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This critical review covers the timely topic of carbon nanostructures—fullerenes and carbon

nanotubes—in combination with metalloporphyrins as integrative components for electron-

donor–acceptor ensembles. These ensembles are typically probed in condensed media and at semi-

transparent electrode surfaces. In particular, we will present a comprehensive survey of a variety

of covalent (i.e., nanoconjugates) and non-covalent linkages (i.e., nanohybrids) to demonstrate

how to govern/fine-tune the electronic interactions in the resulting electron-donor–acceptor

ensembles. In the context of covalent bridges, different spacers will be discussed, which range

from pure ‘‘insulators’’ (i.e., amide bonds, etc.) to sophisticated ‘‘molecular wires’’ (i.e.,

p-phenylenevinylene units, etc.). Furthermore, we will elucidate the fundamental impact that these

vastly different spacers may exert on the rate, efficiency, and mechanism of short- and long-range

electron transfer reactions. Additionally, a series of non-covalent motifs will be described:

hydrogen bonding, complementary electrostatics, p–p stacking and metal coordination—to name a

few. These motifs have been successfully employed by us and our collaborators en route towards

novel architectures (i.e., linear structures, tubular structures, rotaxanes, catenanes, etc.) that

exhibit unique and remarkable charge transfer features.
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Introduction

The bacterial photosynthetic reaction center provides mean-

ingful incentives for the optimization of charge separation

processes in artificial model systems—nanometer scale struc-

tures.1 Common to all these systems is a relay of short-range

energy/electron transfer reactions, evolving among chlorophyll

and quinone moieties.2 Among many key parameters that

govern electron transfer reactions the reorganization energy

imposes probably the most far reaching impact. The reorga-

nization energy (l) is the energy required to structurally

reorganize the donor, acceptor and their solvation spheres

upon electron transfer.3 For example, the primary electron

transfer processes of photosynthesis are characterized by an

extremely small reorganization energy (0.2 eV), attained by the

transmembrane protein environment.4 This aspect is central

for achieving the ultrafast charge separation and retarding the

energy wasting charge recombination, which is highly exergo-

nic (2DGCRu = 1.2 eV).5

Nanometer scale structures—fullerenes and carbon nano-

tubes (CNT)—are the focus of considerable interest because

they can be used to test fundamental ideas about the roles of

dimensionality and confinement in materials of greatly

reduced size.6

One cast of active nanometer scale structures that we

consider are the fullerenes.7 Since the initial discovery of

fullerenes, chemists and physicists worldwide have studied

solid state properties ranging from superconductivity and

nanostructured devices to endohedral fullerene chemistry. The

3-dimensional, spherical structure of fullerenes, which are

made of alternating hexagons (i.e., electron rich) and

pentagons (i.e., electron deficient) with diameters starting at

7.8 Å for C60, evoked a lively interest to relate their properties

to conventional 2-dimensional p-systems. Their extraordinary

electron acceptor properties—predicted theoretically and

confirmed experimentally—have resulted in noteworthy

advances in the areas of light induced electron transfer

chemistry and solar energy conversion. It is mainly the small

reorganization energy, which fullerenes exhibit in electron

transfer reactions, that is accountable for this noteworthy

breakthrough. In particular, ultrafast charge separation

together with very slow charge recombination features lead

to unprecedented long-lived radical ion pair states formed in

high quantum efficiencies.

Original and well-established synthetic methodologies,

applied to fullerenes, have produced a wide variety of novel

derivatives. In particular, such methodologies allow the chemical

functionalization of fullerenes in simple or even sophisticated

ways. Based on these methods, the synthesis of relatively

complex molecular architectures—tetrads and even hexads—

has been accomplished, in which the unique electrochemical and

photophysical features of C60 have largely been preserved.8

The second cast of nanometer scale structures is CNT.9 Of

the wide range of nanostructures available, CNT, in general,

and single wall carbon nanotubes (SWNT), in particular, stand

out as unique materials. In fact, CNT have emerged as a new

class of materials with exceptionally high tensile strength,10 the

highest thermal conductivity known11 and extraordinary field

emission properties.12

SWNT are 1-dimensional nanostructures. SWNT are hexa-

gon networks of carbon atoms, rolled up to create seamless

cylinders, along a chiral vector. While their diameters are

typically in the range of nanometers, individually CNT reach

lengths of up to 4 cm leading to high aspect ratios. Notably, the

conductivity of CNT varies between semiconducting and

metallic and depends, in large, on the chiral angle of the tubes

and their diameter. They readily accept electrons, which can

then be transported under nearly ideal conditions along the axis.

On the other hand, multiple concentric graphene cylinders—

multiwall carbon nanotubes (MWNT)—exhibit metallic or

semiconducting properties, which depend solely on their

outermost shell.13 On account of the large number of

concentric cylindrical graphitic tubes present in MWNT, they

are considered even more suitable in electron-donor–acceptor

ensembles than SWNT. It is notable that, in line with this

purely structural assumption, appreciable differences were seen

as far as the stabilization of charge separation is concerned.14

Due to the unique ability of SWNT to form both metallic

and semiconducting species, they represent appealing candi-

dates for key building blocks in the construction of photo-

voltaic devices.15 A major setback is, however, that carbon

nanotubes are subject to strong, mutual interactions through

van der Waals forces and, therefore, yield agglomerates of

intimately intertwined long tubes. These cohesive forces

account for the poor SWNT dispersibility in most common

solvents: They hinder in large their chemical manipulation

and, more importantly, the realization of the full potential of

SWNT in practical applications. To transfer, however, their

outstanding properties from the nanoscale to the macroscale

the chemical and physical modification of the SWNT and

MWNT surface are essential steps.16

All the mentioned nanometer scale structures—fullerenes

and CNT—are natural electron acceptors. Proof of this

concept is obtained mathematically even by qualitative

molecular orbital theory. The argument starts from isolated

C2 fragments that are brought together starting from infinite

distance. Each fragment has a p and a p* orbital. As they are

brought together to form, for example, a CNT, the two

degenerate sets of p and p* orbitals mix prevalently between

themselves and spread in energy. The low-lying end of the p*

orbitals is very stable and readily accept electrons.17

Porphyrinoid and especially metalloporphyrinoid systems—

with their rich and extensive absorptions throughout the

visible region of the solar spectrum—hold particularly great

promise as integrative building blocks with increased absorp-

tive cross sections.18 Over the course of recent years they

emanate as light harvesting building blocks in the construction

of molecular architectures. Their high electronic excitation

energy, typically exceeding 2.0 eV, powers a strongly exergonic

electron transfer and intercedes hereby the conversion between

light and chemical/electrical energy. Another important feature

of porphyrins is their highly delocalized p-electron systems.

