation
and distance of the molecular components. Depending on the
degree of order within the material, different theoretical models
can be used to describe the mobility of charge carriers, from
band theory for structurally ordered materials, to tight-binding
models for weakly disordered systems, and hopping models for
localized charges in strongly disordered materials. An overview of
charge-transport models applicable to self-organizing molecular
materials is provided by Grozema and Siebbels [13].

Numerous examples attest to the importance of the effect of
molecular order on charge-carrier mobility. The charge-carrier
mobility of a-sexithiophene, for example, has improved from
10~4cm?/Vs in early measurements on amorphous films to
0.1cm?/Vs in the crystalline phase [14]. Liquid-crystalline materi-
als offer the unique opportunity to follow the electronic properties
of a device as a function of molecular order by varying the tem-
perature over a narrow range centered on a phase transition in the
material. For example, charge-carrier mobilities as highas 1 cm?2/V's
were found (by time-resolved microwave conductivity mea-
surements) for a hexabenzocoronene discotic liquid-crystalline
material when in the crystalline phase which, upon heating to a
temperature above the K, — Dy, transition (ca. 100 °C), undergoes
a sudden 4-fold drop in charge-carrier mobility [15]. In another
case, the degree of order in the columnar packing of triphenylene
liquid-crystalline materials was improved by the introduction of
secondary amide groups capable of hydrogen-bonding interactions
linearly aligned to the direction of the columnar stacks, resulting
in a charge-carrier mobility that is ca. five times higher than for
conventional triphenylene-based liquid-crystalline materials [16].
The applicability of discotic liquid crystals for organic electronics
has been recently reviewed several times [17-24] and will not be

further discussed herein, except for selected examples involving
illustrative cases of supramolecular interactions.

Supramolecular interactions loosely cover a wide range of inter-
molecular forces, ranging from hydrophobic/dispersion forces, to
hydrogen-bonding (H-B) and metal ion coordination. The forces
generated by these interactions also span a wide gamut, from
<1-4KJ/mol for the relatively weak hydrophobic, aromatic -
stacking interactions and single-point H-B, to >250 kJ/mol for very
strong coordinative bonds. Besides the free energy, other factors
such as kinetic lability and directionality also describe supramolec-
ular interactions. Thus, some (e.g. H-B and coordination bonds) are
directional, others only partly directional (e.g. w-stacking), while
others are non-directional (dispersive forces). Clearly, direction-
ality is desirable in cases where a bottom-up design is expected
to lead to the formation of precise, well-defined architectures. For
these applications, the use of H-B and coordinative bonds has been
privileged, with H-B interactions being particularly well-suited
towards the construction of photoactive supramolecular assem-
blies [25,26]. Aromatic m-stacking, a principal driving force behind
the formation of discotic liquid crystals, also ensures moderate to
good electronic communication between the electron clouds of the
molecular components [20]. When the electronic interactions are
sufficiently strong or driven by external forces [19], the formation
of J- or H-type aggregate structure and their subsequent effect on
the electronic absorption and emission spectra is observed.

Supramolecular chemistry thus offers a promising route to
bridge the gap between the single-molecule world and real-life
nano- to micron-scale devices, allying the advantages of molec-
ular design (synthesis, purification, and characterization) and
the advantages of solution-based processing (low cost, easy up-
scaling). Further down the line, behaviour specific to dynamic
supramolecular components may also be harnessed, such as
autonomic regulation and self-healing [27-30]. Despite this, the
number of examples involving molecule-based devices in which
designed supramolecular self-assembly is used remains relatively
limited. The two-fold reason for this is that (1) it is still difficult
to relate molecular structure to supramolecular self-assembly in
the solid, particularly for multifunctional molecules where more
than one interaction is present (e.g. m-stacking by an aromatic
core, hydrophobic forces from solubilizing side-chains, and H-B
groups for self-assembly); and (2) design principles relating the
morphology of the active layer to the performance of organic
devices are poorly understood. Additionally, fine-tuning of the sol-
ubility vs. aggregation properties is required to obtain materials
that spontaneously self-assemble in the solid while maintaining
good processability from solution.

In the following pages, a review of current systems in which
designed supramolecular interactions (as opposed to non-specific
aggregation) are used in the manufacture of the active layer in
organic electronic devices is presented. Emphasis is placed, as
far as possible, on those systems that actually led to a physical
solid-state device, and not towards more common solution-based
systems. The former are sub-divided according to application,
which focus on supramolecular materials for organic light-emitting
diode (OLED), organic photovoltaic (OPV), and organic field-effect
transistor (OFET) devices, as well as supramolecular materials for
storage and logic. It is hoped that this compilation will assist the
field in honing design principles relating molecular structure to
the self-assembly and electronic properties of the active layer in
organic devices.

2. Supramolecular materials for organic field-effect
transistors

Organic field-effect transistor (OFET) devices [31] have attracted
significant attention because of their potential use as soft channel
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Fig. 1. Left: Common fabrication architectures for OFET devices. Right: Schematic representation of the fullerodendron assemblies in the active layer of OFET devices reported

by Kusai et al. [55].

materials in organic/printed optoelectronic devices such as active-
matrix flat-panel displays (AMFPDs), electronic paper, RF-ID tags,
and chemical/biosensors [32-39]. The detailed basis of OFET oper-
ation has been reported in a number of reviews [40-46]. Briefly,
OFETs require a thin organic semiconductor layer separated from
a gate electrode by an insulating gate dielectric. The semiconduct-
ing layer is in contact with source and drain electrodes of channel
width W separated by a channel length L. Fig. 1 depicts the common
device configurations used in OFETs, which can be either bottom-
gate or top-gate. In the first configuration, two different structures
can be used, bottom-contact or top-contact, depending on the posi-
tion of the drain and source electrodes. Each construction possesses
its own advantages: for a top contact-bottom gate (TC/BG) device
geometry, contact resistance is minimal and the charge mobilities
tend to be higher. However, it is still a challenging task to downsize
the channel dimensions which are usually >5 wm. For the bottom
contact geometry, the difficulty in preparing highly ordered films
on irregular surfaces is a limiting parameter to the overall device
performance. Nonetheless, these devices are more easily prepared
and integrated into low-cost manufacturing processes and, com-
pared to TC/BG devices, smaller sizes can be obtained.

Itis accepted that the local structure of the organic semiconduc-
tor plays a key role in determining the OFET performance [42]. In
addition to stability and energetic considerations, the orientation
of the molecules to each other and the associated electron trans-
fer integrals are of paramount importance [47]. Most polymeric
or oligomeric systems tend to form ordered regions of typically
200-300 nm in size, which is much smaller than the dimensions of
typical micrometre-scale devices. Acommon problem is that OFETs
tend to suffer from electrical instability under external bias arising
from charge traps created by the appearance of disorder-induced
defects. The crucial process of charge accumulation and transport
under an external field taking place very close to the interface
between the gate dielectric and the semiconductor is the principal
factor controlling the electronic characteristics of the device [48].
In this regard, ordering organic solid-state m-conjugated materi-
als by employing non-covalent interactions, including Coulombic,
van der Waals or hydrophobic forces, -1 stacking, or hydrogen
bonding, is particularly relevant for improving the properties of
the resulting OFET devices. Different approaches using secondary
interactions are illustrated below.

