


Dissertation for the Degree of Doctor of Philosophy in Physical Chemistry presented at Uppsala
University in 2000

ABSTRACT
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7.

This thesis concerns electron transfer reactions from different excited states in porphyrins, and the
effect of changing the energy of the link connecting the donor and acceptor.  Photoinduced electron
transfer, and subsequent processes were studied using ultrashort laser pulses and nanosecond laser
flash photolysis.

Excitation of Zn(II)-porphyrins in the Soret band lead to population of the higher lying S2 state. The
lifetime and transient absorption spectrum was measured for the S2 state.  When an electron
acceptor was attached to the Zn(II)-porphyrin, either as an ion pair, or covalently bound through an
amide link, electron transfer was found to compete with S2 to S1 relaxation. In the ion pair, electron
transfer was faster than 200 fs, with a lifetime of the charge separated state of 1.3 ps. Further, in the
covalently linked dyad, the Zn(II) porphyrin triplet state was repopulated from a charge transfer
state.

In [2]-rotaxanes, the Zn(II) porphyrin donor (ZnP) and Au(III) porphyrin acceptor (AuP+) are not
connected by a direct covalent link. Selective excitation of either the ZnP or the AuP+ resulted in
rapid electron transfer from the ZnP to the AuP+. The bis-phenanthroline link connecting the
different porphyrins was changed by coordination of Cu(I) or Ag(I). Electron transfer from the 1ZnP
singlet was unaffected by coordination of either Ag(I) or Cu(I), while electron transfer to the 3AuP+

triplet was in the Ag(I) link found to occur by an enhanced superexchange, and by a sequential
mechanism in the Cu(I) coordinated link.
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1. Introduction

This introduction is intended to give the non scientist an idea of the work
presented. The thesis consists of two chapters of general information relevant for
the discussion in the presented work; porphyrins as photosensitisers and electron
transfer theory. Further, a chapter is devoted to describe and discuss the
instrumentation used in different experiments. In two chapters I present and
discuss the major results obtained in the electron transfer reactions I have
studied.

The main issue in this thesis is electron transfer reactions. The most important
electron transfer reactions for the life on this planet are the ones that occur in the
photosynthetic reactions in the green plants.  Molecules absorb the energy of the
sunlight, and the primary chemical reaction is electron transfer from a unit of
excited chlorophylls to an electron acceptor.  Electron transfer occurs in a series
of subsequent reactions, eventually leading to the formation of ATP, and further
to the build up of carbohydrates, proteins and fat [1]. The chlorophyll that
initially lost an electron in the excited state reaction, receives an electron from
another donor, and can go through another excitation and electron transfer cycle.
The electron from the donor comes from water molecule(s), attached to a
manganese cluster. After four completed cycles with removal of electrons from
the water, oxygen is released as a bi-product. On the other end of the
complicated electron transfer system, CO2 is reduced to build carbohydrates,
proteins and fat. The “motor” that drives this electron pump is the
photosynthetic reaction center, and the fuel for the motor is the sunlight.

It has long been the desire to be able to mimic the natural photosynthesis in
order to harvest the solar energy into chemically stable products.  In today’s
times of increasing air pollution, ozone holes that grow and threatening green
house effects, the idea of using solar energy is a highly urgent issue. In an
artificial photosynthetic system, one wishes to control the rate and yield in each
chemical reaction. Further, the total energy yield should be as high as possible.
In order to accomplish this, one has to understand the mechanisms that control
each individual step in the whole process.

Furthermore, in electronics, the need for smaller and smaller devices has created
an interest in building switches and “machines” on a molecular scale.[2-5] Light
driven reactions could be used for storage of information. Since electron transfer
reactions can occur within a few femtoseconds, such small devices could also
work fast.



8

This thesis concerns mainly two different aspects of electron transfer: reactions
from higher excited states in porphyrins, and the effects of varying the
properties of a link that connects an electron donor with an electron acceptor. A
common feature in the studies I present here is the selectivity in the excitation.
Different photochemical and photophysical events could be started by
irradiation of light of different wavelengths.
Electron transfer from higher excited states can be used in the design of
optoelectronic devices, as shown schematically in figure 1.  By selective
excitation of the Zn- porphyrin with light of different wavelengths (red or blue),

different excited states (S1 and S2) are initially populated, and electron transfer
to either the A1 or the A2 acceptor can be accomplished in a controlled way.

  Furthermore, by electron transfer reactions from a higher excited state, more
energy could in principle be harvested in an initial photosynthetic reaction, since
products with higher energy can be formed in the electron transfer reaction.
Thus electron transfer from higher excited state might be of relevance both in
the design of artificial photosynthetic systems, and in the design of molecular
switches and “machines”.

For electron transfer reactions to occur, the electron donor and acceptor
molecules must not be totally isolated from each other. An electronic coupling is
needed for the electron to be transferred. Even at fairly small distances, the

Zn
A2A1

Red
light (S1)

Blue
light (S2)

e-e-

Figure 1
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direct coupling becomes small, and the electron transfer is slow. However, the
medium between the donor and acceptor molecule can promote the electron
transfer, by increasing the electronic coupling of the donor and acceptor.
Depending on the properties of the intervening medium, the electron transfer
between the donor and acceptor molecules can occur by two different
mechanisms; either by a sequential, electron hopping or by a superexchange
mechanism [6-8].  In chapter 6, electron transfer reactions are presented for a
series of [2]-rotaxanes. The donor and acceptor molecules are the same, while
the link between them was modified by coordination of a metal cation. The main
findings in these models were that modifying  the energy levels of the link could
change the electron transfer mechanisms from a superexchange  to  a sequential
mechanism.
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2. Porphyrins as photosensitisers.

2.1 General properties
Porphyrins and porphyrin-type molecules are abundant in nature, and they play
important roles in a large number of different natural occurring processes.  For
example, electron transfer and energy transfer processes in the photosynthesis,
oxygen binding in heme proteins and electron transfer in the respiratory
chain.[9] The intricate balance of oxygen coordination in the heme/myoglobin
molecules, providing the base of oxygen transport from the lungs to the muscles
is an example of axial coordination by a metal. In the green plant photosynthetic
system, the energy of the sunlight is collected efficiently by stacked porphyrins
in the antenna complexes, and the energy is transferred to the reaction center,
the P680 unit.[1,9] The porphyrins in the antennas are strongly coupled in a
defined geometry, and the excited states have exciton character. A series of
electron transfer reactions starting with the oxidation of the excited P680 unit,
finally lead to the reduction of a quinone. The energy is finally stored as ATP.
Molecules from the porphyrin family have been used in a large number of
studies; in model systems for solar energy conversion in artificial
photosynthesis[10,11] in photodynamic therapy [12], as models for general
electron and energy transfer studies [10,11], as sensitisers for various
photoactive switches and supramolecular devices [2-5,10]. The porphyrin
structure, with the possibility of metal binding and substitution offers good
possibilities to tune properties such as solubility,  redox potentials, excited state
energies and lifetimes. The porphyrins can be subject to various substitutions on
the macrocycle, introducing several brigding links to electron and energy donors
and acceptors, without severely affecting the photophysical and photochemical
properties, as well as changing solubility properties and introducing sterical
constraints.  Further, porphyrins can coordinate a number of different metals by
the four central nitrogens to form metal porphyrins [13,14]. Depending of the
type of coordinated metal, new properties can be introduced; the redox
potentials, and excited state energies and lifetimes can be finely tuned, and
ligands can be axially bound.  A naturally occurring porphyrine inside a protein
is subject to interaction with several parts of the protein by direct covalent
bonding, by hydrogen bonds and by electrostatic interactions.  A small
configuration change of the protein matrix might lead to changed properties of
the porphyrin. In photosynthetic reactions, this offers a tool for controlling the
direction and rates of electron transfer reactions. In many porphyrins, the ground
state oxidation potentials are favourable for photosynthetic reactions [13-16].
The energy difference between the ground state and the lowest singlet excited
state is for regular porphyrins around 2 eV, [13,17,18] while the higher lying
singlet state is close to 3 eV higher than the ground state. The absorption of light
in the visible range is strong, making porphyrins good candidates for harvesting
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of the solar energy. There are many types of porphyrins, both naturally occuring
and synthetical, and I will in this chapter describe the characteristics of the
metalated porphyrins used in my work.  Below is given the basic structure of the
free base porphyrin (porphine) and metal porphyrin, with numbering of the
different positions of the macrocycle.
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The central ring of the porphyrins consists of conjugated pi electrons, with an
inner ring of 18 electrons. Thus, a 4n+2 pi electron system makes the ring
aromatic. In the free base porphyrin, two of the central nitrogen atoms bind to
protons. The protons can be removed and replaced by a metal cation, forming a
metal porphyrin.  A classification of the different metal porphyrins can be made
according to their ground state absorption properties, but the porphyrins can also
be divided into two subgroups based on the substitutions. [13,17] The four
methine carbons in the porphyrin skeleton are denoted meso positions, and
porphyrins with substituents on these positions are called meso- or β substituted,
while porphyrins with substituents on the pyrrole ring are called α porphyrins.
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2.2 Ground state absorption
By the ground state absorption spectra, the porphyrins are classified as regular
or irregular. The absorption spectrum of a regular porphyrin are determined
essentially by the pi orbitals of the porphyrin macrocycle, whereas an irregular
porphyrin displays absorption features with contributions also from the metal d-
orbitals. In regular porphyrins, the absorption spectra is characterised by a
strong transition centered around 420 nm, often denoted the B or the Soret band
and weaker transitions in 500-650 nm range, often denoted the Q bands.[17] In
the free base porphyrins, the Q bands can be seen as four distinct bands. These
are the Qx(0,0) and Qy(0,0), and corresponding vibrational overtones Qx,y(1,0).
If a closed shell metal ion, like Zn2+ is coordinated to the porphyrin, the two
states corresponding to the x,y transitions in the free base porphyrin become
degenerate, and the absorption from the Qx and Qy transitions are overlapping.
Thus, the absorption of the Q bands will be reduced to two bands; Q(1,0) and
Q(0,0).

