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This article highlights the progress made in the design,
synthesis and study of supramolecular fullerene archi-
tectures that are based upon biomimetic organization
principles. In particular, an overview of hydrogen-
bonding, n—rn stacking, metal-mediated complexation and
electrostatic motifs is given, which have been used to
incorporate fullerenes into well-ordered arrays. Owing to
the presence of fullerenes, as an integrative building
block, the majority of the presented molecular assemblies
exhibit unique and remarkable features. Issues relevant
to electron-donor—electron-acceptor interactions are
considered.

Introduction

In nature both covalently-bonded and self-assembled motifs
are widely spread organization principles that regulate size,
shape and function down to the nanometer scale.! Exceptional
and aesthetical illustrations for the sophistication of this
course are protein shells — including those of the photosyn-
thetic reaction center — with highly complex performances
such as energy storage, protection and transport of inorganic
or organic molecules.” The ability to engineer extended 1D,
2D, or 3D architectures at the molecular level, by modifying
individual chemical building blocks, sparks a very active field.

Unquestionably, the weak molecular interactions, as found
in natural donor—acceptor ensembles, bears a deep fascination
as a superior means to control (i) the organization of photo-
and redox-active components and (ii) their mutual, electronic
coupling. Stimulated by this vision and considering the
significant relevance to natural photosynthetic events, sub-
stantial efforts are devoted to the development of non-covalent
linkages, associating the requisite donor and acceptor.” In light
of all this, self-assembly, molecular recognition and inclusion
phenomena emerged as meaningful assets in devising supra-
molecular architectures. Since the key steps — either spon-
taneous or chemically induced — are often thermodynamically
driven processes, the yields of self-assembled ensembles are
likely to exceed those involving the formation of covalent
bonds.

In principal, a variety of biomimetic methodologies, such as
hydrogen-bonding, m—n stacking, metal-mediated complexa-
tion and electrostatic interactions, are potentially useful pro-
moters to engineer stabilized large arrays.* They all guarantee
to control the integration in donor—acceptor composites and
to achieve predetermined architectures of controlled sizes and
outer-shell structures, with high directionality and selectivity.
A central benefit of these biomimetic motifs is that they are
reversible, and, in contrast to truly covalent bonds, their
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binding energies are highly dependent on the chemical
environment and temperature. Frequently, biomimetic-driven
processes are also composed by templating the host architec-
ture around molecular or ionic guests.

Certainly, one of the major challenges that still lies ahead of
us is to regulate the weak forces, on a molecular basis, which
will dictate, at the end, size and shape in relation to function
of the resulting composite. Can molecular tailoring of,
for example, fullerenes, which are rigid, conformationally
restricted scaffolds, contribute to the induction of completely
different kinds of assemblies? Owing to the spectacular
advances in the chemistry of fullerenes,® remarkable progress
has been made in non-covalently bonded structures, in
solutions and in crystals, which shall be highlighted in this
review. The incentive shall always be the critical perspective
of potential electron-donor—electron-acceptor interactions.

Hydrogen bonding motifs

Hydrogen bonding is recognized as a fundamental means in
defining the 3D structure of chemical and biological systems.’
In fact, among the many biomimetic methodologies only the
hydrogen bonding motif meets the criteria of high direction-
ality and selectivity. Its main limitation is the insufficient
stability. This can be overcome by the presence of an array of
highly directional multiple hydrogen bonds. Multiple hydrogen
bonding, for example, has been successfully applied for the
preparation of very stable complexes in different areas.® A
remarkable stable dimer (K, > 10° M™!) was prepared from
2-ureido-4-pyrimidone derivatives, via a self-complementary
muster of four hydrogen bonds. Alternatively, the combination
with other non-covalent forces — electrostatic or hydrophobic
interactions — emerged to self-organize ensembles with a
much increased stability.

Although fullerenes have been used frequently as a building
block in the preparation of supramolecular systems,” only
recently have a few examples been reported, in which hydrogen
bonding motifs dictate the ensemble arrangement. One of the
first examples, screening the formation of a self-assembled
monolayer (SAM), was carried out by self-assembly of fuller-
enes, endowed with a monobenzo-18-crown-6 ether moiety on
a gold surface (vide infra).'’

More recently, the synthesis of a Cgyp-dimer followed —
Scheme 1. Specifically, a Cgp—dibenzylammonium adduct was
threaded through the cavity of a crown ether macrocycle in
Cgo—dibenzo-24-crown-8.'! In this case, hydrogen bonding
and ion—dipole interactions are responsible for the formation
of the first supramolecular Cgp-dimer. The latter exhibits an
association constant of 970 M~ !. In a similar way, Scheme 2
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Scheme 1 A supramolecular Cgo-dimer; Cgp—dibenzylammonium/Cgo—
dibenzo-24-crown-8.

Scheme 2 A reversible acid-base controlled de-/rethreading process of
a Cgo—dibenzylammonium conjugate and dibenzo-24-crown-8.

illustrates that the Cgp—dibenzylammonium conjugate threads
reversibly through the cavity of dibenzo-24-crown-§ to form
a 1:1 complex with a pseudorotaxane-like geometry (K, =
1.25 x 10* M™Y. Interestingly, when dibenzo-24-crown-8
is complexed to the Cgy—dibenzylammonium conjugate, the
luminescence associated with the catechol rings of the crown
ether was partially quenched.

Slightly different is the approach that we reported on the
synthesis of the first rigid non-covalent Cgg-dimer, in which
both molecular subunits are linked by a self-complementary
array of hydrogen bonding — donor—donor—acceptor—accep-
tor.!? The selected four-point hydrogen motif, based on a
2-ureido-4-pyrimidone moiety guarantees the molecular recog-
nition in solution and leads to a unique non-covalent model
system. In a related Cgp-dimer system, the 2-ureido-4-pyrimi-
done moiety was connected to the Cgy core through a
cyclopropane ring.'?

The electrochemical studies on these Cgp-dimers indicated
that both Cg, moieties are reduced simultaneously. This
observation, in conjunction with the spectroscopic character-
ization, supports the critical notion that there is in the ground
state little, if any, electronic interaction between the individual
Cgo subunits. In the excited state, the singlet excited state of the
Cgo-dimer is subject to an accelerated deactivation, resembling
the trend seen for a covalently bridged Cgy—Cgo molecule.
Upon adding protic solvents — ethanol, trifluoroethanol and
hexafluoroisopropanol — to a CH,Cl, solution, a progressive
enhancement of the fullerene fluorescence was observed,
reaching in the most protic solvent — hexafluoroisopropanol
— a quantum yield similar to that observed for the reference
2',5'-dihydro-1’ H-fulleropyrrolidine. Therefore, photochemical
means bear a great potential, not only to distinguish between a

Scheme 3 A supramolecular Cgp-dimer linked by a self-complementary
array of hydrogen bonding — donor—donor—acceptor—acceptor.

monomer and dimer, but also to monitor the gradual
destruction of the hydrogen bonding motif, which stems
from adding hydrogen bond disrupting solvents, shown in
Scheme 3.

No doubt, hydrogen bonding motifs confer outstanding
benefits for constructing photo- and electroactive donor—
acceptor models. Studies performed with biomimetic model
systems, wherein donor and acceptor molecules are tethered
together non-covalently via hydrogen bonds, have shown that
the electronic coupling through hydrogen bonds may, in fact,
be larger than those mediated by either o- or m-bonding
networks. These findings pave the way for the preparation of
novel Cgo-based donor—acceptor systems, in which the electro-
nic interaction of the Cg core with the electron donor unit will
take place through a well-designed network of hydrogen
bonding.

n-Stack motifs

n-Stacking implements the weak interactions between electron
rich and electron poor aromatic rings. The attractive interac-
tions are hereby proportional to the contact surface area of the
two m-systems and the relative orientation of the two
interacting molecules, which is determined by the electrostatic
repulsions between the two negatively charged m-systems.”
One of the central concepts, reasoning the composition of 3D
fullerene structures, is the introduction of five-membered
(pentagons) rings, which are primarily responsible for their
convex curvature.'* They function like defects in a graphite
structure, which governs the non-planarity of the fullerene’s
n-electronic arrangement. This structural topic also imposes
a number of electronic consequences. Most importantly, they
generate alternating areas of electron-richness and electron-
deficiency in Cgp, which correspond to the hexagon and
pentagon faces, respectively. Overall an anisotropic electron
distribution is thereby created. This is then the basis for
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predetermined interactions with substrates.'®> Depending on the
electronic nature of the substrate the ambivalent structure of
Cgo can adapt and associate by maximizing the electronic/
spatial overlap. Thus, fullerenes exhibit much higher tendencies
to interact with other molecules than what is typically found for
conventional 2D organic molecules.