The ability of mr-conjugated systems to self-assemble via w—
stacking [49,50] has been fruitfully exploited for preparing a wide
range of highly ordered architectures which have found various
applications in microelectronics [51-53]. In the case of oligomers
and polymers, the semiconducting layer is usually spin-coated or
drop cast, whereas small organic molecules are usually deposited

via vacuum sublimation, which additionally results in very high
chemical purity of the sample. More recently, a solution-shearing
process has been developed that leads to large crystalline domains
based on the m-stacking of quaterthiophene motifs possessing an
elongated shape along the shearing direction [54]. Various geome-
tries can be obtained according the conditions and the shearing
speed. Kusai et al. have designed fullerodendrons as good semi-
conductor candidates to develop solution-processed FET devices
[55]. The highly dense and functional terminal groups of dendron
facilitate the formation ordered structures, which mainly rely on
m-stacking to afford supramolecular structures possessing efficient
m-orbital overlap between the Cgy moieties (Fig. 1).

Recently, Bao and co-workers designed a liquid-crystalline
semiconducting polymer by combining an electron-donating
quaterthiophene with electron-accepting bithiazole units. The
resulting liquid-crystalline film maintains self-organization due
to strong intermolecular interactions, and adopts a well-ordered
m-m stacking architecture that is parallel to the substrate sur-
face [56]. A related approach to ensure a long-range connectivity
among semiconducting moieties relies on the use of self-assembled
monolayers (SAMs). However, an optimized and near-perfect cov-
erage must be attained in order to reach high current densities
[57-59]. The self-assembly of pentathiophene derivatives which
serve as an organic semiconductor is responsible for the conduct-
ing path between the source and drain electrodes [60]. Copolymers
incorporating naphthalene-1,4,5,8-bis(dicarboximide) (NDI) and
bithiophene units have been designed to ensure a strong electron-
depleted structure [61]. The NDI motif was chosen for its excellent
electronic properties but also because it induces the formation of a
regioregular and highly -conjugated polymeric backbone [62].

One-dimensional organic semiconductor nanostructures
such as nanowires and nanobelts offer interesting features
to control the semiconductor structure. Such nanobelt archi-
tectures were recently prepared from poly(benzobisimidazo-
benzophenanthroline) polymers which exhibit n-channel trans-
port properties even in the presence of oxygen [63]. The very rigid
and planar molecular backbone enables the polymer chains to
form intermolecular w—7 stacking, calculated to be as strong as
160 kJ/mol, which governs the self-assembly process and conse-
quently induces enhanced charge-carrier mobility. On another
hand, Heath et al. employed the superlattice nanowire pattern
technique to construct 2D nanowire structures templated on a sin-
gle crystal substrate at sublithographic dimensions, where van der
Waals interactions play a key role in the formation of ultradense
arrays of the aligned and closely spaced nanowires [64]. Print-
ing techniques constitute a promising approach for low-cost and
large-area manufacturing of electronics. Major drawbacks typically
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Fig. 2. Fluorination of the hydrocarbon chains in perylene alkyldiiimide derivatives (compounds 1 and 2) was found to favor face-to-face arrangements of the aromatic cores,
thereby resulting in a 10-fold enhancement of the observed charge-carrier mobility in OFET devices. Right: Schematic arrangement of heteroleptic tris(phthalocyaninato)
europium complexes reported by Gao et al. [68]. Reprinted with permission from [68]. Copyright 2009 American Chemical Society.

include poor resolution, high operating voltages, and slow circuit
speeds. Some of these disadvantages have been overcome using
the recently described self-assembled printing technique which
benefit from efficient formation of a self-assembled monolayer of
1H,1H,2H,2H-perfluorodecanethiol during the process [65,66].

Perylene alkyldiimide derivatives (PDIR) are among the most
promising candidates to develop high-performance n-type OFETs
as they exhibit one of the highest charge-carrier mobility among
organic semiconductors [67]. Due to the intrinsic OFET operating
principles, a small variation in semiconductor aggregation can
induce a large variation of electrical properties. This is clearly
demonstrated by the fluorocarbon functionalization of the PDI
aromatic core (Compounds 1 and 2, Fig. 2) which leads to a 10-fold
enhancement of the electron mobility, attributed to the observed
face-to-face molecular self-organization which accounts for the
efficient excimer formation in comparison with the analogous
hydrocarbon derivative.

Hydrogen-bonding (H-B) can be used as a secondary inter-
action to construct supramolecular architectures since they are
highly selective and directional. In that regard several exam-
ples where -1 interactions and hydrogen-bonding are combined
have been reported. Control of thin film morphology by self-
assembly using H-B, has been obtained for n-type semiconductors
such as perylenebisimides (PBIs) and also p-type oligo(p-
phenylenevinylene)s (OPVs) in solution prior to processing [69].
The resulting films mainly consist of uniform rod-like domains.
These architectures lead to enhanced charge-carrier mobility in
comparison with films processed from dissolved molecules. Con-

necting the PBI and OPV units through a complementary network
of H-B allows the formation of dyads which stack co-facially. These
supramolecular structures exhibiting two independent pathways
for charge transport, allowing for the construction of an ambipolar
field-effect transistor. In contrast, suppressing the H-B motifs leads
to charge-transfer donor-acceptor complexes between the PBI and
OPV units which do not show any mobility in FET devices.
Self-assembly of 1-pyrenyl phosphonic acid (PYPA) through
strong H-B and -1 stacking has been exploited by Yip et al. to cre-
ate controlled 2D architectures consisting of laminate bilayers [70].
The supramolecular organisation occurs during the spin-coating
process at the air/alcohol interface during which the pyrene moi-
eties form -7 stacks with each other. The resulting hydrophobic
layer points toward the sol-air interface whereas the phospho-
nic acid groups form a network pointing towards the solution. By
repeating this process, laminated structures are formed and can be
transferred onto SiO,/Si substrates for the construction of OFETs in
which PYPA assemblies act as an efficient p-type semiconductor.
Surface chemistry can also dictate the properties of nanoscale
devices. Nanotube-based FETs have been found to be very sensitive
to the interaction of single-walled carbon nanotubes (SWNTs) and
the molecular species in their environment. The water molecules
present on the SiO,/Si substrate in a TC/BG configuration induce
hysteresis of electrical characteristics due to charge trapping
[71]. This phenomenom can be suppressed by surrounding the
SWNT by poly(methylmethacrylate) (PMMA) which forms H-B
with the silanol groups of the surface. Amphiphilic heteroleptic
tris(phthalocyaninato) europium complexes have been utilized as
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Fig. 3. Examples of H-B materials used for the fabrication of nanodielectric thin films by vapor-phase deposition (3) [74] and for imparting molecular recognition capabilities
to the active layer of an OFET device (towards dimethyl methylphosphonate in the case of 4b [77]).

triple-decker-shaped semiconductor [68]. ATC/BG OFET configura-
tion was fabricated using a SiO,/Si substrate, and the performance
was found to be strongly controlled by the size of the crown-ether
ring. For example, the formation of edge-to-edge J-aggregates was
observed for the 12-crown-4 derivative, whereas face-to-face H-
aggregates are obtained for the structure bearing a 18-crown-6
(Fig. 2).

