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ABSTRACT

The review concentrates on supermolecular electron-donor-acceptor systems composed of porphyrin
dyes covalently linked to fullerene. These model systems are of a great importance not only in opto-
electronic technologies but also in the life sciences in relation to respiration, photosynthesis and
photomedicine. Results of studies of supermolecular systems composed of zinc porphyrin and its dyad
covalently linked to one fullerene or two fullerene molecules (in chloroform solution and in the form of
Langmuir-Blodgett layers on a gold substrate) are presented to illustrate the spectroscopic properties and
electron transfer processes taking place in such systems. Some simpler models of donor-acceptor ensem-
bles are also presented. Electronic absorption and fluorescence supported by reflectance-absorption in
infrared and electron spin resonance spectroscopies as well examination of light-induced current gen-
erated in photoelectrochemical cells were used to follow the interactions, radiative and non-radiative
processes accompanied with electron transfer from an electron donating species to an electron acceptor.
The same methods could provide information on modification of the electronic structure of the sys-
tems. The observed changes in absorption and fluorescence quenching of porphyrins in the presence
of fullerene have evidently shown charge redistribution both upon porphyrins linkage to fullerene and
upon deposition of the systems on gold substrate resulting from the interaction between the organic
layers and the solid. The results reported in this paper prove the donor-acceptor character of the zinc
porphyrin-fullerene samples and influence of fullerene on dye photoactivity in the systems.
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1. Introduction

One of the most important and interesting chemical reactions
in nature is conversion of sunlight to chemical potential [1-7]. The
physical cause of this effect is photoinduced electron transfer in
the photosynthetic reaction centre. Recognition of the importance
of these phenomena was emphasised by the Nobel Prize awarded to
Marcus [8,9]. Photosynthesis has been widely investigated not only
for understanding all aspects of this fascinating process but also
because of its potential applications [10]. For instance, photoactive
molecular devices and machines, which act as sensors, memories,
and switches at a molecular level, have been extensively investi-
gated aiming at replacement of conventional electronic devices by
molecular systems.

Intermolecular photoinduced energy and electron transfers are
simple processes in which the energy of an electron is transferred
from a donating species to an accepting species, producing the
radical cation of the donor and the radical anion of the acceptor,
when one of these species is photoexcited [11-13]. An obvious
approach to achieve efficient and rapid electron transfer is cova-
lently linked donor and acceptor moieties, and indeed many types
of such donor-spacer-acceptor molecular systems have been syn-
thesized and studied [5-7,10,11,14,15]. Construction of efficient
artificial photoactive devices is based on the following require-
ments: (1) the light must be captured by antenna molecules leading
to excited states, (2) the absorption of light must result in trans-
fer of an electron to the acceptor, (3) the electron transfer must
be directional, and (4) the lifetimes of the excited states must be
long enough for electron transfer to take place [11]. Porphyrins
used as dyes and covalently linked quinines as electron acceptors
have been for a long time used as systems imitating photosyn-
thetic reaction centres [ 14]. Recently, there has been a great deal of
interest in fullerene Cgg as an ultimate electron acceptor in multi-
step intramolecular photoinduced electron transfer reactions [15].
Fullerenes exhibit a number of characteristic electronic and pho-
tophysical properties, which make them promising candidates for
investigation of photoinduced electron transfer [15-19]. For this
reason fullerenes are now commonly used for electron-transfer
studies and construction of molecular electronic devices.

In this article recent developments in the area of the
photoinduced electron transfer in molecular systems type
fullerene-organic chromophore are presented. The physical basis
of photoinduced electron transfer as well as typical photoactive
materials and the commonly used methods of their investigation
are also summarised.

2. Basic physical concepts of energy and electron transfer
processes

2.1. Excitation energy transfer — Forster and Dexter models

Energy and electron transfers are central processes in physics,
chemistry and biology and they play essential role in all branches
of life sciences and technology; e.g. in photosynthesis [20], vision
[21], respiration [22], catalysis [23], photomedicine [24] and in
optoelectronics in informative storage devices and photoelectric
devices like for example photovoltaic cells and light emitting diodes
[25,26] and everywhere where the absorbed photon drives charge
separation and energy/electron transfer.

There are certain phenomena and processes essential for
effectiveness of the solar energy use in optoelectronic devices
based on molecular systems. They include strong w-m absorp-
tion (absorption coefficient must be >10°> cm~1), very fast electron
donor-acceptor transfer followed by charge separation, slow
charge recombination, efficient energy transfer between a donor

and an acceptor. Also very important is the molecular system
arrangement since molecular organisation determines markedly
the excitation energy/electron transport [27].

In this chapter we will focus on the energy and electron trans-
fer mechanisms which govern processes occurring after radiative
absorption. Let’s start with basic theoretical background. The first
concept on the excitation energy transfer came from Forster in
1948/1949 [28] and his idea has been developed over the past few
decades [29-34]. Forster long-range resonance excitation energy
transfer (FRET) [35] is potentially very sensitive to proximities in
the nanoscale range, i.e. to the distance between donor and accep-
tor. According to the Forster theory when the Coulomb interaction
between donor (D) and acceptor (A) the dipole moment interac-
tion can be approximated by the dipole-dipole term. In the strong
coupling interaction (when energy of interaction between D and
A is greater than the width of the transitions) the energy transfer
process is classified by Dexter to occur according to the exchange
mechanism [36], which requires overlapping of wave functions of
D and A. The excitation is delocalized over D and A and oscillates
back and forth between them. The schemes of FRED and Dexter
models are presented in Fig. 2.1.

The energy transfer process described by the Férster model takes
place when the distances between D and A range from about 5 A to
about 100 A. When the separation in the D-A pair is much closer
(R<5A) the energy transfer process is described as according to
the Dexter mechanism. The fluorescence lifetime of D is of the
order of 10-8-10-9s. The energy transfer rate constants can range
from 10° to 10! s~! depending strongly on the type of system and
mechanisms responsible for the processes.

2.2. Marcus theory of electron transfer

The electron transfer theory was originally proposed by Marcus
in 1956 [37] and has been developed through the past few decades
[38-40] to explain outer electron transfer (ET) from the electron
donor to the electron acceptor in the system in which two chemi-
cal species are not directly bonded to each other. The Marcus theory
was extended to the inner sphere ET model [41]in which two chem-
ical species are linked by a chemical bridge. Marcus theory has been
also extended to address heterogeneous electron transfer. In het-
erogeneous ET an electron moves between a chemical species and
a solid-state electrode. The last models addressing heterogeneous
electron transfer can find applications in electrochemistry and in
solar cell design. Various modifications of the Marcus theory have
been proposed in bioenergetics and in technology, e.g. photochem-
ical proton transfer model including incorporation of asymmetry
[42], enzymatic proton transfer [43], description of organometallic
reactions [44], corrosion, catalysis or any kind of redox processes
[45-49].

The simple model of ET can be presented as D+A— D*+A~.
In the energetic diagram of free energy versus reaction coordinate
(Fig. 2.2) the key parameters J, AG° and A are presented.

The left and right hand parabolas represent the potential energy
surface of the nuclear motion of the compounds in the initial (the
electron is still on the D species) and in the final state (the electron
has been transferred from D to A), respectively. The energy reor-
ganisation A is a sum of internal energy A; (connected with changes
in molecular geometry at the transition from the neutral molecule
to its ion) and energy of outer reorganisation, Ag, which is related
to solvent rearrangement coordinating the charged molecules of
products.

2.3. Radiative and non-radiative quenching processes

A molecule when excited to higher energetic state comes back
to its ground state (if it does not chemically react with other
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Fig. 2.1. Scheme of Forster and Dexter models; A - acceptor, A* - excited acceptor, D - donor, D* —excited donor, ET - energy transfer.
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Fig. 2.2. Energy diagram of the initial and final stage of reactant and product: J -
electronic coupling between the initial and final states, AG® - total Gibbs free energy,
) - reorganization energy.

molecules) and its excitation energy is dissipated in deactivation
processes. In the molecules, the excess of energy can be deactivated
by radiative and non-radiative intramolecular (one-molecular)
processes or can be absorbed in external and intermolecular inter-
actions (bi- and multi-molecular) [50]. All these processes have to
occur in a time shorter than the natural lifetime of the excited
state of the molecules. The excess energy can be emitted from
the molecule as fluorescence, phosphorescence or delayed lumi-
nescence or changed into thermal energy. In the presence of a
molecular neighbour, the energy can be transferred to another
molecule, or used for charge separation and electron transfer pro-
cess to other molecules (Fig. 2.3). The sum of yields of these
processes in accordance with the energy conservation low can
be expressed as a sum of quantum yields of emission (®g),
energy/electron transfer (@gr), thermal deactivation (@1p), charge
separation (@cs), and other processes of deactivation.
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There is a close competition among deactivation processes both
radiative and non-radiative. Schemes of some processes occurring
in a system composed of energy/electron donor and acceptor sys-
tems are shown in the Jabtofski diagram presented in Fig. 2.4.
For example the fluorescence process can compete with charge
separation and electron transfer and can lead to decrease in the
photovoltaic effect effectiveness.

As we have done in our study, the m-electronic singlet state
features can be studied by the absorption and fluorescence spec-
troscopies [51]. Electron transfer processes in the donor-acceptor
systems can be investigated by, e.g. fluorescence quenching [52]
and electron spin resonance (ESR) [53,54]. Behaviour of the triplet
states can be also studied by phosphorescence examination as
well as by the use of laser-induced photothermal spectroscopy
(LIOAS) introduced by Braslavsky [55,56], supported by photoa-
coustic spectroscopy (PAS) proposed by Rosencwaig [57]. PAS is
a nondestructive spectroscopic tool which uses light and sound
to probe materials and follow processes like, e.g. non-transparent
samples, inhomogeneous materials, surfaces, bulk materials, thin
films[57] as well heat transport in complex structures, fluorescence
quantum yields in scattering samples [58], energy transfer yields
rates in chemically stable materials [59] as well chemical reactions
and others [60]. Time-resolved photoacoustic calorimetry can be
used to measure the energy released upon injection of an elec-
tron from an electronically excited dye adsorbed to nanocrystalline
TiO, into the conduction band [61]. In slow thermal deactivations
(in the range of microseconds) triplet states are usually involved
whereas the singlet states contribute to fast deactivations. The
main components in the PAS device are a photoacoustic chamber
filled with proper gas and with a sample (the latter one is excited
with the modulated light beam) and a very sensitive microphone
(converting thermal signal coming from a sample to an acoustic
one) [55]. With a good experimental setup (the proper optical and
thermal lengths, thickness of a sample) [57] the photoacoustic sig-
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Fig. 2.3. Scheme of energy pathways in a donor-acceptor chain in molecular system of 1-3 components: hv - quantum of energy, E - emission, ET - energy and/or electron

transfer, TD - thermal deactivation, CS - charge separation, OP - other processes.
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Fig. 2.4. Scheme of some radiative (straight line) and non-radiative processes (wave line) in the energy donor-acceptor (D-A) system - So, S1, S, - singlet ground and excited
states, Ty - triplet state, ET - energy transfer, F - fluorescence, TD - thermal deactivation (a) and model of charge separation (CS), electron transfer (ET), charge recombination