Concave—convex

Matching a concave surface to the convex shape of Cgq is one
means to gain control over the inherently weak association
between a host moiety and a molecular guest. The synopses of
in-built shape- and size-specific receptor sites are two-fold:
firstly, it ensures the efficient binding. Secondly, it exerts a
major challenge to find the right match. Prominent instances
are nano-sized, bowl-shaped molecules or container molecules
with curved, open-ended cavities, such as cyclodextrins,16
benzotri(benzonorbornadienes),'” calixarenes,'® calixnaphtha-
lenes' and cyclotriveratrylene.?® They all form remarkably
stable composites with fullerenes, which exhibit high guest
selectivity and control of reactivity.

Cyclodextrins

Cyclodextrins — alpha (o), beta () and gamma (y) — are rigid,
cyclic oligosaccharides with well-defined hydrophobic cav-
ities.'® Considering the right balance between cavity radius and
fullerene size leads to the assumption that y-CD should be the
only candidate to host Cgy. Nevertheless, molecular modeling
suggests that a full incorporation — even in the form of a 1:1
complex — is practically impossible to achieve. Despite this
apparent size mismatch, an incorporation of a single Cg
molecule between the cavities of two y-cyclodextrin molecules
— in the form of a 2:1 complex (Scheme4) — has been
postulated and later confirmed. In fact, it produces the most
stable solutions, independent of the method of preparation,
with Cgo concentrations as high as 1.4 x 1072 M.'®

One particular study on Cg—y-CD should be highlighted,
due to its far-reaching significance in employing Cgqo as an
electron acceptor.?! Under anaerobic conditions the singly
reduced Cqo" —y-CD — formed in radiolytic or photolytic
experiments — is quite stable. Variation of the pH, by addition
of acid or base, had a significant impact on the stability and
also on the yield of the diagnostic Cgo" —y-CD absorption
band at 1080 nm.”' A semilogarithmic correlation between
the proton concentration and the intensity of the fullerene
n-radical anion band is observed in anaerobic aqueous
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Scheme 4 Schematic illustration of a y-cyclodextrin—Cgo encapsulate —
in the form of a 2:1 complex.
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solutions. This observation has been ascribed to a reversible
protonation of Cg' —y-CD to afford CqH —y-CD. Experi-
mental proof for this assumption was brought forward by the
fact that the 1080 nm absorption, in an alkaline solution
(pH 10), diminished upon acidifying (pH 3) and was completely
restored upon subsequent addition of base (pH 10). The
reversible protonation process gives rise to a pK, of 4.5.

Calixarenes

Unlike the aforementioned class of containers, the structures of
calixarenes'® allow for some more structural flexibility, which
plays a considerable part in their affinity to bind Cg. Support
for this view was lent from a comparison of the optical-active
modes in the vibrational spectrum of the Cgo—p-tBu-calix[8]-
arene complex with those of the empty p-rBu-calix[8]arene.>
Also C-NMR signals suggest complexation-induced confor-
mational changes of the calixarene host: a two-winged or
alternate conformation, with the 1 and 5 phenolic units “out”
and “down”, is most likely present.”®> Typical association
constants for Cgp—calixarenes ensembles in toluene range
between 35 M~ ! for p-rBu-hexahomooxacalix[3]arene** and
1.66 x 10* M~! for octamethoxy-p-rBu-calix[8]arene.'®"

A more detailed examination with calix[4]arene, homo-
oxacalix[3]arene, calix[S]arene, calix[6]arene and calix[8]arene
in toluene supports the fact that only those calix[r]arenes can
include Cgo, that hold a well-preorganized cone cavity.>*>* Just
homooxacalix[3Jarene (K = 35 + 5 M 1), calix[5]arene (K =
330 + 10 M~ 1) and calix[6]arene (K = 87 + 5 M~ !) meet this
requirements, that is, a cone configuration and a benzene ring
inclination suitable for a multi-point interaction with Cgg. This
is illustrated in Scheme 5.

Inclination of the benzene rings and cavity of the molecular
hosts are not the sole factors regulating the binding affinity, a
similarly strong impact was noted upon varying temperature
and/or solvent. Increasing the temperature from 294 to 315 K
led to smaller binding constants, with differences as large as
two orders of magnitude.'®” As far as the medium is concerned,
benzene and toluene are generally found to yield the highest
association constants, while variations of up to 10 were found
in CS,, CCly, o-dichlorobenzene and o-xylene.'3¢¢" Thus, the
association strength increases with decreasing the overall
solubility of Cgp, reflecting the competition between complex
formation and solvation of the guest. In general the binding
affinity for Cg is larger than for C,g, with the actual difference
depending largely on the aforementioned factors: host cavity,
solvent and temperature.

Quite interestingly, the intensity of the narrow and broad
line width of the EPR signals decreased, when Cgo'~ was
electrochemically generated in the presence of the complexing
p-benzylcalix[5]arene.?® This indicates that the n—n interactions
were sufficiently strong to alter the EPR signals of Cgy"~

One of the water soluble complexes, namely, Cgo—homo-
oxocalix[3]arene was subject to fluorescence and transient
absorption measurements in aqueous media, following visi-
ble light excitation.””-*® Very dramatic effects were noted in
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Scheme 5 Interaction of calix[4]arene, calix[S]arene and homooxaca-
lix[3]arene with Cg, only calix[S]arene and homooxacalix[3]arene can
provide a benzene ring inclination suitable to bind Cy.



Scheme 6 Schematic illustration of the strictly [2 + 2] addition polymer
of Cgp.

comparison to Cgg benzene and Cqo—y-CD aqueous solutions:
blue-shifted fluorescence (i.e., from 700 nm to 531 nm) and
blue-shifted transient triplet maxima (i.e., from 750 nm to
545 nm) diagnose an electronic perturbation within the Cgo—
homooxocalix[3]arene inclusion complex.

As Cg is particularly prone to co-crystallization with other
molecules, the organization of the co-crystallizing compo-
nents becomes useful for further refinement of the solid-
state morphology.?’ One of the systems, that is, Cg Wwith
p-bromocalix[4]arene propyl ether co-crystallizes in strictly
linear, separated columns. Applying heat and pressure to these
linear columns, the Cgo-bromocalix[4]arene propyl ether
co-crystal transformed into a linear [2 + 2] addition polymer
(Scheme 6), without showing any evidence for notable cross-
linking products. Upon photopolymerization of a pristine Cgq
sample, at least three polymer phases are reported with
characteristics ranging from those of rhombohedral and
orthorhombic to tetragonal phases.’ In retrospect, this elegant
demonstration offers new stimuli in the field of crystal
engineering.