Inorganic (SiO,) or polymer insulators are commonly used as
gate dielectrics. For OFET applications, it is known that in addi-
tion to the dielectric surface roughness, current leakage through
the gate insulator has significant consequences on performance.
Recently, molecule-based dielectric films with large permittivi-
ties (k) have attracted attention as they enable lower operating
voltages and reduced power consumption [59,72]. Their optical-
transparency, processability and flexibility, as well as improved
compatibility with organic semiconductors are the principal
advantages of organic gate dielectrics [40]. The controlled self-
organization of ordered materials for gate dielectrics has been
achieved from the self-assembly of precursors via H-B interactions.
Thus, highly polarizable m-conjugated stilbazolium units have
been designed to self-assemble via head-to-tail intramolecular H-B
between pyridine or fluorinated pyridine and sulfonic or carboxylic
acid end groups, respectively, leading to self-ordered thin films (3,
Fig. 3) [73,74]. These self-assembled nanodielectrics (SAND) were
subsequently capped with SiO, and the resulting organic-inorganic
hybrid films display smooth surface morphologies, as demon-
strated by AFM measurements. Moreover, the selected donor-
acceptor m-conjugated functionalities also participate to the elec-
tronic polarizability enhancement and lead to a high k bulk layer.
Pentacene OFETs based on v-SANDs fabricated by vapor deposition
process thus exhibit excellent performance at low operating volt-
ages. It is noteworthy that deoxyribonucleic acid (DNA) was also
recently used as a gate dielectric, thus demonstrating the suitability
of OFETs as biosensors [75,76].

Organic field-effect transistors offer great promise for appli-
cations in chemical sensing in which there is a need for small,
portable and inexpensive sensors. OFET-based sensors utilize a
functionalized thin film of organic semiconducting material as the
active layer of a field-effect transistor that is exposed to the ana-
lyte on one side and to a gate electrode separated by an insulator
on the other side. The electrical response is easily measured with
simple instrumentation. As already mentioned, the mechanism of
charge transport is complex and depends drastically on the struc-
tural organization of the material because intrachain conjugation
defects require hopping of the charges between adjacent chains.
One key advantage of OFET sensors is that a gate-induced accu-
mulation layer at the insulator/semiconductor interface of OFETs
greatly increases the conductivity (s) of the sensor material. In

these devices, the OFET source-drain current (Isp) is monitored at
fixed source-drain (Vsp) and gate (V) voltages, as a function of the
exposure to analyte molecules. As introduced by Torsi et al. [78]
fully characterized OFETs offer access to more sensing parameters
than just Isp. Analysis of the saturated transfer characteristics of
the OFET allows for the separate extraction of the carrier mobility,
u, and threshold voltage, Vr; other parameters, such as the con-
ductivity at zero or reverse gate bias (depletion), are also readily
accessible.

The capacity to fabricate self-assembled three-dimensional
(3D) structures will be potentially useful for the development of
sensory elements [79]. It is expected that selected objects, for
instance micro- or nanospheres, functionalized with molecules
that can direct their self-assembly through H-B, electrostatic or
hydrophobic-hydrophilic interactions, are needed to prepare con-
trolled 3D assemblies. The self-assembly sites can be introduced
via chemical modification on exposed areas of spheres after a
sequential process of spin coating and etching of a photoresist;
or alternatively a metal layer can be first deposited and subse-
quently the desired functional moieties can be introduced. Along
such lines, Bao et al. prepared SiO, spheres with patterned gold
caps which were grafted with complementary strands of DNA used
as self-assembled linkers [80].

The application of OFET as chemical sensors has been investi-
gated considerably in recent years. Molecular engineering based on
supramolecular interactions is of special interest to achieve specific
and enhanced sensing properties. Katz et al. recently reported an
OFET device in which the semiconducting layer was composed of
a naphthalene-1,4,5,8-tetracarboxylic diimide layer subsequently
covered by a modified semiconductor bearing a phenolic recogni-
tion unit chosen to specifically target dimethyl methylphosphonate
(compounds 4a and 4b, Fig. 3) [77]. The receptor semiconductor
was deposited as an island overlayer in a bilayer film device based
on a perfluorooctylnaphthalene tetracarboxylic diimide (NTCDI).
The effectiveness of the polar phenol groups in forming a hydrogen
bond with DMMP forces guest molecules to become entrenched on
the surface, where they proceed to drastically inhibit current flow
between the source and the drain electrodes.

The microelectronics industry is still pushing towards inexpen-
sive and lightweight devices constructed from low-cost materials.
In that direction, the possibility of using multilayer mechani-
cally compacted natural cellulose fibers as structural support and
gate dielectric for n-type OFETs paves the way to low-cost high-
performance devices [81]. The TC/BG configuration paper-based
FET were prepared from long pinewood fibers that strongly asso-
ciate through a H-B network, which were mixed with polyester
fibers before subsequent deposition of patterned metal layers as
source and drain electrodes.
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3. Supramolecular materials for organic light-emitting
devices

3.1. OLEDs

The easy processability of molecular materials along with tun-
able colours across the visible spectrum make molecule-based
systems potential candidates for materials for organic light-
emitting diode (OLED) devices for large, flexible, lightweight,
flat-panel displays as well as for lighting applications [82]. Exam-
plesare already known in cell phones and digital cameras [83]. Such
devices in their most rudimentary form consist of one or several
semiconducting organic layer(s) sandwiched between two elec-
trodes. However, the exacting requirements in terms of hole and
electron injection, transport and luminescence efficiency/quantum
yield has led to the development of multilayer, multimaterial struc-
tures, as an ideal multimodal material is unknown [84]. Most
highly fluorescent or phosphorescent materials for OLEDs tend
to have either p-type (hole transport) or n-type (electron trans-
port) charge transport materials leading to poor efficiency and
brightness in single layer devices, which can be overcome by
adding an electron-transporting material adjacent to the cath-
ode and/or a hole transporting material adjacent to the anode
[85,86]. When an electric field is applied to an OLED, electrons are
injected from the cathode into the lowest unoccupied molecular
orbital (LUMO) of the adjacent molecules, concomitant with holes
being injected from the anode to the highest occupied molecular
orbital (HOMO). The two types of carriers migrate towards each
other, some of which recombine to form excitons, a fraction of
which decay radiatively to the ground-state emitting light. As such,
charge recombination leading to light emission is the corollary of
photovoltaic materials, treated in section 4, thus many concepts
introduced in this section are equally applicable in photovoltaic
devices. Related electrochromic displays possess an advantage over
other technologies because it is possible for a single electrochromic
pixel to produce multiple colours in addition to white, depending
on applied potential.

Supramolecular interactions can potentially come into play in
active layers by enhancing electron and hole transport, as well
as assuring stability and even colours obtained (pure colours to
white light). Structuring active layers as detailed below can be
achieved either by layer-by-layer deposition or optimizing inti-
mate mixing of materials. Stokes shifting of emission may be
expected in certain cases, and significant progress has been made
recently in developing phosphorescent emitters via triplet-triplet
energy transfer [87]. Several growth methods for the active lay-
ers are described in the sections below, additionally we can cite
a range of growth strategies (e.g. oblique incidence molecular
beam deposition, hot-wall deposition) for the growth of molec-
ularly ordered thin films [88]. Equally, the strong tendency of
organic and organometallic nanoparticles/molecular clusters to
rapidly self-assemble into highly aligned, stable superlattices at
room temperature when solution-cast from dispersions or spray-
coated directly onto various substrates was harnessed in OLEDs
[89]. For example via a precipitation process based on rapid expan-
sion of a supercritical CO, solution, it was believed to result in
molecular distances and alignments in the nanoparticles that are
not normally possible - hence the extreme longevity of these van
der Waal's complexes. Functional OLEDs, which have the same
host-dopant emissive-material composition with process-tunable
electroluminescence (e.g. green to yellow), have been built with
these nanoparticles, indicating the presence of novel nanostruc-
tures. Other techniques used in depositing conjugated polymer
films for use in light-emitting devices include hybrid inkjet printing
[90-92], bar-coating [93], electrophoretic deposition of nanopar-
ticles [94], microcontact printing [95], screenprinting [96-98],

electrophoretic deposition from suspension [99], and the use of
liquid buffer layers to permit sequential deposition of multiple
polymer layers without disturbance of previously deposited layers
[100] have been described, and the inkjet printing method is now
being extensively developed in industry [101,102]. These can be
combined with the more traditional methods for making devices.

