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Chapter 1 
 
 
Photophysics of electron donor-acceptor systems for 

polymer solar cells 
 

Abstract. Photoinduced electron transfer between an electron donor and an 
electron acceptor in organic photovoltaic devices is the primary step in the 
conversion of solar energy into electrical energy. Conjugated semiconducting 
polymers attract considerable interest as the active material for future ‘plastic 
solar cells’. At the moment the most successful polymer solar cells are based on 
conjugated polymers as donor material, and TiO2 or [C60]fullerenes as electron 
acceptor material. In solar cells based on polymeric semiconductors, the rate of 
the charge transfer reaction and the lifetime of the photogenerated charge-
separated state are key parameters for the conversion efficiency of light into 
electricity. Marcus theory affords a theoretical description to rationalize the 
kinetics of the photoinduced electron transfer in donor-acceptor systems. 
Photoinduced absorption and fluorescence spectroscopy can be used to 
experimentally unravel the photophysical processes that occur in the photoactive 
material of an organic solar cell on ultrashort time scales, typically in the 10-12 s 
time domain.
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1.1 Introduction 
 
Photovoltaic cells. Solar light is the most important source of sustainable energy and 
represents mankind’s only inexhaustible energy source. The annual energy input of solar 
irradiation on earth (5% UV, 43% visible, 52% IR) exceeds the world’s yearly energy 
consumption by several thousand times. The intensity of incident sunlight is 844 W/m2, when 
the sun is 45º above the horizon (AM1.5).1 Sunlight can be used for thermal energy, but the 
photons (small energy packets) can also be converted directly into electricity using 
photovoltaic cells. 

In 1954, Chapin, Fuller, and Pearson developed the first photovoltaic cell based on a 
silicon p-n junction.2 Subsequently, Raynolds et al. developed the cadmium sulfide solar cell.3 
Since then, solar cells have been made from many other semiconductors, using various device 
configurations and employing single-crystal, poly-crystalline, and amorphous thin-film 
structures. Following the discovery of metal-like conductivity of doped polymers,4 organic 
and polymeric materials have been considered for application in photovoltaic cells. Moreover, 
the combination of inorganic and organic materials in hybrid solar cells has given promising 
results. Nowadays, commercial photovoltaic modules employ inorganic materials. However, 
to improve processability, lower manufacturing costs, and create flexibility, solar cells based 
on organic and polymeric materials are extensively investigated in recent years. 

Photovoltaic cell configurations based on organic materials differ from those based on 
inorganic semiconductors, because the physical properties of inorganic and organic 
semiconductors are significantly different. Inorganic semiconductors generally have a high 
dielectric constant and a low exciton binding energy (for GaAs the exciton binding energy is 4 
meV). Hence, the thermal energy at room temperature (kBT = 0.025 eV) is sufficient to 
dissociate the exciton created by absorption of a photon into a positive and negative charge 
carrier. The formed electrons and holes are easily transported as a result of the high mobility 
of the charge carriers and the internal field of the p-n junction. Organic materials have a lower 
dielectric constant and the exciton binding energy is larger than for inorganic semiconductors, 
although the exact magnitude remains a matter of debate. For polydiacetylene 0.5 eV is 
needed to split the exciton and, hence, dissociation into free charge carriers does not occur at 
room temperature. To overcome this problem, organic solar cells commonly utilize two 
different materials that differ in electron donating and accepting properties. Charges are then 
created by photoinduced electron transfer between the two components. A second 
dissimilarity concerns the rather low charge carrier mobility associated with organic 
semiconductors, as a result of the limited intermolecular overlap, especially in disordered 
solids. This impedes charge transport over long distances and, thereby, affects the optimum 
device architecture. 
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1.2 Organic solar cells 
 

Various architectures for organic solar cells have been investigated in recent years. In 
general, for a successful organic photovoltaic cell three important processes have to be 
optimized to obtain a high conversion efficiency of solar energy into electrical energy. 
 

- Absorption of light 
- Charge transfer and separation of the opposite charges 
- Charge transport 
- Charge collection 

 
For an efficient collection of photons, the absorption spectrum of the photoactive 

organic layer should match the solar emission spectrum and the layer should be sufficiently 
thick to absorb all incident light. A better overlap with the solar emission spectrum is obtained 
by lowering the band gap of the organic material, but this will ultimately have some bearing 
on the open-circuit voltage. Increasing the layer thickness is advantageous for light absorption, 
but burdens the charge transport. 

Creation of charges is one of the key steps in photovoltaic devices in the conversion of 
solar light into electrical energy. In most organic solar cells, charges are created by 
photoinduced electron transfer. In this reaction an electron is transferred from an electron 
donor (D), a p-type semiconductor, to an electron acceptor (A), an n-type semiconductor, with 
the aid of the additional input energy of an absorbed photon (hν). In the electron transfer 
reaction, a charge-separated state is created consisting of the radical cation of the donor (D•+) 
and the radical anion of the acceptor (A•-). 
 

D + A + hν  → D* + A or D + A* →  D•+ + A•- 
 

For an efficient charge generation, it is important that the charge-separated state is the 
thermodynamically and kinetically most favorite pathway after photoexcitation. Therefore, it 
is important that the energy of the absorbed photon is used for generation of the charge-
separated state and is not lost via competitive processes like fluorescence, non-radiative 
decay, internal conversion or intersystem crossing. In addition, it is of importance that the 
charge-separated state is stabilized, so that the photogenerated charges can migrate to one of 
the electrodes. Therefore, the back electron transfer should be slowed down as much as 
possible. 
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Figure 1.1 Schematic drawing of the working principle of an organic photovoltaic cell. Illumination 
of donor (D) through a transparent electrode (Electrode 1) results in the photoexcited state of D, in 
which an electron is promoted from the highest occupied molecular orbital (HOMO) to the lowest 
unoccupied molecular orbital (LUMO) of the donor. Subsequently, the excited electron is transferred 
to the LUMO of the acceptor, resulting in an extra electron on the acceptor (A•-) and leaving a hole at 
the donor (D•+). The photogenerated charges are then transported and collected at opposite 
electrodes. A similar charge generation process can occur, when the acceptor is photoexcited instead 
of the donor. 

 
To create a working photovoltaic cell, the photoactive material (D+A) is sandwiched 

between two dissimilar (metallic) electrodes (of which one is transparent), to collect the 
photogenerated charges. After the charge transfer reaction, the photogenerated charges have to 
migrate to these electrodes without recombination. Finally, it is important that the 
photogenerated charges can enter the external circuit at the electrodes without interface 
problems. 
 In the remainder of this paragraph a short overview is given of the most successful 
approaches towards organic solar cells to date. First, cells will be described in which organic 
molecules are only used for absorption of light, followed by cells in which an organic or 
polymeric material is used for absorption of light and charge transport. 
 
Dye-sensitized solar cells. In a dye-sensitized solar cell, an organic dye adsorbed at the 
surface of an inorganic wide-band gap semiconductor is used for absorption of light and 
injection of the photoexcited electron into the conduction band of the semiconductor. The 
research on dye-sensitized solar cells gained considerable impulse, when Grätzel and co-
workers greatly improved the interfacial area between the organic donor and inorganic 
acceptor by using nanoporous titanium dioxide (TiO2).5 To date, ruthenium dye-sensitized 
nanocrystalline TiO2 (nc-TiO2) solar cells reach an energy conversion efficiency of about 10% 
in solar light.6 In the Grätzel cell (figure 1.2), the ruthenium dye takes care of light absorption 
and electron injection into the TiO2 conduction band. An I–/I3

– redox couple, contained in an 
organic solvent, is used to regenerate (i.e. reduce) the photooxidized dye molecules. In the 
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cells, the positive charge is transported by the liquid electrolyte to a metal electrode, where I3
– 

takes up an electron from the external circuit (counter electrode), while the negative charges 
injected in nc-TiO2 are collected at the fluor doped tin oxide (SnO2:F) electrode.  
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Figure 1.2 The dye-sensitized solar cell. After absorption of light by the ruthenium dye, an electron is 
transferred to TiO2. The dye is then reduced by a redox electrolyte, I-/I3

-, which in turn, is reduced at 
the metal counter electrode. As a result, a positive charge is transported from the dye to the metal 
electrode via the electrolyte. The electron in TiO2 is transported to the SnO2:F electrode. 

 
The nanoporous TiO2 ensures a dramatic enlargement of the contact area between the 

dye and semiconductor, compared to a flat interface. High quantum efficiencies for charge 
separation are achieved, because the dye molecules are directly adsorbed on the n-type 
semiconductor. The positive charges are transported efficiently by the liquid electrolyte and, 
as a consequence the thickness of the photovoltaic device can be extended to the µm range, 
resulting in optically dense cells. From a technology point of view, however, the liquid 
electrolyte represents a drawback. Hence, much research has focused on replacing the liquid 
electrolyte by a solid hole transporting material. The most promising replacement is a solid, 
wide-band gap hole transporting material resulting in power conversion efficiencies of 3%.7  

Another new concept for a solid-state Grätzel cell consists of a polymer or organic 
semiconductor that combines the functions of light-absorption and charge (hole) transport in a 
single material and, therefore, is able to replace both the dye and hole transporting material.8 
The photoinduced charge separation at the interface of an organic and inorganic 
semiconductor has been studied in relation to photovoltaic devices.9 When an organic or 
polymeric semiconductor is excited across the optical band gap, the excitation energies and 
valence band offsets of this molecular semiconductor may allow electron transfer to the 
conduction band of an inorganic semiconductor, similar to the ruthenium dye. The dimensions 
of the nanopores in TiO2 are even more important here, because excitations are no longer 
created at the interface only, but throughout the whole organic material. Because essentially 
all excitons must be able to reach the interface with the TiO2 for efficient charge separation 
and energy conversion, the distance between the site of excitation and the interface must be 
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within the exciton diffusion length. In most organic materials, the exciton diffusion length is 
limited to 5-20 nm10 by the fast intrinsic decay processes of the photoexcited molecules. 
Creating nanoporous TiO2 of such dimensions, and filling it completely with an organic 
semiconductor, is currently one of the challenges in this area. 
 
All organic solar cells. The first attempts to create all-organic solar cells were made by 
sandwiching a single layer of an organic material between two dissimilar electrodes.11 In these 
cells, the photovoltaic properties strongly depend on the nature of the electrodes. Heavily 
doped conjugated materials resulted in reasonable power conversion efficiencies up to 0.3%.11 
In 1986, a major breakthrough was realized by Tang, who introduced a double-layer structure 
of a p-and n-type organic semiconductor.12 A 70 nm thick two-layer device was made using 
copper phthalocyanine as the electron donor, and a perylene tetracarboxylic derivative as the 
electron acceptor. The photoactive material was placed between two dissimilar electrodes, 
indium tin oxide (ITO) for collection of the positive charges and silver (Ag) to collect the 
negative charges. A power conversion efficiency of about 1% was achieved under simulated 
AM2 illumination (691 W/m2).1 Important aspect in this concept is that the charge generation 
efficiency is relatively independent of the bias voltage. 
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Figure 1.3 Double-layer p-n junction. After absorption of light, an exciton is created (1), that has to 
diffuse (2) to the p-n interface, where a charge transfer reaction (3) occurs. The formed positive and 
negative charges can then be transported to the electrodes (4). 

 
In the double-layer structure the photoexcitations in the photoactive material have to 

reach the p-n interface (figure 1.3, step 2) where charge transfer can occur, before the 
excitation energy of the molecule is lost via intrinsic radiative and non-radiative decay 
processes to the ground state. Because the exciton diffusion length of the organic material is in 
general limited to 5-20 nm,10 only absorption of light within a very thin layer around the 
interface contributes to the photovoltaic effect. This limits the performance of double-layer 
devices, because such thin layer can impossibly absorb all the light. A strategy to improve the 
efficiency of the double-layer cell is related to structural organization of the organic material 
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to extend the exciton diffusion length and, therefore, create a thicker photoactive interfacial 
area. 

To circumvent the difficulties associated with exciton transport to the donor-acceptor 
interface, another strategy was offered by Sariciftci et al.13 Sariciftci mixed a conjugated 
semiconducting polymer as the donor material with the isotropic Buckministerfullerene C60 as 
the electron acceptor material to create an intimately mixed blend (a bulk-heterojunction). 
When such a bulk-heterojunction is deposited on an ITO substrate and capped with a metal 
back electrode, working photovoltaic cells can be obtained (figure 1.4).14 At the same time 
Friend et al. reported a similar approach, based on mixing p-type and n-type polymers.15 
Especially in the polymer-C60 blends important improvements have been realized by making 
the acceptor material (C60) better miscible with the polymer phase via introduction of 
solubilizing substituents on the fullerene. The phase separation in the nanometer regime was 
also improved by the use of chlorobenzene as solvent. Devices processed from this solvent 
reach an efficiency of 2.5% at the moment.16 The bulk-heterojunction concept is nowadays the 
most promising concept for the all-polymer photovoltaic cells. 
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Figure 1.4 The bulk-heterojunction concept. After absorption of light by the photoactive material, 
charge transfer can easily occur due to the nanoscopic mixing of the donor and acceptor (solid and 
dashed area). Subsequently, the photogenerated charges are transported and collected at the 
electrodes. 

 
 
1.3 General features of ππππ-conjugated polymers 
 

In 1977 Shirakawa, MacDiarmid, and Heeger4 discovered that polyacetylene becomes 
highly electrically conducting when it is oxidized (or p-doped). This discovery revealed that 
some plastics exhibit (semi)conducting properties. Since then, conjugated materials are 
envisioned to be the active material in (opto)electronic devices, e.g. light-emitting diodes 
(LEDs), field-effect transistors (FETs), and solar cells. 
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Electronic properties of conjugated polymers. In general, (semi)conducting polymers are π-
conjugated polymers and consist of an alternating sequence of single and double (triple) bonds 
as shown in figure 1.5. 

* *n
 *

*n
 *

*n
 N* *

H

n
 

S* *n
 

a b c d e  
Figure 1.5 Typical π-conjugated polymers in their neutral form: (a) polyacetylene; (b) poly(p-
phenylene); (c) poly(p-phenylene vinylene), (d) polythiophene, (e) polypyrrole. 

 
For a non-degenerate ground state conjugated polymer (almost all conjugated polymers 

except polyacetylene), the sense of bond alternation between single and double bonds affects 
the energy of the organic semiconductor. The two different senses of bond alternation in non-
degenerate ground state polymers are often referred to as the aromatic (low-energy) and 
quinoid (high-energy) structures. This implicates an important property of π-conjugated 
polymers: the electronic structure and, hence, the energy are strongly coupled with the 
geometric structure. 
 
Properties of charged conjugated polymers. When a non-degenerate ground state polymer 
is p-type doped (oxidized), the electron-phonon coupling leads to the formation of self-
trapped charged species, because the positive charge and unpaired electron cannot move 
independently as they are bound by a quinoid chain segment. As a result, the positive charge 
and the unpaired electron can only move with mutual interaction along the chain thus causing 
a local, geometric deformation, which is referred to as a positive polaron (figure 1.6). Upon 
further oxidation either, a second electron is removed from a different segment of the polymer 
creating a new polaron, or the unpaired electron of the previously formed polaron is removed 
and, hence, a dication (a bipolaron) is formed. 

Conduction by (bi)polarons is generally accepted as the mechanism of intrachain charge 
transport in non-degenerate ground state conjugated polymers. Hence, the intrachain 
conductivity relies on extension of the conjugation along the chain. In the bulk, charges 
should also be transported from chain to chain, which can occur via several mechanisms, such 
as hopping of charges between localized sites or band-like transport. Interchain charge 
transport depends on the overlap of wave functions on different chains and can be increased 
by improving the macroscopic ordering of the polymer chains (for example via a liquid 
crystalline phase). 
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Figure 1.6 Change of geometric structure of polythiophene upon doping. 

 
When the polymer is doped, the electronic band structure of the polymer is changed and 

characteristic in-the-gap states are formed, which are associated with the lattice distortion due 
to the strong electron-phonon interaction (polaron formation). This geometric distortion 
causes an upward shift of the highest occupied level and a downward shift for the lowest 
unoccupied level. These new energy levels are associated with the quasi-particles (polarons, 
bipolarons) that are formed, in proportion to the doping level and the degeneracy of the 
ground state. For a polaron, four new electronic transitions occur (figure 1.7). According to 
the Fesser-Bishop-Campbell model,17 the oscillator strength of the RC1 and RC2 transitions is 
larger than that of the (energetically equivalent) RC3 transitions. After doping the RC1 and 
RC2 transitions are readily observed by absorption spectroscopy in the visible, near-IR, and IR 
regions. 

neutral polaron

RC1 RC3

RC2 RC3

neutral polaron

RC1 RC3

RC2 RC3

 
Figure 1.7 Energy levels and electronic transitions in a neutral conjugated polymer and the 
corresponding polaron redox state. Strongly dipole-allowed transitions are indicated with a solid 
arrow, while the dotted arrows represent weakly allowed transitions. The grey and white rectangular 
blocks represent the valence and conduction bands, respectively. 
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In organic solar cells, the conjugated polymers become charged in a photoinduced 
electron transfer reaction rather than by chemical doping. The polarons that are created can be 
identified by the electronic transitions using photoinduced absorption (PIA) spectroscopy. 
 
Properties of excited states in conjugated polymers. The excited states of neutral and 
charged conjugated polymers and their decay processes strongly affect the performance of 
polymer (opto)electronic devices such as LEDs and solar cells. 

After absorption of a photon by a molecule or by a chain segment of a conjugated 
polymer, the excited molecule relaxes (in most cases) to the lowest vibrational level of the 
first singlet excited state (S1). From here it can return to the ground state via several routes 
(figure 1.8). The deactivation may involve a non-radiative decay process, in which the 
excited-state energy is lost to the environment via vibrational relaxations or collisions, or it 
may involve radiative decay, i.e. emission of a photon (fluorescence, S1→S0 + hνF). 
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Figure 1.8 Schematic drawing of common photophysical processes for a conjugated molecule or 
polymer. Photoexcitation (broad arrow) of the system in the ground state (S0) results in the singlet 
excited state (S1). From S1, the triplet state (T1) can be formed via intersystem crossing with a rate 
constant of kisc. kr, knr, k’

r, and k’
nr represent the rate constants for radiative and non-radiative decay 

processes from the singlet and triplet state, respectively. Fluorescence spectroscopy can detect the 
S1→S0 and T1→S0 transitions, while PIA spectroscopy can detect the Sn←S1, Tn←T1, S1→S0 
(stimulated emission), and S1←S0 (photobleaching band) transitions. 

 
Fluorescence is readily detected spectroscopically. Apart from fluorescence 

spectroscopy a singlet excited state can also be identified via the excited state Sn←S1 
absorption using photoinduced absorption (PIA) spectroscopy. Alternatively, the spin of the 
excited electron can be changed by intersystem crossing, leading to a triplet state (S1→T1). 
This triplet state can relax to the ground state via non-radiative and radiative 
(phosphorescence, T1→S0 + hνP) processes. Due to the nature of the spin-forbidden transition 
from the triplet state to the ground state, the triplet state usually has a long lifetime. Radiative 
decay from the singlet excited state (fluorescence) occurs typically on the order of ns (10-9 s), 
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while phosphorescence typically occurs in the µs-ms (10-6 - 10-3 s) regime. The formation of a 
triplet state can be detected using PIA spectroscopy, via the Tn←T1 transition. 
 
 
1.4 Energy and electron transfer theory 
 

In a binary system, i.e. a system consisting of two different molecules or materials with 
different electronic levels, energy and electron transfer are commonly observed photophysical 
processes in addition to the intrinsic decay mechanisms described above. In an energy transfer 
reaction, the excitation energy of one component (the donor) is transferred to the other 
component (the acceptor), which has an energetically lower excited state. As a result, the 
donor returns to the ground state and the acceptor is obtained in the excited state. In electron 
transfer reactions, the additional energy of an absorbed photon is used to form a charged-
separated state, in which the donor is positively and the acceptor is negatively charged. When 
the excitation involves the donor, an electron is promoted by absorption of a photon from its 
highest occupied molecular orbital (HOMO) to its lowest unoccupied molecular orbital 
(LUMO). This electron can be transferred from the donor to the acceptor molecule, when the 
LUMO of the donor is higher in energy than the LUMO of the acceptor (figure 1.1). 
Alternatively, the acceptor may be excited, followed by electron transfer from the HOMO of 
the donor to the vacant position in the HOMO of the acceptor. In both cases the same charge-
separated state is obtained. 
 
Förster and Dexter energy transfer. Energy can be exchanged between two different 
molecules in a radiative or non-radiative manner. Radiative energy transfer is a trivial process 
and occurs when the acceptor (A) absorbs a photon that was emitted by the excited state donor 
(D*). Of course, the emitted photon must match the absorption spectrum of the acceptor: 
 

D(S1)   → D(S0) + hν 
A(S0) + hν  →  A(S1) 

 
For non-radiative energy transfer two different models have been proposed. The first 

model involves a dipole-dipole mechanism (Förster), while the second is based on a double 
electron exchange mechanism (Dexter) (figure 1.9). 
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Figure 1.9 Förster (left) and Dexter (right) energy transfer mechanisms. 

 
The Förster mechanism is often used to describe singlet-energy transfer. Förster energy 

transfer involves a coupling of transition dipole moments at the donor and acceptor, resulting 
in the return of the photoexcited donor to the ground state and excitation of the acceptor. 
Assuming point dipoles, the rate for Förster energy transfer (kET

F) is estimated via:18, 19 
 

     F
cc

F
ET J

Rn
Kk
τ

φ
64

225108.8 −×=   (1.1) 

 
where n represents the refractive index of the solvent, φ and τ (s) are the fluorescence 
quantum yield and the fluorescence lifetime of the isolated donor, K2 is a geometric factor 
which is taken as 2/3 if no preferential orientation is present, Rcc is the center-to-center 
distance, and JF (cm6/mol) is the overlap integral of the luminescence spectrum on an energy 
scale (cm-1) of the donor and the absorption spectrum of the acceptor, which is crucial for the 
energy transfer reaction. 

In Dexter energy transfer, a double exchange of electrons occurs via the overlap of 
orbitals of the donor and acceptor. An electron is transferred from the HOMO of the acceptor 
to the half-filled HOMO of the excited donor, and at the same time an electron is transferred 
from the LUMO of the donor to the LUMO of the acceptor. The electronic coupling term V 
plays an important role in this energy transfer mechanism. Dexter energy transfer is usually 
found to be important for triplet-triplet energy transfer, and the rate constant (kET

D) is 
described via:20 
 

 )/2exp(2 2
0 LRJV

h
k D

D
ET −= π  (1.2) 

 
where JD is the spectral overlap integral of donor emission and acceptor absorption, h 
Planck’s constant, R is intermolecular distance between the chromophores, L the effective 
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Bohr radius of orbitals, and V0 is the electronic coupling matrix between donor and acceptor at 
contact distance. 
 
Marcus theory on electron transfer. A frequently used theory to rationalize photoinduced 
electron transfer in solution has been described by Marcus.21 Accordingly, the electron 
transfer reaction can be treated by the transition state theory with the excited donor/acceptor 
complex as the reactant state and the charge-separated state of donor and acceptor (D+-A-) as 
the product state (figure 1.10). Parabolas of harmonic oscillators, with the displacement 
coordinate corresponding to the changing geometries, represent the potential energy surfaces 
of the reactant and the product state. According to the Franck-Condon principle, 
photoexcitation of the donor/acceptor results in a vertical transition from the ground state to 
the excited state (reactant state), because the nuclei are considered to be frozen in this short 
period. After vibrational relaxation (10-12 - 10-14 s) by changing bond lengths, bond angles, 
and the solvation sphere of the excited state, the thermally equilibrated ‘long-lived’ singlet 
excited state is obtained. The electron transfer process is described from this energetically 
lowest excited state. 

In the classical Marcus theory, the rate constant for electron transfer, kCS, is given by the 
usual Eyring expression for a thermally activated reaction: 
 
 kCS = κCSνnexp(∆G‡

CS/kBT) (1.3) 
 
where κCS is the electronic transmission coefficient, νn is the nuclear motion through the 
transition state (νn ≈ 1013 s-1), and ∆G‡

CS is the Gibbs free activation energy, which represents 
the barrier going from the reactant to the product state. 

According to the Franck-Condon principle, the nuclei do not move when the system 
passes from the reactant to the product state and, hence, electron transfer can occur only when 
thermal fluctuations bring the geometry of the reactant state to the value of the nuclear 
coordinate at which the parabolas intersect (figure 1.10). The energy associated with these 
rearrangements and the Gibbs free energy (∆GCS) for charge separation determines the 
activation barrier, ∆G‡

CS (figure 1.10). When the nuclei rearrange to the configuration of the 
crossing point (TS in figure 1.10), the photoexcited D/A complex and the charge-separated 
state become energetically degenerate, enabling electron transfer. However, for electron 
transfer to occur, also an electronic interaction between D and A must exist. In Marcus theory 
it is assumed that the actual electron transfer occurs via tunneling through a potential barrier, 
and that this barrier is determined, amongst others, by the distance between D and A. The 
prefactor κCSνn in (1.3) is a measure of the probability that this tunneling occurs, i.e. that the 
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reactant state is converted into the product state at the crossing point (∆G‡
CS) by electron 

transfer within the thermally excited D/A complex. 

DA

TS

hν

D+A-
DA*

∆GCS

∆G‡
CS

 
Figure 1.10 Potential energy surfaces for the ground state (DA), the excited state (DA*, reactant 
state), and the charge-separated state (D+A-, product state) are shown. The initial step is 
photoexcitation of the D/A couple to the excited state via a vertical transition. This state rapidly 
undergoes equilibration. Electron transfer takes place at the crossing of the equilibrated excited state 
surface and the product state. 

 
Within the approximation of parabolic potential energy curves, the activation barrier for 

charge separation (∆G‡
CS), estimated from the change in Gibbs free energy for charge 

separation (∆GCS) and the total reorganization energy (λ), is: 
 
 ( ) λλ 42

C
‡ +∆=∆ SCS GG  (1.4) 

 
The total reorganization energy λ is composed of a solvent (λs) and internal (λi) 

components (λ = λi + λs). The internal reorganization energy represents the energy changes 
that occur in bond lengths and bond angles during the electron transfer step and is usually 
represented by a sum of harmonic potential energies. In a two-sphere model of the reactants, 
λs can be described by the Born-Hush approach:22 
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where r+ and r- are the radii of the donor and acceptor radical ions, and Rcc is the center-to-
center distance between D and A. n2 (or εopt) and εs are the optical and static dielectric 
constants. 

The electronic interactions between D and A are extremely weak compared to the 
energies of bonds broken or made in most chemical reactions. Therefore, it is of importance to 
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know whether the electron transfer reaction is adiabatic or non-adiabatic, since the theory is 
different for these cases.23 If the D and A species strongly interact, the electronic states of the 
reactant and product mix with each other, and the electron transfer occurs adiabatically, which 
means in (1.3) that κCS equals 1. For adiabatic electron transfer, the electronic coupling (V) 
between donor and acceptor in the excited state is much larger than kBT (= 0.025 eV, at room 
temperature) and, hence, ∆G‡

CS is ‘squeezed’ to a smaller value, so that resonance 
stabilization in the transition state becomes the dominant force. However, most of the electron 
transfer reactions are non-adiabatic (κCS << 1), because of the very weak electronic coupling 
between the donor and acceptor (V << kBT), and the probability for reaching the potential 
energy surface of the product state can be calculated using quantum-mechanical perturbation 
theory, for example using Fermi’s ‘golden rule’: 
 
 kCS = (2π/ћ) V2 FCWD (1.6) 
 
where ħ = h/2π, with h Planck’s constant, and V is the resonance energy associated with the 
structure of reactant and product zero-order wave functions at the curve-crossing point, if the 
motions of all nuclei were frozen. FCWD is the Franck-Condon weighted density of states, 
which is determined by the sum of the overlap integrals of vibrational wave functions of 
reactant and product state. Using (1.4) and (1.6), the following rate equation for non-adiabatic 
electron transfer was obtained for the high temperature limit (hν << kBT): 
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 The rate constant for charge separation is determined by the energy barrier ∆G‡

CS, the 
reorganization energy, and the electronic coupling (V) between donor and acceptor in the 
excited state. 
The Marcus theory and in particular (1.4) contains an interesting feature. At a fixed value of 
the reorganization energy, an increase of the driving force for electron transfer (-∆GCS) in the 
Marcus ‘normal’ region, results in a decrease in the activation energy barrier (∆G‡

CS), leading 
to maximum electron transfer rate (kCS) when λ = -∆GCS (figure 1.11). However, increasing -
∆GCS even more, so that λ becomes smaller than -∆GCS, leads to a reappearance of the 
activation energy barrier (∆G‡

CS) and, hence, the rate for electron transfer (kCS) is lowered. 
This last region is called the Marcus ’inverted’ region. The presence of this ‘inverted’ region 
was experimentally verified by Closs and Miller in 1984.24
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Figure 1.11 Illustration of the Marcus ‘normal’, ‘optimal’ and ‘inverted’ regions. 

 
Electron transfer in the ‘normal’ region can often nicely be described with the Marcus 

theory. However, in the ‘inverted’ region the rate for (back) electron transfer is often much 
higher than expected from Marcus theory. Often the faster rate for electron transfer in the 
‘inverted’ region is explained by nuclear tunneling25 through the high, but narrow, classical 
barrier. Jortner reported an adjusted rate constant for charge transfer concerning contributions 
of high frequent vibration modes of the solvent molecules, by which nuclear tunneling 
becomes a dominant process.26 Hence, charge recombination can occur in the ps-ns regime via 
tunneling of the opposite charges to the ground state. 
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Thermodynamics for charge separation. Photoinduced electron transfer can only occur, if 
the product state is thermodynamically lower in energy than the reactant state. An ‘uphill’ 
process is very unlikely to occur and, thus, the position of the excited state from which 
electron takes place (E00) is of major importance with respect to the level of the charge-
separated state (GCS). In a first estimate the willingness of the donor species to donate an 
electron (oxidation potential, Eox(D)) and the willingness of the acceptor species to accept an 
electron (reduction potential, Ered(A)) determine the additional energy input needed (E00) to 
make an electron transfer energetically feasible (∆GCS < 0). In solution additional terms are 
included that concern the Coulombic attraction and solvation of the radical ions. The change 
in Gibbs free energy for photoinduced electron transfer in solution is semi-quantitatively 
described by the Weller equation:27 
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As can be inferred from (1.8), ∆GCS for photoinduced electron transfer is strongly 

influenced by the polarity of the solvent. Increasing the polarity results in a decrease of ∆GCS. 
Also the distance between donor and acceptor are of importance, resulting in a lower ∆GCS 
value upon decreasing the Rcc value. 
 
Electron transfer rate determining factors. Many parameters influence the rate for 
photoinduced electron transfer, even when specific parameters of donor and acceptor such as 
redox potentials and excitation energy are the same. Equations (1.4), (1.5), (1.7), and (1.8) 
show that for a given D/A couple, the electron transfer depends on the solvent via the static 
dielectric constant εs and the optical dielectric constant εopt (or the refractive index, n2). For 
example, increasing the polarity of the solvent results in a significant increase of the 
reorganization energy, while at the same time the driving force for electron transfer (-∆GCS) 
increases. In principle, the activation energy (∆G‡

CS) can be determined experimentally when 
the electron transfer rate is measured at different temperatures. However, since the solvent 
properties (εs and n) depend on the temperature, also the λ, -∆GCS, and ∆G‡

CS) vary with 
temperature.28 

Another important issue concerns the motion of the solvent. At high rates for electron 
transfer, the relaxation of the solvent becomes rate limiting. kCS is then proportional to τ´ = 
(n2/εs)·τ1, where τ1, the dielectric relaxation time, represents the rotational diffusion time of a 
single particle, and (n2/εs) measures the degree of coupling between the solvent and the 
electron transfer reaction. τ´ falls in general within the range of 10-13 - 10-10 s. 
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The distance and orientation of the donor and acceptor molecules are of major 
importance for the rate of electron transfer. The center-to-center distance between the donor 
and acceptor influence the electronic coupling V, the reorganization energy λ, and the change 
in Gibbs free energy ∆GCS. The most important effect of the distance is probably the 
electronic coupling, which decreases exponentially upon increasing the center-to-center 
distance when the coupling is relatively weak: 
 
 V2(Rcc) = V2(R0)exp[-β(Rcc-R0)] (1.9) 
 

Here R0 is the contact distance, and β is the parameter that measures the sensitivity of 
the electronic coupling matrix element to the distance (the so-called damping factor). In a 
molecular dyad system, where a donor species is connected via a bridge to an acceptor 
species, the β is highly influenced by the nature of this bridge. 
 
Electron transfer in the solid-state. In solution, the kinetics and the thermodynamics of 
photoinduced electron transfer between a donor and an acceptor can be theoretically 
rationalized via Marcus theory and the Weller equation. In the solid-state, however, the 
kinetics and the thermodynamics are less predictable. The oxidation and reduction potentials 
of the donor and acceptor give a hint towards the possibility of an electron transfer reaction in 
the solid-state.29 However, the rate of the photoinduced electron transfer in the solid-state is 
more difficult to predict at the moment. As a consequence of the inhomogeneous distribution 
of donor and acceptor within the solid-state, complex kinetics for the forward and backward 
charge transfer reactions can be expected. Important parameters in the solid-state, related to 
those in solution, are interchromophoric distance, orientation, and electronic coupling. A 
major difference between solution and the solid-state is the environment, i.e. the dielectric 
constant of the medium, in which the charge transfer reaction occurs.30 In solution, the 
dielectric constant plays a crucial role in the photoinduced electron transfer reaction.46 In 
solution (polar) solvent molecules can orient themselves in order to stabilize the charge-
separated state, which cannot occur in the solid-state. In the film, the electron transfer reaction 
is influenced and stabilized by the polarizability of surrounding polymer chains. 
 
 
1.5 Detection of photophysical processes 
 

Figure 1.12 shows the multitude of photophysical processes that can occur in donor-
acceptor systems after photoexcitation. To identify the predominant relaxation pathway and to 
determine the rate constants for each individual process, various spectroscopic techniques can 
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be used. In this thesis (time-resolved) fluorescence and (time-resolved) photoinduced 
absorption spectroscopy are used to detect the various intermediate states and their lifetimes. 
This paragraph provides a description of the spectroscopic techniques that are used to unravel 
the photophysical pathways in donor-acceptor systems. 
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Figure 1.12 Schematic drawing of most of the possible photophysical processes for a donor-acceptor 
system together with the energy levels of the singlet (S1) and triplet (T1) excited states of the donor 
and acceptor, and the charge-separated state (CSS). The rate constants for energy (kET), direct (kCS

d) 
and indirect electron (kCS

i) transfer are given accompanied by curved arrows. kr, knr, k’r and k’nr are 
the rate constants for radiative and non-radiative decay for the donor and acceptor, respectively. 

 
Steady-state photoluminescence. The singlet excited state of a (donor) molecule can be 
deactivated by energy or electron transfer reactions to the acceptor. These transfer reactions 
compete with the intrinsic relaxation, i.e. fluorescence, non-radiative decay, and intersystem 
crossing of the donor (figure 1.12). As a consequence of the competing relaxation, the 
fluorescence of the donor is partly quenched. The extent of fluorescence quenching (QD(D*A)) 
is determined as the ratio of the fluorescence quantum yields of the pure donor and that of the 
donor in the presence of an acceptor. Together with the lifetime of the photoexcited state τD 
(τD

-1 = kr + knr + kisc), the quenching provides a measure for the rate constant of the 
competitive process (kcomp): 
 

 
D

D
comp

ADQk
τ

1)*( −=  (1.10) 

 
The rate constants for energy transfer (kET) and electron transfer (kCS

d and kCS
i) can be 

obtained via a photoluminescence quenching study. It must be noted, that when the 
photoluminescence quenching is strong, small amounts of impurities may affect the quenching 
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ratio significantly. Hence, the calculated rate constant is generally a lower estimate of the real 
value. 

In this thesis the fluorescence quenching studies are carried out using a Perkin Elmer 
LS50B equipped with a red-sensitive Hamamatsu R928-08 photomultiplier for fluorescence 
or an Edinburgh Instruments FS920 double-monochromator luminescence spectrometer using 
a Peltier-cooled red-sensitive photomultiplier. The luminescence is measured by focusing the 
excitation beam on the sample and recording the emission under an angle of 90º. Cut-off 
filters are sometimes used to avoid contributions of the second order reflection of the stray 
light of excitation beam. The optical density of the photoactive compounds in solution was 
kept low (OD < 0.1) to avoid re-absorption and ensure a homogenous intensity distribution in 
the sample cell. Raman contributions of the solvent are sometimes clearly observed, when the 
quantum yield of fluorescence is very low. 
 
Time-resolved photoluminescence. The lifetime of the singlet excited state or fluorescence 
lifetime τ is a characteristic feature for each photoexcited molecule. This lifetime can be 
determined with time-resolved photoluminescence (TRPL) spectroscopy, in which the 
fluorescence intensity is recorded as a function of time. When a singlet excited state is not 
only deactivated by intrinsic processes but also by a competing process, such as energy or 
electron transfer, the lifetime will be reduced. The rate constant for the competing pathway 
(kcomp) can be determined by comparing the fluorescence lifetime of the donor molecule τD 
with that of the donor-acceptor system (τDA) via: 
 

 
DDA

compk
ττ
11 −=  (1.11) 

 
In analogy to steady-state fluorescence, time-resolved fluorescence is a very sensitive 

technique and, hence, small impurities with a high quantum yield for fluorescence may 
dominate the transient fluorescence.  

In this thesis, time-correlated single photon counting (TCSPC) is used to follow the 
fluorescence intensity in time. For the TCSPC measurements an Edinburgh Instruments 
LifeSpec-PS spectrometer is used. For excitation a 400 nm picosecond laser (PicoQuant PDL 
800B) operated at 2.5 MHz and pulse width of ~50 ps has been used. The excitation pulse is 
focused on the sample, while the luminescence is recorded under an angle of 90º with a 
Peltier-cooled Hamamatsu micro-channel plate photomultiplier (R3809U-50). The time delay 
between the start pulse (laser) and the stop pulse (first photon emitted) gives a measure for the 
time delay of each photon. Accumulation of all these time windows gives rise to a TRPL 
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profile, which can be fitted to (multi)exponential decay functions after deconvolution with the 
laser pulse to obtain the lifetime(s). 
 
Near steady-state photoinduced absorption spectroscopy. While singlet excited states of 
many conjugated molecules usually have a lifetime in the ns range, the corresponding triplet 
states typically have lifetimes in the µs-ms time domain. These triplet states often exhibit a 
triplet-triplet Tn←T1 absorption in the visible region, which can be detected with 
spectroscopic techniques. Other photoexcitations that live up to the µs-ms time domain are 
intermolecular charge-separated states of donor and acceptor molecules in solution and in the 
solid-state (at low temperature). The typical absorptions of the radical ions of conjugated 
molecules occur in the visible, near-infrared, and infrared regions of the spectrum (figure 1.7). 
Near steady-state photoinduced absorption (PIA) spectroscopy is an extremely versatile 
technique to detect photogenerated species in the µs-ms time domain in the 0.25-3.5 eV 
energy range. 

In near steady-state PIA measurements (figure 1.13), the sample is excited with a 
mechanically modulated laser (continuous wave argon ion laser). The pump wavelength is 
chosen to overlap with the absorption band of the sample to be studied. The change in 
transmission of a probe light (a tungsten-halogen white light source) through the sample 
between the ‘laser-off’ and ‘laser-on’ states (∆T) is monitored with a phase-sensitive lock-in 
amplifier, referenced to the modulation frequency, after dispersion of the light by a triple 
grating monochromator and detection, using Si, InGaAs, and cooled InSb detectors. The pump 
power incident on the sample is typically 25 mW with a beam diameter of 2 mm.  

In the PIA experiments the fractional change in sample transmission, -∆T/T, caused by 
the photoexcitation is measured by recording the amplitude and the phase of the modulation 
of the probe beam using the lock-in amplifier. -∆T/T is related to the total number of 
photoexcitations (N) created by a beam with cross section A through the energy-dependent 
optical absorption cross section σ of the photoexcited states. In formula: -∆T/T = σN/A. The 
pump induced absorption change ∆α is related to ∆T via ∆α = -1/d ln(1 + ∆T/T), where d is 
the sample thickness. In the small-signal regime: -∆T/T ≈ ∆αd. 

In order to avoid contamination of the PIA signal by photoluminescence, the light 
emission of the sample is recorded in a separate experiment, and the results are corrected for 
the photoluminescence. The resulting ∆T/T is negative when an excited absorption (PIA band) 
is present. Plotting ∆T/T versus the probe energy gives the PIA spectrum. In general, a 
negative absorption band (photobleaching band, PB band) is observed in the PIA spectrum at 
the absorption maximum of the excited material, due to the depletion of material in the ground 
state. 
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Figure 1.13 Set-up for the near steady-state PIA spectroscopy. 

 
Besides the PIA spectrum, the lifetime and the decay mechanism of a photoexcitation 

can be revealed, by measuring the frequency and intensity dependence of an optical transition, 
respectively. By variation of the modulation frequency (ν) of the pump beam and monitoring 
the PIA intensity, an indication of the lifetime of the photoexcited states can be obtained. In 
order to assess the relaxation behavior of a photoexcitation, the PIA intensity (-∆T) is 
measured as function of pump intensity (I) at the PIA band. Both measurements are corrected 
for luminescence contribution by repeating the same experiment without the probe light. As a 
consequence of using the phase-sensitive lock-in technique for detection, species with a 
different decay mechanism and a different lifetime can be distinguished from each other, 
because the phase signal of the photoexcitations is different. The lock-in amplifier creates the 
best look-a-like sine, for the input signal with the imposed frequency. For short-lived species, 
the difference in transmission of the probe light, caused by the pump beam, closely follows 
the square wave imposed by the mechanically modulated laser beam, because the steady-state 
concentration of photoexcitations is immediately created or lost when the pump is present or 
blocked. If the transient species creates a photoinduced absorption (PIA), i.e. a negative 
change in transmission, the phase of the signal is shifted by nearly 180º compared to the 
excitation beam, while in case of a photobleaching (PB) band the phase shift is 0º. In contrast, 
when the species are long-lived, the time needed to reach a steady-state concentration of the 
photoexcitations is longer, and also the decay of the probed species is not immediate when the 
pump beam is blocked. This can be seen from a phase shift of the signal. The largest phase 
shift is 90º (the triangular form in figure 1.14, when fitted with a sine), and occurs when the 
decay of the probed species has not completed within the ‘laser-off’ state. Moreover, the 
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steady-state concentration cannot reach its maximum intensity and, hence, the difference in 
transmission ∆T is not optimal, but reduced to a certain extent. 
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long-lived species

on off on off
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probe light
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Figure 1.14 Phase-sensitive detection of the photogenerated species. 

 
If a photoexcitation decays via a monomolecular mechanism, an analytical expression 

for the steady-state concentration of photoexcitations as a function of the pump intensity (I), 
the chopper frequency (ν = ω/2π), and the monomolecular lifetime (τ) can be obtained. The 
change in transmission (∆T) is proportional to this concentration and given by:31 
 

 
221 τω

τ

+
∝∆−

gI
T  (1.12) 

 
 tan ϕ = ωτ  (1.13) 
 
where g is the efficiency of generation of the photoinduced species and ϕ is the phase of the 
probe light. (1.12) reveals that for a monomolecular decay mechanism ∆T varies linearly (-∆T 
∝ Ip; p ~ 1) with the pump intensity, independent of the modulation frequency.32 This feature 
can be used to identify monomolecular decay experimentally. Apart from the intensity 
dependence, the frequency dependence of ∆T provides useful information. In case ωτ >> 1, 
the change in transmission, ∆T, follows a ω-1 dependence, while for ωτ << 1, ∆T is 
independent on chopping frequency. The crossover point ωτ = 1 is used to determine an 
appropriate value for the lifetime τ. A more accurate estimate of the monomolecular lifetime 
can be obtained by fitting the data points of the frequency dependence of ∆T to (1.12). 
Furthermore, according to (1.13) ϕ will be close to 0º (no phase shift) for very small lifetimes 
τ, while for long-lived species ϕ approaches π/2, and a 90º phase shift is obtained. The in-
phase (ϕ = 0) and out-of-phase (ϕ = π/2) PIA spectra can be used to detect states with 
different lifetimes. 

In case of a bimolecular decay mechanism another rate equation is involved, which has 
a quadratic, instead of a linear, dependence on the evolution of the density of photoexcitations 
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that is generated under a chopped pump beam. Under approximation that the generation term 
is a symmetric square light wave, the change in transmission as function of modulation 
frequency and pump intensity under steady-state conditions is given by:48 
 

 
αα
αα

β tanh
tanh
+

∝∆− gIT   (1.14) 

 
where α = π/(ωτS) and τS = (gIβ)-0.5. τS represents the lifetime of a photoexcitation under 
steady-state conditions, since it is not possible to introduce a lifetime independent of the light 
intensity with a constant value during the whole relaxation process. For large values of α (ωτS 
<< 1), ∆T equals (gI/β)0.5, and the PIA is independent on the modulation frequency, while it 
has a square root dependence on the pump intensity. For small values of α (ωτS >> 1), 
∆T→(πgI)/ω and thus ∆T decreases with a ω–1 dependence on the chopper frequency, while 
the dependence on the laser intensity I is linear. The crossover region from low to high 
chopper frequencies depends on the laser intensity. Note that the frequency dependence of ∆T 
for bimolecular decay is similar to that for monomolecular decay. 

Comparison of (1.12) and (1.14) shows that the monomolecular and bimolecular decay 
mechanisms can be distinguished by the linear or square root pump intensity dependence of 
∆T, respectively in the low frequency limit (ωτ << 1; ωτS << 1). In the high frequency limit 
the kinetics of the monomolecular and bimolecular processes are indistinguishable. 
 
Time-resolved photoinduced absorption spectroscopy. Photoexcitations can be followed in 
time using time-resolved pump-probe spectroscopy. Typically, the excited state absorption 
(Sn←S1 and Tn←T1), stimulated emission (SE, S1→S0), photobleaching band (PB, S1←S0), 
and the RC1 and RC2 transitions for a radical ion can be resolved in time.33 In a simplified 
way, the pump beam, a short laser pulse of 100-500 fs at a repetition rate of typically 1 kHz, 
generates the photoexcitations, which can be probed by a second pulse, which can be delayed 
in time with respect to the pump pulse (figure 1.15). Usually the intensity of the probe pulse is 
low compared to the pump pulse, and both have a similar pulse width. 
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Figure 1.15 Schematic representation of time-resolved pump probe spectroscopy. 
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In the actual experiment, every second pulse of the pump beam is blocked by a chopper 
(500 Hz) synchronized to the laser frequency. As a result, the repetition rate of the pump beam 
(500 Hz) is half of that of the probe beam (1 kHz). When the pulse of the pump beam and the 
probe beam arrive at the same time at the sample, the time delay is zero. The time delay 
between the pump and probe pulse can be varied via a translation stage, which influences the 
path length for one of the pulses and, hence, the time of arrival at the sample. Under 
assumption that the photoexcitation decays (almost) completely within 1 ms, ∆T is measured 
from the difference in transmission of the probe beam between the ‘pump on’ and ‘pump off’ 
state via a standard lock-in technique (figure 1.16). The time resolution of this experiment is 
limited by the pulse width (100-500 fs). The width of the pulses is measured via the optical 
Kerr effect, using the electric field of the laser beam that polarizes solvent molecules. 
Photoexcitation of a solution between two crossed polarizers by the pump beam causes a 
change in refractive index (n0/ne), and provides that the probe beam can travel through the 
second polarizer, when the two pulses interact with each other. 