Calixnaphthalenes

Probably, the most important structural disparity between
calixarenes and the closely related calixnaphthalenes is that the
latter are a class of cavitands possessing deeper cavities.!® The
extra fused aromatic rings on each naphthalene unit allow
better contacts between host and guest and deeper penetration
of the latter. This effects their complexation properties with
values of 3.0 x 10> M~ ' and 7.08 x 10> M~' for p-rBu-
hexahomotrioxacalix[3]naphthalenes and 7Bu-calix[4]naphtha-
lenes, recognizably larger than for the calixarene analogs. The
binding affinities in the different solvents were opposite to the
trends reported for calixarenes — the binding for calixnaphthal-
enes in CS; is actually higher than in toluene or benzene. A
detailed thermodynamic study reveals that both solvophobic
effects (i.e., a larger number of CS, molecules are displaced
from the cavitand cavity upon Cg, binding) and n—r inter-
actions are cooperative driving forces for the complexation
processes.'*”

Resorcarene

A wider synthetic flexibility is definitely given in the application
of resorcarene-based materials to stabilize Cgo within their
framework.*! In particular, metal ions in conjunction with
multiple units of a dithiocarbamate-resorcarene ligand are
suited to device resorcarene-based nanostructures, whose
geometries can be varied by the choice of metal ions and
their oxidation states. In case of cadmium and zinc, the
resulting trimeric networks (see Scheme 7) were shown to encap-
sulate Cgo with binding constants ranging from 2.9 x 10°M !
to 1.2 x 10° M~ in toluene and slightly larger values in
benzene. The intramolecular distances, separating the opposing
metal centers from each other are on the order of 14.7 A.
Importantly, in a copper-based tetrameric network, in which
four ligands are placed at the apices of a distorted tetrahedron,
distances across the tetrahedron can reach as high as 20.4 A.
In principal, the larger size of the cavity should facilitate the
encapsulation of higher fullerenes as well.

In retrospect, donor-acceptor interactions between the
n-electron rich aromatic rings and the m-electron deficient

Scheme 7 A resorcarene-based host architecture to bind C¢o (M = Cd
or Zn).

domains of Cg, together with van der Waals forces, provide
the major stabilization for the solution complexes. While the
complementary curvature of the interacting species maximizes
the number of intermolecular contacts, formation of these
concave—convex composites are entropically disfavored due to
a more ordered state. The above outlined examples manifest
that a broader applicability of a given nanostructure comes
only at a price of an inferior selectivity. Notably, a mismatch in
size generally results in the spontaneous and irreversible
formation of aggregates, resembling the cluster phenomena
of Cgp in polar and aqueous media (vide infra) or even upon
aging of surfactant-capped Cg, solutions.*> Scattered reports
support this hypothesis. The p-rBu-calix[8]arene complex of
Ceo, for example, exists in a stable configuration only in the
solid state, while upon solubilization it dissociates into the free
components or micelle-like composites with a trimeric cluster
that is surrounded by three host molecules in a double cone
formation.®® Not unexpectedly, aggregation phenomena are
also observed in the Cgg—cyclotriveratrylene case, leading to a
polymeric zigzag array of Cgo in the solid state, each in the
cavity of a cyclotriveratrylene molecule.* It is important to
note that cluster or aggregates are ineffective probes for
photoinduced electron transfer examinations, since the close
packing expedites excited state deactivation processes.

Planar—convex

A fascinating and widely applicable scenario involves the
utilization of strong m—m associations between m-electron rich
macrocycles, in general, and fullerenes as a means to engineer
supramolecular nanoarrays with remarkable photoactive and
magnetic properties.

The first X-ray crystal structure involving a fulleropyrroli-
dine, H,P-C¢o (H,P = free base tetraphenylporphyrin), which
was grown as a chloroform solvate, started this very exciting
field.>> The crystal packing gives way to a clear picture on the
disposition of both moieties.**” An appreciable intermolecular
interaction evolves from an unexpectedly close approach
between Cgg and the porphyrin. The distances of the closest
Ceo C-atoms to the mean plane of the inner core of the
porphyrin are, with values of 2.78 A and 2.79 A, quite short.
In this context, the inter-layer separation in graphite (3.35 A)
and the interfacial porphyrin—porphyrin separations (> 3.2 A)
may be viewed as good reference points. As a consequence, a
new donor—acceptor relationship was formulated, that is,
augmentation of the usual n—7 association by electron donor—
electron acceptor interactions.

Following the remarkable results of the initial work on
H,P-C,>” this aspect was systematically explored in a series
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of MP-Cg, cocrystallates (i.e., MP stands for metallopor-
phyrin).*® Various metal species, ranging from Mn, Co, Ni, Cu,
Zn to Fe, were chosen. Favorable van der Waals attractions
between the convex m-surface of Cgy or C;o and the planar
n-surface of MP, assist in the supramolecular recognition,
overcoming, however, the necessity of matching a concave-
shaped host with a convex-shaped guest structure (vide supra).
Common to all Cgg-based assemblies is that electron rich areas,
namely, carbon atoms at hexagon—hexagon junctions, lic over
the center of the porphyrin ring. C5,, on the other hand, adapts
a configuration that brings the poles of the -ellipsoidal
framework — again carbon atoms located at the intersection
of hexagon faces — into contact with the porphyrin. As a direct
consequence, complexes with unusually short contacts (2.7—
3.0 A), shorter than ordinary van der Waals contacts (3.0—
3.5 A), are formed. This shows that MP-Cy, associative forces
constitute an important organization principle. A wide variety
of crystal structures were found; honeycomb motifs, puckered
graphite-like layers, zigzag-chains and columns.*®

Besides porphyrins, cocrystallites of Cgq were also found
with porphyrazines,’ as another representative of the diverse
family of m-extended macrocyclic complexes.®® They reveal
interesting supramolecular structures: While, for copper(ir) a
Cj;-symmetric sandwich complex of two slightly dished
porphyrazines units enclosing one Cg, was found, nickel(i)
features a non-centrosymmetric 1:1 complex with a strongly
wrapped porphyrazine unit (Scheme 8). Again, strong m—m
associations are believed to promote these remarkable ordering
principles.

In concentrated toluene solutions the following picture
develops. For example, when millimolar concentrations of MP
and Cg are either titrated or spontaneously mixed, '*C- and
"H-NMR studies reveal mutually upfield shifts, which is a clear
indication for the presence of complex formation. Absorption
spectroscopy, on the other hand, proved to be insensitive to
detect appreciable MP—-Cg interactions, which may lead to the
false presumption that the degree of MP—Cg( association might
be weak.

In very dilute solution conditions — micromolar to be exact
— MP-Cg interactions are also inferred on the following
grounds.®® The rate constants for electron transfer from
various MP rm-radical anions (M = Zn, In, Ge, Al, Ga, Sn,
Sb) to Ce are found to be in the range of (1-3) x 10° M 's !,
which corresponds to nearly diffusion-controlled processes.
The lack of dependence, despite the large variation in one-
electron reduction potentials for the examined MPs might
reflect the fact that the investigated MPs and Cgo experience
already electronic interactions in the ground state. Again, no
perturbation of the ground state transitions was detectable.
Truly, the absorption spectrum appears simply as a good
superimposition of the two different components, that is,

Scheme 8 Part of the continuous zigzag chains of n-stacked nickel(ir)
porphyrazine-Cg, cocrystallites.
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Scheme 9 A metalloporphyrin “‘cyclic-dimer” host (i.e., ZnP) to bind
C60; R = (CH2)5 or CHQCEC*CECCH}

MP and Cg, reflecting the data gathered in the millimolar
regime.

Complementary sizes and maximizing the number of points
of interactions are key factors in devising stable fullerene
architectures, at least in the absence of alternative motifs such
as hydrogen bonding, electrostatic and metal coordination.
The control over the competition between host-host, guest—
host and host-host interactions, which is particularly evident in
fullerene chemistry where, for example, Cqo—Cgq interactions
play a major role, is important in determining the structure of
supramolecular ensembles. Thus, following similar incen-
tives, a porphyrin “cyclic-dimer”*® and a porphyrin “jaw”,*!
depicted in Schemes 9 and 10, respectively, were developed.
The electron-rich walls of the porphyrins and their considerable
contact with incumbent Cg, encouraged experiments, and
strong interactions were indeed detected. In both constructs,
discrete van der Waals complexes are realized with a core of
two porphyrins (i.e., PdP (palladium 3-pyridyltriphenylpor-
phyrin)*' or ZnP (zinc biphenyltetrahexylporphyrin)**“) con-
trolling the selective Cgo incorporation.

The close proximity of the MP and Cgy m-systems in the
“cyclic-dimer” and “jaw” gives rise to m-electronic donor—
acceptor interactions, whose effects are detectable in the shifts
of the absorption bands in the spectra of the resulting
composites. In comparison to the model porphyrin systems,
red shifts of the Soret and Q-band transitions, accompanied by
lower extinction coefficients, are consistently observed and
attest to the mutual perturbation of the m-systems. Concomi-
tantly, the chromophore’s emission gives rise to a progressive
quenching after addition of variable Cgo concentrations.