Once dissolved in nematic liquid crystals, poly(arylene viny-
lene)s and poly(arylene ethynylene)s form highly ordered
structures which might offer a new way to obtain highly ordered
films of polymers [103]. One promising area for future research
concerns construction of nanosized LEDs, as it has been shown
that decreasing LED size can improve device efficiency and life-
time [104]. Nanopatterning ITO by electron beam lithography
enables LEDs to be made with emission coming from regions of
approximately 170nm in diameter [105]. Whether advances in
nanotechnology will enable even smaller devices to be made and
integrated with other nanosized electronic devices promises to be
one of the most interesting and potentially exciting areas in LED
research in the near future. For a comprehensive review on conju-
gated polymers for OLEDs see reference [106].

In layer-by layer (LBL) assembly, a thin film is grown up on
a substrate surface by alternating its exposure to aqueous solu-
tions containing differently charged (positive or negative) species
[107-110]. The most commonly employed LBL assembly interac-
tions are electrostatic, where a film is created by combining a
polycation and a polyanion [111]. Films created by LBL assembly
are inherently two-component composites and can be designed
to provide additional functional performance. This technique has
been employed to create high-quality electrochromic electrode
films [112]. Full exploitation of the technique by the combination
of two similarly colouring electrochromic materials has resulted in
electrode films possessing extremely high contrast [113].

A recently reported proof-of-principle multiply coloured elec-
trochromic electrode was based on LBL assembly [114]. The
electrode films were created by exploiting electrostatic attractions
between the polycation poly(aniline) (PANI) and a negatively ion-
ized Prussian Blue (PB), iron(IIl) hexacyanoferrate(Il) nanoparticle
dispersion. The organic/inorganic nanocomposites show a linear
increase in film thickness with successive, alternating assembly
exposure steps. Electrochemical and spectrophotometric charac-
terization confirms the distinct and non-interacting contributions
from PANI and PB and reveals that both are fully electrochemically
accessible even in relatively thick films. While PANI changes from
a colourless reduced state (leucoemeraldine salt) to a green/blue
oxidized state (emeraldine salt), the PB nanocrystals change from a
colourless reduced state (Prussian White, PW), to a deep cyan oxi-
dized state. These transitions occur over the same potential range:
—0.2 to 0.6 V vs. K-SCE. PANI passes through a yellow intermediate
state while the PB passes through a pale blue intermediate state.
As a result, due to colour mixing, the PANI/PB composite should be
nearly colourless at —0.2 V, pass through a green intermediate state,
and finally become blue at 0.6 V. This strategy possesses an advan-
tage over electrochemical deposition because the PANI chemistry
and PB crystal size can be precisely controlled. The formation of
nanometre scale PB crystals in solution, thereafter combined in a
LBL assembled film with a polyelectrolyte, results in a faster switch-
ing and higher contrast electrode film than can be prepared by
electrochemical means [115].

A different system using electrostatic interactions is based on
polyoxometalate—polyelectrolyte hybrids, giving rise to a novel
design for a dual-mode photo- and electroactive device that
combines the ease of fabrication and flexibility of polymeric
materials with the high photo- and electrochemical stability of
inorganic materials [116-118]. The coating reversibly changes
colour from transparent to blue by photo- and/or electroinduced
stimulation when Preyssler-type POM, (NHy4 )14[NaPsW300110] and
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Fig. 4. (a) Metal directed formation of electroluminescent architectures; (b) ideal hydrogen-bonding ladder-like structure combining H-bonding polymer backbone with

H-bonding rungs [124]. (b) Ladder-like structures formed via H-B interactions [127].

polyelectrolyte poly(4-vinylpyridine) (P4VP) are employed. The
polyelectrolyte serves a dual role as a proton reservoir needed for
the photochromic response and as a positively charged matrix to
immobilize the anionic cluster [119-121].

An all-organic version of polyelectrolyte assemblies is also
available based on self-assembled poly(4-vinyl pyridine) (P4VPy)
with poly(N-vinyl carbazole) (PVK) and 2-(4-biphenylyl)-5-
(4-tert-butyphenyl)-1,3,4-oxidiazole (PBD) as transport layers.
The self-assembly is based on the electrostatic attraction of
oppositely charged polymers formed by successive dipping in
0.01M solutions. This self-assembled methodology allows fab-
rication of alternating multilayers, not only by the poly(phenyl
vinylene) (PPV) and derivatives, but also by partial protona-
tion of P4VPy, by which the charge on P4VPy is generated
by the protonation process. The multilayered structures are
characterized by specular X-ray reflectivity, UV absorption, pho-
toluminescence and electroluminescence. The most efficient OLED
device configuration found was: ITO/PVK/assembly/Al; (assem-
bly = [P4V(Py/Py1)/SPS],); SPS = poly(sodium p-sulfonate styrene).
Electrostatic attraction assembly allows fabrication of highly reg-
ular, alternating multilayers by the partial protonation of P4VPy,
widening the scope of polymers suitable for applicable for use in
OLEDs. As well as main-chain m-conjugated polymers, such as the
PPV precursor and derivatives, luminophore containing side-chain
polymers, as in the case of partially protonated P4VPy, can be used
as the active component in OLEDs [122].

A wide range of supramolecular edifices of different topolo-
gies have been obtained under thermodynamic and kinetic control
by metal-to-ligand coordination, including helicates, molecular
machines and linear coordination polymers [123]. Concerning this
latter type, organic-metallic hybrid polymers are formed by the

complexation of metal ions with organic ligands or polymers bear-
ing coordination sites.

The first such materials reported were the luminescent poly-
mers based on 5c-5e (Fig. 4a) formed by self-assembly of the
emissive units through metal complexation between the terpyri-
dine ligands at each end of the chromophore and zinc ions [124].
Their photoluminescence (PL) maxima range from 450 nm for 5¢
to 567 nm for 5e. Polymers 5¢ and 5d have been used to make
blue (Amax=450nm) and green (Amax=572nm) emitting LEDs,
respectively, which display only moderate electroluminescence
(EL) efficiencies. Hybrid polymers consisting of bis(terpyridine)s 5a
and 5b and metal ions such as Fe(II) or Ru(Il) have specific colours
based on metal-to-ligand charge-transfer (MLCT) absorption and
emission. The cyclic voltammograms of the polymers revealed a
reversible redox wave that depends on the redox reaction of the
metal ions. Solid-state devices based on polymer films cast on
indium-tin-oxide (ITO) electrodes display electrochromic proper-
ties; the colour of the film disappears when a potential higher than
the redox potential of the metal ions is applied to the polymer
film. Various colours such as purple, blue, red, and orange can be
observed by changing the metal species and/or by modifying the
organic ligands used to synthesize the polymers. In addition, mul-
ticolour electrochromic changes in a polymer film occur upon the
introduction of two types of metal ions into the polymer [125].
Supramolecular organic light-emitting diodes were obtained using
an aluminium chelate with a calix[4]arene complex thin film as
emitter and electron-transporting layer. The devices were grown
onto glass substrates coated with an indium-tin-oxide layer and
aluminium cathode. On applying a dc voltage between the device
electrodes in forward bias condition, a blue light emission in the
active area of the device was observed. It was found that the electro-
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Fig. 5. 1D emissive polymeric systems/nanowires based on terminal H-bonds associating small oligomers [131,135,136].

luminescent emission peak can be tuned between 470 and 510 nm
changing the applied voltage bias from 4.3 to 5.4V [126].

