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This article surveys and highlights the integration of nanometer scale carbon structures—in

combination with chromophores that exhibit (i) significant absorption cross section throughout

the visible part of the solar spectrum and (ii) good electron donating power—into novel electron

donor–acceptor conjugates (i.e., covalent) and hybrids (i.e., non-covalent). The focus of this

article is predominantly on performance features—charge-transfer and photovoltaic—of the most

promising solar energy conversion systems. Besides documenting fundamental advantages as they

emerge around nanometer scale carbon structures, critical evaluations of the most recent

developments in the fields are provided.

Introduction

It is foreseeable that artificial photosynthetic systems that will

ultimately power practical solar fuels production must be

based on molecular and supramolecular assemblies.1 Specific

requirements that such assemblies must meet include the

collection of light energy, separation of charges, and transport

of charges to catalytic sites, where water oxidation and CO2

reduction will occur. Notable progress has been made on each

aspect of these complex problems—yet researchers have not

developed components that are both efficient and robust, and

have not integrated the existing functional components into a

working system.2 The design and development of light harvest-

ing, photoconversion, and—as a long term aim—catalytic

modules capable of self-ordering and self-assembling into an

integrated functional unit will make it possible to realize

efficient artificial photosynthetic systems based on nanometer

scale carbon structures.

Electron acceptors

A first prominent example of nanometer scale carbon struc-

tures are fullerenes—see Scheme 1. Ever since their initial

discovery, scientists worldwide have studied their solid state

properties ranging from superconductivity and nanostruc-

tured devices to endohedral fullerene chemistry.3 Hereby, the

three-dimensional structure of fullerenes, which exclusively

consist of electron-rich hexagons and electron-deficient penta-

gons, evoked a lively interest to relate their properties to

conventional one-dimensional p-systems. The extraordinary

electron acceptor properties of, for example, the most abun-

dant fullerene, namely, C60 with a diameter of 7.8 Å, have led

to noteworthy utilizations of such nanoscale architectures in

areas of light-induced electron transfer chemistry and solar

energy conversion.

Importantly, original and well-established synthetic metho-

dologies emerged as potent means en-route to a wide variety

of novel fullerene derivatives.4 Such methodologies ensure the

complete control over chemically functionalizing fullerenes in

simple or even sophisticated ways. With these methods in

hand, the synthesis of relatively complex molecular tectons—

one-dimensional, linear arrays and three-dimensional, spher-

oidal architectures—has been accomplished. In these tectons

the unique electrochemical and photophysical features, which

pristine C60 exhibits, have largely been preserved.

More recently, a different class of nanometer scale carbon

structures is drawing considerable attention: carbon nano-

tubes (CNT)—see Scheme 1.5 Of the wide range of CNT,

single wall carbon nanotubes (SWNT) protrude as unique

materials: they are fascinating, with exceptionally high tensile

Scheme 1 Molecular building blocks—C60 and single wall carbon
nanotubes (SWNT)—as electron acceptors.
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strength, the highest thermal conductivity known and extra-

ordinary field emission properties.

In contrast to fullerenes, SWNT are one-dimensional nano-

meter scale carbon structures.5 Structurally, CNT are a

member of the fullerene family. However, in contrast to the

spherical nature of fullerenes, CNT are cylindrical, with at

least one end typically capped with a fullerene hemisphere.

The structure of a SWNT can be conceptualized by wrapping

a one-atom-thick layer of a graphene sheet, that is, an inter-

linked hexagonal lattice of carbon atoms, into a seamless

cylinder. The way the graphene sheet is wrapped is represented

by a pair of indices (n,m) called the chiral vector. The diameter

of most SWNT is close to 1 nm, with a tube length that might

be many thousands of times larger. For instance, SWNT with

lengths up to several centimetres have been produced to yield

impressively high aspect ratios.

MWNT consist of multiple layers of graphite rolled in on

themselves to form a tube shape. They are constructed by

rolling several cylinders of graphene sheets, each cylinder with

a slightly larger circumference then the first.6

The technological interests in CNT rest on their exceptional

mechanical, electrical and optoelectronic properties.5 CNT

materials show much improved features relative to classical

materials like organic polymers or semiconductors. Some

nanotubes are, for example, stronger than steel, lighter than

aluminium and more conductive than copper or silver. All of

these remarkable properties give CNT a range of potential

applications: for example, in reinforced composites, sensors,

nanoelectronics and display devices. Moreover, the graphitic

surface of SWNT is chemically very robust, which, in turn,

guarantees long-term stable operations.

Important breakthroughs—prompting the potential use of

CNT in controlling other nanoscale structures—have already

been achieved in fields like electronics, optoelectronics, sen-

sors, fillers in new generation polymer composites, therapeu-

tics and diagnostics.7 Most of the aforementioned applications

implement electron transfer reactions that evolve between

CNT and photo- and electroactive materials. The high polar-

izability and the smooth surface of SWNT is the inception of

strong van der Waals interactions, reaching values as high as

500 eV per 1 mm of CNT length, and to aggregation into

insoluble bundles and/or ropes.8 Such features are responsible

for the low solubility of SWNT in common organic solvents.

Important for the chemical reactivity is the fact that metallic

CNT are slightly less aromatic than semiconducting ones and,

in turn, more reactive than the latter.

Fullerenes and CNT are natural electron acceptors.9 Qua-

litative molecular orbital theory follows isolated C2 fragments

that are brought together starting from infinite distance.

Implicit is that each C2 fragment possesses a p and a p*
orbital. If these fragments are brought together—forming,

for example, a SWNT—the two degenerate sets of p and p*
orbitals mix. Energetically, they spread, with the low-lying

edge of the p* orbitals ready to accept electrons. In the context

of charge-transfer, an additional attribute of CNT should be

considered. In particular, all nanotubes are expected to be very

good thermal conductors along the tube, exhibiting a property

known as ‘‘ballistic conduction’’. Note, however, that CNT

are good insulators laterally to the tube axis. Thus, CNT not

only act as electron acceptors but also provide high fields at

the donor/CNT interfaces for exciton dissociation.

Electron donors: chromophores

In light of the moderate absorption features of the aforemen-

tioned nanometer scale carbon structures in the visible range,

functionalization with chromophoric functionalities has devel-

oped as an important objective. Leading examples are gath-

ered in Scheme 2. Such an approach is meant to promote the

visible absorption characteristics of the resulting conjugates/

hybrids and, importantly, to improve the light harvesting

efficiency. Specifically, suitable photosensitizers assist to

extend the absorption further into the red, yielding, upon

excitation, energetically low-lying excited states. As a direct

consequence, the role of the nanometer scale carbon structures

is significantly changed. Under these circumstances, i.e., bear-

ing a photoactive and electroactive moiety, nanometer scale

carbon structures operate nearly exclusively as electron and/or

energy acceptor moieties.

Porphyrinoid and especially metalloporphyrinoid sys-

tems—with their rich and extensive absorptions throughout

the visible region of the solar spectrum—hold particularly

great promise as integrative building blocks with increased

absorptive cross sections.10 Over the course of recent years

Scheme 2 Molecular building blocks—porphyrins (i.e., ZnP and H2P) and phthalocyanines (i.e., ZnPc and H2Pc)—as chromophores and electron
donors.
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they emanate as light harvesting building blocks in the con-

struction 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 de-

localized p-electron systems. Such delocalization results—

upon an uptake or release of electrons—in minimal structural

change upon electron transfer. Rich redox properties render

porphyrins and porphyrin analogues as essential components

in important biological electron transport systems including

photosynthesis and respiration.