(CR) in D-A system (b).

nal depends on optical and thermal properties of materials. The
PAS experiment provides global information on thermal transi-
tions originating from various species in the studied materials. The
thermal deactivation parameters can be expressed as a rate of an
absorbance and a photoacoustic signal. These parameters describe
thermal properties of the samples. With the use of different light
modulation frequencies, it is possible to evaluate the contribution
of slow signals (micro- to millisecond) originated from metastable
states and that contribute very promptly (in femto-, pico-, nanosec-
ond) as proposed in [62,63] and used successfully in our laboratory.
To distinguish the fast thermal deactivation processes from the
slow transitions the LIOAS examinations can be applied. This tech-
nique allows one to distinguish fast thermal transitions from those
of microsecond time duration (usually, the experimental resolution
of a signal is 0.3-0.8 .s) and evaluate population of triplet states
as well as their thermal relaxation. A nitrogen laser (337.1 nm) and
a dye laser are used as light sources. A thermoelastic effect caused
by periodic irradiation of the sample gives mechanical oscillations
and thermal signal is detected by a piezodetector [55]. The PAS
and LIOAS spectroscopies are successfully used in our laboratory
in investigation photoactive organic materials suitable for pho-
tovoltaics, photodynamic therapy or in modelling photosynthesis
[e.g. 64-67].Bimolecular interactions could also yield delayed lumi-
nescence (DL) and the DL experiment have been used to study the
charge recombination in some porphyrin systems [68]. These meth-
ods have been used in our investigations presented in this paper and
the results have contributed to our knowledge of the electronic
states of the molecular systems and of the interactions between
donor and acceptor species in the systems under investigation.

2.4. Photoinduced single- and multi-step electron transfer

As mentioned above, fast photo-induced electron separation
(CS) and charge recombination (CR) processes are essential in
optoelectronics. Photoinduced single-step electron transfer can
be discussed in the conventional D-A pair or covalently linked
dyad (or higher molecular architecture) as the simple model pro-
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Energy
Energy

cess. Typical examples could be, e.g. porphyrin-quinone mixtures,
porphyrin-porphyrin dyads or photovoltaic systems with chro-
mophores interacting with an electrode. The single-step electron
transfer that involves D-A pairs can schematically be described as
D-A+hv— D*-A— D**-A*~ (Fig. 2.5a).

In the single-step electron transfer process molecules D play
a double function, they act as antenna molecules that harvest
excitation and as a primary electron donors that transfer an
electron to an acceptor. The photoexcitation of a donor and in
sequence of an acceptor leads to formation of a pair of donor
(radical cation) and acceptor (anionic radical) which recombine
rapidly to the initial state of the system [69]. The multi-step
electron transfer is crucial in, e.g. photosynthesis, photocatalysis,
and any process in which charge separations with a cascade of
photoinduced electron transfers in the D-A systems take place.
In the multi-step electron transfer at least three species have
to be involved: donor-acceptor(1)-acceptor(2), D-AN-A),
in which A" and A® are primary and secondary acceptors,
respectively [5,70,71]. In each stage of electron transfer chain the
gradient of energy is required in accordance with the sequence:
D-AM-AP) + hy - D*-AD-AR) — D*-A(De~_AR) _, De*—A(D_AR)e~
[70,71]. The scheme of these processes is shown in Fig. 2.5b. The
electron transfer between the first acceptor A(!) and the second
one A®) competes with the processes of energy dissipation, e.g.
in the CR, IC and ISC processes, leading to the initial state of the
system. Also fluorescence is strongly quenched when electron
transfer occurs in a system (the quantum model of fluorescence
quenching by electron transfer is shown in Fig. 2.6).

The distance between molecules D and A, suitable redox poten-
tials and excitation energy play essential roles in the optimisation
of the electron transfer rate. The lifetime of the charge separated
state in the D-A(M-A() system (Fig. 2.5b) is longer than that in
the single-step D-A one (Fig. 2.5a) because the distances between
molecules in D-A(V-A®) are greater than that between molecules
in the D-A systems. According to the Marcus theory, reorganisation
energy is a vital criterion in optimising effectiveness of fast CS and
in diminishing CR; low reorganisation energy is required for the

D AD- A®

hv
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Q D AT g0
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Fig. 2.5. Quantum models of single-step (a) and multi-step (b) electron transfer.
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Fig. 2.6. Scheme of donor (D) fluorescence quenching by electron transfer to accep-
tor (A) - D* - excited donor, D*~ - donor radical, A** - acceptor radical; (a-d) -
stages of electron transfer.

fast CS and slow CR processes [5]. For this reason, the fullerenes
are families of molecular species characterised by low reorganisa-
tion energy, strong electronic coupling, m-electron delocalization
and rigid structure which make them perfect molecular systems of
excellent electron acceptor properties [72,73].

Intermolecular single-step and multi-step electron transfer pro-
cesses in the D-A systems have been systematically studied by Gust
etal.[73], Imahori et al. [5,6,72,74], Sariciftci [75], Moore et al. [ 76],
Tkachenko et al. [77], Guldi et al. [78], Kato et al. [79], Hudhomme
et al. [80], Bonifazi et al. [17] and many others. There are a num-
ber of papers devoted to investigation of photophysical processes
occurring in D-A systems, dynamics of charge separation, electron
transfer and charge recombination as well applications of these
models in nanostructured artificial photosynthesis and molecular
photodevices [5,6,17,69-84]. Single-step electron transfer realised
by ultra-fast charge shift was reported for the strongly coupled zinc
porphyrin-gold porphyrin dyads, whose lifetime is in the order of
hundreds of picoseconds [81]. Also the conventional single-step
electron transfer models like, e.g. porphyrin with quinone [70] and
porphyrin-diimide [82] have been presented. Many other papers
have been devoted to more complicated systems like triads or
higher adducts containing porphyrin or other chromophores and
different fullerenes (e.g. Cgo, C70, C76, C7g) with multi-step electron
transfer and long-range charge separations [5,6,17,70-80,83,84].
In chromophore-fullerene dyads and more complicated triads or
pentads the CS state lifetime can be extended even up to 1205 [6]
and the ratios of CS rate to CR rate are much higher than those in
conventional D-A species [5,6], therefore their photovoltaic effects
are expected to be much more effective.

2.5. Ground state aggregates, excimers, exciplexes and
charge-transfer complexes

Molecular aggregates play important roles in many areas
of physics and chemistry, in molecular crystals [85,86], non-
crystalline molecular systems with van der Waals and hydrogen
interactions [87], covalently bonded supermolecular units [88],
in modelling of the structure of photosynthetic organisms and
processes [89], modern optoelectronics [25] and in production of
organic semiconductors [87,90]. Molecular aggregates can reduce
photoactivity of systems. A very important aspect that needs to be

considered is a strong tendency of chromophore molecules to form
aggregates and other structures as a result of mutual interactions.
These effects are important in potential applications of molecular
systems in optoelectronics.

The formation of aggregated structures and their spectroscopic
properties have been studied by Kautsky et al. [91], Levison et al.
[92] and Szent-Gyorgyi [93] but described theoretically by Forster
in his quasi-classic vector model [94] and in the exciton model
proposed by Kasha [86].

Changes in photophysical features of the aggregates can be eas-
ily detected by absorption and fluorescence investigations. Their
modifications depend on the type of aggregates and are mani-
fested by the appearance of strong band shifts (of up to about
2000 cm~1) or by splitting of the absorption bands as well changes
in the band widths [95]. Also, the fluorescence quenching and
changes in thermal deactivation could be associated with aggre-
gate formation due to the enhancement of triplet state population
[96,97]. The aggregate structures differ from one another by geo-
metrical arrangement of their dipole moments: in the ideal H
aggregates, the molecular frames are oriented face-to-face with
parallel transition dipole moments of interacting monomer units
oriented perpendicularly to the line joining the molecular cen-
tres. Otherwise, in the ideal ] aggregates the polarisation axis for
the in-line transition dipoles is directed along the line joining the
molecular centres. In double molecules with the coplanar transition
dipoles inclined to the axis connecting the molecules’ centres, the
angle between the dipole moment’s directions varies from 54.7° to
90° and O to 54.7° in H and ], respectively [98-101]. The blue and
red absorption shifts (1000-2500cm~1) are expected to appear in
the absorption spectra of the H and ] aggregates, respectively, and
they correspond to increasing and lowering energy [2,102]. The H
dimers have been extensively studied in a number of papers and
they show characteristic fluorescence quenching [103,104]. The
formation of fluorescent J-dimers has been the subject of some
studies [105]. According to the Kasha vector model [86] the exis-
tence of the oblique transition dipoles of aggregated species is also
possible. In the oblique transition configuration, the dipole tran-
sitions polarised mutually perpendicularly and the configuration
of the dipole arrangement (as a composition of in-phase transition
dipole arrangement and out-of-phase one) leads to the decreased
energy and increased energy of the excited states of dimerized
molecules. Also, considerable changes can be observed in their
fluorescence behaviour and thus in consequence of non-radiative
processes; thermal relaxation is expected to be changed in aggre-
gated dyes [106]. The results of the exciton model study, presented
in [86], show that in aromatic aggregates a triplet state popula-
tion increases due to the interaction of the component molecules.
In some cases fluorescence competes with another phenomenon
leading to decreased fluorescence, shortening of its lifetime and
increased triplet population [107]. However, for weakly interacting
molecule species no significant changes in absorption and in fluo-
rescence are observed. Nevertheless, it is possible to follow weakly
interacting molecules by complementary spectroscopic methods -
PAS and LIOAS [108-110].

Excimers (excited state dimers) and exciplexes (excited com-
plexes) [111] are short-lived dimeric or heterodimeric molecules
formed from two species one of which is in the electronic excited
state. Excimers/exciplexs are often bimolecular species that would
not be bonded if both were in the ground state. The lifetime of
excimers is of the order of nanoseconds. The formation of an
excimer is promoted by high monomer packing and can be studied
by fluorescence spectroscopy; its emission wavelength is longer
than that of the excited monomers because of its lower energy
level. Fig. 2.7a, c and d present the quantum model of an excimer
and its emission features. There are some literature data on the use
of excimers in laser technology [112], intra- and intermolecular
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Fig. 2.7. Quantum models of excimer (a), CT complex (b), excimer energy curves (c), excimer fluorescence spectrum (d), CT absorption spectrum (e).

interactions [113], singlet-singlet energy migration study [114], as
sensitive probes of ribonucleic acid sequence and structure [115]
as well as in examinations of conformation changes [116]. In the
supermolecular systems like, e.g. porphyrin-fullerene species, the
excimer formation was also observed [117], which confirms strong
interaction between chromophore and Cgq in the covalent complex.
A charge-transfer complex (CT complex) or D-A complex are chem-
ical associations of two or more molecules, or of different parts of
one very large molecule, in which the attraction between molecules
(or parts) is induced by an electronic transition into an excited
electronic state. In such systems a fraction of electronic charge
is transferred between the molecular entities. The resulting elec-
trostatic attraction provides a stabilizing force for the molecular
complex.