Based on metal-to-fullerene-charge-transfer interactions an
unprecedented high association constant for binding Cgg of
2.4 x 10" M~ ! was reported for the “cyclic-dimer”.**” Notably
weaker is, however, the interaction between the two PdP in the

Ar
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—
N
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Scheme 10 A metalloporphyrin “jaw’ (i.e., PdP) to bind Cgp.



Scheme 11 Self assembly of a ZnP(4)-(RuP), box.

porphyrin “jaw”, for which an association constant of 7 x
10> M~! was determined. The difference in association rates
can be rationalized in terms of the flexible framework of
the “cyclic-dimer”, which ensures perfect encapsulation. For
example, X-ray crystallographic measurements reveal in the
Ceo-“‘cyclic-dimer” complex shortest zinc—carbon distances of
2.765 and 2.918 A, notably shorter than the sum of the van der
Waals radii (3.09 A). In addition, the hexamethylene spacers
are folded and the ZnP’s planarity is slightly distorted to
maximize the m-overlap with the convex Cgo surface. Upon
precluding the flexibility, by using a rigid diacetylenic spacer
instead of the hexamethylene spacer, no complex association
was found at all.

To ensure strong association constants in combination with
well-defined geometries, a multi-point interaction approach
was described in the form of a self-assembled porphyrin “box”
(i.e., four side wall ruthenium porphyrins, RuP, and one central
zinc porphyrin, ZnP) — Scheme 11.** The large area of contact
should in principle lead to diminished Cgy—Cg interactions and
indeed this was found to be the case. It was demonstrated that
these systems are useful for expediting the supramolecular
interactions of the porphyrins with a suitable Cgo electron
acceptor at the molecular level. Furthermore the systematic
variation of the geometry, namely, straight versus tilted
facilitated or hindered the incorporation of a 3D Cgy moiety
into an ensemble, constituted by 4 side-wall RuP and 1 central
ZnP. The assignments are based, in large, on a detailed
photophysical investigation, especially focusing on the steady-
state emission of the ZnP (i.e., fluorescence) and the RuP (i.e.,
phosphorescence).

A different approach towards supramolecular nanoarchi-
tectures is the use of polybenzyl ether dendrimers that complex
Cgo within the interior core.** A meso-tetraphenylporphyrin
core provides a correctly sized space for Cgq inclusion. The
expected decrease of the Soret-band was seen in the presence of
Cgo, but without the obligatory red-shift of the transition.
Based on the poor solubility, determination of the association
constant could not be performed. However, comparing the
different dendrimer generations gave rise to the following
conclusions: Firstly, the dendritic branches are crucial to
provide the important complexation. Secondly, Cg is in the
close vicinity of the meso-tetraphenylporphyrin core.**

In conclusion, the utilization of topological controlled n—mn
associations between Cgy and metalloporphyrins constitute an

important organization principle: whenever affirmed by the
molecular topology of the system, these moieties give rise to
selective supramolecular interactions. Since the resulting
ensembles have a truly noncovalent character they mimic
well-arranged organic pigments (i.e., light harvesting antenna
ensemble and photosynthetic reaction center (PRC)) and other
cofactors.

Convex—convex

An agonizing feature of pristine Cgy is that this carbon
allotrope proves to be virtually insoluble in aqueous environ-
ments. In fact, aggregation/clustering transforms the convex
spheres in polar solvents into hierarchical mesoscopic struc-
tures.* ' A fundamental and imperative challenge is to gain
control over the cluster size, which has led to two different
strategies. The first one implements the rapid injection of a
polar — non-fullerene-like — solvent (i.e., acetonitrile or
water) into a non-polar solution of the respective Cgg, C7o, etc.
(i.e., toluene or THF).*>* In an alternative approach, a
dispersion of a hydrophobic fullerene sample, which carries,
for example, a hydrophilic ammonium group in distilled and
filtered water or acetone was immersed in an ultrasonic bath
for several time intervals.> >

Clusters in polar solutions

In accord with the first approach, Cgo- and Cyo-clusters were
generated in a room temperature toluene—acetonitrile solvent
mixture.* Solvatochromic changes served as good indicators
for cluster formation. In the case of C,, the color changed
from orange to reddish purple, while Cgp-clusters exhibited a
brownish yellow color. The latter is strikingly different from
the magenta solution of a Cgg-monomer. After all, decreasing
the acetonitrile composition changes the solution color and
absorption spectrum back to those of the corresponding
monomers. Photon correlated spectroscopy of quasi-elastic
light scattering showed that the average size of the clusters is
186 nm for C,, while for Cgq they fall in the relatively wide
range of 140 to 270 nm. The large variation of the Cgp-cluster
sizes were correlated with the initial Cgy concentration (5.0 x
107°-1.0 x 10~* M) and the toluene—acetonitrile composition
(40-90%). All cluster suspensions are stable, showing no sign of
precipitation over time.

Using water as an additive to THF solutions of Cgy and Cyy,
fairly monodisperse clusters are observed, whose diameters
agree well with the average hydrodynamic diameter obtained
by dynamic light scattering.*® In particularly, values of
62.8 nm for Cgy and 63.0 nm for C, are significantly smaller
than the values reported previously for fullerene dispersions in
water (i.e., mean diameter of 300 nm) and those in toluene—
acetonitrile (i.e., mean diameter of 300 nm).*’ The electrostatic
repulsion between the similarly charged clusters is believed to
be important for the stability of the dispersions.*®

Importantly, photophysical examinations of 270 nm large
Cgo-clusters in ethanol® reveal that the triplet excited state
decays rapidly within 50 ns after the laser pulse, corroborating
data recorded with, for example, an amphiphilic N, N-dimethyl-
fulleropyrrolidinium in aqueous media.’® The lifetime of the
triplet excited state is very sensitive to the environment and
in closely packed clusters becomes subject to an efficient
triplet-triplet annihilation. As a reference point, the mono-
meric analogue, either surfactant capped or dissolved in an
organic solvent, gives rise to lifetimes of several tens to a
hundred of microseconds.

Relatively large clusters were also generated from 1,2,5-
triphenylfulleropyrrolidine in toluene—acetonitrile (1:3 v/v).%!
The mean diameter is 180 nm, as derived from dynamic
light scattering. Surprisingly, electron transfer quenching
rates of the triplet excited state (t = 2 ps) with ferrocene,
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N-methylphenothiazine and N, N-dimethyl-p-anisidine were
found to be several orders of magnitude faster than that of
the monomeric analogue, which are in the range of diffusion-
controlled limits. This is attributed to the entrapment of donor
molecules within the porous cluster network. Forces stemming
from the hydrophobicity of the N-methylphenothiazine donor
are also likely to expedite the electron-transfer interaction.
Similarly, a mean diameter of ~170 nm was found for Cgy—
aniline clusters in toluene—acetonitrile (1:3 v/v).>> For photo-
voltaic applications these Cgp—aniline clusters were deposited
on nanostructured SnO, electrodes under an electric field.>* At
low applied DC voltages (i.e., < 5 V) Cgo-aniline clusters
in toluene-acetonitrile (1:3 v/v) grow in size from 160 nm
to ~200 nm, while at higher voltages (i.e., 50 V) they are
deposited onto the electrode as thin films.>* The resulting
nanostructured films reveal relatively large photocurrents with
a photoconversion efficiency of 3-4%, when employed as
photoanodes in photoelectrochemical cells.

17 nm sized, globular particles, by far the smallest spheres
detected so far, were seen by AFM and dynamic light scattering
measurements upon addition of water to a THF solution of
a potassium salt of pentaphenylated Cg, (PhsCgK).>* The
resulting anion, PhsCg, ™, associates into spherical bilayers.

