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1
Introduction

The current techniques with the potential to produce large scale sustainable
energy have one thing in common: all produce electricity. The major players,
being photovoltaics (PV), wind turbines and hydropower, are further
characterized by being dependent on weather conditions and day and night
cycles. Although progress is still made in the field of batteries, large scale storage
of electric energy in batteries does not seem feasible.
Fuels on the other hand can be stored and used when needed and are the most
convenient way to power transport on road, water and in the air. In ‘solar fuel’
research one aims to use the energy of the sun to drive a chemical reaction,
producing a fuel. Currently, most efforts are aimed towards hydrogen production
by water splitting. If needed, hydrogen can be converted into a liquid fuel by
follow up reactions. An alternative is to directly produce a liquid fuel by CO2
reduction, but this reaction is chemically more challenging.
In this thesis various compounds that are designed for solar fuel purposes are
studied with transient absorption spectroscopy (TAS). With this technique it is
possible to study the photophysics that follows photo-excitation of a material.
Examples of processes that can be elucidated are electron transfer between
chromophores – favoring a long lifetime – and the unwanted recombination of
the charge separated state. The following paragraphs in this chapter give a further
introduction on solar fuel research and transient absorption spectroscopy.

1.1 SOLAR FUELS: THE MOLECULAR AND SOLID-STATE
APPROACH
The use of sunlight to produce fuel is not a new concept. In photosynthesis, plants
and various algae store the energy of sunlight in energy rich molecules. From a
different perspective, most forms of solar fuel production are equivalent to the
combination of photovoltaics and chemistry. Natural photosynthesis and
photovoltaics are both valuable inspiration in the field of solar fuels. This leads to
two main directions in the design of a solar fuel device, as illustrated in Figure 1.1.
The biological inspired approach leads to solar fuel device that is based on
molecular chromophores, while the PV inspired approach tends to apply
semiconductors as light absorbers.
8

Biological photosynthetic systems are based on molecular chromophores that are
embedded in a protein structure. An example is photosystem II (PSII) of plants.
Here sunlight is captured by the chlorophyll rich antennae and transferred as
excited state energy to the reaction center. In the reaction center electron
transfer takes place in a relay of chromophores. The hole is quenched by an
electron from the manganese cluster, the catalytic center of the complex. Electron
transfer from the manganese cluster is coupled to proton transfer to stabilize the
charge separated state. The manganese cluster acts as a catalyst for water
oxidation. Four oxidations of the manganese cluster are needed for the
production of one oxygen molecule.1 Biological inspired approaches to solar fuel
production aim to apply the principles of biological synthesis in artificial
photosynthetic structures and hope to improve the energy conversion efficiency
of biology.

Figure 1.1 Inspiration for solar fuel research.

The solid state approach is inspired by the success of semiconductor
photovoltaics. In PV sunlight excites an electron from the valence band to the
conduction band and the final product is electricity. In contrast, PV-inspired solar
fuel production directly uses the photo-generated electrons and holes in chemical
reactions to form fuel. More recently hybrids of the molecular and solid-state
approach have appeared. One example is placing a molecular catalyst on a
semiconductor light absorber. Another example is the use of molecular
chromophores adsorbed on a semiconductor layer.2,3

1.2 TRANSIENT ABSORPTION SPECTROSCOPY
In ‘transient absorption spectroscopy’ or ‘pump–probe’ two laser pulses arrive at
the sample under investigation. The first to arrive ‘pump’ excites the sample to a
first, or higher excited state. The second pulse ‘probe’ is a broadband continuum,
meaning that it spans a broad range of wavelengths. Behind the sample, the
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probe is sent into the monochromator and diode detector, where effectively an
absorption spectrum is recorded, see Figure 1.2.

Figure 1.2 Transient absorption spectroscopy.

