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1. Introduction

Photosynthesis is used by nature to convert light energy
into chemical energy in some living systems. In such a
process, a cascade of very efficient, short-range energy and
electron transfer events between well-arranged, light-harvest-
ing organic donor and acceptor pigments takes place within
the photosynthetic reaction center, leading to the overall
generation of chemical energy from sunlight with near
quantum efficiency.!™®

During the past decade, a significant effort has been made
by the scientific community toward the preparation of
synthetic model compounds of natural photosynthetic sys-
tems able to convert light into other energy sources,’ probably
fostered by the increasing concerns related to the utilization
of fossils fuels for the production of electricity in terms of
both availability and environmental issues.

However, considering the structural complexity presented
by the natural photosynthetic systems, much of the scientific
effort has been devoted toward the preparation and study of
structurally simpler systems, with the aim of reproducing
some of the fundamental steps occurring in natural photo-
synthesis, one of the most important being the photoinduced
charge separation (CS).'0712

Among the chromophores that have been used as molec-
ular components in artificial photosynthetic systems, por-
phyrinoids, the ubiquitous molecular building blocks em-
ployed by nature in natural photosynthesis, have been the
preferred and obvious choice, due to their intense optical
absorption and rich redox chemistry.'3~20

Within the large family of porphyrinoid systems, phtha-
locyanines (Pcs) enjoy a privileged position (Figure 1a).
These chromophores, which have a two-dimensional 18-7-
electron aromatic system isoelectronic with that of porphyrins
(Pors), possess in fact unique physicochemical properties
which render these macrocycles valuable building blocks in
materials science.?! ™%

Pcs are thermally and chemically stable compounds which
present an intense absorption in the red/near-infrared (IR)
region of the solar spectrum with extinction coefficients (as
high as 200 000 M~' cm ™) and fluorescence quantum yields
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higher than than those of Pors (Figure 1c), thus representing
ideal light-harvesting antenna systems. Moreover, these
macrocycles are synthetically versatile compounds, in which
the 2 hydrogen atoms of the central cavity can be replaced
by more than 70 metals and a variety of substituents can be
incorporated in their structure, at the axial and/or peripheral
positions of the macrocycle.?*3” These structural modifica-
tions allow tuning of some of the physical parameters of
these macrocycles, such as their aggregation status or their
reducing/oxidizing characteristics. These features render Pcs
ideal molecular components in donor—acceptor (D—A)
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ensembles where their role is twofold: First, they function
as antennas, since they absorb very efficiently light in the
visible region of the solar spectrum. Second, once photoex-
cited, they act as an electron donor for the acceptor
moiety.*®# These latter characteristics make these macro-
cycles promising building blocks for their incorporation in
photovoltaic and artificial photosynthetic devices.

Similarly, subphthalocyanines (SubPcs) (Figure 1b),**~#*
lower Pc homologues which present an aromatic cone-shaped
structure, share with Pcs several fascinating physical proper-
ties such as an excellent light-harvesting ability with high
extinction coefficients (i.e., as high as 60 000 M~! cm™!)
(Figure 1c) and a rich redox chemistry that may be tuned,
even easier than in the case of Pcs, by the introduction of
different peripheral functional groups.

The great interest in Pcs and SubPcs as molecular building
blocks for the construction of artificial photosynthetic systems
has led others and us to synthesize and study a wide range
of covalent and noncovalent (Sub)Pc-based D—A systems
incorporating electroactive acceptor units of diverse nature
and redox character such as fullerene, carbon nanotubes
(CNTs), perylenediimide (PDI), anthraquinone (AQ), fer-
rocene (Fc), ruthenium bypyridine complexes, flavin, or
Por.
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Among the acceptor units employed for the preparation
of such (non)covalent systems, carbon nanostructures such
as fullerenes and CNTs deserve a special mention due to
their excellent electron acceptor ability, which convert them
as perfect molecular partners for photo- and electroactive
systems. The extraordinary electron acceptor properties of
fullerenes,® >’ coupled with their small reorganization energy
and their ability for promoting ultrafast CS together with
very slow charge recombination (CR) features, have prompted
the incorporation of these carbon nanostructures in a large
number of D—A systems where photoinduced electron
transfer (PET) processes and solar energy conversion are
sought. Similarly, the outstanding properties of CNTs>® 63
have generated a tremendous interest toward the implemen-
tation of this novel carbon allotrope in D—A nanohybrids.
CNTs in fact readily accept electrons, which, in turn, might
be transported under nearly ideal conditions along its one-
dimensional (1-D) tubular axis.

To date, a large variety of covalently linked D—A (Sub)Pc-
based conjugates, containing as acceptor units fullerene and
CNTs, have been synthesized and their photophysical
properties studied in solution and/or in the solid state,
revealing the occurrence, in the majority of the cases, of PET
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events. In such systems, the nature of the bridging spacer
has been varied from the electronic (i.e., conjugated/
nonconjugated) and/or structural (i.e., rigid/flexible) point of
view, with the aim of identifying to which extent these
changes would influence the PET dynamics.*%

Supramolecular interactions have also been employed as
a tool for the construction of D—A Pc—carbon nanostructure
systems with the aim of increasing the lifetime of the
photoinduced charge-separated states by taking advantage
of the noncovalent nature of the supramolecular system.
Several D—A Pc-based supramolecular structures and nano-
aggregates have been prepared from appropriately substituted
mesomorphic Pcs, by cation complexation of crowned Pcs,
or by using hydrogen-bonding, metal—ligand, or D—A
interactions.

Although the increasing know-how gained by researchers
on studying natural and artificial photosynthetic systems has
allowed sophisticated multicomponent Pc- and SubPc-based
D—A systems presenting improved charge separation ability
in solution to be designed and prepared, the implementation
of these molecular systems in efficient solid-state devices
still remains a major challenge. In this context, promising
results have been obtained by the incorporation of Pcs and
SubPcs in photovoltaic devices.®’ 7! In particular, Pcs and
SubPcs have been incorporated in organic solar cells, either
in bulk or in planar heterojuction configurations with carbon
nanostructures as acceptor components, which have clearly
demonstrated the potential that these macrocycles hold as
efficient light-harvesting and donor molecular materials,
within the fast-growing and technologically important field
of photovoltaics.””~” Some of the aforementioned covalently
linked Pc—fullerene systems have also been incorporated,
with some success, as active components in photovoltaic
devices.

Furthermore, the planar, extended, and s-conjugated
surface of Pcs opens up the possibility to control, by using
supramolecular interactions, the nanoscopic organization of
these macrocycles within the active layer of the photovoltaic
cell, with the aim of improving the charge transport properties
and the performances of the resulting device.

Herein, we review the different synthetic strategies that
have been pursued so far for the preparation of D—A Pc—
and SubPc—carbon nanostructure systems, having the donor
and the acceptor units connected either covalently or by using
supramolecular interactions. A photophysical analysis of
most of these systems will also be presented with the aim
of rationalizing which effect the structural and electronic
features of these D—A systems have on the photoinduced
electron/energy transfer dynamics. The utilization of Pcs and
fullerenes in organic photovoltaics will be also reviewed in

0
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Figure 1. (a) Molecular structures of (a) a Pc and (b) a SubPc. (c) Typical UV/vis absorption spectra of Pcs (thin line) and SubPcs (thick

line).
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Scheme 1. Synthesis of Pc—Cgy Fullerene Dyad 1¢
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“ Reagents and conditions: (i) Ni(OAc),, DBU, 1-pentanol, reflux; (ii) Cgo fullerene, toluene, reflux.

terms of both the different types of organic solar cell
architectures and performance of the devices.

2. Phthalocyanine— Fullerene Donor—Acceptor
Systems

2.1. Covalently Linked Phthalocyanine—Fullerene
Systems

Among the acceptor units employed for the preparation
of D—A Pc-based systems, Cg fullerene enjoys a privileged
position due to its unique physical properties, the most
noteworthy probably being its small reorganization energy
associated with PET reactions.

The first report on a molecular system comprising both a
Pc and a Cg fullerene moiety covalently linked appeared in
1997 by Hanack, Hirsch, and co-workers, who prepared
Pc—Cgy dyad 1 through a Diels—Alder reaction between
Ni''Pc 2 bearing two terminal double bonds (i.e., a diene)
and Cg fullerene (i.e., a dienophile) (Scheme 1).8%8! The [4
+ 2] cycloaddition occurs at a [6,6]-ring junction of the Cg
fullerene cage, giving rise to the formation of Pc—Cg 1,
which was named by the authors “green fullerene” due to
the intense green color in solution imparted by the Pc
chromophore.

NillPc 2 was prepared in 75% yield by the statistical
condensation of 3,6-diheptylphthalonitrile (3) and phthaloni-
trile 4 in the presence of nickel(II) acetate and a catalytic
amount of 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU). Elec-
trochemistry measurements carried out on 1 showed five
reversible reduction peaks, which were assigned by spec-
troelectrochemistry to be either fullerene- or Pc-based, the
first reduction peak at —0.41 V being fullerene-centered, as
reflected by the appearance of an absorption at 1074 nm
characteristic of the fullerene monoanion species. However,
these measurements showed that the reduction potentials of
both the Pc and the fullerene moieties in 1 do not change
significantly compared to those of the respective parent
compounds (i.e., 2 and a Cg fullerene monoadduct lacking
the Pc moiety), thus ruling out any ground-state electronic
communication between the two electroactive subunits in 1.

The third-order nonlinear optical properties of a
Cu"Pc—Cyy Diels—Alder adduct analogue of 1 have also
been investigated, giving rise to high second-order hyper-
polarizability values.®> Moreover, it has been found that
nanoparticle dispersions of this Cu"Pc—Cg, dyad exhibit
enhanced optical limiting performances®® and nonlinear
absorption enhancement.®*

Since that first report, a large number of covalently linked
Pc—Cg systems (i.e., dyads, triads, tetrads, etc.) have been

reported. A compound frequently used for the preparation
of several of these Pc—Cg systems is tri-tert-butyliodo-Pc
5, either metalated (i.e., 5a,c) or in its free base form (i.e.,
Sb), which has established itself as an interesting building
block for the preparation of such D—A systems (Scheme
2). Compounds Sa—c can be prepared via statistical con-
densation of 4-tert-butylphthalonitrile (6) and 4-iodophtha-
lonitrile (7) using lithium metal (Sb) or a metal salt (5a,c)
as the templating reagent. There are several factors that have
contributed to the extensive use of Pc 5 for the preparation
of D—A Pc-based systems such as the possibility to prepare
it in reasonable yields (>20%) and its easy purification.
Moreover, the fert-butyl groups that decorate the macrocycle
periphery in 5 confer to this molecule high solubility and
help to reduce the strong self-aggregation tendency typical
of the Pcs. Besides the above-mentioned points, probably
the most important feature of Pc § is the presence of an iodine
atom directly attached to the Pc framework, which allows
the easy functionalization of this macrocycle with, virtually,
any functional group through the use of metal-catalyzed
reactions.

Pcs Sa—c have been used as starting compounds for the
preparation of Pc—Cg, dyads 8a—c (Scheme 2).3586 The
synthesis of these dyads involves a palladium-catalyzed Stille
coupling reaction of Pcs § with tributylvinyltin, affording
tri-fert-butylvinyl-Pcs 9 in excellent yields (=88%). The latter
Pcs are then oxidized by using a polymer-supported osmium
tetroxide and sodium periodate in tetrahydrofuran (THF) (or
ozone at —78 °C in dichloromethane), affording formyl-Pcs
10 in good yields (=70%) (8—10% via the ozonolysis route).
Finally, the 1,3-dipolar cycloaddition reaction of azomethine
ylides, generated in situ from formyl-Pcs 10 and N-
methylglycine, to Cg fullerene (also known as the “Prato
reaction”) allowed Pc—Cg, dyads 8 to be obtained in
reasonable yields (i.e., 40% (8a), 43% (8b), 41% (8c)). Such
a reaction, which results in the formation of a pyrrolidine
group, represents one of the synthetic strategies most used
nowadays for the functionalization of fullerenes.

An alternative synthetic route for the preparation of
Pc—Cgy dyad 8a has also been pursued. This procedure
involves the preparation of 4-vinylphthalonitrile from 4-io-
dophthalonitrile (7), followed by the oxidative cleavage of
the vinyl functionality to obtain 4-formylphthalonitrile (11).
The latter compound was then reacted with Cg fullerene in
the presence of N-methylglycine to afford the fullerene-
containing phthalonitrile 12, which was subsequently con-
densed with 4-fert-butylphthalonitrile (6) in the presence of
zinc(Il) chloride, affording Pc—Cgy dyad 8a in low yield.
UV/vis studies on dyads 8a—c revealed, in all cases, a small,
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Scheme 2. General Reaction Conditions for the Preparation of Pc—Cg Dyads 8a—c*

NC,

9 R = CH=CH,
\ iii)
10 R = CHO

“Reagents and conditions: (i) ZnCl, for 5a or Cu(AcO), for 5¢, (dimethylamino)methanol (DMAE), reflux, argon; for 5b, lithium, 1-pentanol, amyl
alcohol, reflux, argon; (ii) tributylvinyltin, Pd(PPh;),, toluene, 100 °C; (iii) OsO4, NalO,4, THF, room temperature (rt); (iv) Cqo fullerene, N-methylglycine,
toluene, reflux; (v) Cgo fullerene, N-methylglycine, toluene, reflux; (vi) only for 8a, 4-tert-butylphthalonitrile (6), ZnCl,, DMAE/o-DCB, reflux.

ground-state electronic communication between the two
spatially close, active units (i.e., Pc and Cg).
Electrochemical investigation showed that the Pc-based
oxidation and reduction potentials were positively shifted in
the dyads 8a,b in comparison to the redox potentials of some
reference compounds (i.e., Pcs 10a,b and a fullerene deriva-
tive lacking the Pc moiety). Conversely, the Cg-based
reduction potentials for 8a,b were negatively shifted with

respect to those of a fullerene derivative reference compound,
thus inferring some degree of ground-state intra- and/or
intermolecular interactions between the electron-donating Pc
to the electron-accepting fullerene moiety.

A thorough analysis on the photophysical properties (i.e.,
steady-state and time-resolved fluorescence measurements
and transient absorption measurements) of dyads 8a—c in
solution was also carried out, confirming the occurrence of

Scheme 3. General Reaction Conditions for the Preparation of Pc—Cgy Dyad 13“
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“Reagents and conditions: (i) NaBH,, ethanol, rt; (ii) 4-tert-butylphthalonitrile (6), Zn(OAc),, DMAE, reflux; (iii) SO;—pyridine complex, NEts, dry
dimethyl sulfoxide, argon, 50 °C; (iv) Cg fullerene, tert-butylcarbamate-protected, N-functionalized glycine 16, toluene, reflux; (v) trifluoroacetic acid,

CH’_ZC]Z, It.
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Scheme 4. Synthesis of Zn"Pc—Cg4, Conjugates 18—20“

24 R = CH,OH
\ v)
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“ Reagents and conditions: (i) allylic alcohol, Pd(OAc),, NaHCO;, BuyNCIl, DMF, 30 °C; (ii) Cq fullerene, N-methylglycine, toluene, reflux; (iii) acrolein,
Pd(OAc),, NaHCO;, BuyNCl, DMF, 20 °C; (iv) propargyl alcohol, Pd(PPh;),Cl,, Cul, THF, NEt;, rt; (v) pyridinium chlorochromate, CH,Cl,,rt.

PET events,?*%” a phenomenon that has been proved to be
almost ubiquitous in the covalently linked Pc—Cg systems
and that will be extensively discussed in the photophysical
part of this review.

Figure 2. TEM image of the nanotubules formed by Pc—Cg, dyad
13 in water. Reprinted from ref 88. Copyright 2005 American
Chemical Society.

A Pc—Cg¢) analogue of 8a has also been reported, in which
the methyl group on the fulleropyrrolidine moiety has been
replaced with a polyethylene glycol group terminated with
an ammonium function (Scheme 3).%% In this case, a novel
synthetic route was undertaken for the preparation of the
aldehyde-containing Pc 10a, the precursor of Pc—Cgy dyad
13. The synthesis of dyad 13 starts with a statistical crossover
condensation of 4-fert-butylphthalonitrile (6) and 4-(hy-
droxymethyl)phthalonitrile (14) (the latter one prepared via
reduction of 4-formylphthalonitrile (11)) in the presence of
Zn(OAc),, leading to the hydroxymethyl-functionalized
Zn"Pc 15, which was isolated in 22% yield. Pc 15 was then
subjected to an oxidative treatment with an excess of a
SO;—pyridine complex in the presence of NEt; in dry
dimethyl sulfoxide, affording formyl-Pc 10a in 84% yield
(using this method, formyl-Pc 10a is obtained in a higher
yield compared to that from the route involving the oxidation
of vinyl-Pc 9%). Compound 10a was then reacted with tert-
butylcarbamate-protected, N-functionalized glycine 16 in the
presence of Cg fullerene to afford Pc—Cg dyad 17, in which
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Scheme 5. Synthesis of the Structurally Rigid Pc—Cg Conjugate 25

j\_ N~ )
\ y/ 4 N
.. ZN,
ii) Zr{ . 0
e Na ./ N
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25

“ Reagents and conditions: (i) 4-ethynylbenzaldehyde, Cul, PdCl,(PPhs),, NEts, dry toluene, reflux; (ii) Ceo fullerene, N-methylglycine, dry toluene, reflux.

the carbamate protecting group was finally converted into
an ammonium group by treatment with an excess of
trifluoroacetic acid to afford salt 13.

Transmission electron microscopy (TEM) studies revealed
that the amphiphilic Pc—Cgy dyad salt 13, when dispersed
in water, is able to form perfectly ordered 1-D nanotubules,
due to a combination of solvophobic and sw—zm stacking
interactions (Figure 2). Similar 1-D nanostructures have been
obtained using a Por—Cg, dyad system.®

Pc 5a has been used as well as the common starting
compound for the preparation of the series of Pc—Cgg
conjugates 18—20 (Scheme 4).°° These dyads, bearing
different spacers (i.e., single (18), double (19), or triple (20)
bonds) between the Pc and Cg fullerene, have been prepared
with the aim of studying how the nature of the spacer
influences the stabilization of the photogenerated radical ion
pair states.

To prepare the aforementioned Pc—Cg dyads, the corre-
sponding aldehyde-containing Pcs 21—23 were prepared. Pc
23 was obtained by reacting Pc 5a via a Sonogashira cross-
coupling reaction with propargyl alcohol in the presence of
NEt; and a catalytic amount of Pd(PPh;),Cl, and Cul,
yielding compound 24 in 63% yield. Subsequent oxidation
of 24 with pyridinium chlorochromate led to Pc 23 in 47%
yield. In the case of Pc 22, the initial synthetic strategies
considered for its preparation (i.e., direct reduction of the
triple bond functionality of 23 or Heck reaction of Pc Sa
with acrolein acetal) proved to be unsuccessful. A Heck-
modified, Jeffery protocol was found to be the most
straightforward and high-yielding procedure for the prepara-
tion of Pc 22. This compound was prepared in 91% yield
by palladium-catalyzed vinylic substitution of acrolein on
Pc 5a in the presence of NaHCO;, BuyNCl, and a catalytic
amount of Pd(OAc),. Similar reaction conditions were used
for the preparation of Pc 21, which was obtained in 76%
yield by Heck arylation of allylic alcohol with Pc 5a.

The three formyl-containing Pcs 21—23 were finally
subjected to 1,3-dipolar cycloaddition with Cg fullerene and
N-methylglycine in refluxing toluene to afford conjugates
18—20 in 20%, 23%, and 21% yields, respectively. Detailed
photophysical investigations of compounds 18—20 revealed,
for all three dyads, the occurrence of an intramolecular
electron transfer dynamic that evolves from the photoexcited
Pc macrocycle to the electron-accepting Cg moiety. Comple-
mentary time-dependent density functional theory calcula-
tions supported the spectral assignment seen in the differ-
ential absorption spectra for the ZnPc't radical cation and
the Cgy"~ radical anion.

Figure 3. AFM topographic image of Pc—Cgy dyad 25 drop-cast
onto highly oriented pyrolytic graphite ([25] = 107> M). Reprinted
with permission from ref 91. Copyright 2008 Wiley-VCH.

Recently, a structurally rigid, triple bond containing
Pc—Cg dyad (25) that bears some structural resemblance to
conjugate 20 has been prepared starting from Pc 5a (Scheme
5).°" Similarly to the case of 24, a palladium-catalyzed
Sonogashira coupling reaction between Pc 5a and ethynyl-
benzaldehyde has been used to directly attach a triple bond
group to the Pc ring, resulting in the formation of formyl-
Pc 26 in 92% yield. This latter compound was then reacted
under the standard Prato reaction conditions, affording dyad
25 in 36% yield. The organization properties of this
covalently linked conjugate 25 on highly ordered pyrolytic
graphite and graphite-like surfaces were also investigated by
using different microscopic techniques (i.e., atomic force
microscopy (AFM) and conductive AFM). These studies
showed that, on such surfaces, the D—A ensemble 25 is able
to self-organize, forming fibers and films (Figure 3). The
electrical properties of these supramolecularly assembled
nanostructured architectures were also probed, obtaining
outstanding electrical conductivity values, which were found
to be related to the extremely high degree of molecular order
of the Pc—Cg conjugates within the nanostructures.

The structurally rigid Pc—Cgy dyad 27, in which the two
active components are separated by a [2.2]paracyclophane
unit, has also been prepared from Pc Sa, which was coupled
via a palladium-catalyzed Heck-type coupling reaction with
[2.2]paracyclophane 28 to yield 29 in 64% yield (Scheme
6).”2 Compound 27 was finally obtained in a 35% yield by
Prato reaction of the aldehyde-containing Pc 29 with Cg
fullerene in the presence of N-methylglycine. Photophysical
studies on this dyad confirmed the occurrence of a photo-
induced dynamic process, which resulted in the formation
of a long-lived charge-separated state.
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¢ Reagents and conditions: (i) Pd(OAc),, NEt;, DMF, tetrabutylammonium bromide; (ii) Cq fullerene, N-methylglycine, 0-DCB, reflux.
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Figure 4. Molecular structure of Pc—Cgy dyads 30a,b.

Recently, two Pc—Cg dyads (30a,b) have been prepared,
in which a fullerene moiety has been connected covalently
to a Pc bearing either zerz-butyl (i.e., 30a) or trifluoroethoxy
(i.e., 30b) groups at its peripheral positions (Figure 4).> Both
dyads were obtained starting from a common fullerene
derivative bearing a terminal phthalonitrile moiety that was
then reacted with 3-fert-butylphthalonitrile or a persubsti-
tuted, trifluoroethoxy-coated phthalonitrile, leading to Pc—Cqg
dyads 30a and 30b, respectively. Electrochemical and
spectroscopic studies on both dyad systems revealed that
whereas in the case of ensemble 30a the occurrence of an
efficient intramolecular PET process was detected, dyad 30b
did not show any sign of electronic communication between
Pc and Cgo, This result is presumably due to the strong
electron-withdrawing nature of numerous trifluoroethoxy
groups in 30b, which lead the Pc to become an acceptor
with an electron-accepting property equivalent to that of
fullerene.