Figure 2.1 Absorption spectrum of ZnTPPS i water. The strong absorption

centered at 421 nm is the Soret band. Inset show the Q(1,0) and Q(0,0) bands.

The absorption spectra in the visible range has been succesfully described by a
four orbital model [19]. The four orbitals involved are the HOMO-1, HOMO,
LUMO and LUMO+1, which are π and π* orbitals from the porphyrin structure.
The Soret band consist of transitions involving the a1u and the eg orbitals, while
the Q  bands are described by transitions involving the a2u and the eg orbitals.
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Binding of a (closed shell) metal does not give rise to new transitions, but
interaction with  the metal d orbitals will cause a shift of the π orbitals on the
porphyrin ring. The a1u MO has nodes on the nitrogens, and do not interact
directly with the metal orbitals, while the a2u MO will be shifted by interaction
with metal orbitals.[13] Thus, metalation of the porphyrin will change the Q
bands by degeneration of the two bands and also by a change of the energy.
Further, the intensity of the Q transition can be correlated with the interaction
with the bound metal [13]. The four methine carbons in the porphyrin skeleton
are denoted meso positions, and the a1u orbital has nodes at these positions while
the a2u orbital places considerable electron density.[13] Hence, substitutions on
the meso positions are likely to affect the absorption spectrum mostly in the Q
bands.  The β carbons at the pyrrole rings have more charge in the a1u orbital
than in the a2u, and therefore the absorption spectrum is expected to be changed
in the Soret band upon substitution on the pyrrole rings.

.

2.3 Excited states properties

Figure 2.3 is a Jablonski diagram of the ground state (S0) and the first and
second excited states (S1, S2).  Excitation in the Soret band creates the second
excited state, S2.  In some porphyrins, emission from the S2 state can be seen,
with emission peak around 430 nm [13,20-24]  The highly allowed S0 to S2

Qx,y

a1u

a2u

eg

Bx,y

Figure 2.2. The four orbital model.
The LUMO and LUMO+1 orbitals are
the degenerate eg orbitals
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transition  and hence also the S2 to S0 transition, together with a short natural
radiative lifetime of S2, allows the S2 emission decay to compete with the
nonradiative internal conversion to the S1 state. In Zn porphyrins, the lifetime of
S2 has been measured by fluorescence up conversion [23,24], transient
absorption [I,II,V], spectral hole burning [25] and fluescence quantum yield
comparison [20,26] yielding lifetimes of 0.2 to 3.6 ps. The S2 lifetime of water
soluble ZnTPPS and a β-substituted ZnTTP  were studied by transient
absorption in paper I, II and V. Vibrational relaxations within the S2 and S1 state
has been found to occur considerably faster than the S2 to S1 internal conversion

[23]. In free base porphyrins, the S2 lifetime is reduced, and no emission from S2

has been detected.

In Zn porphyrins, the observed lifetime of the S1 state are typically 2 ns.
Intersystem crossing to the triplet state occurs with a quantum yields typically
70% or higher [13]. Thus, the observed lifetime of the S1 state reflects mostly
the rate of intersystem crossing. The fluorescence quantum yield in free base

S2

S1

T

S0

Figure 2.3 Jablonski diagram, showing optical transitions, internal
conversions and intersystem crossing in a regular porphyrin.
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and Zn porphyrins varies between a few and up to 10 percent, depending on
solvent and environment [13]. The sum of the quantum yields for fluorescence
and intersystem crossing is for free base and regular porphyrins close to 1,
indicating minor contributions from other non radiative relaxation
processes.[13]  The emission spectra of Zn porphyrins display two characteristic
peaks in the 600 to 700 nm region.  In free base porphyrins, the lifetime of the
S1 state is longer than for the corresponding Zn porphyrin: For ZnOEP the S1

lifetime  is 2.3 ns, whereas the H2OEP has S1 lifetime of 18 ns [13].  In Au(III)
porphyrins, the lifetime of the S1 state is considerably reduced. [13,27,28]  Due
to a strong spin orbit coupling, a rapid (<3ps) formation of the triplet state
occurs. At room temperaure, the Au(III) porphyrin in paper III, IV do not emit
light.

Typical lifetimes of the triplet state of Zn porphyrins at room temperature is
from a few hundred µs to a few ms. Phosphoresce is not observed in solutions of
regular porphyrins at room temperature, while at 77K the phosphorescence
quantum yield of Zn porphyrins are typically a few percent. In some substituted
Zn porphyrins, dramatically shortened triplet lifetimes has been observed, with a
proposed conformational change to a more  nonplanar macrocycle [29, IV]. The
triplet dynamics, which were observed by a change in the transient absorption
spectrum of the triplet, with red shift of the transient peak from 456 to 464 nm,
occurred with a lifetime of 100 ns for a pyrrol-substituted Zn porphyrin in DMF
[IV].  The triplet lifetime of the Au(III) porphyrin in III and IV was found to be
2.0 ns.

The excited state absorption spectra of the S2, S1 and the lowest triplet states in
regular porphyrins are characterised by a strong ground state bleaching
corresponding to the Soret band, and weaker bleaching from the Q bands. In Zn
porphyrins, stimulated emission from the S2 state shifts the bleach of the Soret
band compared with the S1 state. [I,II,V] Between the Soret and the Q bands, a
broad absorption is seen. The absorption in this region displays features
suggesting the presence of several overlapping absorption peaks, with a peak
around 460 nm, and a broad shoulder in the 490-540 nm region [I,III,IV]. On
the red side of the Q bands, a broad, featureless absorption is seen that stretches
into the NIR region. At higher energies than the Soret band, the absorption is
stronger than in the ground state, resulting in positive transient absorption.
Figure 2.4 displays a transient absorption spectra for ZnTPPS, upon excitaion in
the Soret band. At early times, the transient absorption is mainly the difference
between the S2 state and the ground state, while after 10 ps, the spectra is the
difference between the S1 and ground states. In the steep region between the
Soret bleaching centered around 420 nm, and the excited state absorption peak
at 460 nm, there is a clear difference between the S2 and the S1 state transient
absorption. At 435 nm, the S2 state displays a strong bleaching in the transient
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absorption, while the S1 state displays very small or no net transient absorption.
The origin of this spectral difference might be explained by a combined effect of
smaller excited state exctinction coefficien of the S2 state and the presence of
stimulated emission. The excited state absorpion of the S2 state was found to be
smaller than that for  S1 in the whole range between the Soret  and Q bands, and
the relaxation from S2 to S1 can be seen in this region as a rise of the transient
absorption. On the blue side of the Soret band, however, the excited state
absorption of the S2 state is larger than for the S1 state, and both are larger than

the ground state absorption. Thus, S2 to S1 relaxation can be seen as a decay of
the transient absorption. Figure 2.5 a, b show transient absorption traces of S2 to
S1 relaxation for ZnTPPS, measured at two different wavelengths.

Figure 2.4  Transient absorption spectra of ZnTPPS,
taken at various time delays upon Soret band excitation.
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2.4 Redox properties

Free base and metal porphyrins can be reversibly reduced or oxidised. The
metal present interacts with the porphyrin orbitals, and the redox potentials can
be varied by the use of different metals.  For the water soluble ZnTPPS4- the
potential for the ground state oxidation

ZnTPPS3- + e-→ZnTPPS4-  (1)

is 0.87 V vs NHE, while the ground state reduction reaction

ZnTPPS4- + e- → ZnTTP5- (2)

occurs at a potential of –1.16 V [13].  Thus, the difference between the oxidation
and reduction potentials are 0.87-(-1.16)V = 2.03 V. This difference correlates
very well with the 2.05 eV energy of the S1 state.  The transient absorption
spectra of  both oxidised and reduced porphyrins show great similarities to the

Figure 2.5  Transient absorption changes of ZnTPPS, upon
excitation in the Soret band.
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observed spectra of the excited states. Thus, it has been suggested that the
oxidation and the reduction reactions of regular porphyrins involve oxidation
and reduction of the porphyrin ring. [18]

Excited state redox potentials can be calculated according to:

E0
P*/P+ = E0

P/P+ - E00 (3)

and

E0
P*/P- = E0

P/P-  + E00 (4)

where E00 is the energy difference between the excited state and the ground
state, in eV. (Note that eq. 4 in its form can be used only when the energy is
treated in eV, and the E00 value should be considered as divided by a unitary
charge). This can be calculated from the absorption and fluorescence spectra,
where E00 is taken as the average energy of the 0-0 transitions of the absorption
and fluorescence, respectively. For the E00 energy of the triplet, no absorption
spectra is available, and the E00 energy was taken from the blue edge of the low
temperature phosporescence.  The excited state is both a stronger reductant and
a stronger oxidant than the ground state molecule.  In ZnTPPS, the E00 energy of
the S2 state is 2.9 eV and the S1 E00 energy is 2.0 eV. Thus for the excited states,
the oxidation and reduction occurs at –2.1V and 1.74 V for S2, and –1.2V and
0.84 V for the S1 state.