200 fs
1 ms

Pump beam
( 500 Hz)

Probe beam

2 ms

∆T

Time delay Sample

Time

200 fs
1 ms

200 fs
1 ms

Pump beam
( 500 Hz)

Probe beam

2 ms

∆T

Time delay Sample

Time  
Figure 1.16 Pump-probe pulse sequence for lock-in detection. 

 
The femtosecond laser system used for pump-probe experiments consists of an 

amplified Ti/sapphire laser (Spectra Physics Hurricane) (figure 1.17). The single pulses from a 
mode-locked Ti/sapphire laser are amplified by a Nd-YLF laser using chirped pulse 
amplification, providing 150 fs pulses at 800 nm with an energy of 750 µJ and a repetition 
rate of 1 kHz. The pump pulses are created via optical parametric amplification (Spectra 
Physics OPA-C) of the 800 nm pulse by a BBO crystal into infrared pulses, which can be once 
or twice frequency doubled via BBO crystals (figure 1.17). The output of the pump pulse is 
between 300-600 nm with a power of 5-8 µJ for 300-400 nm, and 1-4 µJ for the 400-600 nm 
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region. The probe pulses are generated in a separate OPA set-up, in which wavelengths of 
300-2400 nm can be made. The pump beam is focused to a spot size of about 1 mm2 with an 
excitation flux of typically 1 mJ/cm2 per pulse. For probe wavelengths above 850 nm, a RG 
850 nm cut-off filter was used to avoid contributions of residual light at 800 nm. The probe 
beam was reduced in intensity compared to the pump beam by using neutral density filters of 
OD = 2. The pump beam was linearly polarized at the magic angle of 54.7° with respect to the 
probe, to cancel out orientation effects in the measured dynamics. The temporal evolution of 
the differential transmission is recorded using a Si or InGaAs detector by a standard lock-in 
technique at 500 Hz as mentioned. 
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Figure 1.17 Set-up for sub-picosecond PIA spectroscopy. 

 
It is also possible to use a white light continuum as probe beam instead of the 

‘monochromatic’ light. Then, a small fraction of the initial beam is focused in a 1 mm thick 
sapphire plate, generating a white light continuum. This allows probing the differential 
transmission over a broader frequency range (420-1000 nm), and hence photoinduced 
transmission difference spectra can be obtained by using an optical multichannel analyzer 
(OMA). The temporal evolution of the differential transmission can still be recorded at 
selected wavelengths, using interference filters of 10 nm bandwidth after the sample. 
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Lightinduced electron spin resonance. Direct evidence of electron transfer can also be 
obtained by lightinduced electron spin resonance (LESR), in which photogenerated radicals 
are detected with a varying magnetic field at low temperatures. Upon illumination with laser 
light, the donor-acceptor material is excited. When electron transfer occurs, a charge-
separated state is created in which a radical cation and radical anion are formed. The lifetime 
of the charge-separated state is strongly dependent on the temperature, especially in the solid-
state and therefore LESR is often performed at low temperatures (< 150 K). In principle, 
triplet states can also be detected via LESR techniques, provided that the lifetime is 
sufficiently long. The assignment of an ESR signal to a triplet state or to electron transfer 
relies on the presence of dipolar interaction of two spins in the triplet state, which causes a 
significant broadening of the ESR signals (zero-field splitting). 
 
 
1.6 Aim and outline of this thesis 
 

How do ‘plastic solar cells’ work? The crucial step to convert sunlight into electricity in 
plastics concerns photoinduced electron transfer. Studying this reaction for materials that can 
be used, or serve as a model, for ‘plastic solar cells’ is the central theme of this thesis. (Time-
resolved) fluorescence and time-resolved photoinduced absorption spectroscopy are versatile 
tools to get insight into the ultrafast photophysics in donor-acceptor systems with the aim to 
understand the items related to the charge transfer efficiency, in order to improve the overall 
energy conversion efficiency of plastic solar cells. Special attention is given to the competitive 
processes of photoinduced energy and electron transfer and to study the effect of the medium 
(i.e. solution or solid-state) in the determination between these two processes. These studies 
were performed for two cell configurations that currently stand out as being promising 
approaches to realize sustainable energy conversion using polymers as the photoactive 
material. 

The first configuration uses a conjugated polymer together with an inorganic 
semiconductor and is derived from the dye-sensitized TiO2 solar cells. The polymer is used to 
replace the dye and liquid electrolyte to obtain a solid-state photovoltaic cell. In this cell, the 
polymer acts both as light absorber and hole transporter. In this thesis, polymer-TiO2 solar 
cells are explored by studying the photoinduced electron transfer between conjugated 
polymers and nanocrystalline TiO2. It is found that the electron transfer is not efficient, since 
not all photoexcitations in the polymer reach the interface with nanocrystalline TiO2 as a 
consequence of the relatively short exciton diffusion length within conjugated polymers. With 
the aim to increase the charge generation efficiency, alternative designs are presented in which 
a large interface and intimate contact is created between the polymer and TiO2. 
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The second configuration for plastic solar cells is based on polymer-fullerene blends. These 
bulk-heterojunctions provide a power conversion efficiency of 2.5%, and are presently ‘state 
of the art’. The generation of charges in these bulk-heterojunctions has been studied 
extensively over the last decade. The inhomogeneity of the blends, the imperfections in the 
polymer structure, and the molecular weight distribution have hampered a detailed molecular 
description and understanding of the photophysics until now. In the aim to identify and 
understand the fast photophysical phenomena in these blends in more detail, well-defined 
models based on covalently linked conjugated oligomer - fullerene dyads are investigated in 
this thesis. For this purpose, (time-resolved) pump-probe spectroscopy and (time-resolved) 
fluorescence spectroscopy are used. Special attention is given to unravel the competing energy 
and electron transfer processes that occur on ultrashort time scales in relation to the medium 
and the relative orientation of the chromophores. 
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Chapter 2 
 
 
Photoinduced electron transfer from conjugated polymers 

to TiO2
∗∗∗∗ 

 

Abstract. Photoinduced electron transfer from π-conjugated polymers, in 
particular derivatives of poly(p-phenylene vinylene)s (PPVs) and polythiophenes 
(PTs), to nanocrystalline TiO2 is studied, using near steady-state photoinduced 
absorption (PIA) spectroscopy and lightinduced electron spin resonance (LESR). 
The PIA spectra of the polymers adsorbed on nc-TiO2 give direct spectral 
evidence that nc-TiO2 acts as an efficient electron acceptor for the polymers in the 
excited state. In combination with nc-TiO2, partial quenching of the 
photoluminescence of the polymers occurs. When the PPVs are contacted with nc-
ZrO2, which has a conduction band 1 eV higher in energy than nc-TiO2, the 
photoinduced electron transfer reaction becomes energetically unfavorable and 
long-lived triplet photoexcitations are formed instead. The photoinduced electron 
transfer to nc-TiO2 is confirmed by ESR spectroscopy, which reveals the 
reversible formation of polymer cation radicals upon excitation of the PPV in 
combination with nc-TiO2, but not with nc-ZrO2. For PTs, comparable 
photophysical processes are observed with PIA and LESR. Both near steady-state 
PIA and ESR spectroscopy show that the recombination of charges is 
characterized by a distribution of lifetimes at cryogenic temperatures, ranging 
from milliseconds to tenths of seconds.

 
∗ This work has been published: (a) M. P. T. Christiaans, M. M. Wienk, P. A. van Hal, J. M. Kroon, R. A. 

J. Janssen, Synth. Met. 1999, 101, 265; (b) P. A. van Hal, M. P. T. Christiaans, M. M. Wienk, J. M. 
Kroon, R. A. J. Janssen, J. Phys. Chem. B 1999, 103, 4352. 
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2.1 Introduction 
 

Combining organic conjugated polymers with wide-band gap inorganic semiconductors 
nanocrystals (e.g., TiO2, CdS, and CdSe) is an emerging area of research for optical and 
electronic applications.1 The excitation energies and valence band offsets of typical π-
conjugated semiconducting polymers allow electron transfer to the conduction band of the 
inorganic semiconductor, when the polymer is excited across the π-π* absorption band. The 
photoinduced charge separation at the interface of the polymer and inorganic semiconductor 
provides interesting opportunities for application in photovoltaic devices.2 Apart from 
favorable energetics, the occurrence of photoinduced electron transfer is determined by the 
kinetic requirements. For efficient charge carrier generation, the forward electron transfer 
reaction has to compete effectively with the intrinsic decay processes of the polymers, which 
typically occur at rate constants of k = 10–9 to 10–10 s–1 and limit the diffusion length of 
excitons to the 5-20 nm range.3 Hence, it is necessary to create a large area of interface 
between the two materials, preferentially of nanoscopic dimension, in order to achieve a high 
quantum efficiency for charge separation. 

A similar strategy has been used by Grätzel et al. in developing a ruthenium dye-
sensitized nanocrystalline TiO2 (nc-TiO2) solar cell, reaching a conversion efficiency of about 
10%.4, 5 The Grätzel cell employs a dye adsorbed on nc-TiO2 for light absorption and electron 
injection to the TiO2 conduction band, combined with an I–/I3

– redox couple contained in a 
liquid electrolyte to regenerate the photooxidized dye molecules. Recently, the liquid 
electrolyte has been replaced by a solid, wide-band gap hole transporting material.6 In 
principle, the dye/electrolyte or dye/hole transporting material combinations of the Grätzel cell 
can be replaced by a single conjugated polymer layer, taking advantage of the high absorption 
coefficients of conjugated polymers and bringing together the functions of light absorption 
and charge (hole) transport in a single material. The dissociation of excitons in poly(2-
methoxy-5-((±)-2'-ethylhexyloxy)-1,4-phenylene vinylene) (MEH-PPV) and poly(1,4-
phenylene vinylene) (PPV) at the interface with TiO2 was demonstrated using current voltage 
characteristics and time-resolved microwave conductivity, and was shown to result in electron 
injection into the conduction band of TiO2.7, 8 

While these studies show that polymer/TiO2 photovoltaic cells can be realized and that 
electrons are injected into the conduction band of TiO2,7, 8 the characteristics of the 
photogenerated holes in the conjugated polymers have not been investigated in detail. Here, 
direct spectral evidence is provided for the photoinduced creation of cation radicals (polarons) 
in poly(p-phenylene vinylene) and polythiophene derivatives (MEH-PPV; poly(2-methoxy-5-
((±)-3',7'-dimethyloctyloxy)-p-phenylene vinylene), MDMO-PPV; regioregular poly(3-
hexylthiophene), (P3HT); and poly(3,4-dihexyloxy-2,5-thiophene), PDHOT) contacted with 



Photoinduced electron transfer from conjugated polymers to TiO2 

33 

nc-TiO2, using near steady-state photoinduced absorption (PIA) spectroscopy and lightinduced 
electron spin resonance (LESR) spectroscopy. 

O
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nS n

MEH-PPV MDMO-PPV P3HT PDHOT  
Scheme 2.1 The π-conjugated polymers used as donor material. 

 
Nanocrystalline TiO2 is used as a ‘sponge’ in which the polymers are adsorbed. nc-TiO2 

is made from P25 TiO2, with a pore size distribution in the range of 10 to 100 nm as inferred 
from figure 2.1. 
 

 
Figure 2.1 Transmission electron microscopy picture of nc-TiO2. 

 
 
2.2 Poly(p-phenylene vinylene)s: MEH-PPV and MDMO-PPV 
 
Photoinduced absorption spectroscopy. The photoinduced absorption (PIA) spectrum of a 
thin film of MEH-PPV on quartz exhibits an absorption band at 1.34 eV and a photobleaching 
band (PB) at 2.12 eV, after correction for the fluorescence (2.06 eV) (figure 2.2; dashed line). 
The PIA band is assigned to the triplet-triplet transition of MEH-PPV as reported previously.9 
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The PB band relates to the low-energy part of the UV/Vis spectrum of MEH-PPV as a result 
of migration of photoexcited states towards the longer segments in the film. 

When MEH-PPV is adsorbed on nc-TiO2, the PIA spectrum (figure 2.2; solid line) 
changes and exhibits two absorptions in the near infrared and visible region at 0.52 eV (-∆T/T 
= 7.5×10–4) and 1.53 eV (-∆T/T = 1.4×10–3). The PIA spectrum of nc-TiO2 without MEH-
PPV, recorded under similar conditions, does not show any transitions in the 0.25–3.0 eV 
range. The intensities of the 0.52 eV and 1.53 eV PIA bands increase with pump excitation 
intensity (I) in a similar fashion (figure 2.3), which demonstrates that they belong to the same 
physical species. The two transitions are characteristic of cation radicals (polarons) generated 
on MEH-PPV.9 The 0.52 eV band is assigned to a dipole-allowed transition from the highest 
doubly occupied level into the singly occupied molecular orbital, while the 1.53 eV band 
corresponds to an excitation from the singly occupied molecular orbital to the lowest 
unoccupied level (RC1 and RC2 transitions in chapter 1). In addition to the two PIA bands, 
bleaching of the π-π* absorption is observed at 2.38 eV (-∆T/T = -1.9×10–3) with a shoulder at 
~2.22 eV. The formation of MEH-PPV cation radicals is consistent with a photoinduced 
electron transfer reaction, in which an electron is transferred from the excited state of MEH-
PPV to nc-TiO2. 
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Figure 2.2 PIA spectrum of MEH-PPV on a quartz substrate (dashed line, multiplied by a factor 5) 
and on nc-TiO2 (solid line) recorded at 80 K utilizing a 2.54 eV (488 nm; 25 mW) excitation beam and 
a modulation frequency of ν  = 275 Hz. 

 
Two kinetic models can be invoked to explain the pump intensity dependence of the 

PIA bands in MEH-PPV/nc-TiO2 as shown in figure 2.3: a bimolecular decay and a trap-
filling model combined with monomolecular decay. In the bimolecular decay mechanism it is 
assumed that mobile holes on the polymer and mobile electrons in TiO2 recombine to 
regenerate the polymer and nc-TiO2 in the ground state. The reaction is therefore of second-
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order. The theoretical expression for the pump intensity and modulation frequency 
dependence of -∆T for an excitation, which decays via a bimolecular process, is:10 
 

 
αα

ααβ
tanh

tanh/
+

⋅∝∆− IgT  (2.1) 

 
where α = π/(ωτs), τs = (gIβ)–0.5 the lifetime under steady-state conditions, β is the 
bimolecular decay constant, and g the efficiency of generation of the photoinduced species. 
For low modulation frequencies, such that ωτs << 1, -∆T exhibits a square root pump intensity 
dependence. When the pump intensity dependence of -∆T is fitted to a power law expression 
(-∆T ∝ Ip), the exponents of p = 0.56 for the 0.52 eV band and p = 0.65 for the band at 1.53 
eV are obtained, qualitatively consistent with bimolecular decay (figure 2.3).11 
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Figure 2.3 Pump intensity dependence of the PIA signals at 0.52 eV (squares) and 1.53 eV (circles) of 
MEH-PPV on nc-TiO2 at 80 K recorded by excitation at 2.54 eV (488 nm) using a modulation 
frequency of 275 Hz. Dashed lines represent best-fit power laws with exponents of 0.56 and 0.65 for 
the 0.52 and 1.53 eV band, respectively. Solid lines are best-fits using the trap filling model via (2.2). 
 

Alternatively, a model can be used in which long-lived polarons are bound to shallow 
traps and recombine to the ground state by a monomolecular mechanism. As the pump 
intensity increases the traps (n) are filled, and the efficiency of producing long-lived 
photoexcitations is reduced.12 For this model a parameter n0 describes the material dependent 
saturation density. The steady-state solution for the pump intensity dependence of -∆T in such 
a model is:12, 13 
 

 
τ

τ
gIn

gInT
+

∝∆−
0

0  (2.2) 
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The fit of (2.2) to the data shown in figure 2.3 gives a slightly improved correlation 
compared to fits to a power law expression (–∆T ∝ Ip). At the highest pump intensity used (I = 
100 mW) the trapping level is calculated to be 50-60% of the saturation level, while at the 
typical pump intensity level used in recording the PIA spectra (I = 25 mW), the trapping level 
is 20-30%. 

To estimate the lifetime of the charge-separated state, the intensity of the PIA bands was 
investigated as a function of the modulation frequency (ν = ω/2π) in the range of 30 to 4000 
Hz (figure 2.4).  
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Figure 2.4 Intensity dependence of the PIA bands at 0.52 eV (squares) and 1.53 eV (circles) of MEH-
PPV on nc-TiO2 as a function of the modulation frequency ν. Data were recorded at 80 K by 
excitation at 2.54 eV (488 nm, 25 mW). Solid lines represent best-fits of a combined power law and 
bimolecular decay (see text). 

 
The intensity of both PIA signals decreases already at the lowest frequencies (30 Hz), 

indicating that long-lived photoexcitations are present. Despite the near square root pump 
intensity dependence, no satisfying agreement can be obtained when the data shown in figure 
2.4 are fitted to (2.1). The continuous decrease of the intensity with ν (and thus ω) favors a 
model in which a broad range of excited state lifetimes exists as a result of a distribution of 
trapping depths, rather than a single bimolecular decay process. Such a distribution of trapping 
sites, likely results from the inhomogeneous nature of the MEH-PPV/nc-TiO2 interface.14 In 
the PIA technique a distribution of lifetimes often results in a power law dependence of the 
spectrum on the modulation frequency:10, 15 

 
 -∆T ∝ ω–n  (2.3) 
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Although a precise theoretical background for this empirical relation is lacking, the 
power law dependence has been found to be consistent with bimolecular decay.16 A satisfying 
numerical agreement with the experimental data can be obtained by combining the power law 
dependence (2.3) with the expression for bimolecular decay (2.1) (figure 2.4). It must be noted 
that fitting the combination of the two equations is physically of limited value, but the values 
are meaningful for direct comparison of the decay characteristics of the different bands. For 
the 0.52 eV band the fit results in n = 0.22 and τs = 760 µs, while for the 1.53 eV band n = 
0.22 and τs = 470 µs.17 The relative contributions for power law and bimolecular decay are 
3.1:1 and 3.5:1 for the two bands, respectively. 

The PIA experiments show unambiguously that photoexcitation produces cation radicals 
in the polymer at the MEH-PPV/nc-TiO2 interface, but do not reveal the spectral 
characteristics of negative charge carriers in TiO2. Conduction band electrons in 
semiconductors have absorptions in the near-IR and IR regions, consisting of free-carrier 
absorptions and absorptions of trap states. Conduction band electrons (ecb

-) in TiO2 exhibit an 
absorption throughout the near-IR spectral region with an extinction coefficient of ε = 3400 
L/mol cm at 1.59 eV,18, 19 on the same order of magnitude as for MEH-PPV cation radicals at 
the same wavelength. These ecb

– may contribute to the positive absorption in the near-IR, but 
cannot be separated from the absorption of MEH-PPV cation radicals in these experiments. 

Recently, photoinduced generation of conduction band electrons in TiO2 at interfaces 
with MEH-PPV and PPV has been inferred from current/voltage characteristics and time-
resolved microwave conductivity.7, 8 To show independently that TiO2 acts as an acceptor, 
MEH-PPV on nc-ZrO2 is studied with PIA spectroscopy. nc-ZrO2 was chosen as a reference 
adsorbent, because its conduction band is approximately 1 eV more negative than that of 
TiO2, inhibiting electron injection from the photoexcited MEH-PPV, while the surface and 
optical properties (e.g. refractive index) of ZrO2 are similar to those of TiO2.20 Consequently, 
no photoinduced electron transfer is expected to occur.21 In accordance with this prediction, 
the PIA spectrum of MEH-PPV/nc-ZrO2 at 80 K reveals the formation of the MEH-PPV 
triplet state exhibiting a single, sub-gap triplet-triplet absorption at 1.44 eV (-∆T/T = 5.5×10–5) 
and a PB band at 2.22 eV (-∆T/T = -5.4×10–5) (figure 2.5). The position of the triplet-triplet 
PIA band on nc-ZrO2 has blue shifted by about 0.1 eV in comparison with the triplet-triplet 
absorption at 1.34-1.36 eV of a thin film of MEH-PPV on quartz (figure 2.2). 
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Figure 2.5 PIA spectrum of MEH-PPV on nc-ZrO2 showing the triplet-triplet absorption band at 1.44 
eV and a PB band at 2.22 eV. The spectrum was recorded at 80 K utilizing a 2.54 eV (488 nm; 25 
mW) excitation beam and a modulation frequency of 275 Hz. 

 
The triplet-triplet transition in the PIA spectrum of MEH-PPV/ZrO2 is approximately 

one order of magnitude less intense than the bands shown in figure 2.2 for MEH-PPV/nc-
TiO2. Although the position of the 1.44 eV band coincides with the position of the high-
energy polaron band in MEH-PPV, there is no doubt that its nature is different, because many 
of the characteristics are different. The 1.44 eV band increases with excitation intensity 
according to -∆T ∝ I0.82, which indicates that both monomolecular (-∆T ∝ I) and bimolecular 
(-∆T ∝ I0.5) decay mechanisms contribute to the decay of the triplet state of MEH-PPV on nc-
ZrO2. This is consistent with the spontaneous (monomolecular) relaxation of the triplet state 
and a triplet-triplet (bimolecular) annihilation process as observed in molecular crystals.22 For 
monomolecular decay the theoretical frequency dependence of -∆T is equal to:10 

 

 
221 τω

τ
+

∝∆− gIT   (2.4) 

 
When the experimental data are fitted to the expressions for monomolecular decay (2.4) 

or bimolecular decay (2.1), a satisfying agreement is obtained in both cases, although a 
slightly better fit is reached for bimolecular decay (figure 2.6). The lifetime of the triplet state 
of MEH-PPV on nc-ZrO2 resulting from these fits is 160 and 230 µs for the monomolecular 
and bimolecular decay, respectively. 
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Figure 2.6 Intensity of the PIA bands at 1.44 eV in MEH-PPV/nc-ZrO2  (80 K, 488 nm) as a function 
of the modulation frequency (a) and as a function of the pump power (b). In graph (a) the lines 
represent best-fits of monomolecular decay (solid line) and bimolecular decay (dashed line), while 
the solid line in graph (b) represents a fit with power law behavior. 

 
Lightinduced electron spin resonance. Lightinduced electron spin resonance (LESR) 
experiments were performed as an independent spectroscopic technique to investigate the 
photoinduced electron transfer. The LESR spectrum of MEH-PPV on nc-TiO2 is shown in 
figure 2.7.  
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Figure 2.7 LESR spectrum of MEH-PPV on nc-TiO2 and nc-ZrO2 during excitation with light of 2.54 
eV (488 nm; 65 mW) through a 50% transmission grid, while the samples were kept in a dynamic 
vacuum of 10–5 mbar at 130 K. The spectra shown are corrected for dark signals. 
 

Photoexcitation produces a distinct, almost isotropic, ESR signal at g = 2.0026±0.0002. 
This ESR signal is readily attributed to MEH-PPV cation radicals (polarons).9 In the ESR 
experiment, no signals are observed that can be attributed to electrons in nc-TiO2.23–25 At 130 
K the photoinduced ESR signal at g = 2.0026 consists of a permanent part and a part that can 
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be switched on and off many times by temporary blocking the excitation beam (figure 2.8). 
The temporal evolution of the ESR signal, recorded when the light is blocked, clearly reveals 
the presence of multiple relaxation mechanisms, with time constants longer than 10 s. 
Recently, a similar temporal evolution of the LESR spectrum has been reported for a 
polythiophene/C60 composite.26 
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Figure 2.8 Temporal evolution of the ESR signal of cation radicals during 120 s light-on/light-off 
modulation of MEH-PPV on nc-TiO2 and nc-ZrO2. The signal was recorded with light of 2.54 eV (488 
nm; 65 mW) through a 50% transmission grid, while the sample was kept in dynamic vacuum of 10–5 
mbar at 130 K. 

 
Photoinduced ESR experiments were also performed for MEH-PPV on nc-ZrO2. 

Figures 2.7 and 2.8 show that a small photoinduced ESR signal is observed upon 
photoexcitation of MEH-PPV/nc-ZrO2 at 130 K, but this signal cannot be switched on and off 
by modulating the light intensity. The permanent photogenerated ESR signals of MEH-
PPV/TiO2 and MEH-PPV/ZrO2 are attributed to a small degree of irreversible photooxidation. 
 
Kinetics of the photoinduced electron transfer. The PIA and ESR experiments show that 
the backward electron transfer reaction contains long-lived components, but give no direct 
information on the rate of the forward electron transfer reaction. Several recent investigations 
utilizing femtosecond spectroscopy show that electron injection from photoexcited dyes to nc-
TiO2 is extremely fast, on the order of 100 fs or less.27 While the present experiments are 
unable to assess these short time domains, the fluorescence of MEH-PPV is partly quenched 
when contacted with nc-TiO2. The residual fluorescence emission of MEH-PPV/nc-TiO2 at 80 
K exhibits a first vibronic transition at 2.08 eV with a shoulder at 1.94 eV. For MEH-PPV/nc-
ZrO2 the emission occurs at higher energies, with an onset at about 2.20 eV and peaks at 2.16 
and 2.04 eV. The average of luminescence quenching in MEH-PPV/nc-TiO2 was a factor of 
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two in comparison with MEH-PPV/nc-ZrO2, but varied among different samples, that were 
prepared under identical conditions. The partial quenching of the fluorescence indicates that 
forward electron transfer competes with radiative emission, which is known to occur in MEH-
PPV with a time constant of about τ = 200-700 ps.28 Furthermore, it was shown that MEH-
PPV layers up to a thickness of 20 nm deposited on flat TiO2 show negligible fluorescence, 
implying that the exciton diffusion length in MEH-PPV thin films on flat TiO2 is about 20±3 
nm.7 This value is close to previous estimates of typically 5-15 nm for the diffusion range of 
singlet excitons in conjugated polymers.29 Since the dimensions of the pores in nc-TiO2 are 
slightly larger (10-100 nm), it is conceivable that some excitations never reach the MEH-
PPV/nc-TiO2 interface where the exciton dissociation into charge carriers occurs. This 
distance effect can explain the presence of residual fluorescence, even when an ultrafast 
forward electron transfer is presumed in regions were the contact of MEH-PPV with nc-TiO2 
is within the exciton diffusion range.30 

It is interesting to note that the PB band (corresponding to the π-π* absorption) and the 
triplet-triplet absorption of MEH-PPV on glass are shifted to lower energy by about 0.10 eV 
in comparison with MEH-PPV on nc-ZrO2 (table 2.1). The PB band of MEH-PPV on nc-TiO2 

exhibits a similar blue shift (table 2.1). These shifts to higher energies are not directly 
expected, because TiO2 and ZrO2 are more polar and have a higher refractive index (n = 2.5 
for anatase-TiO2 and n = 2.2 for ZrO2) than quartz.31 Three tentative explanations might be 
considered for this phenomenon. First, it is possible that during the preparation of the samples 
short chains and oligomers are preferentially introduced in the pores of the inorganic 
semiconductor. Since the π-π* absorption of conjugated polymers is known to depend on the 
effective conjugation length, such an effect would be consistent with the observed blue shift. 
Alternatively, MEH-PPV may be forced to adopt a less planar chain conformation at the 
interface with the nanocrystals, or the aggregation of polymer chains may be hampered. Both 
intrachain disorder and absence of aggregation are known to result in a blue shift of the π-π* 
absorptions.32 Finally, as a consequence of poor filling of the pores, the polymer segments 
hardly interact with each other in these nanoporous systems, preventing the photogenerated 
species to migrate to the most energetically favored position, which does occur within the 
pristine material. 

To assess the extent to which photoinduced electron transfer reactions of poly(2,5- 
dialkoxy-1,4-phenylene vinylenes) are a general phenomenon, MDMO-PPV has been 
investigated in combination with nc-TiO2, nc-ZrO2, and as a thin film on glass. The results 
compiled in table 2.1 are fully analogous to those of MEH-PPV. In combination with nc-TiO2, 
a photoinduced electron transfer reaction occurs, giving two polaron PIA bands at 0.50 eV and 
1.46 eV, together with a bleaching band at 2.25 eV. In combination with nc-ZrO2, excitation 
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of MDMO-PPV gives rise to the formation of a triplet state as evidenced from the triplet-
triplet PIA band at 1.44 eV.33 
 

Table 2.1 Energies (eV) of optical transition of ground state bleaching (PB), photoluminescence 
(PL), and photoinduced absorption (PIA). Characteristics of modulation frequency (τ and n) and 
excitation energy dependence of PIA signals (p and percentage traps filled). 

Polymer Support 
PB 

(eV) 
PL 

(eV) 
PIA 
(eV) 

Decaya 
τ17 
(µs) 

n 
(ω–n) 

p11 
(Ip) 

Trapsb 
(%) 

MEH-PPV TiO2 2.22 2.08 0.52 B+P 760 0.22 0.56 28 

  2.38 1.94 1.53 B+P 470 0.22 0.65 20 

 ZrO2 2.22 2.20 1.44 M 160  0.82  

 quartz 2.12 2.06 1.34 M 110  0.42  

MDMO-PPV TiO2 2.25 2.14 0.50 B+P 350 0.28 0.54 30 

    1.46 B+P 1300 0.33 0.62 22 

 ZrO2 2.23 2.14 1.44 M 250  0.79  

 quartz 2.13 2.04 1.36 M 86  0.48  

P3HT TiO2 1.98 1.88 0.38 B+P 1480 0.42 0.62 24 

  2.15 1.71 1.27 B+P 1320 0.45 0.65 21 

  2.31 1.55 1.43 B+P 1370 0.44 0.64 22 

    1.83 B+P 1320 0.44 0.65 21 

 quartz 1.96 1.84 1.09 B 5.5  0.63  

  2.14 1.68 1.18 B 22  0.60  

  2.32 1.50 1.82      

PDHOT TiO2 2.06  0.38 B+P 1130 0.26 0.61 24 

  2.24  1.27 B+P 990 0.29 0.63 22 

  2.42  1.40 B+P 940 0.27 0.64 23 

    1.58 B+P 990 0.27 0.63 23 

 quartz 2.06  0.40      

  2.24  1.24 P  0.27 0.68 18 

  2.43  1.38      

    1.56 P  0.29 0.62 23 
a B is bimolecular decay using (2.1); P is power law decay using (2.3); M is monomolecular decay 
using (2.4). b Traps represents percentage of traps filled at I = 25 mW calculated from a fit of (2.2) to 
the experimental data. 
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2.3 Polythiophenes: P3HT and PDHOT 
 
Photoinduced absorption spectroscopy. The PIA spectrum of P3HT on nc-TiO2 reveals the 
presence of two polaron bands at 0.38 eV (-∆T/T = 1.5×10–3) and 1.27 eV (-∆T/T = 1.2×10–3), 
together with a broad plateau extending from 1.4-1.8 eV, ending in a small peak near the onset 
of the π-π* absorption at 1.83 eV (-∆T/T = ~1.2×10–3) (figure 2.9; table 2.1). 
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Figure 2.9 PIA spectrum of P3HT on nc-TiO2 showing two polaron bands with transitions at 0.38, 
1.27, 1.43, and 1.83 eV; and PB bands at 1.98, 2.15 and 2.31 eV. The spectrum was recorded at 80 K 
utilizing a 2.54 eV (488 nm; 25 mW) excitation beam and a modulation frequency of 275 Hz. 

 
These transitions in the PIA spectrum are identical to those found previously for other 

poly(3-alkylthiophene)s in combination with fullerenes or tetracyano-p-quinodimethane 
derivatives and are assigned to cation radicals (polarons) on P3HT.34 Bleaching of the π-π* 
absorption is observed primarily at 1.98 eV (-∆T/T = -2.3×10–3), with two vibronics at 2.15 
and 2.31 eV. The PIA and PB bands increase with the pump intensity in a similar fashion. The 
experimental data can be fitted to a power law behavior, -∆T ∝ Ip, with p = 0.61-0.65 (table 
2.1) but also using (2.2) giving trapping levels of 52–57% at 100 mW pump intensity. The 
modulation frequency dependence of the PIA and PB bands reveals that all bands follow the 
same recombination kinetics (figure 2.10). Similar to MEH-PPV and MDMO-PPV, the 
frequency dependence can be fitted to a combination of bimolecular decay (2.1) and power 
law decay (2.3). This analysis reveals for the PIA bands that τs = 1.3-1.5 ms and n = 0.42-0.45 
with a relative contribution of bimolecular decay versus power law decay in the range of 
1:10–1:15, and essentially the same result for the PB bands, viz. τs = 1.2-1.3, n = 0.41–0.42, 
and a ratio of 1:12. 
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Figure 2.10 Intensity dependence of the PIA and PB bands of P3HT on nc-TiO2 as a function of the 
modulation frequency ν. Data were recorded at 80 K by excitation at 2.54 eV (488 nm; 25 mW). Solid 
lines represent best-fits of a combined power law and bimolecular decay (see text). 

 
The PIA spectrum of P3HT on glass is significantly different from the spectrum on nc-

TiO2 (figure 2.11).  
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Figure 2.11 PIA spectrum of P3HT on glass showing transitions at 1.08 and 1.18 eV; and PB bands 
at 1.96, 2.14 and 2.32 eV. The spectrum was recorded at 80 K utilizing a 2.54 eV (488 nm; 25 mW) 
excitation beam and a modulation frequency of 275 Hz. 

 
One broad band is observed consisting of two peaks at 1.08 and 1.18 eV. The three PB 

bands observed for P3HT/glass are at the same position as observed for P3HT/nc-TiO2, 
although their relative intensities are different. The maximum intensity of the PIA spectrum of 
P3HT/glass is -∆T/T = 7.8×10–5 and, hence, more than one order of magnitude less than for 
P3HT/nc-TiO2. These characteristics show that the photoexcitation in P3HT/glass is 
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significantly different from that in P3HT/nc-TiO2. The PIA bands of P3HT/glass increase 
according to a near square root power law with pump intensity (p = 0.60-0.63). 

The intensity of the PIA bands and the bleaching bands of P3HT on glass show almost 
no modulation frequency dependence in the range of 30-4000 Hz,17 the decay in -∆T is less 
than 10% (figure 2.12). 
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Figure 2.12 Intensity dependence of the PIA bands at 1.08 and 1.18 eV and the PB bands at 1.96 and 
2.14 eV in P3HT on glass as a function of the modulation frequency ν. Data were recorded at 80 K by 
excitation at 2.54 eV (488 nm; 25 mW). Lines represent best-fits of monomolecular decay with 
lifetimes 5.5, 22, 35 and 34 µs respectively. 

 
When the data are fitted to expressions for bimolecular decay, the lifetimes for the two 

PIA bands are 5.5 µs and 22 µs, respectively. These values, however, have to be considered as 
a tentative, because the characteristic roll-off to a ω-1 behavior of -∆T does not occur even at 
the highest frequencies and precludes an accurate determination of the lifetime using (2.1). 

The PIA experiments on PDHOT demonstrate that photoinduced electron transfer 
occurs to nc-TiO2 and the results are compiled in table 2.1. The PIA spectrum of PDHOT on 
nc-TiO2 reveals a broad, low-energy, radical cation band at 0.38 eV (-∆T/T = 1.5×10–3) and a 
high-energy band consisting of three transitions at 1.27 (-∆T/T = 1.7×10–3), 1.40, and 1.58 eV. 
Vibrationally resolved bleaching bands can be observed at 2.06, 2.24, and 2.42 eV. Both the 
PIA bands and the PB bands increase with excitation intensity following a near square root 
behavior (-∆T ∝ Ip, p = 0.61-0.65), but can also be fitted with slightly better correlation to 
(2.2). The bands also show an identical decrease in intensity when the modulation frequency 
is increased (table 2.1). These similarities provide evidence that the bands belong to the same 
physical species. When PDHOT was studied on glass the PIA signals are at essentially the 
same energies as for PDHOT/nc-TiO2 with comparable decay characteristics (table 2.1). The 
maximum intensity of the PIA spectrum of PDHOT on glass (-∆T/T = 4×10–5 at 1.24 eV) is, 
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however, reduced by nearly two orders of magnitude as compared to PDHOT/nc-TiO2. This 
residual formation of cation radicals in PDHOT is most likely the result of small impurities in 
the polymer that act as an electron acceptor. Photoinduced ESR experiments on PDHOT/nc-
TiO2 reveal the formation of an ESR signal at g = 2.0022±0.0002, consistent with the 
formation of PDHOT cation radicals. 

In contrast to the PIA experiments with poly(p-phenylene vinylene)s (PPVs), where the 
PB band is shifted significantly to the blue upon having it in a matrix, the PB bands for 
polythiophenes (PTs) in or without a matrix do not differ. The same positioning of the PB for 
PTs could be related to the much lower molecular weight of these polymers compared to the 
PPVs. 
 
 
2.4 Conclusions 
 

The PIA and lightinduced ESR experiments demonstrate that nc-TiO2 acts as an efficient 
electron acceptor towards poly(p-phenylene vinylene) and polythiophene derivatives in the 
excited state. The PIA spectra of the conjugated polymers on nc-TiO2 show two strong bands 
at ~0.5 and ~1.5 eV which are highly characteristic of cation radicals (polarons) generated on 
the polymers chains. Photoinduced ESR experiments confirm this result, by the appearance of 
an ESR signal that results from photogenerated spins on the polymer, whose intensity can be 
modulated by changing the light intensity. The excitation intensity dependence of the PIA 
bands reveal that the polymer radical cations decay at 80 K either via a bimolecular decay 
mechanism or a mechanism in which the radical cations are bound to traps and decay 
monomolecularly. The latter model generally provides a slightly better fit to the experimental 
data. Both models are consistent with the recombination of positive and negative charges. The 
modulation frequency dependence of the PIA bands of the radical cations give evidence for a 
complex range of lifetimes for the charge-separated state. From PIA spectroscopy a decay 
mechanism with a steady-state lifetime of τs = 0.3-1.6 ms gives an important contribution 
(table 2.1) but that other, slower processes occur as well. The complex decay behavior is 
attributed to the inhomogeneous nature of the polymer/nc-TiO2 interface, giving rise to a 
range of trapping depths. Photoinduced ESR at 130 K on MEH-PPV/nc-TiO2 and PDHOT/nc-
TiO2 shows that recombination occurs with time constants of 10 s and longer. A partial 
quenching of the polymer photoluminescence is observed when contacted with nc-TiO2. The 
residual photoluminescence is tentatively attributed to polymer chains, which are at a longer 
distance from the interface with nc-TiO2 than the exciton diffusion range (5-20 nm). This will 
result in fluorescence, even when an ultrafast forward electron transfer is possible in regions 
of improved contact.7 
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2.5 Experimental section 
 
Materials. The polymers used in this study, viz. poly(2-methoxy-5-((±)-2'-ethylhexyloxy)-1,4-phenylene 
vinylene) (MEH-PPV), poly(2-methoxy-5-((±)-3',7'-dimethyloctyloxy)-1,4-phenylene vinylene) (MDMO-
PPV), regioregular poly(3-hexylthiophene) (P3HT), and poly(3,4-dihexyloxy-2,5-thiophene) (PDHOT) 
were synthesized according to published methods.35 The polymers were fully characterized using nuclear 
magnetic resonance (NMR) and size exclusion chromatography (SEC) (MEH-PPV: Mw = 310 kg/mol, D = 
4.8 ; MDMO-PPV: Mw = 404 kg/mol, D = 4.5; P3HT Mw = 11 kg/mol, D = 1.4, PDHOT: Mw = 8 kg/mol, D 
= 1.8) TiO2 (P-25) and ZrO2 (VP) were obtained from Degussa AG (Germany). P-25 TiO2 consists of 70 
wt.% anatase and 30 wt.% rutile with a primary particle diameter of 21 nm. For ZrO2 the primary particle 
diameter is 30 nm. Films of nc-TiO2 on glass substrates were prepared by doctor blading a paste prepared 
from commercial TiO2 as reported.36 The ZrO2 paste (based on water/ethanol, stabilized with acetylacetone) 
was applied in a similar way. The pastes were then sintered to nc-TiO2 and nc-ZrO2 layers of approximately 
2 µm thickness at 450 ºC. For TiO2 this procedure has been shown to result in small homogeneously 
distributed secondary particles with a diameter of predominantly 100 nm and a broad pore diameter 
distribution between 10 and 100 nm. Immediately after cooling, the polymers were introduced into the 
pores of nc-TiO2 and nc-ZrO2 by dipping the substrates into 0.1 mg/mL solutions in chloroform overnight. 
Samples were prepared in an inert atmosphere glove box and stored in the dark. The optical density at 488 
nm (excitation wavelength) varied for different samples between 0.7 and 2.0. 
 
Absorption and photoluminescence. UV/Vis spectra were recorded using a Perkin Elmer Lambda 900 
spectrophotometer and fluorescence spectra were recorded on a Perkin Elmer LS50B luminescence 
spectrometer with a front-face accessory. 
 
Near steady-state photoinduced absorption. PIA spectra were recorded between 0.25 and 3.5 eV - with 
an interval of 0.02 eV between each point - by exciting with a mechanically modulated cw argon ion laser 
(488 nm; 275 Hz) pump beam and monitoring the resulting change in transmission of a tungsten-halogen 
probe light through the sample (∆T) with a phase sensitive lock-in amplifier after dispersion by a triple 
grating monochromator and detection, using Si, InGaAs, and cooled InSb detectors. The pump power 
incident on the sample was typically 25 mW with a beam diameter of 2 mm. The PIA signal, -∆T/T ≈ ∆αd, 
is directly calculated from the change in transmission after correction for the PL, which is recorded in a 
separate experiment. PIA spectra and PL spectra are recorded with the pump beam in an almost parallel 
direction to the probe beam. Samples were held at 80 K in an inert nitrogen atmosphere using an Oxford 
Optistat continuous flow cryostat; during measurements the temperature was kept constant within ±0.1 K. 
At 80 K all experiments were reproducible in time, demonstrating that degradation of the polymers on nc-
TiO2 and nc-ZrO2 is negligible under these conditions. 
 
Lightinduced electron spin resonance. LESR spectra were recorded with a Bruker ESP 300E X-band 
spectrometer operating with a standard cavity, an ER 035M NMR Gauss meter, and a Hewlett Packard 
5350B frequency counter. Excitation light was introduced into the microwave cavity utilizing a cw Ar-ion 
laser beam (488 nm; 65 mW) passing trough a 50% transmission grid. Temperature was controlled with a 
Bruker ER 4111 variable-temperature unit. Samples for ESR were held in a dynamic vacuum of 10–5 mbar 
at 130 K. 
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Chapter 3 
 
 
TiO2 sensitized with an oligo(p-phenylene vinylene) 

carboxylic acid: A new model compound for a hybrid solar 

cell∗∗∗∗ 
 

Abstract. The interaction of an acid-functionalized oligo(p-phenylene vinylene) 
(OPV3-COOH) with nanocrystalline TiO2 has been studied as a model for 
semiconducting polymer/inorganic hybrid solar cells. Adsorption studies show 
that the monolayer coverage of OPV3-COOH on nc-TiO2 results in a 35% filling 
of the nanopores. Photoluminescence quenching and near steady-state 
photoinduced absorption spectroscopy demonstrate that an efficient photoinduced 
electron transfer occurs from OPV3-COOH to nc-TiO2. Photovoltaic cells based 
on OPV3-COOH/nc-TiO2 and a liquid electrolyte as medium for hole transport 
provide an incident photon-to-electron conversion efficiency of 55%, comparable 
to values obtained with the best ruthenium dyes, and show that the majority of 
created charges can be collected. 

 
∗ A manuscript of this work is in preparation: P. A. van Hal, M. M. Wienk J. M. Kroon, R. A. J. Janssen. 
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3.1 Introduction 
 

Photoelectrochemical solar cells utilize a dye to sensitize an inorganic semiconducting 
electrode to visible light. One of the most promising examples of these dye-sensitized solar 
cells (DSSCs) is based on a ruthenium dye adsorbed on a nanocrystalline TiO2 electrode 
immersed in a liquid electrolyte.1 The intimate contact between the dye and TiO2 promotes 
charge transfer and the large interface ensures efficient light absorption. Several inorganic and 
organic dyes have been tested in combination with TiO2.2 The most efficient dyes, 
Ru(NCS)2dcbpy2 (dcbpy = 4,4'-dicarboxy-2,2'-bipyridine) (N3) and Ru(NCS)3tcterpy2 (tcterpy 
= 4,4',4''-tricarboxy-2,2':6',2''-terpyridine), provide power conversion efficiencies above 10% 
under standard solar light (AM1.5) conditions.3 In recent years successful attempts have been 
made to make solid-state DSSCs by replacing the liquid electrolyte solution in these cells by 
elastomeric polymers or gelators filled with an ionic redox couple,4-7 and by p-type organic or 
inorganic semiconductors.8-11 Using a p-type organic semiconductor as hole transporting 
medium a conversion efficiency up to 3.2% has been obtained.12 Also the combination of π-
conjugated polymers with inorganic semiconductors (such as TiO2, CdS) is of interest, 
because the π-conjugated polymer can act simultaneously as sensitizer and hole transporter.13, 

14 So far, the performance of these hybrid polymer-inorganic semiconductor solar cells is 
limited. Problems are encountered in filling the nanosized pores efficiently, due to the size of 
the polymer chains. Although larger pores alleviate this problem, the limited exciton diffusion 
length of conjugated polymers (5-20 nm) makes a nanosized organization of the two 
components a necessity for efficient charge generation. To date the incomplete filling and the 
associated problems in charge generation and charge transport have hindered to establish the 
true potential of these polymer sensitizers in hybrid cells. 

Well-defined π-conjugated oligomers have frequently been used to investigate the 
intrinsic properties of polymeric semiconductors in detail.15 Here, an oligomer is used to study 
the interaction of π-conjugated semiconductors with nc-TiO2 in more detail. 
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Scheme 3.1 The OPV3 chromophore functionalized with an acid group (OPV3-COOH) and with an 
aldehyde group (OPV3-CHO). 
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An oligo(p-phenylene vinylene) is used with three phenyl groups (OPV3) functionalized 
with a carboxylic acid group (OPV3-COOH; scheme 3.1), to enhance adsorption at the polar 
TiO2 surface. The filling of the pores by OPV3-COOH is studied with UV/Vis absorption 
spectroscopy, and compared to a related aldehyde-functionalized oligomer (OPV3-CHO). 
Photoluminescence and photoinduced absorption spectroscopy are used to show that efficient 
charge transfer occurs at the OPV3-COOH/nc-TiO2 interface. DSSCs based on OPV3-COOH 
as sensitizer of nc-TiO2 provide an incident photon-to-electron conversion efficiency (IPCE) 
of 55% at the maximum absorption, showing that most of the photogenerated charges can be 
collected. 
 