Clusters upon sonication

The first report on ultrasonication appeared in the context of
treating a N, N-dimethylfulleropyrrolidinium salt in an aqueous
solution.’” Representative TEM images clearly reveal perfectly
round shapes. The spheres have very similar sizes, with
diameters ranging from 10 to 70 nm and wall thicknesses of
3-6 nm. Even larger spherical objects, with mean diameters
between 500 nm and 1.2 pum (Fig. 1), were formed upon
sonicating a dispersion of a fulleropyrrolidine, in which an
ethylammonium group is linked to the pyrrolidine’s nitrogen.>®
In other words, placing the positive charge at a larger distance
relative to the hydrophobic Cgo core increases the size of the
spheres.

An azafullerene, (Cs9N),, and its ultrasonication in acetone
also led to a spherical morphology.>® SEM and TEM confirm
that the majority of the sample is in the form of essentially
perfect spherical particles that are hollow. They tend to cluster
together into quasi-linear assemblies through interconnecting
surfaces. As a general feature, the sizes of these azafullerene
clusters vary dramatically between 1 and 10 um.

Finally, intermediately sized spheres were found, when a
fulleropyrrolidine ammonium chloride solution of chloroben-
zene methanol (10: 1 v/v) was left at room temperature for a few
days and then dried in vacuo.®® But no sonication was applied
to these samples. TEM images reveal diameters that are in the
range of 80-130 nm, while complementary AFM led to smaller
sizes, 75-95 nm.

In summary, the size of all these spheres falls within a wide
range, which can typically reach from 17 nm to 10 pm. It is

500 nm

Fig. 1 TEM images of the spheres formed by a fulleropyrrolidine
carrying an ethylammonium group.
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therefore clear that the size of the spheres is determined by (i)
the different methods of preparation (i.e., time and type of
sonication, presence of co-solvents, deposition, etc.), (ii) the
hydrophobic area left on the fullerene core (i.e., number and
nature of the functional groups) and (iii) on the side chain
appendage of the fullerene spheroid (ie., balance between
attractive and repulsive forces).

Crown ether complexation motifs

Crown ethers are very simple macrocyclic ligands constituted
of a cyclic array of ether oxygen atoms connected through
carbon atoms which have been successfully used as appealing
hosts in supramolecular chemistry for cations as well as neutral
molecules.

Molecular recognition principles, in the form of crown ether
complexation,®® are the inception for realizing molecularly-
organized thin film assemblies and nanoarchitectures. Most
prominently, self-assembled monolayers (SAM) were success-
fully employed to induce the organization of a Cg derivative —
bearing a crown ether functionality — and an ammonium-
terminated alkanethiolate that was attached irreversibly to a gold
electrode (Scheme 12).!° The determination of the surface cover-
age, as derived on the basis of Osteryoung Square Wave Vol-
tammetry experiments, yielded a value (1.4 x 107'° mol cm™?),
which is well in accord with a fcc closed-packed packing of
Ceo (~1.9 x 107'° mol cm™?). Complementary desorption
experiments confirmed quantitatively the reversibility of this
organization principle. In other words, there is no covalent and
irreversible linkage of the fullerene moiety to the modified
surface. This again substantiated the presence of selective
interactions between the crown ether functionality and the
ammonium terminal group.

Besides exploiting SAM constructs, the potentiality of a
series of fullerene-crown ether conjugates as molecular probes
have been examined in complexation assays with potassium,
sodium, caesium and lithium cations.®* The intriguing
objective was to develop a molecular host that would register
the complexation event through mutual electronic interactions.
Significant perturbations of fullerene’s electronic structure
were, however, only seen when the bound cation was brought
into a position close and tight relative to the Cgq surface. These
requirements were clearly guaranteed in the trans-1-bisadduct
and, to a somewhat lesser extent, in a trans-2- and trans-3-
bisadduct. Placing the crown ether conjugate, on the other
hand, at greater distance from the Cgy surface eliminated the
cation-mediated effects.

In related work, the crown ether conjugate was linked to
photoactive Cgo-TTF donor—acceptor dyads.®*” Due to their
peculiar location — upon complexation of potassium, sodium
and lithium — electronic effects were only exerted onto the
TTF features. In summary, Cq, with its highly delocalized
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Scheme 12 A self-assembled fullerene-crown ether conjugate mono-
layer.
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Scheme 13 Formation of a 1:1 complex between a fullerene-crown
ether conjugate and 3-aminomethyl(2,2,5,5-tetramethylpyrrolindin-1-
oxyl).

n-system is not very perceptive for electronically induced
changes, unless the electroactive probe is placed in close
proximity to ensure strong coupling. Illustrations are found in
the following donor—acceptor dyads: Fc-CsoN, n-stack ZnP—
C6(), n-stack H2P7C60, ZI’IPC*C6() and HzPC7C60 (ZHPC and
H,PC stand for zinc phthalocyanine and metal free phthalo-
cyanine, respectively).** Common to all these ensembles is the
strong coupling between electron donor and electron acceptor
as the only probate promoter for perturbating the fullerene’s
T-system.

In solution, a fullerene-crown ether conjugate, resembling
the basic structure of that used for building SAMs, associates
in form of a 1:1 complex with 3-aminomethyl(2,2,5,5-
tetramethylpyrrolindin-1-oxyl).®> A representation is given in
Scheme 13. Upon photoexcitation with visible light, which
directs the incident light mainly to the fullerene core, a radical—
triplet pair in the quartet excited state has been recorded.
Implicit in this picture are strong electronic interactions
between the triplet excitations — populated upon irradiation
of the associated complex — and an ammonium aminoxyl free
radical. Prior to this fundamental work detection of a radical-
triplet pair in the quartet excited state was limited to molecular
systems, where the radical and triplet precursor were covalently
linked, coordinated or linked to a molecular template.

A supramolecular ZnPc-Cgy dyad (Scheme 14) has been
assembled by threading a dibenzylammonium unit attached to
a fullerene, through the crown ether of an unsymmetrically
substituted phthalocyanine, which contains a dibenzo-24-
crown-8.%° These two components, which both contain
different electroactive subunits, can be assembled in a CHCl3
or CH,Cl, solution by threading of the dibenzylammonium
chain through the dibenzo-24-crown-8 ring, thus forming the
typical stable pseudorotaxane-like complex. The 'H-NMR
spectrum of a 1 : I mixture in CDCl; displays the characteristic
high field shift and splitting of the resonances assigned to the
1,2-dioxybenzene unit. Diagnostic signals for both free and
complexed subunits on the fullerene component were identified
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Scheme 14 A supramolecular ZnPc-Cg dyad; threading of a dibenzyl-
ammonium unit attached to a fullerene through a crown ether of an
unsymmetrically substituted phthalocyanine.

and allowed the determination of the association constant
(Ko = 1.53 x 10*M™").

Metal mediated motifs

The use of metal ions as synthetic templates has been widely
used in supramolecular chemistry as an excellent method
to bring about the organization of a number of reacting
components in order to control the geometry of the product.
Since some metal ions, such as the transition metals, usually
present preferred coordination geometries, changes in metal
ion may have a strong effect on the nature of the templated
product. In the following we will show some of the most
remarkable metal mediated supramolecular structures involv-
ing fullerenes.

Polypyridyl precursors

The use of copper() mediated binding of two separate
bidentate 6,6'-disubstituted 2,2'-bipyridine ligands, which are
attached to an o-quionodimethane derivative of Cgp, was
shown to afford a novel dimeric form of Cgg, separated by an
intervening [Cu(bpy),]* unit.”* Up to now, however, only
electrochemical investigations were performed with Cgo-
[Cu(bpy),] *—Cgo, Which were further complemented by in-situ
ESR-voltammetric experiments. On account of the efficient
and selective formation of copper(i) terpyridines, the corre-
sponding Cgp—2,2":6',2"-terpyridine ligands were also synthe-
sized, which can be viewed as a promising building block for
supramolecular chemistry and nanoscience.®””

More elaborate is the threading of a Cgp-rotaxane system
(Scheme 15), which relies on the copper(1) templated approach,
bearing two Cg’s as end-terminating stoppers.®® In particular,
a three component precursor ensemble — a coordinating ring,
a redox-active copper(i) center and a bisfunctionalized
fragment threaded inside the ring — is reacted with a Cgo-
derivative. Both excited states, the MLCT state of [Cu(phen),]"
and the singlet excited state of Cgp, are substantially quenched.
The outcome of these rapid intramolecular deactivation routes
is, compared to the excited state energies very different in
character and product. For example, deactivation of the
fullerene excited state follows an energy transfer mechanism to
the adjacent [Cu(phen),]". The latter excited state is mainly
quenched by electron transfer to form the charge-separated
radical pair comprising an oxidized metal center, namely,
[Cu(phen),]** and the one-electron reduced fullerene n-radical
anion, Cgp" ™.