Hence, redox reactions that are endoergonic in the ground state can be
exoergonic in the excited state. Further, a redox reaction that is endoergonic in
the S1 state can be exoergonic in the S2 state. Hence, photoinduced electron
transfer between an excited porphyrin and an electron acceptor will have
different free energy difference depending on the reactive state of the porphyrin.
This effect have been utilised in electron transfer reactions ion pairs of ZnTPPS
and methyl viologen  [I], and in a ZnTTP linked to a Ru(bpy)3

2+ complex,[II,V].
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3. Experimental methods.

This chapter descibes the different experimental techniques used in my work,
especially the instrumentation in femtosecond experiments. The femtosecond
experiments are based on the transient absorption technique, and in principle the
methods in the femtosecond and in the nanosecond experiments are the same.
Therefore, I will begin by describing the general features of the transient
absorption experiment.

3.1. Transient absorption.
The transient absorption experiments involves irradiation of the sample with an
excitation light pulse, followed by an analysing pulse.
The absorption of the sample prior to the excitation pulse is defined by:

Abs = -lg (Io/Iref) (5)

where Io, Iref is the intensity of the analysing light passing through two the
sample and a reference solution respectively. When sample is irradiated with an
excitation pulse in the same part of the sample as the analysing pulse, the
absorption is given by:

Abs = -lg (I/Iref) (6)

The difference between the absorption of the sample with and without
illuminating with the excitation pulse is then:

∆Abs = -lg (I/Iref)-(-lg(Io/Iref))= lg (Io/I) (7)

Thus, in order to measure the absorption of the excited state and the ground
state, a reference light through the solvent is needed, while the difference
absorption between the ground state and the excited state can be measured
without a reference light.

Figure 3.1, show a transient absorption experiment in a tentative system. First,
the absorption of the sample is measured without the excitation beam. Then, the
sample is excited with a short light pulse.
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A fraction of the systems in the sample will interact with the excitation pulse,
creating transitions between the S0 and S1 states. The probability of transition
between the S0 and S1 states are proportional to the Einstein coefficients for
optical transitions, which are equal in both directions. Thus, stimulated emission
is as probable as absorption. If a probe light of the same frequency as the
excitation light passes through the sample, the attenuation be less than in a non-
excited sample, due to stimulated transitions from S1 to S0 and by a smaller
number of systems in the S0 state. The absorption difference of the sample prior
to and after excitation will be less than zero (a bleach). However, if the probe
light is of a frequency that corresponds to a transition from the S1 to a higher
excited state S2, the attenuation of the probe light will increase. In summary, the
net observed difference absorption can be written as

∆Abs = ESA-GSB-SE-E (8)

where ESA is excited state absorption, GSB is ground state bleaching, SE and E
is stimulated and natural emission.

Excited state
absorption

Stimulated
emission

Ground state
absorption

Excitation

Figure 3.1
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3.2 The laser instrumentation
The fundamental laser in the system is a passively mode locked Ti saphire laser
(MIRATM, Coherent Laser Systems). For a Ti saphire laser medium, the
optimum laser wavelength is 800 nm, but the laser may operate in the
wavelength range 700 to 900 nm. In figure 2.2, a schematic picture of the
experimental setup is presented. The generation of ∼80 fs, 76 MHz laser pulses
are made by passively modelocking in the MIRATM cavity. The passive mode
locking is achieved by utilising the Kerr lens effect in the Ti-saphire crystal,
together with a variable slit. Although the pulses are not transform limited, the
laser pulses obtained have normally a spectral bandwith of ∼12 nm, or ∼25 meV.
The pulse intensity from the MIRATM is about 10 nJ, and in order to make a
pump probe experiment, the pulses are amplified by two different laser systems:
either by a Q switched 200 kHz Ti saphire laser connected to an optical
parametric amplifier, or by a 1 KHz Q switched Ti saphire laser also connected
to an optical parametric amplifier. In both systems, the 80 fs pulses of the MIRA
is stretched by the use of a grating and a mirror, then seeded into the cavity
together with a ns Q switched pulse. After amplification, the pulses are sent
through the stretcher in the opposite direction, resulting in re-compressed pulses
approximately 50% longer (∼120 fs) and with ∼400 resp. ∼80 000 times higher
intensities.

Figure 3.2 Laser experimental setup. A: Ar ion CW laser. B:
Ti-saphire fundamental laser, (MIRATM), C: Ti-saphire
amplifier laser (RegATM), D: Optical parametric amplifier
(OPATM) E: Nd-YLF Q switched laser, F: Ti saphire amplifier
laser, G: pulse stretcher/compressor, H: optical parametric
amplifier (TOPASTM)

A B

C D
E

F G H
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3.3 Kinetic measurements
The principle of the pump-probe experiment is shown in figure 3.3. The 120 fs,
800 nm, 1 kHz output from the amplifier is split into two beams (70:30). The
more intense fraction passes through the optical parametric amplifier (OPA),
and wavelengths in the region 500-600 nm is obtained. The output of the OPA

passes through a chopper, operated at about 75 Hz.  The excitation pulses are
focused  approximately 2 cm behind the sample by a 10 cm lens.  The remaining
30% of the 800 nm output is softly focused into a 3 mm saphire window, to
generate a white light continuum (WL). The WL is delayed by an optical delay
line, and focused into the sample in the same volume as the pump pulses.
By the optical delay line, the distanced travelled by the WL probe light will be
varied, while the distance travelled by the pump light is constant. Thereby, by
calibration of the speed of light, the distance difference can be translated into
time units. The optical delay line is moved by a step motor, controlled by a
software (LabviewTM).

For transient absorption kinetic traces, the probe light passes through a
monochromator, and on to a photomultiplier tube. The response from the
photomultiper passes on to a lock-in amplifier (LIA). Figure 3.4 shows the
principle of signal detection by the LIA technique.  The change in the absorption
varies with the chopping frequency of the pump pulses. The LIA detects only
variations in the photomultiplier signal that matches the chopping frequency.

Io, IPump

Probe Sample

Optical Delay

Figure 3.3 The principle of pump and probe.
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The LIA signal is given as (I-I0), whereas the ∆Abs is –lg(I/I0).  Thus, the
magnitude of the observed LIA signal is dependent of the amount of white light
detected, while the ∆Abs is independent of the magnitude of the white light
intensity. This is a clear disadvantage of the LIA technique for the transient
absorption. However, in many cases, the main interest is to follow the time
evolution of a transient absorption signal. It can easily be shown that when the
∆Abs is small, the change of LIA signal  per time unit can be approximated with
the change of ∆Abs per time unit. Thus, the LIA signal can be used to follow the
build up and the decay of a transient absorption, and thereby allow for kinetic
analysis, while the magnitude of the transient absorption is not obtained. In the
kinetic traces presented in papers I-V, the LIA signal has been used to monitor
the kinetics. The ∆Abs are therefore given as arbitrary units, and the maximum
∆Abs is normalised to 1.

3.4 Transient absorption spectra.
Transient absorption spectra were obtained with a CCD. The WL is split into its
wavelength components by a spectrograph, and the intensity is measured with
and without excitation pulses. Difference absorption at each wavelength is
calculated according to eq 7.
Due to the wavelength dependency of the refractive index, pulses of different
wavelengths will travel with different speed through the optical delay line. Thus,
the time delay between the pump pulses and the probe pulses will be depending

Pump

Probe

I-I0

Figure 3.4 The signal from
the LIA.



24

on the wavelength of the probe light that is monitored. The effect is referred to a
group velocity dispersion, or chirp.
In figure 3.5 the measured time-zero at different wavelengths of the white light
probe is shown. The figure shows that for the wavelength region 400 to 600 nm,
there is a >3 ps difference between the time-zeros. In order to obtain transient
absorption spectra at time delays shorter than about 10 ps, the spectra must be

corrected. The observed chirp is a result of the GVD introduced by all the
components between the place of white light generation and the overlap region
in the sample. These components are reflecting mirrors, transparent lenses, the
sample(cuvette and solvent) and also the air. However, for normal coated
mirrors, the main GVD effect arises from the transparent optics. Thus, though in
principle the chirp could be calculated if the refractive index in known for all the
materials, the number of different components present are likely to introduce
errors in the calculation. A more direct way to tackle the problem of GVD is to
measure the pump- probe time zero at different wavelengths. Several methods
are possible, including the use of a nonlinear crystal to measure the frequency
mixing of the pump and the probe. This approach has the disadvantage of
introducing optical (and chirp active) materials other than the ones used in the
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Figure 3.5  The measured time-zero at different
wavelength of the white light continuum.
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actual experiment. The nonlinear crystal itself might result in a chirp, which is
different from the sample cell. Figure 3.6 show the method used in [I] which is
based on the instantaneous electronic Kerr effect in solutions [30]. The Kerr
response can be measured either as a time correlated response at a single
wavelength, or as a spectral response at a single time delay.  The main
advantage of this method is that it allows for measuring the chirp in the same
experimental setup as the actual pump-probe experiment is made, including the
solvent of the cell.  The peak of the Kerr curve is taken as being the time zero,
and if one assumes that the pump and probe pulses are symmetrical, the
instrumental response function can be obtained by fitting the risetime of the Kerr
curve to a gaussian or secular hyperbolic function.
Once the chirp is characterised, transient spectra taken at small time delays can
be corrected. In figure 2.4,  the transient absorption spectra taken at early times
were made by generating approximately 60 transient absorption spectra at
different optical delay positions within the first 3 ps.  A spectra at a certain delay
time was then made by identifying the wavelength corresponding to that
particular time in each spectra. The spectral resolution in this method is
therefore dependent of the number of delay positions used, and in figure 2.4 the
spectral resolution was 5 nm.