Half of the pump pulses are blocked by a chopper. The recorded signal therefore
alternates between that of the pumped sample and that of the unpumped
sample. The absorption difference spectrum (ΔA) is calculated by:
ΔA = Apumped - Aunpumped
The ΔA spectrum that is recorded shortly after excitation shows spectral features
of this specific excited state. From this state the system will evolve by processes
like relaxation, excited state energy transfer or electron transfer. This leads to
kinetic changes in the ΔA spectrum, that are recorded upon increasing the delay
of the probe.4 The generation of delays from the femtosecond to millisecond
timescale is described in a separate chapter.
In general the ΔA signal arises from three sources. Figure 1.3 illustrates the three
contributions for a sample where part of the molecules is excited to the S2 state.
In this situation there will be less ground state absorption in Apumped as compared
to Aunpumped. This appears as a negative ΔA signal called ground state bleach (GSB).
Secondly, molecules in the S2 state can undergo stimulated emission (SE). This can
be viewed as ‘negative absorption’ of the probe pulse and gives a negative
contribution to the ΔA spectrum, typically redshifted relative to GSB. The third
contribution is excited state absorption (ESA) from the S2 state to higher states.
This is only present in Apumped and appears positive in the ΔA spectrum.
An example time-dependent ΔA signal is given in Figure 1.4. The studied sample is
a carotenoid derivative. The black spectrum rises with the instrument response
function. It contains ground state bleach in the 450 nm to 560 nm region, the
10

wavelengths where the ground state carotenoid absorbs. At longer wavelengths –
that are lower in energy – stimulated emission is found. Possibly these signals are
overlapped by positive, but smaller excited state absorption.

Figure 1.3 Contributions to the transient absorption spectroscopy signal.

In time the carotenoid derivative evolved from the S2 state to the higher
vibrational states of S1 (hot S1) and further to the relaxed S1 state.5 These states
have a different ΔA spectrum given by the red and blue lines respectively.
Stimulated emission is absent in these spectra, because the S1 state of carotenoid
is optically dark. Instead, the spectra consist of ground state bleach and excited
state absorption.4

Figure 1.4 Example TAS data of a carotenoid presented as EADS.

11

1.3 GLOBAL ANALYSIS
The spectra of the carotenoid example in Figure 1.4 are obtained by global
analysis of the recorded data and referred to as Evolution Associated Difference
Spectra (EADS). The term ‘global’ refers to the simultaneous analysis of all
wavelengths.
The raw data includes ΔA spectra for a large number of delay times. In the analysis
one assumes a kinetic scheme. For example the sequential scheme illustrated in
Figure 1.5, in which the first spectrum evolves into the next spectrum with
exponential kinetics. The rates and EADS are optimized to best fit the original data
with the least number of kinetic components.6,7

Figure 1.5 A sequential analysis scheme.

If the kinetic processes of the studied sample indeed follow a sequential scheme,
the EADS are the pure spectra of an excited state species. If the kinetic pathway is
branched, the resulting EADS represent a mix of excited state species. In that case
the sequential analysis is still valuable, because one can extract the kinetic time
constants and visualize the corresponding spectral changes. To obtain the pure ΔA
spectra of an excited state species, global analysis with a target scheme can be
applied. Global analysis of transient absorption data can be analyzed conveniently
using Glotaran software.8
In Figure 1.6 the kinetics of the example carotenoid are shown in the form of
Decay Associated Difference Spectra (DADS). This is another representation of the
same global analysis results.9 The DADS display the decay of ΔA signal with a time
constant. Where the DADS is negative, the ΔA signal becomes more positive.
This is the case in the first DADS displayed in Figure 1.6 (black) and originates from
the loss of S2 stimulated emission and the growth of S1 excited state absorption,
occurring with a time constant of 128 fs. The second DADS (red, 539 fs) shows a
typical band-shift pattern that appeared in the EADS as a blue-shift of the excited
state absorption. On the 7.3 ps time constant of the final DADS the sample decays
to the ground state and the ΔA signal goes to zero.
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Figure 1.6 Example TAS data of a carotenoid presented as DADS.

1.4 PROCESSES IN MOLECULAR SYSTEMS
The major steps needed for solar fuel production are the same for the various
approaches: light absorption, charge separation and catalysis.
Upon light absorption an electron is excited to a higher energy level. Typical
timescales for a singlet excited state lifetime in molecular chromophores are
picoseconds to nanoseconds. To be able to use the excited state energy for a
chemical reaction this lifetime must be prolonged to the timescale of catalysis. For
a good catalysts this is in the order of milliseconds. In natural photosynthesis
relaxation of excited chlorophyll is minimized by (I) excitation energy transfer
from the antennae complexes to a reaction center and (II) sequential steps of
electron transfer in the reaction center to spatially separate the electron and hole.
1.4.1 Excitation energy transfer
By using excitation energy transfer processes, natural photosynthesis increases
the amount of light that is processed by one reaction center. Similarly artificial
constructs are designed to act as a funnel for excitation energy to be transferred
to a central chromophore to which catalysts can be attached. In Figure 1.7 the
yellow ovals represent the chromophores with highest excitation energy that are
poised for excitation energy transfer (EET) to the energetically lower
chromophores in the center.
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Figure 1.7 Excitation energy transfer between chromophores.