Another class of chromophoric functionalities is phthalo-

cyanines.10 They play a central role in view of their out-

standing electronic properties, which rely on their extensive

aromatic p-system. These planar macrocycles are ideally suited

for photovoltaic applications, since they present exceptional

optical and thermal stability, strong absorption in the visible,

finely tunable redox properties, and may be incorporated into

different kinds of condensed phases, due to their tendency to

aggregate by p–p stacking. Most importantly, the strong

absorption of phthalocyanines in the solar spectrum with

extinction coefficients as high as 200 000 M�1 cm�1 in the

700 nm range, together with their rich redox chemistry,

provides both excellent light harvesting and electron

donor features and hints at their potential. Phthalocyanines

can also function as electron acceptors, which depends, in

part, on the peripheral substitution and the corresponding

counterpartner.

General aspects of charge-transfer systems

The Marcus theory of electron transfer, which treats the rate

constants of non-adiabatic intramolecular electron trans-

fer—for both charge separation (kCS) and charge recombina-

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

changes of the reaction (�DG1

CS or �DG1

CR).
11 This relation-

ship provides a valuable guide for the control over the

efficiency and kinetics of charge separation versus charge

recombination. The electronic coupling (V) between donor

and acceptor states and, foremost, the reorganization energies

(l) regulate the absolute rate constants.

Notably, the rate constant first increases with increasing

thermodynamic driving force (�DG1 o l). This range is

generally referred to as the Marcus normal region of the

bell-shape relationship. When the driving force becomes,

however, of the same magnitude as the reorganization energy

(�DG1 B l), the reaction rate reaches a maximum. Under

such conditions, the rate constant is basically controlled by the

magnitude of electronic coupling (V) between the interacting

donor and acceptor moieties. Hereby, V relates to the overlap

of the donor and acceptor orbitals. Upon passing the thermo-

dynamic maximum (�DG1 B l), the highly exothermic region

of the parabola (�DG1 4 l) is entered. Here, an additional

increase of the free energy change results in an actual slow

down of the reaction rate. An increasingly poor vibrational

overlap of the product and reactant wavefunctions, is respon-

sible for this behavior. The highly exergonic range is generally

referred to as the Marcus inverted region.

The ultimate goal of any solar energy conversion system

should be to power a thermodynamically driven charge se-

paration event to yield a highly energetic radical ion pair.

Perceptibly, charge separation should take place at small free

energy changes, �DG1

CS. This is beneficial, to store most of the

excited state energy. Just the contrary consideration holds for

the energy gap that characterizes the charge recombination

(�DG1

CR): this should be kept as large as is feasible. Ideally,

large energy gaps should ensure dynamics that are deeply

shifted into the Marcus inverted region and, consequently, to

slow down the limiting and energy wasting charge recombi-

nation.

In the context of modulating the electron transfer rates,

variation of the reorganization energy (l) is an effective way.

In particular, modifying l influences the maximum of the

parabolic log kET versus �DG1

ET dependence on the abscissa.

A closer look reveals even more dramatic impacts on the

activation energies for the charge separation (DG#
CS) and the

charge recombination (DG#
CR). These are much reduced and

increased, respectively, when l gets smaller. An ideal scenario

implies small reorganization energies. Fig. 1 illustrates this

explanatory for a spherical C60 and a planar naphthalenedi-

imide. This leads 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 buried far into the Marcus

inverted region.

This raises the crucial question: what would determine a

small l and especially what would render nanometer scale

carbon structures particularly promising acceptor candidates.

The energy required to reorganize any given system to an

optimum configuration for electron transfer defines l. Before
going into structural details, it should be noted that the

following two constituents add up to the reorganization

energy (l): firstly, a purely structural component (li) should
be considered, which include mainly vibrations of the

Fig. 1 Profile for the free energy surfaces for electron transfer in

D–A1 (A1—solid line: spherical C60) and D–A2. (A2—dashed line:

planar naphthalenediimide).
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molecules, etc.; secondly, contributions stemming from the

polarization changes in the solvent environment (lS) play an

important role. To this end, the characteristic l emerges as one

of the most significant parameters to understand interactions

between solute and solvent before, during and after the

electron transfer process.

Let’s turn first to fullerenes, where several criteria are worth

referring to. The high degree of delocalization within the

extended p-system and its immediate impact on li should be

taken into account. A set of 60 molecular orbitals, which split

into 30 bonding/30 antibonding p-molecular orbitals, evokes

for C60 a five-fold degenerate HOMO (hu) and a three-fold

degenerate LUMO (t1u).
12 They are separated by an energy

gap of 1.8 eV. In line with three isoenergetic LUMO are

electrochemical experiments that reveal six equally-spaced

(i.e., 450 � 50 mV) reduction waves for C60.
13 Such a unique

separation is a clear manifestation for conditions that

guarantee the optimal delocalization of charges, namely,

electrons.

Calculating the bond reorganization energies (lB)—via an

expedient bond-order-based method—adds more weight to

the electrochemical measurements.14 For C60, C60
��, C60

2�,

C60
3�, C60

4�, C60
5� the bond reorganization energies are

nearly identical. In other words, structural changes, such as

bond length variations etc., are similar upon adding electrons.

With regard to li, the structural rigidity of the fullerene core
is crucial. Particularly small Stokes-shifts were determined for

C60 derivatives.
15 One may infer, for example, the fact that the

force constants, controlling the vibrational levels in the first

singlet excited state, resemble those in the singlet ground state.

In fact, a low Franck–Condon instability energy of B20 cm�1

reflects the rigid structure found in fullerenes and their func-

tionalized derivatives. Similar for each additional electron, the

difference between the ground and one-electron reduced state,

as expressed by Raman shifts of the totally symmetric ‘‘penta-

gonal pinch’’ mode, is negligible.16 The exact experimental

number is 6 cm�1 for C60. In addition, for the insulating K6C60

composition, reflecting the complete filling of the three-fold

degenerate LUMO (t1u), the vibrational frequency shifts from

1467 cm�1 to 1430 cm�1, which corresponds to a frequency

shift of 6 to 7 cm�1 per added electron.17

At last, the symmetrical shape and large size of fullerenes in

general leads to small values for the solvent-dependent term

(lS).
18 Implicit in lS is the energy that is associated with

adjusting a newly generated state (i.e., excited or reduced

state) to a new solvent environment relative to its precursor

state (i.e., ground state). In other words, it is conceivable that

solvent molecules in a solvation sphere are little perturbed by a

small charge density. Notably, the charge density is highly

delocalized in each carbon atom of fullerenes. This results in

low values of lS even in highly polarizable solvents.

Most of the aforementioned rationales are also applicable

for CNT. In fact, pioneering work by Weismann et al. on

SWNT shed a detailed light onto the relationship between

ground state absorption and excited state fluorescence.19

Despite the large number of structural CNT present in their

studies correlating emission, excitation and absorption spec-

tra, a structural library was realized. Here, small Stokes-shifts

of 65 cm�1 evolved.

When turning to Raman spectra of CNT, one particular

mode is especially interesting: it is the so-called A1g radial

breathing mode.20 Among three possible scenarios, namely,

transversal radial (i.e., orthogonal to the tube surface), long-

itudinal and transversal axial (i.e., parallel to the tube surface)

vibrations, the first one, which relates to the deformation

orthogonal to the tubular axis, should be considered. The

exact frequency of this mode scales inversely proportional with

the nanotube diameter multiplied by a factor of 230 cm�1.

To accommodate all these observations, we must conclude

that in three- and one-dimensional nanometer scale carbon

structures the electron acceptor in its ground, reduced and also

excited state is similar. Therefore, changes in the equilibrium

nuclear configurations, that is, the vertical displacement on the

reaction coordinate, which are associated with the transforma-

tion of a molecule in a photoinduced charge-transfer reaction

from an initial (i.e., photoexcited state) to a final (i.e., charge-

separated state) are appreciably small.