Charge-transfer complexes exist in many types of molecules,
both inorganic and organic. Optical spectroscopy, particularly
absorption and resonance Raman techniques are powerful meth-
ods to characterise CT. The quantum model of CT complex and its
absorption is shown in Fig. 2.7b and e. In CT complexes, charac-
teristic changes in colours take place as a result of charge-transfer
transition energy, which is typical of specific type of donor and
acceptor entities. The absorption bands of CT complexes are well
recognised. Their colour reflects the relative energy balance result-
ing from the transfer of electronic charge from an electron donor to
an electron acceptor and varies with changes in solvent permittiv-
ity. The CT complexes play an essential function in many branches
of physics, chemistry and biology [118]. A perfect example of strong
CT complex is tetracyano-p-quinodimethane (TCNQ) as a strong
acceptor and tetrathiafulvalene (TTF) as a good donor; this complex

shows one-dimensional electrical conductivity in a stacked crys-
talline solid [119]. Another nice example is CT of lycopene-iodine
associate, which can find application in bio-solid state solar cells
[120]. A strong charge-transfer band in the UV region in a solution
of Ag* ions and deoxyribonucleic acid-wrapped carbon nanotubes
has been also observed [121].

3. Fullerenes and monomolecular organic chromophores
3.1. Physical properties and chemistry of fullerene

The unique chemical and physical properties of fullerene Cgg
such as its highly efficient electron acceptor character and elec-
tronic absorption throughout the UV-vis spectral region, have
aroused considerable interest in its role in covalent donor-acceptor
systems [5,18,19,122-125]. The special properties of fullerenes are
directly related to the very high symmetry of the Cgg molecule
(point group Iy), in which 60 equivalent carbon atoms are at the
vertices of a regular truncated icosahedron; each carbon site on
Cgo is trigonally bonded to other carbon atoms.

Group theory indicates that 10 of the 46 vibrational mode fre-
quencies are Raman-active, 4 are IR-active and the remaining 32
are optically silent. The fullerene Cgy absorbs strongly in the UV
range (émax ~ 10> M~ cm~1!) and much more weakly in the visible
region (emax ~710M~1 cm~1) for the symmetry reasons [126]. The
visible absorption is allowed only because of vibronic interactions
and it is observed at about 455 nm. The main UV absorption bands
of Cgp in cyclohexane solution are at 266 and 343 nm (Fig. 3.1).
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Fig. 3.1. Electronic absorption spectrum of Cg in cyclohexane.

A very low emission quantum yield (10~4), associated with the
singlet excited state, is a result of a combination of a short lifetime,
a quantitative intersystem crossing and, finally, the symmetry for-
bidden nature of the lowest-energy transition. To the some extent,
the phosphorescence quantum yield (10-8) is strongly impacted
by the spherical structure of Cgg [16,18,127]. Analysis of fluores-
cence spectra of the fullerene in organic solvents indicates that the
intensity of fluorescence bands and their fine structure are strongly
dependent on the interaction between Cg and the solvent.

For construction of optoelectronic devices or artificial pho-
tosynthetic systems the charge separation originating from
photoinduced electron-transfer is of utmost importance [5]. To
optimise this process the contact between the fullerene (electron-
accepting molecule) and electron-donating molecule (e.g. organic
dye) must be very close. The best way to optimise the contact
between both moieties of the system is to induce covalent bonding
of the parts [2,7,19]. All reactions of Cgo take place at the double
bond between the 6-membered rings (pyracylene unit) (Fig. 3.2)
to give dihydrofullerenes as the initial product [128]. Simple and
high-yield route to dihydrofullerenes is Diels-Alder addition of
electron-rich dienes to Cgg [129]. This is a very versatile route which
allows easy variation of functional groups and considerable control
of the solubility of the adducts [130].

3.2. Selected organic chromophores

Porphyrins are composed of four pyrrolic macrocycles con-
nected via methine bridges. Differences in the spectra of substituted
porphyrins and other related macrocycles come from perturba-
tions in energy states due to the presence of metal, substituents
or peripheries of conjugated ring systems, the number and type
of ligands, solvent conditions and degree of aggregation and
its architecture, which can occur via direct or indirect interac-
tion [88,131-133]. In phthalocyanines, similar to porphyrins, four
indole units are conjugated with nitrogen bridges. Porphyrins are
characterised by strong absorption bands at about 420-450 nm
(Soret region) with high molar absorption coefficient of the order
of 10° M~! cm~! and much less intense Q bands in the long wave-
length region 500-650 nm [134]. In the spectra of phthalocyanines
the Q bands in the long-wavelength region (650-680nm) are
strong, while less intense bands appear in the range of the Soret
bands [135]. Most of the porphyrin dyes show intensive fluores-
cence in the range 600-800 nm. The fluorescence lifetime values
of many of porphyrins and phthalocyanines range from about 1 to
15 ns with the corresponding fluorescence quantum yields of 1 to
nearly 15%.

Polycyclic aromatic hydrocarbons are chemical compounds that
consist of fused aromatic rings and do not contain heteroatoms

or carry any substituents. One of the most interesting represen-
tatives of this group is perylene of the chemical formula CygHjs.
Perylene shows maximum absorption at 434 nm with the molar
absorption coefficient of 38 500M~!cm~!. Pure or substituted
perylenes exhibit high fluorescence quantum yields [136,137] and
high photo- and thermal stability as well as chemical inertness
[138].

Perylene diimides (PDI) are well-known as chemically and
thermally stable light-harvesting dye. Electronic structure of PDI
is highly affected by introducing electron-donating or electron-
withdrawing groups at the perylene core [139], which permits
modification of the PDI photophysical properties. High photo- and
thermal stabilities in the visible region and fluorescence quan-
tum yields near unity (@~ 1) make PDI suitable standards in
fluorescence (Aem ~500-600nm) quantum yield measurements
[138,140]. The electronic absorption spectrum of PDI in KBr pel-
let is dominated by typical perylene triple absorption with local
maxima at 527, 493, and 458 nm; the spectrum also shows weak
bands at 429, 277, and 224 nm [141].

Another interesting group of dyes are aromatic heterocyclic
compounds. A representative of this group is thiophene of the
formula C4H4S, consisting of a flat five-membered ring. Thio-
phenes are important compounds used as building blocks in
many chemical syntheses [142]. Moreover, thiophene oligomers
and thiophene-based molecules show interesting properties such
as ready accessibility, easy structural modifications, high -
conjugation, low oxidation potential and environmental stability
[143,144].

4. Studies of selected organic materials
4.1. Donor-acceptor ensembles

Studies of solar-light energy conversion based on the use of
organic substances began by O’Regan and Graitzel [145] in 1991,
have opened a new era in engineering of materials suitable for
organic photovoltaics as renewable device in electricity genera-
tion. Since the end of the 20th century extensive development
of new molecular materials acting as photoactive sensitisers and
profound progress in design, construction and production of new
photovoltaic devices have been observed. In the first dye-sensitised
photovoltaics (DSPV), the photoactive molecules were sensitive
to the UV and blue light [146-149], however over the past few
decades intense research to improve DSPV has brought a great evo-
lution in photocell design that stemmed from the use of a series of
ruthenium-pyridine complexes working in DSPV as photosensitis-
ers [147-149]. The first successful solid-hybrid dye-sensitised solar
cells werereported to improve electron transport [150].In[151] the
authors reported the organic cell of efficiencies of 8.2% obtained
with the use of solvent-free liquid redox electrolyte of a melt of
three salts, as an alternative to using organic solvents as an elec-
trolyte solution with efficiency of 11%. Numerous research groups
have experimented with a wide variety of organic dyes based
on porphyrins or phthalocyanines and DSPV with these materials
reached the efficiency of the order of about 5-6% [151,152].

We present three simple models, in which the occurrence
of electron and energy transfer processes, initiated by absorbed
photon, is proved with the use of conventional spectroscopic meth-
ods. The first model, which is a photoelectrochemical cell (PEC)
sensitised by porphyrin or phthalocyanine dyes is based on a cor-
relation between the molecular structure of dyes and their ability
to generate photocurrent followed by absorption spectroscopy and
photovoltaic responses [66,153-163]. In the experiments, selected
groups of the m-electron conjugated dyes have been used whose
molecular structures are collected in Table 1.



2562 D. Wrébel, A. Graja / Coordination Chemistry Reviews 255 (2011) 2555-2577

Table 1
Molecular structure of main donors and acceptors used.

Molecular structure Chemical name

Abbreviated name

e

Fullerene

R Porphyrin (where M =H,, Mg, Zn, Cu, Pb and
R=phenyl, naphthyl)

F16, Cli6, (CnHan+1)s)

Perylene-3,4:9,10-tetracarboxydiimides

Thiophene

Tetrathiafulvalene

HO—(CH,)1s—N CH=—CH OH

Cl

o}
|
0]

Stilbene merocyanine

Anthraquinone

Phthalocyanine (where M =Zn, Cu and R=TNP,

Pc

PDI

TTF

SM

AQ
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Fig. 3.2. Strategies to build up dye-fullerene assemblies using the [4 +2] Diels-Alder cycloaddition of Cgp.

Photovoltaic action spectra (photovoltaic response as a function
of excitation wavelength), kinetics of photocurrent generation (in
the second time scale) and current-voltage characteristics studies
have been supported by spectroscopic investigations (absorption,
fluorescence, photoacoustic and ESR spectroscopies). Coincidence
of absorption and photovoltaic spectra evidently indicates the dyes
responsibility for photovoltaic responses [69]. It is well known
from literature that -electron system is responsible for pho-
tovoltaic effects [69,135,159], however metal is able to change
distribution of the m-electron cloud since the HOMO-LUMO
transitions are influenced by the central atom [134]. Compari-
son of the photocurrent signals induced by light in PEC filled
with metallic and non-metallic dyes shows evidently a strong
influence of the type of metal ion built at the porphyrin or por-
phyrazine centres on the intensity of generated photocurrent
signals [164,165]. Exemplary results of photocurrent genera-
tion are presented in Fig. 4.1. The dyes with Zn and Mg give
the highest photocurrent [161,164], whereas their counterparts
complexed with lead (Pb) showed very weak or even no pho-
tovoltaic response [161,165,166]. This result seems to be very
interesting in view of chlorophyll and some bacteriochlorophyll
pigments with magnesium and zinc ions in central rings, respec-
tively [20,167]. Also the presence of the extra aromatic rings
attached to the porphyrin or indole units in macrorings usu-
ally enhanced photoresponses of the dyes due to higher number
of m-electrons and their delocalization [165,168]. However, the
decline of the photosignals is observed when the long alkyl or
alkyloxy chains are attached since most of the energy absorbed is
lost in non-radiative processes [166]. The most interesting results
are found with halogenated phthalocyanines. For PEC with flu-
orine or chlorine phthalocyanines (ZnPcFg, ZnPcCly;) fluorine
and chlorine atoms attached externally to the main molecu-
lar macroring strongly perturb the electron density distribution

because of the resonance coupling with the -electron systems
[66,162,163,168-170].