In transient absorption spectroscopy energy transfer from donor to acceptor
chromophore appears as a transition from the ΔA spectrum of the excited donor
to that of the excited acceptor.
When the coupling between two chromophores is weak Förster theory can be
used.10,11 The rate of energy transfer from donor to acceptor kEET is given by
Fermi’s golden rule as:
4π2 2
kEET =
V ρ
h DA
Here VDA is the electronic coupling of the two chromophores approximated by
dipole-dipole interaction, which decays with distance as 1/R3 and also depends
strongly on the relative orientation of the chromophores. The last term of the
equation ρ is the density of states, the number of combinations of donor and
acceptor in which energy can be transferred with energy conservation. This
corresponds to an overlap of the donor’s emission spectrum and acceptor’s
absorption spectrum, although the energy transfer process occurs nonradiative.10,11 If the coupling between chromophores is strong more quantum
mechanical methods must be used, for example Redfield theory.12
1.4.2 Electron transfer
In natural photosynthesis recombination of the electron and hole is prevented by
spatial separation of the electron transfer to subsequent chromophores. This has
been an inspiration for solar fuel research to design chains of chromophores in
which electron transfer is energetically downhill. Figure 1.8 illustrates that the
price to be paid is loss of energy.
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Figure 1.8 Separation of electron and hole by fast electron transfer.

The rates of electron transfer are successfully described by Marcus theory.13 Here
the energy landscapes of the initial state, where the electron is located on the
donor, and the final state, where the electron is located on the acceptor, are
described by two parabolas. The Arrhenius equation describes how the rate of
electron transfer kET depends on the activation energy ΔG#:
#

kET = A e-ΔG

/kT

A is a factor that includes the electronic coupling between the initial and final
state. It depends on the overlap of the electronic wavefunctions and decays
exponentially with distance between the chromophores. Marcus derived from the
parabolic energy landscapes that
(ΔG0+λ)2
ΔG =
4λ
#

Where λ is the reorganization energy and ΔG the free energy of the reaction, see
Figure 1.9. This leads to a maximum of kET when –ΔG0 = λ, the activationless
regime. Smaller rates are found in the activated regime where –ΔG0 < λ and the
inverted regime where –ΔG0 > λ.13
Recombination of the charge separated state to the ground state can be
described with the same model for electron transfer. To separate electron and
hole in a chain of chromophores one aims for the fast kinetics of the activationless
regime in the forward electron transfer processes, and the slow kinetics of the
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inverted regime for recombination. This is exactly what nature has achieved by
tuning the potentials of the chromophores in the reaction center of PSII.14

Figure 1.9 Regimes of electron transfer in Marcus theory.

In transient absorption spectroscopy, electron transfer from an excited state
shows as the evolution of the excited state spectrum to that of the cationic
spectrum of the donor and the anionic spectrum of the acceptor. These ionic
spectra can be known from spectroelectrochemistry. An important difference in
the transient absorption features of excitation energy transfer and electron
transfer is that in the first the ground state bleach of the donor disappears, while
in the latter the donor bleach remains. However, if the charge separated state
recombines faster than it is formed, the transient concentration of this state can
be too small for detection.
1.4.3 Proton-coupled electron transfer
A special class of electron transfer processes are those in which proton movement
occurs with electron movement.15 This so-called proton-coupled electron transfer
(PCET) can occur in a concerted or sequential manner. The electron and proton
often move to different acceptors. In this way the electron can tunnel long
distance, while the tunneling distance of the proton is limited by its mass.16
PCET is used in natural photosynthesis to bridge the timescales of electron
transfer dynamics and multi-electron catalysis.17 In PSII proton-coupled electron
transfer is carried out by a tyrosine residue called TyrZ. After charge separation by
the special pair of chlorophylls (P680), the initial chlorophyll donor is reduced by
TyrZ in a PCET process. Most likely the proton migrates to the nearby histidine
residue. In the next step the TyrZ neutral radical is reduced by the water oxidation
complex, again in a PCET manner. By coupling the transfer processes of an
16

