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ABSTRACT

The present review highlights the recent progresses in the preparation of supramolecular, donor-acceptor
(D-A) porphyrin (Por)- and phthalocyanine (Pc)/carbon nanostructure systems assembled by using non-
covalent interactions such as hydrogen bonding, metal-ligand, cation-crown ether or -1 interactions.
The use of supramolecular interactions as a tool to promote the nanoscopic order of covalently-linked,
Por- or Pc-Cgp fullerene systems over large length scales will also be reviewed. The photophysical analysis

Keywords: of most of the D-A, supramolecular ensembles described will also be presented with the aim of rational-
Carbon nanotubes - . . ) .
Fullerene izing the effect on the photoinduced electron/energy-transfer dynamics of the structural and electronic
Graphene features of these self-assembled systems and the recognition motif(s) used to self-assemble them. For
Molecular photovoltaics some of the supramolecular systems reviewed, their incorporation as active components in photovoltaic
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1. Introduction

The preparation and study of D-A hybrids involving porphyri-
noids, like Pors [1] and Pcs [2], among other, and different allotropes
of carbon such as Cgq fullerene, carbon nanotubes or graphene [3],
represents nowadays an important field of research.

The advantages of combining both types of structures are mul-
tiple. Pors and their synthetic analogues, Pcs, are thermally and
chemically stable compounds which present a rich redox chemistry
that can be easily tuned by the careful choice of the metal atom in
the macrocycles’ cavity and/or by placing adequate substituents at
the macrocycles’ peripheral and/or axial positions. Moreover, these
compounds possess an intense optical absorption in the red/NIR of
the solar spectrum [4], thus representing perfect light-harvesting
systems and ideal components for photovoltaic devices [5]. The
unique physicochemical properties of Pors and Pcs have prompted
the incorporation of these macrocycles in a large number of D-A
systems where their role is (i) to harvest light efficiently and (ii)
once photoexcited, to act as an electron donor for an acceptor moi-
ety [6].

Among the acceptor moieties employed for the preparation
of Por- and Pc-based, D-A ensembles, members of the carbon
nanostructures’ family such as Cgg fullerene, carbon nanotubes or
graphene hold a privileged position. Cgg fullerene possesses excel-
lent electron acceptor properties, which coupled with its small
reorganization energy (A) [7], can give rise, when implemented in
D-A systems, to the formation of very stable radical ion pair species
[8]. Similarly to Cgg, carbon nanotubes also present a high affin-
ity for electrons which, once accepted, can be transported along
their 1-D tubular structure [9]. For these reasons, both, fullerenes
and carbon nanotubes are widely used as acceptor materials in
organic and hybrid solar cells. More recently, graphene, one of
the latest entries in the family of carbon nanostructures and one
of the “rising stars” in the field of nanotechnology [10], has gen-
erated tremendous interest due to its extraordinary physical and
mechanical properties which render it an outstanding material for
electronics, material science and photoconversion systems [11].

Until now, a large variety of covalent and supramolecular sys-
tems based on Pors and/or Pcs and carbon nanostructures have been
described and the photophysical properties of some of these D-A
materials studied both in solution and/or in the solid state as well
as their use as active components in photovoltaic devices [12,13].
When comparing these two constructing approaches (covalent vs.
supramolecular), the use of supramolecular interactions for the
preparation of systems based on Pors/Pcs and carbon nanostruc-
tures present some advantages over the covalent synthesis. This
strategy, in fact, allows to obtain, in a convergent strategy, ther-
modynamically reversible assemblies of these functional entities,
whose stability can be influenced by the careful choice of the
supramolecular interaction(s) used as well as by some external
conditions such as the temperature or the solvent polarity. In this
context, the possibility to control the stability of such supramolec-
ular ensembles could open up to possibility to influence/modulate
some of the physical properties of these systems.

This review highlights recent progress in the preparation of
supramolecular, D-A Por- and Pc/carbon nanostructure systems,
assembled using noncovalent interactions such as hydrogen bond-
ing, metal-ligand, cation-crown ether or m-m interactions. A
section of this review will also be devoted to the use of supramolec-
ular interactions as a tool to promote the nanoscopic order of
covalently-linked, Por- or Pc-Cgg systems over large length scales.
The photophysical analysis of most of the D-A, supramolecu-
lar ensembles described will also be presented with the aim
of rationalizing which effect the structural and electronic fea-
tures of these self-assembled systems have on the photoinduced
electron/energy-transfer dynamics. Special emphasis will be given

to the occurrence of PET processes and the possibility to influence
the lifetime of the resulting CS states as a function of the type
of noncovalent interaction(s) used. For some of the supramolec-
ular systems reviewed, their incorporation as active components
in photovoltaic devices will also be presented.

2. Porphyrin- and phthalocyanine/Cgo supramolecular
systems

Cgo fullerene is one of the acceptor units most employed for
the preparation of noncovalent, D-A systems based on Pcs or Pors,
due to its excellent electron affinity, which converts this spherical
molecule in a perfect molecular component for the construction
of photo- and electroactive systems. The extraordinary electron
acceptor properties of Cgg fullerene [8], coupled with its small reor-
ganization energy (A) and its ability for promoting ultrafast CS
together with very slow CR features, have prompted the incor-
poration of this carbon nanomaterial in a large number of D-A
supramolecular systems based on Pors and Pcs, where PET and solar
energy conversion applications are sought [12b,12¢,12d,12e,13].

In the following section, we will review some representative
examples of such Por- and Pc/Cgg supramolecular ensembles in
which the two active units have been connected through hydrogen
bonding interactions (Section 2.1), cation/crown ether interactions
(Section 2.2) or via axial coordination of Pc or Por macrocycles to Cgg
fullerene covalently-functionalized with one or more coordinating
ligands (Section 2.3).

Due to the limited length of this review, we have not included
in this section any example of Por/Cgg supramolecular complexes,
cages or tweezers assembled using -7 supramolecular interac-
tions as the “only” recognition motif [14] (N. B. to the best of our
knowledge, no discrete Pc/Cgg supramolecular complexes assem-
bled using “exclusively” w—-1 supramolecular interactions have
been reported to date).

2.1. Porphyrin- and phthalocyanine/Cgy supramolecular systems
assembled through hydrogen bonding interaction

The use of hydrogen bonding interactions represents an
interesting “tool” for the preparation of biomimetic, D-A
supramolecular systems based on Pors or Pcs. In such self-
assembled architectures it is possible, by choosing the appropriate
hydrogen bonding motif, to fine-tune the strength of the resulting
supramolecular complex and ultimately to control the electronic
coupling between the donor and acceptor moieties.

Forexample, directional, Watson-Crick hydrogen bonding inter-
actions have been used as a recognition motif for the assembly
of Pc/Cgo (1) [15] or Por/Cgg (2) [16] dyads (Fig. 1). These
supramolecular systems have been prepared by complexation of
a fulleropyrroline bearing a guanosine moiety (3) with cytidine-
substituted Pc 4 (in the case of 1) or Por 5 (in the case of
2). In the case of 4, UV/vis studies revealed that this molecule
undergoes self-assembly as a result of both -1 interactions and
cytidine-macrocycle interactions forming aggregates which can
be disrupted upon addition of the guanosine-substituted fullerene
derivative [17]. Fluorescence studies showed a nonlinear decrease
of the fluorescence intensity of the cytidine-functionalized macro-
cycles 4 and 5 upon addition of fullerene derivative 3, suggesting
that photoinduced intracomplex CS takes place within ensembles 1
and 2. Finally, transient absorption experiments on both ensembles
revealed the formation of radical ion pair species with lifetimes of
2.02 ps (for 2 in dichloromethane) and 3.0ns (for 1 in toluene).
The significantly shortened charge-separated lifetime of 1 with
respect to 2 is probably due to the pronounced coupling between
the Zn(II)Pc macrocycle and Cgg in 1, as corroborated by the larger
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Fig. 1. Molecular structures of Pc/Cgp (1) [15] and Por/Cgo (2) [16] dyads assembled using Watson-Crick hydrogen bonding interactions.

K, of this complex with respect to ensemble 2 (i.e., 2.6 x 106 M~!
vs. 5.1 x 104 M—1),

The PET properties of a Zn(II)Por, /Cgp supramolecular triad con-
stituted by an uracil-substituted Cgg assembled via a “three-point”
hydrogen bonding to a diacetylamidopyridine spacer substituted
at each end with a Zn(II)Por macrocycle have also been inves-
tigated [18]. Picosecond time-resolved emission and nanosecond
transient absorption techniques were employed to characterize the
photogenerated electron transfer products, revealing that, in such
system, the relative position of the Por macrocycles with respect
to the fullerene entity (i.e., near or far) influences the kinetics of
the CS and CR events governed by a though-space electron transfer
mechanism.

“Pure” through-bond electron transfer processes are often dif-
ficult to achieve in self-assembled D-A conjugates. In the large
majority of these systems, in fact, through-space electron trans-
fer mechanisms are also possible due to the flexible nature of
the supramolecular ensembles which could lead to the spatial
approximation of the donor and the acceptor moieties, leading,
in turn, to important consequences on the overall electron trans-
fer process both in terms of excited-state quenching and forward
and back electron transfer dynamics. To solve this problem, rigid,
self-assembled Por/Cgg conjugates held together by complemen-
tary hydrogen bonding interactions have been prepared using an
amidinium-carboxylate (6) [19] or a 2-aminopyridine-carboxylic
acid (7) [20] hydrogen bonding motif (Fig. 2). In such dyads, the
presence of “two-point” hydrogen bonds results in the formation
of stable ensembles which, in the case of 6, present a combina-
tion of hydrogen bonding and electrostatic interactions, can also
self-assemble in highly polar solvents. Beside the formation of ther-
modynamically stable, D-A ensembles, the use of a “two-point”
hydrogen bonding motif in 6 and 7 maintains the donor and the
acceptor units at a fixed distance allowing to prepare ensembles

which present reduced structural flexibility. In such systems, the
two hydrogen bonds ensure an optimal pathway for the motion
of charges and the electronic coupling between both electroactive
units, thus maximizing the through-bond electron transfer dynam-
ics. Detailed spectral and photochemical studies on Por/Cgg dyads
6 and 7 revealed the formation of charge-separated species which
are, generally, longer-lived (i.e., 10 ws in THF for 6 and 20-30 s
in 0-DCB for 7) with respect to their covalently-linked, Por-Cgg
counterparts.

A series of D-A, Por/Cgp systems held together by Hamilton-
receptor-based hydrogen bonding motif have been prepared
through the complexation of either Cgg derivatives containing cya-
nuric acid side chains to Hamilton-receptor substituted Pors [21]
or Hamilton-receptor substituted Cgg derivatives to Pors contain-
ing cyanuric acid side chains such as 8 (Fig. 3) [22]. Both ensemb]es,
in which the Por and Cgg components are connected by six hydro-
gen bonds, form stable 1:1 complexes with K, as high as 10°> M~!
in toluene.

