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Abstract
Interligand electron transfer (ILET) may be an essential parameter for the injection of
an electron from the dye into the semiconductor surface of a dye sensitized solar cell
(DSSC). Without an efficient injection, competing recombination paths may become
apparent. For the future development and design of DSSCs, with the hope of increased
energy conversion efficiencies, the ILET dynamics is of great importance. For a long time,
the most impressive DSSCs were sensitized with polypyridyl ruthenium dyes for which
injection has shown to vary from sub-ps to ns duration. It may therefore be crucial to
find means of studying the underlying reasons for the slow injection and in this thesis
such an attempt has been made. ILET dynamics has been examined using fs Transient
Absorption Anisotropy Spectroscopy in both the IR and Visible. This was done for two
ruthenium dye complexes: N712 (cis-diisothiocyanato-bis(2,2’-bipyridyl-4,4’-dicarboxylate)
ruthenium(II)) and RuL3 (tris(2,2’-bipyridyl-4,4’-dicarboxylate) ruthenium(II)) which are
among the best performing dyes in DSSCs. The initial anisotropy was used to determine
whether the excitation is localized on the photoselected ligand or delocalized over the
available bipyridyl ligands. The depolarization dynamics of the anisotropy decay showed
that the ILET must occur on the sub-ps time scale, resulting in rapid loss of the memory
of which ligand was photoselected in the absorption process. This means formation of a
metal-to-ligand-charge-transfer state that is randomized over the bipyridyl ligands. These
results indicate that ILET dynamics should not limit the injection in DSSCs.

Popular Scientific Summary
Light is known as something ordinary since it is seen and felt by us every day. There
is though, more to light than what meets the eye. Light emitted by the sun carries
energy which with the right tools can be exploited. Evolution has equipped plants
and certain bacteria with the possibility to do just that. They can, through a process
known as photosynthesis, convert the solar energy into a chemical form of energy such as
carbohydrates (sugars). The knowledge of such reactions occurring in these organisms has
lead to the revelation that if man could mimic such a system, fuels and electricity could
be produced from an abundant energy source like the sun. It has lead to several years
of research with the burst of knew technologies such as solar cells of which some utilizes
a dye. This dye functions in a similar fashion to that of the chlorophylls of a plant, it
absorbs the light. How the dye molecules interact with the light depend on many things.
One is the actual polarization of the light. This property of light is known to anyone
who has worn polarized sunglasses or have a polarizing filter on their camera. Besides
avoiding reflections, there is also a slight change of the observed colour of things which
arises due to the change in interaction between molecules and the light. In this thesis, this
behaviour has been utilized to determine orientation properties of two ruthenium-core
polypyridyl-ligand dyes; N712 and RuL3. These dye molecules will absorb the light
depending on their respective orientation relative to the polarization of the light. From
comparison between two extreme cases where the light is either horizontally or vertically
polarized, essential information can be elucidated. In dye coloured solar cells, the dye
needs to absorb the light, hence become excited, to "free" an electron. This electron needs
to move from the dye to that of a semiconductor surface which is connected to an external
load for electricity applications. The rate at which the dye donates its electron to the
solid state surface is important for the overall efficiency of the solar cell. It is believed
that the freed electron may either reside on the light-absorbing ligand of the dye, hence
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become localized, or become delocalized over them all, meaning the charge is spread over
all the ligands simultaneously. If localization occurs on a ligand that is not attached to
the semiconductor surface, the electron has to travel a longer distance and the rate will
suffer. A fundamental study, such as this report, will help in future designs of the dye
solar cells and hopefully lead to increased efficiencies.
By using the polarization of light and the absorption properties of the molecules
depending on their orientation, the electron location in the dye in solution was observed.
On the femtosecond time scale (10−15 s) the electron was proved to be localized, however
randomly over the ligands. Hence, the rate of electron transfer will remain an average
from all possible locations of the electron. These results may, however, change if the dye
is attached to an actual surface and this needs further study.

Symbols and Abbreviations
bpy

2,2’-bipyridine

c

Speed of light (2.998 · 108 m/s in vacuum)

CB

Conduction Band

CE

Counter Electrode

DSSC

Dye Sensitized Solar Cell

ES

Excited State

ESA

Excited State Absorption

GS

Ground State

GSB

Ground State Bleach

GVD

Group Velocity Dispersion

h

Planck’s constant (6.626 · 10−34 J s)

HOMO

Highest Occupied Molecular Orbital

ILET

Interligand Electron Transfer

IR

Infrared

IRF

Instrument Response Function

LUMO

Lowest Unoccupied Molecular Orbital

MCT

Mercury Cadmium Telluride

MLCT

Metal to Ligand Charge Transfer

N3

Ruthenizer 535/cis-diisothiocyanato-bis(2,2’-bipyridyl-4,4’-dicarboxylic
acid) ruthenium(II)

N712

Ruthenizer

535-4TBA/cis-diisothiocyanato-bis(2,2’-bipyridyl-4,4’-

dicarboxylate) ruthenium(II) tetra(tetrabutylammonium)
RC

Redox Couple
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RuL3

Ruthenizer

470-4TBA/tris(2,2’-bipyridyl-4,4’-dicarboxylate)

nium(II) tetra(tetrabutylammonium)
SE

Stimulated Emission

TBA

Tetrabutylammonium

TBA:OH

Tetrabutylammonium hydroxide

VB

Valence Band

WL

White Light

WLG

White Light Generation

ruthe-

Chapter 1
Introduction
Mankind has proven to be a resourceful creature, capable of adapting its environment to
her needs rather than the opposite. It has not only led to the sprout of population growth
but as well the modern society around us today, though, the human activities have made
their ecological footprint along the way. The ever increasing energy demands and the
historical utilization of fossil fuels have for decades impaired the earth’s atmosphere with
greenhouse gas emissions.[1] Only few are left to deny the elevated temperatures resulting
in glaciers melting and sea levels to rise. With the current situation continuing to develop
for the worse, finding renewable energy sources has become essential. Here, nature is an
excellent source for inspiration, especially regarding its ways of converting solar energy
into other forms. One of these processes is known as photosynthesis, which occurs in plants
and various bacteria, allowing them to convert solar energy into chemical energy carriers
(such as ATP).[2] Solar energy is constantly radiating over the earth’s surface, making it
an abundant and green energy source for these organisms. Therefore, if one could similarly
harvest this energy and sufficiently transform it into e.g. electricity or fuels, our society
would be one step closer to solving the energy-puzzle without making further harm on the
environment. The growing research field which attempts to mimick these processes for
sustainable energy production, has rightfully gotten the name of artificial photosynthesis.
With the sun being the source of energy, scientist have already proven the possibility
of producing electricity with the use of photovoltaics. Amongst the various kinds of
photovoltaics, the ones of interest to this study are the dye sensitized solar cells (DSSC).[3]
As in natural photosynthesis, an absorber (dye) is used to harvest the light which upon
excitation allows for electron transfer into the active material (semiconductor). The first
report of a DSSC in 1991 by O’Regan and Grätzel used a ruthenium(II) polypyridyl dye
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complex known as N3.[4] The family of dyes surrounding N3 has attracted much attention
due to their broad absorption spectra and reasonable extinction coefficients.[5] Besides N3,
there has been extensive research on the deprotonated forms known as N719 and N712.
Nevertheless, questions still remain. One being whether the initial excitation localizes on
the photoselected ligand or delocalizes over all ligands. In this thesis the question has
been addressed for two commercially available dyes; N712 and RuL3.
In the next section the working principle of DSSCs is described, including the remaining
problems that requires to be solved for increased efficiency.