Figure 3.6  The principle of Kerr response for
determination of I.R.F. and G.V.D. The circles
represent polarising filters.
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4. Electron Transfer.

4.1 Introduction
This section contains a basic description of the theory of electron electron
transfer reactions. Since the theoretical work in this field is extensive, I will in
this chapter only describe the basic features, and highlight the part of the theory
most relevant for the work presented in papers I-V.
A molecular electron transfer reaction involves an oxidation of a donor (D)
molecule and reduction of an acceptor molecule (A). If the donor and acceptor
are freely diffusing in a solvent, then prior to electron transfer a bimolecular
diffusion creates an encounter complex. In the encounter complex, electron
transfer reaction occurs at a certain distance and arrangement. The encounter
complex can either be in close contact, or in a solvent separated configuration,
and electron transfer may occur at a distribution of different donor – acceptor
configurations. The observed kinetics in such bimolecular reactions is a
combination of the diffusion processes and the electron transfer reaction.  If the
donor and acceptor are attached to each other, no diffusion processes are needed
prior to electron transfer, and  unimolecular electron transfer reaction kinetic is
observed. The theory describing electron transfer processes was developed from
the transition state theory (TST) by Marcus [31-34] and has been further
developed by others.[34-41]

4.2 Electron transfer in classical theory.
According to the classical transition state theory the electron transfer rate
constant is given by:
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where κel is the electronic transmission coefficient, νn is the nuclear frequency
through the transition state,  ∆G# is the Gibbs free energy of activation and kB is
the Boltzmann constant. The potential energy surfaces of the reactant and
product states can be described as free energy surfaces, and electron transfer
occurs at the crossing of the reactant and product surfaces. The amount of free
energy required to bring the reactant to the crossing point is the free energy of
activation, ∆G#. If the free energy of the reactants and products are described as
harmonic parabolas, with equal force constants, then according to Marcus the
free energy of activation is:
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And equation 9 is written as:
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where λ is the reorganisation energy, defined as the change in free energy if the
reactant state were to distort to the equilibrium configuration of the product
state, without the transfer of an electron.

Figure 4.1 show the free energy curves for the reactants and products where the
free energy difference between the products and reactants is varied. As ∆G0

becomes more negative, ∆G# decreases, until ∆G0 = -λ, where ∆G# = 0. A further
decrease of ∆G0 will cause ∆G# to increase again, and the reaction is said to
occur in the Marcus Inverted Region (M.I.R.). Thus, in the M.I.R, as the driving
force increases, electron transfer is slowed down. The first experimental
observation of M.I.R was in frozen media, and later in solvent[42-44]. Since
then, M.I.R behaviour has been established in a number of studies [45]. The
original Marcus theory predicted a rapid decrease of the electron transfer rate in
the M.I.R.  Experimental data have shown that the decrease of the rate constants
with the driving force is smaller than the original theory suggests. The rate
constant has been found decrease exponentially with the driving force (energy
gap law [40]). In the M.I.R., nuclear tunnelling between the reactant and product
state is expected to be more important than in the normal region, and if
tunnelling is added to the electron transfer theory, the difference between
observed and expected rates becomes smaller. However, there have also been
studies where the expected M.I.R behaviour was absent [46]. In bimolecular
electron transfer, and in linked donor acceptor systems with flexible links, the
electron transfer reaction may occur at different donor-acceptor distances, which
will affect both the free energy driving force and the reorganisation energy.
M.I.R behaviour is thus normally seen only in systems where the donor and
acceptor is connected by rigid links with well defined donor – acceptor
distances.

Note however, that a well-defined donor – acceptor geometry can be obtained
also in systems without a rigid, covalent link. For example, a protein matrix,
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where the donor and acceptor are held in position by electrostatic effects,
hydrogen bonds or covalent bonds, will certainly provide for a well defined
geometry.

4.3 The Reorganisation Energy
The reorganisation energy can be divided into the inner and outer reorganisation.
The inner reorganisation is the intramolecular, or inner shell, contribution to the
total reorganisation energy. This is the sum of all the molecular vibrational and
rotational movements. The inner reorganisation energy can be calculated as:
[34]
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where f is the reduced force constant of the i th vibration, and rR,P
eq is the

equilibrium bond lengths of the reactant and product states. The calculation of

λλλλ λλλλ

λλλλ

λλλλ

∆∆∆∆G#

∆∆∆∆G#

∆∆∆∆G#∆∆∆∆G#=0

∆∆∆∆G0=0
∆∆∆∆G0

∆∆∆∆G0  =
λλλλ

∆∆∆∆G0

Figure 4.1
Electron transfer reactions with different values
of the thermodynamic driving force. R,P denotes
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the inner reorganisation energy has been done in some studies. Normally, for
rigid molecules and in polar solvents, the contribution of λi to the total λ is
minor, with typicall values of  0.2 eV for λi [47, 48].

The outer reorganisation energy is the solvent, or outer sphere, contribution to
the reorganisation energy. If one assumes a solvent that can be described as a
dielectric continuum, λout can be calculated in the simple case of spherical
reactants:
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where ∆e is the charge involved (usually 1 electron), ε0 is the vacuum
permittivity, εop and εs is the optical and static dielectric constants, aD,A the donor
and acceptor radii and rDA is the donor – acceptor center to center distance. The
outer reorganisation energy is thus larger for a polar solvent than for a non polar
solvent, and increases with decreasing donor/acceptor radii and donor- acceptor
distances. In polar solvents, λout is proportional to 1/εop.

4.4 Aspects of M.I.R.  in photosynthetic reactions.
In a photosynthetic system consisting of several electron transfer steps,  one
wishes to suppress the unwanted back electron transfer reactions in favour of the
next forward reactions. i.e. the ratio between the forward and back electron
transfer reactions should be as high as possible. The energy obtained in the end
of the reaction sequence should be as high as possible. Thus, each forward
reaction step should involve a small reaction free energy. Hence, the competing
charge recombination reaction will have a larger driving force than the next
forward reaction. However, if the forward reaction occurs with near zero
activation energy, the back reaction will be in the M.I.R. region. Thus, in the
design of photosynthetic systems, it is desirable to allow the forward electron
transfer steps to occur with small free energy of activation.  Further, in order for
the reaction to occur with minimum activation energy, the free energy should
equal the reorganisation energy.  For electron transfer between donor and
acceptor with moderately high electronic coupling, the electron transfer will
occur at rates in the ps and fs time scales.



30

4.5 Electron transfer with quantum mechanical aspects
In a quantum mechanical description of non adiabatic electron transfer, the rate
constant can be written as [34]

)(
2 2 FCWDHk AB

π= (14)

where HAB is the electronic matrix element describing the electronic coupling
between the reactant and product states, and FCWD is the Frank Condon
weighted density of states, which can be described as a Boltzman weighted  sum
of overlap integrals of the solvational and vibrational wavefunctions. One
treatment of the FCWD factor is to separate out the solvent contribution, and
treat the solvent as classical, and the internal vibrational wavefunctions as
harmonic oscillators. Then, in the limit where the energy corresponding to each
of the vibrational frequencies is considerably less than the thermal energy,
(hνi<<kBT ), eq. 14 can be approximated as:[34]
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which is called the high temperature rate expression. When vibrations of higher
frequencies are coupled to the electron transfer, eq. 15 no longer holds. If the
solvent is still considered as a bath of harmonic oscillators with low frequencies,
one average high intramolecular frequency can be introduced [49], leading to:
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Thus, with equation 15 and 16,  the rate constant of an electron transfer reaction
can be predicted, provided that the different parameters are known, or can be
properly evaluated from experimental results.
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4.6 The  electronic coupling, HAB

Depending on the magnitude of the electronic coupling between the donor and
acceptor, the electron transfer reaction can be classified as adiabatic or non
adiabatic. For a non adiabatic reaction κel <<1 in equation 9, while in the limit of
adiabatic electron transfer κel ≈1.  In the non adiabatic limit, the probability of
crossing over from the reactant state to the product state is relatively small, and
the crossing is considered as a sudden event [39]. In the adiabatic reaction, the
reactant and product free energy curves are split to a lower and an upper curve,
and the reaction is thought to proceed along the lower curve, as shown in figure
4.2.