In the former paper [21], a detailed study on the nature of
the Por macrocycle on the deactivation mechanism of the pho-
toexcited state of these Por/Cgy dyads was carried out revealing
the occurrence of either electron (in the case of the Zn(II)Por-
based dyad) or energy (in the case of the Sn(IV)Por-based dyad)
transfer deactivation mechanisms, this latter process due to the
shift of the Por oxidation potential caused by presence of Sn
in the oxidation state of +4. In the latter report [22], the effect
of the nature and length of the spacer between the fullerene
and the cyanuric acid terminal unit on the stabilization of the
photogenerated charge-separated species has been studied sug-
gesting that spacers with good electron transfer properties such
as p-phenylene-vinylene or fluorene (i.e., which have small atten-
uation factor (8) values [23]) facilitate electron transfer along the
supramolecular bridge.

Fig. 2. Molecular structures of supramolecular Por/Cgo dyads 6 [19] and 7 [20] assembled using amidinium-carboxylate (6) or 2-aminopyridine-carboxylic acid (7) hydrogen

bonding interactions.
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Fig. 3. Molecular structure of supramolecular Por/Cgp dyad 8 assembled using a Hamilton-receptor-based hydrogen bonding motif [22].

More recently, a tricomponent supramolecular system (9) com-
posed of a cyanuric acid-substituted Zn(II)Por macrocycle (10),
a PDI unit bearing a Hamilton receptor (11a or 11b), and a
pyridine-substituted Cgg (12) has been prepared by using two com-
plementary supramolecular motifs, namely multipoint hydrogen
bonding and metal-ligand complexation (Fig. 4) [24]. Ensemble 9
isa panchromatically absorbing system in which the Por and the PDI
moieties present a complementary optical absorption. Photophys-
ical studies have showed that, in the case of the supramolecular
dyad Por 10/PDI 11a(b), upon selective photoexcitation of the PDI
moiety, an energy-transfer process occurs from the singlet excited-
state of the PDI to the Zn(II)Por macrocycle. On the other hand,
pyridine-substituted Cgp 12 and Zn(II)Por 10 associate via axial
complexation, leading to D-A system 10/12. Photophysical mea-
surements confirm that, in supramolecular dyad 10/12, an electron
transfer process occurs from the singlet excited-state of Zn(II)Por
10 to the electron accepting fullerene 12. In dyad 10/12, the formed
radical ion pair state decays with a lifetime of 1.0+ 0.1 ns. Finally,
time-resolved measurements on supramolecular PDI/Zn(II)Por/Cgg
triad 9 revealed that the initially occurring energy-transfer trans-
duction from PDI 11a(b) to Zn(II)Por 10 is followed by an electron
transfer process from Zn(II)Por 10 to fullerene 12. From multiwave-
length analyses, the lifetime of the radical ion pair state in 9 - as a
product of a cascade of light induced energy and electron transfer
- was derived as 3.8+ 0.2 ns.

O O
Oy —
N S

o) O
11a(n=0)
b(n=1)

2.2. Porphyrin- and phthalocyanine/Cgo supramolecular systems
assembled through cation/crown ether interaction

The association between cations (i.e., ammonium or alkali metal
ions)and crown ether moieties has also been employed to construct
D-A, Por- and Pc/Cg supramolecular ensembles, leading to systems
which can be reversibly assembled/disassembled.

In 2002, the first report on a series of Pc/Cgo fullerene pseu-
dorotaxane systems assembled via alkylammonium/crown ether
supramolecular interactions (13a-c) appeared (Fig. 5) [25]. The
supramolecular complexes 13a-c consists of a Cgp derivative
(14-PFg ™) bearing a secondary dibenzylammonium moiety which
is treaded into the dibenzo-24-crown-8 cavity of a Pc macrocycle
(15a, b or c¢). The two components 14-PFs~ and 15a, b or c self-
assemble in chloroform solutions in a 1:1 stoichiometry and with a
fairly high K, (1.53 x 10 M~1) as inferred by 'H NMR experiments.

UV/vis titration experiments carried out in dichloromethane
solutions of 15a and an equimolar amount of the fullerene
derivative 14-PF5~ failed to reveal any ground state electronic
communication between the two active units. Similarly, electro-
chemical analysis on the fullerene reduction waves of derivative
14.PFs~ did not show substantial changes upon addition of Pc 15b,
thus suggesting that the formation of the supramolecular complex
does not influence the reduction properties of the fullerene compo-
nent. The lack of ground state electronic interactions between the

Fig. 4. Molecular structure of supramolecular PDI/Zn(II)Por/Cgo triad 9 assembled using a Hamilton-receptor-based hydrogen bonding motif and metal-ligand complexation

[24].
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Fig. 5. Molecular structures of [2]pseudorotaxane Pc/Cgp dyads 13a-c [25] and Pc,/Cgp triad 16 [26].

two components in 13 could be due to the distance between the two
electroactive units, which can adopt several conformations within
the complex as revealed by molecular modeling studies.

With the aim of “forcing” the proximity between Pc and Cgg
while maintaining the same alkylammonium/crown ether recog-
nition motif employed for the preparation of Pc/Cgg dyads 13, a
Pc,/Cgo supramolecular triad (16) was prepared in which the num-
ber of Pc units around the crown ether macrocycle was increased
from one (i.e., 15) to two (i.e., 17) (Fig. 5) [26]. Photophysical stud-
ies on 13 and 16 systems revealed, in both cases, a progressive,
nonlinear quenching of the Zn(II)Pc fluorescence upon addition of
the fullerene derivative 14-PFg~. The fate of the photogenerated Pc
excited-state was unveiled by transient absorption measurements
which showed, for both 13 and 16, the formation of microsecond-
lived radical ion pair states (1.5 and 1.3 s, respectively) as a result
of an efficient intracomplex electron transfer mechanism. It is
worth mentioning that these supramolecular ensembles present
a stabilization of more than two orders of magnitude of their
radical ion pair state lifetimes with respect to covalently-linked
Zn(I)Pc-Cgo conjugates.

A Por/Cgp system (18) has also been assembled through the
complexation of crown ether-substituted Pors and a fullerene func-
tionalized with an alkylammonium cation moiety (Fig. 6) [27]. In
addition to the ammonium/crown ether interactions, intramolec-
ular stacking of the Cgp moiety and the Por unit has been put into

H25C120

=N

H25C120

o)

evidence in 18 by "H NMR and UV/vis studies. Due to this additional
recognition element, the K, for complex 18 (i.e., 3.75 x 10° M~1)
is increased by two orders of magnitude when compared to
K, values found for the complexation of the same ammonium-
substituted fullerene with crown ether derivatives lacking the Por
moiety.

The photophysical properties of a Por/Cgy system (19) also
assembled using alkylammonium/crown ether interactions have
been investigated showing, for this system, reversible switching
between intra- and intermolecular electron transfer dynamics in
response to the presence or absence of potassium ions into the
dyad solution, which ultimately controls the assembly/disassembly
process of the supramolecular conjugate 19 (Fig. 7) [28].

Similarly, a Zn(II)Por/Cgy supramolecular dyad (20) assem-
bled by a using a combination of alkylammonium cation/crown
ether interactions and zinc-pyridine metal-ligand axial coordi-
nation, the so-called “two-point” binding strategy, has also been
prepared (Fig. 7) [29,30]. Photophysical studies on this system
revealed the occurrence of light induced electron transfer from
the singlet excited Por macrocycle to the fullerene moiety, with
a lifetime for the photogenerated CS state (i.e., 210 ns) which could
be increased by attenuating the m-m interactions by the addi-
tion of pyridine to the solution containing dyad 20 (i.e., 500 ns).
This latter observation could be attributed to the increased dis-
tance between the Por and the fullerene entities as a result of

Fig. 6. Supramolecular Por/Cgo hybrid 18 presenting crown ether inclusion and - stacking binding motifs [27].



2458 G. Bottari et al. / Coordination Chemistry Reviews 256 (2012) 2453-2477

19 (X=CH)

Fig. 7. Supramolecular Por/Cgp hybrids presenting a crown ether inclusion binding motif (19) [28] and a combination of metal-ligand axial coordination and crown ether

inclusion binding motifs (20) [29,30].

the coordination of the unsubstituted pyridine which displaces
the Cgp-substituted pyridine from its coordination to the zinc
atom.

PET processes were also observed in Zn(II)Por systems dou-
bly functionalized with crown ether moieties and self-assembled
using a “two-point” binding strategy with fullerene functionalized
with pyridine or alkylammonium cation entities leading to 1:2
Por/(Cgp)2 ensembles [31]. A comparison of the rates of the CS of
this Por/(Cgg ), ensemble with a similar 1:1 Por/Cgg supramolecular
system also assembled using a “two-point” binding strategy sug-

gests that employing a higher number of acceptor entities improves
the electron transfer rates.

More complex, supramolecular ensembles constituted of two
fullerene derivatives containing both a pyridine and a terminal
ammonium moiety and two crown ether-containing Zn(II)Pcs (21)
[32] or Zn(IT)Pors (22) [33] have also been prepared (Fig. 8).

The assembly strategy which leads to the formation of these
tetrads is based on the K*-induced, cofacial stacking of the two
macrocycles and the “two-point” binding of the fullerene deriva-
tives to the Pc or Por macrocycle through both metal-ligand
axial coordination and ammonium/crown ether complexation.

Fig. 8. Molecular structures of Zn(II)Pc2/(Cgo)2 21 [32] and Zn(II)Por,/(Cep )2 22 [33] supramolecular ensembles.
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Both supramolecular tetrads exhibit enhanced electron transfer
properties as inferred by the formation of a charge-separated
state. However, whereas in the case of the Por ensemble 22 the
electron transfer to the fullerene entity occurs from the singlet
excited Zn(II)Por stacked dimer, on the other hand in the case of
21 the radical ion pair product is due to electron injection of the
triplet excited-state of the Zn(II)Pc stacked dimer to Cgo. In this lat-
ter system, the cofacial Pc-Pc stacking plays an important role in
stabilizing the charge-separated state leading to a lifetime of the
radical ion pair of 6.7 ws, a lifetime significantly longer than the
value reported for 22 (i.e., 50 ns). The significant increase in the
lifetime of the CS state in 21 with respect to 22 may result from the
smaller reorganization energy of the electron transfer dynamics for
the more m-expanded Pc macrocycle relative to the Por one.

The supramolecular interactions between a Zn(II)Pc [34] or
a Zn(II)Por [29] macrocycle bearing four crown ether moieties
and two structurally related fulleropyrrolidine derivatives func-
tionalized with an alkylammonium pendant unit have also been
investigated. The presence of several crown ether binding sites
at the macrocycles’ periphery results in the formation of D-A
supramolecular conjugates in which multifullerene species are
in close proximity to the Pc or Por units. Photochemical and
photophysical studies involving steady-state and time-resolved
fluorescence measurements as well as transient absorption tech-
niques were carried out on both the Por- and Pc/multifullerene
ensembles revealing, in both cases, the occurrence of PET from
the singlet excited-state of the macrocycle to the fullerene
unit. The evaluated lifetimes of the radical ion pairs for the
Zn(II)Pc/multifullerene conjugates were hundreds of nanosec-
onds (i.e., 290ns) and are much longer compared to the
Zn(II)Por/multifullerene analogues (i.e., 80 ns), probably due to a
combination of electronic and topological features.