First examples of charge-transfer systems—fullerenes

For intermolecular electron transfer processes of electron

donors and electron acceptors at diffusional encounters, how-

ever, definitive evidence for the Marcus inverted region is

almost nonexistent.21 Notably, the rate constants for inter-

molecular reactions consist not only of an activation compo-

nent (kact), but also include a diffusion related term (kdiff), with

the latter defining the upper limit of the observable rate. Thus,

generally, the rate constant first increases with increasing the

overall driving force as far as the following relationship holds:

kdiff 4 kact. Once kdiff starts to approach kact, the rate

constants enter the diffusional limit. Now, in most cases it

remains at this purely diffusion-controlled level and only the

Marcus normal and top region—assuming that kdiff is not too

slow—is observed.

Several reasons might be considered to rationalize the fail-

ure in realizing the Marcus inverted region. Low kdiff, obscur-

ing the decline of the overall rate, or the distribution of

intermolecular donor acceptor distances on the energy gap

are just two prominent examples. In the context of donor

acceptor distances, enlargement of the driving force, especially

into the highly exergonic region (�D1

G c 0), results in an

increase in l. Notably strong is the impact of lS to illustrate

this, for a reaction between a particular donor and acceptor a

larger solvent reorganization energy holds the rate constant

large for greater energy gaps (�DG1

ET). A large lS means,

however, a bigger encounter distance.

C60 þ ðareneÞ�þ ! ðC60Þ�þ þ arene ð1Þ

C76 þ ðareneÞ�þ ! ðC76Þ�þ þ arene ð2Þ

C78 þ ðareneÞ�þ ! ðC78Þ�þ þ arene ð3Þ

A breakthrough in this respect came from pulse radiolytic

studies to test intermolecular charge shift reactions (kCSH)

from fullerenes (C60, C76 and C78) to a series of arene p-radical
cations in dichloromethane (i.e., eqn (1)–(3)).22,23 Varying the

oxidation strength of the arene p-radical cation, which was

generated in a radical-induced oxidation evolving from the
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solvent radical cation (dichloromethane)�+, helped to vary

�DG1

CSH. In such charge-shift type electron transfer reactions,

the solvation before and after the electron transfer may be

largely cancelled out when the free energy change of the

electron transfer is expected to be rather independent of the

solvent polarity. On the other hand, the solvent reorganization

energy for the electron transfer reaction is expected to decrease

with decreasing the solvent polarity. Thus, this is an ideal

system to examine whether fullerenes have a small intrinsic

reorganization energy (l) or not in a less polar solvent such as

dichloromethane. Fig. 2 illustrates that the driving force

dependence of kCSH shows a pronounced decrease towards

the highly exothermic region, representing the first definitive

confirmation of the existence of the Marcus inverted region in

a truly intermolecular electron transfer. The log kCSH value

increases with increasing the driving force to reach a diffusion-

limited value, and then decreases with further increase in the

driving force. Please note that kCSH (2.3 � 109 M�1 s�1) for a

highly exergonic electron transfer from C78 to the mesitylene

radical cation (�DG1

CSH = 0.73 eV) is about 20 times smaller

than the value (4.5 � 1010 M�1 s�1) for a much less exergonic

electron transfer from C76 to, for example, the chrysene radical

cation (�DG1

CSH = 0.32 eV). From these experiments, an

experimental value of ca. 0.36 � 0.04 eV was deduced for

the total reorganization energy of C76 and C78 in oxidative

charge shift processes in dichloromethane.

Charge shift reactions—involving fullerenes—were alterna-

tively studied via intermolecular electron transfer from a series

of radiolytically generated metalloporphyrin p-radical anions,
(MP)�� (i.e., eqn (4)).23 This enabled the fine tuning of the

reduction strength of the reducing species, with reduction

potentials varying between �1.35 and �0.8 V versus SCE

and, in turn, the variation of the free energy changes �DG1

CSH.

Addition of various concentrations of C60 resulted in an

accelerated decay of the absorption between 600 and

800 nm. The linear dependence of the observed rates on the

C60 concentration supported the view that the MP�� did

indeed react with C60 via electron transfer. Most importantly,

the grow-in rate of the C60
�� absorption at various wave-

lengths in the 980–1100 nm range was nearly identical to the

decay rate of the MP�� absorption between 600 and 800 nm.

Surprisingly, the rate constants for electron transfer between

all the investigated MP�� and C60 are found to be in the range

of (1–3) � 109 M�1 s�1, despite the large variation in one-

electron reduction potentials for the examined metallopor-

phyrins. The lack of dependence of the rate constant on the

free energy change of the reaction has been ascribed to weak

electronic interactions between the metalloporphyrins and C60

in the ground state. It should be noted, however, that no

ground state charge-transfer interactions were detectable.

C60 þ ðMPÞ�� ! ðC60Þ�� þMP ð4Þ

Intermolecular electron transfer reactions were also studied

with ZnP (i.e., eqn (5)) and ZnPc (i.e., eqns (6) and (7))—but in

their triplet excited state.24,25 Studies with ZnPc unravel an

interesting twist.25 Excitation of C60 in polar benzonitrile gives

rise to the rapid formation of the C60 and ZnPc diagnostic

p-radical anion and p-radical cation bands, respectively. In

non-polar solvents—as a direct consequence of raising the

energy levels for the charge separated radical pair—the elec-

tron transfer is shut off and, instead, the intriguing energy

transfer route is activated.

3�ZnPþ C60 ! ðZnPÞ� þ þ ðC60Þ
�� ð5Þ

3�ZnPcþ C60 ! ðZnPcÞ� þ þ ðC60Þ
�� ð6Þ

ZnPcþ 3�C60 ! ðZnPcÞ� þ þ ðC60Þ
�� ð7aÞ

ZnPcþ 3�C60 ! 3�ZnPcþ C60 ð7bÞ

Linearly shaped charge-transfer systems—fullerenes

As far as intramolecular electron transfer reactions are con-

cerned, marked effects were seen in a study in which we probed

a ZnP–C60 conjugate with van der Waals contacts—see

Scheme 3.26,27 The short separation (Ree) of B3.0 Å guaran-

teed that an intramolecular charge-separation succeeds in

virtually any solvent and dominates over the competing energy

transfer. The rapid formation and decay of ZnP�+ between

670–680 nm and C60
�� around 900 nm in toluene testifies to

the charge separation and charge recombination processes,

respectively. Now, the systematic change in solvent polarity,

for example, from non-polar toluene to polar benzonitrile,

Fig. 2 Plot of log kCSH vs. �DGCSH for electron transfer from C60

(circle with interior point), C76 (solid circles) and C78 (hollow circles)

to arene radical cations in dichloromethane. The solid line is drawn

based on the Marcus theory of electron transfer.

Scheme 3 p-stacked ZnP–C60 charge-transfer conjugate.

1404 | Phys. Chem. Chem. Phys., 2007, 9, 1400–1420 This journal is �c the Owner Societies 2007

Pu
bl

is
he

d 
on

 0
8 

Fe
br

ua
ry

 2
00

7.
 D

ow
nl

oa
de

d 
by

 P
en

ns
yl

va
ni

a 
St

at
e 

U
ni

ve
rs

ity
 o

n 
12

/0
5/

20
16

 1
7:

17
:4

3.
 

View Article Online

http://dx.doi.org/10.1039/b617684b


provided the powerful means to alter the free energy changes

over a wide range—no change in the chemical structure

deemed necessary. Indeed, a marked acceleration of the charge

recombination rates was seen at smaller �DG1

CR, namely, at

higher dielectric constants, which corroborated our working

hypothesis. To illustrate this, the lifetimes varied over a wide

range: 619 ps (toluene) to 38 ps (benzonitrile). Most impor-

tantly, correlating log kET with �DG1

ET (i.e., charge separation

and charge recombination) and fitting of the resulting para-

bolic dependence yielded an experimental l-value of 0.86 eV.