 
3.2 Pore dimensions of different nc-TiO2 
 

To achieve high charge transfer efficiencies in hybrid polymer/TiO2 systems, all 
photoexcitations in the donor material should reach the interface with the acceptor, where 
charge separation occurs, before they decay to the ground state via radiative and non-radiative 
pathways. As a consequence of the limited exciton diffusion length of conjugated polymers 
(5-20 nm)13a,16, the distance between the TiO2 host matrix and its organic donor should be 
minimized. Hence, the pore size of nanoporous TiO2 is of direct relevance for efficient charge 
transfer. 

Nanoporous TiO2 electrodes can be made in various ways. When the commercial 
available P25 nc-TiO2 is used, a rough surface as determined with scanning electron 
microscopy (SEM), a BET surface area of 44 m2/g and pore sizes in the range of 10-100 nm 
are obtained (table 3.1). Assuming spherical, monodisperse particles, this corresponds to an 
average particle size of ca. 35 nm. Especially the large pore size (and distribution) with pores 
larger than the exciton diffusion length prevents efficient electron transfer as fluorescence of 
the p-type material is reduced marginally (see chapter 2). 
 

Table 3.1 Morphology of the different used nc-TiO2 electrodes after sintering at 450 ºC. 

type of nc-TiO2
a 

BET surface area 
(m2/g) 

particle sizeb 
(nm) 

pore size 
(nm) 

porosity 
(%) 

P25 44 35 10-100 68 
Solaronix colloid 96 16 8-12 50 
Millenium colloid 116 13 12-20 68 
a The procedure, how the different types of nc-TiO2 are made, is described in the experimental 
section. b Under assumption of spherical, monodisperse particles. 
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Therefore, nc-TiO2 with smaller pores was made via two methods. A commercial 
available paste of Solaronix and a commercial available colloidal suspension of Millenium 
were used, both resulting in a nanoporous crystalline material after sintering at 450 ºC. The 
properties of both nc-TiO2 determined with BET and SEM electrodes are shown in table 3.1. 
 
 
3.3 Interaction of OPV3-COOH with nc-TiO2 
 

The affinity of OPV3-COOH (Mw = 857 g/mol) for the nc-TiO2 surface was studied by 
measuring the optical absorbance of the films after dipping the TiO2 covered glass substrate in 
toluene (ε = 2.38) containing OPV3-COOH in the concentration range of 10-6 - 10-3 M.17 After 
staining, the substrate was rinsed with toluene to remove any OPV3-COOH adsorbed on the 
outside. The UV/Vis absorption spectrum of OPV3-COOH in toluene shows a characteristic 
π-π* transition at λ = 430 nm (S1←S0), similar to a methyl end-capped OPV3 oligomer (λ = 
440 nm).18 Upon adsorption of OPV3-COOH, the absorption maximum of the oligomer shifts 
to λ = 400 nm (figure 3.1). 
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Figure 3.1 UV/Vis spectra of OPV3-COOH in toluene (solid line) and adsorbed on nc-TiO2 (dashed 
line). 

 
This change indicates that OPV3-COOH chromophores assemble into H-aggregates at 

the TiO2 surface.18 Increasing the oligomer concentration in the solution leads to more colored 
TiO2, until the TiO2 surface becomes fully saturated (figure 3.2). In toluene, OPV3-COOH has 
a strong affinity for nc-TiO2. Already at low concentrations in toluene (10-5 M) the nc-TiO2 
film becomes strongly colored. It is important to note that the adsorption characteristics vary 
with solvent polarity. In more polar solvents like CHCl3 (ε = 4.8) and THF (ε = 7.8), OPV3-
COOH has a lesser tendency to adsorb on the polar TiO2. 
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Figure 3.2 Langmuir isotherm of the surface concentration of adsorbed OPV3-COOH on nc-TiO2 
versus the OPV3-COOH concentration in toluene. 

 
The association constant for OPV3-COOH on nc-TiO2 is calculated via the surface 

concentration (Γ) and surface enlargement (η) of TiO2. The surface enlargement of the porous 
TiO2 film is calculated from the BET surface (ABET), the density of TiO2 (ρ), the layer 
thickness (d), and the porosity (por) via: 
 
      )1( pordABET −= ρη     (3.1) 
 

The experimental values of ABET = 116 m2/g, ρ = 4200 kg/m3, d = 700 nm, and por = 
0.68, result in a surface enlargement of η = 109. The surface concentration (Γ) of OPV3-
COOH (ε = 4.4×104 L/mol cm) in the porous layer is obtained from the optical density (OD): 
 

        
ηε
OD=Γ    (3.2) 

 
The plot of the surface concentration versus the oligomer concentration of the solution 

(figure 3.2) is interpreted in terms of a Langmuir isotherm: 
 

       
KC
CMAX

1+
Γ

=Γ   (3.3) 

 
This results in a maximum surface concentration of ΓMAX ≈ 1.9 µmol/m2 and an 

association constant of K ≈ 2.2×105
 M-1 for toluene (figure 3.2).19 An estimate for the 

molecular surface area (Amol) for a OPV3-COOH molecule is calculated, via: 
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AMAX

mol N
A

Γ
= 1  (3.4) 

 
The molecular surface area is Amol = 88 Å2, in good agreement with a value of 84 Å2 

obtained for a comparable OPV molecule via a Langmuir-Blodgett technique.20 Molecular 
modeling indicates that such molecular surface area is only possible when the molecules are 
oriented almost perpendicular on the surface. The dense packing of the OPV3-COOH 
monolayer within the pores is consistent with the observed blue shift of the UV/Vis 
absorption spectrum when the OPV3 chromophore is adsorbed on nc-TiO2. 

Knowing the maximum optical density (ODMAX = 0.85) an estimate is made for the 
fraction of pore volume of nc-TiO2 that is filled with the OPV3-COOH oligomer (XOPV) via: 
 

 
pord
MOD

X
OPV

wMAX
OPV ερ

=  (3.5) 

 

Assuming an estimated density of ρOPV = 1000 kg/m3 for OPV3-COOH, (3.5) leads to a 
volume fraction of XOPV = 35% of the nc-TiO2 pores filled with the OPV3-COOH. Hence, the 
coverage of nc-TiO2 with a monolayer of OPV3-COOH already leads to a significant loading 
of the pores. 

As control experiment and to illustrate the importance of the anchoring carboxylic acid 
group, the association of an aldehyde functionalized OPV3 molecule (OPV3-CHO), onto nc-
TiO2 was measured. After dipping the TiO2 substrate into OPV3-CHO solutions weakly 
colored films were obtained when concentrations in the range of 10-6 - 10-3 M were used. As a 
consequence of its low preference to bind to TiO2, large fluctuations for the value of the 
optical density were obtained and, hence, the association constant could not be measured 
accurately. 
 
 
3.4 Energetic considerations for the photophysics of OPV3-COOH and 
TiO2 
 

The singlet excited state energy or optical band gap of OPV3-COOH is at 2.24 eV, as 
determined from the photoluminescence maximum (λ = 553 nm) of a thin film on quartz with 
excitation at 488 nm (figure 3.3; solid line). The band gap of nc-TiO2 has been reported to be 
3.2 eV.21 The electrochemical oxidation of OPV3-COOH in dichloromethane is chemically 
reversible and has a first oxidation potential at Eox = 0.90 V vs Standard Calomel Electrode 
(SCE). Compared to methyl end-capped OPV3 (Eox = 0.83 V vs SCE), OPV3-COOH is 
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slightly more difficult to oxidize due to the electron withdrawing character of the carboxylic 
group. The molecules cannot be reduced reversibly. Using the optical band gap of 2.24 eV the 
reduction potential is approximated to be at Ered ≅ -1.34 V vs SCE. The redox properties of 
nc-TiO2 are well known and the reduction potential has been reported to be Ered = -0.7 V vs 
SCE.21 Since the OPV-COOH is attached to the TiO2 surface, a small deviation in the redox 
potentials is possible. Considering the band gaps and the redox potentials, both photoinduced 
energy transfer from TiO2 towards the OPV3 chromophore and photoinduced electron transfer 
from OPV3-COOH to TiO2 are energetically possible (figure 3.3). 
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Figure 3.3 Energy levels of OPV3-COOH and nc-TiO2. 
 
 
3.5 Photophysics of OPV3-COOH:TiO2 
 
Photoluminescence. Photoexcitation of a drop cast film of OPV3-COOH on quartz (OD = 
0.55) gives a strong fluorescence (PL) at 553 nm (figure 3.4; solid line). This emission is 
reduced by a factor of 40 when the OPV3-COOH is absorbed within the nanoporous TiO2 
(figure 3.4; dashed line).22 The large reduction in PL of the OPV3 chromophore can be 
explained by a fast photoinduced electron transfer from the oligomer to the metal oxide, 
which deactivates the OPV3-COOH singlet excited state before luminescence can occur. 
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Figure 3.4 PL spectra (λexc = 488 nm) of OPV3-COOH on a quartz substrate (solid line) and 
adsorbed on nc-TiO2 (dashed line). 

 
Photoinduced absorption. Direct spectral evidence of charge formation is obtained by near 
steady-state photoinduced absorption (PIA) spectroscopy. First, the PIA spectrum of the 
pristine compound on a quartz substrate was measured, resulting in a single broad absorption 
band around 1.8 eV, which is typical for a triplet-triplet transition (figure 3.5; solid line). 
When OPV3-COOH is adsorbed onto TiO2 the PIA spectrum changes dramatically and two 
characteristic peaks in the near-IR and visible regions at 0.80 and 1.65-1.90 eV are observed, 
attributed to the radical cation of OPV3-COOH (figure 3.5; dashed line).23 The shoulder at 
1.65 eV may assigned to a vibronic band of the high-energy radical cation band (RC2) of 
OPV3-COOH or to the radical anion of TiO2.24 The bands at 0.80, 1.60, and 1.90 eV result 
from the same species, as they show a similar decay upon changing the modulation frequency. 
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Figure 3.5 PIA spectra (80 K; 25 mW; 275 Hz) of OPV3-COOH adsorbed on nc-TiO2 (dashed line) 
and of OPV3-COOH on a quartz substrate (solid line). The PIA spectrum of pristine OPV3-COOH is 
multiplied by a factor 5. 
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In conclusion, PIA spectroscopy provides direct spectral evidence for photoinduced 
charge separation between OPV3-COOH and TiO2. Importantly, the large decrease in 
photoluminescence points to an efficient charge formation. Likely, the strong association 
between OPV3-COOH en TiO2 enhances photoinduced electron transfer reaction, as the 
exciton diffusion length is minimized. 
 
 
3.6 Photovoltaic characteristics 
 

Efficient photoinduced electron transfer between OPV3-COOH and nc-TiO2 opens the 
way to make a DSSC with the OPV3-COOH molecule as sensitizer. A photovoltaic device 
was made with the same configuration as used in ruthenium dye sensitized TiO2 cells 
(SnO2:F/TiO2:dye/liquid electrolyte/Pt/SnO2:F) applying a I-/I3

- liquid electrolyte as a medium 
for hole transport. The incident photon-to-electron conversion efficiency (IPCE) of the OPV3-
COOH sensitized solar cell follows satisfactorily the 1-transmittance (1-T) spectrum as shown 
in figure 3.6. At the maximum absorption of the OPV3 chromophore around 400 nm, the 
IPCE amounts to 55%, comparable to the maximum IPCE value of a Ru(NCS)2dcbpy2 
sensitized cell, processed similarly. The open circuit voltage for both sensitized cells are 
comparable with values of Voc = 0.63 V (OPV3-COOH) and Voc = 0.65 V (Ru-dye). From the 
spectral response the short-circuit current for the OPV3-COOH sensitized photovoltaic device 
is calculated to be Isc = 2.9 mA/cm2, which is more than a factor of two lower than the Ru-dye 
sensitized device with Isc = 7.4 mA/cm2. 
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Figure 3.6 The IPCE (left axis) of dye sensitized nc-TiO2 photovoltaic cells with OPV3-COOH (solid 
squares) and Ru(NCS)2dcbpy2 (open circles) as dye. The fraction absorbed photons (1-T, right axis) is 
shown for both cells with solid and dotted lines, respectively. 
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For the Ru-dye sensitized cell, a short circuit current of Isc = 7.9 mA/cm2 and an IPCE 
value of 55% are rather low, indicating that these cells are far from optimized.25 Nevertheless, 
a comparison between identically processed cells is valid. IPCE values for OPV3-COOH, 
comparable to those reached for a Ru-dye sensitized cell, demonstrate that not only the charge 
generation is efficient, but also that the collection efficiency is high. This indicates that the 
charge recombination across the OPV3-COOH/TiO2 interface is appreciable slower than the 
forward electron transfer. Of course, the OPV chromophore has a reduced range of absorption 
(λ = 300-500 nm) within the solar spectrum compared to Ru-dyes (λ = 300-700 nm) and will 
always give lower power conversion efficiencies in solar light under comparable conditions. 
 
 
3.7 Conclusions 
 

Functionalizing a small oligo(p-phenylene vinylene) with a carboxylic acid group 
(OPV3-COOH) results in a strong interaction with nc-TiO2 electrodes, and leads to strongly 
colored films after staining. The high affinity for the metal oxide and the possibility of using 
TiO2 with pores having dimensions in the exciton diffusion range lead to complete surface 
coverage and 35% filling of the pores, together with an almost complete formation of charges 
after photoexcitation. The blue shift of the absorption maximum strongly indicates the 
intermolecular interaction of the oligomers due to the dense packing within the TiO2. The 
OPV dye was tested as a sensitizer for nc-TiO2 in solar cells using a liquid electrolyte. The 
IPCE reaches a value of 55% around the maximum absorption. Future experiments will be 
directed towards longer oligomers and polymers with an acid group that still can fill the pores 
within TiO2. Longer oligomers have a higher potential for dye sensitization of TiO2 as their 
absorption maxima and extinction coefficients are higher. Moreover, it is expected that longer 
oligomers have enhanced intermolecular interaction that may facilitate lateral transport26 of 
holes towards the electrodes making the use of a liquid electrolyte superfluous (figure 3.7). 
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Figure 3.7 Idealized drawing of the donor material adsorbed into TiO2, providing lateral transport. 
In this drawing the chromophore is presented perpendicular to the surface. In practice, a certain 
angle between the chromophore and the TiO2 surface can occur. 
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3.8 Experimental section 
 
Materials. The synthesis of the acid and aldehyde functionalized OPV3 compounds is described 
elsewhere.20a The solvents for absorption measurements were used as received; solvents for cyclic 
voltammetry measurements were distilled before use. 
 
Sample preparation. Dye adsorption measurements were performed using optically transparent 
nanocrystalline films (thickness 700 nm, determined by SEM; BET surface area 116 m2/g; porosity 68%) 
made by spin coating two layers of a TiO2 colloid (15 wt% in water; product S5-300B from Millennium 
chemicals), stabilized with 1% methyl cellulose (Aldrich), and sintering at 450 ºC for 15 min. All other 
experiments were carried out with transparent nanocrystalline films (thickness 3.5 µm, determined by 
SEM; BET surface 96 m2/g; porosity 50%), made from a commercially available nc-TiO2 paste (Ti-
nanoxide HT from Solaronix), applied by the ‘squeegee’ technique and sintered at 450 ºC for 15 min. 
Staining was carried out overnight at room temperature in an inert atmosphere. SEM measurements were 
performed on a Jeol JSM 6330-F field emission scanning electron microscope. The BET surface and 
porosity were determined using a Coulter Omnisorp 360 gas sorption analyzer. 
 
Absorption and photoluminescence. UV/Vis spectra were recorded on a Perkin Elmer Lambda 40 or a 
Perkin Elmer Lambda 900 spectrophotometer, fluorescence spectra were recorded on a Perkin Elmer 
LS50B equipped with a red-sensitive Hamamatsu R928-08 photomultiplier for fluorescence. Fluorescence 
spectra are not corrected for the wavelength dependence of the sensitivity of the detection system. 
 
Near steady-state photoinduced absorption spectroscopy. Near steady-state PIA spectroscopy was 
performed using a home built set-up as described in chapter 2. 
 
Cyclic voltammetry. Cyclic voltammograms were recorded in inert atmosphere with 0.1 M tetrabutyl 
ammonium hexafluorophosphate (TBAPF6) in dichloromethane as supporting electrolyte using a 
Potentioscan Wenking POS73 potentiostat. The substrate concentration was typically 10–3 M. The working 
electrode was a platinum disc (0.2 cm2), the counter electrode was a platinum plate (0.5 cm2), and a 
saturated calomel electrode was used as reference electrode, calibrated against the Fc/Fc+ couple (+0.470 V 
vs SCE).  
 
Photovoltaic measurements. Photovoltaic cells (active area = 3.75 cm2) were prepared from a layer of 
Solaronix paste on conductive SnO2:F (Libbey Owens Ford), stained from a 3×10-4 M solution of either 
OPV3-COOH in toluene, or Ru(NCS)2dcbpy2 (Solaronix) in ethanol. The SnO2:F counter electrode had 
two small filling holes and was activated by a thin layer of Pt, applied by drop casting a solution of H2PtCl6 
in ethanol and subsequent firing at 450 ºC for 15 min. The electrodes were joined with a thin strip of 
hotmelt (Surlyn 1702, Dupont) around the active area. After filling with electrolyte (0.4 M 1,2-dimethyl-3-
propylimidazolium iodide, 0.1 M LiI, 0.05 M I2, and 0.3 M 4-tert-butylpyridine in 3-methoxypropionitrile), 
the holes were sealed with a thin glass slide and Surlyn. The spectral response (IPCE) was measured using 
a Spectrolab XT-10 solar simulator according to the ASTM E1021-84 norm. This method is based on 
continuous irradiation of the test-device to maintain one sun working conditions. The spectral response is 
revealed using pulsed monochromatic illumination by means of a chopped light beam (Frequency 8 Hz). A 
lock-in technique is used to distinguish the pulsed current output signal from the total output current under 
short-circuit conditions. A calibrated GaAs cell is used as a reference. I/V characteristics have been 
measured with the Steuernagel solar constant 575 simulator, which is not calibrated. 
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Chapter 4 
 
 
A MDMO-PPV:TiO2 bulk-heterojunction∗∗∗∗ 
 

Abstract. A new and simple strategy is presented for making hybrid solar cells by 
forming titanium dioxide in a poly(p-phenylene vinylene) layer. A large interfacial 
area between the two materials is created due to phase separation in the 
nanometer range. To create the solid-state bulk-heterojunction a 50-70 nm film 
was spin coated from a mixed solution of poly(2-methoxy-5-((±)-3',7'-
dimethyloctyloxy)-p-phenylene vinylene) (MDMO-PPV; p-type polymer) and 
titanium(IV) isopropoxide (Ti-(OC3H7)4; precursor for n-type TiO2). 
Subsequently, the precursor is converted via hydrolysis in air to form TiO2. X-ray 
photoelectron spectroscopy reveals that the conversion to TiO2 is at least 65%. 
Quenching of the MDMO-PPV fluorescence and observation of photogenerated 
radical cations via lightinduced electron spin resonance and photoinduced 
absorption measurements confirm that a photoinduced charge transfer reaction 
occurs between MDMO-PPV and TiO2 in the hybrid bulk-heterojunction. The 
hybrid bulk-heterojunction is used as active layer in photovoltaic cells, providing 
incident photon-to-electron conversion efficiencies up to 11%. 

 

∗ This work will be published in Adv Mater.: by P. A. van Hal, M. M. Wienk, J. M. Kroon, W. J. H. 
Verhees, L. H. Slooff, W. J. H.van Gennip, P. Jonkheijm, R. A. J. Janssen. 
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4.1 Introduction 
 

The high energy conversion efficiency up to 10%1 of liquid dye-sensitized nc-TiO2 
solar cells is the result of both the large interfacial area between the electron donor and 
electron acceptor and the efficient transport of the photoinduced charges. In these cells, the 
TiO2 nanoparticles are coated with a monolayer of a ruthenium dye via adsorption from 
solution, and as a consequence of the short interchromophoric distance, an efficient, ultrafast 
charge transfer reaction occurs between the dye and TiO2.2 The photooxidized dye is reduced 
and the charges are efficiently transported towards the back electrode via a liquid electrolyte. 

In principle, the combination of a π-conjugated p-type polymer and a wide-band gap, 
semiconductor metal oxide like TiO2 is a promising approach to solid-state Grätzel-like solar 
cells, because efficient photoinduced electron transfer occurs.3 However, the photovoltaic 
response in a working device is far from optimized at the moment.4 One of the problems 
associated with conjugated polymers and nc-TiO2 is the inefficient filling of the pores of the 
nc-TiO2. Furthermore, small pores (~ 20 nm) are required to ensure that the majority of 
photoexcitations in the polymer reach the interface with TiO2, where charge separation takes 
place.5 Both the charge transport (incomplete filling) and charge generation (large pores) limit 
the hybrid polymer/nc-TiO2 photovoltaic devices at the moment. 

Here, a new and simple procedure for preparing bulk-heterojunction hybrid organic-
inorganic solar cells is presented, in which a continuous interpenetrating network of TiO2 is 
created inside a thin conjugated polymer film. The domain size of the polymer:TiO2 phases is 
within the nanometer range and results in an efficient formation of photoinduced charges that 
can be collected, when the film is incorporated in a photovoltaic device. 
 
 
4.2 Preparation of the MDMO-PPV:TiO2 bulk-heterojunction 
 

The bulk-heterojunction is prepared by spin coating a dry tetrahydrofuran (THF) 
solution containing poly(2-methoxy-5-((±)-3',7'-dimethyloctyloxy)-p-phenylene vinylene) 
(MDMO-PPV) and titanium(IV) isopropoxide (Ti(OC3H7)4, as a precursor for TiO2) on a 
substrate to obtain a mixed film with a thickness of about 50-70 nm (scheme 4.1). Subsequent 
conversion of the Ti(OC3H7)4 precursor in the dark via hydrolysis in air results in the 
formation of a TiO2 phase in the polymer film (scheme 4.1). The bulk-heterojunction film is 
resistant to scratching and can no longer be wiped off the substrate. Furthermore, the polymer 
in the bulk-heterojunction no longer dissolves in organic solvents (e.g. toluene). 
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Scheme 4.1 Preparation of MDMO-PPV:TiO2 bulk-heterojunction. 
 

Because the TiO2 phase is made in air at room temperature in the presence of organic 
material, it is likely that an amorphous phase is formed.6 Since electron transport in 
amorphous material is normally reduced compared to crystalline material, it is reasonable to 
assume that the electron transport in this TiO2 phase is not optimized. 
 
 
4.3 Characterization of the bulk-heterojunction 
 
X-ray photoelectron spectroscopy. X-ray photoelectron spectroscopy (XPS) has been used 
to assess the formation of TiO2 under these conditions, by examining the C:Ti and Ti:O 
elemental ratios, which are expected to change from 12:1 and 1:4 in Ti(OC3H7)4 to 0:1 and 
1:2 in TiO2. Because the elemental composition is strongly influenced by the polymer in the 
film, the conversion of Ti(OC3H7)4 into TiO2 was also studied in absence of the polymer, and 
compared to a film of TiO2 prepared via the same procedure followed by conversion at high 
temperature (400 ºC) in air for 30 minutes. Both samples were then placed in vacuum 
overnight. The XPS spectra of the low and high-temperature converted pure Ti(OC3H7)4 films 
were found to be very similar and have binding energies for Ti4+(2p3/2), O(1s), and C(1s) at 
459.0, 530.4,7 and 285.0 eV (figure 4.1), in agreement with literature data.8 Assuming no 
adsorption of carbon containing material, the maximum conversion for the film treated at 400 
ºC is 95%, based on the C:Ti ratio. Based on the ratio of the O(1s)(Ti-O-Ti) peak at 530.4 eV 
and the O(1s)(Ti-O-X, (X = C, H)) contribution at 531.9 eV, the minimum conversion for this 
film is 87%.7 For the Ti(OC3H7)4 film converted at room temperature, the maximum and 
minimum conversions obtained in this way are 91 and 77%, respectively. The XPS spectrum 
of a 1:1 (v/v) MDMO-PPV:TiO2 bulk-heterojunction is very similar to that of pure TiO2 

(figure 4.1). After correcting for the small O(1s) contribution of MDMO-PPV (obtained from 
a pristine MDMO-PPV film), the conversion of Ti(OC3H7)4 into TiO2 in the bulk-
heterojunction is estimated to be at least 65%, somewhat less than for pure Ti(OC3H7)4. The 
upper limit for the conversion cannot be calculated, because the XPS C(1s) signal is 
dominated by the contribution of the polymer. 
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Figure 4.1 XPS spectra of nc-TiO2 after annealing at 400 °C (solid line) and of the 1:1 (v/v) MDMO-
PPV:TiO2 bulk-heterojunction (dashed line). 
 
UV/Vis absorption. The UV/Vis spectrum of the MDMO-PPV:TiO2 bulk-heterojunction (not 
shown) clearly reveals the presence of MDMO-PPV from the strong π-π* transition in the 
visible region. Bulk-heterojunctions with 1%, 2%, 5%, 10%, 25%, and 50% volume of TiO2 

have been prepared9 and reveal that with an increasing amount of TiO2, the absorption 
maximum of MDMO-PPV at λ = 500 nm shifts slightly to shorter wavelengths (15 nm at 50% 
TiO2). Possibly, TiO2 prevents aggregation of MDMO-PPV chains in the solid-state. 
 
Atomic force microscopy. The morphologies of MDMO-PPV:TiO2 bulk-heterojunctions 
with varying volume ratios were studied using tapping-mode atomic force microscopy 
(AFM). The topographic image of the 1:1 (v/v) MDMO-PPV:TiO2 bulk-heterojunction 
reveals a smooth surface with a root-mean square roughness of a few nanometers (figure 
4.2a). The corresponding phase image is more resolved and shows lateral phase differences 
with a characteristic distance of roughly 50 nm (figure 4.2b). The light-colored micro domains 
were found to decrease in size for films with less TiO2 present.  

Figure 4.2 (a
(2 × 2 µm2, z

 
a       b
68 

    
) Tapping mode AFM height image of a 1:1 (v/v) MDMO-PPV:TiO2 bulk-heterojunction 

-range = 10 nm; (b) corresponding AFM phase image (z-range = 7.5º). 
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4.4 Photophysical properties 
 
Photoluminescence. The photoluminescence (PL) at 580 nm of the MDMO-PPV:TiO2 bulk-
heterojunction is significantly quenched compared to that of a pristine MDMO-PPV film. 
Monitoring the PL intensity as a function of the volume fraction of TiO2 (figure 4.3) reveals 
that the PL decreases with increasing amount of TiO2, and is quenched by a factor 19 in the 
50% blend. 
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Figure 4.3 Photoluminescence intensity of MDMO-PPV:TiO2 bulk-heterojunctions with varying 
amounts of TiO2 (1%, 2%, 5%, 10%, 25%, 50% volume) with excitation at λ = 488 nm. (The data are 
corrected for differences in optical density). 
 

The reduction in photoluminescence implies a fast deactivation of the MDMO-PPV 
singlet excited state. This is supported by time-resolved PL measurements. The major 
component in the PL decay of a pristine polymer film has a time constant of 300±40 ps. The 
PL decay kinetics of the bulk-heterojunction contains a major contribution of a lifetime 
shorter than 10 ps (faster than the resolution of the set-up). The residual emission is ascribed 
to photoexcitations within the MDMO-PPV phase that do not reach the interfacial area with 
TiO2. 
 
Near steady-state photoinduced absorption. The photoinduced absorption (PIA) spectrum 
of the MDMO-PPV:TiO2 bulk-heterojunction thin film recorded at 80 K with excitation at 
488 nm, exhibits two absorptions at 0.42 and 1.32 eV and a bleaching signal at 2.18 eV with a 
shoulder at 2.32 eV (figure 4.4; dashed line). The absorption bands at 0.42 and 1.32 eV are 
assigned to the two dipole-allowed transitions of the radical cation of MDMO-PPV, while the 
two bleaching signals are attributed to the MDMO-PPV ground state. The decay kinetics of 
the photogenerated charges follows a bimolecular decay process as inferred from frequency 
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and excitation intensity dependent measurements, and is consistent with the recombination of 
positive and negative charges. A broad distribution of lifetimes is found that extends into the 
millisecond time domain. 
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Figure 4.4 PIA spectra of 1:1 (v/v) MDMO-PPV:TiO2 (dashed line) and 1:1 (v/v) MDMO-PPV:ZrO2 
(solid line) bulk-heterojunctions. 
 

Concerning the photoinduced absorption bands, the PIA spectrum of the bulk-
heterojunction resembles the PIA spectrum of the MDMO-PPV incorporated in a nc-TiO2 
matrix (chapter 2). Though, the photobleaching (PB) bands are somewhat different. In case of 
the MDMO-PPV adsorbed into nc-TiO2 (chapter 2), the PB band (2.22-2.38 eV) was more 
than 0.1 eV blue shifted compared to the pristine MDMO-PPV film (2.12 eV). The absence of 
spectral diffusion for the MDMO-PPV/TiO2 sample is probably caused by the introduction of 
only shorter segments into the TiO2 matrix, the interruption of the conjugation length of the 
polymer and the prevention of aggregation of the polymer chains. For the MDMO-PPV:TiO2 
bulk-heterojunction, the PB band is blue shifted by 0.06 eV compared to pristine MDMO-
PPV. It is expected that the pristine MDMO-PPV and the MDMO-PPV:TiO2 bulk-
heterojunction contain an identical molecular weight distribution after spin coating. The small 
blue shift is caused by the reduced aggregatation of the polymer as observed in the UV/Vis 
measurements for which a comparable blue shift of 0.06 eV was found for the maximum 
absorption. 
 
Lightinduced electron spin resonance. Lightinduced electron spin resonance (LESR) 
measurements support the charge transfer reaction between MDMO-PPV and TiO2 (figure 
4.5; on top). Illumination at λ = 496 nm of the 1:1 (v/v) MDMO-PPV:TiO2 bulk-
heterojunction at 130 K results in LESR signals at g = 2.0024±0.0002, consistent with the 
formation of MDMO-PPV radicals, in agreement with MDMO-PPV adsorbed into nc-TiO2 
(chapter 2). The LESR signal consists of a permanent part and a part that changes upon 



The MDMO-PPV:TiO2 bulk-heterojunction 

 71 

varying the intensity of the excitation beam. The temporal evolution of the ESR signal at g = 
2.0024 shows the fast rise in signal upon illumination. In the dark, the signal disappears by 
multiple relaxation mechanisms with time constants longer than 10 s. For a polythiophene/C60 
composite a similar temporal evolution of the LESR has been observed.10 
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Figure 4.5 Temporal evolution of the ESR signals at 130 K during 180 s light-on/light-off modulation 
of MDMO-PPV:TiO2 (top) and MDMO-PPV:ZrO2 (bottom) bulk-heterojunctions. 
 
Photophysical properties of MDMO-PPV:ZrO2 bulk-heterojunction. To demonstrate 
unambiguously that the photoinduced charge transfer reaction occurs between MDMO-PPV 
and TiO2, a bulk-heterojunction of MDMO-PPV and ZrO2 was prepared in a similar way 
using zirconium(IV) butoxide as a precursor (Zr(OC4H9)4). ZrO2 has similar optical properties 
as TiO2, but its conduction band is approximately 1 eV higher in energy than that of TiO2. 
Hence, a photoinduced charge transfer between MDMO-PPV and ZrO2 is energetically 
unfavored. In agreement with this expectation, the PIA spectrum of the MDMO-PPV:ZrO2 
bulk-heterojunction shows a single band at 1.36 eV, which is assigned to the triplet-triplet 
transition of MDMO-PPV and a ground state bleaching at 2.20 eV (figure 4.4; solid line).11 
The LESR spectrum of a MDMO-PPV:ZrO2 bulk-heterojunction shows a small permanent 
photoinduced signal after illumination, which cannot be switched on and off by modulation of 
the light intensity (figure 4.5; at the bottom).11 The permanent signals in both MDMO-
PPV:TiO2 and MDMO-PPV:ZrO2 samples are attributed to a small degree of irreversible 
photooxidation. 
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4.5 Photovoltaic characteristics 
 

Photovoltaic devices have been prepared by sandwiching the MDMO-PPV:TiO2 bulk-
heterojunction between charge selective electrodes. ITO/PEDOT:PSS is used as transparent 
high work function electrode to collect the holes, and LiF/Al is used as low work function 
electrode for electron collection.12 The photovoltaic properties of the device are demonstrated 
by spectral response measurements (figure 4.6). 
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Figure 4.6 ITO/PEDOT-PSS/MDMO-PPV:TiO2/LiF/Al devices. Incident photon-to-electron 
conversion efficiency of 1:1 (v/v) (open circles) and 4:1 (v/v) (solid squares) bulk-heterojunctions. 
 

The spectral response resembles the absorption spectrum of the bulk-heterojunction.13 
For a 1:1 (v/v) bulk-heterojunction, a peak incident photon-to-electron conversion efficiency 
(IPCE) of 7.5% is reached. Upon decreasing the fraction of TiO2 to 20%, the IPCE increases 
to 11%. 
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Figure 4.7.I/V curve in the dark (dashed line) and under illumination (~0.7 sun intensity) (solid line) 
of a 4:1 (v/v) bulk-heterojunction. 
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Integration of the measured spectral response of the 4:1 mixture with the AM1.5 solar 
spectrum affords an estimate for the short circuit current density (Isc) of 0.87 mA/cm2 under 
AM1.5 conditions (1000 W/m2). I/V measurements under illumination with a simple halogen 
lamp, set at roughly 0.7 sun intensity (~125 mW/cm2)14, yields a short circuit current density 
Isc = 0.6 mA/cm2, an open circuit voltage Voc = 520 mV, and a fill factor FF = 0.42 (figure 
4.7). Although the charge transfer efficiency is lower (figure 4.3), when having somewhat 
more MDMO-PPV in the active layer, the photovoltaic response is improved, resulting in 
IPCE of 11% for the 4:1 (v/v) blend. 
 
 
4.6 Conclusions 
 

A new method is described to make hybrid donor-acceptor bulk-heterojunctions based 
on a p-type polymer and an n-type inorganic semiconductor. Spin casting of MDMO-PPV and 
titanium(IV) isopropoxide from solution on a substrate and conversion in air produces TiO2 
for at least 65% as shown by XPS. Phase separation occurs in nanometer range dimension. In 
these bulk-heterojunctions an efficient photoinduced charge transfer occurs, generating 
charges with long-lived components, as inferred from PL, PIA, and LESR spectroscopy. The 
efficiency of charge generation can be controlled by varying the amount of TiO2 within the 
MDMO-PPV layer. The new hybrid bulk-heterojunction was employed as the active layer in a 
photovoltaic device using a glass/ITO/PEDOT:PSS/MDMO-PPV:TiO2/LiF/Al configuration, 
resulting in an incident photon-to-electron conversion efficiency at the maximum absorption 
up to 11% for the 4:1 (v/v) bulk-heterojunction. More detailed investigations have to be 
performed to optimize the bulk-heterojunction cell. Likely, the charge transport in these bulk-
heterojunctions can be improved, since the TiO2 phase is not completely formed. 
 
 
4.7 Experimental section 
 
Preparation. Bulk-heterojunctions of MDMO-PPV and TiO2 were made by spin casting a solution of 
MDMO-PPV (2.5 mg/mL) and Ti(OC3H7)4 (40 µL/mL; for a 1:1 (v/v) ratio) in dry THF on a quartz 
substrate. To allow reaction of Ti(OC3H7)4 with moisture, the samples were kept in the dark, in air 
overnight. Then, the samples were left in dynamic vacuum (10-6 mbar) for at least 18 hours. 
 
Optical spectroscopy Absorption spectra were recorded on a Perkin Elmer Lambda 40 spectrometer. 
Fluorescence spectra were recorded on an Edinburgh Instruments F290 by photoexcitation at 488 nm and 
recording at 580 nm. Time-correlated single photon counting fluorescence studies were performed on an 
Edinburgh Instruments LifeSpec-PS spectrometer by photoexcitation at 400 nm and recording at 650 nm. 
PIA spectroscopy was performed using a home-built set-up as described in chapter 2. 
 



Chapter 4 

 74 

X-ray photoelectron spectroscopy. For XPS, photoelectrons were collected at an electron take-off angle 
of 0° from normal, after excitation of the surface by non-monochromatized Mg Kα radiation. The binding 
energy shifts due to surface charging were corrected using the C(1s) level at 285 eV, as an internal 
standard. The XPS peaks were assumed to have 70% Gaussian and 30% Lorentzian line shapes and were 
resolved into individual components by a non-linear least squares procedure after proper subtraction of the 
baseline. 
 
Atomic force microscopy. AFM images were recorded on glass substrates with a Nanoscope Digital 
D3000 AFM, operating under ambient conditions in tapping mode. Microfabricated silicon cantilevers 
(FESP) were used with a spring constant of 1-5 N/m. Images of different areas of samples containing 
different amounts of TiO2 were recorded. All the images were collected with the maximum available 
number of pixels (512) in each direction. 
 
Lightinduced electron spin resonance. LESR spectra were recorded with a Bruker ESP 300E 
spectrometer at X-band. An NMR gauss meter and frequency counter were used for field-frequency 
calibration. Samples were held in a dynamic vacuum of 10-5 mbar at 130 K. Excitation light was introduced 
into the microwave cavity utilizing a cw Argon ion laser beam (496 nm; 65 mW) passing through a 50% 
transmission grid. 
 
Photovoltaic measurements. The photovoltaic devices were prepared by spin coating EL-grade 
PEDOT:PSS (Bayer AG) onto pre-cleaned, patterned indium tin oxide substrates (14 Ω/square). 
Subsequently, the photoactive layer was deposited. The counter electrode of LiF (1 nm) and aluminum (100 
nm) was deposited by vacuum evaporation. Each substrate consists of four cells of 0.1 cm2, 0.17 cm2, 0.33 
cm2, and 1.0 cm2, respectively, and reproducibility among the cells lies within 20%. I/V and spectral 
response measurements were carried out under a nitrogen atmosphere, inside a glove box. The home-build 
set-up consists of a 12V/50W halogen lamp as light source and a set of 22 interference filters as 
monochromator. Spectral response measurements were performed without bias illumination, with respect to 
a calibrated Si solar cell. 
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(14) Assuming a linear relationship between the intensity and the short circuit current. 



 



Chapter 5 
 
 
The two-step photoinduced electron transfer in fullerene-

oligothiophene-fullerene triads∗∗∗∗ 
 

Abstract. The photophysical properties of a series of fullerene-oligothiophene-
fullerene (C60-nT-C60) triads with n = 3, 6, and 9 thiophene units and nT/MP-C60 
mixtures have been studied in solution and as thin films in the solid-state using 
(time-resolved) photoinduced absorption and fluorescence spectroscopy. 
Photoexcitation of the oligothiophene moiety of the C60-nT-C60 triads, dissolved in 
an apolar solvent, results in a singlet-energy transfer reaction to the fullerene 
moiety. In polar solvents this singlet-energy transfer is followed by an 
intramolecular photoinduced charge separation for n = 6 and 9, and to some 
extent for n = 3. For C60-9T-C60 in o-dichlorobenzene (ODCB) the time constants 
for energy and electron transfer are 95 fs and 10 ps, respectively. The lifetime of 
the charge-separated state for C60-9T-C60 in ODCB is 80 ps. Photoexcitation of 
the triads in the solid-state results in an electron transfer reaction for n = 6 and 9, 
and to some extent for n = 3. The lifetime of the charge-separated state in the film 
extends in the millisecond time domain as a result of charge migration to different 
molecular sites. The preferences for intra- and intermolecular energy and 
electron transfer reactions, as a function of conjugation length and solvent 
permittivity, are in full agreement with predictions that can be made using the 
Weller equation for the change in free energy upon charge separation in solution.

 
∗ This work has been published: (a) P. A. van Hal, J. Knol, B. M. W. Langeveld-Voss, S. C. J. Meskers, J. 

C. Hummelen, R. A. J. Janssen, J. Phys. Chem. A 2000, 104, 5964; (b) P. A. van Hal, J. Knol, B. M. W. 
Langeveld-Voss, S. C. J. Meskers, J. C. Hummelen, R. A. J. Janssen, Synth. Met. 2001, 116, 123; (c) P. 
A. van Hal, J. Knol, B. M. W. Langeveld-Voss, S. C. J. Meskers, J. C. Hummelen, R. A. J. Janssen, 
Synth. Met. 2001, 121, 1597; (d) P. A. van Hal, R. A. J. Janssen, G. Lanzani, G. Cerullo, M. Zavelani-
Rossi, S. De Silvestri, Mater. Res. Soc. Symp. Proc. 2001, 665, C7.3.1; (e) P. A. van Hal, R. A. J. 
Janssen, G. Lanzani, G. Cerullo, M. Zavelani-Rossi, S. De Silvestri, Chem. Phys. Lett. 2001, 345, 33. 
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5.1 Introduction 
 

Composite films of conjugated polymers and [60]fullerenes attract considerable interest 
for application in photovoltaic devices and, hence, the mechanism for charge generation in 
these blends is of special interest.1, 2 There is ample evidence that a sub-picosecond forward 
electron transfer reaction from the polymer to the fullerene creates the charges responsible for 
the photovoltaic effect with a high quantum yield.3-5 Using sub-10 fs excitation pulses, the 
forward electron transfer in a blend of a poly(p-phenylene vinylene) and a methanofullerene 
has recently been shown to occur with a time constant of ~ 45 fs.6 In general, the 
recombination of charges is much slower and extends into the millisecond time domain due to 
intermolecular charge migration and localization of charges on different sites in the film.7 

By linking organic donors to fullerenes via a covalent bond a detailed investigation of 
the primary photophysical processes is possible.8-12 Surprisingly intriguing differences are 
observed in the photophysical properties of these well-defined oligomer-fullerene model 
compounds as compared to the disordered blends. First, the intramolecular charge-separated 
state, as formed in these molecular arrays after photoexcitation, has a much shorter lifetime 
than observed in polymer/fullerene composites.10-12 

A more fascinating difference, however, is the fact that recent photophysical 
investigations on various conjugated oligomer/fullerene dyads in solution revealed that 
intramolecular singlet-energy transfer competes on short timescales after excitation 
effectively with electron transfer and can be the dominant decay mechanism of the initially 
excited singlet state.13-17 

The photophysical pathway for two different chromophores can already be rather 
complicated as inferred from figure 5.1. The initial photoexcited donor chromophore can relax 
via many different routes depending on the thermodynamically available states and the 
kinetically favored ones. An important aspect for charge separation is the energy level of the 
charge-separated state (CSS) with respect to the singlet and/or triplet states involved. In 
solution, it is possible to influence this CSS as formulated by Weller,18 via the redox 
potentials of the chromophores, the Coulombic stabilization of charges and the distance 
between the chromophores. Besides the thermodynamically possible routes, the kinetics of the 
different processes involved, dictates the photophysical pathway. 
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Figure 5.1 Schematic diagram describing the energy levels of the singlet (S0, S1), triplet (T1) and 
charge-separated (CSS) states and possible photophysical pathways for donor-C60 molecules. The 
singlet-energy transfer (kET) and the direct (kCS

d) and indirect (kCS
i) charge separation are indicated 

with the curved dotted arrows. The triplet-energy transfer (kTT / k’TT), the natural radiative (kr) and 
non-radiative (knr) decay rates of both chromophores from the singlet state to the ground state, the 
rate for intersystem crossing from the singlet to the triplet (kisc) and the back electron transfer (krec) 
(thin solid arrows) are shown. The thick solid arrow describes the initial excitation of the donor 
moiety. 

 
In this chapter, oligomers of thiophene are used as donor moieties for covalently linked 

donor-fullerene molecules. The energy and electron transfer processes within a homologues 
series of well-defined fullerene-oligothiophene-fullerene triad molecules (C60-nT-C60; n = 3, 6 
and 9, with n the number of thiophene units) (scheme 5.1) is investigated in solutions of 
different polarity and in the solid-state. The results are compared to the reference compounds 
oligothiophenes (nT) and N-methylfulleropyrrolidine (MP-C60) and nT/MP-C60 mixtures 
(scheme 5.1). 
 
 
5.2. Synthesis and absorption of the fullerene-thiophene-fullerene triads 
 
Synthesis. The synthesis of the fullerene-oligothiophene-fullerene triads (C60-nT-C60, n = 3, 
6, and 9) and the reference compounds, i.e. oligothiophenes with a dodecyl substituent on one 
of the β positions of every third thiophene ring, starting at the second ring (nT, with n = 3, 6, 
and 9),19, 20 and N-methylfulleropyrrolidine (MP-C60),21 were synthesized by Bea Langeveld-
Voss and Joop Knol (scheme 5.1).22 The two longer oligothiophenes, 6T and 9T, are mixtures 
of three and four regioisomers, respectively. 
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Scheme 5.1 The fullerene-oligothiophene-fullerene triads (C60-nT-C60; n = 3, 6 and 9) and the 
reference compounds nT (n = 3, 6 and 9) and N-methylfulleropyrrolidine (MP-C60). 

 
The oligothiophenes were converted to the corresponding α,ω-dialdehydes in a 

Vilsmeier-Haack reaction with phosphorus oxychloride and N,N-dimethylformamide. The 
triads were prepared in a 1,3-dipolar cycloaddition reaction by treating the dialdehydes with 8 
equivalents N-methylglycine and 4 equivalents [60]fullerene (C60) in chlorobenzene at reflux 
temperature during 18 h. This reaction creates a stereocenter at each pyrrolidine ring. Hence, 
the three triads are obtained as mixtures of stereoisomers. In combination with the 
regioisomerism of the oligothiophenes, four C60-3T-C60 isomers, ten C60-6T-C60 isomers, and 
sixteen C60-9T-C60 isomers are expected. The structure and purity of the C60-nT-C60 triads 
were confirmed with 1H-NMR, 13C-NMR, UV/Vis, MALDI-TOF-MS, and HPLC.22 Both 
NMR and HPLC analysis of the triads clearly showed the presence of several stereoisomers. 
 
UV/Vis absorption. The absorption spectra of the C60-nT-C60 triads in o-dichlorobenzene 
(ODCB) closely correspond to a linear superposition of the individual spectra of nT and MP-
C60 in a 1:2 ratio (figure 5.2). Consequently, electronic interaction between the donor and 
acceptor in the ground state is not observed and can be excluded. As expected a significant red 
shift of the absorption maximum and an increase of the molar absorption coefficient occurs 
with increasing conjugation length. The inset of figure 5.2 shows that at 600 nm the 
absorption of the nT oligomers is negligible and, hence, this wavelength can be used to 
selectively excite the fullerene moiety. For C60-6T-C60 and C60-9T-C60 light of 430-470 nm 
results in almost selective excitation of the oligothiophene moiety. Selective excitation of the 
terthiophene unit in C60-3T-C60 is not possible. 
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Figure 5.2 UV/Vis absorption spectra of MP-C60 (4.6×10–4 M; dotted line), nT (2.3×10–4 M; dashed 
lines), and C60-nT-C60 (2.3×10–4 M; solid lines) for n = 3, 6 and 9 recorded in ODCB at 295 K. The 
inset shows an enlarged view of the 550-750 nm region. 