Equations 15,16 gives the rate constant for a non adiabatic electron transfer.
Modifications to include reactions in the adiabatic region have been suggested
by Bixon/Jortner [50, 51]:
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Figure 4.2. Non adiabatic (left) and adiabatic (right) electron
transfer. In the non adiabatic reaction, the reactant and product
are described by two curves, while in the adiabatic reaction the
reactant and product form a lower and an upper free energy
surface. At the transition state, the energy separation are
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where kNA is the rate constant in the non adiabatic limit  (eq. 15), and κA is the
adiabatic parameter:
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τl is the longitudinal relaxation time of the solvent. If the adiabatic factor is <<1,
equation 18 is corresponds  to equation 15. However, with increasing electronic
coupling, the adiabatic factor increases, and in the limit where  κA>>1, equation
11 becomes:
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Thus, the rate constant will be proportional to the solvent  relaxation time. The
rate will depend of the rate of which the solvent will rearrange to solvate the
change of charges of the reactant and product. According to eqs. 18,19 the
criteria for when the reaction occurs in the non adiabatic and the adiabatic limits
depends not only on the electronic coupling, but rather on the relation between
the solvent properties and the electronic coupling.

HAB is dependent on the donor and acceptor distance. This can be understood by
the fact that the electronic wavefunctions in the donor and acceptor molecules
display a distance dependence, and hence the overlap should be distance
dependent. At large distance from the nucleus, the electronic wavefunctions
decay exponentially with distance, and the electronic coupling is thus expected
to depend exponentially on the distance. This has been found experimentally
[43, 53-57], and the distance dependency can be written as:

k = k0 exp (-β(r-r0)) (21)

r0 is the donor-acceptor centre to centre distance at optimum electronic coupling,
and can be calculated as the sum of the donor and acceptor radius. The value of
β varies, depending on the nature of the intervening medium between the donor
and acceptor.  Through-solvent electron transfer becomes rather slow already at
moderate donor acceptor distances. In order for electron transfer to occur fast at
appreciable distances, the electronic coupling between the donor and acceptor
should be increased by interaction of intervening media other than pure solvent.
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4.7 Bridge mediated electron transfer
The donor – acceptor electronic coupling can be enhanced by the presence of an
intervening medium. In this case, the total donor acceptor coupling can be
divided into the coupling of the donor with the different link states, the link-link
coupling and the acceptor- link interactions.  The intervening medium can be
solvent molecules, residues in a protein backbone, direct covalent link, hydrogen
bonds or coordination bond or it can be a combination of several of the above
mentioned. In a complex structure, like in a protein, there may exist several
possible electron transfer pathways, with different donor- acceptor couplings.
[58-64]

The bridge mediated electron transfer mechanism can be divided into two
categories; superexchange and sequential electron transfer. In a superexchange
mechanism [65], the energy of the link is higher than the donor energy, and
electron transfer from the donor to the link is energetically unfavourable. The
link takes part in promoting electron transfer, but the electron is never resident
on the link, instead the electron transfer may occur through a virtual state. On
the other hand, if the energy of the link is closer to or even between that of the
donor and the acceptor, electron transfer occurs by a stepwise mechanism.  The
intermediate state, with a reduced link might be observed, but if the secondary
electron transfer step is much faster than the initial step, the intermediate state
becomes practically impossible to detect. In paper [IV], both a superexchange
mechanism and a proposed sequential mechanism is proposed.

In figures 3 and 4 the principle of the superexchange and sequential mechanisms
is shown schematically. Note that in the picture, the link is represented by a
single state. In reality, one has to consider all the possible states that might be
involved in promoting the donor – acceptor coupling. In the superexchange
mechanism, HDA can be expressed by: [39,40]

∑ ∆= nnnDA EAlVDlVH /)()( (22)

where ∆En is the free energy difference between the donor and the n:th link, and
V is the electronic coupling of the donor resp. acceptor with the n:th link.
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Figure 4.3 Superexchange mechanism. The bridge is represented
by a single state, that is higher in energy than the donor state.

HDB
HBA

HDA

∆∆∆∆EDB

Figure 4.4 Sequential mechanism. The bridge is represented by a
single state, with energy low enough so that population of the
bridge may be thermally promoted.
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4.8 Experimental determination of parameters
The free energy difference, ∆G0, can be obtained by electrochemical
measurements:

∆G0 = -nF∆E0 + ∆w  (23)

where ∆E0 is the difference between the redox potentials for the donor and
acceptor molecules, and ∆w compensates for that the measured redox potentials
are for infinite donor-acceptor distance, while the donor acceptor distance in the
reaction introduces Coulombic forces. This correction introduces a distance
dependence of the reaction free energy.  Hence, if the Coulomb forces are not
negligible (at short distances and nonpolar solvents), the driving force calculated
from the redox potentials should be corrected for.

From eq. 15, the temperature dependence of the observed rate constant can yield
the total reorganisation energy, if the reorganisation energy is assumed to be
temperature independent. The reorganisation energy of the solvent can be
calculated, if one assumes a dielectric continuum, spherical donor and acceptor
molecules with known radius and distance (see above), and hence the inner
reorganisation energy can be obtained simply as λi = λtot- λout . If λi is known, the
Huang-Rhys factor (S, eq 17) can be calculated, provided that one average high
frequency mode can be assumed.

The electronic coupling, HAB is the most difficult parameter to obtain
experimentally. However, according to the theory by Hush [38], if a direct
charge transfer (CT) band can be observed, HAB  can be calculated from the
shape and intensity of the charge transfer band. Often, the intensity of the CT
band is very low, making it difficult to measure in practice. Nevertheless, CT
bands have been observed for several systems, for which HAB could be
evaluated.[66]
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5. Reactions from higher excited states

5.1 Why study electron transfer from higher excited states?
As described in Chapter 2, regular metal porphyrins display a strong transition
around 420 nm, denoted the Soret band.  Upon absorption, the S2 state of the
porphyrin is populated. The energy difference between the S1 and S2 state is
almost 1 eV. This large energy difference contributes to make the lifetime of the
S2 state relatively long, according to the energy gap law. Porphyrins have been
used in a number of synthetic model systems for photosynthetic reactions [52,
67-85] and electron transfer has been demonstrated to occur on a sub-
picosecond time scale [21,52,79-86].  These studies have all considered electron
transfer reactions from the S1 state. Despite the large number of porphyrin
donor-acceptor systems studied, reports on reactions from the S2 state are easily
counted [I,II,V,21]. Recently, energy transfer from the S2 state of a Zn-
porphyrin linked to Ru(bpy)3

2+ was reported. [78, 87].  With a lifetime of a few
ps for the S2 state, electron transfer reactions could occur prior to internal
conversion to S1, if the donor and acceptor are sufficiently strongly coupled.

A reaction from the higher excited S2 state is interesting in several respects: For
photosynthetic systems, the energy of S2 is almost 1 eV higher than the
corresponding S1 state. Thus, photoinduced electron transfer can occur with
electron acceptors that are more difficult to reduce than what is energetically
possible with reactions from the S1 state, and in principle, more energy can be
harvested in each reaction. Further, small molecular “machines” have been
constructed by several groups, where photoinduced electron or energy transfer is
followed by molecular rearrangements [2].  Molecular switches have been
constructed [5] and in [3,4]  the formation and lifetime of products were
controlled by excitation with two femtosecond laser pulses with a well defined
separation in time. With reactions from the S2 state, new reaction channels can
be introduced, in competition with reactions from the S1 state. In principle,
molecular machines and switches with different responses depending on the
excitation wavelength can be constructed. Figure 1.1 shows a tentative system,
consisting of a Zn porphyrin connected to two different acceptors, A1 and A2,
that have different redox potentials. Electron transfer from the S1 state to  A1 is
exoergonic , and endoergonic to the A2 acceptor. From the S2 state, electron
transfer is exoergonic to both the A1 and A2 acceptors, but ideally the electron
transfer to the A1 is in the M. I. R. and with a weaker coupling and thus slowed
down compared to the reaction to A2.
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 In paper [I] very fast (<200 fs) electron transfer was seen from the S2 state of
ZnTPPS4- to complexed MV2+. The electron transfer is one of the fastest
observed in molecular systems. However, the reaction occurs also rapidly from
the S1 state [79, 88]. In order obtain selectivity of electron transfer the redox
potential of the acceptor should be such that electron transfer from the S1 state is
endoergonic. In [II, V], the electron transfer reactions with a linked Ru(bpy)3

2+

as acceptor was studied. The free energy of electron transfer from the S1 is very
small, and indeed a clear difference between the electron transfer rates from the
S2 state and the S1 state was observed. Further, the rate of electron transfer from
the S2 state could be resolved. Also, the formation of a triplet (porphyrin) state
from a charge transfer state was observed in the ZnTTP-L-Ru(bpy)3

2+ dyad.
Formation of a triplet from a radical pair has been reported [89].
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Structures of porphyrins and acceptors.
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5.2 Molecules studied
In figure 5.1, the structures of the investigated molecules are presented. In [I],
the S2 lifetime of ZnTPPS4- and electron transfer reactions in the ZnTPPS4--
MV2+ ion pair was studied. In [II, V], the S2 lifetime in the ZnTTP-L and ZnTTP
references, and electron transfer reactions upon selective excitation of the
porphyrin S2 and S1 states of the ZnTTP-L-Ru(bpy)3

2+  dyad was investigated.