1.1

Dye Sensitized Solar Cells: Working Principle
and Remaining Issues

Solar cells (SCs) convert sunlight into electricity on the basis of the photovoltaic effect,
where light has the ability to excite a bound electron to a less bound state in a material,
upon absorption. As the electron becomes "free" it conducts a current, which if connected
to an external circuit can be utilized. Nevertheless, for this effect to occur, certain criteria
must be met. One of these is that the photon energy needs to be above a given threshold
to allow for the wanted electronic transition. This barrier or threshold is referred to as the
bandgap, which is the energy gap between the two bands known as the valence band (VB)
and conduction band (CB). These bands arise from the inherent distribution of states due
to the vast amount of atoms in the crystal lattice and a consequential molecular orbital
mixing. The electrons reside in the lower energy VB until they obtain enough energy (by
light absorption) to reach the free state of the CB. The excitation results in the formation
of a hole in the VB, which acts like a positive charge carrier, while the electron in the
CB acts as a negative charge carrier. The formation and separation of this charge-carrier
pair, also known as an exciton, is essential for the conductivity and productivity of the
material.[6]
The magnitude of the bandgap, and consequently the required energy of the photons,
is highly dependent on the material. Dyes Sensitized Solar Cells (DSSCs) usually consists
of a semiconductor metal oxide (e.g. TiO2 ), which has an intermediate bandgap and
conductivity compared to that of insulators and metals.[6] The first promising DSSC was
made by Grätzel and O’Regan in 1991, which utilized the since then common choice of
mesoporous TiO2 sensitized with a ruthenium based dye known as N3.[4] The porosity
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allowed for higher dye loading which resulted in an energy conversion efficiency of 7 %.
The dye is an important aspect of the solar cells since it even allows for photons of energy
below that of the bandgap to be absorbed. This is due to the narrower energy difference
between the HOMO and the LUMO level of the dye. The solar spectrum carries most
photons within the red part of the spectrum, meaning that the sun mostly emits low energy
photons. These photons do not give rise to any exciton formation in the semiconductor
by themselves, therefore calling for the need of an absorber such as a dye. A schematic
illustration of a DSSC is given in Figure 1.1, which clarifies this statement. To the left the
assembly of the cell is showed where the semiconductor (here TiO2 ) is deposited onto a
transparent conducting glass substrate, usually fluorine-doped tin oxide (FTO). The films
is subsequently sensitized rendering dye molecules on the surface of the semiconductor.
As the dye is excited by incident light (1) an electron goes from the HOMO level (D/D+ )
to the LUMO (D∗ /D+ ). To the right one can see that the dye molecule’s LUMO level
is placed above that of the CB edge, which is necessary to create a driving force for
the electron to inject into the CB (2). If the FTO is connected to an external load the
electron may continue on its path (3) towards the secondary FTO, which is coated with
the counter electrode (CE). The CE then reduces the electrolyte (4) consisting of a redox
couple (RC) such as I− /I−
3 , which enables the regeneration of the oxidized dye (5).
Amongst these desired processes, the DSSCs are still plagued with loss processes
indicated by the dashed arrows in Figure 1.1 (right). If the injection is slow, the excited
state of the dye could either decay (6) with the loss of the gained energy, or reduce the
electrolyte (7). The electron that has been successfully injected into the CB (2) may
short-circuit the system by instead of entering the external connector, rather reduce
the redox couple (8) or recombine with the oxidized dye (9). For an efficient solar cell
these losses need to be outcompeted by the productive reactions. Usually injection is
rapid ( 10−13 -10−11 s), thus avoiding (6) and (7), leaving recombinations, (8) and (9), as
the critical factors ( 10−6 -10−3 s).[3, 7] However, previous findings have shown that for
derivatives of the best performing Ru dyes, similar to those used in this study (see section
1.1.1), slow injection (up to 10−9 s) might occur which inevitably affects the efficiency of
the device.[8–10] It is therefore of importance to understand the underlying reasons for
the slow injection. One being the displacement of the LUMO of the dye to that of the CB
of the semiconductor, resulting in a lower driving force for injection. The second, being
the aim of this thesis, is an initial excitation localized on a ligand far from the surface.
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Figure 1.1: Scheme of a DSSC where the left illustrates the essential components and to the
right the corresponding energy (and voltage) diagram of the electron transfer processes described
in the text. Solid arrows indicate desirable processes and the dashed arrows losses.

In such a case, migration of the electron to a ligand close to the semiconductor surface
will be a pre-requisite for electron injection to occur. This phenomenon is referred to as
Interligand Electron Transfer (ILET) and is described in more detail in section 1.2.3. In
the following section, the ruthenium-based dyes investigated in this study are presented.

1.1.1

N3, N712 and RuL3

This thesis aims to shed light on the ILET dynamics of two commercially available dyes
namely, N712 (cis-diisothiocyanato-bis(2,2’-bipyridyl-4,4’-dicarboxylate) ruthenium(II)
tetra(tetrabutylammonium)) and RuL3 (tris(2,2’-bipyridyl-4,4’-dicarboxylate) ruthenium(II)
tetra(tetrabutylammonium)). A minor comparative study has also been made on N3
(cis-diisothiocyanato-bis(2,2’-bipyridyl-4,4’-dicarboxylic acid) ruthenium(II)), which is the
fully protonated version of N712.
Ruthenium dyes have been extensively studied for DSSC applications, showing high
efficiencies for several years.[11] Due to the previously mentioned impressive results from
the N3 dye in 1991, N3 and similar polypyridine complexes such as N712 rapidly became
the dyes of choice.[12] Despite this, no previous spectroscopy studies have been conducted
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Figure 1.2: The chemical structures of N3, N712 and RuL3 used as salts with tetrabutylammonium counterions.

on RuL3 as far as I know. The ruthenium polypyridyl complexes have long been favoured
due to their high performance based on their broad absorption bands (see Figure 3.4)
and satisfactory molar extinction coefficients. Even though this family of dyes is not new
to the research field, there are still fundamental questions to be answered. One of these
is the underlying reason for the observed slow injection from several ruthenium-based
dyes to that of the semiconductor. The answer is believed to lay within the nature of the
excited state of the dye which in turn raised another question. Does the excitation lead
to a higher electron density on one photoselected ligand, hence localization of the charge,
or is it delocalized (see section 1.2.2 and 1.2.3)?
Several attempts have been made to answer this question leading to contradicting
results. Benkö et al. have shown that an initial localization is randomized within 100 ps for
N3 in solution.[13] Yet, it is clearly stated by Waterland and Kelley that no randomization
occurs on this time scale and that the localized state remains stable beyond 100 ps.[14]
This study aims to elucidate the truth behind these statements for the dyes of interest;
N712 and RuL3, by the use of fs transient IR absorption anisotropy. The symmetry
induced by the deprotonation of the carboxylates leads to stronger signals of the inherent
stretches of the vibrational modes. These stretches are prominent in the regions of 1630
and 1350 cm1 (see Figure 3.5).

1.2. LIGHT AND MATTER INTERACTION

1.2
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Light and matter interaction

Light possesses both the property of a massless particle (a photon) and that of an
electromagnetic wave. The latter has given us the means of assigning light by a wavelength,
λ, a velocity, c (2.998 · 108 ms−1 in vacuum), and a certain frequency, ν. Furthermore,
the particle’s energy given by its momentum can be associated to the wavelength by the
use of Planck’s constant, h (6.63 · 10−34 J s). The wave and the particle characters come
together in Equation 1.1 giving the energy of the photon.[15, 16] In some cases one rather
uses wavenumbers (ν̃), instead of wavelengths, which describes the number of waves per
unit length also depicted in the equation.

E = hν =

hc
= cν̃
λ

(1.1)

The wave nature of light was demonstrated by Maxwell, who solved the well-known time
dependent equations of electromagnetism. From these equations, light can be described
as a wave travelling with its electric and magnetic fields oscillating perpendicular to each
other and to the direction of propagation. Light can, through these fields, interact with
matter (i.e. distribution of charged particles) and introduce oscillations of the electrons
and nuclei.
However, the oscillations may only be initiated if the frequency of the electromagnetic
field of the light matches the frequency of e.g. an electronic transition. In other words,
since the electrons in molecules are distributed into discrete energy levels, only incident
photons whose frequency or energy corresponds to the difference in energy between two
levels may cause a transition (resonance condition). As a result, the electron distribution
may differ from its initial state and an electron moves from one state to another (e.g from
the ground state to an excited state).[16] The probability of a transition is also dependent
on the transition dipole moment, which is explained further in the next section.