In the last decade various types of photovoltaic devices con-
taining porphyrins, phthalocyanines and other chromophores
of different structures and bonded with different peripheral
substituents or groups were characterised and their activity as pho-
tosensitiser in photocurrent generation were studied by numerous
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Fig. 4.1. Photocurrent signals of HyTPP (a), ZnPcAlkyl (b), ZnPc (c), ZnPcF;¢ (d). The
arrows indicate light on.
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authors [171-179]. Many new dye-sensitised solar cells based on
porphyrins have been tested with the use of, e.g. functionalised
terthiophene building blocks [171-173]. For examples porphyrins
and related macrocycles (tetraphenyl-, tetrabutyl-, tetramethyl-
and tetrapyridylporphyrins) and porphyrin having rhodamine
moieties or other systems like porphyrin and ruthenium com-
plexes have been also extensively reported as photosensitisers for
developing photoelectrochemical solar cells [171,172,177-179].
Also porphyrin-sensitized TiO, or a system with porphyrin-gold
nanoparticles [174-176] were demonstrated as materials for a new
cell that converts light energy into electricity. The studies present
the results of the chromophore-based DSPV devices with differ-
ent working media: from traditional organic liquid electrolytes,
ionic liquid electrolytes, polymer gel electrolytes, quasi-solid state
to self-assembled monolayer Schottky barrier cells, and other sys-
tems [171-179]. In many cases these DSPV systems offer high
photovoltaic effects, chemical and thermal stability as well as
opportunity for developing long-term operational solar cells and
show how important is to give insight into knowledge on sys-
tem constructions and on correlation between the molecular
structure of dyes and their ability to photocurrent generation
[66,69,161-179].

The second model of PEC assumes the presence of a mixture of
dyes that absorb at different wavelengths of the solar spectrum.
An interesting problem is the effect of energy transfer processes
between photoactive dye species on the performance of photo-
voltaic devices. Two groups of dyes were selected: MgTNP and ZnPc
(good photoconverters in photocurrent generation) and stilbene
merocyanine (SM) (poor photoconverter in photocurrent gener-
ation, but thermally very efficient). The SM dye fills the solar
energy gap in a wide range (Fig. 4.2a and b) [180]. As follows
from the absorption, fluorescence and photoacoustic experiments,
the intermolecular energy transfer between SM and MgTNP is
efficient. When both dyes SM and MgTNP are embedded as a
mixture in PEC, a marked enhancement of photocurrent inten-
sity is observed, mostly due to effective energy transfer between
merocyanine and porphyrin dyes; porphyrin which is indirectly
excited by the energy transfer is used as a light-electric energy
photoconverter [180]. When a mixture of two good photocon-
verters (MgPc and MgTPP) is in PEC, the photocurrent intensity
is much lower than that obtained in the presence of individual
dyes. The decline in photoresponse is interpreted as related to
high thermal relaxation of the aggregated dyes formed by the
dyes in PEC [86,180,181]. However, the usefulness of larger arrays,
including mixed systems with many components absorbing in the
overlapped light range, was presented in [182]. Optimisation of
light harvesting in porphyrin systems of highly ordered architec-
ture in the form of columns kept by intermolecular -7 stacking
was shown [e.g. 183]. Photocurrent generation in a mixture of
organic materials was also a subject of other investigations. A
device with mixed solid of a weak electron-donating zinc por-
phyrin (5,10,15,20-tetra(2,5-dimethoxyphenyl)porphyrinatozinc)
and a weak electron-accepting metal-free porphyrin 5,10,15-
triphenyl-20-(3-pyridyl)porphyrin)) was reported as a much better
photosensitised cell compared to the cells with the pure indi-
viduals [184], resulting in photoinduced intramolecular electron
transfer in a porphyrin heterodimer. An enhanced photocurrent
was also observed for a Schottky-barrier cell with a mixed solid
consisting of metal-free porphyrin and polythiophene compared
to similar cells with monomeric porphyrin or pure polythio-
phene because of efficient cooperation of the hole and electron
transports in the highly mobile polythiophene solid and the
light harvesting porphyrin [177,185]. Platinum nanowires mixed
with tin meso-tetra (4-pyridyl) porphyrin dichloride and Nafion
were used to optimize photocurrent generation under irradia-
tion with visible light [186,187]. An influence of dopa melanin

on photoresponses of charged tetraphenylporphyrins was also
demonstrated [188]. Another interesting photocurrent responsive
properties were investigated in porphyrin-containing conjugated
polymers with, e.g. fluorine or carbazole as spacer groups and
incorporation of carbazole units into the polymer chains was
shown to give positive contribution to the photocurrent generation
[189].

The third simple model of electron transfer from an excited
dye to a semiconductor electrode as an acceptor is based on
the use of porphyrin and quinone systems [69]. Photoinduced
electron transport in a mixture composed of porphyrin (H,TPP,
MgTPP, ZnTPP, PbTPP) and anthraquinone (AQ) in DMSO by flu-
orescence and steady-state electron spin resonance (ESR) was also
investigated [69]. The results show quenching of porphyrin dye flu-
orescence upon successive addition of AQ as an external quencher.
The Stern-Volmer plots (Fig. 4.3a) confirm homogeneous dynamics
of quenching of the porphyrin dyes by AQ [69,190]. The bimolec-
ular quenching rate for metal-free and metal porphyrins (H,TPP,
MgTPP, ZnTPP, PbTPP) ranged from 0.7 x 1013 to 13 x 1013 M~1s-1,
Fluorescence quenching in the presence of AQ was supposed to be
induced by ET from porphyrin moieties to AQ; the ET rate con-
stants were estimated as 0.50 x 109 s=1 - MgTPP, 0.36 x 109s~1 -
ZnTPP, 4.17 x 109 s~1 — PbTPP. The light-induced ESR signals sup-
ported the thesis as to the origin of the unpaired electrons [69,191].
Analysis of the fluorescence results and ESR data (Fig. 4.3b) per-
mits identification of the mechanisms responsible for the effects
observed. The quenching of PbTPP fluorescence is faster than those
of MgTPP or ZnTPP. The observed effects are discussed as result-
ing in ET but also in thermal relaxation and charge recombination
processes [69,192]. A mixture of porphyrin derivative (tetrakis(4-
N-hexadecylpyridiniumyl)) with AQ were also studied in a form
of monolayers or Langmuir-Blodgett (LB) films [193]. However,
the photocurrent in this mixture was lower than that in the pho-
todevices based on LB films of the individual porphyrin due to
incorporation of AQ. Examples of the energy and electron transfer
in the systems composed of porphyrins (tetranaphthylporphyrin,
tetraarylporphyrin) with different AQ derivatives as quenchers or
porphyrin-AQ dyads bridged with a triazine group can be also
found in [194-198]. Fluorescence quenching rate values [ 194] were
evaluated in the similar way as it was done in [69] and it is postu-
lated that quenching occurred as a result of formation of a charge
transfer complex, [194,198]. There was also shown that there is no
interaction between the ground-state porphyrin moiety and the
ground-state anthraquinone one [69,194,195,198]. The quenching
mechanism was interpreted as a static quenching with long-range
dipole-dipole energy transfer between excited AQ molecules and
the ground state of porphyrin and electron transfer from singlet
excited state of porphyrin to AQ molecule and these lead to forma-
tion of radical ions [69,194-198].

Porphyrins and phthalocyanines were also studied by some
authors in wide aspects of spectroscopic investigations and prac-
tical applications [e.g. 183,190,199]. Moreover, the effects of por-
phyrin substituents on photovoltaic properties of dyes have been
also examined for a series of zinc meso-tetraphenylporphyrins sen-
sitised in TiO, cells [199]. It was shown that the cell photoactivity
depends on the bridge between the porphyrin core and the TiO,
surface and its preparation procedure as well as the type of sol-
vents. Photoinduced single-step ET on the nanometre scale in more
complex systems like, e.g. strongly coupled zinc porphyrin-gold
porphyrin dyad was also studied with the use of advanced meth-
ods to show the dynamics of the processes [81]. More complex
objects like porphyrin-fullerene linked systems were also a subject
of comprehensive study [e.g. 6,200]. The results provided by using
the presented models have confirmed that conventional methods
can be successfully applied to get data on photoinduced electron
transfer processes.
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Fig. 4.2. Examples of the absorption (a) and photoacoustic (b) spectra of MgTNP (dashed line), SM (solid line), MgPc (dotted line) in DMSO.

4.2. Fullerene-organic chromophore dyads, triads, tetrads

As mentioned above, the Cgy molecule shows only four IR-active
modes of the T;, symmetry. However, in the Cgg single crystal (ful-
lerite) or in solutions of fullerene, the symmetry of the molecule
should be reduced and the degeneracy of several vibrations should
be lifted. Martin et al. [201] have observed over 180 vibrational
absorption lines in the 100-4000 cm~! range. A similar effect was
detected in a complex of Cgg and chloro(triphenylphosphine)gold
[202]. Over the past few decades, the intermolecular interaction
of porphyrins and Cgp has been studied extensively. Molecular
mechanics calculations performed for various porphyrin-fullerene
supramolecular complexes by Kang and Lin [203] have shown that
porphyrin substituents introduce additional C-H (substituent). - -
(fullerene) interactions and enhance the interactions between
porphyrin and fullerene species. Another interesting type of
interaction is - association between metalloporphyrins and
Cgo. Favourable van der Waals attractions between the curved
mr-surface of the fullerene and the planar m-surface of metallo-
porphyrin assist in the supramolecular recognition. This leads to
complexes with contacts shorter than ordinary van der Waals
ones and a variety of crystal structures [7]. However, the van
der Waals force, very weak between porphyrins, plays a cru-
cial role in formation of the most stable structures [203]. As it
was mentioned before, to optimise intermolecular interactions the
contact between fullerene and electron-donating molecule must
be very close. The best way to optimise the contact between
both moieties of the system is to induce covalent bonding of
the parts. For construction of optoelectronic devices or artificial
photosynthetic systems not only the interactions but also charge
separation originating from photoinduced electron-transfer is of

utmost importance [5]. Imahori and his co-workers as well as
other groups have found that Cgg accelerates photoinduced charge
separation and retards charge recombination in donor-linked Cgg
dyads [7,204-206]. On the other hand, porphyrins and fullerenes
appear particularly suitable building blocks for construction of
supramolecular systems displaying photoinduced energy and elec-
tron transfer processes [17,207-209].