The delocalization of electrons in C60, provided by its large

three-dimensional p-system, leads to the conclusion that the

reorganization energy in the ZnP–C60 systems is not receptive

towards large changes in the solvent polarity in going, for

example, from toluene and THF to benzonitrile. Accordingly,

the reorganization energies of the ZnP–C60 conjugate are

reasonably assumed to be comparable in the different solvents.

Next, linear arrays were tested in which a systematic varia-

tion of Ree separating the donor (ZnP) from the acceptor

(C60), to about 11.9 Å, leads to lifetimes of up to 2.7 ms in

deoxygenated THF.28 Notably, ZnP–C60 conjugates (Scheme

4), whose donor-acceptor distances fall essentially in between

these limits—3.0 and 11.9 Å—reveal lifetimes that are typically

on the order of several tens to hundreds of picoseconds.29–31 In

THF, values of 45 ps, 89 ps, 100 ps and 398 ps document some

interesting trends: placing the same bridge at different posi-

tions of the porphyrin (i.e., meso- versus pyrrole-position) and/

or using different bridges (i.e., ethynylene versus phenylene-

ethynylene) impacts the electronic coupling element (V).

The reorganization energies describe a fundamental distance

dependence: first they drop from 0.82 eV at Ree = 3.0 Å to

B0.5 eV at Ree = 6.18 Å and after that they steadily increase

to 0.66 eV at Ree = 11.9 Å. The electronic coupling, on the

other hand, decreases monotonically with distance throughout

the series, from 415 cm�1 at Ree = 3.0 Å to 3.9 cm�1 at

Ree = 11.9 Å.

Similar effects were also seen for several H2P–C60 conju-

gates.28,29 An important consideration implies, however, that

the higher oxidation potential of the H2P
�+/H2P couple

relative to that of ZnP�+/ZnP of around 200 mV, would allow

storing a larger fraction of the excited state energy as chemical

potential in the charge-separated state. Slower kCS and kCR are

logical consequences that stem from the energy gap variation

in H2P–C60 versus ZnP–C60 ensembles. For the pyrrole linked

H2P–C60 and ZnP–C60, which are compared in Scheme 5,

Scheme 4 Leading examples of short distance ZnP–C60 charge-
transfer conjugates.

Scheme 5 Energetic and mechanistic comparison between ZnP–C60 and H2P–C60 charge-transfer conjugates.
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radical ion pair state lifetimes of 290 ps and 50 ps, respectively,

have been reported.

In an extension of that work, we reported on the first

comprehensive assay of l for intramolecular electron transfer

involving C60 and planar naphthalenediimide (NIm).32 In this

context we probed a series of ZnP–C60 and ZnP–NIm con-

jugates endowed with similar rigid spacers. Importantly, in all

ZnP–C60 the value of kCS is much larger than the value of kCR.

Conversely, kCR in the corresponding NIm-based dyad,

ZnP–NIm, is much larger than kCS, as determined by pico-

second transient absorption spectrum and the decay of the

ZnP fluorescence. l and V are obtained from the intercept and

the slope as 0.59 � 0.15 eV and 7.9 � 1.7 cm�1, respectively. A

linear correlation was also obtained for ZnP–Nlm, which

afforded a much larger l (1.41 � 0.33 eV) together with a

comparable V (7.8 � 3.2 cm�1). Such an extraordinary large

difference in l between the C60 and NIm conjugates is the

reason why the kCS/kCR ratios are reversed in the two electron

donor-acceptor conjugates and why the difference in charge

recombination is as large as four orders of magnitude.

Encouraged by such remarkable results, several linear

triads—with Ree B 30.3 Å—and tetrads—with Ree B 48.9 Å—

were designed around the ZnP/C60 couple.
33 The first promis-

ing results stem from a set of molecular triads in which C60 is

linked either to an array of two porphyrins (i.e., ZnP–H2P) or

to a Fc–ZnP fragment—see Scheme 6. In ZnP–H2P–C60, the

ZnP moiety performs as an antenna molecule, transferring

its singlet excited state energy to H2P. In polar benzonitrile,

this energy transfer is followed by a sequential electron

transfer yielding ZnP–H2P
�+–C60

�� and subsequently

ZnP�+–H2P–C60
��. Considering the overall efficiency of

40% for (i) funnelling light from the antenna chromophore

(i.e., ZnP) to the H2P chromophore, (ii) charge injection into

the fullerene core and (iii) charge shift, this artificial reaction

center reproduces the natural system very well.

The lifetimes of ZnP�+–H2P–C60
�� correlate well with the

solvent polarity: 34 ms (THF), 21 ms (benzonitrile), 20 ms
(DMF). Since the driving force for charge recombination

(�DG1

CR) decreases even in ZnP–H2P–C60 with increasing

solvent polarity, the observed trend suggests that the measured

rate constants are in the Marcus inverted region.

The function of the Fc–ZnP–C60 and Fc–H2P–C60 systems

is limited to two consecutive electron transfers, yielding

Fc�+–ZnP–C60
�� and Fc�+–H2P–C60

�� in nearly 82 and

25%, respectively. In oxygen-free benzonitrile,

Fc�+–ZnP–C60
�� (1.3 � 105 s�1) and Fc�+–H2P–C60

��

(1.2 � 105 s�1) decay, however, considerably faster than what

is seen for ZnP�+–H2P–C60
�� (4.8 � 104 s�1). Taking into

account the similarity in molecular structure and separation,

Ree = 30.3 Å, the different thermodynamics must be respon-

sible for this intrinsic behavior. In fact, variation of �DG1

CR

(i.e., comparing THF and DMF) indicated that the electron

transfer kinetics within the Fc�+/C60
�� couples are in the

Marcus normal region.

Successful mimicry of the primary events in photosynthesis

using ZnP–H2P–C60 and Fc–ZnP–C60 encouraged us to com-

bine these two systems into integrated single conjugates:

Fc–ZnP–H2P–C60 and Fc–ZnP–ZnP–C60. The lifetimes of

the spatially separated (Ree = 48.9 Å) radical pairs, the

products of a sequence of energy and multistep electron

transfer reactions, reaches well beyond milliseconds

(Fc–ZnP–H2P–C60: 0.38 s; Fc–ZnP–ZnP–C60: 1.3 s), into a

Scheme 6 Leading examples of long distance C60 charge-transfer conjugates: ZnP–C60, Fc–ZnP–C60, ZnP–H2P–C60 and Fc–ZnP–H2P–C60.
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time domain, which has never been accomplished so far in

artificial photosynthetic reaction centers. The lifetime is com-

parable, for example, to the lifetimes of B1 s in the bacterio-

chlorophyll dimer radical cation ((Bchl)2
�+)–secondary

quinone radical anion (QB
��) ion pair in the purple bacterial

photosynthetic reaction center.

The aforementioned cases demonstrate our success in con-

trolling the radical ion pair state lifetime in C60-containing

electron donor–acceptor conjugates more or less at will. Pla-

cing donor and acceptor moieties in positions that they either

assume van der Waals contacts or that they are separated by

5 nm impacts the lifetime values by nearly nine orders of

magnitude. Key to this fundamental breakthrough is the

choice of intervening spacers that mediate charges poorly. In

fact, an electronic dumping factor (b) of 0.6 Å�1 was deter-

mined when correlating the radical ion pair state lifetimes in

ZnP–C60, ZnP–H2P–C60 and Fc–ZnP–H2P–C60.