1.2.1

Transition dipole moment

Using the quantum mechanical description of molecules, there are two conditions for a
transition to occur.
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1. The energy that is absorbed has to exactly match that of an energy gap between the
considered initial and final state (resonance condition). This means for absorption
of a photon, its energy, E = hν, must perfectly correspond to this energy difference.
2. The angular momentum of the system has to remain constant, meaning that as a
photon is absorbed then its loss of momentum has to be gained by the system.

As the light is absorbed, a transition dipole moment is formed which can be seen as a
dipole induced by light and represented by a vector in the direction of the electron flow.
This dipole moment is finite and only exists during the transition. Its magnitude depends
on how polarizable the electron in question is; how easily it starts oscillating with the
light. If the oscillations occur with ease, the transition is more likely to occur and the
magnitude of the transition dipole moment is large.[16]
The transition dipole moment (µf i ) is a vector in the molecular space that can be
determined for any transition; electronic or vibrational. Quantum mechanically it is
given by the electric dipole moment operator, µ̂, which operates (Equation 1.2) on the
wavefunctions of the initial (Ψi ) and final state (Ψf ). In turn, the operator describes the
spatial distribution of the charges in the molecules. It depends on the sum of elementary
charges (electrons and protons), e, and their position vector relative to the center of
molecular charge, r.[16]
µf i =

Z

Ψf (r, R)µ̂Ψi (r, R)dτ =

Z

ψf (r)µ̂ψi (r)dτe

Z

θf (R)θi (R)dτN

(1.2)

The final and initial wavefunctions can, according to the Born-Oppenheimer approximation and the Condon-approximation, be divided into an electronic (ψ) and a nuclear
part (θ). The electric dipole operator is independent of the nuclear coordinates (R) and
therefore it only operates on the electronic part (r). This consequently describes the
electron-dipole transition moment which is given by the polarization of the electrons.
The nuclear part on the other hand, describes how well the nuclear wavefunctions of
the considered states match. Since the probability of a transition is given by the square
modulus of µf i , it is proportional to | θf θi dτN |2 , referred to as the Frank-Condon factor.
R

The integral may take any value between 1 and 0, 1 being the result of a perfect match.[17]
To study vibrational transitions infrared (IR) spectroscopy may be used. Infrared
radiation carries the right frequencies to excite a vibrational band of the molecule. As
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already given in Equation 1.2 but in simplified terms, a transition is only allowed if the
atomic motions result in a change of the electric dipole moment (Equation 1.3).[17]
dµ
6= 0
dx

(1.3)

Carboxylates are good examples of inherent IR active stretching modes. The symmetric
stretch effectively increases or decreases the dipole moment compared to the equilibrium,
spanning in the directions of the oxygens. The asymmetric stretch will fully change the
direction of the dipole moment by 90 degrees (Figure 1.3). This concept will be further
described in section 2.4.3, where predictions of the initial anisotropy are made.

Figure 1.3: The direction of the electric dipole moment (red arrow) during the symmetric and
asymmetric stretch (black arrows) of the carboxylate.

1.2.2

Metal to Ligand Charge Transfer

For octrahedral complexes like those most common for Ru, the degeneracy of the d-orbitals
is broken with the coordination of ligands. The extent of the splitting depends on the
character of the ligand, which can be either electron withdrawing or donating. The
coordination occurs through orbital overlap with the available d-orbitals of the metal. If
the ligands are electron accepting and the metal is in a low oxidation state, an excitation
of the complex most likely results in a metal to ligand charge transfer state (MLCT). The
low oxidation state of the metal makes the electrons in the d-orbitals being fairly close in
energy to the accepting antibonding π orbitals of the ligands.[18] The highly localized
electron density on the metal therefore moves to the ligands in the LUMO. The nature of
this MLCT state is still under debate, regarding whether or not it is localized on one ligand
or simply delocalized over all. Concerning polypyridyl dyes like N3, extensive research has
been made which indicates an initially localized MLCT state upon excitation.[5, 19, 20]
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Interligand Electron Transfer

Interligand Electron Transfer (ILET) is the process in which a charge is transferred from
one ligand to another within the same molecule. This process if of high importance to
this work due to its relevance for electron injection into the CB of the semiconductor in
DSSCs. Considering that the sensitizer creates a MLCT state which is the most common
for Ruthenium based dyes, the excitation may lead to an initial localized state on one
ligand. If this ligand in turn is not attached to the semiconductor surface, the injection
would intuitively be slower than if the charge was located on the surface attached ligand.
The electron must travel a greater distance to reach the surface.

1.2.4

Theory of Anisotropy

On the subject of light and matter interactions, a sample can either be described as
isotropic or anisotropic. If the sample portraits the same behaviour independently on the
polarization of the light source, it is said to be isotropic. This can easily be visualized when
regarding a solution of randomly oriented molecules. If molecules are randomly ordered,
mostly the ones whose transition dipole moments are aligned with the polarization of
the light will be excited. This causes a certain photoselection of molecules. However, the
observed absorption is an average that will not change if changing the polarization, the
probability of absorption will remain the same. If, however, the molecules become ordered
such as in a crystal lattice, the transition vector is oriented in a specific direction and
therefore the absorption will depend on the choice of polarization. It should be noticed
that the previously mentioned isotropic sample upon excitation by polarized light turns
into an anisotropic system. It may be useful to regard an anisotropic system since it may
reveal otherwise unattainable orientation-dependent properties. These will be visualized
by measuring the anisotropy, which relates the direction of the transition dipole moment
of the excitation and that of the monitored transition. Experimentally, this is done by
comparing the observed signal (I) when the polarization of the excitation light (pump) is
either equal to that of the monitored (probed) light (Ik ) or perpendicular (I⊥ ), according
to Equation 1.4.[21] The denominator in this expression is known as the Magic Angle
(MA) condition which corresponds to the total signal intensity, given by the contribution
from all three spacial axes; IM A = Ix + Iy + Iz . Hence, it corresponds to the signal that
would be observed for an isotropic measurement.
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Ik − I⊥
Ik + 2I⊥
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Since in anisotropy measurements, the excitation or monitored polarization is intentionally altered, the value of the anisotropy can be predicted using Equation 1.5. In this
equation the φ value corresponds to the angle between the transition dipole moment for
the ground state (GS) to excited state (ES) transition and the transition dipole moment
for the probed transition in the ES (e.g. emission or absorption). For a MA measurement
this angle would correspond to 54.7◦ .[21]
1
(1.5)
r = (3cos2 φ − 1)
5
From this equation one can see that if the angle between the excitation and probed
vector is 0◦ , the maximum value of the anisotropy is reached, i.e. 0.4. If the vectors on
the other hand are perpendicular to one another, the minimum value of -0.2 is reached.
These two values limit the anisotropy of a randomly organized system, with regards to one
transition. These limits however do not account for certain events like that of scattering
of the sample or isobestic points which result in anisotropy values of ±∞ due to the
denominator of Equation 1.4 going towards zero.
The value of the anisotropy may decay with time due to the several depolarization
processes that may occur in solution. One evident reason is the rotation of the molecule
with time. If the electric and probe vectors were perfectly aligned during the excitation
the angle φ would start to decrease as the molecule rotates, resulting in a lowering of
the anisotropy. Depolarization may also occur due to energy transfer where the initial
excitation simply changes position from one molecule to another. This change in position
most likely leads to a change in φ, which consequently could lower the observed anisotropy.

Chapter 2
Materials and Methods
In the following sections, the sample preparations and experimental methods will be
described in more detail.