In parallel work, the design of bis(phenanthroline) com-
plexes, carrying Cgp-based dendrimers of different complexity,
was pursued.®® Particularly, the successful assembly of 1st, 2nd,
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Scheme 15 A Cyp-rotaxane system.

J. Mater. Chem., 2002, 12, 1978-1992 1985



3rd generations led to dendrimeric peripheries with four, eight
and sixteen Cg moieties, all surrounding a bis(phenanthroline)
copper(1) core, [Cu(phen),]*. In the 3rd generation-based
ensemble, the 16 Cyy moicties create a black box around the
copper(1) complex, shielding it electronically from the environ-
ment. For example, incident light, especially that in the
ultraviolet region, fails to penetrate through the densely packed
Ceo-periphery, and does not reach the copper(i) core. Similarly,
the indirect route, that is, transduction of singlet or triplet
excited state energy from the Cgo-periphery to the core is
unsuccessful. This funnel effect is unlikely to happen, since the
excited states of fullerenes are in general very low, with energies
typically around 1.75 eV and 1.5 eV for the singlet and triplet
manifold, respectively. Thus, an exothermic energy transfer
to the copper(1) MLCT excited state (1.85 eV) is energetically
unrealizable.

More successful — in terms of photoactivity — is the ruthe-
nium() mediated organization of Cgo—bipyridyl (i.e., electron
acceptor) and phenothiazine-bipyridyl (i.e., sacrificial electron
donor) building blocks.” Importantly, the correspondingly
formed ruthenium(ir) complex, [Ru(bpy)s]*", constitutes an
important and widely used redox-active chromophore. To
document this, the high molar absorptivity of [Ru(bpy);]*"
should be considered,”’ whose MLCT transitions at 460 nm
have extinction coefficients on the order of ~10000 M~ cm ™!
relative to ~3000 M~! em™ and ~7000 M~ cm™! for
the MLCT transitions in [Cu(bpy),]* and [Cu(phen),]”
complexes,m’69 respectively. Thus, under ambient conditions,
the photo- and electro-active Cgo—[Ru(bpy)s]*—PTZ triad
ensemble, as displayed in Scheme 16, is readily built. As far
as the reactivity of Ceo[Ru(bpy)s* ~PTZ is concerned,
photoexcitation of the ruthenium(u) chromophore leads to
S*MLCT[Ru(bpy);]**, from which a sequence of short-range
intramolecular electron and charge transfer reactions evolve.
In the final instance, a long-lived charge-separated state,
Ceo’ ~[Ru(bpy);]**—PTZ" ", is formed, which in deoxygenated
dichloromethane exhibits a lifetime of 1290 ns, before
deactivating back to the initial ground state.

Conceptionally, a lot simpler is the organization of Cgy—
[Ru(bpy)s]** dyads by a reaction of suitable Cgo—bipyridyl
precursors, bipyridyl ligands (i.e., in a 1:2 stoichiometry)
and ruthenium(ir) chloride.” Different spacers — androstane,
polyglycol, crown ester and hexapeptide — were employed as
large molecular rulers to separate a Cgo acceptor unit from the
bipyridyl ligand, yielding innovative donor—acceptor ensembles
with diverse topographies.”*““#¥ A common feature of all
these Ceo—[Ru(bpy)s]*" systems is that upon photoexcitation a

O

Scheme 16 A Cgy-[Ru(bpy)s]>*~PTZ triad.
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Scheme 17 Metal (silver(1)) mediated organization of a Cg receptor.

long-lived charge-separated state, Cgo —[Ru(bpy)s]’ " evolves
from an intramolecular electron transfer quenching of the
3*(MLCT) state. Owing to the diverse topologies of these
dyads, the lifetimes of the Cgy —[Ru(bpy)s]’ " turned out to
be quite different. For example, in dichloromethane solutions
the rigidly spaced Cgo-androstane—[Ru(bpy)s]*t and Cego—
hexapeptide—[Ru(bpy)s]* " dyads yield lifetimes of 304 ns and
608 ns, respectively, while no appreciable lifetime was noted for
the flexibly spaced Cgo—polyglycol-[Ru(bpy)s]*" analogue.”
Scheme 17 illustrates the metal-mediated organization of
another intriguing fullerene receptor.”* In particular, silver(r)
complexation holds together two calix[5]arene precursor units
(K, = 5.7 x 10> M™!) — each carrying a bipyridine ligand —
and creates a cavity sufficiently large to bind Cgy and Cy.

Porphyrin precursors

To function efficiently, the donor—acceptor complex by
necessity must be weak enough to enable reversible association
but strong enough to be selective for a given substrate (i.e., zinc
tetraphenylporphyrin — ZnP). The first promising success
was presented in the form of a ZnP-pyridine-Cgy complex, in
which the reversible coordination of a pyridine functionalized
fullerene ligand (pyridine—Cg) to the square-planar zinc center
constitutes a labile but measurable (K, ~ 5 x 10> M
binding motif — Scheme 18.”° Triggered by light, charge-
separation occurs from the excited donor. The weak binding,
that governs the equilibrium between dissociation and

Scheme 18 Reversible coordination of a pyridine functionalized full-
erene ligand (pyridine-Cgp) to the square-planar zinc center (ZnP)
forming ZnP—pyridine—Ceg.



association of the “metal-pyridine” bond, facilitates then the
crucial break-up of ZnP'"—pyridine—Cqy"~. In ZnP—pyridine—
Ceo, the free radical ions — ZnP'"/Cq’~ — live for tens
of microseconds and charge-recombination is limited to an
intermolecular diffusion.

Complexation of pyridine-Cgy to a ruthenium tetraphenyl-
porphyrin (RuP), on the other hand, forms the quite stable
RuP—pyridine-Cg complex.”>? The n-back-bonding strength-
ens the “metal-pyridine” bond relative to the ZnP-pyridine—
Ceo analog, in which the bonding has a weak o-character. As a
consequence, the intramolecular charge-separated RuP"*—
pyridine—Cgy’~ recombines rapidly on the picosecond time
scale (< 4000 ps), since the diffusional splitting of the radical
pair is hindered by the stable “metal-pyridine” bond.

As far as the solid state structure of ZnP-pyridine—Cg is
concerned, its X-ray structure supports several key features.”
Firstly, and, most importantly, the tilting of the Cgy unit
towards the porphyrin is clearly discernable. Secondly, the
edge-to-edge distance, that is, the closest distance between the
porphyrin w-ring carbon and the Cgo carbon of the axially
linked fulleropyrrolidine is 3.51 A. Thirdly, the zinc to axially
coordinated pyridyl nitrogen distance is 2.158 A. Finally, the
center-to-center distance between the porphyrin zinc ion and
Ceois ~9.53 A.

Following principally the same motif, a more linearly aligned
supramolecular architecture was assembled, based on linking a
heterofullerene acceptor (pyridine-CsoN) to the central zinc
atom of a zinc tetra(p-tert-butylphenyl)porphyrin (ZnP)
donor.”® The linear refinement was achieved by attaching the
donor pyridine ring to the CsoN moiety, yielding pyridine—
CsoN, by the Mannich functionalization method of the dimer,
(Cs9N),. The ZnP-pyridine—CsoN adduct is also ideally suited
for devising integrated model systems to transmit and process
solar energy. Depending on the solvent either photoinduced
singlet-singlet energy transfer or electron-transfer was
observed. The latter process takes place in o-dichlorobenzene
as solvent and leads to the corresponding pyridine—CsoN
n-radical anion and ZnP rn-radical cation.