Dyads comprising both a double-decker lanthanide(III)
bis(phthalocyaninato) and a Cg moiety (i.e.,
[Ln™(Pc)(Pc')]—Cg (Ln = Sm, Eu, Lu) 31a—c) have also
been synthesized (Scheme 7).°* The sandwich complexes
31a—c were obtained by means of a stepwise procedure from
unsymmetrically substituted free base Pc 32,”> which was
first transformed into the monophthalocyaninato intermediate
[Ln"(acac)(Pc)] (Ln = Sm, Eu, Lu; acac = acetylacetone)
and further reacted with 1,2-dicyanobenzene in the presence
of DBU to yield [Ln"™(Pc)(Pc')] 33a—c. The final synthetic
step involved the reaction of these unsymmetrically func-

tionalized heteroleptic sandwich complexes 33a—c with a
fulleropyrrolidine carboxylic acid derivative using a dicy-
clohexylcarbodiimide (DCC) protocol, obtaining conjugates
31a—c in approximately 50% yields.

"H NMR spectra of the bis(phthalocyaninato) complexes
33a—c and dyads 31la—c could be obtained by adding
hydrazine hydrate to solutions of the complexes in [D;]DMF,
a treatment that converts the free radical double-deckers into
the respective protonated species. UV/vis spectroscopy of
these dyads in THF displayed the absorption bands of both
constituents (i.e., the double-decker Pc and Cg, derivative),
but no evidence of ground-state interactions could be
appreciated. The lack of ground-state electronic interactions
between the two electroactive units was also confirmed by
cyclic voltammetry studies on 33a—c and dyads 31a—c in
THEF. These studies showed that the electrochemical behavior
of dyads 31a—c was almost the superposition of the redox
peaks of both components, namely, the double-decker Pc
and Cg fullerene.

With the aim of studying the possible stabilization of the
photoinduced charge-separated state in a D—A supramo-
lecular triad, an electron-deficient, symmetrically substituted
Pd"Pc (34) and a Pc—Cg, dyad (35a), bearing a phenylethe-
nyl unit separating the Pc and the Cg units, were prepared
(Figure 5).”® Heck coupling reaction of an iodo-substituted
Zn""Pc bearing six peripheral n-butyloxy substituents with
4-vinylbenzaldehyde in the presence of NEt;, tetrabutylam-
monium bromide, and a catalytic amount of Pd(OAc),
yielded a formyl-substituted Pc, which was subjected to the
standard Prato reaction conditions to obtain Pc—Cgy dyad
35a. On the other hand, the electron-deficient octakis(pro-
pylsulfonyl)Pd"Pc 34 was prepared by refluxing a diimi-
noisoindoline precursor in a mixture of dimethylformamide
(DMF) and o-dichlorobenzene (o-DCB) in the presence of
Pd(OAc),. Also for compound 35a, as already seen before
for some Pc—Cg fullerene dyads, some degree of ground-
and excited-state electronic communication between the Pc
and the fullerene units could be observed as inferred by
electrochemical investigation (i.e., the alkoxy-substituted Pc
unit becomes more difficult to oxidize when it is covalently
connected to a Cg unit) and photophysical measurements
(i.e., the considerable decrease in fluorescence quantum
yields and fluorescence lifetimes of 35a with respect to a Pc
reference compound). The formation of a D—A supramo-
lecular complex (34/35a) in solution was inferred by the
changes in the absorption and fluorescence spectra of Pc—Cg
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Scheme 7.R Sylkthesis of Double-Decker Lanthanide(IIl) Bis(phthalocyaninato)—Cg, Dyads 313—c”R
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Figure 5. Molecular structures of Pc—Cgq dyads 35a—c and
electronically complementary Pc 34.

dyad 35a during the titration with symmetric Pc 34, whereas
the Job plot method was used to ascertain the 1:1 stoichi-
ometry of the 34/35a supramolecular triad. A numerical
analysis of the titration data revealed an association constant
(K,) for the supramolecular complex 34/35a of ~5 x 10°
M~!in CHCI; as a result of the strong D—A 7— stacking
interactions between the electron-deficient, alkylsulfonyl-
substituted Pc 34 and the electron-rich, alkoxy-substituted
Pc 35a.

Very recently, the first examples of mesogenic Pc—Cg
dyads (36a—d) have been reported in which Pcs bearing three
swallowtail alkoxy groups have been covalently connected
to a 1-(3-carboxypropyl)-1-phenyl-[6,6]-C¢; (PCBM) moiety
(Scheme 8).”7 The synthetic strategy used to prepare these
dyads relies on the preparation of two different monosub-
stituted phthalonitriles, one bearing two long, lipophilic alkyl
chains and the other one terminated with an acetyl protecting
group [i.e., (methoxyethoxy)methyl (MEM)]. Statistical
condensation of these two phthalonitriles in Li/l-pentanol
at reflux afforded Pcs 37a—d in 13—24% yield after column
chromatography. The MEM protective group in Pcs 37a—d
was then quantitatively removed to give Pcs 38a—d upon
treatment with pyridinium tosylate (PPTS) in fert-butyl
alcohol. In the final synthetic step, reaction between Pcs
38a—d and a fullerene derivative containing a carboxylic
acid (prepared by acid-catalyzed hydrolysis of the com-
mercially available PCBM) following the dicyclohexylcar-
bodiimide (DCC)/(N,N-dimethylamino)pyridine (DMAP)
protocol afforded the corresponding Pc—Cg, dyads 36a—d
in yields up to 45%.
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Scheme 8. Synthesis of Mesogenic Pc—Cg Dyads 36a—d”
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0-DCB, 0 °C.

Cyclic voltammetry measurements of 36a,d in CH,Cl,
showed that (i) the voltammograms of these dyads effectively
correspond to the superposition of those for PCBM and a
symmetrically substituted Pc reference compound and (ii)
the wave potentials do not change upon elongation of the
spacer between the donor and the acceptor units. These
observations, together with the UV/vis data, suggest the
absence of intramolecular charge transfer in the ground state
for dyads 36a—d. Preliminary investigation of Pc—Cg, dyads
36a—d by polarized optical microscopy (POM) showed that
the length of the spacer between the Pc and the fullerene
moieties considerably influences the thermotropic properties
of the material.

The formation of w— stacking interactions between Pc
units has also been recently exploited for the incorporation
of D—A Pc—Cq dyads in a liquid crystalline phase. The
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Scheme 9. Synthesis of the Crown Ether-Containing Pc—Cg, Conjugate 39¢
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“Reagents and conditions: (i) 4-fert-butylphthalonitrile (6), Zn(OAc),, DMAE, reflux; (ii) PCBM, 1-hydroxybenzotriazole, dicyclohexylcarbodiimide,

4-(dimethylamino)pyridine, bromobenzene.

strategy consisted of blending a nonmesogenic Pc—Cg dyad
(35a, 35b, or 35¢) with a mesogenic, symmetrically substi-
tuted octakis(hexadecylthio)Zn"Pc. The two Pc—Cg, dyads
35b,c have been prepared following the same synthetic
procedure used for the preparation of Pc—Cgy dyad 35a,
starting from the respective monoiodo-substituted Pc deriva-
tives.”® Equimolecular mixtures of octakis(hexadecylthio)Z-
n"Pc and dyads 35a—c resulted in the formation of hexagonal
columnar mesophases in which the liquid crystal columns
are composed of alternating stacks of the mesogenic Pc and
Pc—Cy¢ dyads 35a—c, as suggested by X-ray diffraction
studies. The use of blends, in which a mesogen is able to
induce mesomorphism on a nonmesogenic Pc-based func-
tional material, represents an interesting strategy for the
incorporation of photoactive, D—A Pc—Cg, fullerene systems
in a liquid-crystalline architecture. Such an approach in fact
overcomes the synthetic problems related to the preparation
and isolation of mesogenic, unsymmetrically substituted Pc
compounds from the other Pcs obtained in the statistical
condensation reaction.

A flexible azacrown macrocycle has also been used as a
linker between a Pc and Cg fullerene in 39 with the aim of
studying the effect of possible ion-induced conformational
changes on the electronic communication between the active
units (Scheme 9).” The synthesis of dyad 39 requires the
preparation of the azacrown-substituted Pc 40, which is
obtained in a 21% yield by statistical crossover condensation
of 4-tert-butylphthalonitrile (6) and phthalonitrile 41, the
latter one obtained via ipso substitution of 4-nitrophthaloni-
trile with N,N'-bis(hydroxyethyl)diaza-18-crown-6 using

potassium carbonate as the base. The final Pc—Cg, dyad 39
is obtained in 30% yield through the coupling between
PCBM and unsymmetrical Pc 40, in the presence of
1-hydroxybenzotriazole, dicyclohexylcarbodiimide, and 4-(dim-
ethylamino)pyridine in bromobenzene as the solvent. UV/
vis analysis on dyad 39 revealed that neither the nature of
the solvent nor the presence of alkali-metal cations had any
effect on the aggregation properties of the dyad and that the
Ceo moiety did not have any influence on the electronic
properties of the Pc ring. Complementary experiments
measuring the kinetics after the addition of potassium salts
to a solution of dyad 39 showed no significant changes in
the excited-state dynamics in accordance with the UV/vis
experiments. Similar conclusions were gathered from the
electrochemical analysis of the cyclic voltammograms of 39
upon addition of Na™ or K*, which led to negligible shift
effects in the peak potentials and peak separations.

Among the different methodologies developed for the
covalent functionalization of fullerenes, the Bingel —Hirsch
reaction between a fullerene and a malonate derivative, often
incorporating a halide atom, generated in situ in a mixture
of base and tetrachloromethane or iodine, represents one of
the most versatile ones.!” The mechanism of this reaction
involves the abstraction of an acidic malonate proton by a
base (usually DBU), thus generating a carbanion (or enolate)
which readily reacts with one of the fullerene double bonds
in a nucleophilic addition. This attack in turn generates a
carbanion located on the fullerene which ultimately displaces
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Figure 6. Molecular structures of Pc—Cg fullerene dyads 42—44.

the halogen atom in an intramolecular, nucleophilic aliphatic
substitution, giving rise to the formation of a cyclopropane
ring.

In this context, some Pc—Cg, fullerene dyads (42—44)
have been constructed using this synthetic strategy (Figure
6).1%! The synthesis of these dyads involves the preparation
of Pcs, differently substituted depending on the target dyad,
each of them carrying at their periphery two pendent
malonate groups. These bismalonate-containing Pcs, which
were prepared by reaction of the corresponding Pcs bearing
two hydroxyl functions with ethylmalonyl chloride, are then
used in a double Bingel—Hirsch-type reaction with Cg
fullerene in the presence of I, and DBU, thus affording the
respective Pc—Cg fullerene dyads 42—44. The photophysical
properties of these systems have been determined to elucidate

Scheme 10. Synthesis of Pc—(Cg), Triad 45°
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to which extent the geometrical restrictions imposed by the
double addition on the fullerene scaffold, which would set
the Pc and the Cg fullerene moieties in spatial proximity,
would influence the occurrence of PET processes.!?!:102

More recently, alternating multilayer films of PDI with
either Pc—Cyy dyad 42a or a free base Pc were prepared by
the Langmuir—Schiifer method.!® In such films, the presence
of the two chromophores PDI and Pc increases the spectral
range of the film photoactivity.

Molecular ensembles constituted by multiple Pc donor and/
or Cg fullerene acceptor units have also been prepared with
the aim of further stabilizing the photogenerated excited
states and/or making more efficient the light-harvesting
process. Recently, a Pc—Cg, ensemble (45) constituted by
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“Reagents and conditions: (i) 4-nitrophthalonitrile, K,CO;, DMF, argon, rt; (ii) 2-ethyl-1-hexyl bromide, K,CO3;, DMF, argon, 100 °C; (iii) 4-tert-
butylphthalonitrile (6), ZnCl,, DMAE, argon, reflux; (iv) tributylvinyltin, Pd(PPh;)., dry toluene, argon, 100 °C; (v) OsO4 (1%, w/w, in poly(vinylpyridine)),
saturated aqueous solution NalO4, THF, rt; (vi) Ce fullerene, hexylglycine, dry toluene, reflux, argon.
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“Reagents and conditions: (i) 4-ethynylbenzaldehyde, Pd(PPh;),Cl,, Cul, NEt;, THF, rt; (ii) Pc 53, Pd,(dibenzylideneacetone);, AsPhs, NEt;, THF, rt;

(iii) Ceo fullerene, N-methylglycine, toluene, reflux.

one Pc and two Cg, fullerene acceptor units covalently
connected between them has been prepared (Scheme
10).104

The synthesis of triad 45 starts with the preparation of
substituted phthalonitrile 46 by ipso substitution of 4-nitro-
phthalonitrile with 2,5-dibromohydroquinone, followed by
alkylation with 2-ethyl-1-hexyl bromide (62% yield over two
steps). The crossover condensation of compound 46 with
4-tert-butylphthalonitrile (6), in the presence of ZnCl,,
afforded Pc 47 (23% yield), which was subsequently
subjected to a double Stille coupling reaction using an excess
of vinyltributyltin and Pd(PPh;), to obtain Pc 48. The two
terminal alkenes of 48 were then oxidized with an OsO4/
NalO,4 mixture in THF, affording diformyl-Pc 49 (61% yield

Scheme 12. Synthesis of Pc,—(Cg), Tetrad 54“
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over the two steps). In situ generation of the azomethine
ylides from diformyl derivative 49, followed by a double [3
+ 2] cycloaddition reaction with 2 equiv of Cg fullerene,
afforded triad 45 in 47% yield.

En route toward the preparation of novel electron D—A
conjugates, a multinuclear Pc;—Cg, fullerene tripodal archi-
tecture (50) containing a tetraphenylmethane core has been
recently reported (Scheme 11).!% The synthesis of conjugate
50 was carried out starting with the preparation of compound
51 obtained by Sonogashira cross-coupling reaction of
4-ethynylbenzaldehyde over one of the four iodophenyl
groups of 52. Compound 51 was then subjected to a threefold
cross-coupling reaction with the ethynyl-containing Pc 53
to give a formyl-containing, tripod precursor which was then

54

“ Reagents and conditions: (i) 4-ethynylbenzaldehyde, Pd(PPh;),Cl,, Cul, NEt;, THF, 1t; (ii) Pd,(dibenzylideneacetone)s;, AsPh;, NEt;, THF, rt; (iii) Ceo

fullerene, N-methylglycine, toluene, reflux.
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Figure 7. Molecular structures of Si'VPcs bearing two axial fullerene moieties (57) and two axial fullerodendrimers (58).

reacted under the standard Prato reaction conditions to obtain
tetrad 50 in 22% yield.

An ensemble containing two Pc macrocycles and two Cg
fullerene units (i.e., 54) has also been recently reported
(Scheme 12).!% The synthetic strategy toward conjugate 54
consisted in the preparation of the formyl-containing Pc
precursor 55, the latter one prepared from the diiodo-Pc 56!'%7
via Sonogashira cross-coupling reactions with 4-ethynylben-
zaldehyde. The diformyl-Pc 55 was then reacted under the
standard Prato reaction conditions to afford the Pc,—(Cg),
tetrad 54. Photophysical analysis of ensemble 54 revealed
relatively short charge-separated-state lifetimes, probably due
to the close proximity of the Pc and the Cg subunits in the
nanoconjugate. The tight contact between the donor and the
acceptor moieties could in fact lead to a through-space
deactivation dynamics, which could prohibit the feasibility
of forming long-lived radical ion pair states.

The formation of silicon—oxygen bonds has also been
used as a means to obtain Pc—Cg, ensembles, where the
Cgo units are placed at the axial position of the Si'VPc
macrocycle. In this context, an example is represented by
Si'VPc 57, which bears two axial fullerene substituents
(Figure 7).!% The synthesis of this ensemble involves the

reaction of a Si"VCl,Pc with a Cg fullerene bisadduct bearing
an alcohol functionality. The structural shape of this triad
presenting two bulky Cg fullerenes in the axial positions
permits achievement of the steric isolation of the Pc
macrocycle by diminishing the Pc—Pc intermolecular inter-
actions. Electrochemical studies revealed that the first
reduction of the Pc moiety in compound 57 was more anodic
than that of a reference compound lacking the Cg fullerene
axial ligand. This observation was rationalized in terms of
the strong electron-withdrawing effect of the two axial
fullerene substituents, which led to the stabilization of the
first reduced state of the Pc. However, the first oxidation of
the Pc moiety in 57, as well as the first reduction potential
of Cgp, remained the same with respect to that of the reference
compounds. Using related dendritic, bisadduct-type Cg
derivatives, Si"VPc-containing fullerodendrimers bearing up
to eight axial fullerene subunits (i.e., 58) have been synthe-
sized with the aim of stabilizing the photogenerated radical
ion pair state (Figure 7).'"

A structurally simpler Cgy—Si'VPc—Cg triad (59) with
a short Cg—Pc plane distance has been prepared by
reaction of p-formylbenzoic acid with tetra-tert-butyl-
SiVPcCl,, followed by a double Prato reaction with Cg
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59

Figure 8. Molecular structures of Si'VPcs bearing axial fullerene (59) and 4,5,8-naphthalenenediimide (NDI)—Cg (60) moieties.

Scheme 13. Synthesis of Pc—Cg Polymers 61¢
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“Reagents and conditions: (i) Grubbs catalyst [1,3-dimesityl-4,5-dihydroimidazol-2-ylidene)(tricyclohexylphosphine)Cl,RuCH(C¢Hs)] (2%),

toluene, rt.

fullerene (Figure 8).''° Other Si'VPc-based triads containing
either two trinitrofluorenone or two trinitrodicyanomethyl-
enefluorene moieties in the Pc axial position have also been
synthesized.!'! More recently, a Si'VPc-based pentad (60)
comprising two different electron-accepting entities, namely,
NDI and Cgp, has been constructed following the same
methodology, that is, the reaction between the Si'VPcCl,
and a hydroxyl-functionalized, Cg fullerene, NDI derivative
(Figure 8).'"?

On the other hand, molecular systems based on a polynor-
bornene framework (i.e., 61a,b) bearing several electroactive
Pc and Cy pendent units have also been reported.''® These
polymeric systems were prepared in good yields from Pc
62 and Cg derivative 63, both containing a norbornene

moiety, by ring-opening-metathesis polymerization in the
presence of a Grubbs catalyst (Scheme 13).

Statistical condensation of 4-tert-butylphthalonitrile (6)
and a phthalonitrile bearing a pendent norbornene group
allowed for the preparation of the polymer precursor 62,
whereas compound 63 was obtained via a Prato reaction
of Cg fullerene with N-methylglycine and a norbornene
bearing an aldehyde functionality. Two copolymers (61a
and 61b) were prepared, presenting a distinct ratio between
Cgo fullerene and Pc units (2:3 and 1:4, respectively) as a
function of the relative molar ratio of the fulleropyrroli-
dine— and Pc—norbornene monomers 61a and 61b in the
reaction mixture.
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Scheme 14. Synthesis of Pc-Containing, M:N@ Cg-Based (M = Y. Sc¢) Dvads 64 and 65¢
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“ Reagents and conditions: (a) (i) 3-chloro-3-oxopropionate, NEt;, CH,Cl,, argon, rt; (ii) CBry, DBU, CH,Cl,, argon, 0 °C; (iii) 1, Y;N@Cg,, DBU,
0-DCB, argon; (b) (iv) N-methylglycine, I, Y;N@Cg (for 64a) or I, Sc;N@Cg, (for 64b), anhydrous toluene/anhydrous o-DCB, reflux.

Partially pyrrole ring reduced Pc analogues such as
azachlorins, macrocyclic species which present a significant
chemical instability with respect to Pcs, have also been
covalently connected to Cg fullerene by the mixed conden-
sation of an appropriately substituted phthalonitrile and a
Cy fullerene derivative bearing two adjacent cyano groups.''*
In such molecular dyads and triads, electronic communication
between the azachlorin and Cg, fullerene moieties was dem-
onstrated on the basis of UV/vis absorption, magnetic circular
dichroism, electrochemical, and quantum chemical methods.

More recently, a tetraazachlorin—Cg, fullerene conjugate
containing three 15-crown-5 units as substituents has been
synthesized, and the electronic and supramolecular structure
modulations in the presence of cations such as Na™ or K*
have been studied.!'> A system structurally related to the
tetraazachlorin—Cg fullerene conjugate, in which the three
crown ether macrocycles at the chlorin periphery have been
substituted for tert-butyl groups, has also been prepared.''®
UV/vis absorption studies on this conjugate show a red shift
from the corresponding absorption of a related chlorin
derivative lacking the fullerene moiety, indicating, in the
former dyad, interactions between the macrocycle and Cgy.
Electrochemical studies of the tetraazachlorin—Cgy dyad in
polar solvents show that the first oxidation potential is
centered on the Pc moiety, whereas the first reduction
potential is associated with Cg, suggesting that the lowest
unoccupied molecular orbital (LUMO) localizes on the
fullerene moiety in polar solvents.

The preparation of Pc-based D—A dyads in which the Pc
units have been covalently linked to trimetallic nitride templated
endohedral metallofullerenes has also been reported.'!” These
metallofullerenes, one of the latest entries within the family of

fullerene compounds, are constituted by a carbon cage encap-
sulating a trimetallic nitride cluster and since their first synthesis
in 1999'!8 have been the focus of increasing interest. Trimetallic
nitride templated endohedral metallofullerenes present several
advantages with respect to Cg fullerene, such as larger
absorptive coefficients in the visible region of the electromag-
netic spectrum and lower highest occupied molecular orbital
(HOMO)—LUMO energy gaps, while preserving, similar to Ceo,
a remarkable electron-accepting ability.

In this context, a series of M3sN@Cgy-based (M =Y, Sc)
dyads containing a Pc macrocycle (as well as some other
acceptor units such as Fc or extended tetrathiafulvalene) have
been prepared via Prato (64) or Bingel—Hirsch (65) reactions
(Scheme 14). The synthesis of compounds 64a,b involves a
1,3-dipolar cycloaddition reaction of a Pc-containing azome-
thine ylide (generated in situ from Pc 26) on either Y;N@Cg
or Sc;N@Cgj endohedral fullerenes, leading to 64a and 64b,
respectively. Unfortunately, the attempts made to prepare the
Pc-substituted, pyrrolidine-containing MzN@Cgy (M = Y,
Sc) dyads proved to be unsuccessful in the case of
ScsN@Cygy, whereas in the case of Y;N@Cg, the desired
product 64a could be isolated in low yield. These findings
seem to indicate a considerable instability of these Pc-based
dyads, not observed in their Cgy-based counterparts. On the
other hand, the synthesis of compound 65 involves the
preparation of Pc derivative 66a containing a malonate unit
by reacting Pc 15 with 3-chlorooxopropionate. The latter
compound was then monobrominated to obtain 66b, which
was successively reacted with Y;N@Cyg, in the presence of
DBU (in the case of the trimetallic nitride templated
endohedral fullerene chemistry, it is not possible to generate
the halomalonate precursor directly in situ as commonly done
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Figure 9. Molecular structures of [2]pseudorotaxane Pc—Cgy dyads 67a—c and Pc,—Cg triad 71.

in the Bingel—Hirsch reaction, since the presence of either
I, or CBry; would oxidize the endohedral fullerene). Dyad
65 could be isolated, but it proved to be not stable and
decomposed in CHCI; solution during the purification
process. The formation and degradation of dyad 65 was
followed by high-pressure liquid chromatography, which
allowed identification of the two major degradation products,
a Y3N@Cg—monoethyl malonic acid adduct and Pc 15. The
two decomposition products of dyad 65 are the result of a
hydrolysis process, probably promoted by the close proximity
of the endohedral fullerene.

2.2. Phthalocyanine—Fullerene Supramolecular
Systems

The preparation of D—A Pc-based systems in which the
active components spontaneously assemble via noncovalent
interactions is a promising strategy for the construction of
functional systems. Such noncovalent systems are expected
to give rise to efficient and long-lived photoinduced CS
processes, thus representing an attractive alternative to their
covalently linked counterparts. To date, several Pc—Cg
fullerene-based supramolecular systems have been prepared
by hydrogen-bonding, metal—ligand coordination, or cation—
crown ether supramolecular interactions, among others.