A simple approach to forming of self-assembled supramolecu-
lar donor-acceptor dyads is the use of functionalised fullerenes in
order to study light-induced electron transfer. The fullerene bears
a nitrogenous ligand to coordinate the central metal of macrocyclic
complexes such as porphyrin, phthalocyanine or naphthalocya-
nine. Complex formation can be confirmed by the UV-vis spectra
(red shift of the Soret and Q bands), fluorescence (quenching of
the steady-state fluorescence) and other techniques such as elec-
tron spray ionization mass spectroscopy, the '"H NMR spectroscopic
measurements (appreciable upfield shift of the coordinated ligand)
and molecular orbital calculations. The last methods are useful to
arrive at optimized structures for the supramolecular conjugates
and their electron structure [209-211]. The electron density of
HOMO is localized in the porphyrin moiety while the electron den-
sity of LUMO is localized in the Cgy moiety. This suggests that the
most stable charge-separated state of the supramolecular dyad rep-
resented as Cgo®*~ — P** [212] for the charge-transfer state having
partial charge displacement in both HOMO and LUMO is repre-
sented as Cg®*®~ — P*%*. Similar conclusion arises from ab initio and
density functional theory calculations of Bhattacharya et al. [213].
For H,TPP-Cgg dyad LUMO, LUMO+1, and LUMO+2 are localized
on the acceptor, whereas HOMO and LUMO+3 are localized on the
donor side. However, for the ZnTPP-Cgg dyad LUMO+1 and LUMO+2
are localized on the acceptor, HOMO and LUMO+3 - on the donor

a4 b 80
1
3 60 |
[}
3
Lo £
u £
<
14 2
n T
i e
1 20 [ e 4 |
e e 3
Lz m T |
0 1 1 1 0 1 1 1
0 25 50 75 100 6.0 55 5.0 45 4.0
AQ concentration x 10'M Log C (AQ)

Fig. 4.3. Fluorescence ratio (a) and ESR amplitude of signals (b) of porphyrin—-AQ mixture; MgTPP-AQ (1), ZnTPP-AQ (2), PbTPP-AQ (3), H,TPP (4); Fo and F are the dye

fluorescence intensities in the absence and presence of AQ.
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side, whereas LUMO is partially localized on the acceptor and linker.
Molecular electrostatic potential maps demonstrate the electron
transfer phenomena from the porphyrin moiety to fullerene in both
dyads [213].

Quantum chemical methods are also useful for molecular geom-
etry optimization. The minimum energy indicates an optimal
geometry of the molecular systems; it is also possible to find config-
urational and conformational isomers. For example, Herranz et al.
using the semiempirical PM3 method have predicted the existence
of two conformational isomers in Cgp-donor dyads in which the
fulleropyrrolidine moiety is covalently attached to a w-extended
tetrathiafulvalene analogue through an ethylenic spacer [214]. The
donor fragment in this dyad is highly inclined from planarity. This
is a consequence of the strong steric hindrances between the sulfur
atoms of the dithiol rings and the CH units in peri positions. The-
oretical calculations predict a higher stability of the trans isomer
with two dithiol rings pointing upwards [214].

As mentioned above, fluorescence spectroscopy can confirm
complex formation. As was shown by El-Khouly et al. addition
of fullerene to porphyrin in toluene solution decreases the fluo-
rescence intensity to about 30% of the original intensity [215]. It
is well known that in porphyrin-fullerene systems the charge-
separated state is formed in polar solvents via photoinduced
electron transfer. However, some systems produce the charge-
separated states even in nonpolar solvents. Numerous laboratories
investigate systematically solvent dependent change in the charge
separation and recombination processes. Photodynamic processes
have been usually studied by fluorescence lifetime measurements.
For example, the fluorescence lifetimes of the typical dyad zinc
porphyrin-fullerene were measured by a time-correlated single
photon-counting apparatus with excitation at 410 nm, and moni-
tored emission originated from the porphyrin and fullerene moiety
at 610 and 720 nm, respectively [216]. The fluorescence lifetimes
of the dyad at 610nm (in nonpolar solvents) are much shorter
than those of zinc porphyrin. On the other hand, the lifetime of the
excited state absorbing at 720 nm in the dyad becomes longer when
the solvent polarity decreases, approaching the lifetime of Cgg. All
these and other experimental observations suggest that the charge-
separated state in benzene, produced via photoinduced electron
transfer, undergoes charge recombination to yield Cgy [216-218].
Electron transfer dynamics can be rationalized by the small reorga-
nization energy of porphyrin-fullerene systems - such information
is helpful for developing artificial photosynthetic systems. To have
this subject in view, a new group of porphyrin-fullerene dyads with
an azobenzene linker was synthesized [219]. The photophysical
and photochemical properties of these materials were investi-
gated using steady-state and time-resolved spectroscopic methods.
While no major differences were observed in the rate constants
of photoinduced intramolecular electron transfer in comparison
with closely analogous dyads with amide and acetylenic linkers,
the back electron transfer rates was significantly faster in the azo-
linked dyads. In all cases, the rates of back electron transfer are slow
relative to the rates of charge separation, by as much as 4 or 5 orders
of magnitude [219]. Lemmetyinen et al. have synthesized selected
phthalocyanine-fullerene dyads [220]. These dyads have different
orientations of phthalocyanine and fullerene, which strongly influ-
ence the electron transfer from phthalocyanine to fullerene moiety.
Fluorescence quenching of the dyads were measured in both polar
and nonpolar solvents, and in all cases, the quenching was more
efficient in the polar environment [220]. The same group had stud-
ied the photoinduced electron transfer in five structurally different
phytochlorin-fullerene dyads [221]. The dyads have been stud-
ied in polar and nonpolar solvents using femtosecond fluorescence
up-conversion and pump-probe transient-absorption techniques.
Small changes in the structures of the dyads result in considerable
changes in the electron transfer properties [221]. The first excited

singlet state of phytochlorin is in equilibrium with an intramolec-
ular exciplex state. In polar solvent the exciplex undergoes an
electron transfer, and a complete charge separated state is formed
with the quantum yield close to unity. The phytochlorin-fullerene
dyads form the complete charge separated state also in nonpolar
solvent with the yield influenced by minor changes in the molecular
structure. These new dyads have a weaker phytochlorin-fullerene
interaction due to longer separation distances between the two
moieties and therefore the energies of exciplex states are increased,
and thus their formation rates are reduced [221]. The most compact
structure of the donor-acceptor pair may not be optimal from the
point of complete charge separation.

In this chapter we would like also to recapitulate our recently
performed investigations of molecular and electronic structure as
well as electronic and vibrational excitations of fullerene derived
systems containing organic chromophores such as modified por-
phyrins, diimide-derivatives, thiophene-based systems and so on;
all these molecules strongly absorb sunlight and can play a role of
electron donors in photovoltaic systems [202,222-227]. Physical
properties of the dyes, in particular their electron and vibrational
structure, depend on the molecular geometry of the compounds.
The most probable molecular configuration of porphyrin or other
organic chromophore dyads with fullerenes can be found by calcu-
lations with the use of Gaussian 03 program [228]. According to our
calculations, the phenyl groups assume positions perpendicular to
the porphyrin plane in the spatially most convenient conformation
Dy of TPP. However, a low-symmetry arrangement can be also
possible. For the C; symmetry, the independent motion of the Ar
group can stabilize the structure. In fact, for this symmetry, the
bonding energy of the molecule shows a minimum. The optimal
angles between the phenyl groups and the porphyrin plane for S,
symmetry are £62° but for C; - between 62 and 65° [224]. The
structure of TPP of the symmetry Dy, and C; and the structure of
its dyad with fullerene are shown in Fig. 4.4a and b.

In the fully optimised geometry of the zinc porphyrin dimer
the angle between the porphyrin planes of the monomers is 88°,
whereas the distance from the centre to centre of the monomers
(Zn-Zn distance) is 8.39 A (Fig. 4.4c).

Typical vibrational spectra of the fullerene-porphyrin dyad are
discussed taking into consideration the results of our study of
the dyad consisting of the zinc meso-tetraphenyl porphyrin scaf-
fold with Cgp moiety attached to the short pyrrolidine single
linker [224]. IR absorption spectra of the dyad, the zinc meso-
tetraphenylporphyrin and the modified fullerene with a linker are
shown in Fig. 4.5.

Most of the bands attributed to the vibrations of porphyrin can
be found in the spectra of the dyad at the same or slightly shifted
frequencies. Similar vibrational spectra of various porphyrins and
the band assignments have been reported in literature [229-231].
The shape of some bands of the dyad is changed in comparison
with that in the corresponding region of the porphyrin spectra. For
example, the C=C and C-C stretching modes of porphyrin occurring
at 1476 and 1497 cm~! appear as a double band with maxima at
1476 and 1495cm~! in the spectrum of the dyad. We conclude
that the formation of the fullerene-porphyrin dyad causes small
changesin the electron distribution on the porphyrin moiety, which
affect its vibrational force constants observed as small shifts of the
band position [224].

Four bands at 527 (very strong and narrow), 575, 1179 and
1425cm~! were observed in the IR spectrum of the dyad stud-
ied. The bands at 527 and 575 cm~!, which also appear for pristine
Cgo and the modified fullerene, correspond to Ty, modes related
to radial deformation of the fullerene moiety [232]. The frequen-
cies of these vibrations are unchanged upon formation of the dyad.
The two remaining IR-active bands of Cgg, which are related to its
tangential deformations [232], are located at 1182 and 1428 cm™!.
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Fig. 4.4. Molecular structure of the 5,10,15,20-tetrakis(3,5-di-tert-butylphenyl)porphyrinatozinc(Il) (TBPP) of the Dg4y, (a) and C; (b) symmetries and its dimer structure (c).
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Fig. 4.5. IR absorption spectrum of TPP-Cg dyad recorded in KBr pellet, at room
temperature.

The tangential modes of the fullerene would undergo small, about
3cm~! shift and line shape deformation after functionalization of
the Cgp molecule. Similar effects were also observed for other such
dyads such as [60]fullerene-TTF [233], meso-linked oligoporphyrin

bearing one or two fullerene moieties [14] and [60]fulleropyrro-
lidines [234]. It seems that the tangential deformations of Cg,
in contrast to the radial deformations, are distinctly perturbed in
modified fullerenes [224]. Electronic spectra of the dyads contain-
ing Cgp and various porphyrin-derived dyes are collected in Fig. 4.6.
Three strong absorption bands identified as the dipole-allowed
transitions in pristine Cgy are observed at 206, 264, and 340 nm
[223]. The electronic spectrum of the zinc porphyrin is dominated
by the very strong Soret band located at 420 nm (Fig. 4.6a).
Contrary to the porphyrin molecule, the spectrum of porphyrin
dimer shows a splitting of the Soret band into a doublet at 416 and
452 nm (Fig. 4.6b). This suggests that the second singlet-excited
states of both porphyrin units are coupled leading to the splitting
of the singlet electronic levels. The Soret absorption band in the
spectrum of fullerene-porphyrin dyad is bathochromically shifted
from 420 to 430 nm testifying to the electronic interaction between
porphyrin dye (electron donor) and fullerene acting as an electron
acceptor. In contrast to the bands characteristic of the porphyrin
scaffold, the bands of the fullerene moiety, in particular those at
264 and 340 nm, undergo small hypsochromic shifts. In spite of the
covalent linkage and vicinity of both fullerene and porphyrin -
systems, the observed spectroscopic changes are probably related
to both through-band and through-space electronic interactions
between the fullerene and appended chromophores. The Soret dou-
blet in dyads containing the porphyrin dimer is bathochromically
shifted when compared to the doublet in the spectrum of the por-

a | b
. 'fl‘
L
gy 8
c V! 1 c
8 Y 8
5 S
7] @
Q
E <
200 300 400 500 600 700 200 300 400 500 600 700

Wavelength (nm)

Wavelength (nm)

Fig. 4.6. Electronic absorption in KBr pellets at room temperature of fullerene-porphyrin dyad and the dyad components: Cgo — dashed line, P - dotted line, P-Cgp - solid
line (a) and the spectra of the dyad fullerene-porphyrin dimer and its components Cgy — dashed line, 2P - dotted line, 2P-Cg - solid line (b).
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Fig. 4.7. Photocurrent of the porphyrin-fullerene systems; 1P - solid line, 1P-Cg - thick solid line (a) and 2P - dotted line, 2P-Cgo - solid line, 2P-2Cgo - thick solid line (b).

phyrin dimer. The doublet at 416 and 452 nm in the spectrum of
the dye is shifted to 426 and 465 nm in that of the dyad; this shift
is more distinct if two Cgg molecules are bonded to the porphyrin
dimer (431 and 472 nm, respectively) [226]. The absorption bands
of both moieties of the dyads are not only shifted but also are dis-
tinctly broadened. These effects testify to the fact that the electron
distribution is significantly changed after the dyad formation.