2.3. Porphyrin- and phthalocyanine/Cgo supramolecular systems
assembled via metal-ligand axial coordination

During the past few decades, metal-directed self-assembly
has become an important tool used by chemists to prepare
large and elaborate complex ensembles from structurally sim-
pler components. Moreover, these self-assembled supramolecular
architectures often present large K,’s, approaching, in some cases,
the stabilities observed for the covalent systems.

In this context, several examples of self-assembled, supramolec-
ular D-A systems based on Cgp fullerene functionalized with
pyridine or Im moieties complexing a central metal (zinc, magne-
sium, or ruthenium) of macrocyclic compounds such as Pors, Pcs or
Ncs have been synthesized and studied [12b,12¢,12d,12e].

Supramolecular ensemble 23a constituted by a pyridine-
appended Cgy and Zn(I)TTP was among the first reported
Por-based, D-A system assembled via metal-ligand coordination
interaction (Fig. 9) [35]. The UV/vis and 'H NMR spectral studies
carried out on this system revealed the formation of a 1:1 com-
plex between the donor and acceptor entities. Fluorescence studies
showed an efficient quenching of the Zn(II)Por emission upon axial
coordination of the pyridine-substituted Cgo, whereas free-energy
calculations suggested the possibility for a PET process from the
singlet excited zinc tetrapyrrole moiety to Cgg. Analysis of the
monoexponential fluorescence decay of ensemble 23a upon addi-
tion of the pyridine-substituted Cgg allowed to estimate the rate of
the electron transfer process which was (2.4+0.3) x 108 s~1,

The previous study has been completed by preparing a series of
Por/Cgg systems 23b-d in which the nature of the ligand has been
varied (i.e., pyridine for 23a—c and Im for 23d) as well as the rela-
tive spatial orientation of the Por and Cgg units within the Por/Cgg
ensemble (i.e., using fulleropyrrolidine derivatives bearing an o-
(23b), m- (23a) or p-pyridine (23c) ligand) to investigate how these

a *é \ ,\{
|
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Fig. 9. Structures of supramolecular Zn(II)TTP/Cgp ensembles 23a-d [35,36].

changes would affect the communication between the donor and
the acceptor units (Fig. 9) [36].

For all these compounds, UV/vis, 'TH NMR, mass spectrometry
and computational studies revealed a 1:1 assembly stoichiom-
etry. The determined K; of these complexes followed the
order o-pyridyl <m-pyridyl ~ p-pyridyl < < N-phenyl Im. Ab initio
B3LYP/3-21G(*) methods were used to determine the geometric
and electronic structures of the dyads, demonstrating that the
majority of the HOMO was located on the Zn(II)TPP unit, while
the LUMO was entirely located on the fullerene moiety. Electro-
chemical studies showed weak interactions between the donor
and the acceptor components in the ground state. On the other
hand, photophysical studies (i.e., steady-state and time-resolved
emission as well as transient absorption measurements) demon-
strated significant interactions between the two entities. In 0-DCB,
the main quenching pathway for the 23a-d systems involved CS
from the singlet excited Zn(II)TPP to Cgg. On the contrary, in a coor-
dinating solvent like benzonitrile, intermolecular electron transfer
takes place mainly from the triplet excited Zn(II)TPP macrocycle to
Cgo, thus suggesting that, for such systems, the deactivation path-
way is strongly dependent to the solvent media. In the case of
the Zn(II)TPP/23¢c complex, long charge-separated lifetimes were
observed in polar solvents like THF (~10 ws) or benzonitrile (several
hundreds of microseconds) [37].

In the previous systems, both through-space and through-bond
communication is possible between the Por and the Cgg moieties.
In order to reduce the through-space deactivation channel to a
minimum, a Por/Cgg ensemble (24) was prepared in which a pyri-
dine unit was appended to the nitrogen of the fulleropyrrolidine
(12) (Fig. 10) [38]. In such ensemble, in fact, the linear geometry
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Fig. 10. Molecular structure of Zn(II)TTP/Cgo supramolecular ensemble 24 [38].
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Fig. 11. Molecular structure of Zn(II)TTP/Cgo supramolecular ensemble 25 [39].

presented by dyad 24 hampers any through-space communication
between the Por and Cgg. The K for such Por/Cgg supramolecular
complex was obtained from fluorescence titration experiments in
0-DCB, giving a value of 7.4 x 10* M~!, which was five times smaller
than the one of 23c in the same solvent. These results indicate that
the substitution pattern of the fulleropyrrolidine entity consider-
ably affects the binding strength of the resulting Por/Cgg dyad, being
a parameter that one could use in order to optimize the electron-
and energy-transfer dynamics in such supramolecular systems.
Electrochemical measurements showed a 40 mV positive shift of
the first one-electron reduction of the Cgy moiety upon complexa-
tion to Zn(II)TPP, thus suggesting the occurrence of a ground state
electronic interaction between the Zn(II)TPP macrocycle and Cgp.

A methanofullerene derivative obtained by Bingel-Hirsch reac-
tion and bearing a pyridine residue at the methano bridge has also
been complexed to Zn(II)TTP via metal-ligand interaction lead-
ing to supramolecular ensemble 25 (Fig. 11) [39]. The K, of the
Zn(II)TPP and Cgp components in the 1:1 Zn(II)TTP/Cgg complex was
(3.6+£0.15) x 103 M~! in CgDg solution as determined by 'H NMR
titration, and (3.0 +0.4) x 103 M~ as determined by fluorescence
titrations in toluene. Extremely fast, luminescence quenching of the
Zn(I)TPP moiety was recorded for complex 25 by time-resolved
luminescence spectroscopy and was attributed to efficient energy
transfer from the Por to the Cgg unit.

A supramolecular system based on tetra-tert-butyl Zn(II)Pc and
a pyridine-appended fulleropyrrolidine has also been prepared
(26) and the photophysical properties of the resulting ensemble
studied (Fig. 12) [26]. The coordination constant for this Pc/Cgg
complex was 4.8 x 103 M~1. The weak K; of the complex facilitates,

after photoexcitation of the dyad and rapid intramolecular elec-
tron transfer, the crucial break-up of the radical pair Zn(II)Pc™*/
pyridine-substituted Cgo"~ species into the free radical ions,
Zn(IPc'* and pyridine-substituted Cgp'~, the lifetime of this
radical pair species being governed by a nearly diffusion con-
trolled, intermolecular back electron transfer. By contrast, the much
stronger binding typical of Pc-Cgg covalent systems prevents this
splitting and, hereby, shortens the radical pair lifetime to the
nanoseconds time regime.

A stronger binding was observed for system 27 consisting in an
Im-substituted fulleropyrrolidine axially coordinated to a Zn(II)Nc
(Fig. 12) [40]. Zn(II)Nc was chosen as a sensitizer to extend the
absorption properties of the resulting dyad, whereas Im-appended
fullerene, which present a higher basicity than its pyridine-
functionalized analogue, provided stronger binding between the
two entities. The K, of Zn(I)N¢/Cgo dyad 27 was 6.2 x 104 M1 in
toluene that is an order of magnitude higher than the values for
Zn(II)TPP/Cgo 23d or Zn(II)Pc/Cgp 26. Picosecond transient absorp-
tion measurements on 27 revealed the formation of the radical pair
Zn(II)Nc'*/Cgo”~, which presented rates of CS and quantum yields
of 1.4 x 101%9s~1 and 0.97 in toluene and 8.9 x 10°s~! and 0.96 in
0-DCB, respectively.

Ncs were also complexed with a series of pyridine-appended
fulleropyrrolidines (28, 29 [41] and 30 [42]) bearing a secondary
electron-donor moiety (Fc, N,N-diaminophenyl or pyridine, respec-
tively) (Fig. 13). The binding constants of these systems were
7.4 x10* M~ for Zn(II)Nc/28 and 10.2 x 104 M~ for Zn(II)Nc/29
in 0-DCB, that is slightly higher than that of Zn(II)Nc/Cgo 27 (i.e.,
6.2 x 10 M~1). These binding constant values suggest, considering
that the Im ligand binds strongly to the Zn(II)Nc (vide supra), that
the incorporation of a second electron donor on the pyrrolidine unit
increases the basicity of the pyridyl group which, in turn, facilitates
the axial coordination of the fullerene derivative. In these triads,
photoexcitation of the Zn(II)Nc entity gave rise to an efficient elec-
tron transfer process from the Nc macrocycle to Cgg resulting in the
formation of radical ion pair species with a lifetime of 10-15ns.

One or two secondary Fc, electron-donor units have also been
covalently-connected at the periphery of a Zn(II)Por macrocycle
which has then been complexed to either a pyridine- or Im-
appended fulleropyrrolidine leading to ensembles 31 (Fig. 14) [43].
In the case of the Zn(II)Por-Fc, (n=1 or 2) systems, upon photoex-
citation, efficient electron transfer from the Fc to the singlet excited
Zn(II)Por occurred depending upon the nature of the spacer, result-
ing in the formation of a Fc"*-Zn(Il)Por’~ radical pair species. On

Fig. 12. Molecular structures of Zn(II)Pc/pyridine-substituted Cgp 26 [26] and Zn(II)Nc/Im-substituted Cgp 27 [40].
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Fig. 13. Structures of pyridine-appended Cgo derivatives 28-30 [41,42].

the other hand, upon axial coordination of the fulleropyrrolidines
to the Zn(Il)Por-Fc, (n=1 or 2) system, the formation of a CS state
Fc'*-Zn(I1)Por/Cgp"~ was observed, which proved to be longer-lived
with respect to the uncomplexed Zn(II)Por-Fc, (n=1 or 2) systems.

Fullerene 30 bearing two pyridine entities was also used in order
to complex a covalent Zn(II)Por dimer forming a stable 1:1 com-
plex (Kg =1.8 x 10° M~2) [44]. The large binding constant observed
for the coordination of the Cg bipyridine to the Zn(II)Por dimer is
probably due to the proximity effect of the two Por macrocycles.
Nanosecond transient absorption studies on such supramolecular
complex revealed the occurrence of a charge-separated quench-
ing pathway with a rate of the CR process of ~2 x 108 s=1 at room
temperature in 0-DCB.