Such delocalization results—upon an uptake or release of

electrons—in minimal structural change upon electron trans-

fer. Rich redox properties render porphyrins and porphyrin

analogous as essential components in important biological

electron transport systems including photosynthesis and

respiration.
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One of the major challenges that still lie ahead is to regulate

the forces, which will ultimately dictate size and shape in

relation to function of the resulting nanometer scale structures.

Can molecular tailoring of fullerenes and CNT contribute to

the induction of new assemblies? To address such issues, we

have probed in recent years novel electron-donor–acceptor

ensembles, in which nanometer scale structures constitute the

acceptor moiety and biomimetic organization principles—

hydrogen bonding, complementary electrostatics, p-p stacking

and metal coordination—and, thereby, ensuring the hierarch-

ical integration of multiple components into well-ordered

arrays. These spontaneous organization principles permit

engineering of novel functional electron-donor–acceptor

(nano)conjugates and (nano)hybrids and, simultaneously,

achieve predetermined architectures of controlled sizes and

outer-shell structures, with high directionality and selectivity.

These nanometer scale structures have been successfully utilized

to convert photolytically generated radical ion pairs into

electrical or chemical energy by constructing integrated

artificial photosynthetic assemblies on modified indium-tin-

oxide electrodes.

The major thrust of this Review is to illustrate the versatility

of designing, devising, synthesizing, and testing novel nano-

meter scale structures as electron-donor–acceptor ensembles.

Our largely interdisciplinary strategy focuses on well-defined

molecular architectures: we start with building blocks (i.e., at

an atomic and/or molecular scale) that give access to a priori

design of multifunctional molecular materials and their

integration into 2- or 3-dimensional solid electron-donor–

acceptor ensembles.

General considerations

The Marcus theory of electron transfer treats the rate

constants of non-adiabatic intramolecular electron transfer—

for both charge separation (kCS) and charge recombination

(kCR)—as a parabolic dependence on the free energy changes

of the reaction (2DGCSu or 2DGCRu).
19 This treatment

provides a valuable guide for controlling and optimizing the

efficiency of charge separation versus charge recombination.

Hereby, the electronic coupling (V) between donor and

acceptor states and, foremost, the reorganization energies (l)

regulate the absolute rate constants.

Principally, the rate constant first increases with increasing

thermodynamic driving force (2DGu , l), which is generally

referred to as the normal region of the bell-shape relationship.

When the driving force becomes of the same magnitude as the

reorganization energy (2DGu y l), the reaction rate is

maximal and is basically controlled by the magnitude of

electronic coupling (V) between the donor and acceptor

moiety. Hereby, V relates to the overlap of the donor and

acceptor orbitals. Upon passing the thermodynamic maximum

(2DGu y l), the highly exothermic region of the parabola

(2DGu . l) is entered, in which an additional increase of the

thermodynamic driving force results in an actual slow-down of

the reaction rate. Primarily, an increasingly poor vibrational

overlap of the product and reactant wave functions is

responsible for this behavior. The highly exergonic range is

generally referred to as the Marcus inverted region.

The ultimate goal is to power a thermodynamically driven

charge separation event and yield a highly energetic radical ion

pair. In this context, charge separation and, thereby, recovery

of most of the excited state energy, should, if conceivable, take

place at small free energy changes, 2DGCSu. The energy gap

characterizing the charge recombination (2DGCRu), on the

other hand, should be kept as large as feasible. Ideally, large

energy gaps should ensure dynamics that are deeply shifted

into the inverted region and, consequently, to slow down the

limiting and energy wasting charge recombination.20

Variation of the reorganization energy (l) is an effective way

to modulate the electron transfer rates. In general, modifying l

influences the maximum of the parabolic logkET vs 2DGETu
dependence on the abscissa. An even more dramatic impact is

seen on the activation energies for the charge separation

(DGCS
#) and the reverse charge recombination (DGCR

#) are

much reduced and increased, respectively. Thus, under optimal

conditions, small reorganization energies lead to optimal

charge separation kinetics, which are located near the top of

the Marcus curve—even if the driving forces are small—and a

deceleration of the charge recombination rates, which are

shifted far into the inverted region.

The major conclusion of our considerations is that both

donor and acceptor moieties should support the stabilization

of charges—electrons or holes—within their chemical struc-

tures. Delocalization of charges, for example, over a large and

extended p-system is unquestionably a very valuable approach

to ensure small reorganization energies (l).

Covalently linked conjugates—fullerenes

3-Dimensional versus 2-dimensional

Structural assumptions, as they were discussed above, were

clearly confirmed in a comprehensive assay of reorganization

energies for inter- and intramolecular electron transfer

reactions comparing a 3-dimensional electron acceptor—

spherical C60—with a 2-dimensional acceptor—planar

naphthalenediimide.21 This comparison took earlier work on

a quinone acceptor (i.e., 2-dimensional) further, where a

significant mismatch in driving force for the electron transfer

rendered a meaningful interpretation somewhat inconclusive.22

Our study clearly inferred that intermolecular electron transfer

between the planar naphthalenediimide and a planar zinc

tetraphenylporphyrin (ZnP) donor takes place at short

separation distances rendering the reorganization energy

small.21 In contrast to such a 2-dimensional p-system,

intermolecular electron transfer involving a spherical 3-dimen-

sional p-system (C60) is likely to occur at larger distances. An

important asset is the effective radius of the acceptor moiety:

even if C60 is held at the same critical distance (i.e., van der

Waals contact) as naphthalenediimide, due to the strong p–p

interactions, the effective center-to-center separation is sig-

nificantly larger. In the case of intramolecular electron transfer

systems, the fixed distance, by which the donor and acceptor

are separated, allows one to distinguish the intrinsic reorga-

nization energies (l) and electronic coupling element (V) of a

planar and a spherical acceptor. In fact, the l and V values

obtained for the ZnP-C60 conjugate from the intercept and the

slope are l = 0.59 ¡ 0.15 eV and V = 7.9 ¡ 1.7 cm21,
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respectively. Although a linear correlation was also obtained

for the analogous naphthalenediimide conjugate, much larger

l values (l = 1.41 ¡ 0.33 eV)—together with a similar V value

(7.8 ¡ 3.2 cm21)—were determined. This study has provided

for the first time valuable insights on the intrinsic reorganiza-

tion energies of electron transfer, as they relate to different

molecular shapes.

Bridges

The bridge connecting electron acceptor with electron donor is

considered to be vital in the light of several key aspects.23,24

Firstly, a covalent bridge eliminates diffusion as the rate

determining electron transfer step and, thereby, helps enhance-

ment of the transfer dynamics in electron-donor–acceptor

conjugates. Secondly, the bridge assists in the control over

the separation, orientation, overlap and topology in electron-

donor–acceptor ensembles. Implicit here is that the linking unit

must be structurally rigid, thereby preventing unrestrained and

unwanted structural rearrangements. Structural flexibility, on

the other hand, may result in different photoreactivites (i.e.,

rates, pathways, products), etc. Thirdly, the nature of the

bridge influences rates of conductance/charge transport.