electron and a proton, biology makes the oxidation of TyrZ reversible and avoids
the use of high energy intermediates.17
Synthetic models of PCET are studied for two reasons: the first is to better
understand the principle used in biology, the second to apply PCET for solar fuel
purposes.18 This thesis includes the study of two compounds aimed to perform
PCET.
1.4.4 Catalysis
To store the energy of light into fuels, the generated electrons and holes have to
be used in chemical reactions. For hydrogen production from water these are the
oxygen evolution reaction and the hydrogen evolution reaction:19
2 H2O ↔ 4 H+ + O2 + 4 e-

Eox = -1.23 V vs NHE

4 H+ + 4 e- ↔ 2 H2

Ered = 0.0 V vs NHE

A large part of solar fuel research is devoted to the design of catalysts for these
reactions. Of these reactions the oxygen evolution reaction is regarded most
challenging, because it includes four electron transfer steps. Much progress is
achieved for molecular oxygen evolution catalysts based on ruthenium and
iridium; a fast and stable molecular catalyst based on earth-abundant materials is
still lacking.20

1.5 PROCESSES IN SOLID-STATE SYSTEMS
In solid-state approaches the light absorber is a semiconductor in which an
electron is excited across the bandgap from the valence to the conduction band.
Figure 1.10 shows an outline of a solar fuel system based on a semiconductor
absorber. The main components of this so-called photoelectrochemical cell (PEC
cell) are a semiconductor photo-anode, a counter electrode (cathode) and the
electrolyte.
Upon light absorption, an electron is excited from the valence to the conduction
band. The hole travels to the semiconductor-electrolyte interface where water is
oxidized and protons are released into the electrolyte. The electron travels to the
counter electrode where the hydrogen formation reaction takes place.19
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Figure 1.10 Outline of a solar fuel system based on a semiconductor absorber.

Similar to the molecular system, the challenge is to have a recombination rate
that is lower than the forward rate of the chemical reactions. Again the solution
can be found in a physical separation of the electron and hole, here aided by band
bending in the semiconductor. When a n-type semiconductor is placed in contact
with an electrolyte electrons will be transferred from the semiconductor to the
electrolyte to equilibrate the Fermi-level of the semiconductor with the energylevel of the electrolyte. This results in band-bending of the semiconductor at the
interface, see figure Figure 1.11. For electron hole-pairs that are generated within
this so-called ‘space-charge layer’, the hole will be drawn towards the surface,
while the electron is attracted towards the opposite direction.

Figure 1.11 Band bending.

The electrons at the counter electrode and holes at the photoanode surface can
be used for the chemical reactions. In these heterogeneous systems it is possible
to use an inorganic layer, such as the Co-Pi catalyst which is widely used for water
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oxidation.21 Using molecular catalysts is also possible, they can be covalently
attached or kept in a Nafion membrane. The signatures of these processes in
transient absorption spectroscopy are discussed in chapter 6.

1.6 THIS THESIS
This thesis presents the study of various molecular chromophore systems in
Chapter 2–5. The compounds show energy transfer, electron transfer and PCET
processes as discussed in this introduction. The lifetimes of the charge separated
states of these compounds are not long enough to couple the constructs directly
to a catalyst for water splitting. Our results rather contribute to the solar fuel field
by increasing the understanding of photo-physical interactions in linked
chromophores. In fact, none of the studied constructs behaved exactly as
expected from the chemical structure. This illustrates that the behavior of coupled
chromophores depends on small details in the molecular design. Understanding
these details will be of vital importance for the application of molecular solar fuel
systems.
In chapter 6 we switch to a semiconductor system: bismuth vanadate. This
material has already been applied in laboratory scale solar fuel devices.22 Our
transient absorption spectroscopy study reveals the photophysical processes that
occur on the timescales between excitation and chemical reactions.
A number of studies in this thesis are performed by using a dual-laser setup that
spans the femtosecond to millisecond timescales. Details of this setup are given in
chapter 7.
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