 
 
5.3. Photophysical properties in the solid-state 

 
Near steady-state photoinduced absorption (PIA) spectroscopy of thin films of C60-nT-

C60 recorded at 80 K reveal a strong difference in the excited states created for C60-3T-C60 

compared to C60-6T-C60 and C60-9T-C60 (figure 5.3). For C60-3T-C60 a low intensity PIA 
spectrum is observed, which extends over the 1-2 eV region, while the spectra of C60-6T-C60 

and C60-9T-C60 are much more intense and show two characteristic absorptions in the visible 
and near infrared region. The exact assignment of the PIA spectrum of C60-3T-C60 is presently 
not known, but characteristic strong signals of the 3T•+ radical cations (expected at about 1.46 
and 2.25 eV23, 24) are not observed. The PIA bands decrease with increasing modulation 
frequency (ν = ω/2π) and can be fitted using a power law behavior (-∆T ∝ ω–n) with 
increasing frequency between 30 and 4000 Hz. Variation of the modulation frequency of the 
excitation beam, reveals that the peak at 2.07 eV (n = 0.33) is probably of a different origin 
than the bands at 1.24 and 1.78 eV (n = 0.10-0.14), although all bands increase similarly with 
pump intensity according to a power law (-∆T ∝ Ip, with p = 0.75-0.80). These exponents 
indicate that the photoexcitations in C60-3T-C60 decay in a nearly monomolecular fashion for 
which p = 1 is expected. The spectrum (at least in part) is attributed tentatively to a triplet 
state of the fullerene moiety, while the weak bands at 1.5 and 2.2 eV could be assigned to the 
presence of a small amount of 3T•+ radical cations. In addition to this triplet state a weak 
fluorescence for C60-3T-C60 is observed with an onset at 1.66 eV due to emission from a 
fullerene singlet excited state (figure 5.3a; dashed line). In conclusion, the ‘triplet-state’ 
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fullerene PIA, and the fluorescence indicate that photoinduced electron transfer is not an 
important process in thin films of C60-3T-C60. 
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Figure 5.3 PIA spectra (solid lines) of C60-nT-C60 thin films on quartz (a) n = 3, (b) n = 6 and (c) n = 
9. The spectra were recorded at 80 K by exciting at 351 and 364 nm for n = 3 and at 458 nm for n = 6 
and 9. The PL spectrum of C60-3T-C60 is shown in (a) with a dashed line. 

 
In contrast, for a thin film of C60-6T-C60 the characteristic absorption bands of the 6T•+ 

radical cation at 0.75 and 1.49 eV and of the MP-C60
•– radical anion at 1.24 eV are present in 

the PIA spectrum (figure 5.3b). The simultaneous observation of 6T•+ and MP-C60
•– radical 

ions gives direct spectral evidence of a photoinduced electron transfer reaction. Under these 
conditions no fluorescence of C60-6T-C60 is detected. The relative intensities of the PIA bands 
at 0.75 and 1.49 eV of 6T•+ and at 1.24 eV of MP-C60

•– are qualitatively consistent with the 
difference in molar absorption coefficients (ε) of these ions as determined in solution (for 6T•+ 

ε = 7.2×104 L/mol cm and for C60
•– ε = 1.2×104 L/mol cm).20, 25 The PIA bands increase with 

the square root of the excitation intensity (p = 0.46-0.48), which indicates a bimolecular decay 
process, consistent with the recombination of positive and negative charges. The decrease of -
∆T with increasing modulation frequency (ν = ω/2π) follows approximately the same power 
law (-∆T ∝ ω–n) behavior for all bands (n = 0.12-0.17). Such a power law behavior is 
characteristic for a distribution of lifetimes in the millisecond time domain. The fact that 
changes in -∆T with pump intensity and modulation frequency are similar for the PIA bands 
attributed to 6T•+ and to MP-C60

•–, strongly suggests that these photogenerated radical ions 
decay via the same relaxation process. The PIA results for thin films of C60-9T-C60 are 
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analogous to those of C60-6T-C60 (figure 5.3c) and support a photoinduced electron transfer 
reaction. The principal absorption bands of 9T•+ radical cations are observed at 0.55 and 1.41 
eV, while a shoulder at 1.24 eV is consistent with the presence of MP-C60

•– radical anions. 
The PIA bands decrease in similar fashion with increasing modulation frequency (n = 0.11-
0.14), and again, a square root dependence for the pump intensity is observed (p = 0.47-0.49). 
Fluorescence of C60-9T-C60 is absent. 

The observation of a long-lived charge-separated state for the molecular triads C60-6T-
C60 and C60-9T-C60 and the concurrent ‘absence’ of charged states in C60-3T-C60 raises the 
question whether these differences are consistent with energetic predictions based on relative 
oxidation and reduction potentials, excitation energies and Coulombic stabilization. 
Furthermore it is of interest to know whether the photoinduced electron transfer reaction is an 
intramolecular or an intermolecular process. For the moment, it is reasonable to assume that a 
charge-separated state with a lifetime that extends in the millisecond time domain, as 
observed for thin films of C60-6T-C60 and C60-9T-C60, results from migration of the hole 
and/or the electron to different molecular sites, subsequent to the photoinduced electron 
transfer reaction.26 This proposition is corroborated by the non-linear excitation intensity 
dependence of PIA bands, which is a clear indication of bimolecular processes that require 
diffusion of photoexcited species. To get support for this proposition and to study the 
thermodynamics and kinetics of the photoinduced electron transfer reaction in these molecules 
in more detail, the photophysics of C60-nT-C60 and mixtures of nT with MP-C60 in solvents of 
different polarity are investigated. 
 
 
5.4 Photophysical properties in solution 
 
Photoexcitation of nT and MP-C60 in solution. Photoexcitation of the nT oligothiophenes in 
solution results in a transient singlet excited state nT(S1), which decays by fluorescence to the 
ground state and via intersystem crossing to the nT(T1) triplet state.27, 28 In solution, the 
quantum yields for fluorescence are high28 and intense fluorescence spectra of 3T, 6T and 9T 
are observed. The position of the emission bands depends only slightly on the nature of the 
solvent (table 5.1). The singlet excited state lifetime τ of the nT oligomers has been 
determined in toluene from time-resolved fluorescence and decreases with conjugation length 
from τ  = 0.81 ns for 3T, via τ  = 0.78 ns for 6T,29 to τ  = 0.65 ns for 9T (table 5.1). 
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Table 5.1 Spectroscopic data of nT oligomers and MP-C60 in different solvents. PIA data of 
oligothiophenes nT (n = 3, 6 and 9) in solution (2.3×10–4 M) at 295 K are recorded with 50 mW 
excitation at 351 and 364 nm for 3T and 458 nm for 6T and 9T. 

 Solvent 
S1←S0 

(eV) 
S1→S0 

(eV) 
τ(S1) 
(ns) 

Tn ←T1 

(eV) 
τ(T1) 
(µs) 

3T toluene 3.56 3.00 0.81 2.63 65 
 ODCB 3.52 2.97  2.59 49 
 benzonitrile 3.50 2.98  2.62 60 

6T toluene 2.92 2.42 0.78 1.78 23 
 ODCB 2.86 2.39  1.76 22 
 benzonitrile 2.86 2.39  1.79 25 

9T toluene 2.74 2.26 0.65 1.59 15 
 ODCB 2.68 2.22  1.55 20 
 benzonitrile 2.69 2.24  1.56 - 

MP-C60 toluene 1.76 1.74 1.45 1.78 38 
 ODCB 1.76 1.73  1.78 30 
 benzonitrile 1.75 1.73  1.79 35 

 
The triplet state absorption spectra of 3T, 6T, and 9T have been recorded using PIA 

spectroscopy in three solvents of increasing polarity: toluene, ODCB, and benzonitrile at a 
concentration of 2.3×10–4 M (figure 5.4). The spectra invariably exhibit a Tn←T1 transition, 
which shifts to lower energy with increasing chain length. Again the peak position is only 
slightly dependent on the nature of the solvent (table 5.1). The intensity of the Tn←T1 
absorptions increases linearly with pump intensity. The linear intensity dependence (-∆T ∝ Ip; 
p ~ 1) is expected for a monomolecular decay mechanism30 and shows that triplet-triplet 
annihilation is not a major decay pathway under these conditions. The lifetime of the 
photoexcitations has been determined by recording the change in transmission (-∆T) as a 
function of the modulation frequency (ν = ω/2π) in the range of 30 to 4000 Hz and fitting the 
experimental data after correction for fluorescence contribution to the analytical expression 
for monomolecular decay:31 
 

 
221 τω

τ
+

∝∆− gIT  (5.1) 

 
where g is the efficiency of generation of the photoinduced species and 1/τ the 
monomolecular decay constant. The lifetime of the nT(T1) triplet state decreases with chain 
length from 50-65 µs for 3T to 15-20 µs for 9T (table 5.1).32 
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Figure 5.4 PIA spectra of oligothiophenes nT (n = 3, 6 and 9) in toluene (2.3×10–4 M) at 295 K 
recorded with 50 mW excitation at 351 and 364 nm for 3T and 458 nm for 6T and 9T. 

 
The triplet state energies of α-oligothiophenes have been determined independently by 

photodetachment photoelectron spectroscopy (nT; n = 1-4) and spectroscopic and calorimetric 
measurements (nT; n = 1-5, 7).33 For 3T the triplet energy is 1.92-1.93 eV. From the linear 
relation of the triplet energy as a function of the reciprocal n,33b it is possible to estimate the 
triplet energy levels for 6T (~1.64 eV) and 9T (~1.55 eV). In addition to the triplet state 
transitions, small signals of photochemically generated nT•+ radical cations are observed in the 
PIA spectra of the nT oligomers dissolved in ODCB and benzonitrile. The direct 
photogeneration of charged excitations of oligothiophenes is known to involve an electron 
transfer reaction from the singlet excited nT(S1) state to the solvent.23, 34, 35 The formation of 
radical cations depends on the solvent used, but solvent polarity is not the pertinent criterion. 
In general, the back electron transfer between radical cation and solvent radical anion is 
expected to be fast, unless the solvent exhibits an irreversible dissociative electron capture 
reaction, which is a well-known process for chlorinated solvents (RCl + e− → R• + Cl–). As a 
result, the charged excitations produced in this way have long lifetimes on the order of τ = 3 
ms. 

Photoexcitation of MP-C60 in toluene, ODCB, or benzonitrile (4.6×10-4 M) results in a 
weak fluorescence at 1.73 eV and a long-lived triplet state. The fluorescence quantum yield of 
MP-C60 is known to be only 6×10-4 and the triplet state is formed with a quantum yield near 
unity.36 The lifetime of the MP-C60(S1) state determined from time-resolved fluorescence is 
1.45 ns (table 5.1), close to the value of 1.28 ns previously reported.36 The rate for intersystem 
(kisc) crossing is ~109 s-1, as the quantum yield is almost 1.37 For C60 kisc = 8.0×108 s-1 is 
reported and is related to the decay of the C60(S1) state.38 The PIA spectrum of the MP-C60(T1) 
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state exhibits a peak at 1.78 eV with a characteristic shoulder at 1.54 eV (figure 5.5). The 
molar absorption coefficient of this Tn←T1 absorption is 1.6×104 L/mol cm.36 
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Figure 5.5 PIA spectra of MP-C60 in ODCB (4.6×10–4 M) at 295 K, recorded with excitation at 458 
nm (solid line) and 600 nm (dashed line). The PIA spectrum of MP-C60 in benzonitrile solution 
(4.6×10–4 M; 458 nm) is shown with a dotted line. 

 
Similar PIA spectra have been obtained when exciting at 364, 458, or 600 nm. The 

lifetime of the MP-C60(T1) state in solution at 295 K is around 35 µs (table 5.1).32 The triplet 
energy level of MP-C60 has been determined from phosphorescence to be 1.50 eV,36-40 slightly 
below the triplet energy of C60 at 1.57 eV.41 The energy of the MP-C60(T1) state at 1.50 eV is 
less than the values reported and extrapolated for 3T, 6T, and 9T.33 In benzonitrile the PIA 
spectrum of MP-C60 reveals an extra small band of the radical anion of MP-C60 at 1.25 eV in 
addition to the signal of MP-C60(T1) (figure 5.5). The formation of MP-C60

•– radical anion is a 
result of the presence of a small amount of isocyanobenzene (PhNC) in benzonitrile (PhCN) 
which acts as a donor to MP-C60(T1). This is a bimolecular reaction and the lifetime of the 
anions formed is long, because charge recombination is hampered by follow-up reactions of 
the isocyanobenzene cation radical, which acts as a sacrificial electron donor. 

Summarizing, it has been shown that photoexcitation of the pure oligothiophenes and of 
MP-C60 produces a long-lived (µs domain) triplet state in solution. 
 
Photoinduced energy transfer in C60-nT-C60 and nT/MP-C60 mixtures in toluene. In 
toluene (ε  = 2.38) solutions, the fluorescence of the oligothiophene moieties of the C60-nT- 
C60 triads is strongly quenched with respect to the emission of the unsubstituted nT oligomers 
(figure 5.6). Apart from some residual oligothiophene emission, the fluorescence spectra show 
a characteristic band at 1.73 eV, which results from emission from the MP-C60(S1) state. 
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Figure 5.6 Normalized fluorescence (solid lines), absorption (dashed lines), and excitation (dotted 
lines) spectra of C60-nT-C60 in toluene solution for (a) n = 3; (b) n = 6; (c) n = 9. The spectra were 
recorded at 295 K by exciting at 350 nm for n = 3, at 433 nm for n = 6, and 457 nm for n = 9. The 
emission spectra of the C60-nT-C60 were corrected for Raman scattering of toluene, but residual 
Raman bands are clearly present at 2.62 eV for n = 3. The excitation spectra were recorded by 
monitoring the fullerene emission at 715 nm (1.73 eV). For a direct comparison the normalized 
fluorescence spectra of the nT oligomers are included (dashed-dotted lines). 

 
The excitation spectra of the fullerene emission coincide with the absorption spectra of 

the C60-nT-C60 triads. In fact, the fullerene fluorescence quantum yield of the C60-nT-C60 triads 
in toluene is nearly identical to that of MP-C60, irrespective of the excitation wavelength. The 
emission spectra of the C60-nT-C60 triads shown in figure 5.6 were corrected for Raman 
scattering of toluene, but residual Raman bands are clearly present at 2.62 eV for C60-3T-C60, 
where an excitation wavelength of 350 nm is used. Hence, an accurate determination of the 
extent of fluorescence quenching of the oligothiophene emission is somewhat hampered by 
these artifacts. Best estimates for the quenching factors (QD(D*A)) are 700 for C60-3T-C60, 
9600 for C60-6T-C60, and 5900 for C60-9T-C60 (table 5.2). The fluorescence quenching of the 
oligothiophenes and the simultaneous full emission of the MP-C60 moiety are clear 
characteristics of an efficient intramolecular energy transfer reaction of the nT(S1) state to the 
MP-C60(S1) state. Assuming no direct electron transfer (kCS

d) process from the nT(S1) state, 
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the quenching and the fluorescence lifetimes of the pristine nT oligomers (table 5.1 and 5.2) 
can be used to estimate the rate constants for the energy transfer reaction (kET) via the relation: 
 

 
D

D ADQk
τ

)*(
ET =  (5.2) 

 
Here QD(D*A) is the ratio of the nT fluorescence quantum yields of pure nT and that of 

C60-nT-C60, and τD the lifetime of the nT(S1) state. The resulting values collected in table 5.2 
show that the energy transfer process is extremely fast and occurs in 1 ps for C60-3T-C60 and 
in 100 fs for C60-6T-C60 and C60-9T-C60.42 
 

Table 5.2. Fluorescence quenching of triads (QD(D*A)) and (QA(DA*)), and rate constants for energy 
transfer (kET), indirect charge separation (kCS

i) and direct charge separation (kCS
d) as calculated from 

(5.2), (5.4), and (5.5), respectively. 

 
 

QD(D*A) 
  

kET 

(s–1) 
QA(DA*) 

 
kCS

i 
(s–1) 

kCS
d 

(s–1) 
toluene C60-3T-C60 700 8.6×1011 1   
 C60-6T-C60 9600 1.2×1013 1   
 C60-9T-C60 5900 9.1×1012 1   
ODCB C60-3T-C60   2 6.9×108 8.6×1011 
 C60-6T-C60   75 5.1×1010 9.1×1014 
 C60-9T-C60   150 1.2×1011 1.4×1015 
benzonitrile C60-3T-C60   5 2.8×109 3.5×1012 
 C60-6T-C60   150 1.2×1011 1.8×1015 
 C60-9T-C60   150 1.2×1011 1.4×1015 
 

To resolve these fast phenomena, time-resolved photoinduced absorption spectroscopy 
has been used. The transmission difference kinetics (∆T) of 9T and C60-9T-C60 dissolved in 
toluene were recorded at 560 nm after photoexcitation with a sub-10 fs pulse (figure 5.7a). At 
560 nm a positive ∆T signal is observed for 9T, which is attributed to stimulated emission 
from the excited S1 state. Photobleaching does not explain the positive ∆T because there is a 
negligible absorption at this wavelength in the ground state (figure 5.2). Superimposed on the 
stimulated emission signal there is a clear oscillating pattern, which reflects a periodic 
modulation of the transmission spectrum and originates from vibrational coherence initiated 
in an ensemble of photoexcited molecules by short pulses.43-46 
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Figure 5.7 (a) Differential transmission dynamics of the stimulated emission at 560 nm of 9T and C60-
9T-C60 in toluene. The autocorrelation signal of the pump pulse (marked solid line), providing the 
instrumental response, is also shown. The dashed line represents the single exponential fit with a time 
constant of 95 fs; (b) Differential transmission dynamics for 9T at 580 nm and C60-9T-C60 at 610 nm 
for longer pump-probe time delays. The slow oscillations on the 9T data are due to an undersampling 
artifact. 

 
The stimulated emission of C60-9T-C60 dissolved in toluene shows a much faster decay 

(figure 5.7a): a single exponential fitting (dashed line in figure 5.7a) yields a time constant of 
95±5 fs, i.e. more than three orders of magnitude faster than for 9T.47 The 95 fs time constant 
measured with sub-10 fs spectroscopy is in excellent agreement with the 5900-fold degree of 
quenching and the 650 ps lifetime of 9T(S1), as these numbers provide an independent 
estimate for the time constant for energy transfer of ~110 fs. The Fourier transform of the 
oscillatory component (figure 5.8) indicates a dominant mode with a frequency at ω1 = 1456 
cm-1 assigned to the total symmetric C=C stretching (ag) mode. For longer time delays (figure 
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5.7b) the stimulated emission of 9T exhibits only a slight decay, consistent with the lifetime of 
650 ps for the 9T(S1) state as determined by time-resolved photoluminescence studies. 
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Figure 5.8 Fourier transform of the oscillatory component of the 9T data shown in figure 5.7a. 

 
At longer time delays the positive ∆T signal of the stimulated emission becomes a 

negative signal (figure 5.7b). The negative ∆T results from Sn←S1 absorption of the fullerene 
moiety. Because the lifetime of the MP-C60 singlet state is 1450 ps, this excited state 
absorption persists over the 4 ps time range shown in figure 5.7b. 

The energy transfer reaction from the nT(S1) states which populates the MP-C60(S1) 
state, also affects the near steady-state PIA spectra of the C60-nT-C60 triads in comparison with 
parent nT oligomers. The PIA spectra of C60-3T-C60 and C60-6T-C60 are identical to that of the 
MP-C60(T1) state (figure 5.9a). For both triads the lifetime of the MP-C60(T1) state is about 40 
µs. This result demonstrates that the intramolecular singlet-energy transfer to the fullerene 
moiety, as inferred from fluorescence quenching, is followed by efficient intersystem crossing 
to the MP-C60(T1) state. In contrast, the PIA spectrum of C60-9T-C60 is significantly different 
and actually corresponds to a superposition of the Tn←T1 spectra of 9T(T1) and MP-C60(T1) 
(figure 5.9a). The concurrent absence of a signal at ~0.70 eV shows that the PIA band at ~1.60 
eV is not associated with 9T•+. Thus, the triplet energy of 9T33 is very close to the triplet 
energy of MP-C60 (1.50 eV). Based on the quenching of the 9T fluorescence in C60-9T-C60, it 
is likely that the 9T(T1) state in C60-9T-C60 is formed after initial photoexcitation of 9T via an 
ultrafast singlet-energy transfer to MP-C60, subsequent intersystem crossing to the MP-C60(T1) 
state, and finally a triplet-energy transfer to 9T. Consistent with this model the same PIA 
spectrum has been recorded when the fullerene moiety of C60-9T-C60 is selectively excited at 
600 nm in toluene solution. 

After photoexcitation of the nT oligomers in toluene solution containing MP-C60 (a 1:2 
molar proportion is used to mimic the ratio present in the triads), the nT(S1) state decays via 
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fluorescence and intersystem crossing. The PIA spectra of the mixtures of 3T or 6T with MP-
C60 give evidence for intermolecular triplet-energy transfer from the nT(T1) state to the lower 
lying MP-C60(T1) state (figure 5.9b), similar to previous observations for nT and C60.48 
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Figure 5.9 (a) PIA spectra of C60-nT-C60 (n = 3 (solid line), n = 6 (dashed line), and n = 9 (dotted 
line); 2.3×10–4 M) in toluene at 295 K recorded with excitation at 351 and 364 nm for C60-3T-C60, 
and at 458 nm for C60-6T-C60  and C60-9T-C60; (b) PIA spectra of mixtures of nT (n = 3 (solid line), n 
= 6 (dashed line), and n = 9 (dotted line); 2.3×10–4 M) and MP-C60 (4.6×10–4 M) in toluene at 295 K. 
The dashed-dotted line in graph (b) is for the 9T/MP-C60 mixture with excitation at 600 nm. 

 
For 6T/MP-C60, the oligothiophene moiety can be nearly selectively excited at 458 nm 

and the sole observation of the MP-C60(T1) spectrum and, hence, quenching of the nT(T1) 
transitions, demonstrates the effectiveness of the intermolecular triplet-energy transfer 
reaction. Similar to C60-9T-C60, only a partial quenching of the 9T(T1) state by MP-C60 is 
observed (figure 5.9b). Figure 5.9b shows that the same PIA spectra are obtained in mixtures 
of 9T and MP-C60, regardless whether 9T (at 458 nm) or MP-C60 (at 600 nm) is selectively 
excited. Hence, in both cases the same long-lived photoexcitations are eventually formed. 

In conclusion, it is shown that photoexcitation of the nT chromophores of C60-nT-C60 in 
an apolar solvent, like toluene, results in an ultrafast energy transfer reaction, that produces 
the C60 excited state. The photoexcited C60 subsequently relaxes via fluorescence to the 
ground state and intersystem crossing to the triplet state. 
 
Photoinduced energy and electron transfer in C60-nT-C60 and nT/MP-C60 mixtures in 
polar solvents. In more polar solvents like ODCB (ε = 9.93) and benzonitrile (ε = 25.18) a 
charge-separated state will be stabilized as a result of a screening of the Coulombic attraction 
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of the opposite charges and solvation of the radical ions formed. In accordance, the near 
steady-state PIA spectra of the triads and mixtures change dramatically in ODCB and 
benzonitrile solutions. The PIA spectrum of a 2:1 mixture of MP-C60 and 3T in benzonitrile 
shows the presence of both MP-C60(T1) with its characteristic band at 1.78 eV and the 
absorptions of the radical anion of MP-C60

•- at 1.24 eV and the 3T•+ radical cation at 1.46 and 
2.25 eV (figure 5.10d). Apparently, the MP-C60(T1) state is almost degenerate with the 
3T•+/MP-C60

•- charge-separated state in this polar solvent. The PIA spectra of 6T and 9T 
mixed in a 1:2 molar ratio with MP-C60 in benzonitrile show only the two characteristic and 
intense polaron bands of the 6T•+ (at 0.84 and 1.59 eV) and 9T•+ (at 0.69 and 1.45 eV) radical 
cations, together with a less intense transition of the MP-C60

•– radical anion at 1.24 eV (figure 
5.10e, f).49 
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Figure 5.10 PIA spectra of nT (2.3×10–4 M) co-dissolved with MP-C60 (4.6×10–4 M) (solid lines) and 
of corresponding the C60-nT-C60 triads (2.3×10–4 M) (dashed lines) in ODCB (a-c) benzonitrile (d-f) 
at 295 K for (a, d) n = 3, (b, e) n = 6, and (c, f) n = 9. The spectra were recorded with excitation at 
351 and 364 nm for n = 3, and at 458 nm for n = 6 and 9. The dotted line in graph (f) is for the 
9T/MP-C60 mixture in benzonitrile with excitation at 600 nm and multiplied by 10 for comparison. 

 
For ODCB, the PIA spectrum of the 3T/MP-C60 in ODCB does not show absorptions 

belonging to charged species, and only the characteristic Tn←T1 absorption of the MP-C60 at 
1.78 eV is observed as the thermodynamically most favored excited state in the system. For 
the longer oligomers, the mixtures in ODCB show PIA bands of 6T•+ at 0.82 and 1.55 eV and 
for 9T•+ at 0.70 and 1.45 eV, while the MP-C60

•– radical anion shows the characteristic band at 
1.24 eV (figure 5.10b, c). The PIA bands of nT•+ radical cations in these nT/MP-C60 mixtures 
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are more intense by at least two orders of magnitude as compared to the nT•+ signals that can 
be observed for the nT in the same solvents and which result from an electron transfer reaction 
to the solvent. Thus, the radical ions are formed in an intermolecular photoinduced electron 
transfer reaction between nT and MP-C60. Under the conditions of these PIA experiments, the 
fluorescence of 6T and 9T is not significantly quenched. This indicates that the electron 
transfer does not occur from the (short-lived) nT(S1) state but rather from the (long-lived) 
nT(T1) state. It must be noted that the photoinduced electron transfer between 6T or 9T and 
MP-C60 can also be achieved via selective photoexcitation of MP-C60 at 600 nm. As an 
example, figure 5.10f shows that identical PIA spectra are obtained for 9T/MP-C60 mixtures, 
irrespective whether excitation takes place at 458 or 600 nm. By excitation at 600 nm the 
intermolecular photoinduced charge transfer reaction proceeds via the MP-C60(T1) state, 
which is reduced by neutral nT (n = 6 and 9) and again the fluorescence of MP-C60(S1) is not 
significantly quenched. For 3T/MP-C60 in benzonitrile the lifetime of the MP-C60(T1) state as 
determined by fitting the data to (5.1) is 60 µs. For the 6T/MP-C60 and 9T/MP-C60 mixtures in 
benzonitrile the change in transmission (-∆T) scales with the square root of the pump intensity 
dependence. This indicates that the photogenerated positive and negative radical ions decay 
via a bimolecular decay mechanism. To obtain an estimate of the lifetime the data are fitted to 
the expression for bimolecular decay:31 

 

 
αα

ααβ
tanh

tanh/
+

⋅∝∆− IgT  (5.3) 

 
where α = π/(ωτb), g the efficiency of generation of the photoinduced species, τb = (gIβ)–0.5 

the bimolecular lifetime under steady-state conditions, and β the bimolecular decay constant. 
(5.3) shows that the lifetime of the charged photoexcitations in the nT/MP-C60 mixtures 
depend on the experimental conditions (concentration and pump intensity). Indeed, by varying 
the concentration and excitation energies different modulation frequency dependencies have 
been observed. Fitting the data results in a lifetime of about 300 µs for the 6T•+ and MP-C60

•– 
charge-separated state and a lifetime of about 230 µs for the 9T•+ and MP-C60

•– combination 
in benzonitrile. 

The PIA spectra of the C60-nT-C60 triads dissolved in benzonitrile (figure 5.10) and 
ODCB are of low intensity. For C60-3T-C60 a weak MP-C60(T1) spectrum is found, while for 
C60-6T-C60 and C60-9T-C60 the signal intensity is below 2×10–4. The virtual absence of PIA 
bands for C60-6T-C60 and C60-9T-C60 in these more polar solvents is consistent with a fast 
forward electron transfer reaction, resulting in a short-lived intramolecularly charge-separated 
state, which decays to the ground state.50 
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Figure 5.11 shows the dramatic changes that occur in the fluorescence spectra of the 
three C60-nT-C60 triads upon increasing the polarity of the solvent: toluene (ε  = 2.38), ODCB 
(ε = 9.93), and benzonitrile (ε = 25.18). For C60-6T-C60 and C60-9T-C60 a near to complete 
quenching of the MP-C60(S1) emission is observed in both ODCB and benzonitrile. For C60-
3T-C60 a partial quenching of the MP-C60(S1) state occurs, which increases with the polarity of 
the solvent. The quenching of the MP-C60(S1) emission in polar solvents after excitation of the 
oligothiophene moiety demonstrates a significant change in the photophysical processes in 
comparison with the energy transfer observed in toluene. In fact, the quenching may either 
result from a fast electron transfer reaction in the triad from the MP-C60(S1) state or from an 
ultrafast electron transfer reaction from the nT(S1) state, that prevents the energy transfer from 
nT(S1) to MP-C60(S1) to occur. 
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Figure 5.11 Fluorescence spectra of C60-nT-C60 in toluene (solid lines), ODCB (dashed lines), and 
benzonitrile (dotted lines) for (a) n = 3; (b) n = 6; (c) n = 9. The spectra were recorded at 295 K by 
exciting at 350 nm for n = 3, at 433 nm for n = 6, and 457 nm for n = 9. The optical density at the 
excitation wavelength was 0.1. The data have been corrected for differences in the index refraction. 

 
In summary, the PIA spectra of the nT/MP-C60 mixtures in polar solvents show the 

presence of photoinduced electron transfer for n = 6 and 9. The fact that the fluorescence of 
the fullerenes of the triads is quenched, demonstrates that electron transfer occurs in the triads 
at short timescales after photoexcitation. 
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Kinetics of energy and electron transfer in solution. Based on the extent of fluorescence 
quenching and the singlet excited state lifetimes, it is possible to obtain a semi-quantitative 
estimate for the kinetics of the various photophysical processes. As mentioned, the rate 
constants for intramolecular singlet-energy transfer from nT(S1) to MP-C60(S1) (kET) in 
toluene, determined in this way of kET = 1 ps for C60-3T-C60 and kET ≈ 100 fs for C60-6T-C60 
and C60-9T-C60, are in excellent agreement with the sub-picosecond PIA measurement of the 
C60-9T-C60 triad revealing a value of kET = 95 fs. Since the energy of the singlet excited states 
is not strongly affected by the polarity of the solvent (table 5.1), it is likely that similar rate 
constants for singlet-energy transfer will apply to ODCB and benzonitrile. However, in these 
solvents a photoinduced electron transfer reaction occurs as was shown from the quenching of 
the fullerene fluorescence. In principle, the electron transfer may take place directly from the 
initially excited nT(S1) state (figure 5.1; kCS

d), but can also occur indirectly in a two-step 
process via an intermediate MP-C60(S1) state (figure 5.1; kCS

i). The fullerene emission in C60-
6T-C60 and C60-9T-C60 in the polar solvents is about two orders of magnitude less than in 
toluene (table 5.2). If the electron transfer occurs subsequent to singlet-energy transfer to the 
MP-C60(S1) state, the rate of this indirect charge separation (kCS

i) can be calculated from: 
 

 
A

A DAQk
τ

1*)(i
CS

−=  (5.4) 

 
Here QA(DA*) is the ratio of the C60 fluorescence quantum yields of pure pristine MP-

C60 and that of C60-nT-C60, and τA the lifetime of the MP-C60(S1) state (1.45 ns). The values 
compiled in table 5.2 show that, when an indirect mechanism is operative, the electron 
transfer reaction occurs in about 10-20 ps for C60-6T-C60 and C60-9T-C60 in ODCB and 
benzonitrile. If, on the other hand, electron transfer would be solely due to a direct reaction 
from the nT(S1) state, the decrease in fullerene emission results from the quenching of the 
singlet-energy transfer reaction. Under this presumption, the rate constant for direct charge 
separation (kCS

d) would be given by combination of (5.2) and (5.4): 
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The values for kCS

d calculated from the experimental quenching ratios indicate that such 
a transfer would be unlikely fast (~1 fs). It must be noted that in calculating these values it is 
assumed that the rate for energy transfer is independent of the solvent polarity. This implicitly 
discards the possibility that the formation of the MP-C60(S1) state in toluene involves the 
intermediacy of an intramolecularly charge-separated state. One possibility to distinguish 
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experimentally between direct and indirect charge separation mechanisms is to look for 
additional quenching of the nT luminescence in polar solvents, since this is only expected in 
the direct mechanism. Although some additional quenching has been observed, reliable 
numbers could not be obtained due to the Raman scattering of the solvents in the spectral 
regions of interest, which becomes significantly stronger than the residual fluorescence signal. 

A closely related approach to distinguish the direct and indirect mechanism is by 
comparing the excitation spectrum of the residual fullerene emission with the absorption 
spectrum. In case the excitation spectrum (partly) lacks the donor absorption, a direct 
mechanism for charge separation occurs, as photoexcitations at the donor chromophore do not 
contribute to the residual fullerene emission. As a consequence of the low amounts of residual 
fullerene emission (C60-6T-C60 and C60-9T-C60), the excitation spectra of the fullerene 
emission could not accurately determined. For the C60-3T-C60 triad both the Raman scattering 
of the solvents and the almost alike UV/Vis spectra of MP-C60 and C60-3T-C60 prevent an 
accurate determination of the excitation spectra of the residual fullerene emission. 

A more sophisticated way to distinguish between a direct and indirect charge transfer 
reaction is obtained by sub-picosecond PIA spectroscopy. Figure 5.12a shows the 
transmission difference kinetics at 560 nm of C60-9T-C60 dissolved in ODCB after 
photoexcitation using a ~10 fs pulse. At the early timescale, the temporal evolution of the 
signal is nearly identical to that observed in toluene and exhibits a similar 95±5 fs time 
constant for deactivation.47 Because singlet-energy transfer does not strongly depend on the 
polarity of the solvent, it is safe to assume that the initial deactivation of the photoexcited 
9T(S1) state in ODCB also involves an ultrafast population of the MP-C60(S1) state. At longer 
timescales the effect of photoexcitation of C60-9T-C60 in ODCB is completely different from 
that in toluene. This is shown in figure 5.12b where the differential transmission of C60-9T-
C60 at 820 nm is plotted versus the time delay after photoexcitation with a 200 fs pulse at 390 
nm. At 820 nm, ∆T is negative as a result of a PIA signal. 

During the first 500 fs the PIA signal shows a decrease (inset of figure 5.12b): at zero 
delay, in fact, the excited state absorption (Sn←S1) of the 9T moiety is observed, which 
rapidly results in the Sn←S1 absorption of the MP-C60 moiety, with a lower cross section, as 
the energy transfer process occurs. After approximately 1 ps, however, the PIA signal starts to 
increase again and reaches a maximum in ~30 ps.47 This new PIA signal is attributed to the 
high-energy (D2←D0) absorption of the doublet-state of the 9T radical cation, which is known 
to exhibit two strong electronic transitions at 1800 (D1←D0) and 855 nm (D2←D0), 
respectively (figure 5.10c). The formation of 9T radical cations provides a signature of an 
electron transfer reaction from 9T to the fullerene moiety in the excited state of the triad. 
Because the PIA signal at 820 nm continues to grow during the first 30 ps, the electron 
transfer cannot originate from the 9T(S1) state, as this state decays with a time constant of 95 
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fs via singlet-energy transfer. The results give unambiguous evidence for an intramolecular 
charge transfer in which an electron is transferred from the 9T moiety in the ground state to 
the fullerene moiety in the singlet excited state, producing a 9T radical cation and a MP-C60 
radical anion in the triad. The time constant for indirect electron transfer of kCS

i = 1×1011 s-1 
(= 10 ps) matches perfectly with the calculated values obtained from the (time-resolved) 
photoluminescence quenching studies (kCS

i = 1.2×1011 s-1). Figure 5.12b reveals that the 
lifetime of the charge-separated state is limited as recombination of charges (krec) occurs with 
an exponential rate constant of krec = 1.3×1010 s-1 (= 80 ps).47 The fast recombination is 
supported by the near steady-state PIA of the dyads that revealed hardly any signals in the µs-
ms time domain. 
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Figure 5.12 (a) Differential transmission dynamics of the stimulated emission at 560 nm of C60-9T-
C60 in ODCB. The autocorrelation signal of the pump beam (marked solid line) is also shown; (b) 
Differential transmission of the PIA signal at 820 nm of C60-9T-C60 in ODCB as function of the pump-
probe time delay after photoexcitation at 390 nm with a 200 fs pulse. The inset shows the signals on 
short timescales at 820 nm (solid line) and at 540 nm (dashed line). 

 
In conclusion, the near steady-state PIA measurements reveal the importance of the 

conjugation length of the donor and the polarity of the environment in order to obtain a 
charge-separated state. The fluorescence study shows the ultrafast two-step charge transfer 
reaction in these fullerene-oligothiophene-fullerene triads, which is confirmed by sub-
picosecond pump-probe spectroscopy. The long lifetime of the charge-separated state in the 
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solid-state compared to solution is the most striking difference and is regarded as a materials 
property instead of a molecular one. 
 
 
5.5 Energetic considerations for electron transfer 
 

Photoinduced electron transfer in solution is governed by the change in free energy for 
charge separation, ∆GCS, given by the Weller equation, which includes terms for charge 
separation and solvation of the radicals ions in addition to the energies for oxidation, 
reduction, and excitation:18 
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In this equation Eox(D) and Ered(A) are the oxidation and reduction potentials of the 

donor and acceptor measured in V vs SCE in a solvent with relative permittivity εref; E00 is the 
energy of the excited state from which electron transfer occurs; Rcc is the center-to-center 
distance of the positive and negative charges in the charge-separated state; r+ and r- are the 
radii of the positive and negative ions; εs is the relative permittivity of the solvent; and -e and 
ε0 are the electron charge and the vacuum permittivity, respectively. To describe the change in 
free energy for photoinduced electron transfer reactions in the C60-nT-C60 triads and nT/MP-
C60 mixtures using (5.6), the oxidation potentials of the nT oligomers (Eox(3T) = +1.07 V; 
Eox(6T) = +0.84 V; and Eox(9T) = +0.66 V) and the first reduction potential of MP-C60 
(Ered(MP-C60) = -0.67 V) in dichloromethane (εref = 8.93) vs SCE are measured. For 3T the 
electrochemical oxidation is chemically irreversible, while the oxidation of 6T and 9T and the 
reduction of MP-C60 are chemically and electrochemically reversible. The free energy for 
charge separation (GCS) is compared to the energy of the level from which the charge 
separation takes place (E00). Therefore different E00 values are taken according to intra- or 
intermolecular charge transfer processes from excited states of both chromophores. For 
intermolecular processes (nT/MP-C60 mixtures) the MP-C60(T1) state (1.50 eV) was used, 
while for intramolecular processes (C60-nT-C60) the nT(S1) or MP-C60(S1) states51 were used. 
The Rcc distances have been determined by molecular modeling of the C60-nT-C60 triads 
assuming that the positive and negative charges are localized at the centers of the 
oligothiophene and fullerene moieties. This leads to Rcc = 10.0 Å for C60-3T-C60; Rcc = 15.4 Å 
for C60-6T-C60; and Rcc = 21.1 Å for C60-9T-C60, respectively, for intramolecular charge 
transfer. For intermolecular charge transfer Rcc was set to infinity. The value for r– = 5.6 Å for 
C60 has been calculated by Verhoeven et al. from the density of C60.36 Although defining a 
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single radius for one-dimensionally extended molecules such as the nT oligomers is a strong 
simplification of the actual situation, the values for r+ for the oligothiophenes were estimated 
in a similar approach. For unsubstituted terthiophene the density ρ = 1.509 g/cm3 is known 
from an X-ray crystallographic study52 and the radius has been determined from r+(3T) = 
(3×1024M/4πρNA)1/3 to be 4.03 Å. Assuming similar densities for unsubstituted 6T and 9T, 
r+(6T) and r+(9T) are estimated to be 5.08 and 5.80 Å, respectively. The value for 6T 
corresponds well to the value of 5.02 Å that can be derived from the X-ray crystallographic 
data of unsubstituted sexithiophene.53 In this approximation the dodecyl solubilizing side 
chains have been discarded, because the positive charge in the nT•+ radical ions will be 
localized in the thiophene rings. With these approximations the values listed in table 5.3 are 
obtained for the change in free energy for inter- and intramolecular photoinduced charge 
transfer in the various solvents. In figure 5.13 the energies of the charge-separated states are 
compared with the energies of the singlet and triplet states of nT and MP-C60. 
 

Table 5.3 Free energy change for intramolecular (∆GCS(Rcc)) and intermolecular ((∆GCS(∞)) electron 
transfer in C60-nT-C60 triads and nT/MP-C60 mixtures in different solvents calculated from (5.6). 

intermoleculara   intramolecularb  

 solvent 
MP-C60(T1) 

∆Gcs(∞) 
(eV) 

 
nT(S1) 

∆GCS(Rcc) 
(eV) 

MP-C60(S1) 
∆GCS(Rcc) 

(eV) 

MP-C60(T1) 
∆GCS(Rcc) 

(eV) 
3T toluene + 1.19  – 0.92 + 0.34 + 0.58 
 ODCB + 0.21  – 1.41 – 0.17 + 0.06 
 benzonitrile + 0.02  – 1.52 – 0.27 – 0.04 
6T toluene + 0.84  – 0.47 + 0.21 + 0.45 
 ODCB – 0.02  – 1.00 – 0.34 – 0.11 
 benzonitrile – 0.19  – 1.11 – 0.45 – 0.22 
9T toluene + 0.61  – 0.44 + 0.08 + 0.32 
 ODCB – 0.20  – 0.99 – 0.50 – 0.27 
 benzonitrile – 0.35  – 1.12 – 0.61 – 0.38 
a Relative to the energy of the MP-C60(T1) state of E00 = 1.50 eV; b Relative to the energy of the 
nT(S1), MP-C60(S1) and MP-C60(T1) states in the different solvents (see table 5.1). 

 
The experimentally observed photoinduced energy and electron transfer reactions in the 

C60-nT-C60 triads and nT/MP-C60 mixtures are fully supported by the Weller equation. In 
toluene, both the MP-C60 S1 and T1 state are energetically situated below a charge-separated 
state. Hence, intra- or intermolecular electron transfer to MP-C60 is not expected for any of 
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the nT oligomers in toluene, in full agreement with time-resolved PIA measurements, the 
fullerene fluorescence and the observation of long-lived MP-C60(T1) (or 9T(T1)) state.54 
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Figure 5.13 Excited state energy levels. The singlet (S1) energy levels of nT and MP-C60 (solid bars) 
were determined from fluorescence data. The MP-C60(T1) level (solid bare and dashed line) was taken 
from literature phosphorescence data. The levels of the charge-separated states for (a) 
intramolecular charge transfer in C60-nT-C60 triads and (b) intermolecular charge transfer in nT/MP-
C60 mixtures were determined using (5.6) (see text and table 5.3). Solid squares are for toluene, open 
squares for ODCB, and solid circles for benzonitrile solutions. 

 
According to (5.6), both intra- and intermolecular electron transfer to the fullerene 

moiety become energetically favored for 6T and 9T in the more polar solvents ODCB and 
benzonitrile. This prediction is in full agreement with the complete quenching of the fullerene 
emission, the observation of long-lived intermolecular charge-separated states with near 
steady-state PIA spectroscopy in nT/MP-C60 mixtures, and the observation of an 
intramolecular charge transfer reaction within the C60-9T-C60 triad with a time constant of 10 
ps, that decays with a time constant of 80 ps to the ground state. For C60-3T-C60 and 3T/MP-
C60, a subtle evolution of the energy levels with polarity of the solvent is apparent from figure 
5.13. For C60-3T-C60 intramolecular photoinduced electron transfer is energetically favored in 
both benzonitrile (∆GCS = -0.27 eV) and ODCB (∆GCS = -0.17 eV) in comparison with the 
MP-C60(S1) state, in accordance with a quenching of the fullerene emission of ~50% and 
~80%, respectively. For both ODCB and benzonitrile only a weak MP-C60(T1) signal is 
observed. The intermolecular electron transfer in 3T/MP-C60 is less favorable and only in 
benzonitrile some additional features of charged species are present besides the long-lived 
MP-C60(T1) state. It must be mentioned, however, that in this case (5.6) predicts that the 
charge-separated state is only marginally higher in energy (∆GCS = +0.02 eV; table 5.3). 
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From the Weller equation a threshold permittivity for electron transfer in solution can be 
determined. From the MP-C60(S1) state the threshold permittivity values for intramolecular 
reactions are εs = 4.9, 3.4, and 2.7 for n = 3, 6, and 9, respectively. However, from a 
thermodynamic point of view the comparison with the lowest neutral state involved (MP-
C60(T1))51 is more considerable. For intramolecular electron transfer the threshold permittivity 
values are εs = 15.7, 6.0, and 4.1, for n = 3, 6, and 9, respectively. Intermolecular electron 
transfer takes place in slightly more polar media for which εs = 29.5, 9.2 and, 5.6 are the 
corresponding thresholds for n = 3, 6, and 9. Although the comparison between electron 
transfer in solution and in the solid-state is not straightforward (i.e. the solvation term does 
not play a role within the solid-state), the threshold permittivity values for electron transfer in 
solution give roughly an idea about the posssibility for electron transfer within the solid-state. 
The low threshold values for C60-6T-C60 and C60-9T-C60 explain the charge separation in thin 
films. For C60-3T-C60 the threshold value of εs = 15.7 when compared to the lowest excited 
neutral state is relatively high, and explains the ‘triplet’-fullerene spectrum. However, 
concerning the ‘relatively’ low threshold value from the fullerene singlet state, some electron 
transfer might occur, which supports the weak absorptions bands of the 3T•+ radical cation in 
the same PIA spectrum. 