Finally, the bridge is not expected to affect the electronic

nature of the donor–acceptor pair, where the coupling is

proportional to the overlap of their electronic clouds.

Scheme 2 illustrates a few leading examples, in which ZnP

and C60 are held together by diverse bridges.21 These comprise

either i) a –CO–NH– amide bond (in THF, kCS: 2.2 6 1010 s21;

kCR: 2.0 6 106 s21), ii) a –NH–CO– reversed amide bond (in

THF, kCS: 1.7 6 1010 s21; kCR: 3.7 6 105 s21), iii) a

–CC– triple bond (in THF, kCS: 3.7 6 1010 s21; kCR: 1.5 6
106 s21) or iv) a –NLN– double bond (in THF, kCS: 7.2 6
109 s21; kCR: 6.8 6 106 s21). Although the electron-donor–

acceptor separations are by and large constant in i) to iv),

different electronic couplings, as indicated by different charge

separation and charge recombination features (i.e., rates,

efficiencies, quantum yields, etc.) are observed. As a point of

reference the p-stacked ZnP-C60 conjugate should be con-

sidered, where van der Waals contacts result in much faster

picosecond dynamics.

Long distance charge transfer

Considering the nature of all the aforementioned electron-

donor–acceptor conjugates the efficiency of electron transfer

decreases exponentially with increasing bridge length. Any

long-range electron transfer processes, which are governed in

these conjugates by a superexchange mechanism, are typically

limited to distances of around 20 Å. At larger distances the

electron transfer rate determining electronic coupling is largely

Scheme 2 Leading examples of ZnP-C60 conjugates with different

spacers: –CO–NH–, –NH–CO–, –CC–, and –NLN–.

Scheme 1 Molecular building blocks: C60, single wall carbon nano-

tubes (SWNT), zinc porphyrin (ZnP), and free base porphyrin (H2P).
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diminished and, consequently, is insufficient to compete with

the intrinsic deactivation of the excited state electron donor.25

Should charges, however, be transported over distances

larger than 20 Å alternative concepts have to be applied. This

task becomes particularly relevant when achieving ultralong

radical ion pair lifetimes. A viable option to achieve long-

distance, charge separated states makes use of a relay of

several short-range electron transfer steps along well-designed

redox gradients rather than forcing the electron transfer

through a single, concerted long-range step.

Such a ‘‘relay concept’’ has been successfully realized by

combining several redox active building blocks—linking

ferrocene (Fc) and ZnP to free base tetraphenylporphyrin

(H2P) and C60—to form Fc-ZnP-H2P-C60 and Fc-ZnP-ZnP-

C60 conjugates. Scheme 3 summarizes some leading conju-

gates, where the final electron donors (i.e., Fc) and the primary

electron acceptors (i.e., C60) are separated by nearly 50 Å. In

these novel molecular examples we demonstrated very slow

intramolecular charge recombination processes—observable

only by ESR measurements in frozen matrices under light

irradiation. When comparing Fc-ZnP-H2P-C60 (0.38 s) or Fc-

ZnP-ZnP-C60 (1.6 s) conjugates with analogous H2P-C60 or

ZnP-C60 conjugates the difference in radical ion pair lifetimes

amounts to six orders of magnitude, that is, seconds versus

microseconds (!).26

Electronic coupling elements are primarily responsible for

such outstanding lifetimes that are as small as (5.6 ¡ 0.5) 6
1025 cm21 relative to a V value of 7.9 ¡ 1.7 cm21 seen for the

ZnP-C60 conjugates, where the electron-donor–acceptor separa-

tions are y12 Å.21 This finding correlates well with negligible

Scheme 3 Leading examples of long distance charge transfer conjugates: Fc-ZnP-H2P-C60, Fc-ZnP-ZnP-C60, and Fc-(ZnP)2-C60.

Scheme 4 Leading examples of molecular wire conjugates: ZnP-

p-phenylenevinylene-C60, ZnP-alkyne-C60 and ZnP-thiophene-C60.
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orbital overlap—an argument that finds further support when

calculating the attenuation factor (ß). The attenuation factor

describes the intrinsic electronic properties of the bridge, which

is related to the distance dependence of electron transfer rate

constants. A plot of the radical ion pair lifetimes of Fc-ZnP-

H2P-C60 (y50 Å), ZnP-H2P-C60 (y30 Å) and H2P-C60

(y12 Å) versus electron-donor–acceptor separation is well

fitted with a straight line and yields a ß value of 0.60 Å21.26

Importantly, this ß value is located within the boundaries of

non-adiabatic electron transfer reactions for saturated hydro-

carbon bridges (0.8–1.0 Å21) and unsaturated phenylene

bridges (0.4 Å21).27

Molecular wires

It is well documented that the attenuation factor is a function

of electronic structure and overall architecture of the bridge.

Thus, much effort has been devoted to the design of bridges

that facilitate long-range electron transfer reactions.28 In this

context, molecular wires that exhibit characteristic paraconju-

gation are interesting candidates for such an application, since

the bridges do not actively participate in the electron transfer

events (i.e., charge separation charge recombination, charge

hopping, etc.). In other words, the molecular wires have only

mediating function in transporting charges due to their high-

lying LUMO and/or low-lying HOMO.

p-Vinylene29 and alkyne oligomers30 are of particular

interest as versatile model bridges with chemically tailored

properties. Accordingly, we have tested novel series of

structurally well-defined electron-donor–acceptor conjugates

that incorporate ZnP as excited state electron donors and

C60 as electron acceptors, linked by a number of p-phenyle-

nevinylene (ZnP-p-phenylenevinylene-C60) or alkyne oligomers

(ZnP-alkyne-C60). The following aspects stood hereby at the

forefront of our investigations: firstly, a systematic variation of

the conjugation length; secondly, determining and evaluating

the structural and electronic effects of distance and rates with

which charges transfer through p-phenylenevinylene or alkyne

fragments; finally, testing the molecular-wire behavior in

p-phenylenevinylene or alkyne based electron-donor–acceptor

ensembles.

For ZnP-p-phenylenevinylene-C60, a detailed physico-

chemical investigation—testing mainly the long-range charge

separation (in THF, 3.9 ¡ 0.6 6 109 s21) and charge

recombination events (in THF, 1.05 ¡ 0.15 6 106 s21) and

kinetics thereof—revealed attenuation factors of 0.03 ¡

0.005 Å21.29 Even relative to unsaturated phenylene bridges

(0.4 Å21) these factors are extraordinary small. Important for

the wire-like behavior is that the energies of the C60’s HOMOs

match specially those of the long p-phenylenevinylenes. This

facilitates charge injection into the wire. Equally important is

the strong electronic coupling, realized through the paracon-

jugation in p-phenylenevinylene. This leads to electron-donor–

acceptor coupling constants of y2.0 cm21—even at electron-

donor–acceptor separations of 40 Å21—and assists charge

transfer reactions that reveal shallow distance dependencies.