The energies of H-bonds (25-40 kJ/mol) are significantly weaker
than ionic bonds (200-400 kJ/mol) but stronger than van der Waals
interactions (5-10k]J/mol) [128,129]. Mesomorphic and photo-
physical properties of H-bonded polymer networks and trimers
can be easily adjusted by tuning the H-bonded donors (donor poly-
mers, 8) and acceptor emitters in the H-bonded complexes (6, 7).
As illustrated in Fig. 4b, combining hydrogen-bonding polymers
with complementary smaller bridging molecules is anticipated to
lead to comb-like structures, which unlike small molecule ana-
logues have proven to form uniform films [127]. Mesomorphic
properties may be introduced into these supramolecular struc-
tures containing non-mesogenic acceptor emitters. In addition, the
emission properties of bis(pyridyl) acceptor emitters can be manip-
ulated by their surrounding non-photoluminescent proton donors.
Compared with pure bis(pyridyl) acceptor emitters, red-shifts
of emission wavelengths occurred in all blend films in poly(9-
vinylcarbozole) PVK (dopant emitter: PVK 5:100 wt%) showing blue
to green light emission. Luminescence spectra of fully H-bonded
complexes of bis(pyridyl) acceptor emitters with m-PC10BA (molar
ratio=1:2) are even widely distributed from blue to red colours
(from 396 to 642 nm). A very narrow fwhm value (38 nm) of EL
emission can be obtained in the H-bonded complexes blended with
PVK, and higher brightness of EL is produced at an appropriate
annealing temperature. These systems were further elaborated on
incorporating electron-transporting dendritic H-donors in addition
to the light-emitting H-acceptors [130].

On the other hand, structurally rigid emissive molecules (10),
comprising a planar polyaromatic stage and three o,w-terminated
biscarboxlate stilts were shown to self-assemble using H-bonds
from the latter on each terminus to form a 1D-vermicular
structure with pure blue luminescence due to the presence of
9,9'-spirobifluorene-like units [131]. Spiro compounds as organic
molecular materials have become promising candidates for opto-
electronic devices [132-134]. This supramolecular polymer was
constructed by multiple hydrogen bonds and can form uniform
nanowires with high aspect ratio and high solid-sate quantum
efficiency (22%). Previously the authors showed the readily modifi-
able shape-persistent three-dimensional (3D) skeleton was facilely

developed for organic light-emitting diodes and the construction of
nanocages [131,135]. Another example of a hydrogen-bonded 1D-
assembly is based on oligofluorenes 9 (n=1-7), see Fig. 5. These
species display blue PL (Amax =ca. 410-420 nm) in the solid state,
whose EL properties have yet to be reported [136].

Other optoelectronic devices employing H-bonding include the
NLO properties of hydrogen-bonded thin films, such as those based
on 5-bromo-5'-formyl-2,2’-bithiophene-4-nitrophenyl hydrazone
(BITINPH) molecules [137]. Indeed, in addition to a large molecular
hyperpolarizability, the second-order macroscopic nonlinearities
are strongly dependent on the relative arrangement and orienta-
tion of the m-conjugated chromophores in the bulk solid state, and
prevent unwanted anti-parallel dipole-dipole aggregation.

3.2. Light-emitting electrochemical cells

A more recent type of luminescent device which has attracted
a lot of interest are polymer-based light-emitting electrochemical
cells (LECs). Some examples of emissive polymers are shown in
Fig. 6. In these devices, the luminescent material is mixed with an
electrolyte [138]. Overall performance is linked to, for example,
non-covalent electrolyte-polymer interactions. LECs show some
marked differences in their behaviour from LEDs, see reference
[139] for a detailed discussion of the operating principles of LECs
and their differences from LEDs. Some key points are non-rectifying
current voltage characteristics and emission with similarly low
threshold voltages under both forward and reverse bias, which
are nearly independent of the film thicknesses. Efficiencies are
also relatively insensitive to the work function of the electrodes.
Prototypes consisted of a conjugated polymer blended with
poly(ethylene oxide) (PEO), a well-known charge-transporting
polymer, and lithium triflate (LiOTf), sandwiched between ITO
and aluminium electrodes [140-143]. Red-orange, green, and
blue emission were obtained using different polymers [144]. The
devices operated by production of p- and n-doped layers at the
anode and cathode, respectively, which extend toward the center
of the layer to form an internal p—n junction where recombination
and emission occur.

The efficiencies of LECs are sometimes much higher than the
optimal values for LEDs using the same emissive polymer and
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Fig. 6. Some ion/electrolyte sensitive emissive polymers used in light-emitting devices.

onset voltages for LECs can also be much lower than those for
the corresponding LEDs. PEO can be omitted when the polymer is
appropriately substituted, e.g. with ethylene oxide or crown-ether
substituents. A variety of PPV derivatives with PEO or crown-ether
substituents have been made and used in LEDs and LECs. Generally,
they show much lower onset voltages and higher EL efficiencies
in LECs than in LEDs. The homopolymers 11, 12 and 14 show
red-orange emission [145-147], while the alternating copoly-
mers 15 show yellow-green emission (Amax =552 nm) [148,149].
The luminescence efficiency of polymer 13 has been improved
by copolymerization with alkylsilyl- or 2,3-dialkyloxyphenylenes
[150-152]. Thus, the copolymers 16 show solid-state PL efficiencies
of 38% (16a) and 52% (16b), respectively (cf. 9% for homopolymer
13). As might be expected given their good ion transporting proper-
ties, these copolymers give better performance in LECs thanin LEDs.

A LEC using a blend of homopolymer 12b and copolymer 15b
displays bias dependent emission, with the copolymer emitting
under forward bias and the homopolymer under reverse bias
[153]. The SiPPV copolymers 17-19 show similar emission spec-
tra with much higher EL and PL quantum efficiencies than those of
the homopolymers 11, 12 [145,154-157]. The crown-ether substi-
tuted PPV copolymer 20 gave a green emitting (Amax =515 nm) LEC

[150,152]. The addition of PEO was found to markedly increase the
EL efficiency and response time of the device, as the crown-ether
units lowered the ion mobility. The crown-ether-PPV copolymers
20, 21 show green luminescence (Amax =555 and 549 nm, respec-
tively), again with much better PL efficiencies (48% and 28%) than
those for the homopolymer 13 (9%). Different EL efficiencies were
obtained with aluminium (1.4%) and calcium (0.7%) cathodes for 22
[150,152]. The copolymers 17-19, 23, 24 show better performance
in LECs.