In 2002, the first example of a Pc—Cg, fullerene pseu-
dorotaxane-like complex (i.e., 67) was reported (Figure 9).'"
The supramolecular complex 67 consists of two components:
a Cg derivative (68) bearing a secondary dibenzylammonium
moiety and a Pc macrocycle (69) peripherally substituted with
a dibenzo-24-crown-8 unit. The latter compound was prepared
by statistical crossover condensation of 4,5-bis(octyloxy)-
phthalonitrile and a dibenzo-24-crown-8 macrocycle containing
two adjacent cyano groups on one of the benzene units.

The two components 69a, 69b, or 69c and 68 self-
assemble in chloroform solutions by threading of the
dibenzylammonium chain of the Cg-containing molecule
through the crown ether ring of Pc 69a, 69b, or 69¢c, as
demonstrated by 'H NMR experiments. In fact, resonance
peaks assigned to (i) the two free components and (ii) the
1:1 complex could be observed due to the unusually slow
host—guest exchange on the 'H NMR time scale at rt, which
allowed determination of the stoichiometry and the associa-

tion constant of the complex (K, = 1.53 x 10* M™!) by
integration of the signals of the species at equilibrium.
However, UV/vis titration experiments of a dilute solution
of 69a in CH,Cl, did not show a significant change in the
Pc absorption upon addition of an equimolar amount of the
fullerene derivative 68, thus indicating negligible electronic
communication between the two active units in the ground
state. Similarly, electrochemical analysis on the fullerene
reduction waves upon addition of the crown ether Pc 69b
did not show substantial changes, thus suggesting that the
complexation does not influence the reduction properties of
the fullerene component. The absence of measurable elec-
tronic interactions between the two components in 67 could
be due to the distance between the electroactive units, which
can adopt several conformations within the complex as
revealed by molecular modeling studies.

Maintaining the same recognition motif employed above
for the preparation of Pc—Cgq dyad complex 67 (i.e.,
ammonium—crown ether interactions), but increasing this
time the number of Pc units around the crown ether ring
from 1 (i.e., 69) to 2 (i.e., 70), allowed for the construction
of the Pc,—Cgy supramolecular triad 71 (Figure 9).'2°

Directional, Watson—Crick hydrogen-bonding interactions
have also been used recently as a recognition motif for the
assembly of Pc—Cg dyad 72, constituted by a cytidine-
substituted Pc (73) and a fulleropyrroline (74) bearing a
guanosine moiety (Figure 10).!?! UV/vis studies on Pc 73
revealed that this molecule undergoes self-assembly as a
result of both 77— interactions and cytidine—macrocycle
interactions. The resulting aggregates can be disrupted upon
addition of Cgy fullerene derivative 74, in which the
guanosine nucleic acid base serves to tie up the cytidine
functionality of 73 through base-pairing interactions, although
other disrupting mechanisms such as direct interaction of
the guanosine moiety in 74 with the metal center of 73 should
also be considered. Moreover, the addition of 74 to a
dichloromethane solution of cytidine-functionalized Pc 73
leads to a nonlinear decrease in the fluorescence intensity
of this latter chromophore, suggesting that photoinduced
intracomplex CS takes place within ensemble 72. Fluores-
cence titration studies also allowed determination of the
binding constant between the two components 73 and 74 in
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Figure 11. Structures of the supramolecular (a) Zn'™Nc—Cg dyads 75a—d and (b) crown ether Pc,—(Cgp), ensemble 76.

the supramolecular complex 72 (K, = 2.6 x 10° M~! in

toluene/dichloromethane).!*> The electrochemical behavior
of supramolecular complex 72 and its constituents 73 and
74 was also studied, revealing that dyad 72 presents the Cgy-
based reduction potentials negatively shifted with respect to
those of 74. Likewise, the first and second anodic Pc-based
potentials are less positive than those of 73. On this basis, it
can be concluded that there are significant ground-state interac-
tions between the Pc donor and the Cg fullerene acceptor.
During the past few decades, metal-directed self-assembly
has become a major tool used by chemists to prepare large
and elaborate complexes from relatively simple components.
The resulting metallosupramolecular species present large
energies associated with the metal—ligand bond formation.
Fullerenes derivatized with appropriate ligands have been
attached via supramolecular interactions to molecules bearing
complementary metal centers. In particular, the coordination
of a Cgp-containing ligand to a transition-metal center has
been successfully demonstrated for Zn"Pors and Cg, func-
tionalized with pyridine or imidazole ligands.'?*~'?® The same
approach has also been applied to prepare Zn(II) naphtha-
locyanine (Zn"Nc)—Cy dyad 75a (Figure 11a).'?” This tetra-
tert-butyl-substituted Zn"Nc was used since it has a good
solubility in many organic solvents and an intense absorption
band in the near-IR region. Moreover, the presence of a zinc
atom within the Nc system allowed for the axial ligation of

a fulleropyrrolidine bearing an imidazole coordinating ligand
in noncoordinating solvents such as toluene and o0-DCB,
giving rise to complex 75a, which shows a moderate stability.
Similarly, analogue systems of 75a, containing either Fc (i.e.,
triad 75b) or (NV,N-dimethylamino)phenyl entities (i.e., triad
75¢) as secondary electron donors were constructed using
the same supramolecular approach.!?8

More recently, Pc—Cg supramolecular tetrad 76 has been
reported, which is constituted by two crown ether-containing
Zn""Pc units, four potassium ions, and two fullerene deriva-
tives bearing both a pyridine and a terminal ammonium
moiety (Figure 11b).!”° Ensemble 76 is held together by a
combination of metal—ligand interactions between the py-
ridine group on the fullerene derivative and the Zn"Pc central
atom and cation—crown ether interactions between the four
crown ether substituents on the two Pc rings and four
potassium ions, leading to the formation of a cofacial Pc—Pc
dimer. A further contribution to the stability of complex 76
is obtained via the interaction of the terminal alkylammonium
moiety present on the fullerene derivative to one of the crown
ether macrocycles. This latter complexation occurs without
destroying the 4K*/Pc—Pc sandwich dimer.

The same metal—ligand interactions have been used to
assemble the supramolecular triad 77 in which a covalently
linked, peripherally substituted boron dipyrromethene
(Bodipy)—Pc conjugate has been axially coordinated to a
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Figure 12. Structure of the supramolecular Zn"Pc—Bodipy—Cgo
triad 77.

Ceo fullerene derivative bearing a pyridine moiety (Figure
12).139 Acid-catalyzed condensation of formyl-Pc 10a with
3-ethyl-2,4-dimethylpyrrole afforded the dipyrromethane-
substituted Pc, which was then oxidized in situ by treatment
with p-chloranil to give the corresponding dipyrromethene
derivative. Finally, this latter compound was subject to
deprotonation (treatment with triethylamine) and treated with
boron trifluoride etherate to afford the Bodipy—Pc derivative
78 in an overall yield of 28%. Electrochemical and optical
measurements provided evidence for strong ground-state
electronic interactions between the Bodipy and the Zn"Pc
constituents. Ensemble 78 was then reacted with N-(4-
pyridyl)-3,4-fulleropyrrolidine 79, thus obtaining the su-
pramolecular complex 77.

Catechol ligands are well-known building blocks for the
construction of metallosupramolecular complexes using
Ti(IV). This self-assembly methodology was successfully
utilized by the groups of Torres and Ito, who published
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independently the axial coordination of a catechol-function-
alized Cg fullerene to a titanium(IV) oxide Pc (Ti'™VOPc)
(Scheme 15). Ito’s group followed a synthetic procedure
involving the former axial coordination of 4-formylcatechol
to tetra-tert-butyl-Ti"VOPc to give 80 and subsequent Prato
reaction between the axial formyl moiety and Cg in the
presence of N-methyl glycine to yield dyad 81.'3! The Torres
group instead explored a more convergent route, which
involved the preparation of a catechol subunit bearing a Cg
moiety followed by displacement of the oxygen atom of the
tetra-tert-butyl-Ti"™VOPc to give the axially substituted dyad
81.132 Photophysical studies demonstrated the occurrence of
PET from the photoexcited Pc to the fullerene unit. In
addition, the nonlinear absorptive properties of this dyad have
also been studied using the open-aperture Z-scan tech-
nique.'*?

The presence of Ru(Il) in the central cavity of Pcs allows
either one or two ligands to be linked to the macrocycle in
its axial positions. Such Ru""Pcs in fact form stable and rigid
supramolecular architectures through metal coordination of,
for example, pyridine derivatives. These features have been
exploited to construct a series of Ru"Pc—Cg, hybrids (82—84)
bearing an orthogonal geometry (Figure 13).!3

Starting from the tetra-fert-butylated phthalocyaninato
ruthenium(II) derivative having a strongly ligating axial
carbonyl moiety at one of the two axial Ru(II) coordination
sites, dyad 82 and triad 84 were prepared by treatment with
a monopyridyl-functionalized Cg ligand in the former case
and, in the latter, with a highly elaborated trans-1-bis[N-(4-
pyridyl)fulleropyrrolidine] ligand, which holds two pyridyl
ligands in an antiparallel arrangement. Triad 83 was prepared
in a similar manner from the monopyridyl-functionalized Cg
ligand and the tetra-tert-butylated phthalocyaninato ruthe-
nium(Il) derivative having two benzonitrile molecules at the
axial positions. Arrays 82—84 exhibited electronic coupling
between the two electroactive components in the ground
state, as shown by electrochemical experiments.

The supramolecular functionalization of surfaces by
adsorption and self-assembly of Pc macrocycles has also been

Scheme 15. Synthesis of Ti"VPc—Cg 81 Following ’l(“)wHoC Different Synthetic Routes”

“ Reagents and conditions: (i) tetra—tert—butyl—TiWOPc, THEF, reflux; (ii) Cgo fullerene, N-methylglycine, o-DCB, 140 °C.
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Figure 13. Structures of the supramolecular Ru"Pc—Cg, dyad 82 and triads 83 and 84.

achieved, which allows preparation of open, two-dimensional
packing motifs that can accommodate complementary guest
acceptor molecules such as Cg fullerene'** ¥ or buckyball-
type molecules such as corannulene.'3%!3 Recently, a similar
approach has been used to prepare a surface-supported, three-
component system in which the metastable, two-dimensional,
two-component packing motif resulting from Pc and Por
macrocycles adsorbed on Ag(111) acts as a bimolecular
“chessboard” toward the supramolecular assembly of a third
active component (i.e., Cg fullerene), which is selectively
trapped in the open spaces (Figure 14).'4

More recently, Cgy monolayers on Ag(111) have been used
to promote the molecular orientation of CuPcs in thin
films.!*! In situ near-edge X-ray absorption fine structure
measurements and low-temperature scanning tunneling mi-
croscopy studies revealed that, on such monolayers, the
Cu''Pc is able to form densely packed thin films, in which
the macrocycles adopt a standing-up configuration with the
molecular plane of the Pc slightly tilting from the surface
normal on the Cg monolayer.

3. Subphthalocyanine— Fullerene
Donor—Acceptor Systems

3.1. Covalently-Linked
Subphthalocyanine—Fullerene Systems

SubPcs are 14-77-electron aromatic macrocycles possessing
a singular Cs-symmetrical cone-shaped structure.*> Similar
to Pcs, SubPcs possess unique physicochemical properties
which make these macrocycles ideal candidates for their
incorporation in D—A molecular systems, although the use
of SubPcs in D—A systems has been exploited only recently.
Up to a few years ago, in fact, the design and preparation of
sophisticated SubPc-based systems had to face the severe
limitations imposed by the low yields and not full reproduc-
ibility of the synthetic methodologies used to prepare these
macrocycles. However, the development of milder and more

};;&@d;} Sy @,,,/3‘

ZnPc side ZnOEP side

Figure 14. (a) Scanning tunneling microscopy image of a Ce array
in the bimolecular chessboard consisting of Zn"Pc and Zn"Por on
Au(111). (b) Proposed models for the top and side views of the
Ceo array in the bimolecular chessboard. Reprinted from ref 140.
Copyright 2008 American Chemical Society.

reliable synthetic procedures, together with the search of
novel functionalization approaches, opened the way for the
preparation of D—A SubPc-based molecular systems. Sub-
Pc’’s can be functionalized either at the peripheral or at the
axial position. Peripheral functionalization requires the
substitution at the isoindole units, and in analogy to the
synthesis of Pc- or Por-based D—A systems, it usually
involves the preparation, isolation, and subsequent function-
alization of unsymmetrically substituted macrocycles. How-
ever, and differently from Pcs or Pors, SubPcs can also be
easily functionalized covalently at their axial position,
typically by exchange of the halogen atom with a nucleo-
phile. This approach bears the twofold advantage that (i) it
avoids the preparation and low-yield isolation of unsym-
metrically substituted SubPcs and ii) it allows preparation
of functionalized SubPc systems in which the macrocycle
electronic characteristics are mostly preserved.

Similarly to the case of Pcs, Cq fullerene has also been
used as a molecular component in D—A SubPc-based
architectures.

The first SubPc—Cg, fullerene conjugate (85b) was
reported in 2002 (Scheme 16).!4? The synthesis of this dyad
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“ Reagents and conditions: (i) 7 for 86b or 88a,c,d for 86a,c,d, BCl, argon, p-xylene, reflux; (ii) o-, m-, and p-hydroxybenzaldehyde (for 0-87, m-87, and
p-87, respectively), toluene, 110 °C [86b, diphenylamine, Cs,CO;, Pd,(dibenzylideneacetone)s;, 2,2'-bis(diphenylphosphino)-1,1'-binaphthyl, argon, toluene,

reflux for 87d]; (iii) Ceo fullerene, N-methylglycine, toluene, 100 °C.

involves the preparation of SubPc 86b by condensation
reaction of 4-iodophthalonitrile (7) in the presence of boron
trichloride. Reaction of SubPc 86b with o-, m-, or p-
hydroxybenzaldehyde afforded the aldehyde-containing Sub-
Pc 0-87b, m-87b, or p-87b, respectively. The latter SubPcs
were then reacted with Cgy fullerene in the presence of
N-methylglycine, thus obtaining SubPc—Cq, dyads o-, m-,
and p-85b, respectively (43—58% yields).

UV/vis studies on these SubPc—Cg, fullerene dyads
revealed a small bathochromic shift in the SubPc Q-band
with respect to the Q-band of the corresponding SubPc
compounds lacking the fullerene moiety, a sign of a ground-
state electronic communication between the SubPc and the
Cgp fullerene units. Electrochemical studies on o-, m-, and
p-85b revealed that m-85b is the easiest to reduce and also
the easiest to oxidize in the dyads’ series, indicating the
weakest ground-state interaction between the SubPc and the
fullerene subunits. In turn, this finding indicates that, at least
in the ground state, the electronic communication between
the SubPc and Cg fullerene is occurring through-bond and
not through-space.

The presence of three peripheral iodo atoms in SubPcs
o-, m-, and p-87b opens up the possibility to further
functionalize this macrocycle via some metal-catalyzed
reactions. Palladium-catalyzed amination reaction of SubPcs
87b with diphenylamine was in fact used to prepare SubPcs
87d, which, subsequently subjected to Prato reaction condi-
tions, afforded SubPc—Cg fullerene dyads 85d.'** Cyclic
voltammetry experiments carried out on SubPc—Cg fullerene
dyads o-, m-, and p-85d revealed that, as in the case of 85b,
the meta-configured spacer induces both easier reduction and
oxidation of the two electroactive subunits.

The degree of electronic communication between the
SubPc and Cg fullerene units could also be adjusted at the
level of the peripheral substituents. In this context, a series
of four SubPc—Cg fullerene dyads (m-85a—d) were prepared
and comparatively studied.'** In such dyads, the nature of
the linker between the SubPc and the fullerene was kept
unchanged (meta substitution), whereas the nature of the
peripheral SubPc substituents was varied from the electron-
withdrawing fluorine (m-85a) or iodine (m-85b) atoms to
the electron-donating ether (m-85¢) or amino (m-85d) groups.

Similarly to the preparation of dyads m-85b,d, the synthesis
of m-85a,c also involved the preparation of the respective
SubPcs 86a,c, which were obtained by condensation reaction
of tetrafluorophthalonitrile 88a (for 86a) or phthalonitrile 88c
(for 86¢) in the presence of boron trichloride. Reaction of
SubPc 86a(c) with m-hydroxybenzaldehyde afforded the
aldehyde-containing SubPc m-87a(c), which was subse-
quently reacted with Cg fullerene in the presence of
N-methylglycine, thus yielding SubPc—Cgy dyad m-85b(c).
Electrochemical studies on these dyads (m-85b,c) revealed
that the first SubPc oxidation process could be progressively
shifted to lower potentials (by ca. 200 mV) in the series
m-85a > m-85b > m-85¢ > m-85d, whereas the first Cg-
based reduction process remained virtually unaffected. The
modulation of the electron-donating character of the SubPc
due to the nature of the peripheral substituents results, as
well, in different deactivation pathways of the photoexcited
states of these dyads (i.e., energy transfer (for m-85a,b)
versus electron transfer (m-85c¢,d) dynamics).

More recently, a SubPc—diazobenzene—Cg, fullerene triad
(89), in which the SubPc and Cg, fullerene units are spaced
by a diazobenzene molecular bridge, has also been prepared
(Figure 15).'% In such a system, the incorporation of the
diazo moiety opens up the possibility to control the relative
position of the donor and the acceptor moieties within the
triad through the isomerization of the diazo unit by applying
a photonic stimulus. Compound 89 was obtained by axial
substitution of SubPc—Cl with a diazobenzene molecule
bearing a hydroxyl moiety on one of its benzene rings and
an aldehyde moiety on the other, followed by Prato reaction
of the as-prepared aldehyde-containing, SubPc—diazobenzene
system with Cg fullerene and N-octylglycine.

Recently, tricomponent (90) and tetracomponent (91)
systems composed of one SubPc and one triphenylamine
(TPA) unit and either one (i.e., 90) or two (i.e., 91) Cqo
fullerene moieties have also been prepared (Scheme 17).146
The synthesis of compounds 90 and 91 starts with the
preparation of (4-methoxyphenyl)diphenylamine (92) through
the coupling of diphenylamine with 4-iodoanisole under
Ullmann conditions, followed by Vilsmeier formylation, thus
obtaining both the monoformylated (93) and bisformylated
(94) products. Demethylation of 93 (94) affords compound
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Figure 15. Molecular structure of SubPc—diazobenzene—Cg
fullerene 89.

95 (96), which is coupled with an unsubstituted SubPc
presenting a chlorine atom in its axial position. The resulting
aldehyde-containing, SubPc—TPA system 95 (96) is reacted
with Cgy fullerene in the presence of N-methylglycine,
leading to triad 90 (tetrad 91).

Molecular orbital calculations (B3LYP/3-21G method) on
triad 90 showed that the electron distribution of the HOMO
was found to be entirely located on the TPA subunit, while
the electron distribution of the LUMO + 3 and LUMO was
found to be entirely located over the SubPc and Cg fullerene
moieties, respectively. A similar trend was found for tetrad
91.

Recently, SubPc—Cg, fullerene trisadducts 97a—c have
also been prepared (Figure 16) and their photophysics
studied.'*” These compounds were prepared from appropri-
ately substituted SubPcs bearing three pendent malonate
groups, which react with Cg fullerene viaa triple Bingel —Hirsch
reaction, leading to trisadducts 97a—c. Interestingly, it was
found that, due to the semirigid nature of the tethers
employed, this latter reaction proceeded with high regiose-
lectivity and full diastereoselectivity. UV/vis and electro-
chemical studies revealed evidence of ground-state commu-
nication between the two complementary sr-surfaces (i.e.,
SubPc and Cgp). This communication is dependent on the
nature of the linker (i.e., phenyl, phenoxy, or thiophenoxy),
the strongest interaction taking place for compound 97a,
which has the shortest D—A distance.

SubPc systems in which two'#%!4° (or three)'>° SubPc units
are sharing one (or two) isoindole ring(s) have also been
prepared via statistical condensation of a 1,2,4,5-tetracy-
anobenzene and an appropriately substituted phthalonitrile
in the presence of BCls. Such fused systems, which can
present different topological isomeric forms, possess sub-
stantially different electronic properties with respect to
pristine SubPcs. In these systems in fact the extended
conjugation causes the lowering of the HOMO—LUMO
energy gap (e.g., the Q-band absorption of these dimers may
reach 700 nm) and, consequently, of their singlet-excited-

Scheme 17. Molecular Structures of SubPc—TPA—Cg, Fullerene Triad 90 and Tetrad 91¢

CHO CHO

ii)

R ——

93R=H 95R=H

94 R=CHO

0. o w ¢y
N N N
JQ., g, g0,

96 R=CHO

Bottari et al.

state energies. The possibility for these SubPc fused systems
to promote energy or charge transfer processes in D—A
conjugates has also been recently investigated through the
preparation of SubPc fused dimer—Cg fullerene dyad 98
(Scheme 18)."!

The synthesis of 98 involves the preparation and isolation
of the syn topoisomer 99 (this topoisomer is obtained in a
1:1 ratio with the frans topoisomer), which is first reacted
with 3-hydroxybenzaldehyde. The resulting syn isomer 100
is reacted with Cg fullerene and N-methylglycine, affording
the Cgo bisadduct ensemble 98 in 14% yield. This compound
was characterized and its photophysics properties investigated.

3.2. Subphthalocyanine—Fullerene
Supramolecular Systems

A pyridyl-containing SubPc has also been used recently
for the construction of a D—A supramolecular cage (Figure
17).'92 The rigid concave structure of SubPcs represents in
fact a geometrically interesting synthon for the preparation
of supramolecular cages'>® since it offers a suitable cavity
for the complexation of spherical guest molecule such as
Ceo fullerene. Evidence of the encapsulation of Cg, fullerene
within the SubPc cage was obtained from electrospray mass
spectrometry experiments and the '"H NMR technique, the
latter technique showing a broadening of the signals corre-
sponding to the protons of the SubPc core and the pyridyl
groups.

4. Phthalocyanines and Subphthalocyanines
Connected to Related Acceptor Systems

Although the aim of this review is restricted to the
preparation and photophysical study of Pc— and SubPc—carbon
nanostructure systems, in this section we will briefly report,
for the sake of comparison, some other Pc/SubPc systems
in which the macrocycle has been connected to related
acceptor units such as PDIs or AQs, among others.

Similarly to fullerenes, PDI, an important class of com-
pounds within the larger family of the perylene dyes, are
excellent electron acceptor units that have been widely
incorporated in D—A hydrids. These chromophores, which
share with Pcs some interesting physical properties such as
high absorption coefficients, a rich redox chemistry, and high
charge-carrier mobilities, have also been covalently con-
nected to Pcs.

In this context, the first report of a Pc—PDI system is
represented by pentad 101 (Figure 18).'* Photophysical
investigations on this system revealed that quantitative,
ultrafast energy transfer from the PDI to the Pc units occurs

“ Reagents and conditions: (i) POCl;, DMF, 1,2-dichloroethane, reflux; (ii) boron tribromide (1.0 M solution in CH,Cl,), CH,Cl,, 0 °C; (iii) SubPcCl,

toluene, reflux; (iv) Cq fullerene, N-methylglycine, toluene, 100 °C.
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Figure 16. Molecular structure of SubPc—Cg fullerene trisadducts 97a—c (top view).