Remarkable is the fact that these features are realized

despite the rotational freedom of the donor–bridge and

bridge–acceptor contacts.

Somewhat larger are, however, the attenuation factors (i.e.,

0.06 ¡ 0.005 Å21) found for polyalkyne bridges in ZnP-

alkyne-C60 with charge separation and charge recombination

in the range of 7.5 ¡ 2.4 6 109 s21 and 1.6 ¡ 0.2 6 106 s21,

respectively.30 Still, our finding proves that even triple bonds

are effective mediators of long-range electronic interactions up

to nearly—but not limited to—24 Å. An interesting aspect of

this work was that the direct linkages between the polyalkynes

and C60 provide much improved bridge–acceptor contacts.

Common to the aforementioned electron-donor–acceptor

conjugates is that in temperature dependent measurements

the charge recombination kinetics imply an efficient decou-

pling of the donor–bridge and bridge–acceptor contacts, which

leads to a significant slow-down of the electron transfer rates.

Reversible interruption of the p-conjugation through a

temperature-induced rotation along the wire axis is thought

to be responsible for this effect.29

An intriguing challenge lies in the incorporation of

oligomeric bridges in which the p-conjugation is broken off

irreversibly through, for example, the chemical nature of the

oligomer. Chiral binaphthyl derivatives meet such criteria.31

They have also been used as electroactive species and, in

contrast, to p-conjugated p-phenylenevinylene oligomers, the

p-conjugation between the two naphthyl units is efficiently

disrupted via atropisomerism. Consequently, distances and

electronic interactions between donor and C60 are drastically

changed. In fact, we have found that topological effects of the

geometrically well-defined chiral binaphthyl spacer play a

leading role in electronic interactions in electron-donor–

acceptor ensembles. Thus, in ZnP-binaphthyl-C60 (Scheme 5),

associative p–p interactions augmented by charge transfer

interactions favor a conformer in which the ZnP is close to

C60, resulting in appreciable through-space electronic commu-

nication with charge recombination dynamics of y106 s21.32

Quite different is the photoreactivity of ZnP-thiophene-C60,

because the good electron donor ability of polythiophene

oligomers forces these bridges to participate more actively in

the charge transfer/transport processes.33

Redox-active metal complexes

An appealing variation—relative to previous work that

focused on the integration of free base porphyrins (H2P) or

the corresponding zinc analogous (ZnP)—involves the use of

metalloporphyrins that bear redox-active metal species.

Implementation of two redox centers, i.e. the metal and the

macrocycle, brings about questions regarding the stabilization

gained by localizing the positive charge on the metal center as

Scheme 5 ZnP-binaphthyl-C60 conjugate.
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compared to the delocalization on the macrocyclic ring. When

working, however, with metalloporphyrins—coordinating

redox-active transition metals—as electron donors, much

impacted excited state lifetimes should govern design

considerations.

In, for example, Cu(II)metalloporphyrins (Cu(II)P) ther-

mally equilibrated and long-lived triplet–doublet/triplet–quar-

tet states are a sufficient base for powering intramolecular

transfer events. Although the paramagnetic Cu(II) augments

the electronic coupling with the electron accepting fullerene

and, in turn, influences the charge transfer process, the basic

reactivity of photoexcited Cu(II)P-C60, that is, energy transfer

in non-polar toluene and electron transfer to form Cu(II)PN+-

C60
N2 in polar media, does not support the possibility of

forming a Cu(III)P species. The lifetime of the Cu(II)P+N-C60
N2

state is as long as 415 ¡ 30 ns in chloroform.34

An appreciable photoreactivity was also gathered for

Ru(II)metalloporphyrins (Ru(II)P), where, nevertheless, an

ultrafast/instantaneous intersystem crossing results from the

presence of the ‘‘heavy-atom’’ source. The corresponding

Ru(II)P-C60 conjugates give rise to rapid intramolecular

deactivations of the ruthenium porphyrin triplet excited states.

The product of the ruthenium porphyrin excited state deactiva-

tion depends on the solvent polarity. While in non-polar solvents

a transduction of triplet excited energy predominates, in medium

and strongly polar media charge-separation leads to the

formation of Ru(II)PN+-C60
N2; formation of Ru(III)P-C60

N2 is

ruled out on the basis of spectral analysis.35

In contrast to the aforementioned system, a key requirement

for testing Co(II) or Fe(III)metalloporphyrins (Co(II)P or

Fe(III)P) is a very close electron-donor–acceptor separation.

This is meant to ensure an ultrafast electron transfer event

which allows the utilization of metalloporphyrins that typically

deactivate rapidly due to very strong spin orbit coupling. In

other words, close van der Waals contacts between electron

donor and electron acceptor are a ‘‘must’’. In the case of

Co(II)P this was achieved, where significant interactions

between the p-system of C60 and the d-orbitals of the central

atoms were noted.36 Generally, the short electron-donor–

acceptor separations guarantee charge separation in any given

solvent, from non-polar toluene to polar benzonitrile. A closer

look at the charge separation products brings an interesting

solvent dependence to light. In toluene, benzonitrile and

anisole photoinduced electron transfer leads to the formation

of Co(II)PN+-C60
N2 with a lifetime of 560 ¡ 20 ns in

benzonitrile. In contrast, in solvents such as THF, nitroben-

zene, ortho-diclorobenzene and tert-butylbenzene the forma-

tion of a Co(III)P-C60
N2 transient was detected. The latter is,

however, short-lived (860 ¡ 40 ps in THF). Particularly

important is the fact that the electronic coupling (V) in

Co(III)P-C60
N2 is with 18 cm21 substantially smaller then the

V-value of 313 cm21 in ZnPN+-C60
N2—similar values have to be

assumed for Co(II)PN+-C60
N2.36

Fe(III)P-C60 showed in preliminary tests Fe(III)PN+-C60
N2 as

the only appreciable product, whose formation does not

depend on the solvent.37

Non-covalently linked hybrids—fullerenes

Watson–Crick hydrogen bonding

Recent efforts have been focused on the use of the Watson–

Crick hydrogen bonding paradigm—specifically the three-

point guanosine–cytidine couple—as a scaffold to assemble

molecular electron-donor–acceptor hybrids.38 In particular,

studies on a tethered ZnP-cytidine-guanosine-C60 hybrid

highlight the fact that Watson–Crick base pairing provides a

useful means of constructing self-assembled systems, with

binding constants of 5.1 ¡ 0.5 6 104 M21 and radical ion pair

state lifetimes of 2.02 ms. Although we believe that these

natural base-pairs have an important role to play in the

generation of functional supramolecular systems, the topology

of ZnP-cytidine-guanosine-C60 is far from optimum. In

particular, through space interactions must be assumed to

control charge separation and charge recombination

dynamics. This points to the need of a truly linear arrangement

in hydrogen bonding electron-donor–acceptor hybrids.