Red-orange emitting LECs have also been made using polythio-
phenes 25, 26 with ethylene oxide substituents [158]. Polymers
containing arylene vinylene chromophores linked by ethylene
oxide, or crown-ether spacers in the polymer backbone, e.g. 27,
have also been used to make blue or blue-green emitting LECs
[159-162]. Efficiencies of up to 3.7 cd/A have been reported [163].
Conversely, it has been found that the lithium salts can be omitted
from blends of PEO with polyrotaxanes formed by complexation of
polymers, e.g. 28, with cyclodextrin [164]. These blends produce
much more efficient EL than the pure polyrotaxanes.

LECs often suffer from short shelf life and short operating
lifetimes inhibiting commercial development in the near future.
However, variants based on organometallic compounds may have
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Fig. 7. Bilayer (a), bulk (b) and interdigitated (c) donor-acceptor heterojunctions.

arole to play in addressing many of the problems encountered with
LEC devices [165-168].

4. Supramolecular materials for organic photovoltaic
devices

It is widely accepted that the morphology of the active layer
in organic photovoltaic (OPV) devices plays a crucial role in limit-
ing the overall performance of the material [52,169-172]. In fact,
the biggest single-step improvement in OPVs can be attributed to
the introduction of the bulk heterojunction principle by Heeger in
the 1990s (Fig. 7) [173]. Compared to bilayer devices, the leap in
performance is attributed to greater contact between the electron
donor and acceptor materials leading to more efficient charge sep-
aration. Combined with the latest-generation materials, this has
allowed current technology to reach overall efficiencies of nearly
8% [174]. Still, the bulk heterojunction is far from the ideal inter-
digitated structure optimizing charge separation and collection
(Fig. 7¢). Moreover, its formation is controlled by the underlying
chemical and physical properties of the materials, as well as by the
technology and the conditions used for the deposition process and
post-production treatment [175]. The biggest drawback is that each
and every material must be optimized individually before its full
potential can be assessed. In a seminal paper, Shaheen et al. showed

that the performance of a material could be tripled by adopting
conditions conducive to the formation of a fine-grain heteroge-
neous morphology [176]. Because the exciton diffusion length in
organic materials is short, ca. 10 nm [177], the finer heterogeneous
structure increases the probability that an exciton will encounter a
discontinuity and dissociate into free charge carriers. In the case of
devices based on poly-3-hexylthiophene (P3HT), thermal anneal-
ing is required to generate microcrystalline domains.
Supramolecular organization provides a direct method for
assembling large numbers of molecules into structures that can
bridge length scales from nanometers to macroscopic dimensions
for efficientlong distance charge transport [178,179]. This approach
allows the design of extended complex structures built through
the ordered assembly of elementary building blocks in solution
prior - or during - the casting process using secondary interactions
such as hydrogen bonding (H-B), electrostatic forces, -7 inter-
action, and CH/m interactions. However, only a few examples of
solid-state all-organic photovoltaic devices incorporating designed
supramolecular interactions have been reported to date.
Promising candidates include discotic liquid-crystalline materi-
als based on extended m-aromatic structures (Fig. 8a), which can
lead to the formation of 1D columnar superstructures that allow
efficient charge transport [17,180]. The intermolecular attrac-
tive forces resulting from the large m-areas induce a pronounced

Fig. 8. (a) Example of an extended w-conjugated aromatic molecule capable of forming discotic liquid-crystalline phases suitable for the construction of OPV devices when
blended with electron acceptor 30 [180]. (b) The natural self-assembling bacteriochlorophyll c (left) and a synthetic mimic (right) [181]. (c) Parallel (left) vs. homeotropic

(right) arrangement of discotic liquid crystals.
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propensity to self-assemble into highly organized structures. Bal-
aban and co-workers have designed biomimetic chromophores
(Fig. 8b) in which self-assembly can be controlled by adjusting the
transition dipole moment [181,182]. The resulting supramolecu-
lar nanostructures are strongly fluorescent and not quenched upon
anchoring onto nanocrystalline titania with different grain sizes,
which makes them promising candidates for the fabrication of
dye-sensitized solar cells. Specific helical assemblies of aggregated
chromophores displaying strong electronic coupling (as evidenced
by the formation of J-aggregates) were obtained using modified
amylose polymers as templates [183]. Extended columnar archi-
tectures are equally interesting for the fabrication of OPV devices,
provided that stacking of the material can be controlled to give
columns that are formed orthogonal to the surface of the substrate
(Fig. 8c). Homeotropic alignment can sometimes be favored by tun-
ing the molecular structure [184], or surface modification [185].
Even when this is not the case, power conversion efficiencies of
1.5% were achieved despite a modest external quantum efficiency
of 12%[180]. This suggests that considerable room for improvement
is available by optimizing inter alia light absorption and device
fabrication. Fullerenes possessing multiple aromatic substituents
can align into columnar motifs in the solid due to hydrophobic
interactions. Kennedy et al. showed that such architectures could
be incorporated into solid-state photovoltaic devices, though the
overall efficiency (ca. 1.5%) was still lower than analogous PCBM
devices [186]. As often observed when supramolecular architec-
tures are employed, thermal annealing had only a modest effect on
the device properties.

Conjugated rigid-rod molecules provide convenient scaffolds
that can be used to enforce the stacked arrangement of aro-
matic acceptor units while providing a pathway for hole transport.
Synthetic accessibility and solubility limit the length of these
covalent structures, but it is possible to use a combination of
hydrophobic and electronic interactions to promote formation of
interdigitated architectures spanning much greater lengths and
incorporating chromophores covering a greater portion of the solar

spectrum. By combining n-semiconducting NDI rainbow stacks and
p-semiconducting rigid-rod scaffolds, the Matile group has devel-
oped programmed assembly of interdigitating intra- and interlayer
recognition motifs on conducting surfaces [187-189]. These self-
assembled zipper assemblies offer rapid access to supramolecular
cascade n/p-heterojunctions exhibiting efficient photoconversion
in photoelectrochemical set-ups.

Hydrogen-bonding interactions offer a convenient approach
towards precisely controlling the geometry of electron
donor-acceptor assemblies, and numerous conjugated polymers
bearing H-B groups have been reported [50,190]. For example,
triaminotriazine-substituted oligo (phenylene vinylenes) will bind
perylene bisimides to form H-B trimers which then self-assemble
into stacks conducive for charge separation (Fig. 9a) [178,191].
Besides perylene bisimides, other electron acceptors such as
fullerene [192] and tetrathiofulvalene (TTF) [193] derivatives
incorporating H-B units have been described, although self-doping
behaviour, such as that observed for TTF-2-carboxylic acid in the
presence of ammonia [194], may be a limitation.

Huang et al. proposed using non-self-complementary H-B inter-
actions to direct the formation of supramolecular heterojunctions
for photovoltaic applications [195]. Photoelectrochemical devices
incorporating components possessing complementary H-B units
were found to give a 2.5-fold enhancement in photocurrent com-
pared to model systems in which self-assembly is suppressed.
Subsequent improvement was sought by using hydrogen-bonding
terminated self-assembled monolayers (SAMs) on gold, and the
combination of a hydrogen-bonding barbituric acid appended
fullerene and a complementary melamine-terminated thiophene
oligomer to promote hierarchical self-assembly (Fig. 9b) [196]. The
terminal thiol-group interacts with the gold surface resulting in
the formation of self-assembled monolayers (SAMs) that are pro-
posed to better accommodate the subsequent formation of the
photo-/electroactive fullerene containing thin films due to com-
plementary hydrogen-bonding interactions. Strong ground-state
interactions between complementary H-B fullerene and oligoth-

Fig. 9. Examples of H-B mediated self-assembly of donor-acceptor materials based on (a) OPVs and PDIs [178,191], and (b) oligothiophenes and fullerenes [195]. In (b),
modification of the substrate with H-B motifs with preference for the donor or acceptor material was found to impact the performance of the device [196].
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iophenes have been observed, and this may also contribute to the
observed enhancement in photocurrent [197]. Intermolecular H-B
interactions between a perylene tetracarboxylic dianhydride and
a pentatiophene bearing terminal formyl groups was invoked by
Jiang et al. to account for an increase in Vpc in flexible OPV devices
[198].