Further insight into the indirect (and direct) mechanisms can be obtained from the 
activation barrier for charge separation (∆G‡

CS). The Marcus equation estimates the barrier for 
photoinduced electron transfer from the free energy change for charge separation (∆GCS) and 
the reorganization energy (λ):55 
 
 ( ) λλ 42

CCS
‡ +∆=∆ SGG  (5.7) 

 
The reorganization energy is the sum of internal (λi) and solvent (λs) contributions. The 

solvent contribution can be calculated from the Born-Hush approach: 36, 56 
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in which n is the refractive index of the solvent. The internal reorganization energy is set to λi 
= 0.3 eV based on the value reported by Verhoeven et al. for the diethylaniline/C60 couple as 
determined from the charge transfer absorption and emission spectra. This estimate is 
probably an upper limit to the actual internal reorganization energy in C60-nT-C60, especially 
for the longer oligothiophenes in which a positive charge will delocalize over a large π-
conjugated system resulting in a small structural deformation and reorganization energy.11 The 
values for λ = λi + λs obtained in this way are compiled in table 5.4, together with the free 
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energy change (∆GCS) and barrier (∆G‡
CS) for intramolecular electron transfer in the three C60-

nT-C60 triads relative to the nT(S1) and MP-C60(S1) excited states. Table 5.4 shows a number 
of interesting effects. First of all, photoinduced electron transfer from the MP-C60 S1 (or T1) 
state proceeds always in the Marcus ‘normal’ region (λ > -∆GCS). The barrier for electron 
transfer from the MP-C60(S1) state in C60-6T-C60 and C60-9T-C60 is less than 0.1 eV in ODCB 
and benzonitrile. In contrast, electron transfer from the nT(S1) state would occur in the Marcus 
‘inverted’ region (λ < -∆GCS), irrespective of the solvent or conjugation length of the nT 
donor. The latter is a consequence of the higher energy of the singlet excited state of the nT 
oligomers in comparison with the MP-C60 S1 or T1 states. Because the difference between λ 
and -∆GCS is small for C60-6T-C60 and C60-9T-C60, the direct electron transfer, although 
formally in the ‘inverted’ region, is close to the ‘optimal region’ in these cases. As a 
consequence, (5.7) predicts that photoinduced electron transfer from 6T(S1) or 9T(S1) occurs 
with a very low barrier (∆G‡

CS < 0.01 eV). It is important to note that the estimates for ∆G‡
CS 

change only little when different values are used for λi: When λi is varied from 0.1 to 0.5 eV, 
∆G‡

CS remains less than 0.05 eV for both C60-6T-C60 and C60-9T-C60 in ODCB and 
benzonitrile.57 The energy barrier ∆G‡

CS, the reorganization energy, and the electronic 
coupling (V) between donor and acceptor in the excited state determine the rate constant for 
charge separation. The expression for non-adiabatic electron transfer processes:58 
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allows V to be determined from the values for kCS, ∆G‡

CS, and λ listed in table 5.2 and 
5.4. For kCS the data from table 5.2 are used except for C60-9T-C60 for which the rate for 
charge separation in ODCB has been determined to be kCS

i = 1×1011 s-1 (= 10 ps). For the 
indirect mechanism, i.e. charge separation subsequent to singlet-energy transfer, the values 
calculated for V using (5.9) and kCS

i are 60–90 cm–1 for C60-6T-C60 and 40-50 cm-1 for the C60-
9T-C60 in the two polar solvents. These values are one order of magnitude less than expected 
for a bridge consisting of three sigma bonds between donor and acceptor.56c, 59 On the other 
hand, the values of V = 2000-3000 cm-1 which can be calculated using kCS

d, assuming that 
only the direct mechanism is operative, are too high by one order of magnitude.56c, 59 
Moreover, an electronic coupling of V = 2000-3000 cm-1 would certainly give rise to 
significant differences between the absorption spectrum of the C60-nT-C60 triad in comparison 
with the linear superposition of the spectra of nT and MP-C60, which is not observed 
experimentally. 
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Table 5.4 Reorganization energy (λ), free energy change (∆GCS), and barrier (∆G‡
CS) for 

intramolecular electron transfer in C60-nT-C60 triads in different solvents relative to the energies of 
the nT(S1), MP-C60(S1) and MP-C60(T1) excited state, calculated from (5.4), (5.7) and (5.8). 

   nT(S1)  MP-C60(S1) 

  

solvent 

λ 

(eV) 

∆GCS 

(eV) 

∆G‡
CS 

(eV) 

Va 

(cm-1) 
 

∆GCS 

(eV) 

∆G‡
CS 

(eV) 

Va 

(cm-1) 

3T toluene 0.34 – 0.92 0.242 -  + 0.34 0.342 - 
 ODCB 0.81 – 1.41 0.109 476  – 0.17 0.127 19 
 benzonitrile 0.93 – 1.52 0.092 699  – 0.27 0.118 34 
6T toluene 0.35 – 0.47 0.011 -  + 0.21 0.224 - 
 ODCB 0.86 – 1.00 0.007 2043  – 0.34 0.076 61 
 benzonitrile 0.99 – 1.11 0.004 2835  – 0.45 0.072 90 
9T toluene 0.35 – 0.44 0.006 -  + 0.08 0.133 - 
 ODCB 0.88 – 0.99 0.003 2395  – 0.50 0.042 43b 
 benzonitrile 1.02 – 1.12 0.003 2451  – 0.61 0.041 48 
a Determined by using the kCS

i and kCS
d values of table 5.2; b Determined by using the experimental 

value of kCS
i = 1×1011 s-1. 

 
In summary, the inter- and intramolecular charge transfer reactions in solution can be 

rationalized with the Weller equation. In the triads, intramolecular photoinduced electron 
transfer from the MP-C60(S1) state i.e. subsequent to an ultrafast energy transfer from nT(S1) 
to MP-C60(S1), can occur with low activation barriers (< 0.1 eV) in polar solvents. 
 
 
5.6 Conclusions 
 

Photoexcitation of the oligothiophene moieties of C60-nT-C60 triads (n = 3, 6 and 9) 
results in a fast energy and electron transfer reaction to the fullerene moiety, depending on the 
conjugation length of the oligothiophene and the relative permittivity of the medium. In thin 
solid films of these triads energy transfer occurs for C60-3T-C60, while electron transfer takes 
place for C60-6T-C60 and C60-9T-C60 creating charges that have a distribution of lifetimes 
extending into the millisecond time domain. 

In apolar toluene solution, photoexcitation of mixtures of nT and MP-C60 results in 
intermolecular triplet-energy transfer between nT and MP-C60, for which the MP-C60(T1) 
triplet state is obtained for n = 3 and 6, while the 9T(T1) triplet state is obtained for n = 9. For 
nT/MP-C60 mixtures in polar solvents, an intermolecular photoinduced electron transfer 
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reaction occurs for n = 6 and 9. It has been demonstrated that this intermolecularly charge-
separated state can be formed from both the nT(T1) and the MP-C60(T1) triplet state. 

In solution, photoexcitation of the 9T moiety of the C60-9T-C60 triad with femtosecond 
pulses results in an ultrafast intramolecular singlet-energy transfer reaction with a time 
constant of 95±5 fs, to give the singlet excited MP-C60(S1) state. In an apolar solvent 
(toluene), the formed MP-C60(S1) singlet state decays almost quantitatively via intersystem 
crossing to the MP-C60(T1) triplet state. Moreover, full fullerene emission is observed, 
irrespective of the photoexcitation energy. In polar solvents (o-dichlorobenzene and 
benzonitrile) the free energy of the intramolecularly charge-separated state drops below that 
of the MP-C60(S1) singlet (and MP-C60(T1) triplet) state and an intramolecular photoinduced 
electron transfer reaction occurs. For C60-9T-C60 in ODCB, the photoinduced intramolecular 
charge transfer reaction from the MP-C60(S1) singlet state proceeds with a time constant of 10 
ps, subsequent to the ultrafast energy transfer. The lifetime of the intramolecular charge-
separated state is relatively short, and the ground state is obtained with a time constant of τ = 
80 ps. Comparable photophysics for the C60-3T-C60 and C60-6T-C60 triads in solution are 
observed as deduced from fluorescence and near steady-state PIA spectroscopy. 
Photoexcitation of the thiophene moiety within the C60-3T-C60 and C60-6T-C60 triads in 
solution result in an ultrafast singlet-energy transfer to the MP-C60(S1) state. The two-step 
charge generation also proceeds within the C60-3T-C60 and C60-6T-C60 triads in polar solvents 
only, following the ultrafast singlet-energy transfer to the fullerene moiety. 

The experimentally observed intra- and intermolecular energy and electron transfer 
reactions, as a function of conjugation length and solvent permittivity, are in full agreement 
with the predictions based on the Weller equation. For the C60-nT-C60 triads with n = 6 or 9, 
the indirect charge transfer reaction proceeds in the Marcus ‘normal’ region and have 
activation barriers for charge separation of ∆G‡

CS < 0.1 eV. 
The photophysics of the triads in the solid-state and in solution are significantly 

different. The long lifetime of charge-separated state in the solid-state can be explained by 
migration of holes or electrons to neighboring sites within the film, which can not occur in 
solution resulting in a fast recombination of the photogenerated charges. Hence, the long 
lifetime of the charge-separated state within solid films is a material, rather than a molecular 
property. The combination of the long lifetime of the charge-separated states of C60-6T-C60 
and C60-9T-C60 in the solid-state with a very fast forward electron transfer rate is strikingly 
similar to the extreme asymmetry observed in conjugated polymer/(methano)fullerene blends. 
As a final point, ultrafast energy transfer processes between the donor and fullerene 
chromophores might be competitive to the ultrafast charge generation within the conjugated 
polymer/(methano)fullerene blends. 
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5.7 Experimental section 
 
Absorption and fluorescence. Optical spectra were recorded using a Perkin Elmer Lambda 900 
spectrophotometer for absorption and a Perkin Elmer LS50B equipped with a red-sensitive Hamamatsu 
R928-08 photomultiplier for fluorescence. The fluorescence spectra of the fullerenes were recorded with a 
10 nm bandwidth in excitation and emission and the optical density of the solutions was adjusted to 0.1 at 
the excitation wavelength. Fluorescence spectra are not corrected for the wavelength dependence of the 
sensitivity of the detection system. 
 
Cyclic voltammetry. Cyclic voltammograms were recorded with 0.1 M tetrabutylammonium 
hexafluorophosphate (TBAH) as supporting electrolyte using a Potentioscan Wenking POS73 potentiostat. 
The substrate concentration was typically 10–3 M. The working electrode was a platinum disc (0.2 cm2), the 
counter electrode was a platinum plate (0.5 cm2), and a saturated calomel electrode was used as reference 
electrode, calibrated against the Fc/Fc+ couple (+0.470 V vs SCE). 
 
Time-resolved fluorescence. For fluorescence lifetime measurements a ~5 ps exciting light pulse at 300 
nm was obtained by frequency doubling the output of a synchronously pumped cavity dumped dye laser 
which was operated at a repetition rate of 0.48 MHz. The dye laser (operated at 600 nm) was pumped with 
the frequency doubled output of an actively stabilized mode-locked Nd:YAG laser. The fluorescence light, 
collected in a backward-scattering geometry, was dispersed by a 0.34 m double monochromator allowing 
for a spectral resolution of 1 nm. Fluorescence decay curves were recorded with the time-correlated single 
photon counting technique in reversed mode using a microchannel plate photomultiplier (Hamamatsu 
R3809u-51). The instrument response function was ~60 ps FWHM. 
 
Near steady-state photoinduced absorption. Solutions for PIA measurements were prepared in carefully 
purified and rigorously deoxygenated solvents and studied in a 1 mm near-IR-grade quartz cell at room 
temperature. Thin films were prepared by casting from ODCB on quartz and held at 80 K using an Oxford 
Optistat continuous flow cryostat. PIA spectra were recorded between 0.25 and 3.5 eV by exciting with a 
mechanically modulated (typically 275 Hz) argon ion laser (Spectra Physics 2025) pump beam. Excitation 
wavelengths used in this investigation are multi-line UV (351.1-363.8 nm) or single line 457.9 nm and 
488.0 nm. Alternatively, the argon ion laser was used to pump a continuous wave dye laser (Spectra 
Physics 375B) tuned to a wavelength of 600 nm using Rhodamine 6G. The pump power incident on the 
sample was typically 25 or 50 mW with a beam diameter of 2 mm. The photoinduced absorption, -∆T/T 
≈ ∆αd, was directly calculated from the change in transmission after correction for the fluorescence, which 
was recorded in a separate experiment. PIA spectra and fluorescence spectra were recorded with the pump 
beam in an almost parallel direction to the probe beam. The lifetime of the photoexcitations was determined 
by recording the intensity of the PIA bands as a function of the modulation frequency (ν = ω/2π) in the 
range of 30 to 4000 Hz and fitting the data after correction for fluorescence contribution to expressions for 
monomolecular or bimolecular decay.31 Pump intensity dependencies were obtained at 275 Hz between 10 
and 100 mW and were corrected for fluorescence. 
 
Time-resolved photoinduced absorption. Solutions of C60-9T-C60 of typically 2×10-4 M in toluene or 
ODCB, in 0.5 mm cells at room temperature, were excited at 500-680 nm (10 fs) or 390 nm (200 fs), i.e. 
providing mainly excitation of the π-conjugated oligomer, although some direct excitation of the fullerene 
occurs. The excitation source for the short pulses is a visible optical parametric amplifier (OPA) based on 
non-collinear phase matching in β-barium borate. The OPA provides broadband pulses with sub-10 fs 
duration and spectrum extending from 500 to 680 nm.60, 61 The measurements are performed with a non-
collinear pump-probe setup; after the sample the probe beam is detected by a photodiode using a lock-in 
amplifier. Single wavelengths of the broadband probe pulse are selected using 10 nm bandwidth 
interference filters after the sample. For the longer pulses a Ti/sapphire laser is used providing 200 fs pulses 
at 780 nm. The pump pulses at 390 nm are created by frequency doubling in a lithium triborate crystal, 
while a white light continuum is obtained by focusing a small fraction of the beam in a 1 mm thick sapphire 
plate. This system allows to probe differential transmission over a broader frequency range (420-1000 nm) 
at the expense of a lower temporal resolution. The pump beam was focused to a spot size of 80 µm and an 
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excitation fluence of 1 mJ/cm2 per pulse (50-80 nJ) was used. The temporal evolution of the differential 
transmission was recorded at selected wavelengths (using interference filters of 10 nm bandwidth after the 
sample) by a standard lock-in technique. The pump beam was linearly polarized at the magic angle (54.7°) 
with respect to the probe, to cancel out orientation effects in the measured dynamics. 
 
 
5.8 References and notes 
 
 

(1) G. Yu, J. Gao, J. C. Hummelen, F. Wudl, A. J. Heeger, Science 1995, 270, 1789. 

(2) S. E. Shaheen, C. J. Brabec, N. S. Sariciftci, F. Padinger, T. Fromherz, J. C. Hummelen, Appl. Phys. 

Lett. 2001, 78, 841. 

(3) N. S. Sariciftci, L. Smilowitz, A. J. Heeger, F. Wudl, Science 1992, 258, 1474.  

(4) B. Kraabel, D. McBranch, N. S. Sariciftci, A. J. Heeger, Phys. Rev. B 1994, 50, 18543.  

(5) B. Kraabel, J. C. Hummelen, D. Vacar, D. Moses, N. S. Sariciftci, A. J. Heeger, J. Chem. Phys. 

1996, 104, 4267. 

(6) C. J. Brabec, G. Zerza, , G. Cerullo, S. De Silvestri, S. Luzzati, J.C. Hummelen, N. S. Sariciftci, 

Chem. Phys. Lett. 2001, 340, 232. 

(7) (a) N. S. Sariciftci, A. J. Heeger, In Handbook of Organic Conductive Molecules and Polymers, Vol. 

1, H. S. Nalwa (Ed.), Wiley, Chichester, 1997, chapter 8, (b) S. C. J. Meskers, P. A. van Hal, A. J. 

H. Spiering, A. F. G. van der Meer, J. C. Hummelen, R. A. J. Janssen, Phys. Rev. B. 2000, 61, 9917. 

(8) N. Martín, L. Sánchez, B. Illescas, I. Pérez, Chem. Rev. 1998, 98, 2527. 

(9) M. Prato, J. Mater. Chem. 1997, 7, 1097.  

(10) H. Imahori, Y. Sakata, Adv. Mater. 1997, 9, 537.  

(11) H. Imahori, Y. Sakata, Eur. J. Org. Chem. 1999, 2445. 

(12) T. Otsubo, Y. Aso, K. Takimiya, J. Mater. Chem. 2002, 12, 2565. 

(13) P. A. van Hal, R. A. J. Janssen, G. Lanzani, G. Cerullo, M. Zavelani-Rossi, S. De Silvestri, Phys. 

Rev. B.2001, 64, 075206/1. 

(14) J. L. Segura, R. Gómez, N. Martín, C. Luo, D. M. Guldi, Chem. Commun. 2000, 701. 

(15) I. B. Martini, B. Ma, T. Da Ros, R. Helgeson, F. Wudl, B. J. Schwartz, Chem. Phys. Lett. 2000, 327, 

253. 

(16) J.-F. Eckert, J.-F. Nicoud, J.-F. Nierengarten, S.-G. Liu, L. Echegoyen, F. Barigelletti, N. Armaroli, 

L. Ouali, V. Krasnikov, G. Hadziioannou, J. Am. Chem. Soc. 2000, 122, 7467. 

(17) E. Peeters, P. A. van Hal, J. Knol, C. J. Brabec, N. S. Sariciftci, J. C. Hummelen, R. A. J. Janssen, J. 

Phys. Chem. B 2000, 104, 10174. 

(18) A. Weller, Z. Phys. Chem. Neue Folge 1982, 133, 93. 

(19) W. ten Hoeve, H. Wynberg, E. E. Havinga, E. W. Meijer, J. Am. Chem. Soc. 1991, 113, 5887. 

(20) J. A. E. H. van Haare, E. E. Havinga, J. L. J. van Dongen, R. A. J. Janssen, J. Cornil, J.-L. Brédas, 

Chem. Eur. J. 1998, 4, 1509. 
 



The two-step photoinduced electron transfer in fullerene-oligothiophene-fullerene triads 

 107 

 

(21) M. Maggini, G. Scorrano, M. Prato, J. Am. Chem. Soc. 1993, 115, 9798. 

(22) P. A. van Hal, J. Knol, B. M. W. Langeveld-Voss, S. C. J. Meskers, J. C. Hummelen and R. A. J. 

Janssen, J. Phys. Chem. A 2000, 104, 5964. 

(23) V. Wintgens, P. Valat, F. Garnier, J. Phys. Chem. 1994, 98, 228. 

(24) A PIA experiment with 3T and tetracyanoethylene (TCNE) in ODCB at 298 K reveals the radical 

cation absorption bands of terthiophene to be at 1.45 and 2.25 eV. 

(25) (a) D. M. Guldi, H. Hungerbuhler, E. Janata, K. D. Asmus, J. Phys. Chem. 1993, 97, 11258; (b) J. 

W. Arbogast, A. P. Darmanyan, C. S. Foote, Y. Rubin, F. N. Diederich, M. M. Alvarez, S. J. Anz, 

R. L. Whetten, J. Phys. Chem. 1991, 95, 11. 

(26) L. Pasimeni, A. L. Maniero, M. Ruzzi, M. Prato, T. Da Ros, G. Barbarella, M. Zambianchi, Chem. 

Commun. 1999, 429. 

(27) R. A. J. Janssen, L. Smilowitz, N. S. Sariciftci, D. Moses, J. Chem. Phys. 1994, 101, 1787. 

(28) R. S. Becker, J. Seixas de Melo, A. L. Maçanita, F. Elisei, Pure Appl. Chem. 1995, 67, 9.  

(29) The value for 6T is close to the value of 1.10 ns for a related 6T derivative reported by D. Grebner, 

M. Helbig, S. Rentsch, J. Phys. Chem. 1995, 99, 16991. 

(30) It should be noted that also a bimolecular mechanism, in which the nT(T1) state is quenched by 

molecular oxygen would give the same behavior. 

(31) G. Dellepiane, C. Cuniberti, D. Comoretto, G. F. Musso, G. Figari, A. Piaggi, A. Borghesi, Phys. 

Rev. B. 1993, 48, 7850.  

(32) The accuracy of the lifetime is limited to a certain extent, since the PIA signal is almost independent 

on the frequency, so that no clear crossover point is observed. 

(33) (a) S. Rentsch, J. P. Yang, W. Paa, E. Brickner, J. Scheidt, R. Weinkauf, Phys. Chem. Chem. Phys. 

1999, 1, 1707; (b) J. Seixas de Melo, L. M. Silva, L. G. Arnaut, R. S. Becker, J. Chem. Phys. 1999, 

111, 5427. 

(34) R. A. J. Janssen, N. S. Sariciftci, A. J. Heeger, J. Chem. Phys. 1994, 100, 8641.  

(35) (a) C. Botta, S. Luzzati, R. Tubino, D. D. C. Bradley, R. H. Friend, Phys. Rev. B. 1993, 48, 14809; 

(b) C. Botta, S. Luzzati, R. Tubino, A. Borghesi, Phys. Rev. B 1992, 46, 13008.  

(36) R. M. Williams, J. M. Zwier, J. W. Verhoeven, J. Am. Chem. Soc. 1995, 117, 4093. 

(37) Via φ = kisc⋅τ. 

(38) M. Gevaert, P. V. Kamat, J. Phys. Chem. 1992, 96, 9883. 

(39) K. G. Thomas, V. Biju, M. V. George, D. M. Guldi, P. V. Kamat, J. Phys. Chem. A 1998, 102, 5341. 

(40) D. M. Guldi, M. Maggini, G. Scorrano, M. Prato, J. Am. Chem. Soc. 1997, 119, 974. 

(41) (a) Y. Zeng, L. Biczok, H. Linschitz, J. Phys. Chem. 1992, 96, 5237; (b) S. P. Sibley, S. M. 

Argentine, A. H. Francis, Chem. Phys. Lett. 1992, 188, 187. 

(42) For a discussion on the error in the determination of the rate constants via this equation see chapter 

1, paragraph 1.5. 

(43) G. Cerullo, G. Lanzani, M. Muccini, C. Taliani, S. De Silvestri, Phys. Rev. Lett. 2000, 83, 231. 
 



Chapter 5 

 108 

 

(44) G. Cerullo, G. Lanzani, L. Pallaro, S. De Silvestri, J. Molec. Struct. 2000, 521, 261. 

(45) G. Lanzani, G. Cerullo, M. Zavelani-Rossi, S. De Silvestri, Synth. Met. 2001, 116, 1. 

(46) G. Cerullo, G. Lanzani, M. Zavelani-Rossi, S. De Silvestri, D. Comoretto, I. Moggio, G. Dellepiane, 

Synth. Met. 2001, 116, 57. 

(47) The accuracy of the time constant can be obtained from the accuracy of the curve fitting. 

(48) R. A. J. Janssen, D. Moses, N. S. Sariciftci, J. Chem. Phys. 1994, 101, 9519. 

(49) R. A. J. Janssen, M. P. T. Christiaans, K. Pakbaz, D. Moses, J. C. Hummelen, N. S. Sariciftci, J. 

Chem. Phys. 1995, 102, 2628. 

(50) For most covalent donor-acceptor systems incorporating C60, the lifetime of charge-separated state is 

limited to the (sub-)nanosecond time domain. In general species with lifetimes less than ~ 5 µs are 

below the detection limit (-∆T/T ~ 10–6) of the PIA technique because the steady-state concentration 

that can be obtained is too low. At this point it is important to note that the experiments on the 

nT/MP-C60 mixtures have shown that intermolecular electron transfer is possible for n = 6 and 9. 

Since intermolecular electron transfer is energetically less favorable than intramolecular electron 

transfer, because of the increased distance between the opposite charges, one can conclude that 

intramolecular electron transfer is energetically allowed in cases where intermolecular charge 

transfer occurs. Although not clearly visible from figure 5.10b, c, low-intensity signals 

corresponding to a charged nT•+ state can be discerned for C60-6T-C60 and C60-9T-C60 in benzonitrile 

with an intensity of -∆T/T on the order of ~5×10–6. For solutions in ODCB the corresponding signals 

are stronger (~1×10–4), but still significantly less than those of the nT/MP-C60 mixtures. 

Surprisingly, the modulation frequency dependence of these low-intensity PIA signals indicates a 

long-lived charged state (~2 ms). These low-intensity long-lived nT•+ signals must be attributed to an 

intermolecular charge-separated state. This long-lived state can either originate from a direct 

electron transfer of the initially formed C60-nT-C60(S1) state to the solvent molecules or from electron 

or hole exchange of the transient C60-nT•+-C60
•– charge-separated state with a neutral triad giving rise 

to separated C60-nT•+-C60
 and C60-nT-C60

•– radical ions. 

(51) The ∆GCS for intramolecular charge transfer within the triads is compared with the MP-C60(T1) state, 

as this is the energetically lowest neutral state involved assuming 9T(T1) = 1.55 eV. 

(52) F. van Bolhuis, H. Wynberg, E. E. Havinga, E. W. Meijer, E. J. G. Staring, Synth. Met. 1989, 30, 

381. 

(53) G. Horowitz, B. Bachet, A. Yassar, P. Lang, F. Demanze, J.-L. Fave, F. Garnier, Chem. Mater. 

1995, 7, 1337. 

(54) Energetically, it is possible for the C60-nT-C60 triads in toluene that intramolecular electron transfer 

takes place from the initially excited nT(S1) state and that subsequent to a ‘possible’ charge-

separated state the MP-C60(S1) state is formed. For intermolecular electron transfer, one could argue 

that any charge-separated state with an energy higher than E00 = 1.50 eV, could eventually decay to 

this long-lived triplet state. However, from photoluminescence studies, time-resolved and near 
 



The two-step photoinduced electron transfer in fullerene-oligothiophene-fullerene triads 

 109 

 

steady-state PIA measurements, these pathways are concerned to be of minor importance. It must be 

noted in this respect, that it has been shown that for a geometrically constrained porphyrin-fullerene 

dyad, dissolved in toluene, the C60(T1) state is formed via an intermediate charge-separated state. See 

D. I. Schuster, P. Cheng, S. R. Wilson, V. Prokhorenko, M. Katterle, A. R. Holzwarth, S. 

Braslavsky, K. Klihm, R. M. Williams, C. Luo, J. Am. Chem. Soc. 1995, 121, 11599. 

(55) (a) R. A. Marcus, J. Chem. Phys. 1965, 43, 679; (b) R. A. Marcus, Angew. Chem., Int. Ed. Engl. 

1993, 32, 1111. 

(56) (a) H. Oevering, M. N. Paddon-Row, M. Heppener, A. M. Oliver, E. Cotsaris, J. W. Verhoeven, N. 

S. Hush, J. Am. Chem. Soc. 1987, 109, 3258; (b) J. Kroon, J. W. Verhoeven, M. N. Paddon-Row, A. 

M. Oliver, Angew. Chem., Int. Ed. Engl. 1991, 30, 1358; (c) R. M. Williams, M. Koeberg, J. M. 

Lawson, Y.Z. An, Y. Rubin, M. N. Paddon-Row, J. W. Verhoeven, J. Org. Chem. 1996, 61, 5032. 

(57) The barrier for electron transfer (∆G‡
CS) can be determined from the temperature dependence of the 

charge separation. 

(58) J. Kroon, H. Oevering, J. W. Verhoeven, J. M. Warman, A. M. Oliver, M. N. Paddon-Row, J. Phys. 

Chem. 1993, 97, 5065. 

(59) H. Oevering, J. W. Verhoeven, M. N. Paddon-Row, J. M. Warman, Tetrahedron 1989, 45, 4751. 

(60) G. Cerullo, M. Nisoli, S. De Silvestri, Appl. Phys. Lett. 1997, 71, 3616. 

(61) G. Cerullo, M. Nisoli, S. Stagira, S. De Silvestri, Opt. Lett. 1998, 16, 1283. 



 



Chapter 6 
 
 

Photoinduced intermolecular energy and electron transfer 

between oligo(p-phenylene vinylene)s and N-methylfullero-

pyrrolidine in solution∗∗∗∗ 
 

Abstract. Photoinduced intermolecular energy and electron transfer in mixtures 
of oligo(p-phenylene vinylene)s (OPVns, with n = 2-7, the number of phenyl rings) 
and N-methylfulleropyrrolidine (MP-C60) is studied in solution with photoinduced 
absorption (PIA) spectroscopy. For n > 5 the energy level of the OPVn(T1) triplet 
state drops below the 1.50 eV energy of the MP-C60(T1) state, and as a result 
triplet-energy transfer is observed from the fullerene molecule to the OPVn 
molecules in toluene. In this apolar solvent, a charge-separated state is not 
formed from either of the triplet states. In a more polar solvent, like o-
dichlorobenzene, photoexcitation of MP-C60 molecule generates the 
corresponding triplet state, which is quenched in a one-electron reduction 
reaction by OPVn for n > 2. The electronic transitions of the photogenerated 
OPVn•+ radical cations evolve with conjugation length in a near linear relation 
with 1/n. Charge transfer in these donor-acceptor mixtures for n > 2 is in full 
agreement with the calculated change in free energy for charge separation. 

 
∗ Part of this work has been published: P. A. van Hal, E. H. A. Beckers, E. Peeters, J. J. Apperloo, R. A. J. 

Janssen, Chem. Phys. Lett. 2000, 328, 403. 
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6.1 Introduction 
 

The uniform chain length and well-defined chemical structure of π-conjugated 
oligomers allow determining functional properties that critically depend on conjugation 
length.1 Often, a series of monodisperse oligomers provides specific information on the 
electronic, photonic, and morphological properties of conjugated materials, including their 
evolution with chain length. Since such data cannot be obtained from polydisperse materials, 
oligomers serve to elucidate structure-property relations for conjugated polymers in more 
detail. 

Poly(p-phenylene vinylene)s (PPVs) are extensively used in polymer light-emitting 
diodes and, more recently, in polymer photovoltaic cells.2 Although the photophysical 
properties of PPVs have been studied extensively, important parameters as the magnitude of 
the electron-electron (e-e) interaction, influencing the excited state energies and 
photoexcitations of PPV remain to be determined. Therefore, it is of interest to assess the 
energy level of the triplet excited state. The energy of the triplet state is related to the 
conjugation length and, hence, a series of oligo(p-phenylene vinylene)s can provide more 
inside in the position of the PPV(T1) triplet state. For photovoltaic applications, photoinduced 
electron transfer from π-conjugated polymers to fullerenes (C60) in composite films has been 
studied extensively.3, 4 The excited state energy level from which electron transfer occurs and 
the oxidation potential of π-conjugated chain are key parameters in the photoinduced electron 
transfer process. Because both parameters strongly depend on (effective) conjugation length, it 
is of interest to study combinations of well-defined conjugated oligomers and C60 and its 
soluble derivatives.5, 6 

Previous studies on p-phenylene vinylene oligomers (OPVn, with n the number of 
phenyl rings) in solution have revealed that photoexcitation results in a transient singlet 
excited state (S1) with a lifetime of around 1 ns, which decays by fluorescence to the ground 
state (S0) and via intersystem crossing to the triplet state (T1).7-9 Photoinduced absorption 
(PIA) spectra of OPVn molecules in solution show a single strong Tn←T1 transition in the 
visible region, which shifts to lower energy with increasing conjugation length.8, 9 
Furthermore, chemical doping studies of short OPVns (n = 2-4) without solublizing backbone 
substituents in solution have been reported, in which mixtures of neutral, singly charged 
(polaronic) and doubly charged (bipolaronic) species were observed.10 

Here, the intermolecular energy and electron transfer reactions between oligomers of p-
phenylene vinylene (OPVn, n = 2-7) and N-methylfulleropyrrolidine (MP-C60) (scheme 6.1) 
are explored in apolar (toluene, ε = 2.38) and polar (o-dichlorobenzene, ε = 9.93) organic 
solvents using photoinduced absorption (PIA) spectroscopy. It is well established that 
excitation of MP-C60 produces the corresponding triplet state in high quantum yield via 
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intersystem crossing.11 The experiments described in this chapter show that in toluene, MP-
C60 quenches OPVn triplet states for n < 5 via energy transfer. For n > 5 the energy level of 
the OPVn(T1) state is below the MP-C60(T1) state at 1.50 eV. In o-dichlorobenzene, the 
photoexcited MP-C60(T1) state acts as an oxidizing agent to the OPVn molecules for n > 2, 
resulting in the formation of a meta-stable radical ion pair. The energetics of this reaction and 
the preference for electron transfer for n > 2, are explained using a continuum model.12 
 
 
6.2 Materials 
 
Synthesis. A series of methyl end-capped oligo(2,5-bis((S)-2-methylbutoxy)-1,4-phenylene 
vinylene)s (abbreviated with OPVn; n = 2-7, with n the number of phenyl rings), have been 
synthesized by Emiel Peeters (scheme 6.1).13 Therefore, asymmetric OPVn (with n = 1-3) 
molecules were synthesized with reactive bromine end-functionalities via a repetitive 
sequence of Wittig-Horner coupling reaction and the subsequent replacement of the bromine 
by a formyl group. OPVns, with an even number n, were prepared via a McMurry homo-
coupling of the OPVn (n = 1-3) aldehydes. The OPVns with an odd number of phenyl rings 
were made via a Wittig-Horner coupling reaction of the bisphosphonate of OPV1 and the 
OPVn (n = 1-3) aldehydes. N-Methylfulleropyrrolidine (MP-C60) was synthesized by Joop 
Knol according to the procedure of Maggini et al.14 All compounds were fully characterized 
using 1H-NMR, 13C-NMR, FT-IR, Elemental Analysis, mass spectroscopy, and HPLC. 
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Scheme 6.1 Molecular structures of the studied compounds. 

 
UV/Vis absorption. The absorption spectrum of MP-C60 shows a strong band at λ = 330 nm, 
and weak characteristic bands at 425 and 703 nm. The energies of the S1←S0 transition for 
OPVns (n = 2-7) in 2-methyltetrahydrofuran (2-MeTHF) at ambient temperature are presented 
in table 6.1 as reported by Peeters.13 The absorption maximum shifts to lower energies with 
increasing conjugation length. The S1←S0 transition energy of OPVn (n = 2-7) decreases 
almost linearly with the reciprocal number of phenyl rings (1/n). For the longer oligomers, a 
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deviation from the linear relation with 1/n is observed resulting in a limiting value for the 
S1←S0 transition of 2.58 eV for n→∞.8 The molar extinction coefficients (ε) of the π-π* 
transitions increase linearly with the number of phenyl rings as shown in table 6.1. 
 

Table 6.1 UV/Vis data of OPVn (n =2-7) molecules in 2-MeTHF at room temperature.13 

OPVn 
 

S1←S0 
(eV) 

ε 
(L/mol cm) 

OPV2 3.46 2.1×104 
OPV3 3.05 4.4×104 
OPV4 2.84 6.8×104 
OPV5 2.73 8.8×104 
OPV6 2.66 10.7×104 
OPV7 2.62 14.2×104 

 
 
6.3 Photoexcitation of OPVns/MP-C60 mixtures in toluene 
 
Photoinduced absorption. The photoinduced absorption (PIA) spectra of 1:1 mixtures of 
OPVn/MP-C60 dissolved in toluene, consist of triplet-triplet absorptions only. No bands of the 
OPVn or MP-C60 radical ions were observed for these mixtures in toluene. Selective 
photoexcitation of MP-C60 at 528 nm resulted for the mixtures with the shorter oligomers n ≤ 
4 in similar PIA spectra as observed for pure MP-C60 with a characteristic band at 1.78 eV and 
a shoulder at 1.52 eV belonging to the Tn←T1 transition of MP-C60 (figure 6.1). Essentially 
the same PIA spectra are observed when the OPVn molecules are excited, but due to 
difficulties in correcting for the very intense OPVn fluorescence, these spectra are 
contaminated with residual fluorescence at higher energies. For OPV4, the PIA spectrum 
slightly shifted to higher energy, possibly as a consequence of a small contribution of the 
Tn←T1 absorption of OPV4. The intensity of the PIA band at 1.78 eV increases nearly linear 
with the pump intensity (-∆T ∝ Ip; p = 0.89-0.96; monomolecular decay). The lifetime of the 
triplet-triplet absorptions were almost identical (19-40 µs),15 in good agreement with the 
lifetime of the MP-C60(T1) triplet state.5 In the mixtures of longer oligomers (n = 5-7) with 
MP-C60, the triplet-triplet absorption of MP-C60 is reduced (or even absent) after selective 
excitation of MP-C60 at 625 nm (figure 6.1). Instead, excited state absorption bands are 
observed that can be assigned to the Tn←T1 transition of the OPVn (n = 5-7) molecules 
(figure 6.1), based on the PIA spectra of the pristine OPVn oligomers in 2-MeTHF under 
matrix isolated conditions at 100 K (table 6.2).8 The PIA spectrum of the OPV5/MP-C60 
mixture in toluene displays a superposition of the OPV5 and MP-C60 triplet-triplet absorptions 
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with maxima at 1.68 and 1.76 eV, respectively. The Tn←T1 transition energy of the OPVns 
decreases with increasing conjugation length in full agreement with previous results on related 
oligo(p-phenylene vinylene)s and theoretical calculations (figure 6.1, table 6.2).16, 17 
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T /
T
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Energy (eV)  
Figure 6.1 Normalized PIA spectra of OPVn (n = 2–7)/MP-C60 mixtures (1:1; 4×10-4 M) in toluene at 
298 K. For n = ∞ the alkoxy substituted MDMO-PPV polymer is used. The mixtures were excited at 
528 nm for n = 2-4, and at 625 nm for n = 5-7 and MDMO-PPV. The PIA spectrum of pure MP-C60 
photoexcited at 458 nm in toluene is shown in the top panel as reference measurement. The dashed 
lines are PIA data at 298 K for pure C60 (top panel) and a 1:1 mixture of OPV5/C60 (5th panel) in 
toluene (4×10-4 M) photoexcited at 600 nm. 

 
For the longer OPVn (n = 6-7) oligomers a triplet-energy transfer occurs from the MP-

C60(T1) state to the oligomer. Hence, the energies of the OPVn(T1) (n = 6-7) triplet states are 
below the MP-C60(T1) state at 1.50 eV. For n = 2-4, the energy of the OPVn(T1) state is above 
1.50 eV, which is confirmed upon photoexcitation of the OPVn molecule, resulting in the 
characteristic Tn←T1 absorption of MP-C60 (not shown). For n = 5, the energy level of the 
triplet state is nearly degenerate with the MP-C60 triplet state. To get more detailed knowledge 
about the triplet state energy of the OPVns, other quencher molecules than MP-C60 with 
known triplet energies can be used, like C60

18, 19(1.57 eV), porphine20(1.46 eV), rubrene21(1.14 
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eV), or carotene22(0.83 eV). For example the OPV5/C60 mixture shows primarly the OPV5 
triplet-triplet transition and, hence, the OPV5(T1) state is below C60(T1) at 1.57 eV. 

Finally, a 2,5-dialkoxy substituted poly(p-phenylene vinylene) (MDMO-PPV) co-
dissolved with MP-C60 was measured resulting in the MDMO-PPV triplet-spectrum with an 
absorption maximum at 1.52 eV. The maximum of the MDMO-PPV Tn←T1 absorption nicely 
agrees with the OPVn series, reflecting the convergence limit of 1.52 eV. The observation that 
the energy level of MDMO-PPV(T1) is below 1.50 eV is consistent with the results of 
Monkman et al. who reported the triplet energy level for MEH-PPV(T1) to be 1.27±0.07 eV.23 
 

Table 6.2 The transition energies of the Tn←T1 absorption for OPVn/MP-C60 (n = 2-7) mixtures in 
toluene together with the data for pure MP-C60. The transition energies of the Tn←T1 absorption for 
OPVn (n = 3-7) in 2-MeTHF at 100 K are included for comparison.8 The Gibbs free energy of the 
charge-separated state (GCS) in toluene is calculated from (6.2) via GCS = ∆GCS + E00. E00 = 1.50 eV 
(MP-C60(T1)). 

Sample 
(Tn←T1) 
toluene 

(eV) 

τ 
 

(µs) 

GCS 
toluene 

(eV) 

(Tn←T1) 
2-MeTHF 

(eV) 
 MP-C60 OPVn   OPVn 
MP-C60 1.78  35   
MP-C60/OPV2 1.78  40 2.56  
MP-C60/OPV3 1.78  27 2.38 2.00 
MP-C60/OPV4 1.80  19 2.29 1.80 
MP-C60/OPV5 1.76 1.68  25 2.23 1.65 
MP-C60/OPV6  1.62 28 2.20 1.56 
MP-C60/OPV7  1.58 41 2.18 1.50 
 
 
6.4 Photoexcitation of OPVns/MP-C60 mixtures in o-dichlorobenzene 
 
Photoinduced absorption. Selective photoexcitation of MP-C60 co-dissolved with OPVn (n 
= 3-7) in o-dichlorobenzene (ODCB) results in the formation of the OPVn•+ radical cations 
and the MP-C60

•– radical anion as evidenced from the PIA spectra shown in figure 6.3. The 
PIA spectra for n > 2 show two strong absorption bands, characteristic of OPVn•+ radical 
cations together with a less intense transition at 1.24 eV, due to the MP-C60

•–
 radical anion. 

The two bands of the OPVn•+ radical cation, labelled RC1 and RC2, shift to lower energy with 
increasing conjugation length (figure 6.2; table 6.3), while the 1.24 eV transition of MP-C60

•– 
remains constant. Due to its lower molar absorption coefficient, the 1.24 eV MP-C60

•– band is 
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partially overlapped by the more intense RC2 transition of the OPVn•+ radical cations for the 
two longest oligomers (n = 6, 7). Furthermore, a photobleaching band (PB; table 6.3) is 
observed at the position of the π-π* band, as result of a depletion of OPVn molecules in the 
ground state. The position of RC1 and RC2 of the OPVns are supported by theoretical 
calculations for which the geometries of the OPVns were optimized using density functional 
theory (DFT) for both the neutral and singly charged molecule, after which the spectra for the 
OPVn radical cations were calculated using singly excited configuration interaction with an 
intermediate neglect of differential overlap reference wavefunction (INDO/s-CIS) method 
together with DFT geometry.24 
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Figure 6.2 Normalized PIA spectra of OPVn (n = 2-7)/MP-C60 mixtures (1:1; 4×10-4 M) in ODCB 
(photoexcitation at 528 nm for n = 2-4 and 600 nm for n = 5-7) at 298 K. For n = ∞ the 2,5-dialkoxy 
substituted MDMO-PPV polymer is used, and the mixture is photoexcited at 625 nm. 

 
The lifetime of the radical ions under these conditions is in the order of several hundreds 

of microseconds (table 6.3). The formation of these long-lived charged species is assigned to 
an intermolecular electron transfer between OPVn as a donor and the triplet state of MP-C60 
as an acceptor, involving the following three steps: 
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MP-C60(S0) + hν  →  MP-C60(S1)    excitation 
MP-C60(S1)   →  MP-C60(T1)   intersystem crossing 
MP-C60(T1) + OPVn →  MP-C60

•–+ OPVn•+  electron transfer 
 

In contrast to the other oligomers, photoinduced charge separation does not occur for the 
shortest oligomer (n = 2) and the PIA spectrum exhibits a transition at 1.78 eV with a shoulder 
at 1.52 eV, characteristic of the triplet state of MP-C60. The lifetime of the MP-C60(T1) state 
formed in this experiment is about 30 µs, i.e. much less than the lifetime of an intermolecular 
charge-separated state. 
 

Table 6.3. Data for OPVn (n = 2-7). Optical transition energies of radical cation bands (RC1 and 
RC2) and PB band, lifetime of the charge-separated state, oxidation potential, radius of positive ion, 
and free energy GCS of the charge-separated state calculated from (6.2) via GCS

 = ∆GCS + E00. 

 
 

RC1 
(eV) 

RC2 
(eV) 

PB 
(eV) 

τ 
(µs) 

Eox 
(V) 

r+ 

(Å) 
GCS 
(eV) 

OPV2     0.91 3.96 1.57 
OPV3 0.76 1.71 2.74a 650-810 0.80 4.58 1.46 
OPV4 0.66 1.52 2.52 400-490 0.75 5.05 1.42 
OPV5 0.59 1.43 2.44 450-510 0.73 5.45 1.40 
OPV6 0.54 1.40 2.36 460-510 0.72 5.79 1.39 
OPV7 0.52 1.39 2.34 460-490 0.72 6.10 1.39 

a A small band is observed, which is compatible with the relationship between the oligomer length and 
the position of the PB band for the other oligomers. 
 

The shift of the RC1 and RC2 absorption bands of the OPVn•+ radical cations to lower 
energy with increasing oligomer length (figure 6.3) is a result of the increased degree of 
charge delocalisation with extension of conjugation. The shift of the RC1 and RC2 bands is 
almost linear with 1/n, but for the longest oligomers a deviation from the linear relation is 
found, suggesting a convergence limit, similar to the behavior of the linear absorption 
(S1←S0) and fluorescence (S1→S0) of the neutral oligomers,8 and the Tn←T1 excited state 
absorption of the OPVn(T1) states (figure 6.1; table 6.2.). To account for the convergence 
limit, the RC1 and RC2 bands can be fitted to the relation:25 
 
      E(n) = E∞ + [E(1)–E∞]exp(-a(n-1)) (6.1) 
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In (6.1), E(1) is the transition energy of the monomer (n = 1), E∞ the limiting value of 
E(n) for n→∞, and a is a parameter, which indicates of how fast convergence is reached. The 
limiting values (E∞) of the RC1 and RC2 bands are 0.47 and 1.38 eV, respectively, in close 
agreement with the experimental data of 0.49 and 1.39 eV, which were obtained for poly(2-
methoxy-5-((±)3',7'-dimethyloctyloxy)-1,4-phenylene vinylene) (MDMO-PPV) co-dissolved 
with MP-C60 in ODCB (figure 6.2). 
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Figure 6.3 Transition energies of the RC1 ( ) and RC2 ( ) bands, and the PB band ( ) of the OPVn 
molecules determined in figure 6.2, plotted versus 1/n. Solid lines represent fits of the experimental 
data to (6.1). 

 
Energetic considerations for photoinduced electron transfer. The photoinduced electron 
transfer from OPVn to MP-C60(T1) in ODCB implies that for n > 2, the intermolecular charge-
separated state is energetically located below the triplet energy level of MP-C60 (1.50 eV),11 
while for n = 2 this state is above the triplet level. The principal reason for the different 
behavior of the shortest oligomer is its higher oxidation potential. Because the oxidation 
potential decreases for the longer oligomers (table 6.3), electron transfer becomes increasingly 
more favored for larger n. The change in free energy for charge separation (∆GCS) for a 
photoinduced intermolecular electron transfer between a donor and an acceptor in solution can 
semi-quantitatively be described as a sum of the energies for charge transfer and solvation of 
the formed ions via:12 
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In (6.2), Eox(D) and Ered(A) are the oxidation and reduction potentials of the donor and 

acceptor moieties in a solvent with relative permittivity εref. E00 is the energy of the excited 
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state from which electron transfer occurs, r+ and r– are the radii of the positive and negative 
ions, εs the relative permittivity of the solvent, and e and ε0 are the electron charge and the 
vacuum permittivity, respectively. The oxidation potentials of the OPVns (table 6.3) and the 
reduction potential of MP-C60 (Ered = -0.67 eV vs SCE) have been determined in 
dichloromethane (εref = 8.93). Since electron transfer occurs from the MP-C60(T1) state, E00 is 
1.50 eV.11 The radius of the negative ion of MP-C60 was set to r– = 5.6 Å, based on the density 
of C60.11 To estimate the radii for the positive ions r+(n), which is a strong simplification for 
the one-dimensionally extended conjugated OPVn molecules, the van der Waals volumes of 
the unsubstituted OPVn (n = 2-7) molecules have been determined using molecular 
modelling. After correction for the 30% free volume in a closed-packing of spheres, the r+ 
values listed in table 6.3 are obtained. In this approach, the 2-methylbutoxy side chains have 
been ignored, because the positive charge will be confined to the conjugated segment. The 
theoretical values of r+ for stilbene (OPV2) and p-bis(p-styrylstyryl)benzene (OPV5) are close 
to values of 3.96 and 5.36 Å derived from the experimental density of the crystalline 
oligomers (ρ = 1.159 g/cm3 and ρ = 1.250 g/cm3, respectively),26, 27 via r+(OPVn) = 
(3×1024M/4πρNA)1/3. The free energies of the intermolecular charge-separated states have 
been calculated in toluene and ODCB (table 6.2 and 6.3) and are depicted relative to E00 and 
the singlet energy level of OPVn in figure 6.4. In toluene, the charge-separated state is far 
above the MP-C60(T1) state and therefore no charge separation was observed in this apolar 
medium. In ODCB, the energy of the charge-separated state drops below E00 (1.50 eV) for n > 
2, in excellent agreement with the experiments on the OPVn/MP-C60 mixtures. 
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Figure 6.4 Excited state energies for the OPVn molecules as function of n. Both the calculated free 
energy of the intermolecularly charge-separated state of OPVn/MP-C60 in toluene (∆) and ODCB ( ) 
are shown. The upper curve ( ) represents the singlet excited state OPVn(S1) as determined from 
fluorescence data and the horizontal line (E00) is the MP-C60(T1) state. 
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Because charge transfer occurs for n > 2 in ODCB, it can be concluded that the triplet 
state of either MP-C60 or OPVn is energetically less favorable than the charge-separated state. 
Therefore, the values for GCS given in table 6.3 represent a lower limit to the triplet state 
energy of the OPVn molecules. For the OPVn (n = 2-4) molecules the triplet state energy is 
higher than 1.50 eV, for n = 2-4.5 For OPV5, the triplet excited state is situated between 1.40-
1.57 eV and for OPVn (n = 6-7) the triplet energies are between 1.39-1.50 eV above the 
ground state. 
 