2.1

Sample Preparations in Solution

The studied dyes, N712 and RuL3, were both bought from Solaronix SA (Aubonne,
Switzerland) under the salesname of Ruthenizer 535-4TBA and Ruthenizer 470, respectively. The latter is the fully protonated form of RuL3 and for this study was subsequently
deprotonaded and the counter-ion exchanged to tertabutylammonium(TBA). The counterion exchange was done by weighing as recieved RuL3 (22.5 mg, 904 g/mol) and adding
twice the equivalent mol of tertbutylammonium hydroxide (TBA:OH) needed for full
deprotonation (1:12 mol ratio, 2.99 ml). The TBA:OH was added from a 0.1 M solution
of isopropanol/methanol (10:1 V/V, Sigma Aldrich). To ease dissolution of RuL3, 5 ml
of MeOH (Sigma Aldrich) was added. The solution was then sonicated for 10 min and
subsequently the solvent was evaporated under vacuum at 80◦ C. Due to the formation of
water in the reaction, the sample was left under vacuum for 12h to dry.
N712 and RuL3 were characterized by steady state UV-Vis (Cary 50, Agilent Technologies) and FTIR (Spectra One, Perkin Elmer and Bruker Optics). The following
measurements where conducted in deuterated acetonitrile (MeCN-d3 , Sigma Aldrich). For
the fs UV-Vis experiments, the samples were placed in a 1 mm quartz cuvette and their
concentration was adjusted to an absorption below 0.4 at λexc =650 nm for N712 and 520
nm for RuL3, respectively. For the IR measurements, the sample cell shown in Figure
2.1 was used. The two Teflon tubes allowed for the introduction of the sample into the
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Figure 2.1: Illustration of the IR cell containing two teflon tubes and o-rings, as well as two 2
mm CaF2 windows and a 500 µm Teflon spacer.

cell, which in turn was limited to the thickness of the 500 µm Teflon spacer sandwiched
between two 2 mm CaF2 windows. Samples with absorbances below 0.4 was similarly
used.
Two reference measurements were performed; 9-cyanoanthracene and N3. 9-cyanoanthracene (Sigma Aldrich) was dissolved in MeCN-d3 (Sigma Aldrich) with a final
absorption of 0.3 at 410 nm in the IR cell. In the same cell, N3 (Ruthenizer 535,
Solaronix SA) was measured in deuterated methanol (MeOH-d4 , Sigma Aldrich), showing
an absorption of 1 at 530 nm. To allow for comparison, N712 was likewise dissolved in
MeOH-d4 with an equal absorption.

2.2

Preparation of films

The ZrO2 films were prepared by the doctor blading technique; a simple paste (homemade[22]) spreading over the CaF2 glasses with a glass rod. The films where then heated
on a hot plate at 500◦ C in air for 30 min. When the films had cooled down, their absorption
spectra were collected before submerging into the near saturated dye bath. Multiple
procedures of the dye loading were tested such as different solvents (EtOH, MeOH and
MeCN from Sigma Aldrich) heating the film (up 70◦ C) and acid treatment of the film (1
and 0.5 M HCl or acetic acid from Sigma Aldrich) to form a positive surface for attracting
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the negative dyes. Additionally, the sensitization period was varied from 4 days to 12
days.

2.3

Computational Study

To determine the optimized structure of N712 and the vibrational modes of the symmetric
and asymmetric stretches in vacuum and acetonitrile, DFT calculations were performed
by Burkhard Zietz using Gaussian 0.9. The commonly used basis set B3LYP was chosen
for calculations in both solvents.[23] To predict the shift of the stretches as the molecule
is excited, a comparative calculation for the carboxylate bpy ligand with and without a
negative charge was conducted. The latter to simulate the MLCT state of N712 upon
excitation. These calculations were performed with B3LYP in vacuum.

2.4

Pump-Probe Transient Absorption Spectroscopy

To be able to resolve and study the dynamics of ultrafast processes (sub-ps) like ILET,
one needs to initiate and monitor the events on even faster time scales. To succumb to
these requirements, lasers are most commonly used due to their short temporal pulses. In
this study both laser systems (Uv-Vis and IR) produce laser pulses of ∼100 fs. These are
short enough to resolve any process occuring at the ps time scale by utilizing a laser pulse
for initiation and a second for monitoring the events at a certain delay. This means that
a pulse is sent to pump the sample (marking time zero) while a second is varied in time
from the initiation to monitor the subsequent events through time. This procedure is
known as Pump-Probe spectroscopy.[15] Though, to account for the fact that most of the
sample will not be excited by the pump, a reference measurement is made in between each
pump signal. This is produced by simply blocking the pump using a chopper (see section
2.4.1 and 2.4.2). Systematically the observation of the pump (Ap ) and reference (Anp )
is compared through the relations given by Lambert-Beer’s law (Equation 2.1), which
removes the possible contribution to the signal from the unexcited molecules. In this
equation I0 refers to the intensity of the incident probe light, without the interaction of
the pump neither the sample. I p and I np refers to the intensity of the emerging probe as
it has interacted with the sample, either with the pump on or off, respectively.
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(2.1)

As the pump interacts with the sample there are several possible contributions to the
observed signal. One of these is the ground state bleach (GSB), which is the negative signal
arising from the "lack of" ground state molecules compared to the reference measurement.
The second is the excited state absorption (ESA), meaning that as the probe interacts
with the excited sample, it gives rise to an additional absorption resulting in a positive
signal. Thirdly, the probe might cause stimulated emission (SE) from the excited sample,
which direction is the same as the probe light increasing its apparent intensity. These three
contributions might on the other hand not be the only reasons for a signal in transient
spectroscopy.[15] Some signals are due to nonlinear effects brought upon the sample due
to the high intensity of the incident light such as that common for lasers. Laser radiation
usually consist of short temporal (e.g. fs pulses) and to some extent spectral width (narrow
distribution of wavelengths), which results in high photon flux and irradiance. With high
irradiance, nonlinear behaviors appear such as the stimulated Raman, Kerr effect and
Cross-phase modulation. Stimulated Raman arises from a scattering event of the pump
after interaction with the sample. This scattering is often schematically illustrated as an
excitation to a virtual state, before the probe stimulates emission from this state to a
vibrational state different than the initial one. It is important to note, however, that the
virtual state is never occupied. Instead the transition arises from the coherence between
the initial-intermediate and intermediate-final state, respectively. The Kerr effects is
the resulting change in refractive index of the sample as the laser passes through, due
to the refractive index dependence on light intensity.[24] For a pump-probe technique
this could lead to an observed cross-phase modulation, where the time-dependent Kerr
effect initiated by the pump modifies the subsequent probe. The refractive index change
influences the phase of the probe, resulting in a spectral change during the time duration
of the overlap between the pump and probe.[25] Consequently, the modulation will be
strongest at the maximum overlap, which is the definition of time zero.
One can also have contributions to the dynamics of the sample by two-photon absorption or coherent effects like Perturbed Free Induction Decay. If the intensity in the
measurement is high, it is likely that a two photon absorption might occur. This results
in an excitation to a level with an energy equal to the sum of the two photons.[24] In this
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study, however, the intensity of the laser was kept low to avoid such behavior. Perturbed
Free Induction Decay may be observed when using IR probing and gives rise to signals
visible at negative times. This is due to the probe interacting with multiple absorption
lines, resulting in vibrational mode excitations. These vibrational modes have a slow
dephasing time which is longer than that of the probe pulse itself. Therefore as the
subsequent pump pulse arrives it will probe the dephasing time of the vibrations.[26]
With the theoretical procedure in mind, the following two subsections will describe
the used setups.

2.4.1

Femtosecond UV-Vis

Femtosecond UV-Vis transient absorption spectroscopy utilizes a pulsed laser which is split
into two (see Figure 2.2). In this case it is a Ti:Sapphire laser rendering 800 nm output
pulses with a repetition rate of 1 kHz and temporal width of 120 fs (Coherent). The 800 nm
is not optimal for all excitation experiments and therefore after the splitting of the beam,
one beam (pump) is used to tune the wavelength for excitation. The tuning is done in the
optical parametric amplifier marked TOPAS (TOPAS White, Light Conversion). For N712
the wavelength was tuned to 650 nm and for RuL3 to 520 nm. The laser is then chopped
to obtain the pump/no pump measurements. After the chopper, the pump passes through
a half-wave plate (λ/2, Thorlabs), which enables the adjustment of the polarization of the
excitation pulse. Finally, before the sample, the pump is attenuated by a filter to lower the
intensity to avoid e.g. sample degradation and two-photon absorption.The measurements
were performed using 1 µJ pulses for N712 at 650 nm excitation and 0.3 µJ pulses for
RuL3 at 520 nm.
The second beam (probe), on the other hand, is delayed by the movement of the delay
line to increase (or decrease) the pathlength of the light. This specific delay line is able
to delay the light up to 2 ns. After the attenuation, the beam passes through multiple
polarizers which are used to optimize the white light generation (WLG) on the CaF2
window. The pump and the probe beam then meet at the sample of where the pump
excites the molecules and the probe monitors the changes with time. One important factor
is that the probe is also split in two, to obtain a second reference of the probe intensity.
This measurement is made to be able to correct for any fluctuations in the laser light.
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Figure 2.2: Scheme of the Femtosecond UV-Vis laser setup used, more extensively described in
the text.