Scheme 18. Synthesis of SubPc Fused Dimer—Cgy Fullerene 98
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“Reagents and conditions: (i) 3-hydroxybenzaldehyde, toluene, reflux; (ii) Ce fullerene, N-methylglycine, toluene, reflux.

Figure 17. Ball-and-cylinder representation of the top (right) and side (left) views of the ZINDO/1-optimized geometry of the SubPc cage
complexing a Cg fullerene molecule. 3,5-Di-tert-butylphenoxy axial groups and hydrogen atoms have been omitted for clarity.

through the formed large supramolecular nanoaggregates
upon photoexcitation of the PDI moiety.

More recently, covalent systems based on PDI covalently
linked to one'3>13 or two'>” Pc units have also been reported.
Both energy and charge transfer dynamics have been
observed in these systems upon photoexcitation of the Pc
units.

A series of D—A triads (102a—c), in which an excellent
acceptor moiety such as AQ has been covalently connected
with two Pc units, have also been prepared (Figure 19)
and their photophysical and electrochemical properties
investigated.'®!> These studies demonstrate that the sub-
stitution pattern at the AQ moiety exerts a profound influence
over the aggregation status of the resulting Pc,—AQ triads,
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Figure 19. Molecular structures of Pc,—AQ triads 102a—c.

in a system in which the triad topology (i.e., “packed” in
the case of 102¢ or “extended” in the case of 102a,b) is able
to drastically influence both the inter- and intramolecular
interactions between the Pc donor and the AQ acceptor
moieties. Flavin moieties have also been covalently linked
to Pcs.!%

Recently, a supramolecular system based on Pc and PDI
has been reported.'®! Following a Ru—pyridine coordination
motif, a Ru"Pc,—PDI supramolecular complex (103) has
been synthesized (Figure 20). The photophysical behavior
of this array has been investigated, observing the occurrence
of a PET process from the Pc to the PDI moiety and a
remarkable stabilization of the formed radical ion pair, which
has a lifetime of 115 4+ 5 ns.

Tonic self-assembly (i.e., self-organization on the basis of
electrostatic interactions) between oppositely charged dyes
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such as a cationic PDI and an anionic Cu"'Pc derivative has
also been employed for the preparation of a supramolecular
polymer.'?

Pcs can behave also as energy and/or electron acceptors
for the preparation of D—A Pc-based architectures when
linked to strong donor moieties such as Fc!6371% or
ruthenium polypyridine complexes.'®” Among the molec-
ular “donor” partners that have been incorporated in Pc-based
systems, Pors deserve a special mention. Thus, for example,
a large number of molecular systems comprising both Pc
and Por macrocycles have been prepared, in which the two
chromophores have been connected via an amino group'®®
or a triple bond!'® 7! or directly linked through the 3-pyrrolic
position of the Por macrocycle.'”>!”3 Recently, discrete
supramolecular Pc—Por—Pc assemblies have also been
prepared using saddle distorted components, namely, a
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Figure 20. Ru'Pc,—PDI triad 103.

protonated dodecaphenyl-Por and an octaphenyl-Zn"Pc, using
4-pyridinecarboxylate as the supramolecular linking unit.
Both metal—ligand and hydrogen-bonding interactions allow
the assembly of this multicomponent supramolecular sys-
tem.'” Photoexcitation of the assembly gives rise to the
generation of an unprecedented intrasupramolecular electron
transfer state, involving radical cations of both one-electron-
reduced diprotonated Por and one-electron-oxidized Pc, via
the singlet excited states of both the Por and the Pc moieties.

Light-harvesting arrays containing four'” or eight!”® Por
macrocycles covalently linked to a central Pc unit, in a star-
shaped molecular architecture, have also been synthesized.
Photophysical experiments on such systems indicate that very
efficient energy transfer occurs from the Por peripheral units
to the Pc core and that the excited-state properties of the Pc
are not altered in a deleterious manner by the presence of
the adjacent Pors.

More recently, Bodipys, a versatile class of functional dyes
which present large extinction coefficients (at ca. 500 nm),
high fluorescence quantum yields, and reasonably long
excited singlet-state lifetimes, have been axially coupled to
a Si'VPc via Si—O axial substitution.'””!”® In such ensembles,
the fate of the photoexcited states can be modulated in terms
of both energy and electron transfer, depending on the
presence of adequate moieties on the axial Bodipy subunits.
Very recently, a Zn"Pc—Bodipy conjugate, in which the
Bodipy unit is tethered to the peripheral position of a Pc
macrocycle, has been synthesized, and its photophysical
properties have been studied.'”

SubPc and Pc represent a formidable couple for the
preparation of D—A systems. Both compounds in fact present
complementary optical absorptions which cover a very wide
section (up to 750 nm) of the UV/vis spectrum. In this
context, a series of SubPc—Pc dyads connected by a short
and rigid conjugated spacer through the periphery of both
macrocycles have been prepared and their electrochemical
and photophysical properties investigated.'® SubPcs having
a pyridyl group located at the axial position have also been
complexed to a series of Zn"- and Ru"Pors and Zn"- and
RuPcs to form the corresponding SubPc—Por and SubPc—Pc
heterodyads. '8!

Besides being versatile electron donors, SubPcs can be
converted, depending on the peripheral substituents, to
excellent electron-accepting molecules, with their first
reduction potential reaching values even lower than that
of fullerene derivatives. The utilization of SubPcs as
electron acceptors has been recently demonstrated in a
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series of dyads comprising a SubPc peripherally substi-
tuted with electron-withdrawing groups (i.e., fluorine,
nitro, or sulfonyl) and axially connected to an electron
donor moiety such as Fc'®? or TPA.'®* On the other hand,
SubPcs substituted axially with a Bodipy or distyryl-
containing Bodipy moiety have been synthesized. Both
systems exhibit a highly efficient PET process, either from
the excited Bodipy to the SubPc core or from the excited
SubPc to the distyryl Bodipy unit.'3*

5. Decoration of Carbon Nanotubes with
Phthalocyanines

CNTs*®*7% can be considered as key materials in the
nanotechnological progress'® as a consequence of their
nanometer-scale size and the extraordinary combination of
physical properties (electrical, optical, mechanical, etc.) they
exhibit. Important potential applications of CNTs include
electronics and sensing,'®®!%7 energy conversion,'$7192 or
biological functions.'”® Even though multiwalled carbon
nanotubes (MWCNTs) were the first type of tubular carbon
nanotubes discovered,'** the leading carbon nanotubular
structures in terms of scientific relevance are the single-
walled carbon nanotubes (SWCNTSs), which can be consid-
ered as small graphite sheets that have been rolled up to form
seamless nanocylinders.

Functionalization of CNTs with molecules having photo-
active properties offers the possibility for the development
of hybrid systems that can be incorporated in optoelectronic
devices. In particular, SWCNTSs provide continuous elec-
tronic states in their conduction band for collecting electrons
from, for instance, a s*-state of an organic conjugated
molecule. In turn, these electrons might be transported under
nearly ballistic conditions along the nanotube 1-D axis. Thus,
the combination of SWCNTs with a light-harvesting/electron
donor molecule is expected to lead to novel nanoconjugate
systems that bear great promise for major breakthroughs in
converting solar energy into electricity.® The covalent or
noncovalent attachment of electron donors, including Fc!%>1%
and tetrathiafulvalene, 718 to the nanotube surface is at the
forefront of investigations. In addition, much attention has
been paid to the covalent and noncovalent attachment of Pors
to SWCNTs to achieve nanoscale systems capable of
generating long-lived charge-separated states upon photo-
excitation.'” 2% The photoinduced CS in these assemblies
has been utilized to generate photocurrent in photoelectro-
chemical cells for solar energy conversion.?” 2! In this
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context, Pc—SWCNT hybrids also emerge as important
building blocks in photovoltaics.

Two general approaches for the functionalization of
SWCNTs have been reported: the covalent attachment of
molecules to the open edges or sidewalls of SWCNTSs and
the noncovalent interactions of aromatic molecules or
macromolecules to the outer nanotube walls. In principle,
the noncovalent functionalization is particularly attractive
because, following this approach, the electronic structure
of the nanotubes remains essentially unaffected. However,
the stability of the ensembles resulting from the covalent
addition of functional molecules to the nanotube is much
higher, which is desirable in terms of preparation and
reproducibility of possible devices. Moreover, the covalent
approach allows some control in the degree of function-
alization and, therefore, in the properties of the hybrid
material. However, some aspects of the covalent func-
tionalization of SWCNTSs are not satisfactorily controlled.
First, the position of the attached molecules along the tube
is difficult to determine. Indeed, the reactivity at the tips
of the tube is higher, as a consequence of the larger
pyramidalization of the carbon atoms, but some reactivity
is also expected along the sidewalls as a consequence of
the m-orbital misalignment of the bonds at a certain angle
to the tube axis. Second, SWNTs are formed by a mixture
of tubes with different diameters and helicities and,
accordingly, with different electronic character (metallic,
semiconducting, ...). In general, metallic SWNTSs are more
reactive in addition reactions than semiconducting ones,
and in both cases, the reactivity is inversely proportional
to the diameter of the tubes. This selectivity has been
utilized for the separation of carbon nanotubes, with the
aim of obtaining SWNTs with a single electronic char-
acter, either metallic or semiconducting.?'?

5.1. Covalent Attachment of Phthalocyanines to
Carbon Nanotubes

The most classical approach to the covalent functional-
ization of the surface of the SWCNTSs involves the reaction
of the nanotubes with strong acids, usually mixtures of
concentrated sulfuric and nitric acids.?'® This oxidizing
treatment opens the SWCNTs, giving rise to short uncapped
CNTs (pipes with an average length of 100—300 nm) bearing
oxygen-containing groups, such as carboxylates, at the end
of the pipes and at defective sites of the sidewalls. Therefore,
the carboxyl groups can be readily derivatized to acid
chlorides by treatment with SOCI, and subsequently coupled
to amines or alcohols.

A former work on the preparation of covalent Pc—SWCNT
ensembles by the oxidative route was reported by the
groups of Torres and Blau.?'* In their study, SWCNTs with
carboxylic moieties at the open ends were used to prepare a
hybrid Zn"Pc—SWCNT system by means of amide bond
formation. This approach involves the preparation of an
unsymmetrically substituted Pc in which one isoindole unit
bears an amino moiety and the other three units are
functionalized with fert-butyl groups that will afford solubil-
ity to the target hybrid system. Therefore, a suspension of
the acyl chloride-functionalized nanotube material was
reacted with an excess of the amino-containing Pc, affording
the Pc—SWCNT hydrid. The material was characterized
using UV/vis and IR spectroscopies, as well as TEM, the
latter technique showing that the nanotubes are no longer
aggregated into large bundles. Although the Pc moieties bear
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tert-butyl groups, the resulting nanotube material was
scarcely soluble in most of the organic solvents, thus avoiding
its photophysical characterization.

Similarly, Xu et al. reported another Pc—SWCNT system
that was prepared by reaction between acyl chloride SWCNTSs
and an octaamino-substituted, sandwich-type erbium(III)
bisphthalocyaninato (Er'Pc,) complex.?!’® The resulting
material showed evidence of ground-state charge transfer
(CT) from the Pc rings to the SWCNTs. Acyl chloride
MWCNTs were also functionalized by reaction with tet-
raamino-Mn""Pc.?!® The photoconductivity of the resulting
tetraamino-Mn"Pc—MWCNT hybrid material in a single-
layered device was higher than that of the pristine tetraamino-
Mn'"Pc and a tetraamino-Mn"Pc/MWCNT blended compos-
ite, as a consequence of an optimized CT from the Pcs to
the MWCNTs within the covalently linked material. More
recently, the same synthetic method (i.e., preparation of acyl
chloride MWCNTs which were then reacted with amine-
containing Pcs) was used to prepare a hybrid free base Pc/
MWCNT system with enhanced optical limiting properties.?!”
Photophysical studies on this hybrid system showed a
substantial decrease of the Pc fluorescence intensity, sug-
gesting a quenching of the free base Pc singlet excited state
by the covalently linked MWCNTs.

Another approach to the preparation of Pc—MWCNT
systems through reaction of carboxylic acid-containing
MWCNTs consists in the esterification of the acid groups
with 1,6-hexanediol and subsequent ipso substitution of
4-nitrophthalonitrile by the free hydroxyl group attached to
the MWCNTs (Scheme 19).2'8 Phthalonitrile-bonded MWCNTSs
were then further reacted with an appropriately substituted
phthalonitrile in the presence of a copper salt to afford the
covalently functionalized Cu"Pc—MWCNT hybrid, which
happened to be soluble in a variety of organic solvents.
Thermogravimetric analysis led to an estimation of a 10%
weight content of CuPc within the hybrid material. The
Cu'Pc—MWCNT hybrid material showed better photocon-
ductivity than pristine Cu''Pc and the Cu'Pc/MWCNT
blended composite.

The covalent attachment of Pcs at the CNT sidewalls
has also been undertaken. Covalent approaches for side-
wall functionalization of nanotubes generally involve the
use of very reactive species,®’?! such as aryl radicals,
aryl cations, nitrenes, carbenes, or 1,3-dipoles. Similarly
to the Cg fullerene functionalization, one effective
methodology for the functionalization and solubilization
of CNTs was described by Prato and co-workers,??° which
consists in the 1,3-dipolar cycloaddition of azomethine ylides
to the CNTs. This approach usually affords functionalized
CNTs that are soluble enough to facilitate manipulation and
solution studies.

Torres and co-workers carried out the preparation of
Pc—SWCNT ensembles 105 using the 1,3-dipolar cy-
cloaddition of azomethine ylides protocol.??! In this work,
two different approaches were followed for the preparation
of the target hybrids (Scheme 20). One approach involved
the 1,3-dipolar cycloaddition of an azomethyne ylide gener-
ated in situ by reaction of N-octylglycine and p-formylben-
zoic acid to the double bonds of SWCNTs, to yield the acid-
derivatized nanotubes 104, which were then reacted with Pc
106a (Scheme 20, route A). The other synthetic pathway
involved the straightforward 1,3-dipolar cycloaddition reac-
tion of N-octylglycine and formyl-containing Pc 106b
(Scheme 20, route B). Thermogravimetric analysis of both
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Scheme 19. Synthesis of a Covalently Linked Cu"Pc—MWCNT Hydrid
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materials showed that the number of Pc units in the
Pc—SWCNT ensemble prepared by the stepwise route (105a)
(1 Pc every 300 carbon atoms) is higher than that of the
straightforward approach (105b) (1 Pc every 500 carbon
atoms). This fact is a result of the large excess of reactants
(i.e., p-formylbenzoic acid and N-octylglycine) used in the
former route to force the functionalization of the poorly
reactive nanotube sidewalls. However, in the latter ap-
proach, a little excess of reactants (i.e., Pc 106b and
N-octylglycine) was used since the unsymmetrically
substituted Pc 106b is, indeed, a highly elaborate material.
In addition, both materials were characterized using other
analytical, spectroscopic, and imaging (i.e., TEM) tech-
niques. All data were consistent with a successful func-
tionalization of the SWCNTSs with Pc molecules. The UV/
vis spectrum of the ensembles showed the features of both
constituents, that is, the Q-band of the Pc core and the
typical van Hove singularities of SWCNTSs ranging from
the visible to the near-IR. The presence of the latter bands
confirms that the electronic structure of the SWCNTs is
preserved to some extent. In addition, Raman spectroscopy
confirms the covalent attachment to the nanotube side-
walls. Photophysical experiments revealed that the nano-
tubes act as the electron acceptor component within this
Zn"Pc—SWCNT material, as previously observed in
related Por—SWCNT ensembles.??

The groups of Torres, Prato, and Guldi also reported
the preparation of an analogue of 105, in which metal-
free Pcs and nanotubes were linked through a flexible
spacer (i.e., HPc—SWCNT).” Photophysical studies on this
material revealed a behavior similar to that observed for the

OC12Hs

ensembles having a rigid bridge (i.e., 105), where both the
Pcs and the nanotube surface are in close proximity. This
fact seems to indicate that the nature of the spacer does not
have a notable effect on the PET process in these hybrid
systems.

The main disadvantage of the stepwise synthetical
approaches described above (i.e., route A) is that not all
the former functionalities attached to the nanotube react
with the Pc molecules and, therefore, the incorporation
of Pc units to the nanotube surface is not maximized. An
elegant solution to this problem was provided by Cam-
pidelli et al., who used the Cu(I)-catalyzed, “click” 1,3-
dipolar cycloaddition reaction between azide and acetylene
derivatives as a tool to achieve the total derivatization of
the reactive groups present in the nanotube with Pc
molecules.??? Specifically, they reported the functionalization
of SWCNTs with 4-((trimethylsilyl)ethynyl)aniline following
the procedure developed by Tour and co-workers for the
addition of aromatic radicals to the CNT sidewalls.?>* In a
second step, the click reaction of these ethynyl-functionalized
SWCNTs with Pc 107 bearing an azide group yielded 108
(Scheme 21). Thermogravimetric analysis of the intermediate
phenylacetylene-funtionalized material 109 indicated the
presence of approximately 1 phenylacetylene functional
group every 165 carbon atoms. This value fully fits with the
estimation of the number of Pc units introduced after the
click reaction, thus pointing out the success of this approach.
Photophysical characterization of 108 demonstrated, as in
previous examples, the electron injection from the photoex-
cited Zn"Pc to the nanotube.
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Scheme 20. Synthesis of Covalent Zn"Pc—SWCNT Hybrids 105“
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5.2. Noncovalent Interactions between
Phthalocyanines and Carbon Nanotubes

The main advantage of the noncovalent functionalization
of CNTs is that it fully preserves the electronic network
of these tubular structures. For this reason, this approach
is also of paramount importance for developing new
nanomaterials. Particularly, the immobilization of Pc
molecules onto CNTs may give rise to novel nanodevices
where the photophysical and conducting properties of the
Pcs are coupled to the unspoiled electronic properties of
the nanotubes. The immobilization of the Pc cores onto
the CNT sidewalls results from the m—s interaction
between the conjugated surface of the CNTs and the
aromatic Pc macrocycles.

Wang et al. reported that CNTs can fade the color of
chloroform solutions of tetra-tert-butyl-Pc as a result of the
immobilization of the Pc cores on the nanotube sidewalls.??*
The adsorption of the Pc molecules on the CNT surface was
observed by TEM and AFM, which showed the formation
of nanoparticles of several to tens of nanometers.

Hydrogen-bonding-based interactions between tetrasul-
fonate-substituted Cu''Pc and oxidized MWCNTs take place
in concentrated dispersions of both components.?”> The
affinity between the two materials was shown to result in
ground-state charge transfer from the MWCNT scaffold to
the Pc molecules, which behaved as electron acceptor
components owing to the presence of electron-withdrawing

0
R, 105a
-~ Q Ry 105b

180 °C; (ii) 106a, 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide (EDC),
°C.

moieties at the periphery of the macrocycles. Upon spin-
casting of such a dispersion, uniform, thin films were
obtained. Spectroscopic and morphological studies evidenced
that the Pc cores stacked in columns along the MWCNT
scaffold, in such a way that the plane of the macrocycle was
parallel to the nanotube surface (Figure 21).

Another remarkable example reported by D’Souza and co-
workers describes the noncovalent functionalization of
SWCNTs with Zn"Nc using a pyrene-based derivative as a
bridge between the Nc and the nanotube.? It is well-known
that pyrene strongly binds through s7—s interactions on the
SWCNT sidewalls.??® To assemble Nc molecules on the
SWCNT, the pyrene entity was functionalized with a
phenylimidazole ligand (i.e., ImPy), since the phenylimida-
zole can strongly coordinate to the zinc center of the donor
macrocycle (Figure 22). Therefore, D—A Nc/ImPy/SWCNT
nanohybrids have been constructed and characterized by
various physicochemical techniques including TEM, UV/
vis, and electrochemical methods. PET from the singlet
excited Zn'INc entity to the SWCNT acceptor unit was
probed by steady-state and time-resolved emission studies.

More recently, conjugate 110/SWCNT has been reported
in which a heteroleptic bis(phthalocyaninato)terbium(III)
complex (110) bearing a pyrenyl group has been grafted to
SWCNTs using ;t— interactions, as demonstrated by high-
resolution TEM, emission spectroscopy, and AFM (Figure
23).2%” An average load of 1 molecule of 110 per 7—8 nm
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Figure 21. Schematic representation of the columnar stacking of tetrasulfonate-substituted Cu'Pcs on a MWCNT

Scheme 21. Synthesis of Zn"Pc—SWCNT 108 by a Click Cu(I)-Catalyzed Procedure
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Figure 22. Noncovalent assembly of a SWCNT and a Zn'Nc¢ using
an imidazolylpyrene bridge.
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Figure 23. Noncovalent assembly of a SWCNT and conjugate
110 using a pyrene bridge.

of SWCNT length was obtained. The rationale behind the
preparation of system 110/SWCNT lies in the magnetic
properties of the heteroleptic complex 110, which exhibits
temperature and frequency dependence of ac magnetic
susceptibility, typical of single-molecule magnets (SMMs).
Interestingly, magnetization studies revealed that the SMM
behavior of heteroleptic complex 110 is retained and even
improved in the hybrid 110/SWCNT system.

From a chemist’s perspective, one of the most fascinating
properties of CNTs is their ability to encapsulate molecules
and confine them to form quasi-1-D arrays.”?® Forming
restricted 1-D assemblies of Pcs by encapsulation into
carbon-based nanotubular structures may lead to materials
with improved photophysical and (opto)electronic properties
as a result of excitonic interactions between the dyes, as long
as a precise control of internal stacking is achieved. Schulte
et al. reported the encapsulation of Co™Pc molecules into
MWCNTs.?* Even though no internal order could be
determined by TEM, near-edge X-ray absorption fine struc-
ture (NEXAFS) measurements revealed nonrandom stacking
of the Pcs inside the nanotubes.

Recently, a system constituted of Zn"Pcs loaded onto
chemically oxidized single-walled carbon nanohorns (SWC-
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NHs,,) functionalized with protein bovine serum albumin
(BSA) has been reported.?® In such a system, the loading
of the Pcs onto the nanotubes is made possible by the
presence of large pores (1—5 nm) on the tubular nanostruc-
tures through which the Pc units can pass, whereas the
interaction of the serum albumin with the tubular nanostruc-
ture is realized by the presence of carboxylic acid residues
at the edges of the SWCNH,, pores.

Some examples can also be found in the literature
regarding photoconductivity measurements of composites
comprising CNTs and Pc molecules. Thus, for example,
chemically modified MWCNTs (i.e., holding dodecylamide
chains) have been blended with Ti'VOPc, forming Ti"VOPc/
MWCNT composites that have been used to fabricate
photoconductive devices.?*! Enhanced photosensitivity was
observed in these Ti™YOPc/MWCNT devices, the composite
containing 6 wt % CNTs reaching a 5-fold higher value with
regard to undoped Ti'VOPc devices. This result was inter-
preted in terms of photoinduced CT from the Ti'YOPc to
the MWCNT component. The same authors have described
the MWCNT-templated assembly of the reduced form of a
sandwich-type erbium(IIl) phthalocyaninate (HEr™Pc,).>*
TEM images showed MWCNTs enrobed with Pc nanopar-
ticles and nanowires. The photoconductivity of the
MWCNT—HEr""Pc, hybrid material was also measured,
showing enhanced photosensitivity as a result of the forma-
tion of a CT complex. UV/vis experiments supported this
finding and showed that, when the MWCNT content was
increased, a new band centered at 770 nm concomitantly
arose, which was related to the oxidation of the HEr'"Pc,
component.