 
6.5 Conclusions 
 

In an apolar solvent, i.e. toluene, photoexcitation of 1:1 mixtures of OPVn/MP-C60 (n = 
2-7) results in a triplet-energy transfer from the MP-C60 to the OPVn molecule for n > 5. As a 
consequence of the low polarity no charge separation occurs, because the charge-separated 
state is well above the triplet state of MP-C60 at 1.50 eV. In a polar solvent, i.e. o-
dichlorobenzene, photoexcitation of MP-C60, co-dissolved with OPVn (n = 2-7), results in the 
formation of a long-lived charge-separated state for n > 2, as a result of an intermolecular 
charge transfer reaction between OPVn as a donor and the transient triplet state of MP-C60 as 
an acceptor. For n = 2, charge transfer does not occur. The energies of the electronic 
absorption bands of the OPVn radical cations shift to lower energies with increasing 
conjugation length in a near-linear relation with 1/n. The free energy of the charge-separated 
state in ODCB as a function of n explains the different behavior for n = 2 and n > 2, and 
argues that the energy levels of the triplet state of the OPVns (n = 6-7) are above 1.39 eV, and 
below 1.50 eV. For OPV5 the triplet state energy lies between 1.40 and 1.57 eV based on the 
PIA experiments and the calculated free energy via the Weller equation. For n < 5 the 
OPVn(T1) state is situated above 1.50 eV. 
 
 
6.6 Experimental section 
 
Materials. The preparation of the α,ω-dimethyl-2,5-bis((S)-2-methylbutoxy)-1,4-phenylene vinylene 
oligomers (OPVns, n = 2-7, scheme 6.1) has been reported elsewhere.6, 28 MP-C60 was a gift from the 
University of Groningen. Equimolar solutions (4×10–4 M in OPVn and MP-C60) were prepared in carefully 
purified and rigorously deoxygenated toluene and ODCB and studied in a 1 mm near-IR-grade quartz cell 
at room temperature. 
 
Photoinduced absorption spectroscopy. PIA spectra in the µs-ms time domain were recorded between 
0.25 and 3.0 eV using mechanically modulated (275 Hz) excitation and phase-sensitive lock-in detection as 
described in chapter 2. Selective excitation of MP-C60 in the presence of OPVns was achieved for n = 5-7 
using 600 or 625 nm light of a tunable (550-650 nm) dye laser (Rhodamine 6G), pumped by a cw argon ion 
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laser, and by using the 528 nm line directly from the argon ion laser for n = 2-4. The pump power incident 
on the sample was typically 25 mW with a beam diameter of 2 mm. The lifetimes of the photoexcitations 
have been determined from the intensity of the PIA signals as function of the modulation frequency in the 
range of 30-4000 Hz, and fitting the data to an expression for monomolecular or bimolecular decay.29 
 
Cyclic voltammetry. Cyclic voltammograms were recorded for 10–3 M solutions in dichloromethane 
containing 0.1 M tetrabutylammonium hexafluorophosphate as supporting electrolyte, using platinum 
working and counter electrodes, and a saturated calomel electrode (SCE) as reference, calibrated against 
the Fc/Fc+ couple (0.470 V vs SCE). 
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Chapter 7 
 
 
Photoinduced energy and electron transfer in oligo(p-

phenylene vinylene)-fullerene dyads∗∗∗∗ 
 

Abstract. The intramolecular photoinduced charge separation within two 
oligo(p-phenylene vinylene)-fulleropyrrolidine dyads with three and four phenyl 
rings (OPV3-C60 and OPV4-C60) is investigated with femtosecond pump-probe 
spectroscopy in solvents of different polarity and in the solid-state. 
Photoexcitation of the OPV moiety of these dyads results in an ultrafast singlet-
energy transfer reaction to create the fullerene singlet excited state with a time 
constant of 190 fs, irrespective of the polarity of the medium. In a polar solvent, 
intramolecular electron transfer occurs from the OPV moiety to the C60 moiety 
with a time constant of 10-13 ps as a secondary reaction, subsequent to the 
ultrafast singlet-energy transfer. The charge-separated state has a lifetime of 50-
90 ps and recombines to the ground state. Both forward and backward electron 
transfer can be influenced by the polarity of the solvent for OPV4-C60, in 
accordance with Marcus theory. In the solid-state the forward electron transfer 
for OPV4-C60 proceeds within 500 fs, irrespective of the photoexcited moiety, due 
to an intermolecular charge transfer reaction. Hence, energy and electron 
transfer processes compete at the earliest stages after photoexcitation. The 
photogenerated charges have long lifetimes as a result of charge migration to 
thermodynamically more favored sites in the film. 

 
∗ Parts of this work have been published: (a) E. Peeters, P. A. van Hal, J. Knol, C. J. Brabec, N. S. 

Sariciftci, J. C. Hummelen, R. A. J. Janssen, J. Phys. Chem. B 2000, 104, 10174; (b) P. A. van Hal, R. A. 
J. Janssen, G. Lanzani, G. Cerullo, M. Zavelani-Rossi, S. De Silvestri, Phys. Rev. B 2001, 64, 075206/1; 
(c) P. A. van Hal, R. A. J. Janssen, G. Lanzani, G. Cerullo, M. Zavelani-Rossi, S. De Silvestri, Mater. 
Res. Soc. Symp. Proc. 2001, 665, C7.3.1. 
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7.1 Introduction 
 

A detailed understanding of the photoinduced charge transfer between π-conjugated 
polymers and [60]fullerene C60 is requested to further optimize the photovoltaic energy 
conversion using these materials as an active layer in polymer solar cells.1, 2 Time-resolved 
spectroscopy has revealed that photoexcitation of a solid-state blend, consisting of a poly(p-
phenylene vinylene) (poly(2-methoxy-5-((±)3',7'-dimethyloctyloxy)-p-phenylene vinylene, 
abbreviated MDMO-PPV) as a donor and a methanofullerene derivative (1-(3-
methoxycarbonyl)propyl-1-phenyl[6,6]C61 abbreviated by PC61BM) as an acceptor, results in 
an ultrafast forward photoinduced electron transfer reaction with a time constant of 45 fs at 
the polymer/fullerene interface at room temperature as shown in figure 7.1.3-5 
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Figure 7.1 Spectral resolved pump-probe spectrum of MDMO-PPV/PC61BM blend (1:3 wt.% ratio) at 
various delay times following resonant photoexcitation by a sub-10 fs optical pulse at room 
temperature. The cw PIA of the blend (□) was measured at 80 K and 10-5 mbar. Excitation was 
provided by the 488 nm line of an argon ion laser, chopped at 273 Hz. (“Reprinted from Chemical 
Physics Letters 2001, volume 340, 232 C. J. Brabec et al., Copyright 2001, with permission from 
Elsevier Science”. 

 
Photoexcitation of this blend with sub-10 fs laser pulses at 500-700 nm, results initially 

in a positive signal between 500-700 nm as a result of photobleaching (PB) of the polymer 
and PC61BM, and of stimulated emission (SE) of the MDMO-PPV at 600 nm. Within 70 fs 
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the positive SE band at 600 nm is turned into an photoinduced absorption (PIA) indicating 
that the singlet excited state of MDMO-PPV(S1) is deactivated in this period. Also at the 
higher energetic part of the spectrum, the PB bands become more resolved in time. After 200 
fs, the PIA spectrum resembles the spectrum that is recorded in the micro- to millisecond time 
domain, revealing the high-energy absorption of the MDMO-PPV radical cations.6 Both the 
PIA and PB bands of the near steady-state PIA spectrum are somewhat red shifted compared 
to the PIA spectrum after 200 fs likely as a consequence of spectral diffusion of charges 
towards longer segments within the film. Also the lower temperature in the cw experiment (80 
K) gives rise to such a red shifted PIA spectrum. Furthermore, the intensity of the PIA 
spectrum in the micro- to millisecond time domain is reduced as a consequence of charge 
recombination of opposite charges. 

Rather than from disordered solid-state polymer/fullerene blends, detailed insights into 
the photophysical processes of these systems can be obtained from time-resolved 
spectroscopy on well-defined π-conjugated oligomer-fullerene dyads or triads.7-10 Recent 
photophysical investigations on conjugated oligomer-donor/fullerene-acceptor dyads in 
solution have revealed that on short timescales after initial excitation, intramolecular energy 
and electron transfer processes compete, with electron transfer being favored in more polar 
media.11-15 

In general, photoinduced electron transfer in donor-acceptor dyads in solution is 
controlled by the change in free energy for charge separation ∆GCS, which depends on the 
energies for oxidation, reduction and excitation as well as on the Coulomb interaction and 
solvation of the radical ions formed.16 The rate for electron transfer kCS is determined by the 
barrier for the charge transfer process and the electronic coupling of donor and acceptor in the 
excited state.17-19 For energy transfer processes dipole-dipole (Förster) and exchange (Dexter) 
mechanisms are usually invoked to explain the rate constants for the deactivation of the initial 
photoexcited state. 

Previous results on C60-oligothiophene-C60 triads (chapter 5) and on oligo(p-phenylene 
vinylene)-C60 dyads15 using near steady-state PIA spectroscopy and fluorescence 
spectroscopy, indicated that in polar solvents, energy transfer reaction from the photoexcited 
donor to the fullerene moiety occurs, prior to an electron transfer reaction (scheme 7.1). 
Experimental evidence for this conclusion was obtained mainly from the photoluminescence 
quenching studies. The experimental observations could be rationalized by a continuum 
model for charge generation in solution formulated by Weller.16 

In this chapter, the photoluminescence quenching experiments that have lead to the 
proposed indirect charge transfer reaction in oligo(p-phenylene vinylene)-fullerene dyads 
with three and four phenyl groups (OPV3-C60

 and OPV4-C60; scheme 7.1) are described 
briefly. Subsequently, direct evidence for the two-step charge generation in these dyads in 
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solution is presented using femtosecond pump-probe spectroscopy. The kinetics of the charge 
formation and recombination can be influenced by the polarity of the medium following 
Marcus theory. The rate equations for the charge-separated state in solution are discussed in 
relation to Förster and Marcus theory. In the solid-state, the photophysics change and ultrafast 
charge generation occurs both from the donor and acceptor singlet excited state. The ultrafast 
deactivation of the MDMO-PPV luminescence at 610 nm as inferred from figure 7.1 can be 
related to competitive processes of energy and electron transfer in the earliest stages after 
photoexcitation as in this MDMO-PPV/PC61BM bulk-heterojunction photoinduced electron 
transfer occurs within 500 fs, irrespective of the photoexcited moiety. 
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Scheme 7.1 Two-step charge transfer in OPVn-C60 dyads and structure of model compounds. 

 
 
7.2 Optical and electronic properties of OPV3-C60 and OPV4-C60 
 
Materials. N-Methylfulleropyrrolidine (MP-C60), methyl end-capped OPVn (n = 3 and 4, 
with n the number of phenyl rings) with chiral 2-(S)-methylbutoxy side chains at the 2 and 5 
position of every phenyl ring, and the oligo(p-phenylene vinylene)-fullerene dyads, (OPVn-
C60, n = 3 and 4) have been synthesized by Emiel Peeters and Joop Knol (scheme 7.1).20 
 
UV/Vis absorption. The π-π* transitions of OPV3 and OPV4 in toluene are situated at λ = 
415 nm (ε = 4.4×104 L/mol cm) and 443 nm (ε = 6.8×104 L/mol cm), respectively. The 
absorption spectrum of MP-C60 shows a strong band at λ = 330 nm, and weak characteristic 
bands at 425 and 703 nm. The absorption spectra of OPV3-C60 and OPV4-C60 are linear 
superpositions of the individual absorption spectra of the OPV donor and the MP-C60 acceptor 
moieties (figure 7.2). 
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Figure 7.2 (a) UV/Vis absorption spectra of OPV3-C60 and OPV4-C60 dyads (solid lines) in toluene 
recorded at 295 K. For comparison the UV/Vis absorption spectra of OPV3, OPV4 and MP-C60 
(dashed lines) are included. The UV/Vis spectra of the fullerene containing moieties is enlarged in the 
region from 630-800 nm. The excitation spectra of the fullerene emission at 715 nm for both OPV3-
C60 and OPV4-C60 (dotted lines) are included. PL spectra of OPV3-C60 (b) and OPV4-C60 (c) in 
toluene (solid line) and ODCB (dashed line) with excitation wavelength at 415 and 443 nm, 
respectively. 

 
Cyclic voltammetry. OPV3 and OPV4 can be reversibly oxidized in dichloromethane 
(CH2Cl2) revealing first oxidation potentials of Eox = 0.80 and 0.75 V vs Standard Calomel 
Electrode (SCE), respectively. In CH2Cl2 the first reduction potential of MP-C60 is Ered = -
0.67 V vs SCE. The cyclic voltammogram of both dyads in CH2Cl2 display oxidation and 
reduction waves at almost similar potentials as those of the isolated OPV and MP-C60 

molecules (Eox = 0.85 V, Ered = -0.70 V for OPV3-C60 and Eox = 0.79 V, Ered = -0.70 V for 
OPV4-C60; figure 7.3). 
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Figure 7.3 Cyclic voltammograms of (a) OPV3-C60 and (b) OPV4-C60 (solid lines) in 
CH2Cl2/Bu4N+PF6

- (0.1 M) solution, scanned at 100 mV/s. Potential vs SCE internally calibrated vs 
Fc/Fc+ couple. As a comparison, the electrochemical oxidation of OPV3 and OPV4  and the reduction 
of MP-C60 are presented by dashed lines. 
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Hence, both UV/Vis absorption and cyclic voltammetry measurements reveal that in 
both dyads no strong electronic interaction between the two moieties in the ground state is 
present. 
 
Steady-state photoluminescence. The singlet excited states of OPV3 and OPV4 in toluene 
are situated at 480 nm and 505 nm, respectively, as inferred from their emission maximum.15 
In OPV3-C60 and OPV4-C60, the fluorescence of the OPV chromophore is strongly quenched 
by a factor of 3500 and 1500, respectively, irrespective of the solvent used (figure 7.2). In an 
apolar solvent, i.e. toluene, the fulleropyrrolidine photoluminescence (PL) quantum yield of 
both dyads is almost identical to that of MP-C60, irrespective of the excitation wavelength. 
Furthermore, the excitation spectra of the fullerene emission of both dyads resemble their 
UV/Vis absorption spectra. The almost complete quenching of the OPV chromophores and 
the close correspondence of the excitation spectrum of the fullerene emission and the 
absorption spectrum of both dyads point to a singlet-energy transfer reaction from the 
OPVn(S1) to the C60(S1) moiety with an efficiency close to unity. In a polar solvent, i.e. o-
dichlorobenzene (ODCB), the emission of the fullerene moiety for OPV3-C60 and OPV4-C60 
is quenched by a factor of 26 and > 50, respectively, in addition to the large reduction in 
luminescence of the OPV chromophore. The additional quenching of the fullerene emission is 
interpreted as being the result of an electron transfer reaction as a secondary process. 
 
 
7.3 Ultrafast spectroscopy of the dyads in solution 
 

The photoinduced energy and electron transfer processes is followed in time using 
femtosecond pump-probe spectroscopy. Most measurements have been performed on the 
OPV4-C60 dyad. Because the two chromophores of OPV4-C60 do not interact significantly in 
the ground state, the excited state dynamics of the OPV4 molecule is of direct relevance to the 
excitation of the OPV4-C60 dyad and is described first. 
 
Excited state absorption of OPV4 in toluene. The main features of the time-resolved pump-
probe spectrum of OPV4 dissolved in toluene consist of a photobleaching band (PB, S1←S0), 
a stimulated emission band (SE, S1→S0), and an excited state photoinduced absorption band 
(PIA, Sn←S1 transition). Spectral analysis at fixed pump-probe delays revealed that the PIA of 
OPV4 consists of a broad band between 600 and 1000 nm with a maximum at 920 nm, in 
agreement with measurements on films of structurally related oligo(p-phenylene vinylene)s.21 
On a sub-picosecond timescale (figure 7.4a) there is a minor fast decay component in the PB 
recorded at 460 nm and a rise time in the PIA at 940 nm. This phenomenon has not been 
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investigated in detail but it could be associated with conformational relaxation of the molecule 
after excitation. On longer timescales the temporal evolution of the PB (460 nm), SE (540 
nm), and PIA (820 and 940 nm) bands (figure 7.4) is very similar, which supports the 
assignment that they originate from the same state. The mono-exponential lifetime of the 
OPV4(S1) state, estimated from the decay curves, is τ = 1.7±0.1 ns, which qualitatively 
corresponds to the lifetime of 1.32 ns determined by time-resolved PL spectroscopy.22 
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Figure 7.4 Differential transmission dynamics of OPV4 in toluene (4×10-4 M) at selected wavelengths 
(nm) with excitation at 390 nm: (a) from -1 to 4 ps and (b) from -50 to 450 ps. 

 
Photoinduced energy transfer in OPV4-C60 in toluene. Upon photoexcitation of OPV4-C60 
in toluene at 390 nm with a 150 fs pulse, an extremely short-lived positive differential 
transmission is observed at 460 nm associated with the PB of the OPV4 chromophore (figure 
7.5). By deconvolution of the PB signal with the system impulsive response, an upper limit of 
190 fs is obtained for the time constant associated with the recovery of the OPV4 ground state 
in the dyad. When the probe wavelength was shifted to 500 nm, a positive differential 
transmission signal was observed as a consequence of stimulated emission (SE) of the OPV4 
moiety (figure 7.5a). This (positive) SE signal, however, decays with a similar time constant 
of 190 fs (upper limit) and becomes a (negative) PIA signal, which remains present over 
several hundreds of picoseconds (figure 7.5b). Similarly, the PIA signal of the OPV4(Sn←S1) 
transition recorded at 740 nm decays with a time constant of 190 fs. After this initial ultrafast 
decay of the PIA at 740 nm, a long-lived PIA remains. The ultrafast deactivation of the 
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OPV4(S1) state in the dyad is attributed to a photoinduced intramolecular singlet-energy 
transfer towards the fullerene moiety that occurs with a 190 fs time constant. The singlet-
energy transfer generates the singlet excited state of the fulleropyrrolidine moiety (MP-
C60(S1)), which is known to have a lifetime of 1.28-1.45 ns.11, 23 The observed long-lived PIA 
signal (figure 7.5b) is attributed to the MP-C60(Sn←S1) transition.24 This new PIA has a much 
lower cross section than the OPV4(Sn←S1) transition.25 
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Figure 7.5 Differential transmission dynamics for OPV4-C60 in toluene (2×10-4 M) at selected 
wavelengths (nm) with excitation at 390 nm: (a) from -1 to 4 ps and (b) from -25 to 250 ps. 

 
In an attempt to rationalize the photoinduced energy transfer in OPV4-C60, the dipole-

dipole mechanism of Förster can be used. In this model, the fluorescence spectrum of the 
OPV4 moiety and the absorption spectrum of the C60 moiety are used to estimate the rate for 
energy transfer via the relations:26, 27 
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These equations provide an estimation for the energy transfer rate constant, kET, and the 

critical transfer radius, Rctr, i.e. the center-to-center distance Rcc between the moieties for 
which kET equalizes the intrinsic deactivation of the donor (1/τ). In (7.1) and (7.2), φ (0.76) 
and τ (1.32 ns) are the luminescence quantum yield and the lifetime of OPV4(S1),22 K2 is a 
geometric factor which is taken as 2/3 if no preferential orientation is present, N the Avogadro 
constant, and n the refractive index of the solvent (1.494). Crucial is the overlap integral JF of 
the luminescence spectrum of the donor (F(ν) of OPV4) on an energy scale (cm-1) and the 
absorption spectrum of the acceptor (ε(ν) of MP-C60). For OPV4-C60, the overlap integral is 
JF = 9.0×10-15 cm6/mol and, hence, the critical transfer radius is Rctr = 30.5 Å, similar to 
related donor-fullerene dyads, which gave Rctr values of 31-35 Å.14 

The lower limit of kET
 = 5.3×1012 s-1 determined by deconvolution of the temporal 

evolution of the PB signal (figure 7.5) in the OPV4-C60 dyad, suggests that Rcc = 7.0 Å, which 
is significantly shorter than the center-to-center distance Rcc = 15.3 Å between the two 
chromophores of OPV4-C60 as determined by molecular modeling.15 Based on this first-order 
analysis, the Förster mechanism seems unable to explain the fast energy transfer. However, 
the assumption that the excited state is localized at the center of the OPV4 molecule is a 
strong simplification. Theoretical calculations have shown that the S1 state in oligo(p-
phenylene vinylene)s is delocalized over several carbon atoms.28, 29 Molecular modeling 
shows that the distance from the center of the fullerene moiety to the center of first benzene 
ring of the OPV4 unit is approximately 7.0 Å. Hence, delocalization of the S1 state may assist 
in the energy transfer via the Förster mechanism. In addition, higher-order multipole-
multipole interactions, neglected in the Förster approximation, may have a considerable 
contribution to the overlap integral. 

The PL quenching studies of OPV4-C60 in toluene support the proposed singlet-energy 
transfer reaction. The PL quenching of OPV4 within OPV4-C60 and the PL lifetime of 
OPV4(S1) provide an independent estimate of the rate constant for the energy transfer reaction 
of kET = 1.1×1012 s-1

,
30, 31 which is in good agreement with the OPV4(S1) deactivation time 

constant of 190 fs (kET = 5.3×1012 s-1) for the dyad using femtosecond pump-probe 
spectroscopy. 
 
Photoinduced electron transfer in OPV4-C60 in o-dichlorobenzene. In the more polar 
solvent, o-dichlorobenzene (ODCB, ε = 9.93), the photophysical processes of OPV4-C60 
change dramatically compared to toluene (ε = 2.38). After photoexcitation of OPV4-C60 in 
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ODCB at 390 nm, the initial differential transmission dynamics at 450 nm (PB of OPV4), 490 
nm (SE of OPV4), and 820 nm (PIA of OPV4) show a similar sub-picosecond decay as was 
observed in toluene solution (figure 7.6). By fitting the deactivation of the OPV4(S1) and the 
recovery of the OPV4 ground state, a time constant of 190 fs is determined as an upper limit, 
identical to the rate of energy transfer of the OPV4-C60 dyad in toluene. In sharp contrast to 
the photoexcitation in toluene, new excited state absorptions at 820 nm (figure 7.6) and 1450 
nm32 (figure 7.8) start to grow in ODCB approximately 1 ps after the excitation pulse with a 
time constant of 13 ps, reach their maximum at 30 ps and disappear with a time constant of 50 
ps in approximately 200 ps. These PIA signals are attributed to the high-energy (D2←D0) and 
low-energy (D1←D0) absorption of the (doublet) OPV4•+ radical cation, which is known to 
exhibit two strong electronic transitions at 1890 (D1←D0) and 815 nm (D2←D0), 
respectively.15 
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Figure 7.6 Differential transmission dynamics for OPV4-C60 in ODCB (2×10-4 M) at 450 nm (open 
square), 490 nm (solid circle), and 820 nm (open triangle) with excitation at 390 nm from -1 to 500 ps. 
The time delay is 1 ps shifted in time to show the signals on a logaritmic plot. 

 
Likewise, the OPV4 ground state bleaching at 450 nm reappears on the same timescale, 

subsequent to the ultrafast deactivation of the OPV4(S1) state, and follows an identical 
temporal evolution as the new PIA signal at 820 nm, confirming that the newly formed 
excited state is related to the OPV4 moiety (figure 7.6). At 490 nm, the initial OPV4 ground 
state bleaching/SE changes sign rapidly, upon energy transfer, to become MP-C60(Sn←S1) 
absorption and then changes sign again as the charge transfer occurs and the OPV4 ground 
state bleaching reoccurs. These PB and SE signals show identical temporal evolution as the 
new excited state absorptions. 

The results are rationalized by an intramolecular charge transfer reaction in which an 
electron is transferred from the OPV4 moiety in the ground state to the MP-C60 moiety in the 
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singlet excited state, producing the OPV4•+-C60
•– charge-separated state in the dyad (figure 

7.7). The different outcome of the experiments upon changing the solvent can be explained 
quantitatively by a continuum model for charge separation, which describes the free energy of 
the charge-separated state GCS as a sum of oxidation and reduction potentials and terms for 
the Coulomb energy and solvation of ions as function of the polarity of the medium.16 Using 
this model, the free energy of the intramolecular charge-separated state in OPV4-C60 is 1.91 
eV in toluene and 1.34 eV in ODCB, i.e. well above and below the singlet excited state of the 
MP-C60 moiety at 1.73 eV, consistent with the observed polarity-dependent electron transfer 
reaction.15 

The present experiments show unambiguously that the intramolecular photoinduced 
charge transfer occurs via a two-step mechanism that involves an initial photoinduced 
intramolecular energy transfer from the oligomer to the fullerene moiety and subsequently 
charge transfer (figure 7.7). A similar indirect charge-transfer mechanism was observed for a 
phytochlorin-[60]fullerene dyad33 and the fullerene-thiophene-fullerene triads (chapter 5). 
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Figure 7.7 Schematic drawing of the two-step photoinduced charge separation for OPV4-C60 in 
ODCB. kET, kCS

i and kCS
d represent the energy transfer and the indirect and direct electron transfer 

processes, respectively. krec represents the recombination rate from the charge-separated state (CSS). 

 
This two-step electron transfer is confirmed by selective excitation of the fullerene 

moiety at 550 nm and recording the temporal evolution of the low-energy radical cation band 
of OPV4 at 1450 nm, revealing exactly the same kinetics for the PIA signal as upon excitation 
of primarily the OPV4 chromophore (figure 7.8).34 
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Figure 7.8 Differential transmission dynamics for OPV4-C60 in ODCB (2×10-4 M) at the low-energy 
(D1←D0) band at 1450 nm with excitation of primarily OPV4 at 450 nm (solid line) and of C60 at 550 
nm (dashed line) from -20 to 200 ps. 

 
The two-step charge transfer reaction is supported by the steady-state PL quenching 

studies on the OPV4-C60 dyad, which showed that the PL of the OPV4 moiety was quenched 
to a similar extent in ODCB (quenching ratio 1900) as in toluene (quenching ratio 1500), 
while at the same time the PL of the fulleropyrrolidine moiety was quenched by a factor of 
more than 50 in ODCB, but not in toluene. The similar PL quenching of OPV4 in the two 
solvents demonstrates that the deactivation of the initial excitation of the OPV4 moiety in the 
dyad is not significantly affected by the polarity of the medium and, hence, predominantly 
occurs by energy transfer only. The more than 50-fold quenching of the fulleropyrrolidine 
emission was taken as evidence for charge-transfer subsequent to energy transfer, and used to 
estimate the rate for indirect charge transfer (kCS

i) via the lifetime of MP-C60(S1) of 1.45 ns, 
resulting in kCS

i ≥ 3.4×1010 s-1 (< 30 ps).31, 35 This lower estimate is in agreement with the 
value of kCS

i = 7.7×1010 s-1 (13 ps) observed in the present pump-probe experiments. 
 
Photoinduced electron transfer in OPV3-C60 in o-dichlorobenzene. In addition to the 
OPV4-C60 dyad, the photophysics of the related three-phenyl-ring analog (OPV3-C60) has 
been studied in ODCB using pump-probe experiments. The absorption spectrum of the OPV3 
moiety of this dyad exhibits a maximum at 415 nm and extends to 470 nm. The PB dynamics 
at 450 nm of the OPV3 moiety reveal that the ground state is recovered with a time constant 
of less than 190 fs after photoexcitation of the OPV3-C60 dyad at 390 nm (figure 7.9a). For 
longer pump-probe delays the differential transmission is negative due to a PIA of the MP-
C60(S1) state, which is formed in the singlet-energy transfer reaction (figure 7.9a). 
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Figure 7.9 Differential transmission dynamics for OPV3-C60 in ODCB (4×10-4 M) at selected 
wavelengths (nm) with excitation at 390 nm (a) from -1 to 4 ps, (b) from -5 to 40 ps, and (c) from -35 
to 350 ps. 

 
Subsequent to this singlet-energy transfer, an electron transfer occurs between the two 

moieties. The continuum model for charge separation indicates that the charge-separated state 
for OPV3-C60 in ODCB is at 1.40 eV, i.e. lower than the MP-C60(S1) at 1.73 eV.15 As a 
consequence of the formation of the OPV3 radical cation in the dyad, the PB of the OPV3 
unit is restored at longer time delays and the differential transmission becomes positive about 
12 ps after the excitation pulse (figure 7.9b). The temporal evolution of the differential 
transmission of OPV3-C60 in ODCB at 650 nm confirms the two-step mechanism for the 
electron transfer reaction. Initially, a strong PIA is observed at 650 nm as a result of the 
OPV3(Sn←S1) transition. This PIA decays with a 190 fs time constant as the excitation energy 
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is transferred to the fulleropyrrolidine and then starts to increase again with an exponential 
time constant of 10 ps (kCS

i = 1011 s-1) as a result of the strong D2←D0 absorption band of the 
OPV3 radical cation at 630 nm.15 About 30 ps after the excitation pulse, the PIA of the 
charge-separated state reaches a maximum intensity (figure 7.9b). Subsequently, charge 
recombination to the ground state occurs with a time constant of 90 ps (figure 7.9c). The 
results are consistent with the two-step mechanism and also corroborated by steady-state PL 
quenching experiments on OPV3-C60 in ODCB. The PL quenching ratios of 3500 for the 
OPV3 emission and of 25 for the fulleropyrrolide emission, result in estimated time constants 
of kET = 2.1×1012 s-1 (500 fs) and kCS

i ≥ 1.7×1010 s-1 (≤ 60 ps), for energy and electron transfer, 
respectively.30, 31, 35 These values are in fair agreement with the current results from pump-
probe spectroscopy. 
 
Pump-probe polarization spectroscopy on OPV4-C60. To exclude that intermolecular 
charge transfer reactions contribute to the proposed intramolecular two-step mechanism, 
pump-probe polarization spectroscopy was performed on the OPV4-C60 dyad. By studying the 
temporal evolution of the initial polarization of the photobleaching of the S1←S0 absorption 
of the OPV4 moiety (polarized along the long axis of the molecule) with time-resolved 
absorption anisotropy measurements, it is possible to assess the intra- or intermolecular 
nature of the charge transfer. These experiments were performed by measuring the time 
evolution of the differential transmission at a particular wavelength (450 nm, PB of OPV4) on 
the 0-40 ps time scale using pump and probe with parallel or perpendicular polarizations. In 
these experiments the rotation time of the dyads is much longer than the experimental time 
(40 ps) and, hence, rotation does not affect the polarization. 
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Figure 7.10 Differential transmission dynamics for OPV4-C60 in ODCB (2×10-4 M) at 450 nm with 
excitation at 390 nm in a parallel (solid line) and perpendicular (dashed line) polarized pump-probe 
experiment from -5 to 40 ps. 
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A substantial difference between the parallel and perpendicular polarizations is 
observed (figure 7.10). The trace of the perpendicular differential transmission goes to zero at 
1 ps due to spectral overlap with unpolarized PIA, which affects the perpendicular signal 
more than the parallel signal. The parallel and perpendicular measurements were coupled to 
obtain the anisotropy within the OPV4-C60 dyad in ODCB in time via the relation: 
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Here, r is the value for anisotropy, ∆(T/T)par and ∆(T/T)perp are the differential 

transmission signals with parallel and perpendicular polarizations. Directly after 
photoexcitation (390 nm) of OPV4-C60 in ODCB, the value for anisotropy at 450 nm is r = 
0.34, somewhat less then the theoretical maximum value for anisotropy of r = 0.4 for collinear 
absorption. 30 ps after photoexcitation, i.e. at the time that electron transfer has reached a 
maximum, the value of anisotropy, r = 0.29, is almost similar to the initial value. This result 
indicates that at t = 0 and t = 30 ps, the excitations have almost identical polarizations and are 
therefore similarly oriented in space. This strongly suggests that a single OPV4 chromophore 
is involved and, hence, supports the intramolecular nature of the two-step charge transfer 
mechanism. In addition, the almost constant value of r indicates that the OPV4 moiety does 
not undergo major conformational changes in the energy and electron transfer processes. 
 
Energetic considerations. In an attempt to rationalize the 13 ps time constant for charge-
separation within OPV4-C60, the rate constant for charge transfer is estimated in first-order 
approximation via Marcus theory. Using GCS = 1.34 eV for OPV4-C60 in ODCB as discussed 
above and 1.73 eV for the energy of the fulleropyrrolidine singlet state, the change in free 
energy for charge separation (∆GCS = GCS - E00; E00 is the energy of the C60(S1) state) in the 
two-step mechanism is about -0.39 eV. The non-adiabatic rate constant for charge separation, 
kCS, depends on the barrier of the charge transfer process ∆G‡

CS, which is related to ∆GCS by 
the Marcus equation:17 
 
 ( ) λλ 42

CCS
‡ +∆=∆ SGG  (7.5) 

 
In (7.5) the additional term λ is the reorganization energy, consisting of a sum of 

internal (λi) and solvent (λs) contributions. The former has been estimated at λi = 0.3 eV,36, 37 
while the latter can be calculated from the Born-Hush formula, (7.6), for OPV4-C60 in ODCB 
to be λs = 0.56 eV.15 
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Here, r+ and r- are the radii of the charged molecules, Rcc is the center-to-center distance 

and n is the refractive index of the solvent. Using these values, kCS can be obtained when the 
electronic coupling V between the donor and acceptor of the excited state is known: 
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The electronic coupling V in donor-bridge-acceptors molecules in general depends on 

the number of interconnecting sigma bonds.37, 38 For a three-sigma-bond bridge, V is on the 
order of 200 cm–1 (0.025 eV). Using these values kCS = 1.3×1012 s-1 is obtained, i.e. one order 
of magnitude faster than the experimental value of kCS = 7.7×1010 s-1. According to (7.7), kCS 

depends on the square of V and exponentially on ∆G‡
CS, both of which are not directly 

determined from experiments. Therefore, the over-estimation of the experimental rate 
constant by (7.7) is considered to be within the expected limits of accuracy. 
 
 
7.4 Influence of the medium on the charge transfer reaction 
 
Polarity of the solvent. The Marcus theory, in particular (7.5), foresees that when the driving 
force for electron transfer (-∆GCS) increases and the free energy becomes more negative, the 
activation energy barrier is lowered and, hence, the reaction rate rises until the solvent 
reorganization energy equalizes with the change in free energy for charge separation (λ = -
∆GCS), where the maximum rate for electron transfer is obtained. However, a further increase 
in the free energy implies that the activation energy barrier reappears so that the electron 
transfer reaction is slowed down! The prediction implicates two regions for electron transfer: 
the ‘normal’ region, where the change in free energy for electron transfer is larger than the 
solvent reorganization energy (λ < -∆GCS) and the ‘inverted’ region, where the solvent 
reorganization energy surmounts the free energy for charge separation (λ > -∆GCS). 

As the polarity of the solvent directly influences the free energy of charge transfer in 
both regions, and thus the forward and backward electron transfer rates, experiments were 
performed in solvents of different polarity, i.e. chlorobenzene (ε = 5.71), ODCB (ε = 9.93) 
and benzonitrile (ε = 25.18) (figure 7.11). As long as the free energy for charge separation is 
below the MP-C60(S1) excited state, the forward electron transfer of OPV4-C60 from the MP-
C60(S1) state proceeds always in the Marcus ‘normal’ region (λ > -∆GCS) for any polar solvent 
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as inferred from table 7.1. The activation energy barrier for indirect charge separation is low 
(< 0.1 eV) and supports the charge transfer reaction from the C60(S1) state (table 7.1). 
Increasing the polarity of the solvent lowers the activation energy, implying a faster charge 
transfer reaction. However, the recombination of charges proceeds far in the Marcus 
‘inverted’ region (λ < -∆GCS) as shown in table 7.1. Also in this region, the activation energy 
barrier is lowered upon increasing the polarity of the solvent and, hence, fast backward 
electron transfer is expected in very polar solvents. The activation energy barriers for charge 
recombination as obtained from (7.5) is extremely high (> 1 eV), which would mean that the 
charge recombination does not occur at the ps-ns time domain according to Marcus theory. 
However, the barrier in the ‘inverted’ region is very thin, which facilitates nuclear tunneling 
and thus the observed rates of the processes in the ‘inverted’ region (charge recombination is 
often an ‘inverted’ region process) are higher than expected from the classical Marcus theory 
(chapter 1). 
 

Table 7.1. The change in Gibbs free energy for indirect charge separation (∆GCS) and recombination 
(∆GCR) for OPV4-C60 together with the activation energy barrier for indirect charge separation 
(∆G‡

CS) and recombination (∆G‡
CR) as calculated via (7.5) in solvents of different polarity. The 

charge-separated state is used to calculate the ∆GCR and ∆G‡
CR. E00 =1.73 eV (MP-C60(S1) state). 

solvent 
ε 
 

λ = λi + λs 
(eV) 

∆GCS 
(eV) 

∆G‡
CS 

(eV) 
∆GCR 
(eV) 

∆G‡
CR 

(eV) 
chlorobenzene 5.71 0.78 -0.25 0.083 -1.48 1.65 
ODCB 9.93 0.86 -0.39 0.065 -1.34 1.41 
Benzonitrile 25.18 0.99 -0.49 0.062 -1.24 1.25 
 

Photoexcitation at 450 nm of OPV4-C60 in chlorobenzene (2×10-4 M), a less polar 
solvent than ODCB, and following the formation of the radical cation at 1450 nm in time, 
results for the forward and backward electron transfer in mono-exponential time constants of 
26 and 80 ps, respectively (figure 7.11). Photoexcitation at 450 nm of OPV4-C60 in a more 
polar solvent than ODCB, like benzonitrile, results in a faster grow and decay of the 1450 nm 
PIA signal, indicating that the forward and backward electron transfer proceed faster with 
mono-exponential time constants of 5 and 17 ps, respectively (figure 7.11). Both experiments 
are supported by Marcus theory of having a ‘normal’ and an ‘inverted’ region. 
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Figure 7.11 Temporal evolution of the PIA signal at 1450 nm of OPV4-C60 for different solvents (solid 
line) from –30 to 200 ps after photoexcitation at 450 nm. 

 
For OPV3-C60 the forward electron transfer proceeds in the Marcus ‘normal’ region    

(λ > -∆GCS), while the charge recombination proceeds in the ‘inverted’ region (λ < -∆GCS). 
The activation energy barrier for the forward and backward electron transfer in ODCB are 
∆G‡

CS = 0.067 eV and ∆G‡
CR = 1.50 eV, respectively, as obtained via (7.5), are comparable to 

the values for OPV4-C60 in ODCB. Although the activation energy for recombination is 
somewhat larger, the lifetime of the OPV3-C60 charge-separated state seems somewhat 
extended compared to OPV4-C60 (figure 7.6 and 7.9), which does not seem to relate with the 
activation energy barrier for charge recombination. 
 
Solid-state. In the solid-state, the rates for forward and backward electron transfer change 
completely. Photoexcitation of OPV4-C60 drop cast on a quartz substrate at 450 nm (primarly 
OPV4 absorption) in air results in a PIA signal at 1450 nm, that reaches its maximum within 
500 fs (resolution of the set-up) (figure 7.12). Moreover, the PIA signal decays on a much 
longer time scale than the PIA signal for OPV4-C60 in solution (figure 7.11), and even after 
600 ps, half of the photogenerated charges are present (figure 7.12). Even in the millisecond 
time domain charges can be detected in the film as shown by Peeters et al.15 Interestingly, 
selective photoexcitation of the fullerene moiety at 550 or 600 nm does not alter the 
differential transmission dynamics of the PIA at 1450 nm (figure 7.12). Hence, 
photoexcitation of the OPV4-C60 in the solid-state results in an ultrafast charge transfer 
reaction with a time constant < 500 fs, irrespective of the photoexcited moiety. 
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Figure 7.12 Normalized temporal evolution of the PIA signal at 1450 nm of OPV4-C60 in the solid-
state pumped at 450 nm (line with solid square), 550 nm (line with open circle) and 600 nm (line with 
open triangle). 

 
The much faster forward electron transfer in the solid-state compared to solution can be 

understood, when the charge transfer occurs via an intermolecular charge transfer process 
between two adjacent dyad molecules, for which the donor and acceptor chromophores are in 
close proximity of each other (figure 7.13). The possibility of charge migration to other sites 
in the solid-state prevents fast geminate pair recombination, and elucidates the long lifetime 
of the opposite charges (figure 7.13). 

electron

+ •
-•

energy

Molecule
Solution

13 ps 50 ps

-•

-•+ •

+ •

electron

Material
Solid state

1200 ps

< 300 fs

190 fs

long-lived

short-livedelectron

+ •
-•-•

energy

Molecule
Solution

13 ps 50 ps

-•

-•+ •

+ •

electron

Material
Solid state

1200 ps

< 300 fs

190 fs

long-lived

short-lived

 
Figure 7.13 Schematic drawing of the different intra- and intermolecular charge transfer processes in 
solution and in the solid-state, respectively. 



Chapter 7 

 144 

Important to note is that the possibility of a singlet-energy transfer reaction from the 
OPV4 to the fullerene chromophore can not be ruled out as selective photoexcitation of the 
fullerene moiety results in an ultrafast charge formation and, hence, energy and electron 
transfer are competitive processes in the first sub-picoseconds within the solid-state, resulting 
in the charge transfer as being the final and thermodynamically most favorable state. 
 
 
7.5 Energy or electron transfer..? 
 

Is it possible to differentiate between the ultrafast processes of energy and electron 
transfer? For the OPV4-C60 dyad in solution, the answer is ‘yes’, because the electron transfer 
depends more on the distance than energy transfer, resulting in an energy transfer reaction as 
the primary reaction with a time constant of 190 fs. This ultrafast singlet-energy transfer 
reaction is followed by an electron transfer reaction from the photoexcited C60(S1) with a time 
constant of 10-30 ps depending on the polarity of the solvent. However, photoexcitation of the 
same molecule (OPV4-C60) in the solid-state, results in an ultrafast electron transfer reaction 
within 500 fs both from the photoexcited donor and acceptor. As mentioned, the ultrafast 
electron transfer in the solid-state possibly results from having the two chromophores in 
proximity of each other. However, having the two chromophores at a shorter distance also the 
energy transfer reaction from the donor(S1) excited state to the C60(S1) excited state might be 
faster than the 190 fs found in solution. Brabec et al. argue with time-resolved spectroscopy 
using sub-10 fs pulses, that in a film of MDMO-PPV/PC61BM (1:3 wt% ratio), an ultrafast 
forward photoinduced electron transfer reaction occurs with a time constant of 45 fs (figure 
7.1).5 The fast decay of the SE at 610 nm implies the fast deactivation of the MDMO-PPV(S1) 
state, and after 200 fs the spectral characteristics of the high-energy absorption of the 
MDMO-PPV radical cations are clearly visible. This result can be interpreted as having both 
energy and electron transfer processes occurring at almost the same time. 

To investigate the possibility of having competitive energy and electron transfer 
processes at the sub-picosecond time domain, pump-probe experiments on the MDMO-
PPV/PC61BM blend were performed by photoexcitation at 510 nm (primarly photoexcitation 
of MDMO-PPV), and at 660 nm (selective photoexcitation of the fullerene) and following the 
PIA signal at 970 nm belonging to the high-energy absorption of the radical cation of 
MDMO-PPV (RC2). Therefore, a MDMO-PPV/PC61BM blend (1:4 wt.% ratio) was drop cast 
on a quartz substrate and measured in a vacuum cryostat (10-5 mbar) at room temperature. 
Photoexcitation at 510 nm results in a rise time of the PIA signal at 970 nm within 500 fs 
(figure 7.14), in agreement with the ultrafast measurements of Brabec et al. After the initial 
fast formation of MDMO-PPV radical cations, the PIA signal decays and after 600 ps, half of 
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the photoinduced charges have recombined. Even in the millisecond time domain charges can 
be detected.6 Upon photoexcitation of the C60 molecules at 660 nm, the same fast growth of 
the PIA signal at 970 nm is observed within the resolution of the set-up (figure 7.14). The 
intensity of the PIA signal is lower, likely as a consequence of the lower optical density at 660 
nm compared to 510 nm. 600 ps after photoexcitation at 660 nm, only 30% of the PIA signal 
has disappeared as a consequence of charge recombination. 
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Figure 7.14 The differential transmission dynamics from (a) –20 to 600 ps and (b) -3 to 8 ps of the 
MDMO-PPV/PC61BM (1:4 wt.% ratio) bulk-heterojunction at 970 nm after photoexcitation at 510 nm 
(solid square) and 660 nm (solid triangle). The open triangle symbolizes the normalized dynamics at 
660 nm to the 510 nm dynamics. 

 
As a consequence of the resolution of about 500 fs, it is impossible to differentiate 

between energy and electron transfer processes for the MDMO-PPV/PC61BM bulk-
heterojunction. Though, the ultrafast charge generation from the photoexcited PC61BM 
molecules keeps open the possibility of having an ultrafast energy transfer reaction from the 
MDMO-PPV(S1) to the PC61BM(S1) state, prior to an electron transfer reaction. Likely, both 
the energy and direct electron transfer reaction are competitive processes at the earliest stages 
after photoexcitation. To exclude the energy transfer process, the PIA spectrum of the 
MDMO-PPV/PC61BM should be resolved in time by selective photoexcitation of the PC61BM 
molecules with sub-10 fs pulses. 

The difference in recombination kinetics when photoexcitation occurs at 510 nm or 660 
nm was not anticipated. A possible explanation could be that the phase separation in the bulk-
heterojunction is not ‘optimal’ as it has been drop cast from solution. Therefore, islands of the 
polymer could exist, so that not all the excitations of the polymer are (directly) deactivated at 
the polymer/fullerene interface. This would give some additional Sn←S1 absorption of 
MDMO-PPV at 970 nm upon photoexcitation of the polymer at 510 nm. In figure 7.14, when 
the blend is photoexcited at 510 nm, the temporal PIA signal at 970 nm decays much faster in 
the first 100 ps than when the blend is photoexcited at 660 nm. At a longer delay time the 
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decay kinetics look more comparable. Another explanation is that the recombination kinetics 
for the MDMO-PPV and PC61BM depend on the excitation wavelength. In principle the decay 
curves could be fitted using exponential functions. However, the meaning of these values are 
limited. Moreover, it is likely that the opposite charges are distributed over the film having all 
kinds of different distances,39 for which possibly a stretched exponential would fit the data. 
 