The probe beams (sample and reference) are then dispersed by a polychromator before
detection by a double photodiode array (PDA 5/2, Oriel Instruments) detector. The
double PDA detector allows for the simultaneous detection of several wavelengths for
each specific delay for both the sample-probe and the reference. The instrument response
function (IRF; see section 2.5.1) for the detection of the pulse is 200 fs.

2.4.2

Femtosecond IR

Similar to that of the fs UV-Vis setup, the fs IR setup also originates from a Ti:Sapphire
laser giving the intrinsic 800 nm output (Libra, Coherent). Though, in this system the
repetition rate is 3 kHz and with a final IRF of 300 fs. The initial beam is split into
two TOPAS systems (TOPAS Prime) enabling tuning of the pump (Visible) and the
probe (IR). In this setup, the pump is delayed up to ∼5 ns, and then passes through a
focusing lens and a half-wave plate. The pump is chopped for the pumped/unpumped
measurement and attenuated by a filter to lower the intensity. The excitation of N712 and
RuL3 were performed using 0.67 µJ and 0.50 µJ pulses, respectively, for the ILET study.
The probe is split, to correct for laser fluctuations, before being dispersed by the
polychromator (HORIBA Jobin Yvon) and detected by a dual array, 2x64 pixel mercury
cadmium telluride detector (MCT; Infrared Associated Inc.).
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Figure 2.3: Scheme of the Femtosecond IR laser setup, which is explained in the text.

For the reference measurements performed specifically for this setup, 9-cyanoanthracene
was measured using 0.37 µJ pulses of 410 nm light and N3 using 0.28 µJ pulses at 530
nm. The same power was used for N712 measured in MeOH-d4 for comparison.

2.4.3

Predicted Anisotropy

Anisotropy is a useful tool to elucidate transitions and orientational information of a
molecule, which with other methods would have been unattainable. As already described
(section 1.2.4), anisotropy exploit the polarization of light to selectively interact with a
sample. However, to make sense of the observed anisotropy values, robs , it is possible
to make predictions. To do so, one needs to relate the transition dipole moment of the
excitation (µexc ) to that of the probed transition dipole (µpr ).
In accordance to Equation 1.5 (section 1.2.4), the φ refers to the angle between the
excitation and probed transition dipole moments as shown in Equation 2.2.[27]
1
1
r = (3cos2 φ − 1) = (3(µexc · µpr )2 − 1)
5
5

(2.2)

The expected anisotropy will change with the probed transition due to the most
likely difference in transition dipole relative to that of the excitation. When µexc and
µpr are parallel, the angle φ is zero and results in a maximum value of the anisotropy,

2.4. PUMP-PROBE TRANSIENT ABSORPTION SPECTROSCOPY

25

0.4. The opposite is given if the dipoles are perpendicular (φ = 90), and the predicted
value becomes -0.2. These correspond to the classically predicted anisotropy values for
a single transition. However, it is possible that multiple transitions occur; ESA, GSB
and SE, which could result in higher robs values than 0.4 or lower than -0.2 if overlapping
(Equation 2.3).
ESA ESA
ri ) + (∆AGSB rGSB ) + (∆ASE rSE )
i (∆Ai
P
ESA
+ ∆AGSB + ∆ASE
i ∆Ai

P

r=

(2.3)

At places where the contribution switches from positive to negative, it is possible to
obtain infinite values.[21] To avoid such difficulties it is preferential to restrict the analysis
to regions of single transitions. It can therefore be helpful to revert to IR spectroscopy
where the peaks are narrow and therefore less likely to overlap. This was the basis for the
IR probe used in this work. Nevertheless, within one such transition, there are still several
contributions to the observed anisotropy. The IR probe will initiate vibrations in all the
carboxylates to a certain extent. This will evidently result in an anisotropy signal which,
based on the work by Jonas Petersson[27], was accounted for. Accordingly, all the µpr
of the carboxylates of one molecule were related to the µexc , to give an average observed
anisotropy. This was done using the assumptions illustrated in Figure 2.4.

Figure 2.4: Illustration of N712 and its correspondingly probed vibrational dipole moments,
µvib , and the electronic transition dipole moment, µexc . The µvib is allowed to deviate from the
molecular axis, qj , by θ and its placement relative to the bpy can be altered by the rotational
angle ϕ. The octahedral structure may be distorted by 2α. Figure used and altered with the
permission from Jonas Petersson.[27]

The contribution from each carboxylate (ri ) will depend on their respective vibrational
dipole moment relative to the excitation. This in turn will depend on the angle α which
distorts the octahedral structure. Since the dipole of interest is located on the carboxylate
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group, it may as well be altered due to the rotation of the group. From basic chemistry
one might expect the carboxylate to be placed in the plane of the bpy ligand, due to sp2
hybridization of the carbon and the conjugated structure.[28] The present negative charge,
however, most likely disturbs the conjugation, weakening the π interaction. This would
lower the rotational barrier and increased dependence of the steric hindrance may arise.
The rotational barrier for benzioc acid and isonicotinic acid has been previously calculated
to ∼5 kJ/mol and ∼7 kJ/mol, respectively. The rotational energy is therefore believed to
be lower than these values and considering that the energy available at room temperature
(298 K) is 2.5 kJ/mol and the additional energy supplied by the excitation, the barrier
can most likely be overcome.[29] Due to lack of computational time, no further study was
made in this work to support this statement. Instead several values of ϕ were implemented
to the model structure (including free rotation) and corresponding anisotropy values were
compared to the observed ones. Furthermore, the values of θ was altered between 0◦ for
the symmetric stretch and 90◦ for the asymmetric stretch (see Figure 1.3).
The average anisotropy observed depends on the nature of the MLCT state. It is
assumed to be initially localized on one bpy, but the question is, if it stays on the same
ligand or moves. If it remains on the photoselected ligand, the observed value of the initial
anisotropy should correspond to the relation given in Equation 2.4, where hr1 i = hr2 i.

rloc =

(hr1 i + hr2 i)
= hr1 i
2

(2.4)

If the excitation on the other hand may move to another ligand, the average over all
states will most likely be randomized. Hence, the observed signal will arise from an equal
contribution from the photoselected ligand to that of the other available bpys. In this
case, a contribution from all the carboxylates will be considered according to Equation 2.5,
where n is the total number of carboxylates in the dye. Yet, this cannot be distinguished
from the predicted values for a delocalized state, where the charges is spread over all the
bpy ligands simultaneously.