On the other hand, coupling CNTs with Pcs having
catalytic activity characteristics offers the possibility for the
development of hybrid materials with improved catalytic and
analyte sensing capabilities. CNTs have been known to
promote electron transfer reactions when used as electrode-
modifying material. Electrode modification with CNTs is
usually carried out by their direct immobilization on the
surfaces of carbon electrodes, and the resulting electrodes
can be further modified with other chemically and biologi-
cally active materials.?** In particular, transition-metal—Pc
complexes are well recognized for their excellent electro-
catalytic activity toward the detection of different analytes.>**
For this reason, the attachment of metallic Pc complexes on
CNTs and the immobilization of the hybrid material on
electrodes has led to systems with excellent electrocatalytic
characteristics.>*> 2% An interesting example describes the
electrochemical properties of self-assembled films of SWCNTs
coordinated to tetraamino-Co"Pc by sequential self-assembly
onto a preformed aminoethanethiol self-assembled monolayer
on a gold electrode.?*! Electrochemical studies show that the
presence of SWCNTSs greatly improves the electronic com-
munication between the tetraamino-Co"Pc and the Au
electrode surface. SWCNT/tetraamino-Co"Pc self-assembled
films exhibit good electrocatalytic responses toward the
detection of dopamine. A similar example describes the
preparation of layer-by-layer films of polyamidoamine—
MWCNTs alternated with tetrasulfonated Ni'"Pc.?** Also in
this case, the incorporation of CNTs enhanced the Pc-
mediated redox process and its electrocatalytic properties for
detecting dopamine.

Ye et al. have reported the immobilization of Pcs at the
surface of CNTs as a tool to obtain electrochemical bio-
sensing platforms.?** The authors have constructed a highly



Phthalocyanine—Carbon Nanostructure Systems

N /E ;\ "N
! T \

§—©QN-"."|\I/|......N\ |
N\g\ N?/N
a M=12n
111

b M= H,
¢ M=TiO

Chemical Reviews, 2010, Vol. 110, No. 11 6797

Figure 24. Molecular structures of Pcs 111a—c and Cgy and Cy fullerene.

sensitive and selective glucose sensor by immobilization of
Fe'"Pc on well-aligned MWCNTS and subsequent coimmo-
bilization of glucose oxidase biomolecules as model enzymes
onto the MWCNT surface.

In addition, the nonlinear optical behavior of noncovalent
ensembles of CNTs and Pcs has also been studied. Therefore,
mixing Zn""Pc solutions and SWCNT dispersions gives rise
to nanocomposite systems with improved optical limiting
capabilities in comparison to pure Pc-based materials.?**

6. Photophysics of Phthalocyanine— and
Subphthalocyanine— Carbon Nanostructure
Systems

6.1. Nonspecific, Intermolecular Interactions
between Phthalocyanines and Fullerenes in
Solution

In 1997 Ito and co-workers reported the intermolecular
CT between ground-state Zn''Pc 111a and photoexcited Cg
or Cy fullerene, which exhibited an interesting twist (Figure
24).2% Excitation of fullerene in a mixture of 111a/Cg (C7o)
in benzonitrile gives rise to the rapid formation of new
photoproducts. Spectroscopically, the photoproducts are
identified with relative ease by characteristic absorption
changes in the near-IR: Maxima around 840 nm are clear
attributes of the Zn"Pc"*, while the transient absorbance at
1080 nm (or 1380 nm) resembles the diagnostic marker of
the fullerene radical anion Cgy"~ (or C7y’ ). The contribution
of 3*Cg (or **Cy) to the observed electron transfer dynamics
was confirmed by adding O, to a benzonitrile solution
containing Pc 111a and fullerene, which resulted in the
almost complete suppression of Cg'~ (or Cz"7), thus
confirming that intersystem crossing from B#Cqo (or #Cy)
to 3*Cg (or *C7q) occurs before '#*Cgq (or *Cy) accepts an
electron from 111a.

In nonpolar solvents, the energy levels for the radical ion
pair state are, however, significantly raised. As a direct
consequence, the electron transfer mechanism is shut off,
while the intriguing energy transfer route is activated. The
latter was confirmed spectroscopically through the triplet-
excited-state markers of Zn"Pc and the absence of the radical
ion pair features. Interestingly, the quantum yields for the
photoinduced CT were found to be higher for C;y than for
Cyo and scaled linearly with increasing Zn"Pc concentration.

It is important to notice that any electronic communication
between 111a and Cg is limited to the excited state, although

a more recent study describes the occurrence of ground-state
electronic interactions between unsubstituted Zn" or H,Pc
and fullerene also in solution.?*

A few years later, similar photophysical studies were
carried out on 111a/Cgy (Cy), but this time photoexciting
exclusively the Zn"Pc by simply selecting 670 nm as the
excitation wavelength, where neither Cgo nor C; absorbs.?*
The growth of the transient absorption bands attributable to
Ceo"~ (i.e., 1080 nm) or C;y'~ (i.e., 1380 nm) and Zn"Pc'*
(i.e., 840 nm) and the concomitant decay of the Zn"Pc triplet-
excited-state features (i.e., 480 nm) confirm the presence of
a CT mechanism. Again, the presence of O, favored an
energy transfer over a CT deactivation mechanism, thus
confirming the participation of the Zn"Pc triplet excited state
as an important intermediate in the formation of the charge-
separated ion pairs.

Photoexciting H,Pc 111b in a 111b/fullerene mixture
revealed that the CT rate constants and CT efficiencies are
considerably smaller when compared to those of Zn"Pc 111a
(i.e., CT efficiencies of 0.07 versus 0.77 in benzonitrile). This
was rationalized on the basis of the different electron-
donating abilities presented by the two Pcs. Nevertheless, it
is notable that quantum yields of less than unity imply
alternative deactivation mechanisms, including energy trans-
fer and/or collisional quenching. Decreasing the solvent
polarity further decreased the CT efficiencies. Excited triplet
states of Cgy and C;9 showed, in an interplay with Ti'VOPc
111c, the same electron and energy transfer reactivity.?*®

In summary, in polar solvents, an intermolecular electron
transfer takes place in 111a/Cgy and 111b/C¢ mixtures from
the triplet states (i.e., *Zn"Pc, *H,Pc, or 3*Cy) to yield
radical ion pair states, the exact pathway depending exclu-
sively on the excitation wavelength used.

6.2. Photophysics of Phthalocyanine—Fullerene
Systems

Next, the CT behavior and the thermal CR features of
several of the covalently and noncovalently linked Pc—Cgg
fullerene conjugates described above were analyzed, in terms
of both the nature of the spacer between the donor and the
acceptor units (e.g., Figure 25) and the number of Pc and
Ceo moieties in the multicomponent ensembles.

The first, and structurally simpler, Pc—Cg, system whose
photophysical behavior was studied is represented by the
Zn"Pc—Cg conjugate 8a. This dyad, in which the two active
units are directly linked, reveals a marked redistribution of
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Figure 25. Molecular structures of Pc—Cg fullerene dyads 8, 18—20, 27, and 35c.

CT density from the electron-donating Zn"Pc to the electron-
accepting Cgy, as reflected by the CT absorption band at 740
nm observed in the UV/vis.}242%0 The same features are
observed when the Pc and Cg units are in close proximity
such as in 42a, where strong CT occurs. 02!

Interestingly, in none of the other reported Zn"™Pc—Cg
conjugates is such a spectroscopic signature discernible to a
notable extent, their absorption spectra being described as
the linear sums of the individual components (see below).
In such dyads, strong Zn''Pc absorption maxima are regis-
tered around 350 nm and around 685—690 nm, the latter
flanked by a shoulder around 650 nm and a minor maximum
at 610 nm. In the visible part of the solar spectrum,
meaningfully intense Cg transitions are restricted to bands
at 330 and 435 nm. Much weaker transitions, with extinction
coefficients well below 1000 M~! cm™!, extend, nevertheless,
to ca. 700 nm.

Unambiguous evidence for CT in Pc—Cgy ensembles can
be gathered from transient absorption measurements. When
the photoexcitation features of a Zn"Pc reference compound
that lacks the electron-accepting Cq moiety (i.e., 111a) are
probed, the Zn"Pc singlet excited state emerges as an
important reference point. The latter, which is formed
essentially right after the conclusion of the laser pulse, is
seen as a broad transient maximum at 490 nm followed by
bleaching between 610 and 685 nm. This bleach is basically
a mirror image of the ground-state absorption. The Zn"Pc
singlet—singlet transient decays on the 3000 ps time scale
via intersystem crossing (i.e., 3.1 ns) to afford the Zn"Pc
triplet-excited-state features: a broad transient with a maxi-
mum at 500 nm and two minima at 350 and 680 nm. In the
absence of molecular oxygen, the Zn"Pc triplet excited state
returns to the singlet ground state over the course of several
hundred microseconds with a rate constant of 3.5 x 10*s™!
in THF.

Distinct is the fate of the photoexcited species when the
electron-accepting Cgp unit is connected to the Pc such as in
8a. In fact, photoexciting Zn"Pc—Cg, 8a at 670 nm generates
the Zn""Pc singlet excited characteristics that decay rather
quickly, in stark contrast to the intersystem crossing dynam-
ics of the singlet-excited-state features of 111a. Kinetically,
the Zn"Pc singlet-excited-state decay in 8a is tied to the
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Figure 26. Differential absorption spectrum (visible and near-IR)

obtained upon femtosecond flash photolysis (670 nm, 150 nJ) of
8a in argon-saturated THF with a time delay of 100 ps at rt.

formation of new transient species. Spectroscopically, the
new species reveal distinct maxima at 520, 840, and 1000
nm. The maxima at 520 and 840 nm are attributes of the
one-electron-oxidized Zn"Pc radical cation, whereas the
maximum at 1000 nm matches the absorption of the one-
electron-reduced Cg radical anion (Figure 26). The transient
absorption measurements show clearly that the lifetime of
the radical ion pair state depends strongly on the polarity of
the solvent.

Important is the comparison of Pc—Cg; conjugates 8a—c®
with the related Zn"Por—Cg, or HyPor—Cg conjugates.>® In
particular, a number of key differences should be highlighted.
First, significant red shifts of the visible absorption features
are observed for the Pc-based derivatives (i.e., ~700 nm
versus ~600 nm). This favors unquestionably the utilization
of light in the range of the maximum solar flux. Second, the
absorption cross sections of Pcs in the visible range of the
solar spectrum (i.e., € > 200 000 M~ cm™! versus ¢ ~ 10 000
M~! cm™!) enhance the light-harvesting ability of these
systems compared to the Por-based ones. Third, Pc—Cg
ensembles present larger energy gaps (i.e., —AGcs® > 0.7
eV versus —AGcs® < 0.7 eV), and faster rates evolve for
the CS processes, which, in turn, assist in suppressing
alternative deactivation channels for the singlet excited state
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Table 1. Charge-Separated Lifetimes of Some Pc—, SubPc—, and Nc—Cg, Covalent and/or Supramolecular Systems

charge-separated

charge-separated

ref compd lifetime (ps) ref compd lifetime (ps)
87 8a* 32¢ 120 67* 1.5 x 10°¢
490
450¢
1.1 x 10*¢
88 13¢ 1.4 x 10°/ 120 71¢ 1.3 x 10%¢
90 18 504 122 72k 3 x 1034
1317
755¢
1 x 10*4
90 19% 304 127 75a" 1.9 x 10*¢
120° 1.1 x 10*¢
979¢
1.4 x 10*¢
90 20* 364 128 75b™ 15 x 10%¢
154
1.2 x 10%
1.3 x 10*¢
92 27¢ 330 128 75¢" 10 x 103¢
2.4 x 103
2.6 x 10*¢
4.58 x 10°¢
94 31* >3 x 10°¢ 128 754"

96 34/35a* 4754 129 76* 6.7 x 100¢
92 35¢¢ 3.5 x 10*¢ 130 77* 40 x 10°¢
101 42a¢ 83¢ 132 81¢ 1.74 x 103*

1.23 x 103¢
102 42a'* 3.3 x 10° 134 82¢ 1.5 x 10°¢
1.7 x 10°¢
104 45¢ 360" 134 83 1.2 x 10%¢
22 x 10%¢ 1.3 x10°¢
2.1 x 104
105 50* 1 x10%¢ 134 84¢ 500¢
650" 3704
106 54¢ 180 143 0-85d’ 734
1.15 x 103? 133
297 x 10%¢ 4.055 x 10*¢
109 58* 2.0 x 10°¢ 143 m-85d! 111¢4
1.6 x 10°¢ 192°
435 x 1034
110 59¢ 5.0 x 103 ¢ 143 p-85d’ 2354
319°
>5 x 10%4
112 60 1.0 x 103 ¢ 146 90/ 6.7 x 10°¢
<7 x 10°¢
4 x10°"
113 61a* 12.6 x 10°¢ 146 91 1.052 x 100¢
4.7 x 10*¢
147 97a’ 97 x 103%

@ Benzonitrile. ° THF. ¢ Anisole. ® Toluene. ¢ Dichloromethane. ' Water. ¢ 0-DCB. "DMF. ' Langmuir—Blodgett film. / Too fast to record. ¥ Refers
to Pc—Cg systems. 'Refers to SubPc—Cg systems. ™Refers to Nc—Cg systems.

such as radiative and nonradiative decays. Finally, smaller
energy gaps for the CR step (i.e., —AGcR°®) are observed
for Pc—Cg systems, which pull these processes closer to
the top of the Marcus parabola and, therefore, destabilize
the radical ion pair states. Replacing Zn"Pc with CuPc (i.e.,
8c) assists in raising the radical ion pair state due to an
anodically shifted oxidation potential and, in turn, in elongat-
ing its lifetime (Table 1).

Similarly, the nature of the linker in 18—20 has an
influence on the lifetime of the radical ion pair states as a
consequence of the differently hybridized carbon atoms.”
In general, the lifetimes of these excited states tend to be
shortest in the system that lacks any spacer at all (i.e., 8),
while the longest lifetimes are found in the system that carries
the triple bond spacer (i.e., 20). Interestingly, the difference
between the double-bonded (i.e., 19) and triple-bonded (i.e.,
20) systems resembles the trend seen in p-phenylenevinylene-
and p-phenyleneethynylene-containing D—A systems.?322%

Implementing p-cyclophanevinylene or p-phenylenevi-
nylene bridges in 27 or 35¢, respectively, exerts an ap-
preciable stabilization of the radical ion pair state, relative
to 8a and 18—20 (Table 1).°? This trend is likely due to the
larger D—A distances in 27 and 35c. As a general rule, the
increase of the distance between the donor and the acceptor
units leads to a stabilization of the radical ion pair lifetimes
as has been observed in several Por—Cg systems in which
a systematic variation of the spatial distance and relative
orientation between the two active units has been done.”

Pronounced effects on the charge-separated lifetimes are
actually seen when a p-cyclophanevinylene bridge is em-
ployed (Table 1). p-Cyclophane is regarded as a pseudocon-
jugated spacer that per se weakens the electronic coupling
between Zn"Pc and Cgy, when compared to the p-phenyle-
nevinylene building block. Please note that the latter is one
of the most proficient building blocks for the design of
molecular wires with 8 values as low as 0.01 A~!.253
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The photoinduced communication between a double-
decker lanthanide(III) bis(phthalocyaninato) and a Cgy moiety
in a series of [Ln™(Pc)(Pc')]—Csp dyads (Ln = Sm, Eu, Lu)
(31a—c) has also been studied.** In the dyads 3la—c,
excitation at 665 nm, which photoexcites exclusively the
[Ln™(Pc)(Pc')] moiety, leads to a rapid excited-state deac-
tivation, that is, doublet-to-quartet intersystem crossing (i.e.,
3.5 ps) and ground-state recovery (i.e., 16 ps), similarly to
what has been observed for the sandwich complexes 33a—c.
This is probably due to the short lifetimes of the excited
states of the [Ln™(Pc)(Pc')] double-decker components that
bring about alternative deactivation mechanisms. On the
contrary, when dyads 31a—c are photoexcited at 387 nm,
which excites both the Cyy and the [Ln™(Pc)(Pc’)] compo-
nents, the charge-separated-state features started to evolve,
namely, the fingerprint absorption of one-electron-reduced
Cgo at 1010 nm and the one-electron-oxidized [Ln™(Pc)(Pc')]
component at 515 and 760 nm, as confirmed by electro-
chemical and radiolytical assays. No notable decay is seen
for the newly formed charge-separated state on the time scale
of the femtosecond experiments, that is, 3 ns, which suggests
an upper limit for the lifetime of >3 ns in toluene (Table 1).

More recently, temperature-dependent photophysical stud-
ies have also been carried out on Pc—Cgy dyad 42a. These
studies revealed that in this dyad the formation of the charge
separation state is preceded by the formation of an intramo-
lecular exciplex as a transient state.?>* It was observed for
such a system that the formation rates of the exciplex and
the charge-separated states, as well as the charge recombina-
tion rate, were independent of the temperature, and thus, these
processes were activationless. This finding seems to be a
general rule and suggests that aromatic ;77— interactions
between closely spaced donor and acceptor moieties could
be an important factor for exciplex formation as transient
states in PET reactions.

Photophysical studies on a flexible, azacrown-containing
linker connecting the Pc and the Cg units in dyad 39 were
also carried out.” These studies did not show any sign of
charge transfer dynamics for the dyad either alone or upon
addition of potassium salts. This is in accordance with the
UV/vis experiments, which suggest that no significant
changes upon complexation or aggregation take place despite
the presence of the ionophilic bridge (vide supra). The
photolysis data suggest that the presence of the fullerene
group can modify the excited-state lifetime of the Pc by
energy transfer or some other nonradiative process, but
evidence for charge transfer in 39 could not be inferred.

The photophysical behavior of multicomponent Pc—Cg
ensembles other than dyads (i.e., triads, tetrads, etc.) has also
been studied.

The tripodal motif 50, in which three-electron-donor Pc
units and a fulleropyrrolidine moiety are covalently con-
nected to a central tetraphenylmethane unit, deserves a special
mention.!® In such a system, CS is only realized in polar
solvents such as benzonitrile and DMF, whereas less polar
solvents such as toluene, anisole, or THF are ineffective to
trigger a CT event. Compound 50 seems just to decay with
kinetics similar to those found in a reference system lacking
the electron-accepting Cq moiety. Accordingly, any measur-
able radical ion pair state lifetimes are limited to polar
solvents with values of 1000 and 650 ps in benzonitrile and
DMF, respectively (Table 1).

Compound 54, which holds two Pcs and two fullerenes
connected through triple bond containing bridges, presents
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lifetimes that are essentially on the order of those seen for
8a and 18—20 (Table 1).'° A probable rationale implies the
close proximities that the Zn"'Pc and the Cgy moieties might
adopt in 54. The minimized structure of the tetrad, based on
MM+ calculations, illustrates that through-space deactiva-
tions are plausible, which prohibit the feasibility of forming
long-lived radical ion pair states. Linking instead two Cg
moieties to one Zn"Pc (i.e., 45) proved to be more successful
in terms of increasing the lifetime of the charge-separated
state.'™ In fact, a lifetime of 21 ns was derived for the radical
ion pair state in toluene. This value is 1 order of magnitude
larger than those measured for Zn"Pc—Cq, 8a (Table 1).

The quantum yields of the CS process of the above-
mentioned systems depend on several factors such as solvent
polarity and D—A separation. They certainly maximize at
short D—A separation (i.e., 8a) and in solvents of medium
polarity (i.e., anisole or THF). On the contrary, lower
quantum yields are typically found in polar solvents (i.e.,
benzonitrile) and Pc—Cg, systems with large D—A separa-
tions (i.e., 27 or 35¢).

Solid-state photophysical studies on Pc—Cg dyad 8a were
also carried out, revealing the occurrence of a long-lived,
photoinduced CS state with a lifetime several orders of
magnitude higher than that in solution. The observed
stabilization of the CS state within the photoexcited Pc—Cg
8a in the solid has prompted the utilization of this dyad as
active material in photovoltaic devices, either alone?**>>> or
blended with a conjugated polymer mixture,”° although in
both cases the power conversion efficiencies under simulated
solar illumination were found to be low.

The effect of the molecular organization on the photoper-
formances of a Pc—Cg fullerene molecular system were also
studied in Langmuir—Blodgett films of 42a using femtosec-
ond pump—probe and microsecond flash photolysis methods
as well as nanosecond time-resolved Maxwell displacement
charge.!” A detailed analysis of these data revealed the
occurrence, upon photoexcitation, of a short-lived (i.e.,
picosecond time scale), intramolecular and a longer lived
(i.e., microsecond time scale), intermolecular radical ion pair
state. The noted stabilization in the Langmuir—Blodgett films
with respect to the solution'”! is probably due to migration
of the photogenerated Zn""Pc** radical cations/Cgy"~ radical
anions to spatially close, homologue units. These findings
demonstrate that the molecular organization in Pc-based
molecular ensembles often leads to significant changes in
the CT features of these compounds.

More recently, alternate bilayer structures of PDI and either
Pc—Cgy dyad 42a or free base Pc were prepared by the
Langmuir—Schifer method and studied using a range of
optical spectroscopy methods including femtosecond pump—probe
and up-conversion. An efficient quenching of the PDI
fluorescence by the free base Pc or Pc—Cgy dyad 42a was
observed in both steady-state and time-resolved fluorescence
measurements. The quenching is due to energy transfer from
the PDI to the Pc chromophore in both the PDIIPc and
PDII42a films. In addition, in the PDIPc—Cgy dyad 42a
bilayer structure, the energy transfer mechanism is followed
by a charge separation deactivation pathway within the
Pc—Cyy dyad layer, yielding a long-lived (a few microsec-
onds) intermolecular charge-separated state.'%

Polymeric systems incorporating Zn""Pc and Cq as pendent
groups in a polynorbornene framework have also been
prepared through a ring-opening metathesis reaction, obtain-
ing random Pc—Cg, copolymers (i.e., 61a,b).'"® Fluorescence
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studies, which were carried out with copolymers 61la and
61b, revealed distinct excited-state interactions. In particular,
fluorescence quenching seems to depend on the relative Pc:
Cgo fullerene ratio, and therefore, increasing the relative
content of Pc versus Cgg (from 60:40 in 61a to 80:20 in 61b)
led to an amplification of the quenching. In 61, there is no
doubt about the formation of long-lived radical ion pair states
upon PET from Zn"Pc to Cg in the copolymers, which was
confirmed by detecting the spectroscopic signatures of the
one-electron-oxidized Zn"Pc*t and one-electron-reduced
Cgo . The lifetime, as determined at various wavelengths,
is 12.6 us (Table 1). A likely rationale implies delocalizing
effects on the photophysical properties of the Zn"Pc—Cgj
ensembles, which evolve from the incorporation of the
photoactive units within the polymeric frameworks.

The photophysical behavior of Pc—Cg systems presenting
the Cg acceptor unit axially connected to the Pc macrocycle
has been also investigated.

In this context, photoexcitation (Aexe = 400 nm) of a triad
comprising a Si'VPc bearing two axially coordinated Cg units
(i-e., 59) results in the formation of a charge-separated state
by PET from the singlet excited state of the Si'VPc to the
Cgo moiety. The charge-separated state has a lifetime of 5
ns in benzonitrile at 298 K (Table 1).'!°

A Pc—Cy fullerene covalent system (60) comprising two
different electron acceptor entities, namely, NDI and Cg,
axially coordinated to a central Si'YPc has also been
reported.!'? NDI was chosen as an electron acceptor moiety
because of its low reduction potential and the location of its
singlet excited state, which is higher in energy than those of
Si'VPc and Cg, thus providing a large driving force for the
CS process. Photoirradiation of 60 at 380 nm leads to the
exclusive formation of the NDI singlet-excited-state species
(at this wavelength the extinction coefficients of both Pc and
Ceo are quite low), which evolves into a
SilVPc™ (NDI), " (Cgp), radical ion pair state that outlasts that
seen in a related Si"™YPc—NDI, system lacking the two Cg
moieties (1000 vs 250 ps) (Table 1). This stabilization of
the charge-separated state could be explained considering
that electron shifts from the NDI'™ to the adjoining Cg
moiety to generate Si'VPc™"(NDI),(Cgp),’~ can occur, as
demonstrated by the fullerene radical anion fingerprint at
around 1000 nm. These results clearly demonstrate that, from
a photophysical standpoint, the presence of the two adjacent
electron-accepting moieties (i.e., NDI and Cep) in pentad 60
leads to a significant stabilization of the photoinduced charge-
separated states.