5.3  Lifetime of the S2 state in the Zn porphyrins
The lifetime of the S2 state was measured for ZnTPPS4- (in water)[I], ZnTTP (in
DMF)[II] and ZnTTP-L (in acetonitrile)[V]  by transient absorption, and the
results are presented in Table 4.1. In figure 2.4, the transient spectra of
ZnTPPS4- at early times upon excitation are shown.  In the Soret region, strong
bleach is observed (not shown), while in the 440 to 550 nm region a broad
transient absorption with a peak around 465 nm is seen. The spectrum at 10 ps
corresponds to the transient absorption spectrum of the S1 state of ZnTPP [18].
The spectra at early times in figure 2.4 show mainly the transient absorption
features of the S2 state.  The lifetime of S2 was measured at several probe
wavelengths, and the internal S2 to S1 internal conversion could be monitored in
the whole region 420-550 nm as an increase of the transient absorption. On the
blue side of the Soret band, at 390 nm, the S2 state displays stronger absorption
than both the ground state and the S1 state, and the S2 to S1 internal conversion is
seen as a decay. At 435 nm, the transient absorption of the S1 state is close to
zero, while the S2 state displays a bleaching. The nature of this bleaching is
likely to be a combination of ground state bleaching and stimulated emission.
Figure 2.5 shows the transient absorption signal (upon 424 nm excitation) at 435
nm and 390 nm for the ZnTPPS4-,[I] and in figure 5.2 the corresponding 435 nm
transient is shown for ZnTTP and ZnTTP-L-Ru(bpy)3. [II] When ZnTPPS4- is
probed in the Soret peak, at 420 nm, a strong initial bleach is seen to recover to
half its original value, consistent with the presence of stimulated emission [I,
fig.3]. Fluorescence up conversion studies by Gurzadian et. al. [23] of the S2

lifetime has shown that the decay of the S2 emission matches the rise time of the
S1 emission, indicating that internal vibrational relaxation within S1 is
considerably faster than the S2 to S1 relaxation. In [I], the measured lifetime of
the S2 state was independent of the probing wavelength. Thus, the decay of the
stimulated emission from the S2 state (at 420 nm) and the risetime of the
transient absorption from the S1 state (i.e. at 435 nm) matched very well. Hence,
the observed 1.3 ps lifetime does not reflect internal vibrational relaxation
within the S1 state, but rather the decay of the S2 state,  which is also consistent
with the findings of Gurzadian et. al.
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Figure 5.2  Transient absorption at 435 nm upon 414 nm excitation of
ZnTTP (top) and ZnTTP-L-Ru(bpy)3

2+. The lifetime of S2 was obtained
from the recovery of the bleach.

5.4 Electron transfer in the ZnTPPS4-- MV2+ complex
When MV2+ was added to an aqueous solution of ZnTPPS4- with 2 mM
phosphate buffer at pH 7, 1:1 complexes were formed.  Figure 1, paper I shows
the absorption changes in the Soret band of ZnTPPS4- upon titration with MV2+.
Isosbestic points were seen both in the Soret and Q bands, and the Soret band
was shifted 7.5 nm. The steady state emission was studied, and the results could
be successfully treated according to the Stern Vollmer procedure [90], which
gave an association constant of 1×104 M-1.  The presence of isosbestic points, the
Stern Vollmer behaviour and the Job plot performed by Logunov et. al. [79]
strongly indicates the formation of 1:1 complexes between ZnTPPS4- and MV2+.
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Upon reduction, the absorption spectra of methyl viologen changes dramatically
in the visible region, with generation of a strong absorption centered at 396 nm,
and a broad absorption peak around 600 nm, that extends into the NIR [91].
Electron transfer from ZnTPPS4- to MV2+ created the charge transfer state
ZnTPPS3- - MV+., and the reduced methyl viologen could be detected e.g. by the
absorption changes in the 396 nm region.  The complex was excited in the Soret
band of ZnTPPS4-, and probed at various wavelengths, and the formation and
decay of the charge transfer products were studied [Fig. 5b and 6b in paper I].
The formation of the charge transfer products could not be resolved from the
instrumental response of the pump and probe pulses, indicating an electron
transfer constant larger than 5×1012 s-1. The back electron transfer was
monitored as the decay of the transient absorption, and the rate constant for the
back electron transfer was found to be 1.3×1012s-1. The observed lifetime of the
charge separated state was independent of the probing wavelength, and hence no
vibrational relaxation was observed in the charge transfer state. The observed
lifetimes in the ZnTPPS4- and the ZnTPPS4- - MV2+ complex are presented in
figure 5.3

In the studies of the electron transfer upon S1 excitaion [79,88], the rate of the
back electron transfer was compared in a series of acceptor, and for ZnTPPS4—

MV2+ it was found to occur in the Marcus inverted region (close to the
maximum of the Marcus parabola) [79].  The rate of the forward electron
transfer from the S1 suggests that also this reaction occur with a near maximum
rate. With a near activationless electron transfer from the S1 state, one might
expect the reaction from the S2 state to occur in the M.I.R., since the energy of
the S2 state is almost 1 eV higher than the S1 state. Thus the observation of <200
fs electron transfer deserves a comment.

                       Table 5.1

Lifetime Solvent

ZnTPPS4- 1.3 ps watera

ZnTTP 1.6 ps DMF

ZnTTP-L 2.3 ps Acetonitrile

a) 2 mM phosphate buffer, at pH 7.0
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For electron transfer in polar solvents, a solvent reorganisation energy of
approxymately 1 eV is not unlikely, and  Logunov et.al [79] obtained 1.3 eV.
The free energy for the electron transfer reactions from the different states can
be estimated from the redox potentials of the S2 and S1 states and the redox
potential for the MV2+/+ pair. For electron transfer from the S1 and S2 states, ∆G0

=  –0.8 eV and ∆G0 =  –1.7 eV, respectively (without correction of electrostatic
interaction between the donor and acceptor). Thus, the reported fast electron
transfer from the S1 state is consistent with a small activation energy, while the
S2 reaction would occur in the M.I.R. The observation of fast electron transfer
from the S2 state can be explained if electron transfer proceeds via excited states
of the product, with a ∆G# ≈ 0, followed by rapid internal relaxation. Indeed, the
absorption spectrum of reduced methyl viologen [91] show the presence of low
lying excited states.

ET products
(ZnTPPS3- + MV+)

S2

S1

<200 fs

<200 fs

1.3 ps

0.8 ps

0.6 eV

1.6 eV

1.3 eV

S0

Figure 5.3  Internal conversion and
electron transfer processes in the
ZnTPPS4--MV2+ ion  pair.
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From the observation of a rate constant >5×1012 s-1, and an estimated
reorganisation energy of ≈1 eV, and the assumption that the reaction is
activationless, the electronic coupling, HDA can estimated  to be >130 cm-1.
Thus, the forward electron transfer reaction is probably not purely non adiabatic,
and solvent dynamics is expected to influence the rate of the observed electron
transfer. In water, very short inertial relaxation times <100 fs has been reported
[94], and an electron transfer within 200 fs is possible, also if the reaction is
controlled by solvent dynamics.

5.5 Electron and energy transfer processes in the ZnTTP-L-Ru(bpy)3 dyad.

The dyad was excited in the Soret and Q bands (414 nm and 560 nm) of the
ZnTTP unit, and in the MLCT band (450 nm) of the Ru(bpy)3

2+ unit. In paper
[II] the observation of electron transfer from the S2 state is reported, with a rate
corresponding to a 50% quantum yield of charge transfer products, and in [V]
the processes occuring upon the different selective excitations are further studied
and clarified. In [78] energy transfer from the porphyrin S2 state  was reported
for a structurally similar dyad. In [87] the results in [I] and [78] were compared
and commented.  In [II], there were several indications that electron transfer,
and not energy transfer is the main reason for the shortened lifetime of the S2

state. However, some of the measurements done in [II] were repeated, and the
results obtained indicated a need for further investigation. Paper [V] includes
meaurements of the S2 lifetime of the dyad, and also with a reference porphyrin
that are more structurally similar to the ZnTTP subunit in the dyad.  Further, in
[V], the reactions occuring upon excitation of the Ru(bpy)3

2+ unit is investigated,
as well as the processes occurring upon excitation to the S1 state.  The results in
[V] further supports the conclusions in [II], that electron transfer takes place
from the S2 state to Ru(bpy)3

2+with a rate constant of 8×1011 s-1. The observed
rates of electron transfer from papers II and V are given in Table 5.2

In [II], the lifetime of the S2 state was found to be reduced to 50% of that of  the
model ZnTTP, measured by transient absorption ( figure 5.2). Steady state S1

fluorescence quantum yield of the dyad was compared with the model ZnTTP.
When the dyad was excited in the Q bands, the emission intensity was 13% of
that for the ZnTTP, while Soret band excitation resulted in an S1 fluerescence of
7% compared with ZnTTP.  The steady state emission intensities show that the
shorter S2 lifetime observed in the dyad did not originate in an enhanced internal
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S2 to S1 internal relaxation. Instead, a new reaction channel from the S2 state
exists in the dyad. In order to determine the nature (energy- or electron transfer)
of the process responsible for the deactivation, transient spectra were recorded in
the dyad.  Figure 5.6 show the transient absorption recorded 10 ps after
excitation of the dyad with 414 nm laser pulses.  The spectrum was consistent
with a combination of 50% S1 state of ZnTTP[I,18] and 50 % oxidised ZnTTP+

[V,18,27,95-97] and reduced Ru(bpy)3
+ [98]. Electron transfer from the S2 state

occurs with a 50 % yield, and after 10 ps, the transient spectra consists of 50%
from the S1 state, and 50 % of  charge transfer products. The transient absorption
of both excited and reduced Ru(bpy)3

2+ show a bleach in the region between 400
and 500 nm, and the effect of this bleach can been seen in the transient spectra
in the 450 to 500 region.  The spectral structures indicated by the arrows were
interpretated as originating from the reduced Ru(bpy)3

+ unit in paper [II].