Ru(Il)Pcs have also been used in order to prepare Pc/Cgo
supramolecular systems, since they can form stable supramolecular
architectures through metal-ligand coordination of, for exam-
ple, pyridine derivatives which can complex either to one or
both faces of the macrocycle. These features have been exploited
to construct a series of Ru(Il)Pc/Cgg hybrids (32-34) bearing an
orthogonal geometry [45] (Fig. 15). Starting from the tetra-tert-
butylated phthalocyaninato Ru(ll) derivative having a strongly
ligating axial carbonyl moiety at one of the two axial Ru(Il) coordi-
nation sites, dyad 32 and triad 34 were prepared by treatment with
monopyridyl-functionalized Cgg ligand 12 (in order to obtain dyad
32) or with a highly elaborated fulleropyrrolidine ligand bearing
two pyridine units in a trans-1 relative arrangement (in order to
obtain triad 34). Triad 33 was prepared in a similar manner from

the monopyridyl-functionalized Cgg ligand 12 and the tetra-tert-
butylated phthalocyaninato ruthenium(Il) derivative having two
labile, benzonitrile molecules at its axial positions. Electrochemical
experiments on arrays 32-34 showed electronic coupling between
the two electroactive components in the ground state. From the
photophysical point of view, the use of Ru(Il)Pcs rather than
Zn(IN)Pcs, which present a high-lying triplet excited-state, repre-
sents areal benefit. In such systems, in fact, the energy-wasting and
unwanted CR has been successfully reduced by pushing it far into
the Marcus inverted region [7], with radical ion pair state lifetimes
on the order of hundreds of nanoseconds for the monopyridine-
substituted Cgg adducts (i.e., 32 and 33). On the other hand, in
triad 34, which presents a unique hexakis-Cgg functionalization, a
cathodic shift of the reduction potential is observed, which in turn
raises the radical ion pair state energy. Nevertheless, the energy of
the triplet excited-state localized on the Ru(II)Pc is not high enough,
thus offering a rapid deactivation of the radical ion pair state.

Similarly that in the case of Pcs, ruthenium has also been
used as metal atom in Por/Cgy ensembles such as in the case of
the Ru(II)TTP/23¢ supramolecular dyad in which intramolecular
energy transfer has been observed from the photoexcited Ru(Il)Por
unit to the fullerene moiety in toluene. On the other hand, weak
intramolecular electron transfer was occurring in a more polar sol-
vent like benzonitrile [37].

A structurally more complex, supramolecular D-A ensemble
(35) has also been reported (Fig. 16) [46]. Triad 35 is composed
of a Cg fullerene electron acceptor and two Fc electron-donor
units coupled by hydrogen bonds in a rotaxane architecture. Addi-
tionally, 35 presents a Ru(II)TPP(CO) macrocycle coordinated to
a pending pyridyl group present on the fulleropyrrolidine moi-
ety. In such system, the alignment of the photo/electroactive
units along a supramolecular electrochemical gradient promotes
a unidirectional cascade of two consecutive through-space CT pro-
cesses between the three components (i.e., initial formation of the
Por'*/Cgo"~-Fc; species followed by a CT shift reaction leading to
the Por/Cgp"~-Fcy ™ species). Interestingly, the lifetime of the final
CT product of 35 was longer than that of a system analogous to 35
lacking the Fc-substituted macrocycle.

A Mg(II)TTP/Cgp supramolecular systems assembled by
metal-ligand axial coordination of Im-substituted Cgy to a
Mg(II)TTP macrocycle have also been reported [47]. Spec-
troscopic studies on such system revealed the formation
of a 1:1 Mg(II)TTP/Cgy supramolecular complex with a K,

Fig. 14. Structures of supramolecular ensembles 31 [43].
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Fig. 15. Structures of the supramolecular Ru(II)Pc/Cgo dyad 32 and triads 33 and 34 [45].

of (1.5+0.3)x10*M~1. The excited-state features of the
Mg(II)TTP/Cgp ensemble were monitored by steady-state and
time-resolved emission as well as transient absorption techniques,
suggesting the occurrence of a fast and efficient PET process
leading to the formation of a Mg(II)TTP"*/Cgq"~ species.

Catechol ligands have also been used in order to prepare a Pc/Cgg
supramolecular complex in which a catechol-functionalized Cgg
fullerene was axially coordinated to a titanium(IV)Pc [48]. Photo-
physical studies on such complex demonstrated the occurrence of
PET from the photoexcited Pc to the fullerene unit.

Fig. 16. Structure of the Por/Cgo-Fc, rotaxane ensemble 35 [46].

The stability of the charge-separated state in Por/Cgg dyads can
be fine-tuned by varying the distance between the donor and the
acceptor moieties, by increasing the donor strength of the Por
macrocycle, or by enhancing the acceptor features of the fullerene
moiety [49]. This last approach has been employed for the con-
struction of a D-A dyad (36) with improved properties, containing
Cs9N heterofullerene instead of Cgg (Fig. 17). The supramolecu-
lar dyad 36, which possesses a quasi-linear geometry, involves
a heterofullerene acceptor and a Zn(IlI)Por donor connected via
metal-ligand coordination [50].

The fluorescence quenching of Zn(II)Por upon addition of the
heterofullerene as well as the decreasing of its fluorescence lifetime
(0.003) was consistent with the occurrence of a static quench-
ing event. The K, for complex 36 was (9.5+0.3)x 103 M~! in
toluene, and (1.17+0.7) x 10# M~ in 0-DCB that is comparatively

Fig. 17. Molecular structure of Zn(II)Por/CsgN heterofullerene dyad 36 [50].
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37 M=H, or Zn

Fig. 18. Molecular structures of supramolecular Por-Zn(II)Pc/Cgo triads 37 [51].

higher than those obtained for Zn(I[)Por/Cgy 24. Depending on
the solvent, either photoinduced singlet-singlet energy transfer
or electron transfer was observed, the latter process taking place
in 0-DCB, leading to the corresponding charge-separated state
Zn(I)Por"*/CsgN"~.

Covalently-fused, Pc-Por conjugates (37) have been prepared
and complexed to fulleropyrrolidine 12 with the aim of prepar-
ing a D-A system able to harvest light over a broader spectrum
range and to give rise to longer charge-separated lifetimes [51].
In triads 37, a wide range of the solar spectrum was covered due
to the complementary absorption of the Por and Pc components,
whereas direct linkage of these macrocycles gave rise to strong
mutual electronic coupling shifting the majority of the absorption
features into the red region (Fig. 18). Photophysical measure-
ments on Pc-Por/Cgg systems 37, having the fullerene derivative
12 axially coordinated to the Zn(II)Pc macrocycle, revealed that,
upon photoexcitation, intramolecular energy transfer from the Por
tetrapyrrole (either free-base or metallated) to the energetically
lower-lying Zn(II)Pc macrocycle took place. This phenomenon is
followed by an intramolecular CT from the excited Pc to Cgg, leading
to the Por-Zn(II)Pc’*/Cgo’~ radical ion pair species formation. The
deactivation of the transient radical ion pair to the ground state is
then occurring without the formation of any charge shift reaction
which would yield the Por™*-Zn(II)Pc/Cgo"~ species.

Similarly to the case of Por-Zn(II)Pc/Cgg triads 37, a cascade
of light induced energy and electron transfer processes was also
observed for a series of Por-Zn(II)Pc conjugates, where the Pc has
been directly linked to the 3-pyrrolic position of a meso-TTP (free-
base, Zn(II) or Pd(II)) and complexed via metal-ligand interaction
to a N- or C-substituted, pyridine-bearing fulleropyrrolidine [52].

Another elegant approach toward the design of efficient D-A
couples with optimized performance consists in the incorporation
in these structures of a secondary electron donor or acceptor
moiety. In this context, triad system 38 was prepared in which a
fulleropyrrolidine ligand was axially coordinated to a - stacked
Por-Cgg conjugate (Fig. 19) [53]. Photophysical studies showed
that, addition of variable concentrations of the Cgq ligand failed to
show any meaningful effect on the fluorescence quantum yield of
ensemble 38. Indeed, upon generating the Por singlet excited-state,

38

Fig. 19. Molecular structure of the Zn(II)Por-Cgo/Ceo triad 38 [53].

deactivation of the latter occurs mainly via rapid electron transfer
from the Zn(II)TPP entity to the - stacked fullerene, whereas the
competing electron transfer process to the coordinated fullerene
was too slow. However, upon generation of the fullerene singlet
excited-state, a two-step intra- and intermolecular relaxation
process has been detected, resulting in the formation of the
Zn(IDTPP** and Cgo’~ radical pair species which present a larger
lifetime compared to the uncomplexed Por-Cgy dyad.

A similar, mixed covalent-coordinate bonding approach has
been applied for the preparation of ensemble 39 constituted by
two Por electron-donor moieties and one Cgy electron acceptor
(Fig. 20) [54]. Supramolecular triad 39 is composed of a covalently-
linked H,Por-Cgo dyad which is substituted on its fulleropyrrolidine
part with a pyridine unit able to complex a Zn(II)TTP macrocy-
cle. Study of the electrochemical behavior of the uncomplexed,
covalent Por-Cgg dyad in 0-DCB revealed an efficient electron

Ph

39 Ph

Fig. 20. Molecular structure of H,Por-Cgo/Zn(II)TTP supramolecular triad 39 [54].
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Fig. 21. Molecular structures of the supramolecular Zn(II)Por/Cgo systems 40 assembled by a ‘two-point’ binding motif [56].

transfer from the singlet excited HoPor moiety to the covalently-
attached fullerene. Steady-state and time-resolved fluorescence
measurements carried out on triad 39 in 0-DCB showed a significant
quenching of the Zn(II)TPP emission upon addition of the pyridine-
substituted H, Por-Cgg dyad. Interestingly, the presence of a second
donorin atriad 39 accelerates the CS process in 0-DCB with respect
to the uncomplexed H,Por-Cgy dyad.

A triad system structurally similar to 39, in which a pyridine-
substituted Cgp bearing a H,Por macrocycle coordinates to a
Fe(II)TTP unit has also been reported [55]. Time-resolved emission
and nanosecond transient absorption techniques carried out on this
supramolecular triad put into evidence the occurrence of an elec-
tron transfer process, which, as in the case of 39, was influenced by
the presence of a coordinated, electron-donor Fe(IlI)PorCl macro-
cycle. The lifetime of the resulting charge-separated species was
of the order of 20 s as obtained by monitoring the decay of the
H,Por’* species at 620 nm, although a partial overlapping with the
long-living triplet states of the Por was observed at this wavelength.

Supramolecular triads (40) composed of Cgg as primary electron
acceptor, Zn(Il)Por as primary electron donor, and either Fc, N,N-
dimethylaminophenyl (DMA), or N,N-diphenylaminophenyl (DPA)
as a second electron-donor moiety were constructed via a ‘two-
point’ binding motif involving metal-ligand axial coordination and
hydrogen bonding formation (Fig. 21) [56]. Considering that the
oxidation potentials of the second electron-donor moiety follows
the trend: Fc>DMA >DPA, free-energy calculations suggested the
possibility of the occurrence of sequential hole transfer in these
supramolecular triads. Efficient electron transfer from the excited
singlet state of Zn(II)Por to the fullerene entity was observed for all

the triads in 0-DCB. Longer charge-separated states were observed
in the case of a Zn(Il)Por bearing a carboxylic acid compared to a
similar system substituted with an amide group.

A supramolecular triad 41 has been prepared in which a light-
harvesting Bodipy unit is able to transfer its excitation energy
(Aexc =388 or 502 nm) to a covalently-linked energy acceptor Por
unit (Fig. 22) [57]. An efficient electron transfer process from the
photoexcited Por macrocycle to the Im-appended fullerene accep-
tor is then taking place, as demonstrated by steady-state and
time-resolved emission as well as transient absorption measure-
ments, in a system which mimics some of the key events of natural
photosynthesis.