Notably, integrating spacers that provide better conduc-

tance paths, as found in oligo(para-phenylene vinylene) (i.e.,

b = 0.02 Å�1)34 or oligo(para-phenylene ethynylene) (i.e.,

b = 0.32 Å�1)30,35, accelerates the charge transfer. Scheme 7

summarizes some leading examples. This holds likewise for

kCS and kCR. At comparable donor–acceptor distances—

Ree B 39 Å—a lifetime of only 1.1 ms emerges, which is six

orders of magnitude lower than those found in

Fc–ZnP–H2P–C60 or Fc–ZnP–ZnP–C60. Somewhat larger

are, however, the attenuation factors (i.e., b = 0.06 � 0.005

Å�1) found for oligoalkyne bridges.31

When comparing ZnP–C60 or H2P–C60 conjugates with the

related ZnPc–C60 or H2Pc–C60 conjugates, a number of key

differences should be highlighted.36 Firstly, significant red-

shifts of the visible absorption features are established (i.e.,

B600 nm versus B700 nm). This favors unquestionably the

utilization of light in the range of highest solar flux. Secondly,

enhanced absorption cross-sections in the visible range of the

solar spectrum (i.e., e B10 000 M�1 cm�1 versus e 4 200 000

M�1 cm�1) enhance the light harvesting in general. Thirdly,

larger energy gaps (i.e., �DG1

CS o 0.7 eV versus �DG1

CS 4
0.7 eV) and faster rates evolve for the charge separation

processes, which, in turn, assist in suppressing alternative

deactivation channels for the singlet excited state, such as

radiative and non-radiative decays. Finally, smaller energy

gaps for the charge recombination step (i.e., �DG1

CR) pulls

these processes closer to the top of the Marcus parabola and,

therefore, destabilizes the radical ion pair states. In this

context, ZnP–C60 and ZnPc–C60, which are compared in

Scheme 8, give rise to radical ion pair lifetimes in THF of

50 ps and 49 ps, respectively.35

Scheme 7 Leading examples of molecular wire ZnP–C60 charge-transfer conjugates: oligo(para-phenylene vinylene), oligoalkyne and oligo(para-
phenylene ethynylene).
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Spherically-shaped charge-transfer ensembles:

fullerenes

A first report on spherically-shaped ensembles documents the

development of novel dendritic macromolecules, which form

highly stable supramolecular hybrids with C60 in a well-

defined fashion by virtue of strong interactions at the focal

point of the cyclodimeric porphyrin cavity. Remarkably, the

observed association constants (4.3 � 104 M�1) are nearly two

orders of magnitude larger than those with dendritic host

molecules reported to date.37

Photochemical and photophysical properties of the triplet

excited states of dendritic multiporphyrin arrays have been

investigated by measuring the nanosecond transient absorp-

tion spectra in the visible and near-IR regions with changing

the generation number, that is, first, third and seventh. In the

presence of C60, intermolecular charge separation takes place

via the triplet excited states of the porphyrin. Deceleration of

the electron transfer rate constants from the first to the third

generation and the acceleration from the third to the seventh

generation were observed, in which the latter tendency was

interpreted by considering an increase in effective encounter

radius. The observed small change of the rate constants for

charge recombination between the oppositely charged species

with the dendrimer generation was also reasonably interpreted

by taking a smaller effective radius, due to electrostatic

attraction, into consideration. Dendrimer generation effect

was also observed for the intermolecular hole transfer

process.38

The most recent example focuses on dendritic molecules

appended with multiple ZnP—ranging from 6 to 24—that trap

bipyridine compounds carrying multiple C60 (i.e., one, two or

three). Overall, coordination complexes are formed that bear

photoactive layers consisting of spatially segregated donor and

acceptor arrays on their surface. Upon increasing the number

of these donor and acceptor units, the electron transfer reac-

tion was remarkably facilitated, while the recombination of

the resulting charge-separated state remained virtually intact.

Within the new family, the largest kCS/kCR ratios (i.e., 3400)

are found when accommodating 24 ZnP units and roughly

30 C60 units on the dendrimer surface.39

One-dimensional charge-transfer systems: carbon nanotubes

An intriguing concept involves using the surface of semicon-

ducting and metallic CNT as templates to integrate porphyrins

or phthalocyanines that serve as visible light harvesting

chromophores.

A first example reports on the efficient covalent tethering of

SWNT with porphyrins through the esterification of SWNT-

bound carboxylic acid groups—Scheme 9. Based on the

initially established approach, the surface bound carboxylic

acid groups were produced by acid treatment. 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-hydroxymethylphenyl)-10,15,20-tris(p-hexadecyloxy-

phenyl)-21H,23H-porphine].40 FTIR and thermal analysis in-

dicated that amide or ester bonds were formed to bridge

between the excited state electron donor and the SWNT. In

the corresponding electron donor–acceptor nanoconjugates

(i.e., SWNT–H2P), 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, materials with shorter tethers showed the least

fluorescence quenching.

Extending the scope of the aforementioned work, the car-

boxylic functionalities proved to be convenient for linking 5-p-

hydroxyphenyl-10-15-20-tritolylporphyrin to either SWNT

Scheme 8 Energetic and mechanistic comparison between ZnP–C60 and ZnPc–C60 charge-transfer conjugates.

1408 | Phys. Chem. Chem. Phys., 2007, 9, 1400–1420 This journal is �c the Owner Societies 2007

Pu
bl

is
he

d 
on

 0
8 

Fe
br

ua
ry

 2
00

7.
 D

ow
nl

oa
de

d 
by

 P
en

ns
yl

va
ni

a 
St

at
e 

U
ni

ve
rs

ity
 o

n 
12

/0
5/

20
16

 1
7:

17
:4

3.
 

View Article Online

http://dx.doi.org/10.1039/b617684b


or MWNT.41 According to thermogravimetric analyses, the

amount of grafted porphyrins was estimated to range from

8 to 22%, depending on the initially-employed porphyrin

concentrations.

Unsymmetrically-substituted aminophthalocyanines ZnPc

were linked to SWNT through a reaction of the terminal

carboxylic acid groups of shortened, chemically-etched

SWNT.42 However, the resulting materials are nearly insoluble

in common organic solvents. The solubility/dispersability of

the SWNT–ZnPc conjugates is, however, an indispensable

task for a ready manipulation and a feasible solution phase

processing.

Quite different is the approach represented in Scheme 10,

which involves SWNT functionalization, namely, placing

pyridyl isoxazolino functionalities along the sidewalls of short

SWNT.43 The synthesis is based on the 1,3-dipolar cycloaddi-

tion of a nitrile oxide onto SWNT. The resulting SWNT-py

form complexes with ZnP. Formation of the SWNT-py/ZnP

complex was firmly established by a detailed electrochemical

study. However, photochemical excitation of the complex

between SWNT-py/ZnP does not lead to electron transfer

with the generation of charge-separated states. Fluorescence

and laser flash studies indicate that the main process is

energy transfer from the singlet excited state of ZnP to

SWNT-py.

SWNT functionalization is also the basis when applying

Suzuki coupling reactions (Scheme 9).44 Recent work docu-

ments that this type of coupling reaction represents an efficient

method for introducing ZnP onto the SWNT sidewalls.

Despite all perceptions, covalently functionalized SWNT were

Scheme 9 Leading examples of SWNT charge-transfer nanoconjugates: SWNT–H2P and SWNT–ZnP.

Scheme 10 SWNT-py/ZnP charge-transfer nanoconjugate.
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found to serve as efficient quenchers even after their perfectly

conjugated sidewall structure has been disrupted.

Still 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–PSSn�) with

a SWNT-to-PSSn� ratio of 55 : 45—see Scheme 11.45 The

attached PSSn� functionalities also assist in exfoliating indi-

vidual SWNT–PSSn� from the larger bundles. 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–PSSn� and an octapyridinium H2P salt (H2P
8+).

Several spectroscopic techniques such as absorption, fluores-

cence, and TEM were used to monitor the complex formation

between SWNT–PSSn� and H2P
8+, yielding SWNT–PSSn�/

H2P
8+. Importantly, photoexcitation of H2P

8+ results in the

newly-formed nanohybrid structure; an efficient intrahybrid

charge separation event (0.3 ns). 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 conditions, which

constitutes one of longest reported for any CNT ensemble

found so far.