A fascinating modification of the ZnP-pyridine coordination
focuses on the modulation of the donor—-acceptor proximity
by controlling a “tail-on”/“tail-off”” binding mechanism.”” In
this work, the pyridine-Cg, ligand is covalently attached to
the phenyl group of ZnP and the nitrogen of the pyrrolidine
through a flexible chain (Scheme 19). The defined spatial

Scheme 19 Temperature dependent equilibrium between “‘tail-on’/
“tail-off™.

Scheme 20 A linear Cg—ZnP-DABCO-ZnP-Cg stack.

organization is controlled via temperature variation or
replacement of the axial ligand with 3-picoline. As far as
charge-separation rates and efficiencies are concerned in the
“tail-off” status (i.e., ZnP/pyridine—Cgy) both parameters are
slightly changed in comparison with the results of the “tail-on™
status (i.e., ZnP-pyridine—Cgy), suggesting through-space
interactions in the earlier. In line with this assumption falls
the observation that also an acceleration of the charge-
recombination comes to light in the “tail-off”” form.

Ultimately, the objective is to devise linear architectures of
higher complexity, that is, triads, tetrads and pentads. This
was accomplished via the titration of trans-2-ZnP-Cgy with
diazabicyclooctane (DABCO) in non-coordinating media to
avoid competition in the complexation process.” The bidentate
DABCO ligand exhibits a number of noteworthy features, (i) it
forms square pyramidal 1:1- or 2:1-complexes with ZnP in
non-coordinating solvents and (ii) it is also a good electron
donor. An explication is given in Scheme 20. Importantly,
charge-recombination kinetics in the primary building block
(i.e., trans-2-ZnP-Cg), which are deeply in the Marcus inverted
region, indicate that the large —AGcRr® values in non-polar
toluene are advantageous in stabilizing the ZnP'"—Cgy"~
radical pair. Depending on the relative concentrations, namely,
that of DABCO and trans-2-ZnP-Cg, the precursor ZnP-Cg
dyad was transformed step-by-step into DABCO-ZnP-Cgg
(i.e., micromolar concentrations) and Cg—ZnP-DABCO-
ZnP-Cgqy (ie., millimolar concentrations). In these newly
formed ensembles, the lifetimes of the charge-separated states
vary markedly with the ensemble constitution. For example, a
significant improvement is seen upon going from trans-2-
ZnP " —Cg"~ (toluene: T = 619 ps) and DABCO "—ZnP-
Ceo'~ (toluene: T = 1980 ps) to Cgy—ZnP-DABCO" "~ZnP-
Ceo"~ (toluene: © = 2280 ps). In summary, the simple addition
of extra components, which self-assemble to the precursor in a
controlled manner, is an effective mode to gain control over the
charge-recombination rates.

In a different example, regulating the donor-acceptor
separations and orientations was completed by self-assembling
a flexible ZnP-Cgy—ZnP system with DABCO, affording rigid,
confined model ensembles.” The photophysics of the precursor
systems — meta-ZnP-Cgy—ZnP and the more electron-rich
para-ZnP-Cgy~ZnP — are governed by a photoinduced electron
transfer evolving from the ZnP singlet excited state to the
electron accepting fullerene. The resulting ZnP""—Cg,  —ZnP
states decayed on a time scale of a few hundred nanoseconds to
regenerate the ground state. For example, in o-dichlorobenzene
the actual values are 150 ns and 290 ns in the meta-ZnP—Cgy—
ZnP and para-ZnP-Cgy—ZnP isomers, respectively. A threefold
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reactivation of the '*ZnP fluorescence was seen upon addition
of DABCO to toluene or o-dichlorobenzene solutions of meta-
ZnP-Cgy—ZnP or para-ZnP-Cg—ZnP, which also led to a
slow-down of the decay and grow-in kinetics of '*ZnP and
ZnP""—Cg,"~ features, respectively. As a result of the successful
complexation of DABCO to the vacant sites of the two ZnP
(i.e., dz*-orbitals) the donor—acceptor separation is expanded
considerably. In polar o-dichlorobenzene these stable ensem-
bles are subject to a rapid intramolecular electron transfer
to yield long-lived radical pairs with lifetimes close to a
microsecond (~ 700 ns). This unmistakably confirms that the
simple addition of a suitable component leads to a nearly five-
fold improvement of the radical pair stability, besides an
overall higher quantum yield of formation (®). Conversely, in
non-polar toluene energy transfer replaces electron transfer in
deactivating the photoexcited chromophore, '*ZnP, forming,
in the final instance, the fullerene triplet excited state.

Linear arrays are built when larger DABCO-millimolar-
concentrations are added to ZnP-Cg,—ZnP. First, at these
high concentrations precipitation of a poorly soluble oligo-
meric material is observed, which can be re-suspended in
o-dichlorobenzene. It is interesting to note that the lifetime of
the radical pair in these linear structures gives rise to a further
improvement (7.5 ps): a sufficiently fast separation of charges
along the longitudinal axis is probably responsible for this
consequence.

Summarizing, these metal-mediated concept, namely, coor-
dination of a fullerene—pyridine ligand or DABCO by a
macrocyclic m-system are very general and were extended
successfully to zinc complexes of phthalocyanines, porphycenes
and corrphycene macrocycles.”> Interestingly, the binding
strength reveals a close resemblance with the oxidation poten-
tial of the macrocyclic m-system: porphycene > porphyrin.

Electrostatic motifs

The huge amount of fullerene derivatives synthesized in recent
years has resulted in the preparation of modified fullerenes
and fullerene ensembles which are clearly located in the field
of supramolecular chemistry and, particularly, within the
so-called electrostatic binding interactions with a different
range of attractive and repulsive forces.

DNA-based assemblies

The first systematic exploration of electrostatic interaction as
a probate means to bind Cgy — with cationic headgroups — to
a suitable template was reported in binding assays with duplex
DNA 3 In particular, a N, N-dimethylfulleropyrrolidinium salt
and three isomeric fulleropyrrolidines carrying pyridinium

moieties all bind to double stranded DNA with diverse
affinities. Contributions from electrostatic and also hydro-
phobic interactions with the phosphate groups along the DNA
backbone and the DNA grooves, respectively, control the
binding modes. As far as the action of light is concerned, all
derivatives cleaved double stranded DNA under photoirradia-
tion promoted through singlet oxygen. The latter species
evolves as a product of the reaction of triplet excited Cgo with
molecular oxygen. Importantly, preferential binding to the
DNA grooves brings the Cgy photosensitizer closer to the
nucleic bases and enhances the cleavage efficiency.

More recently, a “‘two-handed” Cgo derivative — carrying
two protonated diamine side chains — binds via an electrostatic
interaction to duplex DNA.®!' In addition it condenses and
allows the complexed DNA to be delivered into and transiently
expressed in the target cell. Despite of the intrinsic photo-
activity of Cgg, no differences were noted when the transfection
assays were carried out under ambient light or black light.

Nanonetworks on indium—tin-oxide (ITO) electrodes

The scope of a different work is to devise electrostatically built
nanonetworks that will lead to significant improvements in
energy conversion and transport.3>®* In particular, the
successful construction of photoactive ITO-electrodes was
accomplished based on a layer-by-layer (LBL) approach
(Scheme 21). The strategy, employing donor-linked fullerenes
bearing positively charged functionalities, provides several
advantages: Firstly, and by far the most important, it allows
control over the thickness and composition of the assembled
films at the molecular level. Secondly, it guarantees the specific
alignment and the orientation of the incorporated donor—
acceptor system as a crucial means to facilitate the electron
transfer between adjacent layers. Thirdly, repulsion of equally
charged substrates restricts each assembly procedure to single
layer coverage.

To visualize the electrostatically driven deposition of
poly(styrene-4-sulfonate) (PSS) and Cgp-based materials, as
they were assembled on poly(diallydimethylammonium) chlor-
ide (PDDA) the correspondingly modified ITO electrodes were
imaged by AFM. The morphology of PDDA/PSS/Cg-based
material coatings as observed by AFM is significantly different
from those of PDDA and PDDA/PSS. The surface becomes
uniformly covered with characteristic 2D aggregates, which
assemble in a continuous uniform film. By the repetition of the
deposition sequence, that is the coverage with a layer of PSS
and a layer of fullerene, the LBL stacking of sandwiched
composites was accomplished.