The preparation of Si'VPc-based dendrimeric systems
through the axial coordination of fullerodendrimers, carrying
up to eight Cg units, to a Si'VPc (i.e., 58) was also pursued
as a means to stabilize the radical ion pair state. A proof of
concept is the fact that increasing the dendron generation,
that is, increasing the number of Cg units from 2 to 8 (i.e.,
58), helps to enhance the radical ion pair state lifetime
probably due to electron migration among the Cg, subunits
(Table 1).1%°

D—A Pc—Cq fullerene systems based on supramolecular
interactions have also been reported and their photophysics
studied. For example, the presence of titanium as the metal
center in the Pc macrocycle allows for the axial coordination
of appropriately substituted Cq fullerene derivatives such
as in the axially substituted Ti'"VPc—Cgy 81.'*? This system
undergoes PET upon irradiation with visible light to produce
a long-lived radical ion pair state. In fact, analysis of the
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metastable radical ion pair features revealed CS lifetimes in
deoxygenated THF and dichloromethane of 1740 and 1230
ns, respectively (Table 1).

The photophysical properties of Pc—Cgy fullerene su-
pramolecular systems based on metal—ligand axial coordina-
tion between a Zn"Nc and Cg derivatives bearing an
imidazole functionality (i.e., dyad 75a)'*" have been studied.
Again, photoinduced energy/electron transfer reactions are
the inception for creating a radical ion pair state.** The
calculated rates of CS and CR for dyad 75a were 1.4 x 10'°
and 5.3 x 107 s! in toluene and 8.9 x 10° and 9.2 x 10’
s ! in 0-DCB, respectively (Table 1).

Metal—ligand interactions have also been used to assemble
Pc—Bodipy—Cy triad 77.'3° Photophysical studies on this
supramolecular system showed a drastic quenching of the
Pc fluorescence when fullerene derivative 79 was added to
a solution of Pc—Bodipy 78 in toluene, suggesting an
efficient interaction taking place between the photoexcited
Pc and Cg. The charge transfer mechanism as the major
deactivation pathway for the photoexcited Pc moiety in 77
was inferred by transient absorption spectroscopy. In fact,
irradiation of the supramolecular ensemble 77 within the
visible range leads to a charge-separated Bodipy—Pc™—Cgy'™
radical ion pair state, through a sequence of excited-state
and charge transfers, characterized by a remarkably long
lifetime of 39.9 ns in toluene. Comparative photophysical
experiments using fullerene derivative 79 and a Pc unit
lacking the Bodipy moiety gave charge separation lifetimes
of less than 5 ns. These results suggest that, in the
supramolecular complex 77, the Bodipy subunit not only
plays a useful role in light harvesting, but also stabilizes the
radical ion pair state produced after photoexcitation of the
Pc moiety.

Other metallosupramolecular systems were built up through
Zn"Nc/pyridine axial coordination having the Nc as the
primary electron donor and Cgy as the primary electron
acceptor (i.e., dyad 75d) and either Fc (triad 75b) or (N,N-
dimethylamino)phenyl (triad 75c¢) as secondary electron
donors.!?® Important is the fact that the secondary electron
donor unit assists in prolonging the radical ion pair state
lifetime. Likewise, endowing Cey with two pyridines allows
binding of a Zn"™Nc and leads to an efficient intramolecular
CT.256

Ru'"Pc—Cy, supramolecular systems 82—84 have also been
prepared through metal coordination of linear Cg monopy-
ridyl (i.e., 82 and 83) and bispyridyl (i.e., 84) ligands to
Ru'Pc.'3* With respect to the excited-state features, it is found
that Ru"Pc—Cyy D—A hybrids are a versatile platform to
fine-tune the outcome and dynamics of CT processes. A real
asset is, in this context, the use of Ru"Pcs rather than Zn"Pcs,
which present a high-lying triplet excited state. In other
words, the energy-wasting and unwanted CR has been
successfully suppressed in these systems, with radical ion
pair state lifetimes on the order of hundreds of nanoseconds
for the monosubstituted C¢y adducts (i.e., 82 and 83), by
pushing it far into the Marcus inverted region (Table 1). In
triad 84, which presents a unique hexakis-Cg functionaliza-
tion, 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 RuPc is not high enough, thus offering a rapid
deactivation of the radical ion pair state. Thermodynamic
considerations suggest that the dynamics of this process is
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nearly activationless, a hypothesis that is well corroborated
by experimental results.

Simple biomimetic organization principles also provide
the means for the facile preparation of D—A hybrids such
as 67 and 71.'% Threading a dibenzylammonium unit through
a dibenzo-24-crown-8 macrocycle, for example, affords
pseudorotaxane-like complexes 67 and 71 with binding
constants of 1.4 x 10* and 1.9 x 10* M, respectively, as
implied from a progressive, nonlinear quenching of the Zn"Pc
fluorescence. The rationale behind the preparation of su-
pramolecular triad 71 was to enforce the proximity of the
fullerene moiety of 68<PFg to the Pc moieties, in stark
contrast with assembly 67 in which a coconformer having
the fullerene moiety far from the Pc macrocyle could also
be possible. Photophysical studies on 67 and 71 systems
revealed the formation, in both cases, of microsecond-lifetime
radical ion pair states (1.5 and 1.3 us, respectively) as a result
of efficient intracomplex electron transfer events (Table 1).
The similar magnitude of these two lifetimes suggests a
comparable relative arrangement of the two active units (i.e.,
Pc and Cg) in both dyad 67 and triad 71. On the other hand,
it is worth mentioning that these supramolecular ensembles
present a stabilization of more than 2 orders of magnitude
of their radical ion pair state lifetimes with respect to
covalently linked Zn"Pc—Cg, conjugates.

Less effective, in terms of achieving long-lived charge-
separated states, is the Watson—Crick hydrogen-bonding
recognition motif used to assemble the D—A system 72.'2!:122
Spectroscopic and kinetic data supported excited-state in-
teractions. Time-resolved transient absorption experiments
documented, for example, the successful formation of the
radical ion pair state. Significantly short lifetimes of 3 ns
reflect pronounced coupling between the Zn"Pc and Cg
moieties (Table 1). This is corroborated by a surprisingly
large association constant (i.e., (1.7 & 0.7) x 107" M),
especially when compared with that of an analogue
Zn"Por—Cg system (i.e., (5.1 & 0.5) x 10* M 1).2%7

Finally, self-organization should be considered as an
effective means to stabilize the photogenerated radical ion
pair state. As a first example, heteroassociation between
complementary Pcs 35a and 34, with different peripheral
functionalities, such as electron-donating alkoxy (i.e., 35a)
or electron-deficient alkylsulfonyl (i.e., 34) groups, was
assessed by different techniques.”® These experiments pro-
vided unambiguous evidence for the formation of a 1:1
complex with a stability constant of ca. 10° M~! in CHCls.
Interestingly, hetereoassociation of Zn"Pc—Cgyy 35a with the
electron-deficient Pd"Pc 34 allowed the construction of D—A
sandwich stacks 35a/34, with a radical ion pair lifetime of
475 ns in THF, a value considerably higher than that
observed for Zn"Pc—Cqy 35a (i.e., 130 ns) (Table 1).

More recently, a Pc—Cg, supramolecular tetrad (76)
exhibiting superior electron transfer properties has been
reported.'? In such a system, the formation of a long-lived
charge-separated state occurs from the triplet, rather than the
singlet, excited state of the Zn"Pc to the Cg moiety. The
importance of the cofacial Pc—Pc stacking in stabilizing the
charge-separated state is evident when the lifetime of the
radical ion pair of 76 (i.e., 6.7 us) is compared with that of
a related crown ether Pc—Cg) supramolecular dyad (i.e., 4.8
us) (Table 1).

The self-organization of the amphiphilic Zn"Pc—Cg, salt
13 in water, which gives rise to the formation of uniformly
nanostructured 1-D nanotubules, also leads to considerable
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changes in the photophysics of this dyad with respect to the
molecularly dispersed compound.® The photoreactivity of
these tubular nanostructures, in terms of ultrafast CS (i.e.,
~10'? s and ultraslow CR (i.e., ~10% s7!), is remarkable.
In addition, the Zn"Pc*"—Cg,"~ lifetime of 1.4 ms observed
for compound 13 implies an impressive stabilization of 6
orders of magnitude relative to dyad 17 (Table 1). It is worth
noting that the CS lifetime found in such Zn"Pc—C
nanotubules reaches into a time domain typically found in
thin films of D—A composites, and it is due exclusively to
the supramolecular organization of the Pc—Cgy dyad within
the 1-D nanoobjects.

6.3. Photophysics of
Subphthalocyanine—Fullerene Systems

In contrast to the majority of the Pc—Cg, ensembles seen
above where the photoexcited species lead to the formation
of charge-separated states, in the case of the SubPc—Cg
series 85b, in which the relative distance between the two
active components was varied by ortho, meta, and para
substitution at the bridging phenyl spacer, the energy transfer
dominates over the intramolecular electron transfer dynamics. >4
This observation is in good agreement with the thermody-
namics of the investigated systems, which predict a highly
exergonic energy transfer, but a less exergonic CT process.
A closer look at the photophysics of these systems reveals,
nevertheless, that the initial singlet—singlet energy transfer
to Cg is followed by intersystem crossing and, finally, a
triplet—triplet energy transfer back to the SubPc. Importantly,
distance matters when dipole—dipole interactions are opera-
tive. These govern, for instance, the transduction of singlet-
excited-state energy. As a consequence, the ortho isomer
0-85b reacts much faster than the other two isomers (i.e.,
m-85b and p-85b). Triplet—triplet energy transfer, on the
other hand, follows a double electron transfer mechanism,
where through-bond electronic effects exert a strong impact.
Noticeable is the outcome that the change in distance and
electronic coupling exerts on the SubPc deactivation rates:
ortho substitution in 0-85b, which imposes unequivocally
the shortest distance between the SubPc and Cg, subunits,
leads to the strongest fluorescence quenching within the 85b
series, whereas the weakest SubPc fluorescence quenching
was observed for the para isomer p-85b. This conclusion
finds independent support in the electrochemical experiments,
where the SubPc oxidation potentials reveal isomer-depend-
ent shifts that suggest the occurrence of through-bond
electronic effects.

Increasing the relative SubPc—Cg, distance by placing a
diazobenzene spacer (i.e., 89) still leads to a strong fluores-
cence quenching of the SubPc moiety of about 90%.'%
Nevertheless, it is mainly a transduction of singlet-excited-
state energy that governs the deactivation of the SubPc singlet
excited state. Experimental verification for this hypothesis
comes from time-resolved fluorescence measurements. At
approximately 100 ps, the SubPc-centered features evolve,
while the fluorescence features of Cqy dominate the fluores-
cence spectrum at around 1 ns.

Interestingly, a fused SubPc dimer, (SubPc),, linked to Cg
(i.e., 98) gives rise to small perturbations of the sr-electronic
structure in the ground state, whereas photoexcitation of the
(SubPc), leads to a complex cascade of energy transfer
events. For instance, femtosecond transient absorption ex-
periments corroborate the formation of the SubPc dimer
singlet excited state. This transient species converts rapidly
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to the fullerene singlet—singlet features above 800 nm, which
finally give rise to the population of the SubPc dimer triplet
excited state at 1080 nm via intersystem crossing.'!

Considering the ease of preparing peripherally function-
alized SubPcs, control over their electron-donating properties
was achieved by attaching substituents of different electronic
character, namely, fluorine or iodine atoms and ether or
electron-rich diphenylamino groups (i.e., m-85a—d)."** The
differences in the oxidation potentials are as large as 200
mV for the fluorine atom versus the amino group. Excitation
of dyads m-85a—c, where the level of the radical ion pair
lies high in energy, triggers a sequence of exergonic
photophysical events that comprise (i) nearly quantitative
singlet—singlet energy transfer to the Cq moiety, (ii)
fullerene intersystem crossing, and (iii) triplet—triplet energy
transfer. A powerful tool to favor the CT dynamics over the
energy transfer dynamics is either to increase the polarity
of the medium or to lower the D—A redox gap. Only in the
case of the amino-functionalized SubPc m-85d is the energy
of the SubPc""—Cyy'~ radical pair state below those of both
triplets (i.e., **SubPc and **Cg).

The effect of the D—A distance in the CT dynamics within
the series of the amino-functionalized SubPcs 85d was also
established. Photophysical measurements revealed that the
meta isomer m-85d undergoes faster CT than the ortho and
para isomers 0-85d and p-85d (Table 1). Instead, in the case
of the strongly exothermic CR process the rate constants
exhibit the trend ortho > meta > para due to a “through-
space” mechanism.

Placing the redox-active TPA moiety between SubPc and
Ce triggers an efficient fluorescence quenching of the SubPc
moiety in 90, a sign of a rapid intramolecular deactivation
process.'* In fact, nanosecond transient absorption measure-
ments in DMF provided spectroscopic proof for the
SubPc—TPA""—Cy,"~ radical ion pair state formation. Con-
sidering, however, that the initial excitation of the SubPc is
likely to be followed by CS to yield SubPc'™—TPA"—Cg,
migration of electrons to form SubPc—TPA""—Cg,"~ com-
petes with CR. Alternatively, a long-range energy transfer
might populate the Cg singlet excited state. From here, CS
would involve the vicinal TPA to afford directly
SubPc—TPA""—Cg"~ (Table 1). Essentially the same reac-
tivity pattern evolves in the presence of two Cgy moieties
(91) rather than in the presence of just one Cg moiety.
Interestingly, a significant broadening of the radical ion pair
state signatures has been interpreted in terms of a mutually
interacting Cg radical anion (Table 1).

More recently, the photophysics of closely spaced
SubPc—Cg dyads 97a,b have been investigated.'*’ These
studies showed a different photophysical behavior for the
two compounds. Dyad 97a, which presents the shortest D—A
distance (i.e., 3.30 A) exhibited, upon photoexcitation at 550
nm, a PET process from the SubPc to the fullerene, whereas
for dyad 97b (D—A distance 3.6 A) a singlet—singlet energy
transfer mechanism occurs, despite the similar HOMO—LUMO
gap. A possible rationale implies a partial shift of electron
transfer density in 97a as a consequence of the strong orbital
overlap, this situation favoring electron over energy transfer
(Table 1).

6.4. Photophysics of Phthalocyanine—Carbon
Nanotube Assemblies

Pc—SWCNT hybrid systems have emerged as promising
candidates to be incorporated in photosynthetic systems,
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owing to the well-recognized electron acceptor ability of
SWCNTs together with the light-harvesting and electron
donor features of Pcs. As mentioned in a previous section,
the formation of Pc—CNT composites has been shown to
improve the inherent photoconductive properties of the Pc
component as a result of CT interactions between the
electroactive subunits.?3! Particularly, the understanding of
the primary PET processes that occur in covalent Pc—SWCNT
nanoconjugates is of superior relevance.

In this context, a series of photophysical experiments have
been performed on hybrids 105,2?' which reveal that, as
previously observed in other donor—SWCNT ensembles,
SWCNTs serve as the electron acceptor component. Fluo-
rescence experiments in DMF solutions of 105 show a strong
quenching of the Zn"Pc fluorescence in the ensemble.
Transient absorption studies on the femtosecond time scale
show that, upon photoexciting Zn""Pc in 105b, the singlet
fingerprints of the Zn"Pc core appear. At the end of the fast
decay, differential absorption changes in the near-IR indicate
both the formation of the Zn"Pc radical cation (transient
maximum at 840 nm) and the bleaching of the van Hove
singularities seen in the ground-state spectrum (minima at
820, 890, 980, 1090, 1150, 1200, and 1310 nm). This
behavior is in agreement with the injection of photoexcited
electrons from the Zn"Pcs to the nanotubes. CS (i.e., 2.0 x
10'°s7 " and CR (i.e., (7 & 0.5) x 1073 s7!) dynamics reveal
a notable stabilization of the radical ion pair product in DMF,
the lifetime of the charge-separated state having a major
component of ca. 700 ns.

On the other hand, photophysical studies of a related
H,Pc—SWCNT material,” where the metal-free Pc macro-
cycles and the nanotubes are linked through a flexible spacer,
reveal a behavior similar to that of the ensemble having a
rigid bridge (i.e., 105), where the Zn"Pcs are close to the
nanotube surface. This fact seems to indicate that the nature
of the spacer does not have a notable effect on the PET
process in such Pc—SWCNT hybrid systems.

Nanoconjugate 108 prepared by click chemistry,???> which
has a higher Zn"Pc content than 105, has also been
investigated with a series of steady-state and time-resolved
spectroscopy experiments. A photoinduced communication
between the two photoactive components (i.e., SWCNT and
Zn'"Pc) takes place also in this case. In addition, the
photovoltaic potential of this material has been tested by
measurement of the photocurrent generated in a photoelec-
trochemical cell. The cell was built by deposition of a thick
film of 108 over an indium tin oxide (ITO) electrode, which
was afterward immersed in the electrolyte solution (0.1 M
Na;PO,). The experiments reveal stable and reproducible
photocurrents with monochromatic incident photon-to-current
efficiency (IPCE) values as large as 17.3%.

The occurrence of PET has also been demonstrated in
D—A self-assembled nanohybrids composed of Zn""Nc and
SWCNTs.2% The nanohybrids were constructed by w—7
stacking of pyrene moieties functionalized with imidazole
(i.e., ImPy) ligands, which axially coordinate to Zn"Nc
molecules to yield the Zn"Nc—ImPy—SWCNT ensembles.
Nanosecond transient absorption experiments show that the
photoexcitation of the Zn"Ncs results in the one-electron
oxidation of these units, confirmed by the development of a
transient broad band around 900—1000 nm corresponding
to the Zn'Nc'*, with the simultaneous reduction of the
SWCNT component. The CR process in these nanohybrids
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takes place in a few hundred nanoseconds, which corresponds
to a lifetime for the charge-separated state of around 100
ns.

More recently, photophysical studies were carried out on
the Zn"Pc/SWCNH,,,/BSA system.?® These studies revealed
significant electronic communication within the Zn"Pc/
SWCNH, nanoensembles in both the ground and excited
states. Moreover, under light illumination of Zn"Pc/SWC-
NH,,/BSA in the presence of an electron mediator such as
a methyl viologen dication (MV?") and a sacrificial hole trap,
the formation of the MV'" was observed in an aqueous
solvent, whereas in the presence of O biologically active
0%~ was generated. The accumulated MV*" or O*~ species
are furthermore able to make their excess electrons available
to other substrates.

7. Phthalocyanines and Fullerene as Active
Components in Organic Solar Cells

Organic solar cells present a planar structure where one
or more semiconducting organic layers are inserted between
an anode and a cathode. In these photovoltaic devices, the
active layer performs also as the light-absorbing material,
thus generating an exciton through promotion of an electron
from the HOMO to the LUMO level. In a second step, the
exciton has to dissociate to generate charge carriers that will
move toward the corresponding electrodes, usually an ITO
anode and a metallic cathode (i.e., Al, Au, etc.).

The first investigations on organic photovoltaic systems
were performed at the end of the 1950s with Por and Pc
chromophores as components of the active layer. From these
two types of molecules, Pcs have emerged as optimal dyes
for solar energy conversion mainly due to the good overlap
of their absorption spectrum with the terrestrial solar emission
spectrum, their high extinction coefficients (higher than those
of Pors), and their good p-type semiconducting behavior.
Additional advantages of Pcs are their high thermal stability
and the quality of the crystalline films prepared by sublima-
tion of these molecules. Nevertheless, the solar cells prepared
exclusively by sublimation of Pcs showed very low conver-
sion efficiencies (i.e., around 0.1%). These values were
exceeded in 1986 when Tang?> put into operation a device
comprising two layers of different materials, one of them
performing as an electron donor, i.e., a metallo-Pc, and the
other one as an electron acceptor. In these devices, the
exciton dissociation is facilitated by the electron transfer from
the LUMO of the excited donor material to the LUMO of
the acceptor component. Efficiency values up to 1% were
achieved with this planar p/n heterojunction architecture
(Figure 27a).

The main disadvantage of the latter device architecture is
the fact that only a very thin layer at the interface of the
donor and the acceptor material is effective in promoting
the exciton dissociation. To optimize the CT process in the
active layer, the bulk heterojuction (BHJ) architecture was
introduced (Figure 27b), which is composed of an intermix-
ing of the donor and the acceptor components all along the
active layer, thus increasing the contact area between the
two materials. In such devices, upon controlling the mor-
phology of the material into an interpenetrating, bicontinuous
network of the donor and the acceptor, one can achieve, first,
a high interfacial area within the BHJ active layer for efficient
exciton dissociation and, second, efficient collection of
charges. This concept has been mainly applied to devices
containing semiconducting polymers as hole-transport ma-
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Figure 27. Different architectures for organic solar cells: (a) planar
p/n heterojunction, (b) BHJ.

terials in combination with appropriate acceptor molecules,
leading to the so-called polymeric solar cells.?®® Particularly
successful has been the combination of poly(p-phenylenevi-
nylene)- and polythiophene-type polymers with PCBM, a
soluble derivative of Cg.%!

The polymeric (or plastic) solar cells hold as a major
advantage the ease of processing by spin-casting of organic
solutions containing an appropriate mixture of both donor
and acceptor components. However, one serious drawback
of solution-processed polymeric solar cells is their morpho-
logical disorder: A limited miscibility of the components
often gives rise to a large segregation into big domains of
the donor and acceptor components, which in turn affects
the overall device’s efficiency. Moreover, the mechanisms
of charge generation, transport, and recombination are still
to be fully clarified. On the contrary, small organic molecules
such as Pcs can be evaporated on substrates, forming films
with high macroscopic order. This type of processing is
disadvantageous for large-scale device fabrication, but the
preparation of such evaporated photovoltaic cells may allow
the scientist to study the elementary physical processes that
control the performance of the devices.?®? For this reason,
Pcs are still objects of considerable scientific interest in the
field of organic solar cells.

In this section, we will describe the different architectures
reported for Pc/Cgp-based photovoltaic devices. Many are
the examples that can be found in the literature, which make
use of either coevaporated Pc:Cg, active layers or planar
heterojunction Pc/Cg architectures. However, numerous
examples are also reported where both structural designs are
simultaneously employed. With the aim of establishing a
connection between the different examples that allows a
comparison, and also for the sake of clarity, we have divided
this section into three different parts. The first one includes
examples where a blended Pc:Cg, active layer has been
employed at some position of the device, whereas the second
part only compiles examples where the separation of charges
occurs exclusively at the interface of the planar Pc donor
and Cg acceptor layers. A final part is dedicated to the use
of covalently linked Pc—Cg systems as a component of the
active layer.