 
7.6 Conclusions 
 

Photoexcitation of OPV3-C60 and OPV4-C60 in solution results in an efficient 
intramolecular singlet-energy transfer with a time constant of 190 fs from OPV(S1) singlet 
excited state to the fullerene moiety, followed in polar solvents only, by a charge separation 
within OPV3-C60 and OPV4-C60. The indirect charge transfer in the OPV4-C60 dyad in o-
dichlorobenzene is directly established as the kinetics of the forward (13 ps) and backward 
electron transfer (50 ps) is identical, irrespective of the photoexcited moiety. The kinetics of 
the secondary charge transfer step is influenced by the polarity of the medium. In accordance 
with Marcus theory, the forward and backward electron transfer are slowed down in less polar 
solvents, until charge generation becomes thermodynamically unfavorable from the MP-
C60(S1) singlet excited state. Evidence for the intramolecular nature of the two-step charge 
transfer mechanism was obtained from pump-probe polarization spectroscopy, which revealed 
that the anisotropy ratio remains high during the first 40 ps. 

In the solid-state, the photophysics change considerably. Within 500 fs the charge 
formation in OPV4-C60 is complete, irrespective of the photoexcited moiety. The ultrafast 
charge generation presumably occurs due to a fast intermolecular charge transfer reaction 
between two adjacent dyad molecules, having the donor and acceptor chromophores in close 
proximity of each other. The fast electron transfer reaction upon selective photoexcitation of 
the C60 moiety keeps the possibility open for having competitive energy and electron transfer 
processes in the earliest stage after photoexcitation. The lifetime of the photogenerated 
charges is extended enormously in the film, as the charges can migrate to thermodynamically 
more favored sites within the film, and so prevent geminate recombination. Thus, the long 
lifetime of opposite charges within donor-acceptor films is a materials rather than a molecular 
property. 

Selective photoexcitation of the fullerenes at 660 nm in a MDMO-PPV/PC61BM bulk-
heterojunction, results in a charge transfer reaction within 500 fs. The ultrafast deactivation of 
the MDMO-PPV(S1) state with a time constant of 45 fs might possibly related to both energy 
and electron transfer processes. 
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7.7 Experimental section 
 
Absorption and fluorescence. Optical spectra were recorded using a Perkin Elmer Lambda 900 
spectrophotometer for absorption and a Perkin Elmer LS50B equipped with a red-sensitive Hamamatsu 
R928-08 photomultiplier for fluorescence. The fluorescence spectra of the fullerenes were recorded with a 
10 nm bandwidth in excitation and emission and the optical density of the solutions was adjusted to 0.1 at 
the excitation wavelength. Fluorescence spectra are not corrected for the wavelength dependence of the 
sensitivity of the detection system. 
 
Cyclic voltammetry. Cyclic voltammograms were recorded with 0.1 M tetrabutylammonium 
hexafluorophosphate (TBAH) as supporting electrolyte using a Potentioscan Wenking POS73 potentiostat. 
The substrate concentration was typically 10–3 M. The working electrode was a platinum disc (0.2 cm2), the 
counter electrode was a platinum plate (0.5 cm2), and a saturated calomel electrode was used as reference 
electrode, calibrated against the Fc/Fc+ couple (+0.470 V vs SCE). 
 
Femto-second pump probe spectroscopy. (Set-up 1) The femtosecond laser system used for pump-probe 
experiments consists of a mode-locked Ti/sapphire laser with chirped pulse amplification, providing 150 fs 
pulses at 780 nm with an energy of 700 µJ and a repetition rate of 1 kHz. The pump pulses at 390 nm are 
created by frequency doubling the beam in a 1 mm thick LiB3O5 crystal, while the white light probe beam 
is obtained by focusing a small fraction of the fundamental beam in a 1 mm thick sapphire plate.40 The 
pump beam was focused to a spot size of 80 µm and an excitation fluence of 1 mJ/cm2 per pulse (50-80 nJ). 
Mirrors were used to collect the white light pulse and to focus it on the sample in order to minimize 
frequency chirp effects. Temporal evolution of the differential transmission was recorded at selected 
wavelengths (using interference filters of 10 nm bandwidth after the sample) by a standard lock-in 
technique. The pump beam, except for anisotropy measurements, was linearly polarized at the magic angle 
(54.7°) with respect to the probe, to cancel out orientation effects in the measured dynamics. OPVn-C60 
solutions of typically 4×10-4 M were excited at 390 nm, i.e. providing mainly excitation of the OPVn 
moiety, although some direct excitation of the fullerene moiety occurs. 
(Set-up 2) The femtosecond laser system used for pump-probe experiments consists of an amplified 
Ti/sapphire laser (Spectra Physics Hurricane). The single pulses from a cw mode-locked Ti/sapphire laser 
are amplified by a Nd-YLF laser using chirped pulse amplification, providing 150 fs pulses at 800 nm with 
an energy of 750 µJ and a repetition rate of 1 kHz. The pump pulses at 450, 510, 550, 600 and 660 nm are 
created via optical parametric amplification (OPA) of the 800 nm pulse by a BBO crystal into infrared 
pulses, which are then one (600 and 660 nm) or two times (450, 500, 510 nm) frequency doubled via BBO 
crystals. The probe beam is generated in a separate optical parametric amplification set-up in which the 
1450 and 970 nm are created. The pump beam was focused to a spot size of about 1 mm2 with an excitation 
flux of typically 1 mJ/cm2 per pulse. For the 1450 and 970 nm pulses a RG 850 nm cut-off filter was used 
to avoid contributions of residual probe light (800 nm) from the OPA. The probe beam was reduced in 
intensity compared to the pump beam by using neutral density filters of OD = 2. The pump beam was 
linearly polarized at the magic angle of 54.7° with respect to the probe, to cancel out orientation effects in 
the measured dynamics. The temporal evolution of the differential transmission was recorded using an 
InGaAs detector by a standard lock-in technique at 500 Hz. OPV4-C60 solutions (2-5×10-4 M) were excited 
at 450 nm, i.e. providing primarily excitation of the OPV4 chromophore of the dyad, and at 550 and 600 
nm, i.e. selective excitation of the MP-C60 moiety. The solid-state sample of OPV4-C60 was excited in air at 
450, 550 and 600 nm. The MDMO-PPV/PC61BM (1:4 wt.% ratio) samples were drop casted on quartz 
substrate and have been measured at room temperature in a cryostat at a pressure of 10-5 mbar to prevent 
degradation. Different samples of the same composition have been measured at 970 nm by photoexciting at 
510 nm, i.e. primarily excitation of the polymer, and at 660 nm, i.e. selective excitation of the fullerene 
molecules. 
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Chapter 8 
 
 
Orientational effect on the photophysical properties of 

quaterthiophene-C60 dyads∗∗∗∗ 
 

Abstract. The photophysics of two quaterthiophene-C60 fullerene dyads in which 
the C60 group is either singly (4TsC60) or doubly (4TdC60) connected to the inner 
β-position of the terminal thiophene rings has been studied, to determine the 
importance of mutual orientation of the two chromophores. The electronic 
properties of these donor-acceptor compounds have been analyzed by UV/Vis 
spectroscopy and cyclic voltammetry, while their photophysical properties have 
been investigated in solution and in the solid-state using (time-resolved) 
photoluminescence (PL) and (time-resolved) photoinduced absorption (PIA) 
spectroscopy. Both the flexible and geometrically constrained 4TsC60 and 4TdC60 
dyads exhibit a photoinduced charge transfer reaction from the quaterthiophene 
to the fullerene in toluene and o-dichlorobenzene (ODCB). In toluene, the charge 
transfer reaction occurs in both dyads via an indirect mechanism involving as 
first step a singlet-energy transfer reaction from the 4T(S1) state to the C60(S1) 
state. In the more polar ODCB, direct electron transfer from 4T(S1) competes with 
energy transfer and both direct and indirect charge transfers are observed. The 
geometrical fixation of the donor and acceptor chromophores in 4TdC60 results in 
rate constants for energy and electron transfer that are more than an order of 
magnitude larger than for the flexible 4TsC60 system. For both dyads, charge 
recombination is extremely fast as inferred from the picosecond resolved temporal 
evolution of the excited state absorption of the 4T•+ radical cation both in toluene 
and ODCB.

 
∗ This work has been published: P. A. van Hal, E. H. A. Beckers, S. C. J. Meskers, R. A. J. Janssen, B. 

Jousselme, P. Blanchard, J. Roncali, Chem. Eur. J. 2002, 8, 5415. 
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8.1 Introduction 
 

The efficiency of photoinduced charge generation in donor-acceptor molecules can be 
influenced by competitive phenomena such as thermal decay of the excited state and energy 
transfer. In the case of oligo(thienylene vinylene)-C60 dyads,1 charge formation competes with 
a fast thermal deactivation of the excited oligomer. For oligo(p-phenylene vinylene)-C60

2 and 
oligothiophene-C60,3 an ultrafast energy transfer (kET ~ 1013 s-1) from the singlet excited state 
of the π-conjugated oligomer to the singlet excited state of the fullerene moiety precedes an 
indirect charge transfer reaction in a polar environment. In solution, the rate constant for this 
indirect charge transfer is more than two orders of magnitude lower than the electron transfer 
observed in a solid-state composite film of a π-conjugated polymer and fullerene derivative.4 
In these composite films, the charge transfer is likely to occur directly from the singlet excited 
state of the polymer, because no indication for a possible competitive energy transfer is 
observed. The much larger electron transfer rates observed in the solid-state can be related to 
the relative spatial position of the donor and acceptor chromophores with a possible face-to-
face orientation of the donor and acceptor chromophores. 

In recent years, extensive studies of covalently linked conjugated oligomer-C60 dyad 
molecules have been performed in order to better understand the photophysics involved in 
these processes.1-3, 5, 6 The molecular design of these conjugated oligomer-C60 dyads allows a 
precise control of the interactions between donor and acceptor moieties and thus, the 
restriction of the photophysical processes to exactly one donor-acceptor couple in dilute 
solution. Results obtained on porphyrin-C60

7 and aniline-C60
8 dyads have underlined the 

importance of the geometry of the linker group. On the other hand, the distance between the 
donor and acceptor moieties and their mutual orientation are also crucial parameters for the 
rate of charge generation, transfer and recombination. For example, whereas porphyrin-C60 
dyads connected by a single bridge show charge transfer rate constants in the 1010 s-1 range, 
this value increases by one order of magnitude for a twofold bridged face-to-face dyad.9 
 

 
 
Scheme 8.1 Schematic pictures of donor-C60 dyads, represented as rectangular bar-sphere objects, 
connected via one flexible bond (left) or via a twofold bridge (right) for mutual orientation of the 
chromophores 
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In this chapter, the photophysical properties of two donor-acceptor dyads consisting of a 
quaterthiophene (4T) singly (4TsC60) or doubly (4TdC60) attached to a C60 group are 
described (scheme 8.2). These different modes of attachment result in a different relative 
spatial orientation of the 4T and C60 chromophores with a completely free orientation in the 
former case and a geometrical constraint imposing a face-to-face mutual orientation in the 
latter case. The photophysical properties of these two dyads have been analyzed using their 
constitutive individual chromophores, namely the dipentylsulfanyl 4T (4TP) and the two C60 
adducts as reference compounds (scheme 8.2). 
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Scheme 8.2 Structures of the 4TsC60 and 4TdC60 dyads, together with the reference compounds C60s, 
C60d and 4TP. 
 

(Time-resolved) photoluminescence (PL) and (time-resolved) photoinduced absorption 
(PIA) spectroscopy in solvents with different permittivity reveal significant differences in the 
rates for both energy and electron transfer. The energetics of the direct and indirect electron 
transfer reactions in solution can be rationalized on the basis of the Marcus theory. 
 
 



Chapter 8 

 154 

8.2 Synthesis and electronic properties of quaterthiophene-fullerene dyads 
 
Synthesis. The synthesis of two quaterthiophene-fullerene dyads in which the C60 group is 
either singly (4TsC60) or doubly (4TdC60) connected to the inner β-position of the terminal 
thiophene rings via a single or a double Bingel reaction,10 together with the reference 
compounds 3,3'''-bis-(pentylsulfanyl)-2,2':5',2'':5'',2'''-quaterthiophene (4TP) and the two C60-
ester adducts (C60s and C60d)11 has been performed by Bruno Jousselme at the University of 
Angers (scheme 8.2).12 These different modes of attachment result in a different relative 
spatial orientation of the 4T and C60 chromophores with a completely free orientation for 
4TsC60 and a geometrical constraint imposing a face-to-face mutual orientation for 4TdC60. 
Because of the lack of regioselectivity of the second Bingel reaction, both 4TdC60 and C60d 
are obtained as a mixture of several isomers. The structure and purity of the 4T-C60 dyads and 
the reference compounds were confirmed with 1H-NMR, 13C-NMR, MALDI-TOF-MS, 
Elemental Analysis, UV/Vis and IR. 
 
Energy levels of singlet and triplet states. The UV/Vis spectrum of 4TP shows a maximum 
at λ = 405 nm and an onset at λ = 475 nm (figure 8.1). C60s has a strong absorption at 330 nm, 
a peak at 427 nm, and a weak absorption at 690 nm. The UV/Vis spectrum of C60d shows less 
fine structure and exhibits a broad absorption in the 300-330 nm region, a band at 422 nm, 
and a weak band around 693 nm. 
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Figure 8.1 UV/Vis absorption spectra of the 4TsC60 and 4TdC60 dyads and their reference compounds 
4TP, C60s and C60d in toluene. 
 

The optical absorption spectra of 4TsC60 and 4TdC60 are very similar to the 
superposition of the spectra of the 4TP and C60 reference molecules suggesting an absence of 
electronic coupling between the donor and acceptor chromophores in the ground state (figure 
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8.1). The UV/Vis spectra of 4TsC60 and 4TdC60 show that selective excitation of the fullerene 
is possible at wavelengths above 500 nm. The 4T chromophore of the dyads can be 
preferentially, but not completely selectively, excited in the 400-420 nm region. 

In toluene, 4TP emits yellow-green light with a peak at 473 nm, a maximum at 504 nm 
and a shoulder at 542 nm (figure 8.2a). C60s and C60d have low quantum yields for 
photoluminescence and show weak emissions at 698 and 704 nm respectively, typical for 
fullerene derivatives (figure 8.2b).13 Both the quantum yield and the emission wavelength do 
not change significantly when replacing toluene by ODCB (figures 8.2c and 8.2d). Based on 
the emission spectra, the energy levels of the 4TP(S1), C60s(S1), and C60d(S1) singlet states are 
set to 2.63, 1.78, and 1.75 eV, respectively. 
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Figure 8.2 PL spectra of 4TP emission (a and c) and fullerene emission (b and d) upon excitation at λ 
= 407 nm in toluene (a and b) and at λ = 405 nm in ODCB (c and d). All graphs are corrected for 
optical density, but not for the differences in refractive index. 
 

The energy levels of the fullerene triplet state have been determined from their 
phosphorescence spectra. C60s and C60d were dissolved in a 2:1:1 mixture of 
methylcyclohexane, 2-methyltetrahydrofuran and iodoethane and cooled down to 80 K.14, 15 
For both C60 reference compounds, the fluorescence is reduced dramatically in this matrix, 
while a new phosphorescent emission band appears at 825 nm (figure 8.3)13b, 15 corresponding 
to the C60(T1) state energy of 1.50 eV for both C60s and C60d. The triplet state of 4TP has been 
assumed to be comparable to that of a related α-quaterthiophene and is significantly higher 
than that of the fullerene (1.81 eV).16 
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Figure 8.3 Phosphorescence spectra at 80 K of the C60s (■) and C60d (□) reference compounds 
dissolved in methylcyclohexane : 2-methyltetrahydrofuran : ethyliodide (2:1:1). 
 

The cyclic voltammogram of 4TsC60 and 4TdC60 in dichloromethane (CH2Cl2) shows 
two reversible oxidation waves corresponding to the successive generation of the 4T radical 
cation and dication. As appears in table 8.1, the redox peak potentials are slightly more 
positive than those for the 4TP reference compound, but quite similar to those of the 
corresponding ester-containing quaterthiophenes.17 This difference presumably reflects the 
electron-withdrawing effect of the ester groups. For both dyad molecules, reversible reduction 
waves are observed around -0.60 and -1.00 V (table 8.1). 
 
Table 8.1 Cathodic (Epc2, Epc1) and anodic (Epa1, Epa2) peak potentials (in V vs Ag/AgCl) 
corresponding to the reduction and oxidation of the various quaterthiophenes and C60 derivatives. 
Electrolytic medium 0.10 M Bu4NPF6 /CH2Cl2; scan rate 100 mV/s. 

Compound Epc2 (V) Epc1(V) Epa1(V) Epa2 (V) 

4TP - - 0.89 1.10 
4TsC60 - 1.00 - 0.61 0.92 1.13 
C60s - 0.97 - 0.59 - - 
4TdC60 - 1.07 - 0.69 0.97 1.21 
C60d - 1.05 - 0.68 - - 

 
In both cases, comparison with the corresponding reference compounds C60s and C60d 

reveals a slight negative shift of the redox potentials, which might be indicative of some weak 
through-space interaction between the 4T and the C60 moieties in the dyads. It can also be 
attributed to small differences in solvation, because in the dyads and in 4TP, the solvent 
accessible surface is not the same. 
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8.3 Fluorescence spectroscopy 
 

Photoluminescence quenching in the dyads. The amount of quenching of 
photoluminescence (PL) of both chromophores, measured upon selective photoexcitation of 
either 4T or C60, within the dyad molecules can be used to determine the extent of energy and 
charge transfer relative to the intrinsic decay of their excited states and to differentiate 
between direct and indirect charge transfer pathways (figure 8.4). The PL spectra of both 
dyads have been recorded in two different solvents, i.e. toluene (ε = 2.38) and o-
dichlorobenzene (ODCB) (ε = 9.93), because charge separation is known to depend on 
polarity.18  

Photoexcitation of the 4T moiety of both dyads reveals a considerable quenching of the 
4T fluorescence (figures 8.2a and 8.2c). In both solvents, the residual 4T emission is ca. 10 
times larger for the flexible singly bridged 4TsC60 than for the doubly linked 4TdC60 dyad. 
The 4T fluorescence quenching reflects the sum of the rates for energy transfer (kET) and 
direct charge transfer (kCS

d) relative to the normal radiative (krad) and non-radiative decay of 
4TP (figure 8.4). Upon excitation of the 4T moieties in 4TsC60 and 4TdC60 at 405 nm, also 
emission of the fullerene moiety is observed (figures 8.2b and 8.2d). Apart from some direct 
excitation of the fullerene moiety, this emission is mainly caused by a sensitization of the 
C60(S1) state via singlet-energy transfer from the initial 4T(S1) state. However, the fullerene 
emission in the dyads is weaker than that of the C60s and C60d reference compounds. This 
quenching can be explained by an electron transfer reaction, either from the initial 4T(S1) state 
(kCS

d; figure 8.4) or from the C60(S1) state (kCS
i; figure 8.4) formed via energy transfer (kET; 

figure 8.4). In toluene, the fullerene emission of both dyads is quenched by a factor of 2-4 
(figure 8.2b). Replacing toluene by the more polar ODCB only marginally affects the intensity 
of residual 4T photoluminescence, but produces a further decrease of the C60 luminescence 
(figure 8.2d). The quenching of fullerene emission in ODCB is significantly larger for 4TdC60 
than for 4TsC60. 

To specify the charge transfer reaction in terms of direct or indirect pathways, the donor 
and acceptor part of the dyads were selectively excited. Direct electron transfer from 4T(S1) 
and indirect electron transfer from C60(S1) can be quantified by comparing the acceptor 
luminescence after selective excitation of the donor (at 405 nm; QA(D*A)) or the acceptor (at 
520 nm; QA(DA*)) as inferred from figure 8.4 and table 8.2. 
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1.Excite 4T and observe 4T emission 
 
2.Excite C60 and observe C60 emission 
 
3.Excite 4T and observe C60 emission 
 
 
 
 

Figure 8.4 Direct and indirect electron transfer pathways after donor excitation as represented by 
the curved arrows. Differentiation between direct and indirect charge transfer using steady-state 
fluorescence spectroscopy. The arrows symbolize the place of excitation (arrow up) and the place of 
probing the luminescence (arrow down). 
 

In toluene, the residual C60 luminescence of both 4TsC60 and 4TdC60 is independent of 
the photoexcited moiety of the dyad. This implies that the indirect electron transfer process 
dominates and is preceded by a fast singlet-energy transfer process to the C60(S1) state. 
However, in ODCB the fullerene emission of both dyads is reduced to a larger extent when 
the 4T donor is excited compared to selective excitation of the fullerene acceptor. This 
difference results from direct relaxation of 4T(S1) to the charge-separated state (CSS) (kCS

d; 
figure 8.4). The excitation spectra of the fullerene emission (figure 8.5) show directly when 
electron transfer occurs directly from the 4T(S1) state or indirectly via the C60(S1) state, 
following a singlet-energy transfer process. In toluene, the excitation spectra of the C60 
fluorescence dyads are similar to their UV/Vis absorption spectra (figures 8.5a and 8.5c). This 
indicates that the residual C60 emission originates from both the 4T and C60 chromophores and 
that a full energy transfer reaction from 4T(S1) to C60(S1) occurs prior to a charge transfer 
reaction. However, in ODCB, the absorption and excitation spectra are no longer similar. 
Notably, the characteristic absorption peak of the 4T molecule with a maximum at λ = 405 nm 
is drastically reduced in the excitation spectra for both dyads (figure 8.5b and 8.5d). Hence, in 
ODCB, excitation of the 4T moiety of both dyads does not result in a full population of the 
C60(S1) state, because direct charge transfer from the 4T moiety to the charge-separated state 
competes with singlet-energy transfer to C60(S1). 

kET
kCS

d

kCS
i

S0 S0

T4S C60

S1

S1

CSS
kr

k´r

kET
kCS

d

kCS
i

S0 S0

T4S C60

S1

S1

CSS
kr

k´r



Orientational effect on the photophysical properties of quaterthiophene-C60 dyads 

159 

300 400 500 300 400 500

300 400 500 300 400 500

a 4TsC60

 

Ab
so

rp
tio

n 
(a

.u
.)  PL(exc)

 UV

c

4TsC60

 

 

 PL(exc)
 UV

b

4TdC60

Ab
so

rp
tio

n 
(a

.u
.)

Wavelength (nm)

 PL(exc)
 UV

d 4TdC60

 

Wavelength (nm)

 PL(exc)
 UV

 
Figure 8.5 PL excitation spectra (solid lines) for 4TsC60 (top; λ = 698 nm) and 4TdC60 (bottom; λ = 
705 nm) in toluene (left) and ODCB (right) compared with UV/Vis absorption spectra (dashed lines). 
 

From the steady-state PL it can be concluded that in toluene singlet-energy transfer 
dominates the decay of the 4T(S1) state in 4TsC60 and 4TdC60, while in ODCB energy and 
electron transfer are competitive processes. 
 
Rate constants for energy and electron transfer. Time-correlated single photon counting 
(TCSPC) has been used to determine the singlet state lifetimes of 4TP, C60s, and C60d by 
recording the temporal decay of the fluorescence after excitation at 400 nm. Photoexcitation at 
400 nm in both toluene and ODCB results in singlet excited state lifetimes (τ) of about 0.5 ns 
for 4TP and 1.5 to 2.0 ns for the C60 derivatives.19 

The lifetimes of the singlet excited states of the isolated chromophores can be used 
together with the amount of PL quenching of the two dyads after selective photoexcitation of 
the two chromophores to assess the rate constants for the various transfer processes. 
Assuming selective photoexcitation of the chromophores, the contributions of energy transfer 
and of direct and indirect electron transfer can be calculated via (8.1) to (8.3). 
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In (8.1) to (8.3), τD and τA are the singlet-state lifetimes of donor and acceptor, 

respectively. QD(D*A), QA(D*A), and QA(DA*) represent the quenching ratios for the donor 
(QD) or acceptor (QA) photoluminescence after selective excitation of the donor (D*A) or the 
acceptor (DA*). Using the quenching ratios collected in table 8.2, these equations reveal that 
upon excitation of the 4T moiety of both dyads an indirect electron transfer occurs in toluene 
with a rate in the order of kCS

i = 109 s-1, following a fast singlet-energy transfer from 4T(S1) to 
C60(S1) with rates of kET > 1011 s-1. 
 
Table 8.2 Rate constants for energy transfer (kET), indirect charge transfer (kCS

i), and direct charge 
transfer (kCS

d) calculated from the PL quenching of donor (QD) or acceptor (QA) via (8.1)-(8.3). The 
excited moiety of the DA dyad is indicated by an asterisk. 

Compound Solvent QD(D*A) QA(DA*) QA(D*A) 
kET 

(ns-1) 
kCS

i 

(ns-1) 
kCS

d 

(ns-1) 
kCS

i  a 
(ns-1) 

4TsC60 toluene 250 3.6 3.6 520 1.7 <1 1.0 

4TdC60 toluene >1600 2.3 2.3 >3300 0.8 <1 1.1 

4TsC60 ODCB 160 4.0 5.3 240 2.1 76 2.1 

4TdC60 ODCB >2000 8.3 11.1 >3000 3.8 >1010 2.8 
a Obtained via (8.4) from the photoluminescence lifetime. 
 

For 4TdC60 the energy transfer rate constant is even one order of magnitude higher than 
for 4TsC60. In ODCB, the rates for energy transfer for both dyads are comparable to those 
measured in toluene. In ODCB the rate for indirect electron transfer in 4TsC60 is similar to 
that found in toluene. For 4TdC60 this rate is four times larger in ODCB than in toluene. For 
direct charge transfer (kCS

d) the rate for 4TdC60 (kCS
d > 1012 s-1) is more than one order of 

magnitude larger than for 4TsC60. 
The rates for indirect charge transfer (kCS

i) as determined from the fluorescence 
quenching QA(DA*) and the acceptor lifetime τA using (8.2) can be compared to rates 
obtained from time-resolved fluorescence. In this experiment, the lifetime of the fullerene 
emission of the dyad (τA,DA) is recorded and compared to that of the acceptor (τA) resulting in 
an estimate for the rate constant: 
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The lifetime of the residual fullerene emission around 700 nm for 4TsC60 and 4TdC60 

amounts to 610 and 580 ps in toluene and 350 and 300 ps in ODCB (table 8.2). The values of 
kCS

i obtained from the lifetimes using (8.4) are rather similar to those obtained from the 
quenching using (8.2) for both solvents (table 8.2). In principle, the lifetime of the residual 4T 
emission (τD,DA) of the two dyads can be used in an analogous fashion to determine the sum of 
kET and kCS

d via: 
 

 
DDAD

d
CSET kk

ττ
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−=+  (8.5) 

 
However, the determination of τD,DA appeared to be limited by the time resolution of the 

TCSPC technique (∼ 10 ps). This results in a lower limit of kET + kCS
d ≥ 1011 s-1, consistent 

with the results obtained from (8.1) and (8.3) for both solvents. 
In conclusion, photoluminescence quenching and lifetime studies have shown that both 

energy and direct charge transfer rates are about ten times larger for 4TdC60 than for 4TsC60. 
 
 
8.4 Near steady-state photoinduced absorption spectroscopy 
 

Near steady-state photoinduced absorption (PIA) spectroscopy, which probes the optical 
spectra of excited states with lifetimes in the micro- and millisecond time domain, has been 
used to obtain direct spectral evidence of charge separation within the dyads. The two dyads 
have been investigated in the solid-state and in solution. Furthermore, mixtures of 4TP 
together with C60s or C60d were investigated in toluene, ODCB, and benzonitrile. 
 
The dyads in the solid-state. The PIA spectra, recorded at 80 K with excitation at 458 nm, of 
drop cast films of both 4TsC60 and 4TdC60 exhibit excited state absorptions at 0.98, 1.20, and 
1.74 eV (figure 8.6). The 1.20 eV peak is characteristic for a C60

•- radical anion, while the 
bands at 0.98 and 1.74 eV are assigned to the low-energy (LE) and high-energy (HE) 
absorption bands of a 4T•+ radical cation.20, 21 The observation of the spectral characteristics of 
both positive and negative charge carriers gives a strong support to the proposed charge 
transfer reaction. Because a 1.74 eV band can also originate from a C60 triplet absorption, the 
charge separation is more convincingly evidenced by the 0.98 and 1.20 eV bands of 4T•+ and 
C60

•-. Increasing the excitation intensity (I) results in a near square root increase of all PIA 
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bands (-∆T ∝ Ip p = 0.44), for both dyads indicative of bimolecular recombination of a non-
geminate pair of opposite charges in the films. The intensity of the PIA bands of both 
molecules decreases with increasing modulation frequency, in the whole range studied (30-
4000 Hz), consistent with a distribution of lifetimes extending into the millisecond time 
domain.22 The similar intensity and frequency dependence indicates that all bands have a 
similar origin, and supports the assignment of the 1.74 eV band to the 4T•+ radical cation. The 
long lifetime of the charge-separated state in the solid-state at low temperatures is attributed to 
the trapping of charge carriers, which escape from geminate recombination via intermolecular 
charge transport, at different sites in the film. These distant charges have a low rate for 
recombination. 
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Figure 8.6 PIA spectra of drop cast films of (a) 4TsC60 and (b) 4TdC60 (80 K; 458 nm; 275 Hz; 25 
mW). 
 
Individual reference components and their mixtures in solution. The molecules have also 
been studied in dilute (2×10-4 M) solution with PIA spectroscopy. First, the reference 
compounds 4TP, C60s, and C60d were studied in toluene (ε = 2.38), ODCB (ε =9.93), and 
benzonitrile (ε = 25.18) to investigate their individual photophysical properties as well as their 
excited state behavior in 1:1 (molar ratio) mixtures of donor and acceptor. In the mixtures, 
selective photoexcitation of the fullerene compound is obtained by exciting at 528 nm. 

The PIA spectrum of 4TP shows an intense broad band with a maximum at 2.00 eV (-
∆T/T ∼ 4×10-3) and a shoulder at 1.70 eV (figure 8.7). These excited state absorptions are 
assigned to the Tn←T1 transition of the 4T(T1) state.23 The PIA bands increase linearly with 
the excitation intensity (-∆T ∝ I), indicating a monomolecular decay mechanism. The 
frequency dependence (ν = ω/2π) of the PIA bands resulted in a 4T(T1) lifetime of 35-40 µs.24 
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Figure 8.7 (a) PIA spectrum of 4TP in toluene (4×10-4 M), (b) frequency and (c) intensity dependence 
at (□) 1.68 and (○) 2.00 eV. 
 

Photoexcitation of solutions containing C60s or C60d resulted in a characteristic broad 
C60 triplet absorption band at 1.74 eV (-∆T/T ∼ 10-4), assigned to a Tn←T1 excited state 
absorption (figure 8.8; bottom graph).25 The fullerene triplet state has a lifetime on the order 
of 30 µs.15, 24 

Figure 8.8 shows the PIA spectra of 4TP/C60s and 4TP/C60d mixtures in different 
solvents, normalized to the 1.74 eV band.25 In toluene, photoexcitation of a 1:1 mixture of 
4TP and C60s at 458 nm (mainly 4T absorption) or 528 nm (C60 absorption) results in the 
formation of the C60(T1) state as evidenced by the characteristic Tn←T1 transition which 
exhibits a monomolecular decay mechanism and a lifetime of ∼ 30 µs.24 This spectrum and 
especially the absence of signals of 4T(T1) imply that the C60(T1) state is below that of 4T(T1) 
and that triplet-energy transfer occurs in solution from 4T(T1) to form C60(T1). This is 
consistent with their triplet energies of 4TP (1.81 eV) and C60s (1.50 eV). In more polar 
solvents, ODCB and benzonitrile, the bands of 4T•+ at 0.98 eV and 1.74 eV20, 21 and of C60

•- at 
1.20 eV are clearly visible. Moreover, the bands of 4T•+ are roughly a factor 2-3 more intense 
than the C60

•- absorption, in accordance with reported molar absorption coefficients of closely 
related ions (4T•+: 3.35×104 L/mol cm; C60

•-: 1.2×104 L/mol cm).20, 26 In benzonitrile, a tenfold 
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intensification of the PIA bands (-∆T/T ∼ 1.5×10-3) is observed compared to ODCB (-∆T/T ∼ 
1.5×10-4), which reflects the favorable formation of charges in a more polar solvent. In both 
solvents, all PIA bands show the same dependence on the modulation frequency, indicating 
that the cation and anion radicals originate and recombine via the same processes. The charge-
separated states have lifetimes on the order of 400 µs.27 The PIA bands increase with the 
excitation intensity according to a near square root dependence (-∆T ∝ Ip; p ~ 0.6-0.7). 

Next, mixtures of 4TP with C60d instead of C60s have been studied. In toluene, the 
C60(T1) state is formed as shown by the typical excited state absorptions of C60 triplet species 
(figure 8.8) exhibiting monomolecular decay and a lifetime of 30 µs.24 The observation of 
C60(Tn←T1) is in agreement with the energetically lower-lying C60d(T1) state compared to 
4TP(T1) state. In benzonitrile, strong bands (-∆T/T ∼ 1.5×10-3) of 4T•+ and C60d•- are observed, 
together with a bimolecular decay mechanism and lifetimes of about 400 µs.27 In ODCB, the 
PIA spectrum of 4TP/C60d displays mainly the C60(Tn←T1) absorption (-∆T/T ∼ 1.5×10-4) 
spectrum with an additional small absorption at 0.98 eV of the 4T•+ radical cation (-∆T/T ∼ 
1.5×10-5). This result indicates that, in ODCB, the 4TP•+/C60d•- charge-separated state is 
almost degenerate with the C60d(T1) state. 
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Figure 8.8 PIA spectra (298 K; 528 nm; 275 Hz; 25 mW) of mixtures of 4TP/C60s (solid lines) and 
4TP/C60d (dotted lines) in toluene, ODCB and benzonitrile (2×10-4 M). Also the individual PIA 
spectra of the C60 reference compounds are shown at the bottom. All spectra are normalized on the 
signal intensity at 1.74 eV. 
 
The dyads in solution. The PIA spectra of 4TsC60 and 4TdC60 in toluene and ODCB are 
depicted in figure 8.9 together with the PIA spectra of C60s and C60d (2×10-4 M). All spectra 
have been measured by exciting at 458 nm and have been corrected for differences in optical 
density.28 When the dyads were dissolved in toluene identical spectra were obtained for 
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excitation at 528 nm instead of 458 nm. In toluene, both dyads show a PIA band at 1.74 eV 
resulting from the C60(Tn←T1) transition. However, a distinct difference is seen for the 
intensity of the PIA bands of the dyads compared to C60s and C60d. For 4TsC60, the 
C60(Tn←T1) signal is reduced by a factor 3 compared to C60s, whereas for 4TdC60 the signal 
intensity decreases by a factor 2 compared to C60d. These observations are in agreement with 
the proposed indirect electron transfer, subsequent to a full energy transfer from 4T(S1) to 
C60(S1), because the reduction of the triplet-triplet absorption equals the reduction in fullerene 
emission (QA(DA*)) within both dyads. The intramolecular charge-separated states 4T•+-C60

•- 
for 4TsC60 and 4TdC60, as inferred from the PL studies, are not observed in these PIA spectra, 
because the lifetimes are much shorter than the micro- to millisecond time domain. The 
almost identical quenching factors of the C60(S1→S0) PL and the C60(Tn←T1) PIA for 4TsC60 
and 4TdC60 in toluene reveal, implicitly, that the decay of the intramolecular charge-separated 
state does not give rise to an additional population of the fullerene triplet state. Hence, the 
intramolecular charge-separated state recombines directly to the ground state. 
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Figure 8.9 PIA spectra of 4TsC60 (a) and 4TdC60 (b) in toluene (dashed line) and ODCB (dotted line) 
(298 K; 458 nm; 275 Hz, 25 mW). The PIA spectra are compared to their C60 reference compounds, 
C60s and C60d (solid lines), respectively. 
 

In ODCB, the PIA spectrum of 4TsC60 shows very low intensity excited state 
absorptions at 0.98 and 1.74 eV (-∆T/T = 5×10-6) as a result of a small extent of charge 
formation. The formed charges have a distribution of lifetimes containing long-lived 
components. The frequency dependence of these species can be fitted using a power law decay 
(∆T ∝ ω-n) with n = 0.5-0.6. The more than 100 times lower signal intensity for 4TsC60 in 
ODCB compared to the 1:1 molar mixtures of 4TP/C60s is attributed to fast recombination of 
opposite charges within the dyad to the ground state. The presence of a low amount of long-
lived charges is attributed to some intermolecular charge transfer. As a consequence of the 
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low concentration of residual charges, the bimolecular recombination is reduced and the 
lifetime increases. In contrast to 4TsC60, the PIA spectrum of 4TdC60 in ODCB resembles the 
spectrum of the triplet state of C60d (-∆T/T = 10-5) together with a very small additional 
feature at 0.98 eV (-∆T/T ∼ 5×10-6). Upon changing the modulation frequency, the absorption 
band at 1.74 eV reveals the contributions of short-lived and long-lived components (figure 
8.10).29 Note that the intensity of the 1.74 eV band is quenched compared to C60(Tn←T1) of 
pristine C60d. Moreover, the intensity of the 0.98 eV signal is drastically reduced compared to 
1:1 mixtures of 4TP/C60d in ODCB. These features point to rapid recombination of charges, 
which is indirectly reflected by the low intensity of C60(Tn←T1) absorption. The PIA spectra 
of the dyads show that in ODCB, the free energy of the charge-separated state of 4TsC60 is 
lower than that of C60s(T1), while the charge-separated state of 4TdC60 and C60d(T1) are 
almost degenerate. 
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Figure 8.10 Frequency dependence (ν) at 1.74 eV of 4TsC60 (filled) and 4TdC60 (open) dyads in 
toluene (square) and ODCB (circle) (298 K; 458 nm; 25 mW). 
 

In conclusion, the near steady-state PIA experiments confirm the conclusions derived 
from the fluorescence studies. In addition to that, some information on the relative energetic 
positions of the charge-separated and triplet states has been obtained. In the next section, 
transient photoinduced absorption spectroscopy is used to get more detailed insight in the 
rates for forward and backward electron transfer. 
 
 
8.5 Transient photoinduced absorption spectroscopy 
 

Both dyads have been investigated in dilute solutions in toluene and ODCB (2-5×10-4 
M) by sub-picosecond PIA spectroscopy. The dyads have been photoexcited at 450 nm and 
the change in transmission was monitored at 500, 880, and 1325 nm, respectively. 
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Stimulated emission of 4TP. The deactivation of 4T(S1) state can be followed in time by 
probing the stimulated emission (SE) of the 4T chromophore at 500 nm. Due to the absence of 
direct charge transfer in toluene, the rate for energy transfer, kET, for both dyads can be 
obtained from the differential transmission dynamics at 500 nm. Pristine 4TP shows the long-
lived 4T(S1→S0) signal with a time constant of 470 ps (figure 8.11), similar to that obtained 
from time-resolved PL spectroscopy. The flexible 4TsC60 dyad shows a reduced transmission 
signal at 500 nm (figure 8.11) that disappears within 2 ps, consistent with the time constant 
obtained from the quenching of the steady-state fluorescence. For 4TdC60 no signal at 500 nm 
could be observed (figure 8.11). This can be explained when the decay is faster than the 
resolution of our set-up (∼500 fs) and corroborates with the < 500 fs singlet-energy transfer 
obtained from steady-state PL spectroscopy. 

-2 0 2 4 6

0.0

0.5

1.0

N
or

m
al

iz
ed

 ∆
T  

(a
.u

.)

Time delay (ps)  
Figure 8.11 SE of 4T at 500 nm for 4TP (solid line), 4TsC60 (dashed line) and 4TdC60 (dotted line) in 
toluene. 
 
Absorption of 4TP radical cation. To ensure that only charged species are probed, the dyads 
were probed at 1325 nm (0.94 eV), where the low-energy (LE) band of 4T•+ is located (figure 
8.6 and 8.8). For 4TsC60 in toluene, a low intensity signal at 1325 nm is obtained, which 
reaches a maximum after 50 ps and decreases subsequently with a time constant of about 600 
ps (figure 8.12). In ODCB, a low-intensity signal at 1325 nm attains its maximum intensity 
faster (< 5 ps) and disappears with a time constant of about 350 ps (figure 8.12). The rise 
times of the 1325 nm signal (belonging to 4T•+) for 4TsC60 in toluene (50 ps) and ODCB (< 5 
ps) seem to be in conflict with kCS

i and kCS
d obtained from time-resolved PL and PL 

quenching data. However, both the low intensity of the signal and the short rise time can be 
explained, when the charge recombination is faster than the charge formation. In that case, the 
amount of charges present is reduced dramatically. As a result, the decay of the signal at 1325 
nm actually represents the amount of charged species formed in time, which follows the decay 
of the C60(S1) state of 4TsC60 from which electron transfer takes place. In full agreement with 
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this proposition, the lifetime of 610 ps for C60(S1) state of 4TsC60 in toluene (table 8.2) 
corresponds satisfactorily with the decay of the 4T•+ signal at 1325 nm of 600 ps. The 
recombination rate can be estimated from the rise time of the 1325 nm signal, resulting in krec 
= 6.7×1010 s-1, corresponding to a lifetime of about 15 ps. The explanation of the 1325 nm 
signal of 4T•+-C60

•- in ODCB is somewhat more difficult as PL studies revealed the presence 
of two pathways (direct and indirect) for charge transfer with rates of kCS

d = 7.6×1010 s-1 and 
kCS

i = 2.1×109 s-1. 
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Figure 8.12 Time-resolved PIA on the 4TsC60 dyad in toluene (top, ■) and ODCB (bottom, ●). 
Excitation wavelength λexc = 450 nm, detection wavelength λdet = 1325 nm. 
 

Again, a faster recombination compared to the forward charge transfer could explain the 
low intensity signal at 1325 nm. The decay at 1325 nm is in agreement with the lifetime of 
350 ps for C60(S1) state of 4TsC60. The grow-in signal (k ∼ 5×1011 s-1) can be attributed to a 
fast recombination process with a small contribution of the (at least 6-7 times slower) direct 
charge transfer process. The rate of charge recombination is enhanced upon increasing polarity 
as observed in toluene (krec = 6.7×1010 s-1; lifetime 15 ps) and ODCB (krec ∼ 5×1011 s-1; 
lifetime 2 ps). 

For 4TdC60, a very small signal at 1325 nm was detected, both in toluene and ODCB, 
which was not higher than approximately two times the noise level (detection limit: ∆T/T ∼ 
2×10-4). These low intensities can be explained by a faster charge recombination process 
compared to the charge transfer processes, which implies that in ODCB the rate constant for 
recombination is krec > 1013 s-1 because fast direct charge transfer with kCS

d > 2×1012 s-1 has to 
be surmounted. 
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C60 excited state absorption. To verify these results, the channel from which indirect charge 
transfer occurs, C60(S1), has been followed in time by probing the C60(Sn←S1) excited state 
absorption at 880 nm. The fullerene reference compounds display a small signal at 880 nm 
with a time constant similar to the results obtained by Guldi et al.13b Besides the fullerene 
derivatives also the pristine 4TP compound was probed at 880 nm. This revealed the presence 
of a strong excited state absorption, assigned to the 4T(Sn←S1) transition. The 4T(Sn←S1) 
signal at 880 nm decays with a time constant of 420 ps comparable to the 4T(S1) lifetime 
obtained by the temporal evolution of the 500 nm signal and from time-resolved PL 
spectroscopy. The 4TsC60 dyad shows both in toluene and in ODCB an absorption signal that 
decays with two time constants (figure 8.13).  
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Figure 8.13 Time resolved PIA on the 4TsC60 (■) and 4TdC60 (○) in toluene (a) and ODCB (b) in -10 
to 30 ps time domain. Excitation wavelength λexc = 450 nm, detection wavelength λdet = 880 nm. 
 

A short time constant of about 2 ps is attributed to the initial presence of an 4T(Sn←S1) 
absorption, which then turns into a C60(Sn←S1) excited state absorption as a consequence of 
the fast energy transfer process (kET = 5×1011 s-1) in both toluene and ODCB. 

The lifetime of the longer-lived absorption is related to the rate for indirect charge 
transfer, kCS

i and this absorption decays in toluene and ODCB with time constants of 710 and 
360 ps, respectively (figure 8.14). 4TdC60 shows both in toluene and ODCB only one time 
constant (figure 8.14), as the deactivation of 4T(S1) to C60(S1) occurs within the time 
resolution of our set-up (kET + kCS

d > 3.3×1012 s-1). In toluene, the decay of the C60(S1) state of 
4TdC60 occurs with a time constant of 950 ps (figure 8.14). In ODCB, the signal at 880 nm 
disappears more rapidly to zero with a time constant of 200 ps (figure 8.14). The faster 
deactivation of the C60(S1) state of 4TdC60 in ODCB compared to C60(S1) state of 4TsC60 is in 
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agreement with the data on kCS
i obtained from time-resolved PL and PL quenching 

measurements. 
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Figure 8.14 Time-resolved PIA on 4TsC60 (a) and 4TdC60 (b) in toluene (■) and ODCB (○) in -150 to 
800 ps time domain. Excitation wavelength λexc = 450 nm, detection wavelength λdet = 880 nm. 
 

According to differential transmission dynamics, both 4TsC60 and 4TdC60 display an 
ultrafast singlet-energy transfer from 4T(S1) to C60(S1) with rate constants of kET = 5×1011 s-1 
and kET > 2×1012 s-1, respectively. Interestingly, the rate for charge recombination is higher 
than the rate of (in)direct charge formation. Although the rate for direct charge transfer cannot 
be derived via time-resolved PIA, the rate for indirect charge transfer is obtained from the 
decay of both the 880 and 1325 nm signals and reveals the enhanced rate constant for 4TdC60 
in ODCB compared to 4TsC60. 

In summary, the transient pump-probe experiments reveal that the deactivation of the 
4T(S1) state is very fast (< 2 ps). Electron transfer in the dyads occurs both via a direct 
mechanism from 4T(S1) as well as via the C60(S1) state, which is formed via energy transfer. 
In the latter case, the rate for charge separation is much slower. The fitting of the temporal 
absorption profiles reveals that the lifetime of the charge-separated state is very short, in the 
low picosecond range. 
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8.6 Energy of the charge-separated states and energy barriers for charge 
separation 
 

To rationalize the energy and electron transfer reactions in the apolar and polar solvents 
obtained from PL and PIA, the free energy for charge separation (GCS) is estimated via the 
Weller equation:18 
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With the experimental data for the oxidation (Eox) and reduction (Ered) potentials (E1/2 is 

used in (8.6) rather than the peak potentials given in table 8.1) measured in a solvent of 
relative permittivity (εref), together with estimated values for the radii of the charged 
molecules (r+ and r-) and the distance between the two charges (Rcc), the Gibbs free energy of 
the charge-separated state (GCS) can be calculated in solvents with varying polarity (εs) and 
compared to the excited state from which charge transfer occurs. 
 