A multiantenna system similar to 41 consisting of four Bod-
ipy units covalently-linked to a central Zn(II)Por unit complexed
to an Im-substituted fullerene has also been prepared and investi-
gated [58]. Photophysical studies on this multicomponent system
revealed the occurrence of an efficient, and ultrafast (28-48 ps),
singlet-singlet energy transfer from the peripheral Bodipy units to
the central Zn(II)Por macrocycle. By increasing the number of Bod-
ipy antenna units, a decrease in the energy-transfer lifetime has
been observed.

A supramolecular system 42 constituted by a Zn(II)Pc
covalently-connected to a Bodipy unit and axially coordinated
to pyridine-substituted Cgy 12 has also been reported (Fig. 23)
[59]. The advantage of such system stems from the complemen-
tary absorption of the UV/vis part of the solar spectrum of the Pc
(Amax =680 nm) and Bodipy (Amax =525 nm). Upon photoexcitation
of 42 at 480 nm, an intramolecular transduction of singlet excited-
state energy occurs from the light-absorbing and energy-donating

Fig. 22. Structure of Bodipy-Zn(II)Por/Cg triad 41 [57].
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Fig.23. Molecular structure of the Bodipy-Zn(II)Pc/Cgo supramolecular triad 42 [59].

Bodipy to the energy-accepting Zn(I[)Pc which then give rise to
an electron transfer process towards the pyridine-substituted Cgq
ligand. Such cascade of processes finally generated a Bodipy-
Zn(I1)Pc’*[Cgo’~ charge-separated species with a lifetime of 39.9 ns.

A supramolecular, tetracomponent system 43 having an Im-
appended Cgo axially coordinated to a SubPc-TPA-Zn(II)Por triad
has also been prepared and studied by steady-state and transient
absorption spectroscopy (Fig. 24) [60]. The rationale behind the
preparation of such complex structure resides in the possibility
to efficiently harvest solar energy due to the increased absorption
cross section provided by the combined action of the SubPc and the
Por macrocycles. In such a system, the donor ability of the Zn(II)Por
unit would be increased by the covalent attachment of an electron
reach TPA entity to its meso position, whereas an electron deficient
SubPc entity, with its high energy singlet state, would act as an
energy transferring antenna unit towards the Zn(II)Por macrocycle.
Electrochemical measurements on43 revealed that the energy level
of the radical ion pair state SubPc-TPA-Zn(II)Por*/Cgo"~ is located
lower than that of the singlet and triplet states of the Zn(II)Por and
the fullerene entities. Interestingly, a slow CR (1.6 x 10° s~ ') and a
long lifetime of the charge-separated state (6.6 jLs) were obtained
in toluene by nanosecond transient measurements.

Recently, several D-A supramolecular systems constituted of
multiple antenna centers have been prepared. Thus, a synthetic

heptad 44 (Fig. 25) featuring a central hexaphenylbenzene unit
substituted with two bis(phenylethynyl)anthracene moieties
that absorb light in the 400-500 nm range, two Bodipy entities
with absorption in the 450-550 and 330-430 nm range and two
Zn(II)Por macrocycles has been prepared [61]. Compound 44 also
comprises a Cgp sphere substituted with two pyridine ligands
which coordinate to the two Por macrocycles via metal-ligand
axial coordination. It was demonstrated that in such system, which
harvests light from the ultraviolet throughout the visible region
up to 650 nm, singlet excitation energy is efficiently funneled from
all four antenna units to the Por moieties. This energy-transfer
process is then followed by electron donation from the excited
Pors to Cgy to generate a charge-separated species which has a
lifetime of 230 ps and an overall quantum yield close to unity.

Complex systems comprising several electron donor and accep-
tor units held together via multiple supramolecular interactions
have also been prepared. In this context, a chiral, helical system 45
consisting in a Por-appended foldamer hydrogen bonded to six chi-
ral, histidine-substituted Cgg units has been reported (Fig. 26) [62].
The formation of 45 results from the cooperation of two discrete,
noncovalent interactions: Zn(II)Por/Im metal-ligand coordination
and Zn(IT)Por/Cgo -1 stacking interactions. At low concentration
of foldamer and fullerene, a 1:6 stoichiometry was observed for 45
as revealed by UV/vis Job plot analysis. Fluorescence studies on 45
and reference compounds constituted of shorter, oligomeric units
revealed that (i) the emission of the Zn(II)Por units are significantly
quenched by the presence of the fullerene guests, and that (ii) the
quenching increases with the elongation of the oligomers, this lat-
ter result supporting the existence of a cooperative effect for the
complexation of the Cg( guests by the Por oligomers. The apparent
K, of complex 45 determined by UV/vis and fluorescence titration
experiments was of the order of 10* M~1.

A similar, multicomponent system (46) consisting in a central
benzene unit surrounded by six Zn(II)Por macrocycle, each of them
coordinating to a pyridine-substituted fulleropyrrolidine moiety
has been reported (Fig. 27) [63]. The aggregation ability of this
system has been demonstrated by UV/vis studies whereas fluores-
cence experiments indicate that the emission of the Por receptors
is strongly quenched by the coordinated fullerene units. Fluores-
cence titration experiments revealed a positive cooperative effect
for the assembly of the Cgp-pyridine derivatives with the poly-
topic Por receptor probably as a result of intramolecular Cgg-Cgg
interactions between the numerous Cgg guests assembled onto the
multi-Zn(IT)Por platform.

More recently, an artificial, photosynthetic model system con-
stituted by a dendritic structure bearing 16 light-harvesting,
Zn(I)Por moieties each of them axially coordinated to a fulleropy-
rrolidine Cgg ligand was also reported [64]. In such supramolecular

Fig. 24. Molecular structure of the SubPc-TPA-Zn(II)Por/Ceo supramolecular tetrad 43 [60].
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Fig. 25. Molecular structure of heptamer 44 [61].

complex, photoexcitation of the Por units leads to an efficient
energy migration between the chromophores followed by a
CS process. The lifetime of the charge-separated state of the
supramolecular complex in benzonitrile and at room temperature
was 0.25 ms, which is one of the longest lifetimes ever reported for
a supramolecular complex based on Por and fullerene.

A larger stabilization of the charge-separated state lifetime
has been observed for a D-A supramolecular ensemble consti-
tuted of multiple, light-harvesting Zn(Il)Por and Cgg units, and
held together by a combination of coordination bond and w-
interactions [65]. The system consists of an oligopeptide bear-
ing various Zn(Il)Por pendant units (i.e., 2, 4 or 8) which are
axially coordinated to fulleropyrrolidine units bearing a pyri-
dine or an Im coordinating ligand. Photophysical studies on these
supramolecular complexes revealed that, upon photostimulation,
energy migration occurs between the Por units followed by a
CS process. For such oligopeptide ensembles, an increase in the
charge-separated lifetimes was observed with increasing num-
ber of the Por macrocycles, obtaining, in the case of the Por
octamer complexed to the Im-substituted fullerene, a lifetime for
the charge-separated state of 0.84 ms in benzonitrile and at room
temperature.

The photovoltaic properties of some Por- or Pc/Cgg supramolec-
ular systems have also been investigated. Thus, for example,
spin-coating a film of a fulleropyrrolidine bearing three pyridyl
groups on a vacuum evaporated layer of Zn(II)Pc resulted in a solar
cell showing better performance than a similar cell obtained by
spin-coating PCBM over a Zn(II)Pc evaporated layer [66]. This result
was rationalized invoking the formation of a supramolecular com-
plex between the trispyridine-substituted Cgg and the Zn(II)Pc at

the bilayer interface, which enhances the CT between the donor and
the acceptor components and, indeed, increases the photovoltaic
performance of the device.

A similar concept has been used in order to prepare a high-
performance, blend-type, parallel tandem solar cell having an
active layer formed by blending three Pc derivatives presenting
different optical band gaps in order to capture a larger fraction
of the solar spectrum and a pyridine-substituted fullerene which
can coordinate to the Zn(II)Pc axial position, thus facilitating an
efficient exciton dissociation and electron transport to the electron-
collecting contact [67].

The photoelectrochemical behavior of an Im-substituted
Cgo self-assembled via metal-ligand axial coordination to an
electrochemically-polymerized Zn(I[)Por film was also investi-
gated [68]. A Zn(Il)Por, bearing four electropolymerizable TPA
substituents was first electropolymerized on the electrode surface
to form a film. Absorption and emission studies carried out on the
film revealed the characteristic absorption and emission features
of the Por macrocycle indicating no significant changes of the -
electron system of the Por moiety in the polymer. Next, successful
immobilization of an Im-substituted Cgg fullerene to the Por units in
the polymer film was achieved via metal-ligand axial coordination
as revealed by cyclic voltammetry studies. Photoelectrochemical
studies on such Por polymer/Cgg ensemble showed a cathodic
photocurrent generation, a result not common for most of the dye-
sensitized photoelectrochemical cells. Moreover, coordination of
the Im-substituted fullerene to the Zn(II)Por film improved the
photocurrent and photovoltage generation of the photoelectro-
chemical cell, showing an IPCE of nearly 2% at the Soret region of
maximum absorption.
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Fig. 26. Molecular structure of helical system 45 assembled through a combination of Por/Im metal-ligand coordination and Zn(II)Por/Cgp -7 stacking interactions [62].

Recently, a supramolecular, D-A system based on Por and Cgg
units self-assembled on a flat, SnO, electrode has also been pre-
pared and used as a photoelectrochemical device (Fig. 28) [69].
In such system, a Pd-mediated stepwise self-assembly of Zn(II)Por
donors ensures the vertical growth of the Por rods on the SnO,
electrode. On the other hand, pyridine-substituted fullerene accep-
tors are infiltrated into the Por linear arrays self-assembling on
the macrocycles through metal-ligand axial coordination and mw-1r
interactions. For such system, the relationship between the film
structure in the device and its photoelectrochemical properties
has been elucidated as a function of the number of donor layers,
obtaining a maximum IPCE value of 21%, which is among the high-
est reported value for vertical arrangements of bicontinuous D-A
arrays on electrodes.

3. Porphyrin- and phthalocyanine-Cgg covalent systems
presenting long-range order

Supramolecular interactions have also been used in order to
assemble covalent Por- or Pc-Cgq fullerene [70] systems over large
length scales. The possibility to self-assemble these covalent, D-A
conjugates is highly desirable since such organization often leads
to an improvement of some of the chemical and physical prop-
erties presented by these self-assembled systems with respect to
their molecularly-dispersed counterparts, an aspect particularly
important especially for molecular photovoltaics and field effect

transistor applications, where the order of both the fullerene and
the donor components in the solid state is a key issue for achieving
high carrier mobilities.

Within the “toolbox” of supramolecular interactions that have
been used to self-assemble covalent Pc-fullerene systems, the
combination of -1 stacking and liquid-crystalline interactions
is particularly attractive because, in appropriately substituted
Pc macrocycles, it allows generation of highly ordered, stacked,
columnar supramolecular ensembles. In this context, few reports
have appeared on the preparation of fully mesogenic Pc-Cgg dyads
[71,73].