Segregation at the molecular level can be controlled by cova-
lently linking fragments possessing very different properties such
as crystallinity and/or solubility. In the case of composite rod-coil
polymer materials, the crystallization of the rigid-rod component
is frustrated by the presence of a more voluminous and gener-
ally less well-ordered coil segment. This leads to molecular-level
phase segregation, with the concomitant generation of relatively
well-defined morphologies at the micron- and nanometer scale
[199,200]. Application of this approach to controlling the mor-
phology of polymer-based devices is usually based on the covalent
attachment of flexible fullerene-rich polymers to the more rigid
conjugated polymer segments [201,202]. However, difficulties in
the synthesis and characterization of the materials make this
approach very labor-intensive [203]. Recently, Hadziiannou and co-
workers have turned to weaker non-covalent interactions between
pyridine-containing polymers and Cg to supramolecularly intro-
duce the fullerene component. The polymeric material consists
of a poly(3-hexylthiophene) fragment connected to a poly(4-
vinylpyridine) unit which, based on previous work by Ikkala
and co-workers [204], is known to bind Cgy through electron
donor-acceptor interactions. Photovoltaic devices prepared by
depositing such materials using spin-coating protocols and normal
device architectures gave disappointing results, with overall effi-
ciencies below 0.03%. Interestingly, detailed investigation of the
active layer morphology by TEM indicated that a highly interpen-
etrated network of the donor and acceptor materials is indeed
formed, but that the fullerene component preferentially accumu-
lated in the vicinity of the PEDOT layer. The authors proposed
that the basic sites of the poly(vinylpyridine)-containing material
reacted with the acidic PEDOT-PSS layer, and proceeded to investi-
gate the performance of inverted OPV devices (i.e. devices in which
the anode is deposited on top of the active layer) in order to circum-
vent this problem. Indeed, the inverted architecture devices were
found to display significantly enhanced performance (up to 1% con-
version) compared to the above-mentioned normal architecture
devices.

The introduction of single-walled carbon nanotubes (CNT) into
polymer-based OPV devices has been investigated by numerous
groups on the basis that the latter can significantly enhance charge
transport within the active layer and may be less prone to phase
separation than PCBM [205-209]. However, although difficulties in
device fabrication arising from short circuits due to the presence
of conducting CNT spanning the entire thickness of the semi-
conducting layer can be circumvented through the application of
multiple layers, the presence of CNT invariably leads to a drop
in overall efficiency ascribed to, amongst others, energy transfer
quenching of the polymer-localized exciton due to the lower band
gap of CNTs [210]. The concomitant use of PCBM and CNT was
found to be beneficial to enhance the primary exciton dissociation
step and devices incorporating CNT do indeed display a signifi-
cantly enhanced current density, although this is insufficient to
offset the reduction in Vo [211]. In general, chemical or physical
surface modification of the CNT is required to promote disper-
sion of the material during deposition (typically by spin-coating)
and in the active layer of the device [210,212,213]. Stupp and
co-workers have used non-covalent interactions between pyrene
and CNT to assemble donor-acceptor architectures [214]. The
pyrene-terminated pentathiophene donor was found to exten-
sively coat the surface of the single-walled CNT to form concentric
donor-acceptor double-cable architectures which were deposited

onto transparent ITO electrodes by collecting the modified CNTs
by filtration. The active layer was then covered with an addi-
tional layer of PCBM, but short circuits could not be entirely
eliminated.

More precise control of the architecture of the active layer can
be achieved by using molecular self-assembly to template the for-
mation of small clusters of defined size and composition. These can
then be cast from solution onto a transparent conducting electrode.
Imabhori et al. applied this technique for the formation of porphyrin
- Cgp clusters using H-B interactions [215] or Au nanoparticles
(NP) [216] as templates. The resulting modified electrodes, when
irradiated in a photoelectrochemical set-up using I3~/I, as an elec-
tron relay, exhibited maximum IPCE (incident photon to converted
electron) efficiencies of 40-60%. Along similar lines, modified
electrodes incorporating semiconducting CdS nanoparticles were
prepared by self-assembly using complementary H-B interactions
[217]. In this case, melamine- or barbiturate-capped CdS-NP was
shown to bind to a gold electrode grafted with a thiol-SAM ter-
minated with the complementary melamine or barbiturate unit.
Additionally, a 2.6-fold enhancement in the observed photocurrent
was noted when gold nanoparticles were incorporated between the
macroscopic Au electrode and the CdS-NP.

To achieve directional energy transfer over long distances,
Calzaferri et al. designed artificial photonic antenna systems based
on the incorporation of chromophores inside metal oxide frame-
works [218,219]. These architectures have received considerable
attention for their potential in the fabrication of photovoltaic
devices [220] because their supramolecular architecture leads to
the electronic excitation energy being transferred to a well-defined
location in the device through sequential resonant energy trans-
fer. In this strategy, light-absorbing molecules are incorporated in
the zeolite channels, which corresponds to a first stage of molec-
ular organization. This allows light-harvesting within the volume
of the host and radiationless energy transport along the channels.
The second stage of organization involves the electronic coupling to
an external acceptor or donor fluorophore (stopcock) at the chan-
nel entrances, which can then act as a sink to trap the electronic
excitation energy. The third stage of organization is obtained by
interfacing the material to an external device through the stopcock
(Fig. 10).

Dye-sensitized electrochemical photovoltaic cell technology
has been recognized as a viable alternative to the well-developed
solid-state homo- and heterojunction solar cell technologies
[221-224]. In this strategy, a network of titania nanoparticles
serves as an electron-transporting medium and as a high-surface-
area support for dye molecules capable of injecting electrons into
the titana upon photoexcitation, and an electrolyte solution (typ-
ically aqueous I37/Iy) is used to complete the electrical circuit.
Continuous improvement in cell architecture and dye structure
have brought the conversion efficiency up to 12% [224], but this
could be further increased by augmenting the absorption envelope
of the sensitizer and by diminishing unproductive charge recombi-
nation processes. Hardin et al. have recently reported that the use
of ancillary light-harvesting dyes can lead to a 26% improvement in
power conversion efficiency [225], and a similar enhancement was
observed by Handa et al. when using donor-acceptor dye combina-
tions [226]. Supramolecular chemistry, particularly of coordination
compounds, has emerged as a viable route to preparing effi-
cient dye sensitizers of greater complexity [227]. For example,
ureido-pyrimidone H-B units can be incorporated in to a short
polymer framework to prepare electrolytes that retain the rhe-
ological advantages of longer polymers while remaining small
enough to fitinside the titania pores [228]. Covalent [229] and non-
covalent [215,230] examples of multi-chromophore dyes exist, and
the effects of H-B on the surface structure of TiO, were investigated
by Imahori et al. [231].
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Fig. 10. (a) Dye-loaded zeolite L antenna; blue-emitting donors inside the zeolite transfer electronic excitation energy to the lower energy red-emitting acceptors located at
the ends of the cylindrical crystal as shown by fluorescence microscope images of a 2 wm-long crystal containing DMPOPOP (39) in the middle part (blue, polarizer parallel)
and Ox+ (40) at the ends (red, polarizer perpendicular) upon selective DMPOPOP excitation. (b) Antenna system with stopcock molecules as external traps and schematic
representation of a stopcock at the end of a zeolite L channel. The stopcock consists of a head, a spacer, and a label. (c) Energy transfer (EnT) from a photonic antenna to
a semiconductor, creating an electron-hole pair in the semiconductor (radiationless near-field process). Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with