Hydrogen bonding

Molecular recognition principles, in the form of crown ether

complexation, are the inception for realizing molecularly-

organized thin film assemblies and nano-architectures.39 In

this light, ammonium-crown ether recognition and p–p

stacking interactions (3.7 6 105 M21) between H2P and C60

have been employed towards a supramolecular cup-and-ball

H2P-crown-C60 hybrid ensemble. Since the emission of the

H2P-crown is fully recovered upon addition of base, which

destroys the supramolecular assembly, H2P-crown-C60 appears

to be an excellent candidate as a molecular switch operated via

control of recognition by changing (or adjusting) the pH of the

solution.

Scheme 6 Leading examples of redox-active metal conjugates:

Cu(II)P-C60, Ru(II)P-C60, Co(II)P-C60 and Fe(II)P-C60.
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Complementary electrostatics

More linear is certainly the electron-donor–acceptor topology in a

coulomb complex comprising a dendritic C60 oligocarboxy-

late and an octapyridinium ZnP salt.40 A Job plot obtained

by monitoring the Soret absorption of the octapyridinium

ZnP salt upon addition of the dendritic C60 oligocarboxylate

in a phosphate buffer (pH 7.2, ionic strength = 0.012)

confirmed a 1 : 1 complex—ZnP-electrostatic-C60—for which

an association constant of 3.5 ¡ 1.0 6 108 M21 was determined.

Parallel fluorescence titration experiments revealed that

the octapyridinium ZnP salt emission is strongly quenched in

the ZnP-electrostatic-C60 hybrid. In particular, the noted

decrease of fluorescence intensity in the octapyridinium ZnP

salt with variation of the dendritic C60 oligocarboxylate and

evidence for a new, short-lived emissive component suggest a

static quenching event inside the ZnP-electrostatic-C60 hybrid.

From fluorescence titration a value of 1.1 ¡ 0.1 6 108 M21 for

the association constant of the ZnP-electrostatic-C60 hybrid at

pH 7.2 was derived. Stability investigations showed the expected

disassembly of the complex at higher ionic strength with little

dependence on the nature of the anions. Coulomb interactions

obviously play a major role in the aggregation process. Electron

transfer quenching was confirmed by transient absorption

spectroscopy, which showed the fingerprint absorptions of

the octapyridinium ZnP salt radical cation and the dendritic

C60 oligocarboxylate radical anion and a lifetime of 1.1 ms for

the charge separated state.

In related work, the same dendritic C60 oligocarboxylate was

examined with respect to electrostatic complexation with

cytochrome c (Cytc).41 The zinc analog of Cytc (ZnCytc),

which is necessary for the photophysical investigations, was

prepared according to a novel modified procedure. The

association of ZnCytc and the dendritic C60 oligocarboxylate

(y105 M21), and consequential photoinduced electron trans-

fer within ZnCytc-electrostatic-C60 from the photoexcited

protein to the fullerene, is proven by fluorescence spectroscopy

and transient absorption spectroscopy. These findings are in

addition supported by circular dichroism as well as by

extensive molecular dynamics (MD) simulations.

p–p Interactions

Induction of self-organization between H2P and C60 moieties

in an amphiphilic H2P-C60 salt, which occurs predominantly

through intermolecular forces, results in uniformly nanostruc-

tured 1-dimensional nanotubules.42 The photoreactivity of

such nanotubules was also investigated for the corresponding

phthalocyanine (ZnPc), where ultrafast charge separation is

combined with ultraslow charge recombination. The observed

radical ion pair lifetime of 1.4 ms implies, relative to the

monomeric analog (t y 3 ns), an impressive stabilization of six

orders of magnitude. In fact, the lifetime reaches into a time

domain found in thin solid films of electron-donor–acceptor

ensembles.

Metal coordination

Promising success for realizing electron-donor–acceptor

hybrids was presented through the reversible coordination of

pyridine functionalized fullerene ligands to the square-planar

zinc center, which constitutes a labile but, nevertheless,

measurable binding motif. However, in most of the known

examples metal coordination to C60 leads to tilted configura-

tions and through space interactions.43 In this light, a novel,

more linearly aligned supramolecular architecture was

assembled, based on linking a heterofullerene acceptor

(C59N)—bearing a pyridine functionality—to the central zinc

atom of ZnP donor. The linear refinement was achieved by

attaching the donor pyridine ring to C59N. The ZnP-pyridine-

C59N adduct (1.1 6 104 M21) is also ideally suited for devising

integrated model systems to transmit and process solar energy.

Depending on the solvent either photoinduced singlet–singlet

energy transfer or electron-transfer was observed. The latter

process takes place in o-dichlorobenzene as solvent and leads

to the corresponding one-electron reduced C59N p-radical

anion and one-electron oxidized ZnP p-radical cation that

decay with 6.9 6 106 s21.44

In contrast to several previous examples, synthesis of a truly

linear non-covalently linked ZnP-pyridine-C60 dyad was

Scheme 7 Leading examples of non-covalently linked hybrids: ZnP-

cytidine-guanosine-C60, ZnP-electrostatic-C60, and H2P-crown-C60.

Scheme 8 Amphiphilic H2P-C60 salt.
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accomplished by attaching the pyridine functionality to the

nitrogen of the fulleropyrrolidine. The axially symmetric

complexes with ZnP disclose stronger complexation features

(7.4 6 104 M21) than analogous complexes where the pyridine

functionality has been linked to a carbon on the pyrrolidine

ring (1.4 6 104 M21).45

In an extension of earlier work a novel triad system

composed of a zinc porphyrin appended with hydrogen-

bonding groups such as either a carboxylic acid or an amide

group (ZnP-COOH or ZnP-NH2) and C60 appended with a

pyridine group and a N,N-dimethylaniline (DMA) group

acting as a secondary electron donor (C60-DMA). The triad

system is self-assembled via a ‘‘two-point’’ binding motif,

where the pyridine group on the C60 axially ligates to the

central metal of the zinc porphyrin, while the nitrogen of the

fulleropyrrolidine ring hydrogen bonds with the hydrogen-

bonding group attached to ZnP, either ZnP-COOH or

ZnP-NH2.46

Rotaxanes

Mechanically linked nanoscale ensembles, such as rotaxanes

and catenanes, emerged as viable multicomponent model

systems to transmit and process solar energy, in large part due

to the close resemblance with the topology in the natural

photosynthetic reaction center.47 Two sets of ZnP-rotaxane-

C60 hybrids have been realized using Sauvage’s methodology,

that is, threading through a Cu(I)phenanthroline complex,

[Cu(phen)2]+.48 Because of the tetrahedral arrangement of the

phenanthroline ligands around the Cu(I) center, the electron

donor (ZnP) and electron acceptor (C60) are separated by

nearly 20 Å, which prevents both charge separation and charge

recombination processes from occurring directly through

space. In other words, the topology of these systems prevents

close approach of the ZnP and C60 moieties, which was

independently confirmed by molecular modeling, so that

intramolecular electronic interactions following excitation

must take place through the [Cu(phen)2]+ complex.