In a report by Geerts et al., a series of mesogenic Pc-Cgg
dyads (47a-d) was prepared by an esterification reaction between
unsymmetrically substituted Pcs bearing a terminal alcohol group
and a fullerene derivative bearing a terminal acid moiety (Fig.
29) [71]. The thermotropic properties of these dyads were stud-
ied by POM and DSC revealing the formation of liquid-crystalline
mesophases only in the case of Pc-Cgg ensembles 47c¢,d, suggesting
that a long spacer is needed in order to allow the bulky Cgg moiety
to be accommodated in the columnar mesophase formed by the
stacked Pc macrocycles.

Similarly, a mesogenic Pc-Cgp dyad (48) has been reported
by Torres and co-workers, which consisted of a hexadodecyl-
substituted Zn(II)Pc covalently-connected through a flexible spacer
to a Cgo fullerene via a Bingel-Hirsch cyclopropanation reaction
(Fig. 29) [72]. Also in this case, POM and DSC studies on this dyad
revealed liquid-crystalline behavior of this ensemble between 80
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Fig. 27. Molecular structure of a hexameric Por derivative complexing six, pyridine-substituted Cgo units leading to supramolecular complex 46 [63].

and 180°C. Complementary XRD studies showed that Pc-Cgo dyad
48 adopts a rectangular symmetry within the columnar mesophase
(i.e., Col;), each rectangular unit having a column at its center and
four others at its corners.

More recently, a mesogenic, covalently-linked Zn(II)Pc-Cgg
dyad (49) able to self-assemble giving rise to the formation of
segregated, liquid-crystalline columns was reported (Fig. 29) [73].
The D-A heterojunction structure formed by this Pc-Cgy conjugate
exhibits highly efficient, short-range and long-range charge-
transport properties. Interestingly, when the liquid-crystalline

Pyridine-substituted
Zn(ll)Por

material was heated, an increase of the total charge mobility of
more than five times was observed with respect to the unheated
samples. This phenomenon could be due to a better alignment
of the Zn(II)Pc-Cgg columns within the mesophase upon heating
which may facilitate the charge transport between the Zn(II)Pc-Cgg
columns, thus leading to an improvement of the macroscopic
charge mobilities.

In 2008, the first report on an indirect and easy way to incor-
porate a series of covalent Pc-Cgy dyads into a liquid-crystalline
architecture has appeared [74]. The strategy consisted of blending

Zn(ll)Por
(pyridine),

Pyridine-
substituted Cg,

Sno,

{

Fig. 28. Schematic representation of the Por/Cgp arrays on a SnO, electrode.

Reprinted with permission from Ref. [69].
© 2009 American Chemical Society.
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Fig. 29. Molecular structures of mesogenic Pc-Cgo dyads 47 [71], 48 [72] and 49 [73].

a nonmesogenic Pc-Cgg dyad with a mesogenic, symmetrically
substituted Zn(II)Pc. XRD studies of equimolecular mixtures of
these two Pcs resulted in the formation of hexagonal columnar
mesophases at ~60-70 °Cin which the liquid-crystal columns were
composed of an alternating stack of mesogenic Pc and Pc-Cgg dyad.
The use of blends, in which a mesogen is able to induce mesomor-
phism on a nonmesogenic Pc-based functional material, represents
an interesting strategy for the incorporation of photoactive, D-A
Pc-Cgp systems in a liquid-crystalline architecture.

The formation of long-range ordered, Pc-Cgy nanoensem-
bles formed through a combination of w-m stacking and
hydrophilic-hydrophobic interactions has also been reported using
an amphiphilic Pc-Cgg dyad (50, Fig. 30a) [75]. UV/vis and light-
scattering studies showed that such a D-A conjugate strongly
aggregates when dispersed in water, giving rise to the formation
of uniform, micrometer-long nanorods as revealed by TEM exper-
iments (Fig. 30b). Steady-state and transient absorption studies
demonstrated that the self-organization ability of the amphiphilic
ensemble 50 in water also had a profound influence on the
photophysical properties of these 1-D nano-objects. Particularly,
transient absorption measurements on these nanotubules of 50
revealed the formation of a long-lived photoinduced CT product.
For such a system, an impressive stabilization of more than six
orders of magnitude was observed for the charge-separated life-
time of self-assembled dyad 50 (i.e., 1.4ms) with respect to a
structurally related Pc-Cgp dyad analogous to 50, which lacks the
terminal ammonium unit and which is not able to form nanotubules
(i.e., ~3ns).

Interestingly, similar nanotubular objects with dimensions typ-
ically reaching 30nm in diameter and 500 nm in length were
obtained by dispersing in water an amphiphilic Por-Cg dyad struc-
turally related to 50 [76]. In such system, Por/Por, Por/Cgg, and

a)

Cgo/Ceo interactions are the driving forces of the self-assembly of
this covalent conjugate.

Supramolecular interactions have also been used to promote the
organization of a structurally rigid, covalently-linked Pc-Cgy con-
jugate (51, Fig. 31a) on solid surfaces [77]. Dyad 51 is able, when
drop-casted from toluene solutions, to self-organize on highly
ordered pyrolytic graphite (HOPG) and graphite-like (i.e., graphite
oxide) surfaces giving rise to the formation of micrometer-long
fibers and films as revealed by AFM experiments (Fig. 31b). Conduc-
tive AFM measurements were carried out on such supramolecular
fibers and films in order to address the electrical properties of
these nanostructures obtaining electrical conductivity values as
high as 30 p.A for bias voltages ranging from 0.30 to 0.55 V. Control
experiments revealed that the high electrical conductivity values
observed for this solid-supported, self-assembled Pc-Cgy conju-
gate were strongly related to the supramolecular order of the dyad
within the nanostructures.

The same Pc-Cgp dyad 51 was also able to self-organize by
means of noncovalent interactions on the outer wall of SWCNTs
grown by chemical vapor deposition on a silica surface [78]. In such
a study, the strong affinity of dyad 51 for graphitic surfaces (vide
supra) coupled to the poor affinity of this conjugate for hydrophilic
surfaces such as silica has been exploited in order to promote the
long-range organization of 51 on the curved, 1-D, graphite-like
surface of the SWCNTs.

Self-assembled monolayers (SAMs) of covalently-linked MPor-
Cgo (i.e., M=H, or Zn(Il)) dyads have also been prepared on ITO and
gold surfaces and the photovoltaic properties of these D-A con-
jugates investigated [79,80]. These studies showed that a stable
cathodic photocurrent appears immediately upon light irradiation
(Aexc =430nm) of the HyPor-Cgg SAMs on ITO electrode, whereas
the photocurrent fell down instantly when the irradiation was cut

Fig. 30. a) Molecular structure of Pc-Cgo dyad 50. b) TEM image of the nanotubules formed by dyad 50 in water.

The image in b) is reprinted with permission from Ref. [75].
© 2005 American Chemical Society.
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Fig. 31. a) Molecular structure of Pc-Cgp conjugate 51. b) AFM topographic image of dyad 51 drop-casted on HOPG.
The image in b) is reprinted with permission from Ref. [77].
© 2008 Wiley-VCH.

off. Control experiments showed that the remarkable enhancement
of the photocurrent generation in the Por-Cgg systems was due
(i) to the incorporation of Cgg as an electron acceptor into the Por
SAMs on ITO and (ii) to the well-packed structures of the H,Por-
Cgo molecules in the SAMs with the dyads covering the ITO surface
uniformly as demonstrated by AFM measurements.

4. Porphyrin- and phthalocyanine/carbon nanotube
supramolecular systems

Similarly to fullerenes, carbon nanotubes [9] can also act
as electron acceptor materials when coupled with appropriate
electron-donor dyes. There are two general approaches for the
functionalization of carbon nanotubes: (i) through the use of non-
covalent, - interactions between appropriately functionalized
molecules and the nanotube wall, or (ii) by covalent attachment
of organic molecules to the carbon nanotube open edges or side
walls. While the covalent approach leads to more thermodynami-
cally stable structures, the noncovalent functionalization presents
the advantage that the electronic structure of the nanotube remains
almost unaffected.

In the following section, we will present some representative
examples in which Pors or Pcs have been connected to car-
bon nanotubes using -1 interactions (Section 4.1) or via axial
coordination of these macrocycles to carbon nanotubes covalently-
functionalized with nitrogenated ligands (Section 4.2), giving rise,
in both cases, to the formation of supramolecular, Por- and
Pc/carbon nanotube ensembles.

R R

=N R=0(CgH,)-p-Bu
R | \

-
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R = | /

NNy N O 0

; T (0
R R 52 M= H, O
53 M=Zn

Fig. 32. Molecular structures of Py-substituted Pcs 52 and 53 [82].

4.1. Porphyrin- and phthalocyanine/carbon nanotube
supramolecular systems assembled through m—m interactions

The noncovalent functionalization of pristine carbon nanotubes
with appropriately derivatized, electron-donor chromophores rep-
resents an interesting strategy for the preparation of D-A, carbon
nanotube-based ensembles, since it fully preserves the excel-
lent electronic properties of these tubular nanoobjects. Such
“supramolecular” approach, leading to the immobilization of the
dyes onto the carbon nanotubes sidewall, is highly desirable espe-
cially for application of these carbon nanotube-based materials in
the field of optoelectronics and photovoltaics.

Until now, a variety of supramolecular assemblies based on Pcs
or Pors and SWCNTs have been reported by means of Py/SWCNT
supramolecular interaction, taking advantage of the strong mw-
interactions of Py to the SWCNT sidewalls [81]. In this context, Py-
substituted, free-base (52) and zinc(II) (53) Pcs have been prepared
and their interactions with SWCNTSs probed (Fig. 32) [82].

The formation of stable, 52/SWCNT and 53/SWCNT supramolec-
ular complexes has been demonstrated by means of various
spectroscopic and microscopic techniques. UV/vis and steady-state
fluorescence titration studies carried out on a suspension of SWC-
NTs in THF with HyPc-Py 52 (or Zn(II)Pc-Py 53) solutions revealed
a significant broadening and red-shift of the Pcs Q-band absorp-
tion, as well as an important quenching of the Pcs fluorescence.
The formation of such Pc-Py/SWCNT complexes was also inferred
by the red-shift of the SWCNTs NIR absorption and the quench-
ing and red-shift of the SWCNTs fluorescence, a phenomenon due
to the occurrence of a CT dynamics between the Pc donor and the
SWCNT acceptor moieties as demonstrated by transient absorption
measurements. AFM measurements carried out on Pc-Py/SWCNT
dispersions showed the presence of well-dispersed thin bundles of
SWCNTs, thus suggesting the successful immobilization of the Pc-
Py species onto SWCNTs. The absence of any structural damage
of the nanotube upon the Pc-Py functionalization was demon-
strated by Raman measurements carried out on liquid and solid
samples of Pc-Py/SWCNT which did not show any change in the
G- or D-bands of the SWCNTs with respect to the pristine SWCNT
sample. In order to test the solar energy conversion potential of
such Pc/SWCNT ensembles, Pc-Py/SWCNT thin films have been pre-
pared and their photovoltaic properties investigated. These studies
revealed the formation of stable and reproducible photocurrents
with monochromatic internal photoconversion efficiency values,
for the HyPc-Py/SWCNT hybrid material 52, as large as 23 and 15%,
with and without an applied bias of +0.1V, respectively.