Energy of the charge-separated state. For 4TsC60 and 4TdC60, Eox and Ered were determined 
in CH2Cl2 (εref = 8.93) by cyclic voltammetry (table 8.1). The Rcc distances for both dyads 
were determined using molecular modeling assuming the localization of the charges at the 
center of quaterthiophene and fullerene moieties. This results for 4TdC60 in Rcc ≈ 8.0 Å. For 
4TsC60 two different Rcc values are used to account for the flexibility of the linker between the 
photoactive chromophores. The interchromophoric distance for 4TsC60 is set either at 8.0 Å, 
similarly to 4TdC60, or to 20 Å for the extended conformation. For intermolecular charge 
transfer the Rcc term was set to infinity. The radius of the C60

•- radical anion was set to r- = 5.6 
Å, based on the density of C60.8a The radius of the 4T•+ radical cation (a simplification for a 
one dimensionally extended moiety) is obtained by calculating the van der Waals volume, 
neglecting the thio-ether side chains. From X-ray crystallographic studies of unsubstituted 
terthiophene30 and sexithiophene,31 the density (ρ = 1.51 g/cm3) is known to be independent 
of the length and, hence, the radii have been determined via r+ = (3×1024M/4πρNA)1/3 to be 
r+(3T) = 4.03 Å and r+(6T) = 5.08 Å. This approach results in a value of 4.43 Å for r+(4T). 
With these approximations, the free energy of intra- and intermolecular charge-separated 
states have been estimated and the relative ordering of the states is given in figure 8.15 (also 
table 8.3). The energies of the singlet excited states from which intramolecular charge transfer 
can occur have been obtained from fluorescence data and are 2.63, 1.78, and 1.75 eV for 
4TP(S1), C60s(S1), and C60d(S1), respectively. 
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Figure 8.15 Free energy for intramolecular (GCS(Rcc)) (left) and intermolecular ((GCS(∞)) (right) 
electron transfer in 4TsC60 and 4TdC60 dyads and 4TP/C60s and 4TP/C60d mixtures in toluene (■) and 
ODCB (●) calculated from (8.6). For 4TsC60 the GCS is given for Rcc = 8.0 Å (filled square) and Rcc = 
20.0 Å (open square). The singlet energies of C60s(S1) and C60d(S1), 4TP(S1) and triplet energies of 
C60s(T1) and C60d(T1) are also shown (▲ and dotted line, respectively). 
 

In case of intermolecular charge transfer, charge transfer occurs from the triplet state of 
the fullerene. The energy of this triplet state is 1.50 eV, as inferred from phosphorescence 
data. For mixtures of 4TP and C60s or C60d, (8.6) predicts that the charge-separated state 
cannot be obtained in toluene from the C60(T1) state. This is in agreement with the 
experimentally observed C60(Tn←T1) absorption in the PIA spectra (figure 8.8). In a more 
polar solvent, ODCB, the free energy of the charge-separated state (GCS) drops for both 
mixtures below the energy of C60(T1). This is supported experimentally by the absorptions of 
a charge-separated state in the PIA experiment (figure 8.8). For 4TP/C60d, the PIA spectrum 
shows the presence of both C60(T1) and 4TP•+-C60d•- in agreement with their almost equal 
energies (figure 8.15 and table 8.3). Increasing the polarity results in a further reduction of 
GCS for both 4TP mixtures. This was verified experimentally by using benzonitrile as a solvent 
for which the absorptions of the charge-separated states were obtained for both mixtures 
(figure 8.8). In conclusion, GCS as inferred from (8.6) for the 4TP/C60s and 4TP/C60d mixtures 
is in full agreement with the experimental data for each of the three solvents studied. 

For the dyads, the energy of the charge-separated state in toluene is lower than the 
C60s(S1) and C60d(S1) state, when the center-to-center distance is small (Rcc = 8.0 Å). In 
accordance, a quenching of photoluminescence of the fullerene emission and a quenching of 
the fullerene triplet-triplet absorption are observed due to indirect charge transfer reaction for 
both dyads in toluene. When the interchromophoric distance is increased to 20 Å for 4TsC60, 
charge separation is strongly endergonic from the C60(S1) state in toluene and unlikely to 
occur. This supports the assumption that for indirect charge transfer the flexible structure 
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allows the donor and acceptor moieties to come close within the lifetimes of the fullerene 
singlet excited state of about 1.5 ns. 
 
Table 8.3. Free energies (GCS) of the charge-separated states of 4TsC60 and 4TdC60 dyads and of 
4TP/C60s and 4TP/C60d mixtures calculated via (8.6). Change in free energy (∆GCS) for charge 
separation relative to the singlet (S1) and triplet (T1) excited states of 4T and C60. Energy barriers 
(∆G‡

CS) for direct (4T(S1)) and indirect (C60(S1)) charge transfer. 
Sample Solvent Rcc 

 
(Å) 

GCS 
 

(eV) 

∆GCS 
4T(S1) 
(eV) 

∆GCS 
C60(S1) 

(eV) 

∆GCS 
C60(T1) 

(eV) 

λi+λs
a 

 
(eV) 

∆G‡
CS

b 
4T(S1) 
(eV) 

∆G‡
CS

b 
C60(S1) 

(eV) 

4TsC60 toluene 8.0 1.61 -1.02 -0.17 - 0.33 0.36 0.02 

 ODCB 8.0 1.26 -1.37 -0.52 - 0.65 0.20 0.01 

 toluene 20.0 2.06 -0.57 0.28 - 0.36 0.03 0.29 

 ODCB 20.0 1.36 -1.27 -0.42 - 0.99 0.02 0.08 

4TdC60 toluene 8.0 1.74 -0.89 -0.01 - 0.33 0.24 0.08 

 ODCB 8.0 1.39 -1.24 -0.36 - 0.65 0.14 0.03 

4TP/C60s toluene ∞ 2.31 - - 0.81 0.38 - - 

 ODCB ∞ 1.39 - - -0.11 1.21 - - 

4TP/C60d toluene ∞ 2.39 - - 0.89 0.38 - - 

 ODCB ∞ 1.47 - - -0.03 1.21 - - 
a Reorganization energy λi+λs calculated using λi = 0.3 eV and λs from (8.8); c Calculated from (8.7). 
 

The intramolecular charge transfer reaction in both dyads in ODCB, as inferred from 
PIA spectra together with PL quenching and time-resolved PL data, is in accordance with the 
lower level of the free energy of the charge-separated state (GCS) compared to both 4T(S1) and 
C60(S1) states, for both proximate and extended orientations of donor and acceptor. 
 
Energy barriers for electron transfer. The direct electron transfer in ODCB and the absence 
thereof in toluene must be related to different activation barriers for direct electron transfer, 
because in both solvents a net gain in free energy would result.32 The barrier for electron 
transfer (∆G‡

CS) depends on the change in Gibbs free energy for charge separation (∆GCS), the 
internal reorganization energy (λi) and the solvent reorganization energy (λs). Using the 
Marcus equation, the activation barrier for direct (∆G‡

CS (4T(S1))) and indirect (∆G‡
CS 

(C60(S1))) electron transfer can be calculated from the change in Gibbs-free energy for charge 
separation via ∆GCS = GCS - E00, where E00 is the energy of the 4T(S1) or C60(S1) excited state, 
respectively: 
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The internal reorganization energy is taken as λi = 0.3 eV based on the value determined 

by Verhoeven et al.8a, 15b from the charge transfer absorption and emission spectra for the 
diethylaniline/C60 couple.33 The solvent reorganization energy (λs) can be calculated from the 
Born-Hush approach:8a, 34 
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in which n is the refractive index of the solvent. Comparison of the total reorganization energy 
(λ = λs + λi) with the change in free energy for charge separation (∆GCS) (table 8.3), shows 
that in these dyads indirect photoinduced electron transfer, i.e. from C60(S1), occurs within the 
Marcus ‘normal’ region (λ > -∆GCS), while the direct electron transfer, i.e. from 4T(S1), 
occurs in the Marcus ‘inverted’ region (λ < -∆GCS). The direct electron transfer is situated 
rather far in the ‘inverted’ region as a consequence of the high energy of the S1 state of 4TP. 
The barriers for indirect charge transfer (∆G‡

CS (C60(S1))) in both dyads are low (< 0.1 eV) in 
both solvents. Hence, indirect charge transfer within the ‘normal’ region can occur for both 
dyads in both solvents. The barriers for direct charge transfer (∆G‡

CS (4T(S1))) are 
significantly higher in toluene than in ODCB for both dyad molecules. Consequently, a direct 
electron transfer from the 4T(S1) state is hampered in toluene, because the activation barrier 
for charge transfer within the ‘inverted’ region is too high. In ODCB, the barrier for direct 
charge transfer is apparently sufficiently reduced. 

For the flexible dyad, the distance between the chromophores dramatically influences 
the activation barrier for direct and indirect charge transfer. At short interchromophoric 
distance (8.0 Å) indirect charge transfer occurs in both toluene and ODCB as barrier for 
indirect charge transfer (∆G‡

CS (C60(S1)) is sufficiently low, while the barrier for direct charge 
transfer (∆G‡

CS (4T(S1)) is rather high. Increasing the center-to-center distance results in a 
lowering of the barrier, so that the direct charge transfer may occur. However, with increasing 
distance the electronic coupling V between donor and acceptor in the excited state is 
dramatically reduced, which according to (8.9) and (8.10) determines the rate constant for 
non-adiabatic charge separation together with ∆G‡

CS and λ. 
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Here, V0 is the maximal electronic coupling, βCS is a decay coefficient that depends 

primarily on the nature of the bridge molecule and Ree is the edge-to-edge distance of the 
chromophores. Important to note is that V is not only determined by the distance. More 
specifically, V depends on the overlap of the wave functions of the donor and acceptor in the 
excited state. Hence, V will strongly depend on the mutual orientation and the flexibility or 
fixation of the two chromophores in space. These factors are also important, when addressing 
the question whether through-space charge separation is more efficient than through-bond 
charge separation. The experiments on 4TsC60 and 4TdC60 suggest that the through-space 
process is preferred, because the chromophores are linked via the same saturated spacers. For 
a through-space charge transfer, the overlap of donor and acceptor is of course essential, even 
more than a simple parameter as the distance. 
 
 
8.7 Conclusions 
 

Singly or doubly connected quaterthiophene-fullerene dyads show both energy and 
electron transfer in toluene and ODCB. Spectral evidence for charge formation within these 
dyads has been obtained via photoinduced absorption spectroscopy. In toluene, the charge-
separated state is reached in both cases via an indirect charge transfer with rate constants in 
the order of 109 s-1, following a singlet-energy transfer reaction from 4T(S1) to C60(S1). No 
direct charge transfer from 4T(S1) is observed in toluene as the barrier for this process is 
insuperable. In ODCB, direct charge transfer occurs from 4T(S1) in addition to the indirect 
pathway and its rate competes for both dyads with the fast energy transfer processes. The 
direct electron transfer in ODCB is a consequence of the reduced activation energy barrier for 
this process compared to toluene. The rate constants of direct electron transfer and energy 
transfer for the geometrically constrained dyad 4TdC60 are one order of magnitude larger than 
for the flexible 4TsC60. This tenfold increase indicates that the constraints imposed to the 
orientation of the chromophores in the 4TdC60 dyad result in stronger interactions between the 
excited states of the 4T and C60 chromophores. The Gibbs free energy for charge separation in 
solution, expressed by the Weller equation, fully supports and explains the experimental data 
of both dyads in solvents of different polarity. 

In solution the rate constants for the recombination of the geminate pair of charges in 
4TsC60 and 4TdC60 are higher than the rate of their formation, as has been inferred from 
fitting the transient profile of the 4T•+ absorption using the forward electron transfer rates 
obtained from photoluminescence spectroscopy. This fast recombination of opposite charges 
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contrasts with porphyrin-C60 dyads for which lifetimes of the charge-separated state have been 
reported in the range of 10-100 ps.9 Because the recombination is deeply in the ‘inverted’ 
region, the origin of the fast recombination cannot be explained by Marcus theory. Hence, 
further studies are required to understand the recombination of charges in these face-to-face 
complexes. 

Of course, a fast intramolecular recombination reaction is not beneficial for a good 
photovoltaic device. However, the near steady-state PIA experiments show that in contrast to 
the fast recombination in solution, the lifetime of some charges created in the solid-state, 
extends into the micro- to millisecond time domain. This much longer lifetime in the solid-
state is attributed to migration of the positive and negative charges to adjacent dyad molecules 
that escape from geminate (intramolecular) recombination, as mentioned in chapter 5 and 7. 

In conclusion, the faster intramolecular energy transfer and electron transfer in 4TdC60 
dyad compared to 4TsC60 can be related to the imposed face-to-face orientation of the donor 
and acceptor chromophores. These enhanced interactions explain indirectly the fast excited 
state phenomena in the solid-state between conjugated polymers and fullerenes. 
 
 
8.8 Experimental section 
 
Electrochemistry. Electrochemistry was carried out with a PAR 273 Potentiostat-Galvanostat in a three-
electrode single compartment cell equipped with platinum microelectrodes of 7.85×10-3 cm2 area, a 
platinum wire counter electrode and a Ag/AgCl reference electrode. Experiments were performed in 
dichloromethane (HPLC grade) containing 0.20 M of Bu4NPF6. Solutions were deaerated by argon 
bubbling prior to each experiment, which was run under an argon atmosphere. 
 
Absorption and fluorescence spectroscopy. UV/Vis absorption and fluorescence spectra were recorded 
on a Perkin Elmer Lambda 40 spectrometer, and on an Edinburgh Instruments FS920 double-
monochromator luminescence spectrometer using a Peltier-cooled red-sensitive photomultiplier, 
respectively. All UV/Vis and fluorescence measurements were carried out in 10 mm quartz cells. All 
measurements were carried out at room temperature unless indicated otherwise. Spectra were not corrected 
for the Raman scattering of the solvent or for the differences in refractive indices of the solvents. Solvents 
for absorption and fluorescence measurements were used as received. 
 
Time-correlated single photon counting. Time-correlated single photon counting fluorescence studies 
were performed using an Edinburgh Instruments LifeSpec-PS spectrometer. The LifeSpec-PS comprises a 
400 nm picosecond laser (PicoQuant PDL 800B) operated at 2.5 MHz and a Peltier-cooled Hamamatsu 
micro-channel plate photomultiplier (R3809U-50). Lifetimes were determined from the data using the 
Edinburgh Instruments software package. 
 
Near steady-state photoinduced absorption. Solutions containing 2×10-4 M of each compound were 
prepared in a nitrogen-filled glove box in order to exclude interference of oxygen during measurements. 
The PIA spectra were recorded between 0.5 and 3.0 eV by exciting with a mechanically modulated cw 
argon ion laser (λ = 458 or 528 nm; 275 Hz) pump beam and monitoring the resulting change in 
transmission of a tungsten-halogen probe light through the sample (∆T) with a phase-sensitive lock-in 
amplifier after dispersion by a grating monochromator and detection, using Si, InGaAs and cooled InSb 
detectors. The pump power incident on the sample was typically 25 mW with a beam diameter of 2 mm. 
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The PIA (-∆T/T ≈ ∆αd) is directly calculated from the change in transmission after correction for the 
photoluminescence, which is recorded in a separate experiment. Photoinduced absorption spectra and 
photoluminescence spectra are recorded with the pump beam in a direction almost parallel to the direction 
of the probe beam. The solutions were studied in a 1 mm near-IR grade quartz cell at room temperature. 
Solvents for PIA measurements were distilled under nitrogen before use. The solid-state measurements 
were performed on films, drop cast from chloroform solution, on a quartz substrate and held at 80 K in an 
Oxford continuous flow cryostat. 
 
Transient sub-picosecond photoinduced absorption. The femtosecond laser system used for pump-probe 
experiments consists of an amplified Ti/sapphire laser (Spectra Physics Hurricane). The single pulses from 
a cw mode-locked Ti/sapphire laser are amplified by a Nd-YLF laser using chirped pulse amplification, 
providing 150 fs pulses at 800 nm with an energy of 750 µJ and a repetition rate of 1 kHz. The pump 
pulses at 450 nm are created via optical parametric amplification (OPA) of the 800 nm pulse by a BBO 
crystal into infrared pulses which are then two times frequency doubled via BBO crystals. The probe beam 
is generated in a separate optical parametric amplification set-up in which the 500, 880, and 1325 nm 
pulses are created. The pump beam was focused to a spot size of about 1 mm2 with an excitation flux of 
typically 1 mJ/cm2 per pulse. For the 880 nm and 1325 nm pulses a RG 850 nm cut-off filter was used to 
avoid contributions of residual probe light (800 nm) from the OPA. The probe beam was reduced in 
intensity compared to the pump beam by using neutral density filters of OD = 2. The pump beam was 
linearly polarized at the magic angle of 54.7° with respect to the probe, to cancel out orientation effects in 
the measured dynamics. The temporal evolution of the differential transmission was recorded using Si and 
InGaAs detectors by a standard lock-in technique at 500 Hz. Solutions in the order of 2-5×10-4 M were 
excited at 450 nm, i.e. providing primarily excitation of the 4T part within the dyad molecules. 
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Epilogue 
 

The first chapters of this thesis describe the photophysical properties of different 
conjugated polymer-TiO2 architectures. The results demonstrate that a nanosized organization 
of the donor and acceptor phases is required to obtain efficient charge generation in an 
optically dense thin film. The polymer-TiO2 bulk-heterojunction, which has been introduced 
in chapter 4, is a new and promising concept for polymer-TiO2 solar cells that can be prepared 
using a very simple technology. Further improvements of this hybrid bulk-heterojunction can 
be expected, when the inorganic phase can be rendered crystalline rather than amorphous. 
This will enhance charge carrier mobility in the metal oxide considerably, facilitate electron 
transport, and ultimately increase the energy conversion efficiency. Various combinations of 
inorganic semiconductors (TiO2, ZnO) and π-conjugated polymers (poly(p-phenylene 
vinylene)s, polythiophenes, and low-band gap polymers) can be explored as active materials 
in hybrid bulk-heterojunctions. 

In the second part of the thesis, a detailed investigation is presented on the primary 
photophysical events within covalently linked conjugated oligomer-fullerene systems, which 
serve as well-defined model compounds for the more disordered polymer-C60 bulk-
heterojunctions. The experiments have shown that photoinduced charge transfer in these 
model systems, when dissolved in a polar solvent, is preceded by an ultrafast singlet-energy 
transfer reaction from the donor to the fullerene, while in the solid-state the rate for electron 
transfer is increased and competes with the ultrafast energy transfer. This behavior has been 
rationalized in terms of the shorter distance and the different geometrical orientation of the 
chromophores. Both in solution and in the solid-state, selective photoexcitation of the 
fullerene also leads to charge transfer with a high efficiency and, hence, the primary singlet-
energy transfer reaction is not detrimental for efficient charge generation. Besides the forward 
charge transfer efficiency, the lifetime of the formed charges is important for the efficiency of 
an organic solar cell, because it determines the time that is available for transport and 
collection of charges. The lifetime of photogenerated charges in covalently linked donor-
fullerene systems in solution is below 100 ps, and even limited to a few ps or less for face-to-
face oriented chromophores. On the other hand, in the solid-state geminate recombination is 
slowed down considerably; the initial recombination has a time constant of more than 1 ns. 
This fortunate effect in the solid-state rationalizes the high incident photon-to-electron 
conversion efficiency in PPV-C60 bulk-heterojunction solar cells of more than 50% at the 
absorption maximum of PPV. Apparently, ultrafast recombination of the geminate electron-
hole pairs is prevented in the solid-state as a consequence of migration of charges to 
neighboring sites in the film. For the future, it will be of interest to investigate in more detail 
why and how this ultrafast migration of photogenerated charges occurs in the film. Perhaps, 



 

charge migration can even be improved by using structurally ordered donor-acceptor arrays. 
Understanding the change in the charge transfer mechanisms when going from an isolated 
molecule to a material is a challenge for future research. 



Summary 
 

Photoinduced electron transfer between an electron donor and an electron acceptor is 
the crucial step to convert sunlight into electricity within organic solar cells. Semiconducting 
polymers are attractive as the photoactive material for ‘future plastic photovoltaic cells’. At 
the moment, the most promising concepts for solid-state polymer photovoltaic cells are the 
polymer TiO2 cell and the polymer-fullerene bulk-heterojunction cell. In this thesis, 
photophysical studies have been performed to study charge formation and charge 
recombination in these systems. 

The photophysical properties of polymer-TiO2 junctions, discussed in chapters 2 to 4 
were performed with the aim to identify and possibly overcome the bottlenecks, that presently 
limit the efficiency of solid-state polymer-TiO2 solar cells. In chapters 5 to 8, the primary 
photophysical events of polymer-fullerene bulk-heterojunctions are studied in detail using 
well-defined covalently linked oligomer-fullerene models to unravel the mechanism of charge 
formation. 
 
Polymer-TiO2 based solar cells. Direct evidence of a photoinduced electron transfer between 
π-conjugated polymers, in particular derivatives of poly(p-phenylene vinylene)s (PPVs) and 
polythiophenes (PTs), and the semiconductor TiO2 was obtained via photoinduced absorption 
(PIA) spectroscopy and lightinduced electron spin resonance (LESR) measurements. 
Photoexcitation of the polymer adsorbed onto porous nanocrystalline TiO2 resulted in the 
formation of long-lived radical cations of the polymer as inferred from their typical 
absorptions in the near-IR and Vis region (0.5 and 1.5 eV). The fluorescence of the polymers 
was partly quenched, when contacted with nc-TiO2. Although the charge transfer reaction 
occurs from the photoexcited polymer to nc-TiO2, the performance of these hybrid polymer-
inorganic semiconductor solar cells is limited. Problems were encountered in filling the 
nanosized pores efficiently, due to the size of the polymer chains. As a result, many 
photoexcitations in the polymer are lost by radiative and non-radiative decay processes before 
reaching the donor-acceptor interface. The interchromophoric distance between the polymer 
and TiO2 is too large compared to the exciton diffusion length of conjugated polymers 
(typically ~10 nm). To overcome this problem and to generate charges more efficiently, a 
nanosized organization of the two components is required. In this thesis, two alternative 
routes were taken to improve the charge transfer efficiency in these hybrid donor-acceptor 
systems, aiming at improved photovoltaic performance. 

First, an oligo(p-phenylene vinylene) with an anchoring acid group (OPV3-COOH) was 
used as a model compound for PPV, showing an improved interaction with the TiO2 surface. 
Langmuir adsorption studies showed that the monolayer coverage of OPV3-COOH on nc-



TiO2 resulted in a 35% filling of the nanopores. As a consequence of the efficient filling of 
the TiO2 pores, an efficient charge transfer was realized. In addition, a dye-sensitized solar 
cell was made, using OPV3-COOH as sensitizing dye and a liquid electrolyte as medium for 
hole transport. The incident photon-to-electron conversion efficiency is 55% and 
demonstrates that not only the charge generation is efficient, but also that the collection 
efficiency is high. This implies that the charge recombination across the OPV3-COOH/TiO2 
interface is appreciable slower than the forward electron transfer. 

Second, a new and simple strategy is presented for making a bulk-heterojunction 
polymer-TiO2 solar cell and creating a large interfacial area between TiO2 and PPV via phase 
separation in the nanometer range. To create this solid-state bulk-heterojunction, a mixture of 
a PPV derivative and a precursor of TiO2, titanium isopropoxide, was spin coated on a 
substrate, after which the precursor was converted into TiO2 via hydrolysis in air. Quenching 
of the fluorescence and observation of photogenerated radical cations via LESR and near 
steady-state PIA measurements confirmed that a photoinduced charge transfer reaction 
occurred between PPV and TiO2 in this hybrid bulk-heterojunction. The hybrid bulk-
heterojunction was used as the active layer in photovoltaic cells, providing incident photon-to-
electron conversion efficiencies up to 11%. 
 
Polymer-C60 based solar cells. The photophysics of molecular donor-acceptor dyads 
consisting of oligothiophene nT or oligo(p-phenylene vinylene) OPVn as electron donor and 
C60 as electron acceptor, have been investigated both in solution and in the solid-state using 
(time-resolved) fluorescence and (time-resolved) photoinduced absorption spectroscopy. 

Photoexcitation of the oligothiophene moiety of C60-nT-C60 triads (with n = 3, 6, and 9 
thiophene units) dissolved in an apolar solvent like toluene, results in a singlet-energy transfer 
reaction to the fullerene moiety. In polar solvents this singlet-energy transfer is followed by 
an intramolecular photoinduced charge separation for n = 6 and 9, and to some extent for n = 
3. For C60-9T-C60 dissolved in o-dichlorobenzene (ODCB), the time constants for energy and 
electron transfer are 95 fs and 10 ps, respectively. The lifetime of the charge-separated state 
for C60-9T-C60 in this solvent is 80 ps. The preferences for intramolecular energy and electron 
transfer reactions, as a function of conjugation length and solvent permittivity, are in full 
agreement with predictions that can be made using the Weller equation for the change in free 
energy upon charge separation in solution. In the solid-state, photoexcitation of the triads 
results in an electron transfer reaction for n = 6 and 9, and to some extent for n = 3. The 
lifetime of the charge-separated state in the film extends in the millisecond time domain as a 
result of charge migration to different molecular sites. 

Photoinduced intermolecular energy and electron transfer in mixtures of oligo(p-
phenylene vinylene)s (OPVns, with n = 2-7, the number of phenyl rings) and N-



methylfulleropyrrolidine (MP-C60) has been studied in solution with near steady-state PIA 
spectroscopy. For n > 5 the energy level of the OPVn(T1) triplet state drops below the 1.50 eV 
energy of the MP-C60(T1) state and as a result triplet-energy transfer is observed from the 
fullerene molecule to the OPVn molecules in toluene. In this apolar solvent, a charge-
separated state is not formed from either of the triplet states. In a more polar solvent, like 
ODCB, photoexcitation of MP-C60 generates the corresponding triplet state, which is 
quenched in a one-electron reduction reaction by OPVn for n > 2. Charge transfer in these 
donor-acceptor mixtures for n > 2 is in full agreement with the calculated change in free 
energy for charge separation.  

For OPVn-C60 dyads (with n = 3 and 4; n the number of phenyl rings), the same two-
step mechanism for charge separation is observed as for the C60-nT-C60 triads: an ultrafast 
singlet-energy transfer reaction with a time constant of 190 fs from the donor to the fullerene 
occurs prior to the electron transfer (10-13 ps), that is only allowed in polar media. Again the 
lifetime of the photoinduced charges is short (50-90 ps). Both forward and backward electron 
transfer for OPV4-C60 are influenced by the polarity of the solvent, in accordance with 
Marcus theory. Despite the short lifetime of the charge-separated state in solution, a solar cell 
of this molecular dyad works. The reason for the photovoltaic properties of such a dyad is the 
migration of photogenerated charges to neighboring molecules in the solid-state, preventing 
fast recombination. Moreover it turned out that, irrespective of the photoexcited moiety, the 
forward electron transfer reaction for OPV4-C60 in the solid-state proceeds much faster (< 500 
fs) than the intramolecular charge transfer reaction in solution (5-20 ps). This difference in 
rate constants for forward electron transfer is rationalized by the orientation of the photoactive 
chromophores. In the solid-state, an intermolecular charge transfer reaction takes place, 
because of the close proximity of donor and acceptor chromophores. Studies on blends of 
PPV and C60 show similar photophysical properties: electron transfer occurs within 500 fs, 
irrespective of the photoexcited chromophore. Based on these results, it is plausible that in 
polymer-fullerene blends, energy transfer competes with electron transfer directly after 
photoexcitation of PPV. 

To determine the importance of the mutual orientation of the two chromophores on the 
rates for energy and electron transfer, a donor-acceptor dyad (4TdC60) with a rigid face-to-
face orientation of 4T and C60 was studied. For this face-to-face 4TdC60 dyad, direct electron 
transfer from the oligothiophene singlet-excited state and (ultrafast) energy transfer compete 
in ODCB directly after photoexcitation. The geometrical fixation of the donor and acceptor 
chromophores in 4TdC60, results in rate constants for energy and electron transfer, that are 
more than an order of magnitude larger than for a flexible 4TsC60 dyad. For both dyads, 
charge recombination is extremely fast as inferred from the picosecond resolved temporal 
evolution of the excited state absorption of the 4T•+ radical cation both in toluene and ODCB. 



Samenvatting 
 

Fotogeïnduceerde elektronenoverdracht tussen een elektron-donor en een elektron-
acceptor is in organische zonnecellen de cruciale stap om zonlicht om te zetten in elektriciteit. 
Halfgeleidende polymeren zijn attractief als aktieve laag voor ‘toekomstige plastic 
zonnecellen’. Op dit moment zijn de polymeer-TiO2 cellen en de polymeer-fullereen[C60] 
bulk-heterojunctie cellen de meest veelbelovende concepten voor vaste stof polymeren 
zonnecellen. In dit proefschrift is de vorming en recombinatie van ladingen in deze twee 
systemen onderzocht met behulp van fotofysische metingen. 

In hoofdstuk 2 t/m 4 staan de fotofysische eigenschappen van polymeer-TiO2 juncties 
beschreven. Deze metingen zijn verricht met het doel om de huidige bottlenecks, die de 
efficiëntie van de vaste stof polymeer-TiO2 zonnecellen limiteren, te vinden en indien 
mogelijk te verhelpen. Om het mechanisme voor ladingsvorming in polymeer-fullereen bulk-
heterojuncties te achterhalen, zijn in hoofdstuk 5 t/m 8 de initiële fotofysische processen na 
fotoexcitatie in detail bestudeerd met goed gedefiniëerde covalent gebonden oligomeer-
fullereen modelsystemen. 
 
Polymeer-TiO2 gebaseerde zonnecellen. Fotogeïnduceerde absorptie (PIA) spectroscopie en 
lichtgeïnduceerde elektron spin resonantie (LESR) metingen hebben een direct bewijs 
geleverd voor lichtgeïnduceerde ladingsoverdracht tussen π-geconjugeerde polymeren, in het 
bijzonder derivaten van poly-(p-fenyleen vinylenen) (PPVs) en polythiofenen (PTs), en de 
halfgeleider TiO2 (hoofdstuk 2). Karakteristieke absorpties in het nabij-IR en het zichtbaar 
gebied (0.5 en 1.5 eV) tonen aan dat foto-excitatie van het polymeer, dat in het poreuze 
nanokristallijn (nc-) TiO2 geadsorbeerd is, leidt tot langlevende radicaal kationen van het 
polymeer. De hoeveelheid fluorescentie van de polymeren was gedeeltelijk afgenomen. 
Alhoewel ladingsoverdracht optreedt tussen het geëxciteerde polymer en nc-TiO2, is de 
performance van deze hybride polymeer-anorganische halfgeleider zonnecellen gelimiteerd. 
De nanoporiën van TiO2 kunnen niet efficiënt gevuld worden, vanwege de omvang en grootte 
van de polymeerketens. Daardoor vervallen veel foto-excitaties via stralende en niet-stralende 
processen naar de grondtoestand, voordat het interface met TiO2 wordt bereikt. De onderlinge 
afstand tussen het geconjugeerde polymeer en TiO2 is te groot ten opzichte van de exciton 
diffusieweglengte van geconjugeerde polymeren (5-20 nm). Om de efficiëntie van 
ladingsoverdracht te verbeteren is het noodzakelijk dat beide componenten op nanometer 
schaal in contact komen. In dit proefschrift zijn twee routes onderzocht om de 
ladingsoverdracht te verhogen in deze hybride donor-acceptor systemen om zodoende de 
performance van de zonnecel te verbeteren. 



Daartoe is allereerst een oligo(p-fenyleen vinyleen) met een zuur groep (OPV3-COOH) 
bestudeerd, als modelverbinding voor PPV. Ten gevolge van de zuurgroep is er een 
verbeterde interactie met het TiO2 (hoofdstuk 3). Langmuir adsorptiestudies laten zien dat een 
monolaag van OPV3-COOH op TiO2 resulteert in een efficiënte ladingsoverdracht. Een 
hybride kleurstof zonnecel met OPV3-COOH als kleurstof en een vloeibaar elektrolyt als 
medium voor gatengeleiding laat zien, dat de efficiëntie voor de omzetting van invallende 
fotonen naar elektrische stroom 55% is. Dit toont niet alleen de efficiënte ladingsoverdracht 
aan, maar ook de efficiënte collectie van de ladingen aan de elektroden. Bovendien impliceert 
dit, dat de ladingsrecombinatie aan het OPV3-COOH/TiO2 interface aanzienlijk lager is dan 
de ladingsoverdracht. 

Ten tweede is er een nieuwe en eenvoudige strategie gevonden om een groot contact 
oppervlak tussen het polymeer en TiO2 te verkrijgen middels fasescheiding op nanometer 
domein via het maken van een bulk-heterojunctie polymeer-TiO2 zonnecel (hoofdstuk 4). Om 
deze vaste stof bulk-heterojunctie te maken, is een oplossing van een PPV derivaat en titaan 
isopropoxide, een precursor van TiO2, op een substraat gespincoat, waarna de precursor 
omgezet werd in TiO2 via hydrolyse aan de lucht. Met behulp van LESR en PIA metingen 
werd na foto-excitatie een grote afname van de PPV fluorescentie en de vorming van PPV 
radicaal kationen waargenomen, hetgeen duidt op een efficiënte ladingsoverdracht tussen het 
PPV en TiO2 in dit hybride bulk-heterojunctie systeem. De hybride bulk-heterojunctie is als 
fotoactieve laag gebruikt in fotovoltaïsche cellen, resulterend in een omzetting van 11% van 
de invallende fotonen in elektrische stroom. 
 
Polymeer-C60 gebaseerde zonnecellen. De fotofysica van moleculaire donor-acceptor diaden 
bestaande uit oligothiofeen nT of oligo(p-fenyleen vinyleen) OPVn eenheden als elektron-
donor en een C60 eenheid als elektron-acceptor, is zowel in oplosssing als in de vaste stof 
bestudeerd met behulp van (tijdsopgeloste) fluorescentie en (tijdsopgeloste) fotogeïnduceerde 
absorptie spectroscopie. 

Foto-excitatie van de oligothiofeen eenheid in C60-nT-C60 triaden (met n = 3, 6, en 9 
thiofeen eenheden) opgelost in een apolair solvent, zoals tolueen, leidt tot een singlet energie-
overdrachtsreactie van de oligothiofeen naar de fullereen eenheid (hoofdstuk 5). In polaire 
oplosmiddelen vindt na deze singlet energie-overdrachtsreactie een intramoleculaire 
ladingsscheiding plaats voor n = 6 en 9, en in zekere mate voor n = 3. Voor C60-9T-C60 in o-
dichlorobenzeen (ODCB) zijn de tijdsconstantes voor energie- en ladingsoverdracht 95 fs en 
10 ps, respectievelijk. De levensduur van de ladingsgescheiden toestand voor C60-9T-C60 in 
ODCB bedraagt 80 ps. Het optreden van de intramoleculaire energie- en 
ladingsoverdrachtsprocessen met betrekking tot de conjugatielengte van het oligomeer en de 
polariteit van het oplosmiddel zijn in overeenstemming met de Weller vergelijking, die de 



verandering in vrije energie voor ladingsscheiding in een oplossing weergeeft. In de vaste 
toestand treedt er in de triaden na foto-excitatie een ladingsoverdrachtsreactie op voor n = 6 
en 9, en in zekere mate voor n = 3. Na milliseconden zijn er nog ladingen waarneembaar, 
omdat de ladingen naar andere moleculaire plaatsen in de film migreren. 

Fotogeïnduceerde intermoleculaire energie- en elektronenoverdracht in mengsels van 
oligo-p-fenyleen vinylenen (OPVns; met n = 2-7, n is het aantal fenyl ringen) en N-
methylfulleropyrrolidine (MP-C60) is in oplossing bestudeerd met PIA spectroscopie 
(hoofdstuk 6). Voor n > 5 valt de energie van de OPVn(T1) triplet toestand onder de energie 
van MP-C60(T1) triplet toestand van 1.50 eV, zodat er na foto-excitatie in tolueen een triplet 
energie-overdrachtsreactie optreedt van het fullereen molecuul naar de OPVn moleculen. In 
dit apolaire oplosmiddel wordt zowel vanuit de fullereen triplet toestand als vanuit de OPVn 
triplet toestand geen ladingsgescheiden toestand gevormd. In een meer polair oplosmiddel, 
zoals ODCB, treedt er fotogeïnduceerde ladingsoverdracht op tussen MP-C60 en OPVn met n 
> 2 vanuit de triplet toestand van MP-C60, hetgeen in overeenstemming is met de berekende 
verandering in vrije energie voor ladingsscheiding. 

In het geval van OPVn-C60 diaden (met n = 3 en 4; n is het aantal fenylringen) treedt na 
foto-excitatie hetzelfde twee-staps mechanisme voor ladingsoverdracht op als in de C60-nT-
C60 triaden: een supersnelle singlet energie-overdrachtsreactie van de donor naar de fullereen 
met een tijdsconstante van 190 fs, waarna alleen in polaire oplosmiddelen de 
elektronenoverdracht optreedt met tijdsconstantes van 10-13 ps (hoofdstuk 7). Opnieuw is de 
levensduur van de lichtgeïnduceerde ladingen kort (50-90 ps). De polariteit van het 
oplosmiddel beïnvloedt zowel de voorwaartse als de terugwaartse elektronenoverdracht in 
OPV4-C60 in overeenstemming met de Marcus theorie. Ondanks het feit dat de 
ladingsgescheiden toestand in oplossing van korte duur is, kan een werkende zonnecel op 
basis van deze moleculaire diade gemaakt worden. De fotovoltaïsche eigenschappen van een 
dergelijke diade worden verkregen door de migratie van ladingen naar nabijgelegen 
moleculen in de vaste stof, zodat snelle recombinatie wordt voorkomen. Bovendien blijkt dat, 
ongeacht welk chromofoor geëxciteerd wordt, de ladingsoverdracht voor OPV4-C60 in de 
vaste toestand veel sneller is (< 500 fs) dan de intramoleculaire ladingsoverdracht in oplossing 
(5-20 ps). Dit verschil in tijdsconstantes ten aanzien van de voor- en terugwaartse 
elektronenoverdracht kan verklaard worden door het verschil in oriëntatie van beide 
fotoactieve chromoforen. In de vaste toestand treedt een intermoleculaire ladingsoverdracht 
op, vanwege de korte afstand tussen de donor en acceptor chromoforen. Blends van PPV en 
C60 vertonen vergelijkbare fotofysische eigenschappen: elektronenoverdracht treedt binnen 
500 fs op, ongeacht welke chromofoor geëxciteerd wordt. Omdat de voorwaartse 
elektronenoverdracht vanuit C60 ook binnen 500 fs optreedt, kan direct na foto-excitatie van 



de PPV in deze blends een singlet energie-overdrachtsreactie van PPV naar C60 niet worden 
uitgesloten. 

Het belang van de wederzijdse oriëntatie van de twee chromforen op de 
snelheidsconstantes voor energie- en elektronenoverdracht is onderzocht aan de hand van een 
donor-acceptor diade (4TdC60) met een rigide face-to-face oriëntatie van de 4T en de C60 
chromoforen (hoofdstuk 8). Na foto-excitatie treedt op een supersnelle tijdsschaal zowel 
directe elektronenoverdracht vanuit de oligothiofeen singlet aangeslagen toestand alsmede 
singlet energie-overdracht op. De geometrische fixatie van de donor en acceptor chromoforen 
in 4TdC60 leidt tot snelheidsconstantes voor energie- en elektronenoverdracht, die een orde 
groter zijn dan die voor een vergelijkbare flexibele 4TsC60 diade. Aan de hand van 
tijdsopgeloste PIA van het 4T•+ radicaal kation is te zien, dat ladingsrecombinatie in beide 
diaden zowel in toluene als in ODCB ook supersnel is. 
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potten tijdens een potje ‘pool-biljarten’. Joop Knol wil ik bedanken voor de syntheses van de 
vele C60-derivaten die in dit proefschrift beschreven staan. 

Uiteraard gaat ook dank uit naar de ECN-club: Jan Kroon, Wiljan Verhees en Lenneke 
Slooff voor de samenwerking met name op het vlak van de polymeer/TiO2 zonnecellen. De 
twee eenheid Jan-Martijn was zeer goed voor de nuchtere kijk op de ontwikkeling van 
organische zonnecellen. 

The collaboration with the Linz-group was great. The first practical course by Serdar 
Sariciftci and Christoph Brabec in Groningen: “How to make a polymer-C60 solar cell” was 
very nice. Serdar, ultrafast is not the right word for me, when skiing downhill. 

Natuurlijk ben ik zeer dankbaar voor de fraai ontworpen moleculen van de organisch 
synthetici. Emiel Peeters en Bea Langeveld-Voss, jullie moleculen zijn voor mij een leidraad 
geweest gedurende de gehele promotie. Ik denk dat dit het best benadrukt wordt door het feit 
dat er nu nog steeds aan jullie moleculen gemeten wordt! 

I like to acknowledge Jean Roncali from Université d’Angers, and especially Bruno 
Jousselme, who synthesized the quaterthiophene-fullerene dyads described in chapter 8. 

I am grateful that I had been able to collaborate with two Indian ‘workaholics’: 
Anantharaman Dhanabalan and Manickam Jayakannan. You guys synthesized so many new 
materials in a short time, incredible. Thanks to you the first steps towards low-band gap 
materials have been made in Eindhoven. Hopefully, the future is black. 

Pascal Jonkheijm en Wouter van Gennip wil ik bedanken voor de AFM en XPS 
metingen van de polymeer-TiO2 bulk-heterojunctie. 

Also I like to thank the ultrafast people in Milano. Giulio Cerullo, Dario Polli, and 
Christoph Gadermaier. Giulio, thanks for the huge support with the fast measurements. 
Christoph, thanks for your great hospitality as being my interpreter. Thanks to you all, I had 
very nice evenings: playing some soccer matches, the huge pizzas, and the relaxation time in 
some pubs. 

Dan zijn er een aantal mensen die ik wil bedanken vanwege een aantal 
samenwerkingsprojecten: Albert Schenning, Alicia Marcos Ramos, Jolanda Spiering, Abdel 
El-Ghayouri, Jeroen van Duren  en Ton Offermans. 

Verder wil ik Hans Regeer en Paul Graf van Spectra Physics bedanken voor de snelle en  
adequate hulp en uitleg van de laser systemen. 

Naast de bezigheden op de werkvloer, is de sfeer op de kamer belangrijk. In de eerste 
jaren heb ik ‘samengewoond’ met Joke Apperloo en Stefan Meskers. De foto’s en de 
inrichting van STO4.29 met knuffelbeesten en een Tweety poster zeggen voldoende. De 
laatste tijd heb ik STO4.29 met de twee gezellige, serieuze dames Edda Neuteboom en 
Patricia Dankers mogen delen. 



Dankzij de perfecte structuur binnen SMO ben ik vele mensen dankbaar voor de ”kleine 
dingen”. Met name Hans Damen, Hannie van der Lee (Eindhoven zal wezen, Eindhoven ...), 
Henk Eding, Hanneke Veldhoen, Ingrid Dirkx en Emma Eltink. 

De nodige ontspanning en relativering van de scheikunde is belangrijk. Daarom wil ik 
zowel mijn oude schoolmaten: Kim-Jan, Geert, Jeroen, Joep en Joos, als het ‘thuisfront’aan de 
Jeroen Boschlaan: Madjes, Trekking, Papa, Rimbo, Tommy, Duck, Petje, Henk, Spokkie, 
Kapitein, Scheikabouter, Buug, The Touch, en natuurlijk de 2 huisjes erlangs, bedanken voor 
de schôn jaren. 

Tenslotte bedank ik mijn ouders, het andere ’thuisfront’ in Vessem. Het is belangrijk 
om de zaken waar het om draait in het leven te onderscheiden van de rest. Natuurlijk ook mijn 
zus(je) Ellen en haar man Kjell voor de gezellige tijd en de vele lekkere etentjes tijdens de 
laatste maanden van dit proefschrift. Annelies, ongelooflijk bedankt voor je geduld en de 
ontspanning tijdens de laatste maanden. Na jarenlang op en neer gereis wordt het eens tijd dat 
we één dak boven ons hoofd gaan zoeken. Op weg naar mooie jaren! 
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Stellingen 
 
 

Behorende bij het proefschrift 
 

 
Photophysics of Molecules and Materials for Polymer Solar Cells 

 
 

door 
 

Paulus Albertus van Hal 
 
 
 
1.  Een Marcus theorie voor fotogeïnduceerde elektronenoverdracht in de vaste fase zal het  

begrip van de fotofysica van donor-acceptor systemen voor organische zonnecellen 
aanzienlijk verhogen. 

 
2.  De zeer langlevende fotogeïnduceerde ladingen voor donor-C60 systemen, waargenomen in 

benzonitril of gechloreerde oplosmiddelen, zijn eerder het gevolg van een irreversibele 
elektronenoverdracht naar het oplosmiddel, dan van de gewenste intramoleculaire 
ladingsgescheiden toestand. 

 M. Fujitsuka, O. Ito, T. Yamashiro, Y. Aso, T. Otsubo, J. Phys. Chem. A. 2000, 104, 4876. 

 
3.  Het vinden van een ladingsgescheiden toestand in ‘zuivere’ polythiofenen moet met een 

‘korreltje zout’ worden genomen. 
  R. Österbacka, C. P. An, X. M. Jiang, Z. V. Vardeny, Science 2000, 287, 839; 

 Westerling, R. Österbacka, H. Stubb, Synth. Met. 2001, 119, 623. 
 
4.  De Förster theorie is niet in staat om de sub-picoseconde energie-overdrachtsreactie in   

geconjugeerde oligomeer-C60 diaden adequaat te beschrijven. 
 Hoofdstuk 5 en 7 van dit proefschrift. 

 
5. Het gebruik van willekeurige lichtbronnen en het beperken van de lichtintensiteit kan 

slechte organische zonnecellen in een ‘goed’ daglicht stellen. 
 
6.  Het maken van halfgeleidende polymeren die niet zo ‘licht gevoelig’ zijn in aanwezigheid 

van zuurstof en water, verdient meer aandacht.  
 



7.  Het is opmerkelijk dat de natuur met al haar complexe en elegante moleculaire systemen er 
nooit in is geslaagd om een goede energieconversie te bereiken. Kennelijk is energie voor 
de natuur minder van belang dan voor de huidige mens. 

 
8.  Onderzoek naar polymeren zonnecellen kost veel energie. 
 
9. Omdat natuurwetenschappelijk onderzoek in toenemende mate afhankelijk is van 

complexe technologie, staat het vrijdagmiddagexperimentje onder druk. 
 
10. Volwassenen in voetbalshirts met daarop de naam van hun idool weerspiegelen het 

kinderlijk  verlangen om de held te zijn. 
 
11. Culturele verschillen worden te vaak zwart-wit gezien. 
 
12. Carpe diem. 

Horatius, Odes bk.1 23 A.D., ode 11, 1.8. 
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