Pn

rrand =

(

i=1 hri i)

n

(2.5)
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Practical Anisotropy

To perform the desired anisotropy measurements, two experimental setups were needed.
In the fs UV-Vis, the polarization of the respective pump and probe laser beams hitting
the sample were unknown, due to the extensive number of mirrors and polarizers the light
passes through. The procedure therefore was to relate the polarization of the probe to
that of the pump. This was done by simply detecting the minimum transmittance of
the white light with a polarizer (Glan-Taylor, Thorlabs Inc) and subsequently using the
same setting of the polarizer to find the minimum of the pump, by adjustment of the
half-wave plate. Since both pump and probe are set to the same polarization, therefore
rendering the same minimum through the polarizer, the measurement would correspond
to parallel detection (Ik ). To achieve the perpendicular setup, 90 degrees were added
to the degree of which gave the minimum of the white light (WL), before finding the
minimum transmittance for the pump. Then the minima should differ by 90◦ and therefore
correspond to determination of I⊥ .
In the IR, a similar procedure was performed, however, with slight moderations. In the
IR the same polarizer could not be used to relate the two beams, due to the wavelength
restriction of the polarizer. Therefore an additional IR polarizer (Holographic Wire Grid
Polarizer, Thorlabs Inc) had to be used. The polarization of the IR beam was determined
by placing the polarizer directly after the IR-TOPAS as well as at the position of the
sample. No major deviation could be established due to mirrors etc. and the polarization
was determined to agree to that digitally given by the IR-TOPAS, namely horizontal.
The polarization of the pump neither showed any larger deviation from that given directly
after the TOPAS to that of the sample position. Therefore the minimum transmittance
was determined at the sample position with and without the half-wave plate in place.
Without, the minimum was found by the use of the polarizer at the sample. With the
wave plate, the previously determined minimum with the polarizer was kept, however
"refound" by rotation of the wave plate. Depending on the excitation wavelength, the initial
polarization differed; 520 nm = vertical and 650 nm = horizontal, which therefore from
this procedure results in a setup for perpendicular or parallel determination, respectively
(remember probe remaining horizontal). For the remaining setup, the wave plate was once
again removed to find a maximum output with the polarizer. A minimum was thereafter
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found using the wave plate. This procedure therefore results in the parallel determination
for the 520 nm pump and the perpendicular for the 650 nm pump.
Due to possible power loss of the laser in between the relative measurements of the
parallel and perpendicular settings, the respective traces were weighted. This means that
at longer times, where no difference in detected anisotropy is expected, the traces were
normalized. At these longer times, such as approximately 2 ns (fs UV-Vis) or 5 ns (fs IR),
rotational diffusion should already have depolarized the system. This procedure avoids
distortion of the relative amplitudes of the parallel and perpendicular measurement by
laser instabilities.

2.5

Data Analysis

To visualize the data obtained in measurements at these short time scales, there are
multiple phenomenon that might need to be considered. As previously described there
are artefacts (section 2.4) that may need to be corrected for. Likewise, one should be
aware of the instrument response function and possible chirp (section 2.5.1 and 2.5.2),
that will influence the data. Finally, with all corrections done, to determine the dynamics
of the monitored events, it can sometimes be useful to do Global Analysis (section 2.5.3).
The data analysis was performed using Origin 2015 (Originlab Corporation), for the
steady-state measurements (UV-Vis and FTIR) and MATLAB (The Match Works Inc.)
for the ultrafast measurements. In MATLAB, a script[27] written by Jonas Petersson was
used, with some alterations made by Jens Föhlinger.

2.5.1

Instrument Response Function

The instrument response function (IRF) refers to the temporal resolution of the measurement. The resolution will be influenced by the time duration of the excitation and
subsequent probing pulse. Additionally, the instrumentation may broaden the signals,
further limiting the observable events. Important to grasp is that the true kinetics of the
sample measurement will be convoluted with the IRF, hence at short times they will be
hidden within the pulses of the pump and probe (Equation 2.6).
∆Af it (t) = (FGauss × ∆Asamp )(t)

(2.6)
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A common way to elucidate the IRF is to convolute the observed pulse with a Gaussian
(Equation 2.7[27]).
(t−t0 )2
1
FGauss (t) = √ e( 2σ2 )
σ 2π

(2.7)

The choice of a Gaussian profile is based on the Gaussian shape of the fundamental
laser pulse which is not expected to be extensively distorted. The broadening caused by
the instrumentation can then be corrected for by the process of deconvolution.[30] However,
this procedure was never used in this study due to major artefacts in the beginning of the
traces. These artefacts were unfittable and therefore the fitting was subjected to times
after the assumed decay of the these events, which was around 300 fs. Therefore, the IRF
never had to be fitted, yet with the loss of information from the first 300 fs.

2.5.2

Chirp

Chirp arises from Group Velocity Dispersion (GVD), where the wavelength dependence of
the refractive index makes itself known. As a pulse of not purely monochromatic light
(like the WL probe in the UV-Vis setup) passes through a material, the refractive index
will influence the wavelength components differently. In most materials, high frequency
light travels faster than low frequency. This means that as the pulse has interacted with
the sample and is ready to be detected, blue wavelengths will reach the detector before the
red ones. This results in a shift in time zero for each wavelength. However the dynamics
stay unaffected (Figure 2.5.2).[24] To correct for the chirp, the visible deviation of time
zero was fitted to a chirpline which was subtracted from the data.

Figure 2.5: The time zero dependence on the chirp arising from the broadband probe. Figure
used with permission from Jonas Petersson.[27]
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2.5.3

First Order Kinetics and Global Analysis

To determine the dynamics of any event, one needs to find a scheme of interpreting the
data and obtaining valuable time constants. This scheme should account for concentration
changes with time of e.g. excited or ground state components and be able to associate these
to the observed intensity or ∆A. In this work, the expected processes are intramolecular
and their decay should efficiently be described by first-order kinetics (Equation 2.8).
dx
= Kx
(2.8)
dt
The concentration of each contributing state is given in the matrix x, while all the
corresponding rate constants are given in the matrix K. The off-diagonal elements of
the K matrix are given by the rate constants for the population of each state, while the
diagonal elements are given for the rate constants of depopulation.[17, 31]
By solving the differential equation 2.8 one can obtain the concentration as it changes
with time (Equation 2.9).
x(t) = x0 e(Kt)

(2.9)

To relate this to the observable, all the contributing states may be described by an
individual exponential and therefore result in the expression given by equation 2.10.
∆Asamp (t) =

X

ci e−(t−t0 )/τi

(2.10)

i

This sum of exponentials depend on amplitude, ci , which in turn depend on the rate
constants that populates and depopulates the specific state as well as the extinction
coefficients. The t is the observation time and t0 is time zero. The τi is the lifetime of
each considered state.
If multiple states (or species) are contributing simultaneously to the signal, one needs
to separate each of their respective dynamics to draw conclusions. Usually this is done by
simultaneously fitting several wavelengths using the same parameters known as performing
Global Analysis. By doing so, the determined parameters have a higher accuracy. The
assumption is, however, made that the parameters do not differ significantly due to
wavelength and that some of them are equal between the measurements. To obtain the
best fit for the traces, the so called χ2R surface is studied. Each parameter is altered slightly
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from its fitted value, resulting in the final minimized value for χ2R . The χ2R value is given
from the reduced least square fit of the data, which requires the choice of algorithm.[21]
Here the nonlinear trust-region reflective Newton least square algorithm was used which
is described more deeply from the MATLAB support.[32] In short, this algorithm fits the
data function, f (x), with a simpler function, q(x), where q(x) is supposed to resemble
the behaviour of f (x) within a certain trust-region. This trust region is given by a twodimensional subspace, which will decrease as a calculated trial step, s, is rejected. This
occurs when the value of f (x + s)≥f (x). The procedure of determining the 2D subspace,
the trial step and the rejection or acceptance of the trial step is repeated until convergence
is reached. The function q is compared to f by the calculation of χ2 (Equation 2.11).[21]
χ2 =

n
X

1
[f (xi ) − q(xi )]2
2
σ
i=1 i

(2.11)

χ2 is the goodness-of-fit parameter and if only random errors are contributing to the
fit, the value should be around 1. The n refers to the number of data points considered
and σ is the standard deviation of each such point. However, as can be seen, the value of
χ2 will increase with the number of data points and therefore will not give a correct view
of the fit. Instead the reduced χ2 (χ2R ) is calculated (Equation 2.12).
χ2R =

χ2
χ2
=
n−p
v

(2.12)

The reduced χ2R relates the χ2 to the number of data points, n, to that of the variable
parameters, p. In this way the goodness-of-fit parameter is normalized by the degrees of
freedom. For a good fit, the average value of χ2 per data point should be about 1 and
since usually the number of data points vastly exceeds that of the parameters, the χ2R
expression simply results in χ2 /n. If the value of χ2R exceed unity this is a first indication
of a less than perfect fit, though, one should never be blinded by such a number, but
revert to a visual inspection of the residuals. The residuals are the numerical differences
between the detected data and that of the fit.[21]
In this thesis global analysis was used to fit the parallel, perpendicular and the
calculated magic angle for the anisotropy, to ensure higher accuracy of the determined
parameters. This procedure was made for each minimum of the respective ground state
bleach of the two carboxylate stretches using four exponentials. Before the fitting, time
zero was determined by the presence of a cross-phase modulation artefact. This kind
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of artefact arises at the overlap between the pump and probe, consequently having its
maximum at the maximum overlap. This is by definition the true time zero and therefore,
at the maximum peak of the artefact, time zero was placed. However, due to the influence
of the artefact still remaining after this point, fitting was not performed for the first 300
fs.