7.1. Phthalocyanine/Fullerene Blends as Active
Layers

As mentioned above, Pcs have been long utilized as active
components in solar cells owing to their strong absorption
in the visible region of the solar spectrum and good hole-
conducting properties. The use of Cg as a suitable doping
component for enhancing the photoconductivity of Pc films
was triggered by the experimental observation of the occur-
rence of PET processes taking place in Pc:Cqy mixed
solutions from the Pc to the Cg units.”* In this regard, former
investigations were carried out on evaporated layers of metal-
free Pc, which were doped with different amounts of Cg to
investigate the effect of the presence of the acceptor molecule
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Table 2. Performance Characteristics of Devices Containing Coevaporated Pc:Cg) as Active Layers
structure and composition of the device I, mWcm™2) Vo (V)  Jsc(mAcecm™?)  FF 5 (%)  ref

ITO/MPCI (500 A)/30 mol % Cgy:Ti'VOPc (300 A)/TiVOPc (200 94 0.53 34 0.32 0.63 265
A)/Au

ITO/Cu"Pc (35 A)/ Cu''Pe:Cyy (1:1) (500 A)/Cgy (50 AYBCP (120 100 0.50 5.6 041 115 270
Ay/Al

ITO/Cu"Pc (35 A)/ Cu''Pc: Cep (3: 1)/CuPc:Cgy (1:1)/Cu'Pc:Cgp 100 1.36 270
(1:3)/Cgo (50 A)/BCP (120 A)/Al

ITO/Cu"Pc:Cy (60 nm)*/TPBI® (6 nm)/Al (80 nm) 100 0.52 9.17 0.45 2.15 271

ITO/PEDOT:PSS/p-m-MTDATA (50 nm)/Zn"Pc:Cq (1:2) (50 10 0.45 1.5 0.5 3.37 275
nm)/n-MPP (50 nm)/LiF (I nm)/Al (70 nm)

ITO/PEDOT:PSS/m-MTDATA (50 nm)/Zn"Pc:Cg (1:2) (50 100 0.5 6.3 0.33 1.04 275
nm)/n-MPP (50 nm)/LiF (1 nm)/Al (70 nm)

ITO/p-MeO-TPD (50 nm)/Zn"Pc:Cq (1:2) (50 nm)/PTCBI (10 100 0.5 8.3 0.45 1.9 276
nm)/n-Cgy (50 nm)/Al (100 nm)

ITO/p-MeO-TPD (30 nm)/Zn"Pc:Cq (1:2) (60 nm)/n-Cy (20 125 0.45 13.9 0.39 1.95 278
nm)/Al (55 nm)

ITO/p-MeO-TPD (30 nm)/Zn"Pc:Cy (1:2) (60 nm)/n-Cgy (20 125 0.85 6.6 0.53 2.4 278
nm)/Au (8 A)/p-MeO-TPD (30 nm)/Zn"Pc:Cgy (1:2) (48 nm)/n-Cgg
(30 nm)/Al (55 nm)

ITO/n-Cgy (10 nm)/Cy (15 nm)/Zn"Pc:Cg (1:1) (35 nm)/p-DiNPD¢ 100 0.54 7.25 0.58 2.3 280
(20 nm)/Al (1 nm)/Ag (14 nm)/n-Cgy (10 nm)

ITO/Co (5 nm)/Zn"Pc:Cyq (1:2) (30 nm)/DiNPD¢ (5 nm)/p-PVTPD? 100 0.56 9.88 0.52 2.87 282
(40 nm)/p-Zn"Pc (10 nm)/Au

ITO/Cu"Pc:Cqp (1:1) (330 nm)/Cg (100 nm)/BCP (75 nm)/Ag 100 0.50 15.4 0.46 3.5 285

ITO/Cu"Pc:Cqp (1:1) (330 nm)/Cgy (100 nm)/BCP (75 nm)/Ag 30 0.47 4.2 0.49 3.6 285

ITO/CuHPc (150 A)/Cu"Pc:Cgo (1:1) (100 A)/Cqo (350 A)/BCP (100 120 0.54 15 0.61 5.0 287
A)/Ag (1000 A)

ITO/Cu"Pc (150 A)/Cu™Pc:Cq (1:1) (100 A)/Ceo (350 A)Y/BCP (100 100 0.53 14 0.63 4.6 300
A)/Ag (1000 Ay

ITO/CuHPc (75 A)/Cu"Pc:Cq (1: 1) (125 A)/Cqo (80 A)/PTCBI (500 100 1.03 9.07 0.59 5.7 288
A)/A (5 A)lp-m- -MTDATA (50 A)/Cu“Pc (60 A)/Cu"Pe:Cqy (1:1)
(130 A)/C(,O (160 A)/BCP (100 A)/Ag (1000 A)

ITO/PEDOT:PSS/BP2T (8 nm)/Zn"Pc (10 nm)/Zn"Pc:Cqg (1:1) (30 100 0.56 9.97 0.55 3.07 303
nm)/Cg (25 nm)/Alq3’ (5 nm)/Al (100 nm)

ITO/PEDOT:PSS/P3HT:PCBM (1:1.1) (200 nm)/LiF (0.5 nm)/Al (1 16 4.6 304
nm)/WOj3 (3 nm)/Cu''Pc:Cgy (60 nm)/BPhen (5 nm)/Al (80 nm)

ITO/PEDOT:PSS (50 nm)/Cu'Pc (8 nm)/P3HT:PCBM (1:0.8) (80 100 0.60 8.63 0.54 2.79 305
nm)/Al (100 nm)

ITO/Zn"Pc (10 nm)/Zn"Pc:Cgy (10 nm)/Cp (20 nm)/Sn'VCl,Pc (3 100 1.04 3.64 048  1.81 306

nm)/F;6Cu"Pc/Zn"Pc (10 nm)/Zn"Pc:Cgy (10 nm)/Cqo (10 nm)/
Alg3’ (5 nm)/Al

“ Gradient of donor Cu''Pc and acceptor Cg along the active layer. ?2,2,2-(1,3,5-Benzenetriyl)tris[ 1-phenyl-1H-benzimidazole]. ¢ N,N'-Diphenyl-
N,N'-bis(4'-[N,N-bis(naphth-1-yl)amino]biphenyl-4-yl)benzidine. ¢N,N'-Bis(4-(2,2-diphenylethen-1-yl)phenyl)-N,N'-bis((4-methylphenyl)phenyl-
)benzidine. ¢ The active layer was grown by organic vapor-phase deposition. ' Tris(8-hydroxyquinolinato)aluminum.

on the photoconductivity performances.?s® Electric measure-
ments showed that photoconductivity of the doped films
increased by more than 1 order of magnitude compared to
that of the undoped films. The ratio between photoconductiv-
ity and dark conductivity was also greatly enhanced by the
presence of Cg.

Ti'VOPc has also been used as a photoactive material in
photovoltaic devices, because Ti'YOPc functions as an
excellent material for charge-carrier photogeneration. Thus,
p/n heterojunction devices using Ti'VOPc as a p-type organic
semiconductor in combination with suitable n-type organic
materials, i.e., N,N'-dimethyl-3,4:9,10-perylenebis(dicarbox-
imide) (MPCI), had been described by Shirota and co-
workers in 1996.%% In 2000, the same group tested the effect
of Cgy doping in a three-layer architecture device, namely,
ITO/MPCI/Cgy-doped Ti'VOPc/Ti'VOPc/Au.?® The perfor-
mances were compared with those of the two-layer cell ITO/
MPCI/Ti"™MOPc/Au, the experiments showing that doping the
Ti'VOPc-based solar cell with Cg improved the quantum
yields for the charge-carrier photogeneration and doubled
the conversion efficiencies of the device, from 0.34% to
0.63%, under 1 sun (100 mW cm2) of AM 1.5G white-
light illumination (Table 2).

Further on, photoelectrochemical investigations on uniform
Langmuir—Schifer films obtained from mixed solutions of

Ceo and CuPc revealed that this composite system was a
candidate for photovoltaic applications.?®® The experiments
showed that the open circuit voltage and short circuit current
increased when the doping level of Cg in the composite films
was increased. In the same year, Pannemman et al. prepared
both double-layer and coevaporated devices of Zn"Pc and
Cgo with different electrode contacts.?®’ Photocurrent mea-
surements showed that the external quantum efficiency of
the coevaporated device (i.e., 7%) was higher than that of
the double-layer architecture (i.e., 3%). Recent studies have
focused on the electronic structures of intermixed Cu''Pc:
Cygo layers, indicating that the HOMO¢,1p. —LUMOc,, gap is
significantly enhanced in the mixed layer with regard to that
of discrete Cu'"Pc/Cg junctions.?®® The effects of composition
were examined for a series of devices incorporating mixed
layers of Pc and Cg in different ratios.?®® AFM and electronic
absorption spectroscopy studies showed that the mixed layer
films of CuPc and Cg are smooth and amorphous and
undergo intermolecular intermixing.

Further improvements have been achieved using multiple
mixed layers, which create a gradient of D—A compositions
(Figure 28) and reach power conversion efficiencies up to
1.36% at 1 sun of AM 1.5G illumination (Table 2).27° Other
authors have described the preparation of devices with a
concentration gradient of donor Cu'Pc and acceptor Cg in
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Figure 28. Schematic representation of a multiple mixed layer
device.

the active layer, prepared by varying the deposition rate of
each component, which show efficiencies up to 2.15% (Table
2)'271

The annealing effect on the morphology, performance, and
photophysical properties of these photovoltaic devices has
also been studied.?”? Power conversion efficiencies of solar
cells subjected to heat treatments were found to be less than
those of discrete cells containing no annealed films, probably
due to the creation of defects in the annealed films and to
morphological templating of Cgy on top of the Cu''Pc layer,
thus reducing the interfacial area for exciton separation. This
result had been previously reported by Forrest in low
molecular weight solar cells based on Cu''Pc.?”® Increasing
the temperature inevitably leads to a significant roughening
of the mixed layer film surface and to short-circuited devices.
Oxygen is also known to harm Pc/Cgy devices because it
affects the photoelectrical properties of Cqy and the interface
between Pc and Cg, domains.?’*

A major problem of using small-molecule blends is their
poor transport properties when they are also used as charge
transport layers in the device. Moreover, excitons or charge
carriers created close to the metal electrode undergo a
quenching process and, therefore, cannot contribute to the
photocurrent. The introduction of wide-gap transport layers
between the photoactive layer and the electrodes can
overcome this problem (Figure 29). A systematic study on
these so-called p—i—n photovoltaic devices, combining
Zn""Pc as the donor and Cg as the electron acceptor in the
active layer, was reported by Gebeyehu et al.?”> The mixed
layer was prepared using high-vacuum coevaporation of
Zn"Pc and Cg, and then it was sandwiched between p- and
n-doped charge-carrier transport layers, namely, p-doped
4.,4' 4" -tris(((3-methylphenyl)phenyl)amino)triphenylamine
(m-MTDATA) and n-doped perylene-3,4,9,10-tetracarboxylic
N,N'-9-dimethyldiimide (MPP). The authors investigated how
differences in the photoactive donor—acceptor layer thickness
and donor:acceptor ratio affect the performance of the
devices. The performance of these devices happened to be
critically dependent on both the transport properties of the
interpenetrating network of donors and acceptors and the
doped charge transport layers. The insertion of a 3,4-
poly((ethylenedioxy)thiophene):poly(styrenesulfonate) (PE-
DOT:PSS) layer between ITO and the hole transport layer
notably improved the performance. At very low incident
intensities (0.1 sun of white-light illumination), a 3.37%
power conversion efficiency was found for the optimized
device, but only a 1.04% conversion under 1 sun intensity,
as a consequence of the increase of the cell series resistance
due to significant ohmic losses in the transport layers (Table
2). Further improvements were reported by the same authors
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Figure 29. Schematic representation of a p—i—n architecture.

in similar devices. An optimized device was prepared using
p-doped tetrakis(4-methoxyphenyl)benzidine (MeO-TPD) as
the hole transport layer, a neat layer of coevaporated 3,4,9,10-
perylenetetracarboxylic bisbenzimidazole (PTCBI) added to
extend the absorption of the active Zn"Pc:Cy, layer, and
n-doped Cg as the electron transporting layer. The device
with a layer sequence ITO/p-MeO-TPD/Zn"Pc:Cgy(1:2)/
PTCBI/n-Cgy/Al showed an energy conversion efficiency of
1.9% under 1 sun of standard AM 1.5G illumination (Table
2).776 Other device architectures, such as the metal-intrinsic
p-doped type have been also developed.?”’

Sariciftci and co-workers have deeply investigated the use
of p—i—n heterostructures for organic solar cells.?’® For an
active layer of Zn"Pc:Cg, p-doped MeO-TPD and n-doped
Ceo turned out to be the best choices for the wide-gap hole
and electron transport material, respectively. They demon-
strated that, when the active region is separated from the
top metal electrode, the photocurrent is nearly doubled.
Similar to the Gebeyehu architecture,?” the optimized single-
cell device reached a power conversion efficiency of 1.95%
at 125 mW cm™? white-light illumination (Table 2). A
tandem cell, namely, a device based on two stacked solar
cells, was also constructed. The tandem approach permits
the problem of the low total absorption of single cells to be
overcome. In this case, the tandem cell showed a power
efficiency of 2.4% at 125 mW cm™ 2 white-light illumination
(Table 2). This value was lower than predicted (around
3%),?” because of the fact that the photocurrent is decreased
for tandem cells as compared to the single cells.

Leo and co-workers have also investigated the p—i—n
architecture. One of their major achievements is the prepara-
tion of semitransparent p—i—n organic solar cells using
ultrathin metal multilayers composed of Al and Ag as
semitransparent top electrodes and additional capping, an-
tireflection layers of n-doped Cg,. The devices exhibit power
conversion efficiencies of 2.1—2.2% with transmissions
exceeding 30—50% in the visible part of the spectrum (Table
2).280 The performance of these semitransparent solar cells
has been shown to depend on the interface and morphology
of the ultrathin cathode, which can be influenced by varying
the composition and layer structure of the metal contact.?®!
Another interesting variation developed by these authors is
the introduction of high-order Cy, fullerene owing to its larger
absorption of the solar spectrum. By optimizing the energy
level alignment to hole transport layers, and the ratio of
Zn""Pc to Cyp, an efficiency of 2.87% is achieved (Table 2),
which means a 20% increase with regard to a related device
containing Cg.2%

Inverted solar cells are also an object of study.?®3 The
challenge to reversing the layer sequence of organic PV
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devices is to prepare a selective contact bottom cathode for
electron collection in the inverted structure, for example, a
ZnO interfacial layer between the active layer and the ITO
bottom electrode.?3

The highest efficiency values for solar cells containing Pc:
Ceo blends have been reported by Forrest and co-workers,
as a result of a careful purification of the organic materials
and a precise design of the devices’ structure.?® First, they
reported a device using a 1:1 CuPc:Cg, ratio, since the
absorption spectra of different Cu"Pc:Cg films indicated that
a higher Cg concentration inhibits Cu''Pc aggregation,
thereby reducing hole transport in the mixed film. They
further realized that the introduction of a Cg layer together
with an exciton-blocking layer?®® of bathocuproine (BCP)
between the Cu'"Pc:Cg blend and the Ag cathode consider-
ably improved the efficiency. Therefore, a low series
resistance photovoltaic cell was constructed, with peak power
efficiencies of 3.6% at 0.3 sun and 3.5% under 1 sun of
irradiation (Table 2).2%> When an additional layer of Cu'"Pc
was inserted between the ITO anode and the 1:1 Cu'Pc:Cg
blend, maximum efficiencies of 5% under 1—4 suns of
simulated AM 1.5G solar illumination were achieved (Table
2).287 This architecture was called a hybrid planar-mixed
molecular heterojunction. In a tandem geometry consisting
of two hybrid planar-mixed molecular heterojunction cells
stacked in series, the authors demonstrated a further increase
in power conversion efficiency up to 5.7% (Table 2).288
Further studies on the relationships among film microstruc-
ture, mixing ratio, and charge conduction in mixtures of two
organic molecular species were carried out.”® The results
showed that mixed layers of a 1:1 Cu''Pc:Cg ratio exhibit
mobilities that are reduced by more than 1 order of magnitude
when compared to the corresponding films of pure composi-
tion, and for that, the performance of organic hybrid planar-
mixed molecular heterojunction photovoltaic cells is higher
than that of classical blended systems.?*® The role of exciton-
blocking layers in improving the efficiency of this type of
device has also been explored.”!

The control of the nanostructure of the active layers is a
key point for the development of efficient organic solid-state
solar cells,?? because it strongly influences the photocurrent
generation process. Usually, the random distribution of donor
and acceptor materials in small-molecule blended solar cells
can lead to charge-carrier trapping at bottlenecks and cul-
de-sacs in the conducting pathways to the electrodes. For
this reason, some efforts have been made to control the
nanostructure of codeposited films of Pc and Cg.2* In
this direction, organic vapor-phase deposition®”’ and oblique
angle vacuum deposition??®?% arise as very precise ways to
control the morphology of crystalline organic films because
they allow, in some cases, the fine control of the positions
and orientations of the donor and acceptor materials, thus
eliminating resistive conducting pathways while maximizing
the interface area. Cu''Pc has been grown on different
substrates, giving rise to well-controlled Cu"Pc rods that are
aligned vertically between the two electrodes.*® This highly
folded surface (Figure 30) showed a 4-fold increase in area
compared to a flat interface. Photovoltaic cells with (1:1)
Cu'Pc:Cyy mixed active layers grown by organic vapor-phase
deposition showed power conversion efficiencies similar to
those obtained by thermal evaporation (Table 2), but some
optimization in the device preparation is still required to reach
higher values. The flexible self-assembly behavior of Cu'"Pc
on a diverse range of substrates with different surface
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Figure 30. Ideal BHJ of Cu"Pc nanorods and Cgy obtained by
organic vapor-phase deposition.

Al
BPhen
Cu(ll)Pc: Cg,
Interlayer (Au or WO,)
LiF

P3HT/PCBM
PEDOT/PSS

ITO coated glass

Figure 31. Schematic representation of a tandem solar cell from
ref 304.

energies has been also explored as a way to control the
morphology of the interface.’®! Another approach for im-
proving the morphology and reducing transport losses is the
controlled heating of the substrate during film deposition. It
has been shown that heating the substrate during coevapo-
ration of Cyy and Zn"Pc leads to a significant improvement
in the solar cell performance as a consequence of the
incidence of better charge-carrier percolation pathways within
the Zn"Pc:Cg, blend.’*?

With the aim of reducing the bulk traps and therefore
increasing the carrier mobility in Zn"Pc films of planar mixed
molecular heterojunctions, Yan and co-workers have applied
a technique called “weak epitaxy growth”, which had been
previously utilized to prepare high-performance organic thin-
film transistors with single-crystal-like carrier mobility. This
method involves the deposition of an inducing layer between
the Zn"Pc layer and the substrate, this layer determining the
quality of the Zn"Pc thin film and the device performances.
Using 2,5-bis(4-biphenylyl)bithiophene (BP2T) as the induc-
ing layer, the efficiency reaches values up to 3.07% in planar
mixed heterojunction devices with Cy (Table 2).3%

Another exciting approach toward the achievement of
maximum practical efficiencies is the preparation of tandem
solar cells based on the combination of a poly(3-hexylth-
iophene) (P3HT):PCBM blend as the active layer of the
subcell and a Cu™Pc:Cg blend, processed by a gradient
coevaporation, as the active layer in the top cell (Figure
31).3%* A highly transparent, high-work-function WOs layer
has been used as a component of the interconnecting system
for the two subcells. The efficiency of the stacked devices
was as high as 4.6%, which is close to the sum of the
efficiencies of the individual subcells (Table 2). In similarly
“tandemlike” cells, PCBM was employed simultaneously to
form a bilayer heterojunction subcell with the underlying
Cu'"Pc and a BHJ subcell with blended P3HT.** In com-
parison with the conventional tandem structure, the device
does not have an intercellular connection layer, thus reducing
the complexity of the device and the light loss. The power
conversion efficiency of the tandem structure (2.79%) is
nearly the sum of those of the stand-alone cells of Cu"Pc/
PCBM (0.43%) and P3HT:PCBM (2.50%) (Table 2).

The use of all organic connecting units to fabricate tandem
photovoltaic cells has also been explored. In a recent
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Table 3. Performance Characteristics in Vacuum-Evaporated p/n Pc/Cq) Heterojunction Devices

structure and composition of the device I, mWcem™2)  Voc (V) Jse(mAcm™2)  FF 5 (%) ref

ITO/Cg (500 A)/H,Pc (500 A)/Au (200 A) 12.5 0.18 0.089 0.25 0.03 308

ITO/PEDOT: PSS/Cu"Pc (200 A)/Cg (400 A)/BCP (120 A)/Al 150 0.58 18.8 0.52 3.6 286
(1000 A)

ITO/PEQOT:PSS/Cu‘IPc (200 A)/Cqy (400 A)/BCP (120 A)/Al 440 4.2 309
(1000 A)“ . . .

F-doped SnO,/Cu"Pc (240 A)/Cq (490 A)/BCP (120 A)/Al (1000 100 1.3 316
A)

ITO/Pd"Pc (20 nm)/Cgy (20 nm)/BCP (15 nm)/Ag (100 nm) 100 0.57 6.8 0.57 22 320

ITO/Ti"VOPc (20 nm)*/Cgo (40 nm)/BCP/Al A 100 0.57 15.1 0.53 4.2 322

ITO/SubPc (20 A)/Sn'"Pc (100 A)/Cqy (400 A)/BCP (100 A)/Al 100 0.4 8.4 0.62 2.1 323
(1000 A)

ITO/4 mol % pentacene-doped Cu''Pc (20 nm)/Cs (60 nm)/BCP (8 100 0.52 12.93 0.46 3.06 325
nm)/Al (80 nm).

ITO/F4-TCNQ° (1 nm) /pentacene (50 nm)/Zn""Pc (6 nm)/Cg, (40 100 0.49 9.10 0.50 2.1 327
nm)/BPhen (8 nm)/Al (60 nm)

ITO/SubPc (130 A)/C(,o (325 A)/BCP (100 A)/Al (1000 A) 100 0.97 3.36 0.57 2.1 330

ITO/SubPc (130 A)/Cq (325 A)/BCP (100 A)/Al (1000 A) 100 0.92 542 0.61 3.03 331

ITO/PEDOT:PSS/SubNc (320 A)/Cq (325 A)/BCP (100 A)/Ag 100 0.55 5.6 0.49 1.5 332
(1000 Ay

ITO/PEDOT:PSS/Cu'"Pc (200 A)/PCBM (300 A)/BCP (100 A)/Al 100 0.64 4.51 0.53 1.18 334
(1000 A)°

ITO/PEDOT:PSS/Zn"Pc (45 nm)/4%112-doped PCBM:MDMO-PPV 100 0.57 5.75 0.50 1.6 337

(4:1)/LiF (0.6 nm)/Al (100 nm)

“The device area (A) is 0.0075 cm?. ? Near-infrared polymorph. ©2,3,5,6-Tetrafluoro-7,7,8,8-tetracyanoquinodimethane. ? The layer of SubNc
was deposited by spin-coating of a chlorobenzene solution. © The layer of PCBM was deposited by spin-coating of a chlorobenzene solution. ' The
112-doped PCBM:MDMO-PPV layer was prepared by spin-coating of a chlorobenzene solution.

example, a Sn'VPcCl,/Cul'F4Pc heterojunction is used as the
connecting layer of two Zn"Pc:Cyy hybrid planar-mixed
molecular heterojunction single cells, providing the tandem
device with transparency and effective recombination for
electrons and holes at the interlayer.’® In the optimized
device, the efficiency is increased by 60% with respect to
that of the subcell (Table 2).