Strong interaction in the porphyrins covalently linked to Cgp was
also studied by the fluorescence, PAS and LIOAS methods [117,225].
Results obtained with these methods not only confirmed that the
presence of fullerene influences markedly photophysical proper-
ties of fullerene-porphyrin dyads because of strong interaction
between fullerene and covalently linked chromophore, but provide
the evidence for intramolecular energy transfer from fullerene to
porphyrin. Strong interactions in the systems under studies lead
not only to charge redistribution but also creation of excimers
[117,225]. The LIOAS study permits determination of the basic
parameters such as quantum yield of triplet states population and
thermal relaxation decay of triplet states which are very important
in molecular photovoltaics. All these data are useful in design-
ing molecular light converting systems. Charge redistribution and
localization of electrons were studied by ESR [227,235]. The light-
induced ESR signal was found to increase stepwise with the incident
light and decrease very slowly when the light was switched-off. The
detailed resonance studies revealed that the main ESR parameters
of porphyrins are weakly dependent on the number of porphyrin
molecules and these parameters are not noticeably changed after
the dyad formation [227]. The electron-donor-acceptor character
of the systems under studies was also confirmed by examination
of photocurrent generated in a photoelectrochemical cell com-
posed of gold and semiconductor electrodes. The LB films of the
porphyrin-fullerene dyads showed the most intensive cationic
current when the photoelectrochemical cell was sensitised by
porphyrin-fullerene system [200]. The enhanced photoresponse
was received in PEC with the ZnP-Cgg system due to slowing down
a charge separation process. When the cell is filled with porphyrin
dyads with fullerene also thermal deactivation has to be considered
as areason for photosignal reduction [200]. Results of the photocur-
rent measurements of the porphyrin-fullerene systems are shown
in Fig. 4.7a and b.

In the majority of donor-fullerene linked systems constructed
with the use of symmetric tetrapyrroles such as porphyrin and
phthalocyanine, it was difficult to probe a slower charge recombi-
nation process. Thus, it is desired to develop donor-acceptor dyads
which can afford long-lived charge-separated states [236]. One pos-
sibility is to replace these symmetric donors with, e.g. corroles
[237]. Corroles are one-carbon-shorter analogues of porphyrins
possessing the skeleton of corrin with three meso-carbons between
the four pyrrole rings [236]. Recent synthetic breakthroughs have

made these macrocycles more available [238,239]. When compared
to porphyrins, these tribasic aromatic macrocycles exhibit lower
oxidation potentials, higher fluorescence quantum yields, larger
Stokes shifts, and more intense absorption of red light [240,241].
The first example of covalently linked free-base corrole-fullerene
dyads was reported by D’Souza et al. [236]. Corrole-fullerene dyads
reveal an absorption band around 310 nm. The Soret band of the
dyad is blue-shifted by 5nm compared to the reference corrole;
such a trend is observed for Q bands around 560 nm. These shifts
suggest electronic interactions between the corrole and fullerene
entities of the dyad. The HOMO state is located mainly on the cor-
role -system, but it is also on a spacer of the dyad whereas LUMO is
located on the fullerene spheroid [242]. The locations of HOMO and
LUMO suggest formation of the corrole*-Cgp~ charge-separated
state during photoinduced electron transfer [236]. Free-base cor-
roles reveal an emission band at 656 nm with a shoulder around
714 nm but in the dyad this emission is fully quenched [243]. This
result indicates efficient excited-state events in the dyad. The rate
constant of charge separation (kcs) is between 101° and 10! 5!
but the quantum yield (@s) is found to be >97% [236]; it suggests
an efficient photoinduced electron transfer process.

Molecular systems designed to mimic the photosynthetic reac-
tion centre must exhibit a preference for electron transfer over
energy transfer at longer distances since the energy transfer rate
decreases rapidly with increasing distance between the donor
and acceptor [7,244,245]. Yamada et al. [246] have proposed to
incorporate a “molecular wire” in the D-A system to facilitate
electron transfer over long distances. Linear m-conjugated polyene
and polyyne spacers enhance through-bond electronic coupling
between D and A [247]. Thus, systems in which the redox centres
are separated by such “molecular wires” exhibit efficient long-
range electron and energy transfer. The porphyrin-fullerene dyad,
in which the chromophores are conjugatively linked through a
butadiyne “molecular wire”, was synthesised and described few
years ago [248] - it seems that the butadiyne-linked dyad is a pro-
totype of a new family of photoactive materials. Small red shifts
apparent in the UV-vis absorption spectra of the dyad relative to
the porphyrin do not provide any evidence for a ground-state inter-
action between the two 1r-systems. On the other hand transient
absorption studies show that the efficient quenching of porphyrin
fluorescence by the attached fullerene moiety in the molecular wire
is due to photoinduced electron transfer to give a charge separated
state P*-alkyne-Cgo~ [248]. The fluorescence lifetime measure-
ments support the notion that the triple bond is a very efficient
mediator of electronic interaction between porphyrin and fullerene
moieties.

Recently, the thiophene oligomers and thiophene-derived sys-
tems have been widely studied experimentally and theoretically.
For example, we studied the vibrational and electronic properties
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Fig. 4.8. Chemical structure of the thiophene-based-fullerene dyads: oligothiophene-fullerene dyads with n=1, 2, and 3 (a), dyad of ethylenedioxythiophenyl

(EDOT)-fullerene (b), and dyad of hexylthiophenyl (HXT)-fullerene (c).

of selected oligothiophene-fullerene and thiophene-derivative-
fullerene dyads by electronic and infrared absorption as well as
Raman scattering methods [249,250]. Spectroscopic investigation
was supported by quantum chemical simulations of the molec-
ular structure, normal mode vibrations and electron levels of
the dyads. Chemical structure of the thiophene-based fullerene
dyads are shown in Fig. 4.8. The experimental electronic spectra
of all dyads investigated recorded in KBr pellets are presented in
Fig. 4.9. The spectra of the dyads are similar to each other and
dominated by the bands characteristic of the fullerene molecule.
However, there are some differences related to the changes in the
molecular geometry of the dyads. A singular observation was the
additional broad band observed at about 393 nm in the spectrum
of fullerene-oligothiophene (for n=3; 3T-Cgo) dyad [249,250].

For understanding these differences, the time dependent den-
sity functional theory (TD-DFT) calculations of transition energies
were performed for all the dyads [249]. The results are shown in
Fig. 4.10. In most of investigated molecular orbitals, the electron
density is localized completely on the one of the moieties: fullerene
or thiophene-derived units. Almost all HOMO and LUMO orbitals in
the compounds investigated are localized on the fullerene moiety
but for 3T-Cgg, the HOMO orbital is localized only on the oligothio-
phene part while LUMO is located on the fullerene part [249].

The energy gap between HOMO and LUMO is similar in all
investigated tiophene-derived materials. Usually, the gap Ay_
is of about 2.55eV, but in the 3T-Cgy dyad the gap is signif-
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Fig. 4.9. Experimental electronic spectra of the investigated dyads recorded in KBr
pellets. For clarity of the figure the absorbance scale is not preserved.

icantly lower (Ay_L=2.26eV). Supplementary calculations gave
the energy gap of Ay =2.07eV for 4T-Cgo dyad. These differ-
ences were related to the length of the oligomer and probably to
the electron delocalization connected with that length [249]. The
above mentioned observations suggest that the way to improve
the intramolecular charge transfer in the materials of this type
is to use longer oligothiophene or similar molecule/group linked
to the fullerene. However, it seems that in the dyads containing
thiophene-derived molecules the crucial is not the length of the
donor moiety but the presence and number of rings in its chemical
structure. Vibrational properties of various dyads containing olig-
othiophenes or thiophene-derived molecules and fullerene have
been widely described by Barszcz et al. [249]; Fig. 4.11 shows
these results. It has been also proved that changes in the molec-
ular structure of the dye lead to specific changes in the spectra of
corresponding dyads.

Another interesting chromophore for various applications
is perylene-3,4:9,10-tetracarboxydiimides (PDI). It was recently
linked to fullerene Cgp with the aim of inducing intramolecular
energy transfer and enhancing the efficiency of organic solar cells
[251,252]. We have been interested in development of a dissym-
metrical PDI building block in order to investigate its grafting to
both Cgp and tetrathiafulvalene to obtain PDI-Cgy and PDI-TTF
dyads.

The UV-vis spectra of these dyads are shown in Fig. 4.12.
The absorption bands of the fullerene moiety are broadened and
shifted; the band at 334nm undergoes a hypsochromic shift by
9nm compared to the wavelength of the respective band of Cgg
[141]. Some perylenediimide absorption bands show bathochromic
shifts by a few nanometres (on average 7nm) with regard to
the components of the triple absorption of PDI. The absorption
spectrum of PDI-TTF resembles that of PDI, what means that TTF
does not change significantly the electronic structure of the chro-
mophore.

On the basis of results of the spectroscopic studies of the dyads
of fullerene-organic chromophore presented above and taking into
account extensive literature data, we can conclude that various
spectroscopic methods such as infrared and electron absorption
spectroscopy, Raman scattering and others can be successfully
used for characterisation of such complex molecular systems as
fullerene-organic chromophore dyads.

4.3. Branched donor-acceptor ensembles and self-organised
systems

Application of fullerenes in multistep electron transfer
systems seems to be the next step towards improve-
ment of solar energy conversion devices. There are a lot of
reports about triads, tetrads, pentads and others containing
organic chromophore and fullerene [84,206,224,253-255].
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Fig. 4.10. The contour plots of the highest occupied molecular orbitals (HOMOs,
left side) and the lowest unoccupied molecular orbitals (LUMOs, right side) of the
investigated dyads fullerene-thiophene.