Chapter 3
Results and Discussion
To obtain an overview of the results of this master project, they have been divided into
suitable sections given below.

3.1

Computations

The computational work done by Burkhard Zietz, rendered the optimized structure of
N712 as well as the IR modes of the molecule at 0 K, in vacuum and acetonitrile. In both
cases, the optimized structure agreed with previous findings where the carboxylates remain
fairly in-plane with the bpy ligands.[33, 34] Furthermore, the asymmetric and symmetric
stretches also agreed with the previous designation by Grätzel[35], the asymmetric one
being in the region of 1627 cm−1 and the symmetric around 1358 cm−1 (with a ∼0.98 scaling

Figure 3.1: The DFT (B3LYP basis set)
calculated vibrational mode of the asymmetric stretch of the dicarboxylate bpy ligand in
vacuum.

Figure 3.2: The DFT (B3LYP basis set)
calculated vibrational mode of the symmetric stretch of the carboxylate bpy ligand in
vacuum.
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factor). Similar results were obtained from the calculation of the single dicarboxylate bpy
ligand, with merely a shift in the energy of the stretches (Figure 3.1 and 3.2).
The negative charge assigned to the ligand (to simulated the vibrational modes of the
MLCT state) resulted in a prediction of bleaches of the stretches with no overlap of ESA
for the asymmetric stretch. However, there is seemingly a risk of an ESA around the
symmetric stretch (Figure 3.3). The assignment of the contributions to the reduced bpy
modes around the symmetric stretch shows to not only depend on the -COO− stretch, but
as well to some extent -CH rocking of the bpy ligand. For the analysis of the symmetric
stretch in this study, one should therefore be highly aware that the observed anisotropy
may be influenced by multiple transitions.
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Figure 3.3: The difference IR spectrum between the ground state dicarboxylate bpy (dcpy) and
that of the reduced form, mimicking the MLCT state. The stretch frequencies are unscaled.
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Figure 3.4: Steady state UV-Vis absorption spectra of N3, N712 and RuL3 in either MeOH-d4
(as indicated) or MeCN-d3 (if not otherwise indicated).

3.2

ILET Dynamics in Solution

The measurements based on solutions of the N712 and RuL3 dyes are presented below,
according to the techniques by which the results were obtained.

3.2.1

Steady State

The characterization of N3, N712 and RuL3 was made using both steady state UV-Vis
and FTIR. The UV-Vis absorption spectra of the three dyes are shown in Figure 3.4
where no solvent indications means MeCN-d3 , otherwise as depcited MeOH-d4 .
Due to the interpretation of the anisotropy being more straight forward if a single
transition is considered, the excitation of N712 and RuL3 in the following pump-probe
experiments were done for a tail-band. Tail-band absorption minimizes the available
energy and therefore the number of possible transitions as well as interference from cooling
processes due to the excess energy. In this case, the aim was to reach the lowest MLCT
state of the molecules, hence being close to the 0-0 transition. The N712 dye was therefore
excited by 650 nm light and RuL3 by 520 nm.
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Figure 3.5: FTIR spectra of N712 (red)
and RuL3 (green) observed at equal steady
state UV-Vis absorption of 0.5 at 530 nm in
MeCN-d3 . Grey dashed line is the respective
background spectra of the solvent.
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Figure 3.6: FTIR spectra of N712 and N3
observed at equal steady state UV-Vis absorption of 1 at 530 nm in MeOH-d4 . Grey
dashed line is the respective background spectra of the solvent. Observe that the spectral
range has been altered compared to Figure
3.5 due to extensive solvent absorption beyond the depicted range.

To establish in which IR region the probing of the carboxylate stretches should be
performed as well as to evaluate possible degradation of the sample, FTIR spectra were
collected for the dyes. Figure 3.5 shows the observed asymmetric (1624 and 1628 cm−1 )
and symmetric stretches (1348 and 1347 cm−1 ) of N712 and RuL3 dissolved in MeCN-d3 .
It is also possible to distinguish the -NCS ligand signal at 2108 cm−1 , which as expected
is more evident for N712 compared to RuL3. The fact that such a signal can be viewed
for RuL3 is most likely due to insufficient background correction of a solvent band.
FTIR spectra were also collected for N3 and N712 dissolved in MeOH-d4 , given in
Figure 3.6. The influence of the solvent background can clearly be seen for the asymmetric
stretch. Similarly, the symmetric stretch has been broadened. Therefore this solvent was
only used for the comparative study between N3 and N712, due to the solubility issues of
N3 in MeCN-d3 .

3.2.2

Femtosecond UV-Vis

To be able to distinguish and gather orientation information of the respective ligands
in N712 and RuL3, transient anisotropy was used. Previous studies have been made on
similar systems using visible pump and probe.[13, 14, 36–38] To elucidate the number
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Figure 3.7: The measured (smoothed) and weighted parallel (k, bottom left) and perpendicular
(⊥, bottom right) transient UV-Vis spectra of N712 in MeCN-d3 after 650 nm excitation (1.1
µJ). The calculated magic angle (MA, top right) and the calculated anisotropy (top left) are also
given.

of transitions present in this kind of measurement, a visible pump and WL probe was
used. The excitation was restricted to tail-band absorption, meaning 650 nm excitation
for N712 and 520 nm for RuL3. Due to the layout of the setup, scatter of the pump is
able to reach the detector which has been removed from the following results to facilitate
interpretation.
The anisotropy of N712 is calculated from the determined parallel and perpendicular
pump-probe spectra. These, amongst the calculated magic angle (isotropic) spectrum,
are seen in Figure 3.7.
The expected bleach from the 510 nm pumped transition is accompanied by at least
two other bleaches around 470 and 540 nm. This indicates the possible overlap between
transitions which will complicate the interpretation of the anisotropy. To further emphasize
this fact, an anisotropy value larger than 0.4 is observed for the bleaches at 480 to 560
nm. This is only possible if multiple transitions are present. To elucidate the dynamics of
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Figure 3.8: The measured (smoothed) and weighted parallel (k, bottom left) and perpendicular
(⊥, bottom right) transient UV-Vis spectra of RuL3 in MeCN-d3 after 520 nm excitation (0.3
µJ). The calculated magic angle (MA, top right) and the calculated anisotropy (top left) are also
given.

ILET from these results would require a model based on Equation 2.3. Previous attempts
have been made, such as those by Wallin [37]. Though, in this present work the aim was
to find a method to avoid the need for such multi-transition calculations and for that
reason the narrow-band transitions of IR remained appealing.
The UV-Vis transient anisotropy of RuL3 was conducted in a similar fashion using 520
nm excitation light (Figure 3.8). The GSB with maximum at 460 nm is visible as predicted,
and no other prominent transitions are evident. This in turn gives the anisotropy value
within the single transition frame of 0.4 for an initially localized state. However, it is
still possible that the value arises from a randomized state of multiple transitions, due to
the high energy light subjected to the system. Additionally, the noise level was high in
these measurements, leading to the requirement of smoothing. It was therefore decided to
revert to the method of IR transient anisotropy, in an attempt to receive data with less
noise and more separated transitions.
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3.2.3
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Femtosecond IR

Reference Systems: 9-Cyanoanthracene and N3
Two reference systems were used for the fs IR anisotropy measurements. Firstly, 9cyanoanthracene was used to verify the relative polarizations of the pump and probe.
Secondly, N3 was measured in a comparative study to N712 in an attempt to establish
the underlying contributions to the surrounding peaks of the GS bleaches seen in the
transient spectra.
To ensure that the anisotropy measurements were performed with good accuracy of the excitation and probe polarizations, 9-cyanoanthracene was used (Figure 3.9). The
excitation dipole moment is shown by an arrow, which underlines that if the cyano stretch is probed in the IR, the
transition dipoles (excitation and vibration) will have the
same orientation. Therefore, for a perfect alignment of the excitation and probe transition dipole moment, the anisotropy Figure