A similar strategy has been used to “anchor” a single-molecule
magnet (SMM) complex - a molecular species that displays
slow dynamics of the magnetization at low temperatures and an
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Fig. 33. Molecular structures of Pc-Por dyads 54 and 55 [84].

impressive array of quantum features — constituted by a heterolep-
tic bis(phthalocyaninato) terbium(IIl) complex bearing a Py unit to
SWCNTs [83]. A combination of characterization techniques such
as TEM, emission spectroscopy, coupled plasma atomic emission
spectroscopy, and AFM were carried out on the SMM/SWCNT
hybrid with a loading of the SMM complex within the supramolec-
ular ensemble of one molecule every 7-8 nm of SWCNT length.
Magnetization studies on such a SMM/SWCNT conjugate revealed
that the SMM behavior of the heteroleptic complex is not only
retained but also improved in the hybrid material.

More recently, a modification of the Pc-Py concept seen above
for the preparation of Pc-Py/SWCNT ensembles has been presented,
in which the Py moiety has been replaced by a Zn(II)TTP (54) or
H,Por (55) unit, linked through its 3-pyrrolic position to a Zn(II)Pc
(Fig. 33) [84]. A first insight on the occurrence of supramolecular
interactions between the Pc-Por dyads and SWCNTs was inferred
by UV/vis titration experiments in which a slight red-shift of both
the Por Soret band and the Pc Q-band was observed upon the addi-
tion of a SWCNT suspension to solutions of 54 or 55. Fluorescence
studies carried out on Pc-Por dyads 54 or 55 alone revealed that,

upon photostimulation of the Por unit at 410 nm, a rapid and effec-
tive energy-transfer process takes place from the Por to the Pc
moiety (i.e., complete quenching of the TPP fluorescence and emis-
sion from the Pc unit). On the other hand, the same experiment
carried out in the presence of a dispersion of SWCNTSs resulted in
a considerable quenching of the Pc emission. These observations
suggest that Pc-Por dyads 54 or 55 interacts strongly with dis-
persed SWCNTs through the Zn(II)Pc moiety, while the interactions
through the Por macrocycle seem to be intrinsically weak, thus
implying a transduction of the singlet excited-state energy from
the TPP to the Pc followed by a CT mechanism to the SWCNTs. This
mechanism was finally confirmed by transient absorption studies,
which revealed a rapid deactivation of the Pc singlet excited-state
and the synchronous appearance of the spectroscopic “finger-
prints” of the Pc radical cation and reduced SWCNT species.

A combination of Py/SWCNT m- stacking and metal-ligand
coordination interactions has also been used for the preparation
of the sophisticated, three-component, supramolecular systems
Zn(I1)Nc/Im-Py/SWCNT 56 or Zn(II)Por/Im-Py/SWCNT 57 (Fig. 34)
[85,86]. Key for the realization of such assemblies is the Im-
substituted Py (Im-Py) compound which acts as a “bridging” unit
for these supramolecular ensembles thanks to the phenylimidazole
moiety which is able to strongly coordinate to the zinc center of the
Nc or Por macrocycles while interacting with the SWCNT surface
through the Py moiety.

Evidences for the formation of Zn(II)Nc/Im-Py/SWCNT or
Zn(II)Por/Im-Py/SWCNT ensembles was supported by absorption
and fluorescence titration studies. The absorption of Zn(II)Nc
or Zn(II)Por upon addition of Im-Py/SWCNT resulted in spectral
changes in which the intensity of the Zn(II)Nc Q-band or Zn(II)Por
Soret band diminished, whereas a quenching and red-shift of the
emission bands of the macrocycles was observed with respect
to the uncomplexed Zn(II)Nc or Zn(II)Por systems. The Zn(II)Nc
and Zn(I)Por compounds were also titrated against a Py/SWCNT
ensemble in which the Py derivative did not have the Im moiety.
In such experiments, the fluorescence quenching of the chro-
mophores was less (i.e., 25%) than that of 56 or 57. This result

Fig. 34. Noncovalent assembly of SWCNT and Zn(II)Nc (56) or Zn(II)Por (57) using an Im-substituted Py bridging compound [85,86].
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suggests that the axial coordination between the zinc metal of
the macrocycles and the Im entity in the bridging Im-Py com-
pound facilitates the nanohybrid formation. Nanosecond transient
absorption spectra carried out on both macrocycle/Im-Py/SWCNT
ensembles revealed that the photoexcitation of the Zn(II)Nc or
Zn(I)Por moiety resulted in the one-electron oxidation of the donor
unit and the simultaneous one-electron reduction of the SWCNT
species, leading to the formation of the charge-separated species
Zn(IINc*/Im-Py/SWCNT'~ and Zn(II)Por’*/Im-Py/SWCNT'~. An
additional proof for the occurrence of photoinduced CS for these
ensembles was obtained by electron-pooling experiments in
which the photogenerated cationic and anionic radical species
SWCNT’~ and macrocycle’™ were used, in solution, to reduce an
electron mediator and oxidize an electron-hole shifter compound,
respectively.

In a similar “two-point” supramolecular approach, a func-
tionalized Py “bridging” compound bearing a cationic, alkyl
ammonium (i.e., Py-NH3*) or an anionic, carboxylate (i.e., Py-
COO0~) moiety was loaded onto SWCNT to form positively charged
Py-NH3*/SWCNT or negatively charged Py-COO~/SWCNT hybrids.
These ionic ensembles were then assembled via ion-pairing inter-
action with unsymmetrically substituted Zn(Il) or HyPors bearing
either anionic, sulfonatophenyl (in the case of Py-NH3*/SWCNT) or
cationic, N-methylpyridyl groups (in the case of Py-COO~/SWCNT),
giving rise to the formation of stable D-A nanohybrids [87].
For such ensembles, the occurrence of a PET process from the
singlet excited-state of the Por macrocycle to the carbon nan-
otube was confirmed by steady-state and time-resolved emission
studies.

A combination of m-m and ammonium-crown ether interac-
tions have also been used to assemble a Zn(I)Por/Py/SWCNT hybrid
(58), constituted by a Por macrocycle peripherally substituted with
four crown ether moieties and a Py “bridging” unit bearing an alkyl
ammonium cation group (Fig. 35) [88]. The presence of four crown
ether moieties on the Por macrocycle able to complex multiple
SWCNT-immobilized, ammonium-substituted Py units led to the
formation of extremely stable supramolecular Zn(II)Por/Py/SWCNT
complexes.

" o C

Fig. 35. Noncovalent assembly of SWCNT and Zn(I[)TTP using an ammonium-
substituted Py bridging compound (58) [88].

More recently, a Zn(II)Por macrocycle covalently-substituted
with four peripheral Py unit (i.e., Zn(II)Por-Py4) has been prepared
and its interaction with (7,6)- and (6,5)-enriched, semicon-
ducting SWCNTs investigated [89]. Transient absorption studies
demonstrated that efficient CS takes place between the singlet
excited-state of the Zn(II)Por and both the (7,6)- and (6,5)-enriched
SWCNTs, as confirmed by the observation of the Zn(II)Por radi-
cal cation species. Interestingly, (7,6)-SWCNTs ensembles resulted
to be slightly better in terms of charge stabilization compared to
the (6,5)-SWCNTs ensembles. Photovoltaic devices were fabricated
using the Zn(II)Por-Py4/SWCNT hybrid. A maximum of 1% of IPCE
was obtained at 420 nm for the (7,6)-SWCNT ensembles, a value
three times larger than that of (6,5)-SWCNT.

D-A, Pc/SWCNT supramolecular hybrids based on a series of
dendritic (i.e., first to third generations), electron-donor H,Pcs have
also been recently reported [90]. In such systems, the dendritic
nature of the oligoethylene-functionalized Pcs as well as their -
extended aromatic surface allow effective interaction of the Pc
core to the surface of the SWCNTs without the requirement of any
Py anchoring group (Fig. 36). In the case of the third-generation-
dendrimer, Pc/SWCNT ensemble, a particularly stable complex was
obtained as demonstrated by a series of optical and microscopy
techniques. Once again, transient absorption studies were carried
out in order to shed light on the fate of the photogenerated prod-
ucts, suggesting the occurrence of a CT process between the Pc and
SWCNT with the formation of the Pc’™* and SWCNT" - species, with
lifetime of about 250 ps. It is interesting to notice that the presence
of dendritic oligoethylene glycol end groups allowed to disperse
SWCNTs both in common organic solvents and in aqueous media.

Poly(p-phenylene vinylene) (PPV) oligomers containing Pc moi-
eties covalently-linked, in the form of pending arms, to the
oligomers backbone have also been prepared (59 and 60) and their
interactions with SWCNTSs studied (Fig. 37)[91]. Several techniques
such as AFM, Raman, UV/vis, and NIR absorption demonstrated
that oligomer 59 affords stable and finely dispersed SWCNTSs’ sus-
pensions, whereas oligomers 60a-c failed to disperse the carbon
nanotubes. A possible explanation for these results resides in the
different electronic character of these two classes of PPV oligomers.
In the case of oligomer 59, the presence of electron-withdrawing
cyano substituents confer to the PPV oligomer a n-type character,
thus favoring strong interactions with SWCNTs, which are p-type
materials. On the contrary, PPV oligomers 60a-c possess a p-type
character that hampers the interactions with SWCNTSs. Transient
absorption measurements carried out on the 56/SWCNT ensemble
revealed the formation of a metastable charge-separated photo-
product.

However, supramolecular interactions have also demonstrated
between SWCNTSs and a long (i.e., 27 repeating units) PPV oligomer
(60d) possessing a p-type character and having the Pc pendant units
connected to the PPV backbone through a long spacer [92]. This

Fig. 36. Schematic representation of the noncovalent assembly of a third-
generation, dendritic Zn(II)Pc onto a SWCNT [90].
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Fig. 37. Molecular structures of Pc-based PPV oligomers 59 and 60 [91].

study suggests that, beside the occurrence of n-type/p-type inter-
actions between the SWCNTs and the Pc-based PPV oligomer, the
structural flexibility of the oligomer also plays an important role.

Por polymers have also been used in order to disperse carbon
nanotubes, as in the case of a conjugated Zn(II)Por polymer (61)
which is able to strongly interact with the surface of SWCNTs,
producing a soluble polymer-SWCNT ensemble (Fig. 38)[93]. More-
over, the interactions between the SWCNT and the Zn(II)Por units
of the polymer result in the planarization and conjugation of the
Por units, as inferred by a 127 nm bathochromic shift of the Por Q-
band absorption from 796 to 923 nm. AFM studies indicated that the
polymer can exfoliate the nanotube bundles and “stitch” multiple
nanotubes together into a series of long, interconnected strands.

Supramolecular interactions between SWCNTs and a triply-
fused Por system, have also been demonstrated [94]. Such
Por/SWCNT complex was extremely stable in THF probably due
to the extended, w-conjugated structure of the Por trimer and its
enhanced electron-donating character. AFM studies carried out on
such Por/SWCNT ensemble revealed that the Por trimer forms a
uniform coating on the SWCNTSs.