From these results and complementary ellipsometric mea-
surements it was inferred that the Cgp-based materials organize

ITO

Scheme 21 Layer-by-layer (LBL) approach for the construction of photoactive ITO-electrodes.
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onto PSS in an electrostatically directed manner, guaranteeing
the satisfactory and uniform stacking of individually deposited
LBL films. This involves, for example, assembly of the
positively-charged ruthenium(ir)-polypyridyl complex onto
PSS, while for the fulleropyrrolidinium salts just the pyrroli-
dinium group is responsible for the anchoring onto the
PSS template. In all cases, the monolayer coverage creates
a predominantly hydrophobic surface, constituted by 2D
domains of Cg cores. Strong n—m associations, as they prevail
generally between individual fullerene molecules, are then the
driving force for the 1D controlled build-up of another
monolayer on this hydrophobic surface.

Special attention should be directed to an approach, which
aims at controlling the morphology of nanostructured films.3??
In this work, a ferrocene moiety was probed as the electron
donor, connected to a N, N-dimethylfulleropyrrolidinium salt
through a rigid androstane spacer, Cgo—androstane—Fc. A
surprisingly high level of intermolecular organization of Cg—
androstane—Fc was found, when assembled in the LBL films.
While the images taken of PDDA and PDDA/PSS reveal fairly
flat surfaces, after adsorption of the dyad, rod-like super-
structures of 1-3 microns in length appear (Fig. 2). At the same
time, the similarly prepared films from Cgy—oligoethylene—Fc,
connected by a flexible oligoethylene bridge, did not reveal
any intralayer self-organization. Therefore, the rigidity of Cgo—
androstane—Fc leads to their self-assembly in rows due to strong
van der Waals attraction between them.

The photoaction spectra of assembled layers of the N,N-
dimethylfulleropyrrolidinium—ferrocene dyad on ITO track the
absorption spectrum of the N, N-dimethylfulleropyrrolidinium
moiety with a maximum around 375 nm, thereby indicating
that the incorporated dyad retains its basic reactivity as a
photosensitizer. The photocurrent of monolayer coverage
under deoxygenated conditions reveals a three- and ninety-
fold enhancement relative to the earlier investigated full-
eropyrrolidinium salt, and Cgg—oligoethylene-Fc, respectively.
This performance improvement can be attributed to the charge
conductance along the fullerene nanowires and, thus, facilitat-
ing the charge diffusion from the photoactive centers to the
electrodes, due to extensive interpenetration of the layers
leading to multiple contacts between the fullerene nanowires.
Importantly, in oxygenated systems, an additional increase in
the photocurrent is seen. This increase is related to the favored
electron transfer from the photolytically generated fullerene
n-radical anion to molecular oxygen. O,"  acts then as an
electron carrier transferring the charges to the electrode.

A similar strategy has been practised in the construction of
photoactive ITO electrodes via the electrostatic assembly of
fullerol, polyhydroxylated Cgy(OH),, in conjunction with
PDDA, yielding ultrathin multilayer films.®* In particular,
highly uniform, transparent, micrometer-thick Cg(OH), films
were fabricated and characterized by absorption spectroscopy,
ellipsometry and AFM. Following this more general work,
the preparation and characterization of rectifying photovol-
taic heterostructure devices, made of poly(phenylenevinylene)

| ITO electrode |

Scheme 22 Schematic illustration of an electrostatically-driven assem-
bly of a cationic Cgp—(homoocacalix[3]arene) inclusion complex and an
anionic porphyrin polymer.

(PPV) and Cgp, was pursued. In these samples the structures
are bilayer-blocks made of PPV/poly(acrylic acid) (PAA) and
Cgo/poly(allylamine hydrochloride) (PAAH), which serve as
electron donor and electron acceptor, respectively. The
heterojunctions were built from solution via electrostatic
interactions: The electron donor was made of individually
adsorbed monolayers of a charged, nonconjugated form of
PPV and PAA, while alternating monolayers of sulfonated
Ceo and PAAH were fabricated for the electron acceptor.
Low dark currents and high open circuit voltages characterize
the heterojunctions, whose mode of action is based on a
photoinduced electron transfer between PPV and Cg.

Finally, a study should be mentioned that combines two of
the above-discussed motifs, that is, electrostatic and m-stack
motifs: electrostatically-driven assembly of a cationic Cgo—
(homooxacalix[3]arene) inclusion complex and an anionic
porphyrin polymer (Scheme 22).8> The photocurrent flow,
along the porphyrin—Cg—ITO gradient, gives rise to quantum
yield of 21%, which is comparable to the 25% found for a
molecular triad (i.e., Cgo—porphyrin—ferrocene) assembled onto
a gold electrode.

In short, electrostatic assembly has emerged as a viable and
promising means to construct molecular devices such as
photoactive ITO electrodes, which are employable for solar
energy conversion. It was shown that the characteristics of the
photoelectrochemical cell performance depend significantly
upon the architecture of the nanostructured film and on what is
assembled in conjunction with Cg as the acceptor material.

Template motifs

Creation of complex networks from very simple components,
that is, an ionic component (i.e., silver(r) nitrate) and Cg, is

Fig. 2 AFM topography images (1 pm x 1 pm) of (a) PDDA/PSS), (b) PDDA/PSS/Cg—androstane—Fc and (c) of PDDA/PSS/Cg—oligoethylene—Fc.
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reported, which are stable in the presence of air and moisture.®®

The silver nitrate portion forms a zeolite network shaping
rounded cavities that are occupied by Cgy moieties. Impor-
tantly, the silver network encapsulates each Cgg in a fashion
that precludes any movement. Since the silver—carbon distance
(2.213 A) is quite short and the location of the silver ion is
directly over a single carbon atom, n'-coordination is involved
in the cocrystallization process.

The genome of the human immunodeficiency virus (HIV) is
packaged within an unusual conical core particle located-at the
center of the infectious virion.®” The active site of this enzyme is
lined almost exclusively by hydrophobic amino acids, with the
exception of two catalytic aspartic acids. Cgp, on the other
hand, is a template, complementary in many aspects to the
active site. In fact, it was demonstrated that competitive
inhibition precludes inhibitor binding, while C4y — functioning
as a substrate — is bound. As the main driving force behind
this template organization cooperative effects stemming from
non-polar van der Waals and electrostatic interactions are
assumed. Obviously, the hydrophobicity of the non-polar
active site surface and that of the Cg, surface are well balanced.
In addition, salt bridges between the catalytic aspartates of the
active site and a cationic site on the Cg, surface led to an
increased binding affinity.

Summary and outlook

This article has demonstrated the effectiveness of employing
fullerenes in biomimetic strategies for devising thermodynamic
stable but kinetic labile 1D, 2D, or 3D networks. These
strategies (highly directional hydrogen bondings; m-stack
motifs including concave-convex, planar-convex and convex—
convex interactions; crown ether complexation; metal mediated
and electrostatic interactions) provide the means for an evident
trend towards the facile preparation of precise structures never
before accomplished by conventional synthetic chemistry.
The most important aspect in this area is the regulation of
the inherently weak forces seen in biomimetic organization
principles on a molecular basis. In this context, the current
concepts illustrate that relating size and shape to the function
of the resulting composites led to composites with new and
original properties. Unquestionably, the peculiar shape and
unique electronic properties of fullerenes — as stiff molecular
scaffolds — have an important bearing on the design of novel,
well-ordered supramolecular arrays.

Despite some remarkable recent successes, it is clear that the
examples discussed in this Feature Article represent only the
tip of the iceberg. More research in this relatively new area
is needed to fully explore the possibilities offered by these
materials, for example, in the production of active as well as
passive devices. This underlines more than ever the great
need for creative synthetic chemistry, which will ensure that
eventually fullerenes may become an important building block
of future technologies, such as optoelectronics, batteries and
photovoltaics.
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