In the first set (i.e., ZnP-stoppered hybrids), C60 is linked to

the macrocycle, while ZnP function as stoppers. Fluorescence

and transient absorption spectra indicate that a sequence of

energy and electron transfer processes occur along an energy

gradient, involving energy transfer from the initially generated

porphyrin singlet excited state to the [Cu(phen)2]+ MLCT

state, electron transfer from the excited MLCT state to the C60

moiety. Finally, charge transfer from the porphyrin to the

oxidized Cu complex, which according to electrochemical data

may be reversible, gives the long-distance (ZnPN+)2-

[Cu(phen)2]+-C60
N2 radical ion pair state, which was detected

spectroscopically. The measured radical pair lifetimes at room

temperature, measured by decay of the absorption due to

transient one-electron oxidized ZnP radical cations and the

one-electron reduced C60 radical anions, are 0.49 and 1.17 ms.

The enhanced lifetimes of these nanosized radical ion pair

states is attributed to the unique topology of the system.

The lifetimes are also considerably longer than the radical

ion pair lifetime of 180 ns observed for a H2P-rotaxane-C60

hybrid loosely held together by just hydrogen bonds. This

enhancement in radical ion pair lifetime is consistent with the

significant difference in topology in these two supramolecular

systems.49

In the second set (i.e., C60-stoppered hybrids), the locations

of the ZnP and C60 moieties are reversed from that described

above, that is, the ZnP is appended to the macrocycle and C60

moieties are the stoppers on the thread around the central

[Cu(phen)2]+ core. This change in topology results in greatly

enhanced lifetimes (0.73 ms) of the ZnPN+-[Cu(phen)2]+-(C60)2
N2

radical ion pair state produced upon photoexcitation of these

materials.

Catenanes

Molecular modeling of ZnP-stoppered ZnP-rotaxane-C60

hybrids and the corresponding model rotaxane suggested that

the two ZnP linked to the [Cu(phen)2]+ core constitute a

molecular scaffold that should exhibit excellent binding

features toward a variety of bidentate guest molecules that

coordinate to ZnP. Selective complexation of, for example, the

free nitrogen lone pairs of diazabicyclooctane (DABCO) or

4,49-bipyridyl to the axial dz2 orbitals of ZnP opens pathways

to novel photo- and redoxactive catenanic architectures. The

latter undergo upon photoexcitation a sequence of short range

energy and electron transfer events to give long-lived radical

ion pair states with lifetimes of (500 ¡ 50 ns).50

Covalently linked nanoconjugates—carbon
nanotubes

First examples of nanoconjugates

An intriguing concept involves using the surface of semicon-

ducting and metallic CNT as intriguing templates to integrate

Scheme 9 Leading examples of metal coordination conjugates: ZnP-

pyridine-C59N and ZnP-pyridine-C60.
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porphyrins that serve as visible light harvesting chromophores.51

For example, the efficient covalent tethering of SWNT with

porphyrins was achieved through the esterification of SWNT

bound carboxylic acid groups. Based on the initially established

approach the surface-bound carboxylic acid groups were

produced by acid treatment of CNT. In particular, the work

started with two porphyrin derivatives containing terminal

hydroxyl groups [5-(p-hydroxyhexyloxyphenyl)-10,15,20-tris(p-

hexadecyloxyphenyl)-21H,23H-porphine] and [5-(p-hydroxy-

methylphenyl)-10,15,20-tris(p-hexadecyloxyphenyl)-21H,23H-

porphine].52 In the corresponding electron-donor–acceptor

nanoconjugates (i.e., H2P-SWNT) the photoexcited porphyrins

deactivate, through a transduction of excited state energy.

Interestingly, the rates and efficiencies of the excited state

transfer depend on the length of the tether that links the

porphyrins with the SWNT. Thus, the materials with the

shorter tethers showed the least fluorescence quenching.

Subsequently, these carboxylic functionalities proved to be

convenient for linking 5-p-hydroxyphenyl-10,15,20-tritolylpor-

phyrin to either SWNT or MWNT.53 According to

thermogravimetric analyses (TGA) the amount of grafted

porphyrin was estimated to range from 8 to 22%, depending on

the initially employed porphyrin concentration.

Non-covalently linked nanohybrids—carbon
nanotubes

Polymer wrapping

Recently, we succeeded in the facile supramolecular associa-

tion of pristine SWNT with linearly polymerized porphyrin

polymers towards versatile electron-donor–acceptor nanohy-

brids.54 The target SWNT nanohybrids, which are dispersable

in organic media, were realized through the use of soluble and

redox-inert poly(methylmethacrylate) (PMMA) bearing sur-

face immobilized porphyrins (i.e., H2P-polymer). Conclusive

evidence for H2P-polymer/SWNT interactions came from

absorption spectroscopy: The fingerprints of SWNT and

H2P-polymer are discernable throughout the UV, VIS, and

NIR part of the spectrum. A similar conclusion was also

derived from transmission electron microscopy (TEM) and

atomic force microscopy (AFM). AFM images illustrate,

Scheme 10 Leading examples of rotaxanes: ZnP-rotaxane-C60 hybrids: (ZnP)2-[Cu(phen)2]+-C60 and ZnP-[Cu(phen)2]+-(C60)2.
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Scheme 11 ZnP-catenane-C60 hybrid.

Scheme 12 Covalently linked H2P-SWNT nanoconjugate.

Scheme 13 Covalently linked H2P-SWNT nanoconjugate.
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for example, the debundling of individual SWNT. An

additional feature of H2P-polymer/SWNT is an intrahybrid

charge separation, which has been shown to last for 2.1 ¡

0.1 ms.

Stable H2P/SWNT composites were also realized by

condensating tetraformylporphyrins and diaminopyrenes on

SWNT.55 The degree of interaction between SWNT and H2P

was evaluated by UV-vis and fluorescence spectra, and

chemical removal of H2P from SWNT. In the electron-

donor–acceptor nanohybrids, the Soret and Q-bands of H2P

moieties were significantly broadened and their fluorescence

was almost completely quenched. Apparent extinction coeffi-

cients at the Soret bands were decreased to ca. 20%.