7.2. Two-Layer Phthalocyanine/Fullerene
Heterojunction Devices

All the above-mentioned studies bring out the efficiency
of the coevaporation of Pc and Cgy to form mixed active
layers for photoinduced CS. However, it is compulsory to
mention that good efficiencies have also been obtained with
solar cells where the CS process between the donor Pc and
the acceptor Cg takes place in a planar p/n heterojunction
arrangement.>"’

The longer exciton diffusion length of Cg, with regard to
other acceptor materials makes fullerene a molecule of choice
for the optimization of p/n cells. After a former report on
the photovoltaic properties of ITO/Cg/H,Pc/Au sandwich
solar cells, showing an energy conversion yield of 0.03%
when illuminated by white light (Table 3),’*® Forrest and
co-workers demonstrated an external power conversion
efficiency of 3.6% under AM 1.5G spectral illumination with
vacuum-deposited Cu"Pc/Cyy double-heterostructure photo-
voltaic cells incorporating an exciton-blocking layer (Table
3).286 Therefore, this outstanding double-heterostructure cell
was fabricated on an ITO anode modified with a thick film
of PEDOT:PSS to planarize the ITO, whose rough surface
would otherwise result in shorts through the thin film of the
active layer. A 200 A film of CuPc was grown at rt in a
vacuum, followed by a 400 A film of Ceo. Next, a thick film
of BCP as the exciton-blocking layer was deposited, followed
by the thermal evaporation of the Al cathode. Further on, a
similar double-heterostructure device based on Cu''Pc and
Ceo thin films but with a series resistance as low as 0.1 V
cm?, as a consequence of the low device area (0.0075 cm?),

was reported by the same authors.*” In this device, the power
conversion efficiency reached a maximum of 4.2% under
4.4 suns intensity simulated AM 1.5G (Table 3).

The effect of the organic layer thickness on the photo-
voltaic efficiency was also investigated in planar heterojunc-
tion photovoltaic cells with CuPc as the electron donor layer
and Cg as the electron acceptor layer,’'%3!! as well as the
effect of the temperature on the photovoltaic parameters.’'
ITO surface treatments also show an influence on the
photoperformance of two-layer Cu'"Pc/Cgy heterojunction
solar cells.*® For example, surface modification of ITO
substrates through the use of self-assembled monolayers of
molecules with permanent dipole moments, such as 4-chlo-
robenzoyl chloride, has been used to control the anode work
function and the device performance in molecular solar cells
comprising a stacked Cu''Pc/Cy heterojunction.’'* Use of
self-assembled monolayers of dipolar molecules increased
the power conversion efficiency by up to an order of
magnitude with respect to that of untreated ITO. This
improvement was attributed primarily to an enhanced
interfacial CT rate at the anode, due to both a decrease in
the interfacial energy step between the anode work function
and the HOMO level of the organic layer and a better
compatibility of the self-assembled monolayer-modified
electrodes with the initial CuPc layers. Replacement of the
ITO anode by a more available material, such as ZnO, has
also been investigated. In particular, a ZnO:Al anode coated
with an ultrathin film of Au gives results similar to those
obtained with ITO anodes.*"> F-doped SnO,-coated glass has
also been used as the transparent anode for heterojunction
Cu'"Pc/Cyqy photovoltaic cells.’!® The organic layers were
grown by organic vapor-phase deposition, which enabled
complete coverage of the rough oxide surface. The power
conversion efficiency of the planar heterojunction device
happened to be 1.3% at 1 sun of simulated AM 1.5G (Table
3).

Due to its medium energy levels and bipolar characteris-
tics, CuPc has been used in a three-layer device, i.e., a
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m-MTDATA/Cu™Pc/Cqy cell where m-MTDATA and Cg
behave, respectively, as the donor and the acceptor layers
and Cu''Pc behaves as an acceptor and a donor, respectively,
at its interfaces with m-MTDATA and Cg. In comparison
with a standard Cu"Pc/Cg bilayer cell, an efficiency en-
hancement of over 30% was achieved in the three-layer
device 3!’

Other authors have investigated the photovoltaic properties
of a stacked bilayer structure using ruthenium(Il) phthalo-
cyaninate derivatives instead of other classical metallic
complexes.’'® The resulting device showed high series
resistance and strong recombination at the interface, which
limited the cell performance. In fact, a correlation of hole
mobility, exciton diffusion length, and solar cell perfor-
mances for different metallo-Pcs in stacked metallo-Pc/Cg
organic solar cells has been recently established,’' the best
performances being obtained for Zn"Pc, Cu''Pc, and metal-
free Pc derivatives. Recent studies have shown that Pd""Pc
is a promising donor material with a long exciton diffusion
length which leads to highly efficient Pd"Pc/Cg solar cells
(Table 3).3% Ti'VOPc/Cg planar heterojunction devices have
also been studied to determine interfacial dipoles and charge
redistribution.*?! The open circuit voltage (Voc) values for
Ti'VOPc-based photovoltaic devices were found to be ca. 0.2
V higher than those for related Cu"Pc-based devices. Another
advantage of vacuum-deposited Ti"VOPc-based heterojunc-
tion devices is that the Ti'™OPc films are easily converted
to a near-IR-absorbing polymorph using postdeposition
solvent annealing, this transition broadening the absorbance
spectrum of the Ti'VOPc film up to 900 nm, along with a
substantial texturing of the layer. A recent study shows
efficiencies up to 4.2% in solvent-annealed Ti'YOPc/Cg
planar heterojunction devices (Table 3).3*> Sn''Pc has also
demonstrated significant absorption at wavelengths from 600
to 900 nm. An optimized device with the structure ITO/
electron blocker (SubPc)/Sn""Pc/Cg/BCP/Al shows a power
conversion efficiency of 2.1% at 1 sun (Table 3).** The
introduction of an electron blocker layer between ITO and
Sn""Pc reduces the dark current, resulting in a doubling of
the VOC.

An interesting correlation has been recently found between
the performance of Cgp-based organic photovoltaic cells and
the molecular structure and the degree of intermolecular
interaction of several Pc-type (i.e., Pcs, Pors, tetrabenzopor-
phyrazines, and tetranaphthoporphyrazines) donor materi-
als.3?* Generally speaking, materials that show weak inter-
molecular interactions in thin films often result in low dark
currents, but also in poor carrier and exciton transport.
Fortunately, this correlation between low dark current and
low Jsc and FF is not universally observed.

As the carrier mobility of Cu"Pc is lower than that of Cg,
Cu'Pc/Cq devices suffer from an imbalance between hole
and electron mobilities, which can seriously affect the global
carrier collection efficiency. Doping Cu'Pc with pentacene
has been used as a means to improve the hole mobility, and
therefore the performance, of stacked Cu""Pc/Cg, heterojunc-
tion cells. Pentacene is one of the few organic semiconduc-
tors with charge-carrier mobility in a thin film comparable
to that of amorphous silicon. An optimized ITO/pentacene
(4%):Cu"Pc/Cg/BCP/Al solar cell has shown a conversion
efficiency of 3.06%, which means a significant improvement
with respect to the standard Cu"Pc/Cg cell (Table 3).*>° The
power conversion efficiency of Cu'Pc/Cgy heterojunction
cells can also be enhanced by n-doping the electron acceptor
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Figure 32. Arrangement of Pcs in (a) an evaporated film over
ITO substrate (top view) and (b) an evaporated film over ITO
substrate pretreated with 3,4,9,10-perylenetetracarboxylic acid (side
view).

layer with decamethylcobaltocene.’?® A three-layer hetero-
junction pentacene/Zn"Pc/Cyy device has also been con-
structed,*’ where the Zn'"Pc/Cg, flat heterojunction acts as
the photoactive interface for exciton separation. Additionally,
excitons from the pentacene layer diffuse to the ZnPc/Cg
interface and are dissociated into free charge carriers.
Efficiencies up to 2.1% were achieved with this architecture
(Table 3).

The principal reason for the low charge mobility of thin
films of evaporated Cu'Pc is the anisotropy of the a-poly-
morph formed when films are grown on noninteracting
substrates. This polymorph is composed of 1-D stacks of Pc
molecules, which are aligned with their molecular planes
parallel to each other, but with the stacking axis parallel to
the substrate surface (Figure 32a). The peak charge mobility
in such Pc films occurs along the stacking axis, due to the
strong ;r-coupling between neighboring molecules, which in
the case of evaporated solar cells is perpendicular to the
optimal direction of charge transport. Hence, mobility in the
evaporated Cu''Pc devices takes place by hopping of charges
between neighboring stacks, and as a result, the mobility
values are low. To achieve 1-D Pc columns with the stacking
direction lying parallel to the surface normal, Sullivan and
co-workers have deposited 3,4,9,10-perylenetetracarboxylic
acid (PTCDA) on the ITO surface before the vacuum
deposition of CuPc,*?® since it is known that PTCDA
molecules behave as structural templates of Pcs. As PCTDA
molecules are deposited with their molecular planes parallel
to the ITO surface, it is expected that Pcs stack following
the underlying structure.’” Powder X-ray diffraction and
electronic absorption experiments on CuPc layers grown
on top of PTCDA interlayers on ITO substrates confirmed
the columnar stacking of Pc molecules in a nearly perpen-
dicular arrangement with regard to the normal of the surface
(Figure 32b). The photovoltaic experiments over the ITO/
PTCDA/Cu""Pc/Cg, device showed an improvement of charge
collection owing to the alignment of the Cu""Pc columns with
the optimal direction of charge transport, even though the
selected PTCDA is clearly not the ideal surface modification
in terms of energy level alignment for hole injection. Other
templating layers with more appropriate energy levels must
be utilized to obtain significant improvements in the device
performances.

An interesting replacement of the donor Cu®'Pc layer was
carried out by Forrest and co-workers, who used SubPc as
the donor material.>* They reported a double-heterostructure
SubPc/Cqy device, which showed an increased Voc with
regard to the Cu"Pc-based counterpart. The increase in Vo
(Table 3) was approximately of the same magnitude as the
change in the gap between the LUMO level of Cg and the
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HOMO level of the corresponding donor, namely, SubPc or
Cu''Pc, thus confirming that Vc is indeed a function of this
band gap. A subsequent study developed by Gommans et
al. established SubPc as an extraordinarily efficient donor
material when compared to the metallo-Pcs more commonly
used in photovoltaic cells.*! The devices containing SubPc
as the donor material showed a maximum power conversion
efficiency of 3.03% for an optimized structure of ITO/SubPc/
Ceo/BCP/Al (Table 3). The usefulness of solution-deposited
subnaphthalocyanine (SubNc) films as donor layers in planar
heterojunction devices has also been evaluated.**?> The use
of solution-processed small molecules is promising in the
search for low-cost efficient organic photovoltaic devices.
A device with an ITO/PEDOT:PSS/spin-coated SubNc/Cgy/
BCP/Ag arrangement has been constructed, showing a much
higher current density (5.6 mA c¢cm™?) than the previously
reported evaporated SubPc/Cg cell (3.36 mA cm 2),*? as a
consequence of the extended conjugation and absorption of
the SubNc. The optimized device showed a power conversion
efficiency of 1.5%, which represents one of the highest
efficiencies to date for planar heterojunction organic solar
cells based on solution-processed small molecules. Planar
bilayer heterojunctions with Cg on top of SubNc have been
also prepared, leading to a power conversion efficiency of
2.5%.3%

Other investigations are devoted to tune the energy levels
of the fullerene-type acceptor to optimize charge collection
in Cu"Pc-based organic solar cells. The device with an ITO/
PEDOT:PPS/Cu"Pc/spin-coated PCBM/BCP/Al architecture
showed improved conversion efficiency (1.18%) under AM
1.5G solar illumination (Table 3) compared to the classical
Céo counterpart (0.77%).%3* This result was justified in terms
of improved interface properties, optimal energy level
matching, and more balanced charge transport. The results
also show that the upper limit of V¢ is mainly determined
by the difference between the LUMO of PCBM and the
HOMO of Cu"Pc.

Cu'Pc has also been utilized as the electron transport layer
in ITO/Cu""Pc/Cg/Cu'Pc devices by Huang and co-work-
ers,* playing the role of efficient electron collection from
the acceptor layer to the cathode. The experiments indicated
that Cu'Pc was superior as the buffer layer compared to the
classical BCP in terms of device stability and other perfor-
mance indicators. The findings suggest that Cu'Pc could be
a promising candidate as the electron transporting material
in Cu"Pc/Cyp-based photovoltaic cells.

Bilayer organic solar cells have been prepared using Zn"Pc
and a novel, highly soluble pyrrolidinofullerene derivative
bearing three chelating pyridyl groups (112) (Figure 33).3%
Previous solution studies demonstrated the formation of
supramolecular complexes between the two compounds by
axial coordination of the pyridine moieties to the central zinc
atom of the Pc core. Spin-coating a film of 112 on a vacuum-
evaporated layer of Zn'Pc resulted in a solar cell showing
better performance than the cell obtained by spin-coating
PCBM over the Zn"Pc evaporated layer. This result was
rationalized by formation of a supramolecular complex
between 112 and Zn"Pc at the bilayer interface, which
enhances the CT between components and, indeed, increases
the photovoltaic performance of the device. This concept has
also been applied to a multicomponent organic solar cell
architecture. To achieve efficient photocurrent generation in
the full range from 350 to 820 nm, a polymer BHJ cell based
on poly((2-methoxy-5-((3,7-dimethyloctyl)oxy)-p-phenyle-
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112

Figure 33. Molecular structure of pyrrolidinofullerene derivative
112.

ne)vinylene) (MDMO-PPV) and PCBM and a bilayer Zn"Pc/
112 cell have been merged (Table 3).>*” Thus, a blend of
fullerene derivatives, namely, PCBM and 112, mixed in
different ratios with MDMO-PPV has been spin-coated on
the Zn"Pc film sublimed on an ITO substrate. Evaporation
of the top aluminum electrode yields photovoltaic devices
that demonstrate power conversion efficiencies of up to 2%
and efficient photocurrent generation.

7.3. Covalent Phthalocyanine—Fullerene Systems
as Components of Photoactive Layers

The covalent linkage between the donor and acceptor
components can be used as a tool to optimize the CS process
in the photoactive layer. Moreover, in a dyad system where
the donor and acceptor parts are covalently linked, problems
with phase separation are, indeed, avoided. Nevertheless, for
the effective use of such covalent systems in photovoltaic
applications, a long charge-separated-state lifetime is neces-
sary in the solid state to avoid recombination and increase
the chances of positive and negative charges reaching the
electrodes. PET from the donor to the acceptor component
can easily take place in covalent Pc—Cgy dyads, as demon-
strated by solution experiments. Particularly, dyad 8a exhibits
a long-lived charge-separated state in polar solvents.3>%¢ To
evaluate the potential of covalent Pc—Cgy systems as
photoactive components in organic solar cells, Loi et al. have
prepared spin-coated films of dyad 8a and performed a
photophysical characterization of the material in the solid
state.?**?> The found lifetime of about 0.2 ms is several
orders of magnitude longer than that reported for the dyad
in solution, which is a clear indication of the stabilization
of the charge transfer state in the solid. Solar cells using
thin films of Pc—Cg, 8a as the active material were fabricated
by spin-coating from a toluene solution onto a PEDOT:PSS-
modified ITO electrode. The device showed a V¢ of 0.32
V and a short circuit photocurrent of 0.2 mA cm™2, this
resulting in low power conversion efficiency (i.e., 0.02%)
under simulated solar illumination of 80 mW ¢m 224255 A
Pc with two covalently attached Cg spheres (i.e., 45) has
also been evaluated as a candidate for the construction of
photovoltaic devices.'™ The solution-processed device showed
an open circuit voltage of 320 mV and a short circuit
photocurrent of 0.3 mA cm ™2 under white-light illumination
at 100 mW cm ™2

As mentioned at the beginning of this section, the
combination of poly(p-phenylenvinylene)- and polythiophene-
type polymers (for example, MDMO-PPV and P3HT) with
PCBM has been particularly successful for the development
of highly efficient organic solar cells.?®! The utilization of



Phthalocyanine—Carbon Nanostructure Systems

these polymer materials in solution-processed BHIJ solar cells
has led to power conversion efficiencies beyond 5%.3%
However, in recent years, some research groups have
proposed new polymer structures as alternatives to P3HT
and MDMO-PPV, since the performances of these two
polymers are somehow limited by their relatively large band
gap. To overcome this problem, the incorporation of smaller
band gap semiconducting polymeric materials and/or organic
molecules absorbing in the near-IR region has become an
important task.>* The addition of dyes such as Pcs with a
good match to the maximal photon flux (i.e., between 600
and 800 nm) to polymer:PCBM blends has been envisioned
asapromising strategy toachive high conversion efficiencies. 34!
In fact, photocurrent enhancement and an increase of the
Voc have been found to be induced by metal-free Pc
sensitization of poly[2-methoxy-5-(2'-(ethylhexyl)oxy)-1,4-
phenylenevinylene] (MEH-PPV):Cqy blends. In addition,
enhancement of the light-harvesting efficiency in a P3HT/
PCBM bulk heterojunction solar cell has been demonstrated
by the introduction of Si'VPc, which increased the short
circuit current density and hence improved the overall power
conversion efficiency by 20% compared to those of the
P3HT:PCBM control device.**? Following the same motiva-
tion, Negebauer et al. have prepared devices composed of a
solution-processed blend of MDMO-PPV and dyad 8a,?°
where the Zn""Pc component can improve the light absorption
of the device and also contribute to the CS process. In this
case, an energy transfer process was found to take place from
MDMO-PPV to the Zn"Pc component of the dyad. Thus, in
addition to the absorptions around 400 and 700 nm from
Zn"Pc—Cg, dyad 8a, the absorption of MDMO-PPV around
500 nm is expected to contribute also to the photocurrent.
The Voc of the solution-processed device was 0.5 V, which
is significantly larger compared with the 0.32 V value
obtained with pure Pc—Cg, devices.?*>>>> However, the short
circuit current in the mixture is lower, thereby indicating
charge transport problems within the device. Better results
have been obtained using a multilayered organic solar cell
architecture, by spin-coating a H,Pc—Cg, dyad between a
donor layer of P3HT and an acceptor Cg layer. The device
exhibited 1.5 times higher efficiency than the reference
lacking the intermediate dyad layer.>*3

One of the main problems of polymer-containing solution-
processed BHJ active layers is the phase separation between
the conjugated polymer and the acceptor component, usually a
fullerene derivative. Both species tend to undergo uncontrolled
macrophase separation, which influences negatively the PET
and the charge transport in the blend and, thus, reduces the
efficiency of the devices. In this regard, the “double-cable”
approach,*** where fullerenes are grafted onto the conjugated
polymer backbone, has emerged as a plausible solution to
solve this problem. In addition, the use of intrinsically bipolar
materials, in which both small-molecule donor and acceptor
photoactive units are covalently linked within the same
macromolecular structure, is also beneficial, because it allows
control of the morphology within the photoactive layer and
thus the gain of an intimate contact between the donor and
the acceptor counterparts. However, the double-cable ap-
proach has not been as successful as expected, since the
enforced proximity of the donor and acceptor components
leads to a rapid recombination of the carriers.

In this regard, Pc- and Cgj-containing copoly(norbornenes)
61''3 were explored as active components of solution-
processed solar cells. The spatial proximity of the donor and
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the acceptor moieties within the polymer induces photoin-
duced electronic communication between the Pc and Cg
fullerene in solution. However, solution-processed devices
using copolymer 6la as the active layer give rise to low
power conversion efficiencies (ca. 0.07%) under simulated
solar illumination.

8. Conclusions and Outlook

During the past few decades, significant efforts have been
directed toward the preparation of synthetic model com-
pounds that mimic the multifacet functions of the natural
photosynthetic systems, ranging from light harvesting to CT.
In this context, the tunable absorption features of Pcs and
related compounds such as SubPcs render them ideal antenna
systems that harvest light over a broad range of the solar
spectrum. At the same time, they exhibit an excellent
electron-donating character, which makes them perfect
candidates for their incorporation into D—A architectures.
In this context, carbon nanostructures such as fullerenes and
CNTs offer a myriad of incentives for their incorporation
into D—A systems due to their extraordinary electron
acceptor features.

In this connection, molecular materials based on the
combination of Pcs and SubPcs with carbon nanostructures
are currently under active investigation, as they lead to
innovative materials and composites with unique optoelec-
tronic properties that originate at the molecular level.
Particularly, photoinduced unidirectional electron transfer
processes occur in such Pc—carbon nanostructure systems
as widely demonstrated by photophysical investigations.

One of the most outstanding applications of these materials
is their incorporation in photovoltaic devices in which
generation of electrical current from solar energy takes place.
To accomplish this function, specific requirements must be
met: collection of light energy, separation of charges, an
appropriate active layer morphology that ensures charge
migration, stability, etc.

Some opportunities can already be envisioned in this
regard. The preparation, for example, of stable near-IR-
absorbing Pcs could improve the light-harvesting capabilities,
whereas the use of novel carbon-based materials such as
higher fullerenes, endohedral metallofullerenes, or new
allotropes of CNTs with improved electron-accepting features
allows the gain of some control over the separation of charges
within the material.

Insight into the supramolecular self-assembly of donors
and acceptors, at surfaces or interfaces, by means of AFM
and scanning tunneling microscopy is a real asset, since it
provides valuable guidelines about the organization of these
systems and the morphology of the material in films. This
information is of paramount importance for the optimization
of devices in terms of improved charge mobility.

Notable is the progress in the field of electron transfer in
covalent and noncovalent Pc/carbon nanostructure conjugates
and hybrids. However, much more remains to be done,
especially when considering the application of these systems
in molecular photovoltaics. The challenges and opportunities
that rest on these targets should attract the efforts of many
researchers in this fast-emerging and important area.

9. Abbreviations
AFM atomic force microscopy
AQ anthraquinone
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BCP bathocuproine

BHIJ bulk heterojuction

Bodipy boron dipyrromethene

CR charge recombination

CS charge separation

CT charge transfer

1-D one-dimensional

D—A donor—acceptor

DBU 1,8-diazabicyclo[5.4.0]Jundec-7-ene

0-DCB o-dichlorobenzene

DMF dimethylformamide

Fc ferrocene

HOMO highest occupied molecular orbital

IR infrared

ITO indium tin oxide

LUMO lowest unoccupied molecular orbital

MDMO-PPV poly((2-methoxy-5-((3,7-dimethyloctyl)oxy)-
phenylene)vinylene)

MeO-TPD tetrakis(4-methoxyphenyl)benzidine

MPCI N,N'-dimethyl-3,4:9,10-perylenebis(dicarbo-
ximide)

MPP perylene-3,4,9,10-tetracarboxyldé, N'-9-dimethyl-
diimide

m-MTDATA 4.,4' 4" -tris(((3-methylphenyl)phenyl)amino)-
triphenylamine

MWCNT multiwalled carbon nanotube

Nc naphthalocyanine

Pc phthalocyanine

PCBM 1-(3-carboxypropyl)-1-phenyl-[6,6]-Cs,

PDI perylenediimide

PEDOT:PSS poly(3.4-(ethylenedioxy)thiophene):poly-
(styrenesulfonate)

PET photoinduced electron transfer

P3HT poly(3-hexylthiophene)

Por porphyrin

PTCBI 3,4,9,10-perylenetetracarboxylic bisbenzimida-
zole

PTCDA 3,4,9,10-perylenetetracarboxylic acid

It room temperature

SubNc subnaphthalocyanine

SubPc subphthalocyanine

SWCNT single-walled carbon nanotube

TEM transmission electron microscopy

THF tetrahydrofuran

TPA triphenylamine

Voc open circuit voltage
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