Similarly, dispersable SWNT—grafted with poly(4-vinyl-

pyridine)—were tested in coordination assays with ZnP.46

Grafting of the polymer to the sidewalls of SWNT was

supported by Raman and near-IR spectra and the composi-

tion of the resulting SWNT–PVP was estimated as 61/39.

AFM images and Raman spectra showed that the cova-

lently-modified SWCNT-PVP (Scheme 11) exhibits either

individual or thin bundles of SWNT. Kinetic and spectro-

scopic evidence corroborates the successful formation of

SWNT–PVP/ZnP nanohybrids in solutions. Within this

SWNT–PVP/ZnP nanohybrid, static electron transfer quench-

ing 2.0 (� 0.1) � 109 s�1 converts the photoexcited ZnP

chromophore into a microsecond-lived radical ion pair state;

that is, one-electron oxidized ZnP and reduced SWNT.

A series of SWNT that are functionalized with PAMAM

dendrimers were recently described.47 Importantly, the den-

drimers are linked directly to the SWNT surface using a

divergent methodology. This approach allows increasing the

number of functional groups on the nanotubes without pro-

voking significant damages to the conjugated p-system of

SWNT. Scheme 12 shows that several tetraphenylporphyrin

moieties can be linked to the periphery of the dendrimers. The

photophysical properties of the resulting nanoconjugates (i.e.,

SWNT–(H2P)n) have been investigated with a series of steady

state and time resolved spectroscopy. The fluorescence kinetics

provide evidence for two transient decays: one very short-lived

(i.e., 0.04 � 0.01 ns) and one long-lived (i.e., 8.6 � 1.2 ns). A

possible explanation is that some porphyrin units do not

interact with the nanotubes, thus exhibiting a fluorescence

lifetime similar to that of the free porphyrin. Complementary

transient absorption measurements not only corroborate the

fast decay of the photoexcited H2P, but also confirm that

intraconjugate charge separation evolves from the excited

porphyrin to the SWNT.

Molecular organization: fullerenes

Organizing nanometer scale carbon structures with electron

donor components that are dissimilar and sometimes incom-

patible brings about novel structural features, physical proper-

ties, and complex functions. These arise from the synergetic

interactions of the individual constituents. The excitement

about using biological organization principles stems from

the ability to self-assemble and organize at near-atomic preci-

sion into structures with useful and predictable properties. In

Scheme 11 Leading examples of SWNT charge-transfer nanoconjugates: SWNT–PSSn�/H2P
8+ and SWNT–PVP/ZnP.
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addition, the ability of certain biological systems to handle

enormous amounts of data and compute at high speeds should

be considered. Biological methods are often more efficient,

environmentally friendly, and overall superior to current

technology.

C60 is a strongly hydrophobic and bulky compound. This

all-carbon cage is virtually insoluble in polar media and has an

equally strong and evident penchant towards solvents able to

establish interactions with its p-electron system. Attaching

polar/hydrophilic functionalities has also become a critical

element to promote and modulate supramolecular aggrega-

tion; a process where factors such as growth, arrangement,

and dimensions are being regulated. Solid samples of such

functionalized fullerene can be directly introduced in aqueous

media. The individual molecules extracted from amorphous

solids diffuse into the liquid phase. Dipolar interactions

between the ionic moiety and water molecules are responsible

for the solvation process, which is usually further increased by

ultrasonic treatment. In contrast, the lack of dipolar interac-

tions completely prevents dissolution of pristine fullerenes.

Solvent variations promote the self assembly—into either

nanorods or vesicles—of fullerenes functionalized with an

ionic group.48 This notion was confirmed through the inves-

tigation of the supramolecular behavior in aqueous media of

three C60 derivatives (Fig. 3). When the fullerene core carries a

short organic side-chain, which is terminated by an ionic

ammonium group—after solubilization assisted by ultrasoni-

cation—exclusively spherical nanostructures with an average

diameter of 800 nm are noted (Fig. 3a).

Next, we look at fullerene derivatives that carry a long side-

chain (Fig. 3b and c). In one of them, a second charge is

located on the nitrogen atom of the pyrrolidine ring, which

was introduced to enhance its hydrophilicity and therefore its

solubility in water. Differently from the aforementioned case,

these two systems form rod-like supramolecular nanostruc-

tures. The nanorods are several microns long, have a diameter

of about 4 nm and form uniform bundles. These observations

corroborate the hypothesis that the size of the functional

group attached to C60 determines the shape of the final

aggregate.

All the molecules discussed above have two elements of

ordering, the hydrophobic fullerene cage and the hydrophilic

ionic group. In the following, a third element of ordering was

added. It is known that porphyrin and/or phthalocyanine

groups favor p-stacking interactions among themselves and

with fullerenes. Sonication-assisted solubilization of C60–H2P

salt (Scheme 13) in water led to a completely different nano-

structure. The one-dimensional nanotubules have uniform

dimensions typically reaching 30 nm in diameter and 500 nm

in length. In this case, the strong interactions that favor the

formation of nanoaggregates are either porphyrin–porphyrin

or C60–porphyrin and are several times larger than the

C60–C60 interactions.

Induction of self organization between ZnPc and C60 moi-

eties in an amphiphilic ZnPc–C60 salt, which occurs predomi-

nantly through intermolecular forces, results in uniformly

nanostructured one-dimensional nanotubules.49 Their photo-

reactivity, in terms of an ultrafast (i.e., B1012 s�1) charge

separation and ultraslow charge recombination (i.e., B103

s�1), is remarkable. In addition, the observed ZnPc�+–C60
��

lifetime of 1.4 ms implies, relative to the monomeric

ZnPc–C60, an impressive stabilization of six orders of magni-

tude. Clearly, the charge separation lifetime found in

ZnPc–C60 one-dimensional nanotubules reaches into a time

domain typically found in thin solid films of donor acceptor

composites.

Control over molecular organization is also accomplished

when spreading solutions of amphiphilic fullerene derivatives

at the air-water interface.50,51 In fact, a single monolayer,

tightly packed coverage was only found when the balance

between hydrophilicity and hydrophobicity is appropriate.

Notably, the balance between hydrophobic and hydrophilic

Scheme 12 Dendritic SWNT–(H2P)n charge-transfer nanoconjugate.
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interactions is so delicate that it was possible to trigger and

observe phase transitions (i.e., structural rearrangements) in

the monolayers. At first glance, the products of the coopera-

tive rearrangements are uniformly oriented rods. They are

several hundred micrometers long and have an outside dia-

meter of B1.1 � 0.2 mm. A closer look reveals that the inner

structure depend on the hydrophilic functionality. For in-

stance, the all equatorial e,e,e-C60[C(COOH)2]3 leads to rods

that are formed from well-ordered layers where the fullerenes

arrange into a hexagonal pattern. Of equal importance are side

groups, which govern the supramolecular organization. The

presence of six polar termini in e,e,e-C60[C(COOH)2]3, in the

all-equatorial arrangement, promotes the formation of

hexagonal patterns.

An alternative to force structural ordering in solution or at

the air–water interface (vide infra) is the use of polyelectrolyte

surfaces. Here, an important requisite is the presence of ionic

functionalities in the molecule. Pyrrolidinium ions, which add

amphiphilic character to C60, are probate means.52 Orderly

assemblies were found in cases that are either flexible (i.e.,

oligoethylene glycol bridges) or rigid (i.e., androstane bridge),

but strong differences emerge. For the flexible system, topo-

graphic images of the surfaces show fine-grained struc-

tures—with two-dimensional aggregates of 20–50 nm

sizes—that develop into a continuous uniform film. A surpris-

ingly high level of intermolecular organization characterized

by linear aggregates, typically 10 nm in height and 1–3 mm in

length, emerge for the rigid system. The organization is the

outcome of the structural anisotropy, which is larger for the

rigid compound. Importantly, water inhibits the formation of

the rods, and films with regular grain morphology (i.e.,

20–50 nm-sized nanoaggregates) are obtained. When only

10 vol% of water is added to the DMSO solution, an inter-

mediate morphology appeared characterized by a two-dimen-

sional network of spaghetti.