450 500 550 600 650 700
0,00

0,02

0,04

0,06

0,08

0,10
∆∆∆∆Abs

Wavelength (nm)

Figure 5.5
Transient absorption spectrum of the ZnTTP-L-Ru(bpy)3

2+

dyad generated at a time delay of 10 ps after excitation in the
Soret band. From [II]
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In [II], upon excitation in the MLCT band at 450 nm of the Ru(bpy)3
2+ unit in

the dyad, a small amout of emission from  *Ru(bpy)3
2+ excited state was

detected. In paper [II], we concluded that although the *Ru(bpy)3 emission is
strongly quenched by energy transfer to form the 3ZnTTP triplet, we would be
able to detect a small amount of emission if the deactivation channel from S2

was energy transfer.  However, in a further study of the dyad, we noticed the
presence of  a small fraction of dissociated dyad. Thus, monomeric Ru(bpy)3

2+

or Ru(bpy)3
2+-L is most likely to be responsible for the observed emission upon

450 nm excitation.  This was easily confirmed by purging the solution with
nitrogen gas, to remove the quenching by oxygen on a longer time scale. The
steady state emission increased in intensity, as expected for dissociated
Ru(bpy)3

2+ units.
 Therefore, in order to further establish what mechanism  is responsible for the
deactivation of the S2 state in the dyad, the transient absorption studies in [V]
were made. These are presented in paper [V].  Furthermore, the solvent used in
paper [V] is acetonitrile, while in paper [II] the study were made in DMF.  In
[V], we used the ZnTTP-L as reference for the S2 lifetime. The poor solubility of
this compound in DMF motivated the change of solvent. In figure 5.7, the
different processes observed upon excitation of the different states in the dyad is
given.  One of the most important findings in [V] is the observation of a
development of new transient features upon the charge transfer reaction, which
had a long lifetime, and displayed spectral features identical to the ZnTTP triplet
state.

Table 5.2 Electron transfer rate constants

S2 kET (s-1) S1 kET (s-1)

ZnTPPS4--MV2+ >6××××1012 >6××××1012  [79]

ZnTTP-L-Ru(bpy)3

(DMF)
6.2××××1011 9.5××××1010

ZnTTP-L-Ru(bpy)3

(acetonitrile)
7.5××××1011 9.5××××1010
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S2

S1

ET
products

ZnTPP-L

1.2 ps

100 ps

2.3 ps

<200 fs

T1

Ru(bpy)3
2+

30 ps

15 ps

S0  G.S.

Figure 5.7 Internal relaxation, energy – and electron transfer
processes in the ZnTTP-L-Ru(bpy)3 dyad.
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6. Electron- and energy transfer mechanisms in [2]-rotaxanes.

6.1  [2]-rotaxanes as model systems in electron transfer reactions
Rotaxanes in general have the topology of a ring threaded on a rod with stoppers
to prevent dissociation. The [2]- rotaxanes studied in papers [III, IV] consist of
two Zn(II) porphyrin (ZnP) donors attached as stoppers on a rod (figure 6.1,
6.2).  A macrocycle ring with a Au(III) porphyrin (AuP+) acceptor is threaded on
the rod. The two phenanthrolines, one on the macrocycle and one on the rod, can
coordinate metal cations. With no coordinated metal (Zn2Au+), the rod and the
ring are held together only by mechanical bonds, while binding of a metal cation
to the phenanthrolines connects the rod  and the ring by coordination bonds
(Zn2Cu+Au+ and Zn2Ag+Au+). In Zn2Cu+, no Au(III) porphyrin is attached to
the macrocycle.

Figure 6.1

Structure of Zn2Cu+
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The  [2]-rotaxanes in figure 6.2 were designed in order to study electron transfer
reactions between the ZnP and AuP+ subunits, with special attention to the effect
of the electron transfer rate of coordination of metal cations in the
phenanthroline moiety. The metal cations presented in figure 6.2 are Ag+, Cu+

Figure 6.2
Structure of the [2]-rotaxane.
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and Li+. These metal cations changes the energy of the HOMO and LUMO
levels in the phenanthrolines upon coordination, and also introduces metal
centred orbitals. By the three different metal cations, the energy of the mediating
link could be changed, while the rest of the molecular structure remained
unchanged. (The Li+ coordinated rotaxane was found to dissociate readily in
DMF, and were excluded from the results in III and IV). Electron transfer
reactions between Zn(II)- and Au(III) porphyrins have been observed in
systems, where the two different porphyrins have been connected by a
phenanthroline link. The electron transfer reactions were found to be mediated
by the link in a superexchange mechanism[27,99,100].

 Selective excitations of both the ZnP and the AuP+ subunits of the [2] rotaxanes
in figure 6.2 led to rapid electron transfer, with high quantum yields.  Upon
excitation of the ZnP subunit, electron transfer from the 1ZnP singlet state to the
ground state AuP+ occurred, while selective excitation of the AuP+ led to
electron transfer from the ground state ZnP to the 3AuP+ triplet. While the
coordinated metals had very little effect on the electron transfer reactions from
the 1ZnP singlet, the reactions involving the  3AuP+ triplet were found to vary
with the coordinated metal, with a superexchange mechanism in Zn2Ag+Au+

and Zn2Au+ , and a sequential mechanism in the Zn2Cu+Au+ rotaxane.  In figure
6.3, the observed photochemical and photophysical processes upon excitation of
the different subunits are shown.

6.2 Properties of the model compounds ZnP and AuP+

The two different porphyrins were selectively excited in the Q bands, to initially
form the 1ZnP or 1AuP+ singlet states. The 1AuP+ undergoes intersystem crossing
to form the 3AuP+ triplet state within a few ps [13,27,28]. The model compounds
ZnP and AuP+ were used as references, and the fluorescence lifetime (2.0 ns)
and intensity was measured for ZnP . The 3AuP+ triplet does not emit at room
temperature, and a 2.0 ns lifetime of the 3AuP+ state was measured by transient
absorption. The phosphorescence spectra for  3ZnP and 3AuP+ were measured at
77 K.  The energies of the triplet state were taken from the blue edge of the
phosphorescence spectra, while the energy of the 1ZnP were taken from the
midpoint of the absorption and emission 0-0 transitions. From the ground state
redox potentials of the model compounds, and the measured energies of the
excited states, the redox potentials for the different states were obtained.

The 3ZnP state was further studied by nanosecond flash photolysis. The 3ZnP
lifetime was found to be 7. 5 µs in a deoxygenated sample, while a triplet
lifetime of 6.0 µs was observed in Zn2Cu+.  Further, transient absorption spectra
showed a time dependent spectral shift of the peak around 460 nm, with a
lifetime of 100 ns of the initially formed triplet state. The observed dynamics
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were interpreted as a conformational change to a non planar porphyrin, as was
suggested in a recent report [29].

6.3 Electron transfer reactions upon excitation of the ZnP unit.
Upon selective excitation of the ZnP units at 575 nm, electron transfer from
1ZnP to the ground state AuP+ was observed:

Zn1Zn - Au+ →ZnZn+ - AuP•••• ∆G0 = -0.89 eV (24)

The charge transfer state reacted further in a back electron transfer to reform the
ground state ZnP and AuP+ units:

ZnZn+-AuP• → Zn2 - AuP+ ∆G0 = -1.25 eV (25)

The forward electron transfer rate constants were obtained from both emission
and transient absorption measurements.  The steady state emission intensity and
the observed fluorescence lifetime of the rotaxanes were compared with the
model ZnP.  The observed fluorescence decay could not be described by a
single exponential function in the rotaxanes, but good quality fits were obtained
by double exponential functions. In the rotaxanes a fast decay of 80 ps (30-40%)
and slower 570 ps and 700 ps (60-70%) were found for  Zn2Au+ and
Zn2Ag+Au+, respectively,  while in Zn2Cu+Au+ lifetimes of 60 ps and 300 ps
were observed. In Zn2Cu+ the fluorescence decay was well described by single
exponential lifetime of 180 ps.

Transient absorption spectra of Zn2Au+, Zn2Ag+Au+ and Zn2Cu+Au+ taken at
different delay times showed the formation of the charge transfer state from
initial 1ZnP  state according to eq. 24. The transient absorption kinetics were
followed at several wavelengths, and the obtained lifetimes were found to be
consistent with the observed fluorescence data. Further, a transient decay
corresponding to the back electron transfer (eq. 25) was seen, and lifetimes of
10 ns were obtained. The decays on the nanosecond  time scale were followed
by  flash photolysis, which yielded lifetimes of the charge transfer state of 10 ns
and 40 ns for the three rotaxanes.