Complementary electrostatics

An important consideration when associating CNT with

electron donor building blocks is to preserve—as much as

possible—the unique electronic structures of the CNT. A

versatile approach involves grafting SWNT with polymers

such as poly(sodium 4-styrenesulfonate) (SWNT-PSSn2) with

a SWNT to PSSn2 ratio of 55/45.56 In turn, highly stable water

dispersable SWNT were prepared with relative ease. The

attached PSS functionalities also assist in exfoliating individual

SWNT-PSSn2 from the larger bundles and stabilizing them.

AFM and TEM analysis corroborated the presence of SWNT

with lengths reaching several micrometers and diameters

around 1.2 nm. A coulomb complex formation was achieved

with SWNT-PSSn2 and an octapyridinium H2P salt.57 Several

spectroscopic techniques like absorption, fluorescence, and

TEM were used to monitor the complex formation between

SWNT-PSSn2 and octapyridinium H2P salt yielding SWNT-

PSSn2-electrostatic-H2P. Importantly, photoexcitation of the

octapyridinium H2P chromophore in the newly formed

nanohybrid structure result in efficient intrahybrid charge

separation event (0.3 ns), which leads, subsequently, to radical

ion pair formation. The charge separation is governed by a

large thermodynamic driving force of 0.81 eV. The newly

formed radical ion pair exhibits a remarkably long lifetime of

14 ms under anaerobic condition, which constitutes one of

longest reported for any CNT ensemble found so far.

p–p Interactions

An impressive SWNT solubility has been achieved upon

treatment with zinc [5,10,15,20-tetraphenyl-21H,23H-

porphine] in DMF.58 TEM and AFM images revealed the

existence of high density SWNT and exfoliation of individual

SWNT as a result of the tedious work-up procedure. The CNT

diameter ranged typically from 0.9 to 1.5 nm, underlining the

successful debundling properties of ZnP. Evidence for inter-

actions between porphyrins and SWNT was obtained from

fluorescence spectra, where the porphyrin fluorescence was

significantly quenched compared to porphyrin alone. The

fluorescence quenching has been ascribed to energy transfer

between the photoexcited porphyrin and SWNT.

Similarly, SWNT suspensions in the presence of

H2P—[5,10,15,20-tetrakis(hexadecyloxyphenyl)-21H,23H-por-

phine]—in organic solvents yielded novel electron-donor–

acceptor nanohybrids.59 Insoluble and recovered SWNT were

separated from H2P by treatment with acetic acid and vigorous

centrifugation. After heating the recovered SWNT and the free

SWNT to 800 uC in a nitrogen atmosphere, spectroscopic

analysis showed that the semiconducting SWNT and the free

SWNT are enriched in recovered and metallic SWNT,

respectively. Under ambient conditions, the bulk conductivity

Scheme 14 Partial structure of H2P-polymer.

Scheme 15 SWNT-PSSn2-electrostatic-H2P nanohybrid.
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of semiconducting recovered SWNT is 0.007 S cm21, while

that of metallic free SWNT is 1.1 S cm21. Thus, selective

interactions between H2P and semiconducting SWNT are the

inception to a successful separation of metallic and semicon-

ducting nanotubes.

Water-soluble H2P [meso-(tetrakis-4-sulfonatophenyl) por-

phine dihydrochloride] was employed to suspend SWNT,

resulting in aqueous solutions that are stable for several

weeks.60 These electron-donor–acceptor nanohybrids have been

characterized by absorption and fluorescence spectroscopy,

further complemented by AFM. H2P and SWNT interact

selectively for the free base form, and this interaction stabilizes

the free base against protonation to the diacid. Under mildly

acidic conditions SWNT mediated J-aggregates form, which

are unstable in solution and result in precipitation of the

nanotubes over the course of a few days. H2P coated SWNT

can be precisely aligned on hydrophilic poly(dimethylsiloxane)

surfaces by combing SWNT solution along a desired direction

and then transferred to silicon substrates by stamping.

p–p Interactions and complementary electrostatics

A key requirement to test biological applications and/or

biophysical processing is, however, the unlimited dispersability

of CNT in aqueous media. With that objective in mind, water-

soluble SWNT and MWNT were obtained in aqueous

solutions of 1-(trimethylammonium acetyl) pyrene (pyrene+)

or 1-pyreneacetic acid, 1-pyrenecarboxylic acid, 1-pyrenebu-

tyric acid, 8-hydroxy-1,3,6-pyrenetrisulfonic acid (pyre-

ne2).14a,61 Excess free pyrene was removed from solution

using vigorous centrifugation and the final CNT-(p–p-inter-

action)-pyrene+ or CNT-(p–p-interaction)-pyrene2 solids were

resuspended in water. The solubility of CNT in the resulting

black suspensions is as high as 0.2 mg ml21 and the stability

reaches several months under ambient conditions without

showing any apparent precipitations. TEM and AFM images

revealed the coexistence of individual and bundles of CNT.

Now that the surface of CNT is covered with positively or

negatively charged ionic head groups, van der Waals and

electrostatic interactions are utilized to complex oppositely

charged electron donors. Water-soluble porphyrins (i.e.,

octapyridinium ZnP/H2P salts or octacarboxylate ZnP/H2P

salts) emerged as ideal candidates to realize SWNT-(p–

p-interaction)-pyrene+-electrostatic-ZnP or SWNT-(p–p-inter-

action)-pyrene+-electrostatic-H2P electron-donor–acceptor

nanohybrids.

CNT-(p–p-interaction)-pyrene+-electrostatic-ZnP or CNT-

(p–p-interaction)-pyrene+-electrostatic-H2P were characterized

by spectroscopic (absorption and fluorescence) and micro-

scopic (TEM and AFM) means. In absorption experiments,

the successful complex formation—for instance, of CNT and

ZnP82—were confirmed by red-shifted Soret- and Q-bands

and the development of a series of isosbestic points.

Photoexcitation of all the resulting electron-donor–acceptor

nanohybrids with visible light, causes reduction of the electron

accepting CNT and oxidation of the electron donating ZnP or

H2P. In fact, long-lived radical ion pairs—with lifetimes that

are in the range of microseconds—were confirmed by transient

absorption measurements. It is interesting that a better

delocalization of electrons in MWNT helps to significantly

enhance the stability of the radical ion pair (5.8 ¡ 0.2

microseconds) relative to the analogous SWNT (0.4 ¡ 0.05

microseconds). Percolation of the charge inside the concentric

wires in MWNT decelerates the decay dynamics associated

with charge recombination.

The pyrene approach towards functional nanohybrids does

not form any covalent bonds but only p-p interactions, and

perturbs the CNT conjugated system weakly. Pyrene deriva-

tives with a large variety of functional groups can be easily

prepared, so that the approach is very general and easy to

exploit.