Molecular organization: carbon nanotubes

While supramolecular interactions play only a secondary role

when dealing with fullerenes, they have been implemented as a

major player in the field of CNT, especially in the context of

dispersing CNT.

As a leading example our recent success in the facile

supramolecular association of pristine SWNT with linearly-

polymerized porphyrin polymers towards versatile electron

donor–acceptor nanohybrids should be considered.53 The

target SWNT nanohybrids, which are dispersable in organic

media, were realized through the use of soluble and redox-

inert poly(methylmethacrylate) (PMMA) bearing surface

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

dence 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 TEM and AFM. AFM images illustrate, 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.
Following an essentially similar strategy, SWNT were found

to strongly interact with a highly soluble, conjugated ZnP–

polymer,54 a novel triply fused ZnP–trimer,55 and just

ZnP56 (Scheme 14)—a rare earth phthalocyanine (i.e.,

HErPc2)
57 and a tetraformylporphyrin/diaminopyrene

Fig. 3 Ordering fullerene materials at nanometer dimensions.

Scheme 13 Leading examples of amphiphilic C60 charge-transfer
conjugates: H2P–C60 and ZnPc–C60 salts.
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polymer58 were also tested. Successful complexation with, for

example, the ZnP–polymer was manifested in a 127 nm bath-

ochromic shift of the Q-band absorption. Additional evidence

for interactions between the ZnP–polymer, ZnP–

trimer and ZnP and SWNT was obtained from fluorescence

spectra, where the ZnP fluorescence was significantly

quenched. The fluorescence quenching has been ascribed to

energy transfer between the photoexcited porphyrin and

SWNT.

Generally, SWNT interactions with H2P turned out to be

appreciably stronger than what is typically seen when employ-

ing ZnP.56 AFM images of, for example, SWNT/H2P revealed

smaller bundle sizes than those recorded for SWNT/ZnP

with even some individual specimen (i.e., diameters of 1.5 �
0.2 nm). Overall, SWNT/H2P interactions open the way to

suspensions that are more stable than those of SWNT/ZnP.

The trend of stability was further corroborated with a

water-soluble H2P derivative, namely, [meso-(tetrakis-4-sulfo-

natophenyl) porphine dihydrochloride].59 In these SWNT

suspensions, which were shown to be stable for several weeks,

eminent interactions protect H2P against protonations to the

corresponding diacid. Moreover, these strongly interacting

hybrids have been successfully aligned onto hydrophilic poly-

dimethylsiloxane surfaces by flowing SWNT solutions along a

desired direction and then transferred to silicon substrates by

stamping.

Of interest is the following work: SWNT were effectively

worked-up with H2P–[5,10,15,20-tetrakis(hexadecyloxy-

phenyl)-21H,23H-porphine].60 The 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 1C in a nitrogen atmo-

sphere, the spectroscopic analysis showed that the semicon-

ducting SWNT and the free SWNT are enriched in recovered

and metallic SWNT, respectively. We must assume selective

interactions between H2P and semiconducting SWNT as the

inception to a successful separation of metallic and semi-

conducting nanotubes.

Ionic pyrene derivatives (i.e., 1-(trimethylammonium acetyl)

pyrene (pyrene+)—Scheme 15) were used to solubilize SWNT

through p–p interactions with solubilities as high as 0.2 mg ml�1

and a stability that reaches several months under ambient con-

ditions without showing any apparent precipitations.61 In terms

of electronic interactions between the two p-systems, the most

important data stem from steady-state voltammetry with SWNT/

pyrene+: large potential shifts of 0.4 V with respect to free

pyrene+. Now that the surface of SCNT is covered with posi-

tively-charged ionic head groups, van der Waals and electrostatic

interactions are utilized to complex oppositely-charged electron

donors. Water-soluble porphyrins 5,15-bis-[20,60-bis-200,200-

bis-(carboxy)-ethyl-methyl-40-tert-butyl-pheny]-10,20-bis-(40-tert-

butylphenyl) porphyrin octasodium (H2P
8�) salt and the related

Scheme 14 Leading examples of SWNT charge-transfer nanohybrids: SWNT/ZnP, SWNT/ZnP-trimer and SWNT/ZnP-polymer.
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zinc complex (ZnP8�) were selected as ideal candidates for the

development of SWNT-based photo-active systems. In the com-

posite systems, fluorescence and transition absorption studies

showed rapid intrahybrid electron transfer (0.2 � 0.05 ns). The

driving force for photoinduced electron transfer reactions is

appreciably large with values around 1.0 eV. The differential

absorption changes of the SWNT/pyrene+/ZnP8� or SWNT/

pyrene+/H2P
8� assemblies are governed by broad absorptions in

the visible spectrum between 600–800 nm because of ZnP8�- or

H2P
8�-centered redox products.

Multiple concentric cylindrical graphitic tubes MWNT are

more suitable for achieving charge transfer and charge trans-

port. MWNT interact similarly to SWNT with pyrene+ and

produce stable nanocomposites.62 Interestingly, a better de-

localization 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 that are

associated with the charge recombination.

Applying similar p–p interactions, SWNT were integrated

with a series of negatively-charged pyrene derivatives

(pyrene�), such as 1-pyreneacetic acid, 1-pyrenecarboxylic

acid, 1-pyrenebutyric acid, 8-hydroxy-1,3,6-pyrenetrisulfonic

acid and a series of water soluble, positively-charged porphyr-

ins into functional nanohybrids through a combination of

associative van der Waals and electrostatic interactions.63

Solubilities of SWNT/pyrene� nanocomposites were around

2.0 mg mL�1. The resulting nanohybrids were photoexcited

with visible light, and found to behave similar to the pre-

viously described systems.

Thin-film photovoltaics and photoelectrochemical cells. The

requirement to develop inexpensive renewable energy sources

has stimulated new approaches for the production of efficient,

low cost organic photovoltaic devices.1 Particular attention

has been drawn in recent years towards developing bulk

heterojunction organic solar cells, which possess an active

layer of a conjugated polymer as electron donor. Here,

nanometer scale carbon structures—C60 and CNT—usually

serve as electron acceptors.64 The quest is to integrate carbon

nanostructures together with porphyrins or phthalocyanines

into multifunctional hybrid cells that reveal considerable

promise for applications as photochemical energy conversion

systems. Please note that sometimes very different photocur-

rent characterization conditions (i.e., light power, intensities,

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

comparison.

Scheme 15 Leading examples of SWNT charge-transfer nanohybrids: SWNT/pyrene+/ZnP8� and SWNT/pyrene�/ZnP8+.
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Thin-film photovoltaics

Thin-film photovoltaics made from bulk heterojunctions

are made by drop casting or spin-coating. The morpho-

logy of the active layer in these devices has garnered particular

interest because electron transfer from the donating

polymer to the accepting fullerene occurs over a distance

of ca. 10 nm, suggesting that an interpenetrating net-

work of that length scale is necessary for maximum device

performance.65

A first demonstration of a working solar cell—Scheme

16—using ZnPc–C60 as the active material led to power

conversion efficiencies under simulated solar illumination of

0.02%.66 This is a promising result for application of

ZnPc–C60 to photovoltaics. Increasing the C60 content—simi-

lar to in C60/polymer blends—prompted us to create and test a

ZnPc–(C60)2.
67 Here, notable charge transport problems were,

however, hampering meaningful improvements of the device

performance.

An improvement was noted in a ZnPc/C60 polymer material

that is based on a polynorbornene framework to which the

photo- and electroactive ZnPc and C60 are randomly attached

as pendant units.68 This material has been prepared by ring-

opening metathesis polymerisation. Moderate power conver-

sion efficiencies of B0.04% demonstrate this trend.