permission [218].
5. Supramolecular materials for storage and logic

Molecular materials, which can be switched between at least
two stable forms, have been considered as potentially promising
candidates for information storage, as well as logic components
for over half a century. Their small size and inherent redox and
optical properties offer a means to address and read and write
with small quantities of molecules with low power consumption.
Molecular switches and machines, particularly in solution, have
been the subject of numerous reports, which have been reviewed
extensively [232,233]. Fundamentals for solution-based logic sys-
tems have been established for a range of systems from primary
logic gates, following on from the prototype molecular AND logic
gate [234], to combinatorial circuit analogues including half- and
full-adders and subtractors, multiplexers, demultiplexers, games
as well as many others [235-238]. More recently, some effort has
been devoted to moving beyond incoherent solution-based sys-
tems towards organized host media which may be exploited in
specific future devices, to some extent in analogy to surface etched
silicon surfaces in microelectronics. Incorporation of redox-active
ruthenium and osmium molecules into monolayers at a surface
(glass)-liquid interface, which are responsive to Fe3*, Ce** and
water inputs, is one example of a move in this direction [239]. A
hybrid biological version of this system, also relying on a spec-
troscopic output is a microscale single layer memory based on
virus-semiconductor quantum dot hybrids, the latter typically pre-
senting high quantum yields [240]. Molecular machines, where
movement of a discernable molecular subunit, within a mechan-

ically interlocked molecular ensemble, can be controlled by an
applied stimulus have equally moved from solution to surfaces
[241,242]. For example, this surface localisation was put to work
with a layer of photoswitchable rotaxanes whose hydrophobic-
ity/hydrophilicity was governed by the position of a molecular
ring on a molecular thread, governed by switching intramolec-
ular hydrogen bonding and hence ring thread movements. As
a result, the movement of a macroscopic load, a liquid droplet
under light irradiation was guided through biased Brownian move-
ment [243]. Rotary movement has also been described where
deposition of a supramolecular six-position rotary device, por-
phyrin 41 on a Cu(111) surface leads to the formation of a
regular self-assembled non-covalent nanoporous network with
a single porphyrin on top of each pore. Not being directly on
the surface, an unusual rotary behaviour is measured by STM.
The authors envisage that sufficiently high activation energies to
rotation may lead to technological applications [244]. Molecular
logic elements and switches have also made the step towards
lower dimensional materials. This includes 1D silicon nanowires
decorated with fluorescent logic gates, responsive to ions such
as mercury and protons and which is equally considered com-
patible with silicon-based semiconductor technology [245]. Zero
dimensional metal nanoparticles have also been decorated with
molecular switches as have micrometric latex beads [246,247]. In
the latter system, the combination of multiple molecular logic ele-
ments allows unique labelling of a large population of miniscule
objects of importance for identifying members of a combinatorial
library.
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While defined architectures and strategies have been identified
and optimization is taking place for devices in many of the pre-
vious sections in this overview, the areas of storage and logic has
produced many imaginative and elaborate systems, largely from a
chemical perspective but which have been not been fully tested in
solid-state devices. Indeed, many of the systems which have their
basis in biological/biomimetic systems, or “wet” computation do

not readily lend themselves to integration in solid matrices where
diffusion of chemical inputs is hampered. All-optical photochromic
systems and logic gates in the solid-state have been developed, but
due to a lack of supramolecular interactions are considered beyond
the scope of this article [248-250].

Therefore the range of fully solid-state supermolecule-based
systems under consideration is relatively limited compared to the

Fig. 11. Molecules showing rotational (41 and 42) and translational (43) switching [229,236]. Oxidation of TTF (green subunit) in 42 and 43, when sandwiched between
electrodes, results in reversible switching between two metastable forms of different conductivity [236,237].
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solution-based cousins, and may be considered the least developed
of current sections thereby representing an area for future work.
Most effort in this domain has been dedicated to mechanically
interlocked molecules where submolecular movement, in analogy
to macroscopic counterparts, gives rise to the idea of molecular
machines. Systems based on catenanes (comprising two or more
interlocked molecular rings) and rotaxanes (where linear rather
than rotary movement is noted through movement of a molecular
ring on a molecular thread) have been considered.

A solid state, electronically addressable, bistable [2]catenane-
based molecular switching device was fabricated from a single
monolayer of the [2]catenane 42 (see Fig. 11), anchored
with phospholipid counterions, and sandwiched between an
n-type polycrystalline silicon bottom electrode and a metallic
(Ti/Al:15nm/100nm) top electrode. The langmuir monolayers
were prepared with 1:6 ratio of 42 (PFg)s: Na*DMPA- (1,2-
dimyristoyl-sn-glycero-3-phosphate). Switching is achieved by
oxidizing the electron-rich TTF unit destabilizing the interaction
with the tetracationic ring provoking its movement to the dialkoxy
naphthalene and leading to a detectable change in conductivity. The
device exhibits hysteretic (bistable) current/voltage characteristics,
with the switch being opened at +2V, closed at —2V, and read at
around 0.1V, and has been successfully recycled many times under
ambient conditions [251].

Rotaxanes, considered more promising in the area of switchable
molecular machine-based devices, have come into the fore in sev-
eral recent examples of solid-state devices. An example is shown in
Fig. 11 with 43 [252]. By integrating electrochemically switchable
bistable [2]|rotaxanes into nanowire crossbar arrays, large memory
devices (160 kb) of unprecedented density, estimated at 1011 bits
per cm? were fabricated and operated [252]. In this design, switch-
ing is achieved through similar electrochemically activated events
described for catenane 42 above. Switching is achieved in the rel-
atively small population (ca. 100 molecules) where the orthogonal
bottom (Si 16 nm, 33 nm, p-doped) and top (Ti wire 16 nm, 33 nm
pitch) nanowire electrodes cross. Characterization of the rotaxane
in Langmuir-Blodgett monolayers and in the solid-state devices
gave insightinto the structure of the molecules in the device format.
The relatively high number of identified defects could be isolated
using software coding. The hysteretic changes in tunnelling current
that form the basis of memory device operation resulted directly
from the electromechanical switching process of the bistable
[2]rotaxanes. Directionality is assured by preferential association
of the poly(ethylene glycol) stopper units on the silicon surface.

6. Conclusion

A wealth of solution-based photo- and electroactive molecular
compounds, polymers, machines and devices are known. However,
relatively few of these systems have been integrated into solid-
state devices. Inherent molecular properties and supramolecular
interactions need to address stability and charge migration, which
remain major challenges in the development of different device
architectures including OFET, OLED and OPV. For real progress to
be made in the field of supramolecular material-based electronic
devices, closer work between chemists and laboratories/industries
producing solid-state devices need to be fostered. The successful
transposing of solution behaviour to the solid-sate bodes well for
further solid-state devices based on these as well as other molecule-
based systems.
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