The production methods for SWCNTs generally yield mixtures
of both metallic and semiconducting SWCNTs, which have differ-
ent electrical properties, being important a complete separation of

Fig. 38. Molecular structure of Zn(II)Por polymer 61 [93].

these two kinds of SWCNTs for different technological applications.
An interesting example of the use of supramolecular interactions
for the separation of metallic and semiconducting SWCNTs by
using a H, TTP derivative bearing four long alkoxy chains has been
reported [95]. This separation method relies on the selective, non-
covalent complexation of the derivatized Por toward the semicon-
ducting SWCNTSs, resulting in a significant enrichment of the semi-
conducting SWCNTs in the solubilized sample and predominantly
metallic SWCNTs in the residual solid sample according to Raman,
near-IR absorption, and bulk conductivity characterizations.

4.2. Porphyrin- and phthalocyanine/carbon nanotube
supramolecular systems assembled via metal-ligand axial
coordination

In contrast to the plethora of Por- and Pc/carbon nan-
otube supramolecular systems assembled via -7 interactions
that have been reported, much scarcer are the examples of
supramolecular ensembles constituted by carbon nanotubes
covalently-functionalized with nitrogenated ligands which interact
with Pors or Pcs via metal-ligand axial coordination.

In this context, a soluble, pyridine-functionalized SWCNT has
been synthesized via 1,3-dipolar cycloaddition of a pyridine-
substituted nitrile oxide compound on pentyl ester-functionalized
SWCNTSs. The resulting pyridine-substituted SWCNTs are able to
complex Zn(II)TTP macrocycles in a way similar to that reported
for pyridyl-functionalized Cgg as revealed by optical and electro-
chemical studies (Fig. 39) [96]. However, in contrast to the behavior
observed for the Zn(II)TTP/pyridine-substituted Cgg complexes
(vide supra), photochemical excitation of the Zn(II)TTP/SWCNT
ensemble does not give rise to an electron transfer process with
the generation of a charge-separated state. For such supramolecular
complex, fluorescence and laser flash studies indicate that the main
deactivation process is energy transfer from the singlet Zn(II)TTP
excited-state to the pyridine-substituted SWCNT with concomitant
emission from the carbon nanotube.

Pyridine-functionalized MWCNTs have also been complexed
to Ru(I)Pcs via metal-ligand interaction, repeating the Ru(II)Pc/
MWCNT deposition process until the desired number of layers was
achieved [97]. This layer-by-layer method allowed to prepare self-
assembled films of Ru(II)Pc/MWCNT on both modified silicon and
ITO substrates, which were characterized using UV/vis absorption
spectroscopy, scanning electron microscopy, and electrochemistry.
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Fig. 39. Structure of the Zn(II)TTP/pyridine-functionalized SWCNT ensemble [96].

The photovoltaic properties of the Ru(Il)Pc/MWCNT ensemble
deposited on modified ITO substrates were studied showing that,
under illumination, (i) the layer-by-layer, self-assembled films
gave rise to an efficient photoinduced CT process and (ii) as the
number of bilayers was increased, the photocurrent increased
reaching a maximum value at nine bilayers (i.e., ~300 nA/cm?).

5. Porphyrin- and phthalocyanine/graphene
supramolecular systems

More recently, graphene, a single atom-thick sheet of carbon and
probably the most researched new material of recent times [10],
and graphene derivatives have started to be used for the prepara-
tion of supramolecular ensembles in conjunction with Pors or Pcs.

The first, and so far only, example of a Pc-based system (59, Fig.
37) able to “interact” with graphene via supramolecular interac-
tions has been recently reported [98]. Such study demonstrated
that pure, NG was exfoliated in a THF solution of oligomer 59
when subjected to a series of ultrasonication/centrifugation cycles.
Absorption studies carried out on the supernatant material showed
a significant broadening and red-shift of the Pc’s absorption fea-
tures of the oligomer from 675 to 707 nm, which suggest a strong
electronic coupling between the Pc units and graphene. Inter-
estingly, the exfoliated NG/59 ensemble can be disassembled by
addition of Triton X-100 which replaces 59 from the graphene sur-
face, thus restoring the original absorption of the Pc oligomer. The
occurrence of supramolecular interactions between the Pc units
of 59 and exfoliated NG was also inferred by fluorescence stud-
ies carried out on oligomer 59 and exfoliated NG/59 hybrid, which
showed, for the latter system, a considerable quenching of the Pc
fluorescence (i.e., 60%) compared to pure 59. Further proofs of the
exfoliation ability of oligomer 59 toward NG came from (i) TEM
investigation, which showed for the exfoliated NG/59 hybrid sys-
tem images typical of mono/few layers of graphene (Fig. 40), and (ii)
resonant and non-resonant Raman studies, which showed changes
in the D, 2D, and G-bands of the hybrid system typical of graphene
exfoliation.

Finally, insights into the photoinduced dynamics (i.e., electron
transfer vs. energy transfer) of the exfoliated NG/59 ensemble
were obtained by using time-resolved measurements. Femtosec-
ond flash photolysis experiments exciting the ensemble either at
387 (where both “free” and “bound” oligomer 59 absorb) or 700 nm
(where only the “bound” oligomer species of the exfoliated NG/59
hybrid absorbs) the formation of the Pc radical cation and exfoli-
ated, NG radical anion species, at 840 and 1290 nm, respectively.
The formation of these charged species suggests an electron trans-
fer process from the photoexcited Zn(II)Pc, the electron donor, to
the exfoliated graphene, the electron acceptor, giving rise to an

electron transfer photoproduct that has a lifetime of 360 ps. The
potential use of the exfoliated NG/59 hybrid in solar energy conver-
sion schemes has also been investigated by manufacturing a solar
cell prototype, although low photocurrents were recorded for the
unoptimized device.

Recent reports have also appeared describing the supramolec-
ular interactions of Pors with graphene or graphene derivatives.
For example, the complexation of a free-base Por bearing four
cationic methylpyridinium moieties with negatively charged, CCG
sheets by simply mixing diluted aqueous solutions of both compo-
nents have been demonstrated [99]. The formation of the resulting
supramolecular ensemble was inferred by the large bathochromic
shift (from 421 to 458 nm) of the Por Soret band. This red-shift
was attributed to the flattening of the tetracationic Por macro-
cycle induced by CCG through a combination of electrostatic
and - stacking cooperative interactions. Furthermore, it was
demonstrated that the incorporation of Cd?* ions into the H,Por
macrocycles was greatly accelerated (from 20h to 8 min) under
ambient conditions by the introduction of CCG sheets, thus paving
the way for the utilization of such Por**/CCG supramolecular
ensemble as an optical probe for the rapid and selective detection
of Cd%* ions in aqueous media.

Fig. 40. TEM image and selected area electron diffractogram (inset) of exfoliated
NG/59 drop-casted onto a carbon-coated copper grid.

The image is reprinted with permission from Ref. [98].

© 2011 Wiley-VCH.
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More recently, a tricomponent, supramolecular ensemble
composed of an acid-substituted Zn(II)Por, ZnONPs and RGO has
been reported and its photovoltaic properties studied [100]. The
organic and inorganic components are sequentially organized on
the electrode by (i) anchoring the ZnONPs on the two-dimensional,
RGO scaffold leading to a ZnONPs/RGO ensemble, (ii) adsorption
of the Zn(II)Pors on the ZnONPs/RGO ensemble and finally (iii)
electrophoretic deposition of the resulting organic/inorganic com-
posites onto sintered SnO, nanoparticles on a fluorine-doped tin
oxide electrode. The resulting electrophoretically deposited films
exhibited remarkably high photocurrent generation (IPCE=70%
at 440nm) compared to the reference devices without ZnONPs
and RGO sheets. This improvement in the photogeneration for
the tricomponent ensemble could be explained considering a
significant contribution to the photocurrent from the additional
pathway(s) offered by ZnONPs and/or RGO to the electron injection
occurring from the singlet excited Zn(II)Por to the conduction band
of the SnO,.

6. Conclusions

During the past few decades, significant effort has been directed
toward the preparation and study of synthetic model compounds
that mimic the multifaceted functions of natural photosynthetic
systems, ranging from light-harvesting to CT and photoconversion.
In this context, D-A materials assembled by using supramolecular
interactions and comprising Pors and/or Pcs as donor moieties, and
carbon nanostructures like Cgy fullerene, SWCNTSs or graphene as
acceptor materials are among the most interesting and investigated
systems.

Pors and their synthetic analogues Pcs are compounds which
present, beside a rich redox chemistry, an intense optical absorp-
tion in the red/NIR of the solar spectrum, thus representing perfect
light-harvesting systems and ideal components for the construc-
tion of artificial photosynthetic systems. On the other hand, carbon
nanostructures like Cgo fullerene, SWCNTs or graphene possess
unique electron accepting features which render them perfect
molecular partners for photo- and electroactive systems such
as Pors or Pcs. Finally, the use of supramolecular interactions as
strategy for the assembly of D-A ensembles based on Pors/Pcs
and carbon nanostructures clearly shows significant benefits. The
adequate functionalization of the donor and the acceptor units
with appropriate, and complementary, recognition elements (e.g.,
crown ethers and cations, ligand moieties and metal centers, -1
interactions, etc.), in fact, allows the reversible assembly on these
components giving rise to supramolecular, D-A systems by using
an easy and convergent, “mix and match” strategy. Moreover, this
assembly strategy based on noncovalent interactions allow, having
prepared a series of donor and acceptor compounds bearing com-
plementary recognition motifs, to realize multiple combinations
of these two moieties, thus, being able to generate large libraries
of D-A ensembles.

Photophysical studies on several of these Por- and Pc/carbon
nanostructure ensembles have showed the occurrence, in the
majority of the cases, of efficient PET processes, leading, for some
of these systems, to charge-separated lifetimes much longer
than analogous, covalently-linked conjugates. Moreover, for
such supramolecular, D-A systems, even subtle changes in some
structural (i.e., structural variations carried out at the recognition
element itself or in its close proximity) and/or physical (i.e., solvent
used, temperature, etc.) parameters often have a strong influence
on the stability of these self-assembled architectures, which lead
to significant changes on the photophysical properties of these
ensembles.

Although important advances have been made toward
the preparation of self-assembled, D-A Por- and Pc/carbon

nanostructure systems and in the study of their photophysical
properties, more work is needed in order to precisely predict and
control the physicochemical properties of the resulting noncova-
lent ensembles, in solution as well as in condensed phases. In this
sense, future challenges for this field include not only a better com-
prehension of the photophysical features of these D-A systems, but
also, and probably more importantly, the implementation of these
supramolecular architectures into efficient, photovoltaic devices,
where much work remains to be done. In this context, the search for
new D-A systems with appropriate HOMO-LUMO levels for maxi-
mizing charges injection into the electrodes will definitely be bene-
ficial. At the same time, the possibility to control/promote the long-
range order of these systems over large length scales should also
be strongly pursued, since the order of both, acceptor and donor
active components within the photovoltaic devices is a key issue
for achieving high charges mobilities, thus, representing an impor-
tant point for the development of efficient organic solid state solar
cells.

The challenges and opportunities that rest on these systems
are clearly enormous and it should attract the efforts of many
researchers in this important area.
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