In this chapter we concentrate on photophysical properties
of porphyrin-organic donor molecule-fullerene triads and
tetrads, e.g. porphyrin-pyromellitimide-fullerene [82,224] or
ferrocene-porphyrin-fullerene [82,256]. An additional donor,
i.e. ferrocene, was attached to the porphyrin-fullerene dyad
to prolong the lifetime of the charge-separated state with-
out lowering the charge separation efficiency. One of the
first porphyrin-fullerene-linked tetrad was ferrocene-zinc
porphyrin-free base porphyrin-fullerene (Fig. 4.13a) synthesized
by Imahori et al. [216]. Guldi [7] and Imahori [216,255] investi-
gated the lifetime of the charge separated state via systematic
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Fig. 4.11. Experimental IR absorption spectrum of the dyad EDOT-Cgo, with ade-
quate calculated spectrum obtained with theory level B3LYP/6-31G(d,p).
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Fig. 4.12. UV-vis spectra of the dyads PDI-Cg (thick solid line) and PDI-TTF (solid
line).

extension of the donor-acceptor composition. It was shown that
a donor-acceptor distance and long-lived charge separated state
can only be attained in a series of short-range, fast and efficient
electron transfer systems if wire-like spacer units are employed
[7]. Porphyrin-fullerene-linked triads and tetrads display stepwise
electron transfer relay, mimicking the primary charge separation in
the photosynthetic reaction centre. Long-lived charge-separated
state up to 16 s and highly efficient electron transfer were
observed in the ferrocene-zinc porphyrin-fullerene triad [5].
The lifetime of the charge-separated state in the ferrocene-zinc
porphyrin-free-base porphyrin-fullerene tetrad is 0.34s in
benzonitrile [5]. It seems that more elaborate porphyrin-fullerene-
linked systems will be the next step for obtaining high quantum
yield of charge separation and the lifetime of the charge-separated
state longer than in natural systems.

Another promising approach for achieving good structural con-
trol and light-harvesting properties is the self-assembly of dye or
dye-fullerene systems. Molecular self-assembly processes lead to
the construction of large and ordered superstructures by the use of
weak, noncovalent bonding interactions between complementary
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Fig.4.13. Scheme of the molecular structure of ferrocene-zinc porphyrin-free base porphyrin-fullerene tetrad (a), photoinduced multistep electron transfer at gold electrode
modified with self-assembled monolayer of porphyrin-Cg sulfide (b), and photoinduced multistep electron transfer at gold electrode modified with self-assembled monolayer

of ferrocene-porphyrin-Cgo alkanethiol (c).

molecular structures [257-259]. The first porphyrin-fullerene-
linked dyads containing zinc porphyrin and porphyrin without
metal at the centre, in self-assembled monolayers were reported
by Imahori et al. [260]. Since sulfides are relatively stable compo-
nents, a methylthio group was attached to one end of a porphyrin
ring, while the opposite end had a Cgyp moiety (Fig. 4.13b). Extended
spectroscopic investigation of the self-assembled monolayers of
zinc porphyrin-Cgg dyad/Au and free-base porphyrin-Cgo dyad/Au
(where/represents an interface) revealed that the porphyrin-Cgg
molecules are tilted nearly parallel to the gold surface, leading
to the formation of loosely packed structures [5]. Under short-
circuit conditions, cathodic photocurrent was observed in the
photoelectrochemical system with the quantum yield 0.5% [5,260].
Self-assembled monolayer systems of the porphyrin-fullerene-
linked dyads have been extended to porphyrin-fullerene triads
with an alkanethiol [261]. The alkanethiol-attached triads involve a
linear array of ferrocene-porphyrin-fullerene. When a thiol group
is introduced at the end of the donor-acceptor-linked molecules,
it is arranged unidirectionally at the gold electrode, leading to for-
mation of a uniform self-assembled monolayer with a thickness of
about 50 A (Fig. 4.13c). The triad molecules are well-packed with
an orientation almost perpendicular to the gold surface [5,256].
The mixed self-assembled monolayers on the gold electrode have
enabled a cascade of photoinduced energy transfer and multistep
electron transfer, leading to the production of photocurrent out-
put with the highest internal quantum yield ever reported for
photocurrent generation at monolayer-modified metal electrodes
[257].

Recently, the photoinduced electron transfer processes in
supramolecular fullerene systems with various electron donors
have become the most investigated phenomena. Huge amount of
new self-assembled supramolecular triads, tetrads, pentads and
larger molecular systems have been formed via metal-ligand coor-
dination, crown-ether inclusion, ion pairing, hydrogen bonding,
or - stacking interactions. Although the single mode of bind-
ing gives flexible supramolecular structures, the newly developed
strategy of multiple modes of binding results in conjugates of
defined distances and orientation between the donor and acceptor
entities, which influences the overall electron transfer reactions
[209]. In these conjugates an acceleration of the charge separa-
tion process and deceleration of the charge recombination are
observed. However, studies on these self-assembled supramolecu-
lar systems anticipate involvement of more complex systems for
better performances in light-driven devices, in particular in the
field of photovoltaics [209,262].

For example, ferrocene-phthalocyanine-fullerene supramolec-
ular triads were constructed with pyridine or imidazole
appended fulleropyrrolidene and covalently linked zinc
phthalocyanine—ferrocene dyad via axial coordination [263].
Steady-state and time-resolved fluorescence measurements per-
formed by Zhao et al. [263] shown the occurrence of efficient
photoinduced electron transfer from excited phthalocyanine to
fullerene entity in the triad with kcs = 102 s~1 and with high charge-
separation quantum yields ¢cs = 0.88. The formation of a long-lived
charge-separated state of self-assembled donor-acceptor tetrad
obtained by axial coordination of a fulleropyrrolidine appended
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with an imidazole coordinating Cgg ligand to the zinc centre of
a subphthalocyanine-triphenylamine (TPA)-ZnP was recently
investigated [264]. The majority of the highest occupied frontier
molecular orbital was found over the ZnP and TPA entities, whereas
the lowest unoccupied molecular orbital was located over the
fullerene entity, suggesting the formation of the radical-ion pair.
The femtosecond transient absorption measurements revealed
fast charge separation from the singlet porphyrin to the coordi-
nated Cgo with the life-time of 1.1 ns; slow charge recombination
(1.6 x10°s71) and the long life-time of the charge-separated
state (6.6 s) were observed in toluene [264]. A self-assembled
supramolecular triad where boron dipyrrin, zinc porphyrin, and
fullerene respectively constitute the energy donor, electron donor,
and electron acceptor segments of the system was studied recently
[265]. Selective excitation of the boron dipyrrin moiety in the
dyad results in energy transfer over 97% efficiency creating sin-
glet excited zinc porphyrin. Upon forming the supramolecular
triad by self-assembling fullerene, the excited zinc porphyrin
resulted in electron transfer to the coordinated fullerene, yielding
a charge-separated state. Nanosecond transient absorption studies
permitted to evaluate a lifetime of the charge-separated state to be
23 ws, indicating charge-stabilization in the supramolecular triad
[265]. Supramolecular triads of free-base porphyrin, fullerene, and
ferric porphyrin were characterised by spectroscopic methods
and deduced from quantum chemistry calculations [266]. Free
energy calculations and emission data suggested the occurrence
of sequential electron transfer from singlet excited free-base por-
phyrin to the covalently linked fullerene, followed by an electron
transfer from fullerene anion radical to ferric porphyrin, generating
free-base porphyrin cation radical and ferrous porphyrin as the
electron transfer products. It anticipates generation of long-lived
charge-separated species as a consequence of distance separation
between the oxidized and reduced species [266]. Lifetimes of the
final charge separated species of the order of 20 jus were obtained.
The dramatic changes of the lifetimes of the charge separated
states were also observed in ZnP-oligothiophene (nT)-Cgg linked
triads with the solvent polarity [267]. The energy transfer mech-
anisms were described in details in the paper of Nakamura et al.
[267]. The relationship between the energy levels of two charge
separated states, which strongly depends on the solvent polarity,
causes large changes of the lifetime of the charge separated state
in ZnP-nT-Cgg. The longest lifetime of the charge separation
states of 450-910 s was detected in o-dichlorobenzene; it is
about 30 times longer than those in HyP-nT-Cgp in the same
solvent [267].

It is necessary to add, that extension of the self-assembly
approaches to single wall carbon nanotubes results in nanotube-
porphyrin/phthalocyanine nanohybrides capable also of undergo-
ing photoinduced electron transfer [261].

4.4. Molecular arrangement in Langmuir-Blodgett films

The structure, formation and molecular organisation (includ-
ing orientation of planar fragments of molecules) of organic layers
are the subjects of current interest. Various spectroscopic methods
are excellent techniques of probing surfaces and interiors of thin
films because they give fundamental information on the proper-
ties of systems minimizing destruction of the sample as compared
to a number of other film analysis methods. Now, spectroscopic
methods are commonly used for quantitative determination of
molecular organisation in multilayered thin organic films of poten-
tial application in photovoltaics [268-278]. This subject was also of
interest to us [200,279-282].

In particular optical ellipsometric spectroscopy [283,284],
infrared reflection or reflection-absorption (IRRA) spectroscopy
[275-277,285], Raman spectroscopy [286], as well as X-ray reflec-

tivity [287] and fluorescence spectroscopy [288] are the most useful
techniques for determination of molecular orientation in the films.

Molecular arrangement in LB layers can be evaluated from the
polarized spectra in the visible range. Under supposition of the flat
m-m* molecular structure of the organic chromophore and when
the layer is illuminated with the polarised light, dichroism of the
film can be expressed as:

Dg = A—z

where A and A, are the film absorbances for polarized light with
the electrical vectors parallel and perpendicular to the film dipping
direction, respectively. The dichroic ratio is a function of @, 6, and 8
angles determining an orientation of the flat molecule in the Carte-
sian space. Yoneyama et al. [289] have introduced a parameter Py
corresponding to the fraction of molecules with the centre axis z’
projections parallel to the Cartesian x axis:

(sin’ O cos? @)

P = 1 — (cos2 0)

where () denotes a statistical average. This parameter is limited to
0< Py <1.It means that when Py > 0.5 a ring face is oriented prefer-
ably to the x axis, and to the y axis when Px<0.5. This method
was used by us for study the molecular arrangement of selected
porphyrin and phthalocyanine dyes [272].