Photoelectrochemical cells—fullerenes and carbon
nanotubes

Carbon nanostructures—fullerenes and carbon nanotubes—

and porphyrins have been successfully used as integrative

components in multifunctional hybrid cells that reveal

considerable promise for applications as photochemical energy

conversion systems.62 Please note that sometimes very different

photocurrent characterization conditions (i.e., light power,

intensities, size of the cells, etc.) were used, which limits a

meaningful comparison only to photoelectrochemical cell

performances that stem from the same laboratories. In the

following, a classification of the photoelectrodes is made based

on the nature of the support electrode.

Fullerene-porphyrin-gold

Self-assembled monolayers of fullerene-porphyrin systems, is

by far the most frequently and systematically studied approach

for the construction of nanostructured photoelectrodes. In

particular, covalently linked dyad and triad conjugates

Scheme 16 SWNT-(p–p-interaction)-pyrene+-electrostatic-ZnP

nanohybrid.
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involving porphyrins and fullerenes with a thiol functionality

have been self assembled onto gold electrodes for photocurrent

measurements. Cathodic photocurrents were observed upon

irradiation of the modified gold electrodes, in which ZnP

containing cells revealed better performance than the analo-

gous H2P cells. Further performance improvements were noted

when boron dipyrrin was co-assembled as an antenna—

improving the absorption in the green and in the blue region.

However, strong excited state quenching of the porphyrin by

the gold surface is the limiting factor that prevents attaining

higher charge separation quantum yields.63

Fullerene-porphyrin-indium tin oxide

Highly transparent (.90%) and conductive (ca. 104 V cm)

indium tin oxide (ITO) support electrodes, are much better

suited for nanostructured photoelectrodes than the aforemen-

tioned gold electrodes due to the lack of porphyrin singlet

excited state quenching. Thiol or siloxy groups were chosen as

chemical linkers that help to bind the fullerene-porphyrin

conjugates to the electrode surface. Among the fullerene-

porphyrin conjugates that bear multiporphyrin arrays/dendri-

mers H2P instead of ZnP led to higher photocurrent

conversion efficiencies.64

More recently, a self-assembled monolayer of ZnP-C60

conjugate, in which a triosmium carbonyl cluster moiety links

C60 and a porphyrin unit and 3-(triethoxysilyl)propyl iso-

cyanide as a surface-anchoring ligand, is shown to exhibit the

highest photocurrent efficiency ever reported for a covalently

linked systems.65

Similarly, non-covalent fullerene-porphyrin hybrids that

rely on hydrogen bonding, van der Waals, p–p, and electro-

static interactions have been shown to be suited for the

construction of nanostructured photoelectrodes.66 Most

efficient photocurrent generations were accomplished

when well tailored energy and redox gradients, in hybrid

structures of fullerenes, porphyrins and ferrocenes were

constructed.62a

Fullerene-porphyrin-indium tin oxide/tin oxide

Adsorbed on nanostructured surfaces of SnO2—supported on

ITO—covalently linked conjugates,67 and non-covalently

hybrids have been characterized in terms of photovoltaic

performances. The list of non-covalently hybrids includes

hydrogen-bond donor–acceptor supramolecular complexes,68

supramolecular complexes of porphyrin-peptide oligomers

with fullerene,69 electrodeposited interpenetrated networks of

mixed molecular nanoclusters of fullerene and porphyrin,70

and a quaternary organized gold composite nanoclusters.71

The non-covalent hybrid strategy is in general more

promising/effective because the photocurrent conversion effi-

ciency has often been limited by the poor vectorial electron

flow in covalently linked conjugates.

Carbon nanotube-porphyrin

Some promising first reports on photoelectrochemical devices

integrating SWNT—as electron acceptor—on ITO are based

on non-covalent assembly strategies.15d In most of these

instances the ITO electrodes were covered with a base layer

of polyelectrolyte (i.e., poly(diallyldimethylammonium)chlor-

ide (PDDAn+) or sodium polystyrene-4-sulfonate (PSSn2))

through hydrophobic–hydrophobic forces. A proper grafting

of SWNT with pyrene derivatives, bearing polar functional
Scheme 17 Photoelectrochemical cell incorporating a self-assembling

monolayer of a ZnP-C60 conjugate onto ITO.

Scheme 18 Photoelectrochemical cell incorporating electrostatically

interacting fullerenes, porphyrins and ferrocenes onto ITO that give

rise to energy and redox gradients.
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groups, permits one to disperse them in aqueous media and to

assemble them electrostatically to the polyelectrolyte base

layer. In the final step, water soluble but oppositely charged

porphyrins are assembled as the top layer. This approach has

been extended to double wall carbon nanotubes (DWNT),

MWNT and thin-MWNT. Importantly, thin-MWNT showed

the best performance as electron acceptor layer material.72

Summary and outlook

Most electron-donor–acceptor ensembles that have been

synthesized for probing photoinduced electron transfer pro-

cesses take advantage of porphyrin derivatives as excited state

electron donors and C60/CNT as electron acceptors, due to the

remarkable redox and structural features. Several features of

these systems retain the characteristics of C60 or CNT, which is

regarded as one of the key requisites for generating long-lived

radical ion pair states.

Sophisticated and well-established methodologies—to func-

tionalize C60 covalently and non-covalently—were employed

to yield novel and versatile electron-donor–acceptor architec-

tures with topologies that include linear structures, tubular

structures, rotaxanes, catenanes, etc.

In recent years, however, the development of CNT

nanoconjugates and nanohybrids has attracted considerable

attention. The solubilization of CNT through the use of

functional chromophores (i.e., porphyrins) offers outstanding

opportunities. In particular, combining the unique electronic

properties of SWNT or MWNT with electron donating

antennae seems to pave the way to realize a broad range of

applications, such as photoelectrochemical/photovoltaic cells,

photodiodes, and light-harvesting systems.

One of the major challenges involves the quantitative

separation i) of semiconducting and metallic CNT and ii) of

different band gap CNT. Diameter, band gap, conductivity

and doping might emerge as important variables in the

development of efficient solar energy conversion systems.

In the context of photoelectrochemical cells, initial tests with

sequentially integrated monolayers of CNT and electron

donating porphyrins onto ITO electrodes give rise to promis-

ing monochromatic internal photoconversion efficiencies of up

to y10.7%. Although the strategy is by no means optimized, it

is a promising starting point that leaves ample room for

further improvement.

Finally, the knowledge and database that were established

throughout our fundamental studies, focusing on the devel-

opment of CNT based photovoltaics, is expected to impact

other opto-electronic or electro-optic technologies—fuel cells,

photocatalysis, sensors, organic thin-film transistors, organic

light-emitting diodes, electrochromic materials etc.
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