In Zn2Cu+Au+ and Zn2Cu+ a two step energy transfer involving  Cu+(phen)2

was observed:

1ZnZnCu+ → Zn2
*Cu+ → 3ZnZnCu+ (26)
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In [101], energy transfer from  1ZnP to Cu(phen)2
+ was reported in a structurally

very similar rotaxane. In Zn2Cu+Au, this process (eq. 26) competes with
electron transfer (eq 24). The rate constant for the initial energy transfer was
obtained from emission lifetime measurements and transient absorption of
Zn2Cu+. The second energy transfer could be followed by transient absorption,
as the risetime of the transient absorption due to the formation of the 3ZnP state.
Transient absorption traces yielded lifetimes of 650 ps of the Zn2

*Cu+ state in
both  Zn2Cu+Au and Zn2Cu+. Hence, electron transfer from the *Cu(phen)2

+ to
the AuP+ ground state was not observed. When the energy transfer processes
(eq. 26) were considered in Zn2Cu+Au, the electron transfer rate constant for
forward and back electron transfer (eqs. 24 and 25) were found to be similar in
all three rotaxanes. The observation of biexponential behaviour in both transient
absorption and emission was interpreted as the presence of several different
conformations in the rotaxanes.

Thus, the coordination of metal cations did not have any large effect of the
observed electron transfer rates. A slightly larger donor – acceptor distance,
might explain the somewhat slower electron transfer observed in Zn2Ag+Au+.
In figure 6.3, the observed electron- and energy transfer processes are shown,
with the energies of the different states. Electron transfer from the 1ZnP state to
the Cu+(phen)2 (∆G0≈0) or Ag+(phen)2 (∆G0= - 0.7 eV) [102,103], followed by a
second electron transfer to the AuP+ unit is energetically possible. This
sequential mechanism is  expected to result in an increase of the observed
electron transfer from the 1ZnP state. The observation of similar electron transfer
rate constants, and the absence of any detected intermediate charge transfer
state, indicates that sequential electron transfer was not significant.  Instead the
mechanism is proposed to be a superexchange [6,7] in all three rotaxanes with
an electron transfer pathway that do not involve the reduction of the Ag+(phen)2

or Cu+(phen)2 units.

6.4 Electron transfer reactions upon excitation of the AuP+ unit.
Upon selective excitation of the AuP+ unit with 528 nm light, electron transfer
from the ground state ZnP unit was found to occur in  Zn2Au+ and Zn2Ag+Au+:

Zn2 – 3AuP+ → ZnZn+ - AuP•••• ∆G0 = -0.45 eV (27)
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The transient absorption spectra recorded at various time delays upon excitation
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showed the formation of the charge transfer state from the inital 3AuP+ state in
all rotaxanes. The kinetics of the transient absorption were analysed, and the
forward electron transfer were found to occur with two rate constants, followed
by a slower recombination, as in when the ZnP unit was excited. In nano second
flash photolysis, the back electron transfer was followed, and the charge transfer
states were found to have the same lifetimes as observed with ZnP excitation.
Thus, the lifetime of the charge transfer state  did not show any spin memory of
the excited state which it was created from.
While the electron transfer reactions from the 1ZnP state were almost unaffected
by the presence of the coordinated metal cation in the phenanthroline moiety,
the effect was evident when the electron transfer involved the 3AuP+ triplet and
ZnP ground states.

Figure 6.4. Schematic MO diagram illustrating the effect of bridge energy on
through-bond electron transfer. (A) electron transfer from the ground state ZnP
to the 3AuP+ state (hole transfer). (B) electron transfer from the excited 1ZnP
state to the ground state AuP+ (electron transfer)
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In Zn2Ag+Au+, the forward electron transfer rate was found to be considerably
larger than for the Zn2Au+, and in Zn2Cu+Au+ the charge transfer state was seen
to be formed even faster, as presented in table 6.1.
In Zn2Ag+Au+ the enhanced electron transfer rate could not be explained by
alternate reactions. Oxidation and reduction of the Ag+(phen)2 is endoergonic, as
is also energy transfer to form the 1ZnP [table2 in IV]. Energy transfer to form
the 3ZnP is exorgonic, but this process could be ruled out based on the transient
absorption kinetics. In Zn2Cu+Au+, a two step electron transfer mechanism was
proposed:

Zn2Cu+ 3Au+→→→→ Zn2Cu2+Au•••• ∆G0 = -0.20 eV (28)

Zn2Cu2+ Au••••→→→→ ZnZn+Cu+Au•••• ∆G0 = -0.30 eV (29)

The observed electron transfer reactions upon the selective excitations of the
ZnP and AuP+ units were interpreted in terms of superexchange and sequential
mechanisms. In figure 6.4, the different states involved are schematically drawn,
and as a simplification the links are represented as single states.

In electron transfer from the from the ground state ZnP to the 3AuP+, state the
electronic coupling between the donor and acceptor is increased mainly by the
interaction of the HOMO of the link, according to the hole transfer mechanism
[6,7] (A in figure 6.4). On the other hand, electron transfer from the 1ZnP state
to the ground state AuP+ is mostly dependent on the electronic coupling of the
donor and acceptor with the LUMO of the link, according to the electron
transfer mechanism.[6,7].

Although the coordination of both Cu+ and Ag+ stabilises the LUMO of the
phenanthrolines, the electron transfer rate was unaffected. The LUMO of
Cu+(phen)2 is phenanthroline based, and Ag+(phen)2 has low lying orbitals on
both the metal and the ligand [102,103]. When the energies of the LUMOs of
the three different rotaxanes are compared, one would expect the electron
transfer rate to be faster in the metal coordinated rotaxanes. The observation of
similar electron transfer rates suggest that the electron transfer pathway do not
involve these units.

The electron transfer to the 3AuP+ state was affected by the coordination ofAg+

and Cu+. Oxidation by 3AuP+ of both Ag+(phen)2 and the phenanthrolines in
Zn2Au+ is endoergonic, and Ag+(phen)2 is the most difficult to oxidise. A
superexchange mechanism was proposed for the electron transfer reactions in
Zn2Au+ and Zn2Ag+Au+, where the Ag+ cation enhances the electronic coupling
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between the porphyrin donor and acceptors  mainly by the coordination bonds to
the two phenanthrolines. On the other hand, oxidation of the Cu+(phen)2 by the
3AuP+ state is exoergonic. Therefore, the Cu+(phen)2 HOMO is not involved in a
superexchange mechanism, but is oxidised as an intermediate in a sequential
mechanism. The intermediate state was not observed, and therefore it was
concluded that the second electron transfer occurs much faster than the initial.

 Table 6.1
   Summary of Forward Electron Transfer Rate Constants

kET (s-1) (rel. amplitudes)

ZnP excitation AuP+ excitation

Zn2Au+ 1.2×1010 (35%) 1.3×109 (65%) 1.1×1010 (40%) 5×108 (60%)

Zn2Ag+Au+ 1.2×1010 (35%) 1.1×1010 (65%) 2.0×1010 (40%) 2.0×109 (60%)

Zn2Cu+Au+ 1.2×1010 a a 3.9×1010 (75%) 1.6×109 (25%)

a) see text in [IV]
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Errata list.

Page 12, bottom.
The description of transitions corresponding to the Q and B bands has been wrongly simplified. Both
the B and Q transitions involve the a1u and a2u orbitals.  The transition dipoles from a1u to eg and
a2u to eg adds in a constructive way in the B transition, while the transition dipoles add in a
destructive way in the Q transitions.

Page 14.  Line 4  from bottom:   “ with a quantum yields typically...”
should be “ with quantum yields typically...”

Page 19, below equation 5:
“ ...passing through two the sample...”  should be  “...passing through the sample..”

Page 20, line 6: “...the attenuation be less than....” should be  “....the attenuation will be less than...”

Page 23, section 3.4 :  “ Transient absorption spectra were obtained with a CCD”
should be: “Transient absorption spectra were obtained with a charge coupled device, CCD.”

Page 24,  Line 6 below figure 3.5: “... could be calculated if the refractive index in known for all.....”
             should be   “...be calculated if the refractive index and material thickness is known for all....”

Page 28,  Figure 4.1, Bottom left : should be ∆G= -λ

Page 33. last line in section 2:  “...and a proposed sequential mechanism is proposed”
should be: “...and a sequential mechanism is proposed.”

Page 43. Figure 5.5 should be Figure 5.4
 Line 4 from top: Figure 5.6 should be 5.4

Page  45 Figure 5.7 should be Figure 5.5

Page 44 , line 5 from bottom:    Figure 5.7 should be Figure 5.5

Paper IV

Figure 12 and 13 have been wrongly numbered. Figure 12 is Figure 13, and Figure 13 is Figure 12.

Page 57; Figure caption 13. The rotaxane given is Zn2-Ag+-Au+ . This should be Zn2-Au+.

Paper V.

Page 1:  Line 11 from bottom: “di methyl chloride” should be “dichloromethane”
Page 2: Results section 1:    The potentials are given as vs SCE.

Results section 1,  The transient absorption spectra for the reduced Ru(bpy)3
+ unit was

recorded for the reference compound L- Ru(bpy)3
2+

Page 5:  section 4, line 9: “strong” should be “rapid”.
Page 7:  Ref 6 is Anoxygenic Photosynthetic Bacteria; Blankenship, R. E.; Madigan, M. T.; Bauer, C.
              E. (Eds.) Kluwer Academic Publishers; Dordrecht, 1995.
Figure 3: (Legend)  S1 and T1 states are with Ru(bpy)3

2+, CT should be with Ru(bpy)3
+, and Ru*

               should be 3Ru(bpy)3
2+

Figure 7: The lifetime of the S2 state should be 2.4 ps. 
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