The orientation of organic molecules grafted to a metal surface
can be also determined using IRRA spectroscopy. Each molecular
vibration is characterized by the transition dipole moment M which
can be decomposed into components normal (M;) and parallel (My)
to the metal substrate. At the metal surface the electric field com-
ponent Ey of the incident electromagnetic wave is screened by the
electrons of the metal substrate and the My component does not
contribute. Therefore, for a single vibrational mode, the tilt angle
can only be determined if the absolute magnitude of M is known
[277]. The situation is improved if two vibrational modes (i and
j) of different orientations of their transition dipole moments can
be measured. Taking into consideration that the intensity of the
band IPUk recorded for the bulk spectrum (e.g. in KBr pellet) is pro-
portional to the square of adequate transition dipole moments M
of the band (I®“k ~ M2), the ratio of two bands intensities can be
expressed by equation:

j;bulk (M 2
I bulk — MJ
On the other hand, the ratio M;,/M;, for the bands at a LB film is

equal to the ratio I;'B/I;'B. Thus, the tilt angle © of the transition
moment M; can be evaluated using following equation:

5 Iibull(IjLB

tge 0 = W

This relative method was described in details by Debe [276] and
Arnold et al. [277] and several times was used successfully by the
authors of this review article [272,279-281].

Porphyrins and similar to them phthalocyanines are organic
chromophores commonly used in various photovoltaic applica-
tions. To learn more about the effect of chemical properties
and spatial conformation of various phthalocyanine substituents
leading to extension of their m-electron system, we systemat-
ically investigated the spectroscopic response of bulk and thin
film samples of a large family of copper phthalocyanines [281].
The reflection-absorption spectra of the samples with the use
of the unpolarised and polarised light, with electric vector of
the light wave parallel (0°; p-polarisation) or perpendicular
(90°; s-polarisation) to the plane of incidence were recorded
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Fig. 4.14. IRRA spectrum of copper(ll) 2,3,9,10,16,17,23,24-octakis(octyloxy)-
29H,31H-phthalocyanine for two perpendicular light polarisations.

in the range 400-4000cm~!. For spectroscopic investigation we
have chosen the films of five or ten layers. In our evaluations
we applied the simplified method proposed by Arnold et al.
[277]. The typical IRRA spectra of copper(Il) 2,3,9,10,16,17,23,24-
octakis(octyloxy)-29H,31H-phthalocyanine, for two perpendicular
light polarisations, restricted to the most informative region from
1000 to 1800cm~! are shown in Fig. 4.14. For estimation of the
molecular orientation of the macrocyclic central part of phthalo-
cyanines and substituent groups, about ten most intensive and
relatively well resolved reflection-absorption bands have been
selected. There are two main conclusions from these investigations:
(i) the tilt angle ® for the transition moment of the bands which
are connected with bending or deformations of the macro-cycle is
(45 £3)°, (ii) the value of the estimated tilt angle ® for a few bands
attributed to vibrations of the substituent is (55 + 3)°. This means
that the macroring of the phthalocyanine is tilted to the normal by
about 45° but the substituent is inclined from the plane of the cycle
by about 10° [282].

Electronic absorption and IRRA spectra of lead porphyrin as well
as magnesium and lead phthalocyanine dyes deposited in the form
of LB nanolayers on various solid inorganic surfaces were discussed
in the paper of Lewandowska et al. [279]. The IR spectroscopy was
supported by UV-vis absorption studies to follow the interaction at
the interface between the dye layers and the substrates as well as
to evaluate linear dichroism and to determine the arrangement of
molecules in the LB films. Analysis of the film dichroism indicated
that the phthalocyanine molecular frame is oriented at about 45°
with respect to x- and y-axes (x- and y-axes lie in the plane of the
solid substrate).

Dyads of the type fullerene-organic chromophore are particu-
larly interesting from the application point of view. Materials of this
type investigated recently by us are the dyads PDI-Cgg and PDI-TTF
[280]. Comparison of the absorption and IRRA spectra of the mul-
tilayered LB samples of these dyads suggests small redistribution
of charges in both moieties of the dyads after LB layer formation.
Otherwise, charge redistribution is especially distinct for the bands
assigned to external part of the PDI molecules suggesting, that the
dyads are fastened to the gold substrate surface with the PDI end.
The orientation of the organic chain molecules grafted to the gold
surface was evaluated by comparing IRRA and IR absorption data.
Polarised IRRA spectra for 10 layers of LB film of the PDI-Cgg dyad
on Au substrate are shown in Fig. 4.15. It was found that the PDI
moiety is tilted to the normal by about 44° in the PDI-Cgy dyad,
and by about 52° in PDI-TTF one. The linked parts of the dyads are
slightly inclined to the plane of the PDI molecule [280].
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Fig. 4.15. Polarised IRRA spectra for 10 layers of LB film of PDI-Cgo.

Langmuir-Blodgett films of the dyads of fullerene and
porphyrin-derived dyes of different thicknesses were studied at
various angles of light beam incidence and two mutually perpendic-
ular p- and s-light polarisations by both IRRA and UV-vis methods
[14]. These methods provided information on layer organisation, in
particular on the molecule orientation. For example, the polarised
UV-vis spectra of P-Cgy dyad are shown in Fig. 4.16. The parameter
Py, corresponding to the fraction of molecules with centre axis z’
projections parallel to the Cartesian x axis, proposed by Yoneyama
et al. [289] gives information on the orientation of the molecular
plane to the x axis. The data needed for the parameter determi-
nation are accessible from the polarised spectra of the dyes and
fullerene-dye dyads shown in Fig. 4.16 and similar spectra for the
other porphyrin-fullerene dyads discussed in [281].

The polarised UV-vis spectra of the LB layers of porphyrin P and
its dyad 2P are nearly identical for both p- and s-polarisations of
light (not shown) and the Py value for the dyes is of about 0.47.
The Py value less then 0.5 suggests insignificant ordering of the
molecular planes to the y axis. Similarly, insignificant changes in
the orientation of porphyrin cycle in the dyad P-Cgg was concluded
taking into account the value of the parameter Py approximating
0.5. The situation is different from that for the dyads 2P-Cgg and
2P-2Cgp. The angle 0 evaluated from the value of (cos? 6) and Py of
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Fig. 4.16. Polarised UV-vis spectra of the LB layers of P-Cgo dyad.
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the Soret band is between 33 and 55° but of the Q band - between
55 and 65°. These data show that bonding of the porphyrin dimer to
fullerene leads to a certain reorientation of the porphyrin moieties.
Onthe other hand, there is a difference in the 6 angle evaluated from
various absorption bands. This effect could of course arise from dif-
ferent configurations of the molecular orbitals taking part in both
discussed electron transitions for which the transition moment
directions are different. In conclusion, it seems that distinct reori-
entation of the porphyrin-derived moieties bonded to fullerene
could be induced by some changes in the chromophore symmetry
induced by the presence of a large, spherical Cgy molecule.

5. Towards prospective applications

A number of prospective applications of the donor-acceptor
systems have been proposed. Among them are such fasci-
nating applications as various photonic devices, light emitting
diodes, field-effect transistors and organic memories for molec-
ular computers, logic gates, sensors, switches, and catalysts
[5-7,209,290,291]. In principle, devices using organic materials
should be cheaper and simpler to manufacture than the corre-
sponding ones produced from inorganic materials. Maybe for this
reason, organic devices converting solar energy into electrical one
are in the centre of interest at the majority of laboratories work-
ing in the field of molecular engineering [125,292-294]. That is
why, in this chapter, we concentrated on the solar energy conver-
sion devices based on the energy and/or electron transfer between
organic chromophores and suitable electron acceptors. On the
other hand, the fundamental processes occurring in photovoltaic
systems are the main subject of our investigation, partially sum-
marized in this review article.

Organic solar cell research and development of related devices
have still along way to go to compete with inorganic solar cells. The
efficiency of inorganic solar cells goes up to 20% but organic solar
cells operate usually at the efficiency of 5-6% [293]. An exception
is ruthenium polypyridyl complex as TiO, sensitiser with N3 dye
demonstrating photovoltaic cell energy conversion efficiency of
11% [295]. There are several physical reasons for the low efficiency
of organic systems [292]. One of them is the generally poor charge-
carrier mobility of organic solids, a few orders of magnitudes lower
than that in inorganic ones [296]. This effect is partly balanced by
relatively strong absorption coefficients, usually >10° cm~! [294].
Another important difference between crystalline inorganic mate-
rials and rather amorphous and disordered organic materials is
the relatively small diffusion length of primary photoexcitations
[294-299]. These features of organic systems lead to devices with
very small layer thickness, very often below 100 nm. Typical and
simplest construction of organic solar cell is shown in Fig. 5.1.

Molecular and polymer photovoltaics are distinguished by the
type of materials and production methods. Molecular photovoltaic
devices are generally made by sublimation of successive layers of
electron- and hole-transporting materials. Charge photogeneration
occurs at the interface between two layers (organic heterojunc-
tion). The first organic solar cell exhibiting reasonable power
conversion efficiencies (nearly 1%), using phthalocyanine and pery-
lene derivatives, was obtained by Tang [300]. Now, the fullerene
and its derivatives [291] are widely investigated with the aim
of designing solar energy converters, both as separate layers in
molecular organic photovoltaic devices and in bulk heterojunction
polymer organic photovoltaic cells.

One of the primary limitations of a heterojunction solar cell
is that charge photogeneration takes place only in a thin layer
near the heterojunction. One way to increase the width of the
photocarrier generation region is to co-evaporate two organic
dyes to create a bulk heterojunction. Improvements in device per-

External
circuit

Organic active layer

Glass substrate

Fig. 5.1. Typical construction of an organic solar cell.

formance were obtained by co-deposited layer containing equal
weights of Cgg and chromophore as charge photogeneration layer
in organic photovoltaic devices based on perylene, porphyrin and
phthalocyanine derivatives; the efficiency of power conversion for
this cell was 1.05% [301]. Power conversion efficiencies of 3.37%
under 10 mW/cm? and 1.04% under 100 mW/cm?2 white light were
reported by Gebeyehu et al. [302] for a similar structure with some
amine as a hole-transporting layer. It was shown that the power
efficiency of molecular organic photovoltaic cells could be limited
by the morphology of the bulk heterojunction [303]. Five years
ago the Princeton group reported a molecular organic photovoltaic
device with the power conversion efficiency of 4.2%; the device
structure was ITO/CuPc/Cgp/blocking layer/Ag [304]. The power
conversion efficiency increased with increasing incident power
density, reaching a maximum conversion of 4.2% under 4-12 suns
simulated illumination. The high efficiency of this photovoltaic cell
was attributed to a very low series resistance of ~0.1 €/cm?, result-
ing in devices with fill factors as high as 0.6 [304].

The power conversion efficiency and photovoltage can be bro-
ken through by making tandem solar cells. This type of solar cell
consists of several stacked solar cells made from materials with
different optical gaps. Sunlight is first absorbed by the higher-gap
cell. Lower energy photons pass through the higher gap device and
are absorbed by the second cell [305].

Recent information on progress in understanding of molecular
solar cells, development of novel conjugated donor dyes for high-
efficiency bulk heterojunction photovoltaic devices, strategies for
increasing the efficiency of heterojunction organic solar cells, mate-
rial for solar cells selection, device architecture, critical interfaces
and their influence on the open-circuit voltage, recent advances in
sensitised mesoscopic solar cells, recombination in quantum dot
sensitised solar cells and other interesting data, can be found in the
special issue of the Account of Chemical Research entitled Organic
Photovoltaics [306].
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