Photoelectrochemical cells

Self assembled monolayers of ZnP/C60 and H2P/C60 conju-

gates (i.e., covalent), is by far the most frequently and system-

atically studied approach for the construction of

nanostructured photoelectrodes.69 In particular, covalently

linked dyad and triad conjugates involving porphyrins and

C60 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 analogous H2P cells. Further perfor-

mance improvements were noted when boron dipyrrin was

coassembled as an antenna—improving the absorption in the

green and in the blue region.70 However, strong excited

state quenching of the porphyrin by the gold surface is

the limiting factor that prevents attaining higher charge

separation quantum yields.

Highly transparent (490%) and conductive indium tin

oxide (ITO) support electrodes are much better suited for

nanostructured photoelectrodes than the aforementioned gold

electrodes, due to the lack of porphyrin singlet excited state

quenching.71 Thiol or siloxy groups were chosen as chemical

linkers that help to bind, for example, H2P–C60 conjugates

(Scheme 17) to the electrode surface. In the case of siloxy

Scheme 16 Leading examples of ZnPc–C60 charge-transfer conjugates for photovoltaic cells: ZnPc–C60, ZnPc–(C60)2 and ZnPc/C60 polymer.
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groups, the conjugates contain two linkers for connecting the

H2P and C60 moieties and enforcing them essentially to similar

geometries of the donor–acceptor couple, and two linkers to

ensure the attachment of the dyads to the ITO surface with

two desired opposite orientations.72 Placing C60 between ITO

and H2P shows photocurrents that are 25 times higher than

that for the reversed ordering. Among the fullerene–porphyrin

conjugates that bear multiporphyrin arrays/dendrimers

H2P instead of ZnP led to higher photocurrent conversion

efficiencies.

More recently, a self assembled monolayer of a 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 cova-

lently linked systems.73

The hybrid strategy (i.e., non-covalent) is in general more

promising/effective because the photocurrent conversion

efficiency has often been limited by the poor vectorial electron

flow in covalently linked conjugates.74 For example, non-

covalent fullerene–porphyrin hybrids that rely on hydrogen

bonding, van der Waals, p–p, and electrostatic interactions

have been shown to be suited for the construction of nano-

structured photoelectrodes. Most efficient photocurrent gen-

erations were accomplished when well tailored energy and

redox gradients, in hybrid structures of fullerenes, porphyrins

and ferrocenes were constructed.

An alternative concept to organic solar cells relies on the

quaternary self organization of H2P and C60 via their cluster-

ization with gold nanoparticles on nanostructured SnO2 elec-

trodes.75 First, porphyrin–alkanethiolate monolayer-protected

gold nanoparticles are prepared (i.e., secondary organization)

starting from the primary porphyrin–alkanethiol component.

In this context, the effective p–p interactions between H2P and

C60 in solutions and in the solid state are important as a means

towards donor–acceptor nanoclusters that are characterized

by an interpenetrating network and an enhanced light harvest-

ing throughout the solar spectrum. In fact, the porphyrin-

modified gold nanoparticles were found to form complexes

with C60 (i.e., tertiary organization), and they are clustered in a

solvent mixture of acetonitrile and toluene (i.e., quaternary

organization). The highly colored composite clusters can

then be assembled as three-dimensional arrays onto nano-

structured SnO2 films to afford photoelectrodes using an

electrophoretic deposition method. The corresponding films

exhibit incident photon-to-photocurrent efficiencies as high as

54% and broad photocurrent action spectra. The power

conversion efficiency of the composite electrode reaches as

high as 1.5%, which is 45 times higher than that of the

reference system, namely, the individual porphyrin and

fullerene components.

A remarkably high power conversion efficiency of nearly

1.3% and a maximum incident photon-to-photocurrent effi-

ciency of 42% were attained using composite clusters of

Scheme 17 Leading examples of H2P–C60 charge-transfer conjugates
for photoelectrochemical cells.

Scheme 18 H2P–peptide octamer for photoelectrochemical cells.
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H2P–peptide octamer and C60—without, however, the use of

gold nanoparticles—see Schemes 18 and 19.76 Using a H2P-

dendrimer as electron donor, the photon-to-photocurrent

efficiency drops—under comparable conditions—to 15%. A

reference, H2P–C60, shows only 0.4%.77

Some initial promising reports on photoelectrochemical

devices integrating SWNT—as electron acceptor—on ITO

are based on non-covalent assembly strategies. In most of

these instances, the ITO electrodes were covered with a base

layer of polyelectrolyte (i.e., poly(diallyl-dimethylammo-

nium)chloride (PDDAn+) or sodium polystyrene-4-sulfonate

(PSSn�)) through hydrophobic–hydrophobic forces—Scheme

20.78,79 A proper grafting of SWNT with pyrene derivatives

bearing polar functional groups permits one to disperse them

in aqueous media and to assemble them electrostatically on the

polyelectrolyte base layer. In the final step, water soluble but

oppositely-charged porphyrins were 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 accep-

tor layer material with monochromatic power-conversion

efficiencies of up to 10.7% for a device that contains a single

layer of thin-MWNT and a single layer of ZnP.

Photoelectrochemical solar cells were also designed with a

light harvesting nanoarchitecture consisting of SWNT and

porphyrin moieties.80 In this particular work, molecular

assemblies of protonated porphyrin and SWNT were

assembled as three-dimensional arrays onto nanostructured

SnO2 films by an electrophoretic deposition method. The

composite cluster electrode exhibits an incident photon-

Scheme 20 Leading example of a SWNT/pyrene+/ZnP8� nanohybrid for photoelectrochemical cells.

Scheme 19 H2P–dendrimer for photoelectrochemical cells.
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to-photocurrent efficiency as high as 13% under an applied

potential of 0.2 V versus SCE. The dual role of SWNT in

promoting photoinduced charge separation and facilitating

charge transport is presented.

Summary and outlook

In summary, combining nanometer scale carbon structures—

fullerenes and carbon nanotubes—with electron donor groups

represents an innovative concept to solar energy harvesting

systems, which leads to appreciable conversion of solar light

into practical electricity.82

In this context, the delocalization of charges—electrons or

holes—within the giant, spherical carbon framework of full-

erenes is of great interest. It offers unique opportunities for

stabilizing charged entities. Unquestionably, the most striking

observation is that charge recombination in ZnP–C60 and

H2P–C60 conjugates is located deep in the inverted region of

the Marcus parabola, with lifetimes ranging from as short as

tens of picoseconds to all the way to seconds. Please note that

a time window of seconds is a time domain that has not

been accomplished so far in artificial photosynthetic reaction

centers.

Similarly, CNT (i.e., SWNT and MWNT) have been com-

bined with electron donors that lead to new generations of

donor acceptor nanohybrids, which, upon illumination, give

rise to slow charge recombination with lifetimes typically in

the range of microseconds.

The lifetimes of the charge-separated species in most of the

surveyed nanometer scale carbon structures are so long that

these systems are excellent candidates for the fabrication of

photovoltaic devices. In fact, in first attempts the photocur-

rents are quite high. It is reasonable to ascribe the limitations

seen in the photocurrents to (i) the efficiency of electron–hole

separation at the donor–acceptor interface or (ii) the efficiency

of transfer of electrons from the electron acceptor to the

electron collecting electrodes. Moreover, the efficiency of

electron-hole separation might depend either on the in-

herent energy levels of the donor and the acceptor, or on

the number and distance of contacts between the donor and

the acceptor.

In terms of future prospects, particularly noteworthy are

single wall carbon nanohorns (SWNH) see Scheme 21. These

new nanometer scale carbon structures possess high porosity

and large surface areas—Scheme 21.81 SWNH are typically

constituted by tubes of about 2–5 nm of diameter and 30 to

50 nm long, which associate with each other to give rise to

round-shaped aggregates of 100 nm of diameter.
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