3.9:
The
chemical
structure
of
9should reach a value of 0.4.
cyanoanthracene with the
The transient anisotropy of cyanoanthracene has recently dashed blue arrow indicating
been studied by Vauthey and colleagues, which showed an the excitation transition
dipole moment of the
initial anisotropy of 0.34 with a lifetime of 9 ps.[39] Their molecule.

work was therefore chosen as a reference point. The obtained
spectra and anisotropy are given in Figure 3.10.
The fitting of the transient anisotropy decay of cyanoanthracene is illustrated in Figure
3.11. There is an initial rise in the spectrum assigned to the previously discussed artefact
with a low amplitude and a lifetime of 0.2 ps. It should be pointed out that this assumed
artefact might also arise from relaxation processes such as internal vibrational relaxation
of the molecule.[40, 41] This uncertainty makes it difficult to establish the true origin,
but from the collected data no deeper analysis can be performed. After the rise, the
anisotropy on the other hand gained a value of 0.36 with a corresponding lifetime of 9.5
ps, agreeing with that found by Vauthey et al.. The anisotropy of 0.36 is close to the
expected 0.4 and on this basis the procedure described for the anisotropy measurements
in this thesis were approved.
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Figure 3.10: The measured and weighted parallel (k, bottom left) and perpendicular (⊥, bottom
right) transient IR spectra of 9-cyanoanthracene in MeCN-d3 after 410 nm excitation (0.37 µJ).
The calculated magic angle (MA, top right) and the calculated anisotropy (top left) are also given.
The peak of the probed cyano stretch occurs around 2130 cm−1 .

Figure 3.11: The fitted anisotropy of 9-cyanoanthracene at 2130 cm−1 . The fitting was
performed using Global analysis by simultaneous fitting of the parallel, perpendicular and total
trace between 0.3 ps to 5 ns.
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Figure 3.12: Transient IR spectra of N3 and N712 at magic angle (MA) collected in MeOH-d4
at 5 ns with 530 nm excitation (0.28 µJ). Due to the lower signal from N3, the ∆A was multiplied
by a factor of 4, to facilitate comparison.

The comparative study of N3 was made to determine the underlying dependencies
of the transient peaks and bleaches seen in the fs transient IR (see Appendix A). N3
is the fully protonated form of N712 and it was believed that the peaks or bleaches
originating from the carboxylic acids therefore would shift more significantly compared to
the corresponding carboxylate signal in N712. In this way a certain peak or bleach could
be assigned to the vibrational modes of the carboxylates without e.g. any contribution
from the bpy. In Figure 3.12 the relative parallel transient spectra of N3 and N712 are
compared at 5 ns where no relaxation process is present. Noteworthy is that the same
procedure was not attempted at the asymmetric stretch due to the extensive solvent
absorptions disturbing the spectra.
The spectra indicate that both the bleach at ∼1370 cm−1 and the peak around 1329
cm−1 of N712 has shifted compared to that of N3. The peak at 1265 cm−1 on the
other hand is seemingly unaltered. The latter peak therefore is assigned to be fairly
independent on the carboxylates and for that reason would not be of interest for this study.
The origin of the 1329 cm−1 peak was however questioned due to previous studies of
[Ru(bpy)3 ]2+ (resembling RuL3 without carboxylates) by Onda et al..[42] They showed a
clear correlation between this signal to that of the asymmetric hydrogen stretches located
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on the bpy. Therefore, the conclusion was made that the 1329 cm−1 peak most likely arises
from coupled carboxylate-bpy vibrational modes and was not used for further analysis in
this work. The bleach at 1370 cm−1 was attributed to the carboxylate stretch and the
corresponding bleaches found in MeCN-d3 for N712 and RuL3 were therefore investigated.
It should also be noted that the peak and bleach found here for the symmetric stretch
strongly agrees with the calculated vibrations made in section 3.1, Figure 3.3. The
transient spectra for both N712 (Figure A.1) as well as for RuL3 (Figure A.3) have the
same possible overlap between the GSB (1370 cm−1 ) and the ESA (1329 cm−1 ), which
additionally show a different sign in the anisotropy. The following analysis, described in
this section, has therefore been conducted at the minimum of the GSB, where the overlap
is seemingly low. On the contrary, the calculations do not predict the spectral features
seen around the asymmetric stretch for neither N712 (Figure A.2) nor RuL3 (Figure A.4),
where two peaks surround the bleach. The analysis was thus similarly reverted to the
minimum of the bleach where the ESA contribution is believed to be minimal.
N712 and RuL3
The two dyes were investigated in a similar fashion and will be presented below for each
stretch.
Starting with the asymmetric stretch, which already in the FTIR showed a clear signal,
the bleach was very prominent. For each of the two dyes the parallel, perpendicular,
calculated magic angle, and the anisotropy spectra are given in the figures 3.13-3.14. From
the spectra one can clearly see that there are alternating infinity values of the anisotropy
corresponding to the isosbestic points seen for the parallel, perpendicular and magic angle
transients. Looking at the region of the bleach (minimum 1621 cm−1 ), the anisotropy is
negative for both N712 (Figure 3.13) and RuL3 (Figure 3.14), with a slight moderation
in amplitude. From these figures it is not advised to read too much into the dynamics,
due to the weighting process being performed for all wavelengths at once. Instead, these
spectra should be viewed as indications of the anisotropy sign around each transient
feature. Interestingly, one can see that the peaks around the bleach show different signs of
their anisotropy values. The peak at 1598 cm−1 shows a positive anisotropy which would
indicate that it originates from another transition than that of the bleach. The second
peak located around 1635 cm−1 shows the same sign of the anisotropy as the bleach,
however less prominent. The signal could arise form some weaker carboxylate ESA.
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Figure 3.13: IR anisotropy TA spectra of N712 for parallel (k) and perpendicular (⊥) polarizations collected around 1621 cm−1 with 0.67 µJ 650 nm excitation in MeCN-d3 . Using the
weighted spectra of the two, the calculated magic angle (MA) as well as the anisotropy were
obtained.

From the spectra, the minimum of the bleach (1621 cm−1 ) was chosen for global fitting
to elucidate the dynamics of the anisotropy decay. The result of the simultaneous fitting
of the parallel, perpendicular and calculated MA traces are given for N712 and RuL3 in
Figure 3.15 and Figure 3.16, respectively. No deviations of the residuals larger than that
due to the noise of the data could be observed.
From the global fit of the traces, the anisotropy was constructed and the initial
anisotropy (r0 ) was determined amongst the observed lifetimes. To reach a satisfactory
fit of the respective traces, four exponentials were needed with the longest arising from
extrapolation of the excited state lifetime. The fitted anisotropy of N712 and RuL3 are
given in Figure 3.17 and 3.18, which only showed the presence of three lifetimes (see Table
3.1). The excited state decay should not be visible in the anisotropy since it is an isotropic
decay which is equal for both the k and the ⊥ traces. Amongst the three lifetimes, the
slower one corresponded to the expected region for rotational depolarization. In the work
by Waterland and Kelley, they found that rotational diffusion occurs around 400 ps for
N3 in methanol.[14] Due to the lower viscosity of the MeCN-d3 solvent used here, one

44

CHAPTER 3. RESULTS AND DISCUSSION

Calculated MA
10

∆ Abs. × 103

Anisotropy

0.1
0.05
0
-0.05
-0.1

1640

1620

1600

0.27 ps
0.41 ps

0

0.47 ps

-10

1580

1.01 ps

1640

1620

1600

1580

9.59 ps
100 ps

10

∆ Abs. × 103

∆ Abs. × 103

10

0

-10

300 ps
1000 ps

0

2000 ps

-10

||
1640

1620

1600

Wavenumber [cm-1 ]

1580

⊥
1640

1620

1600

5000 ps

1580

Wavenumber [cm-1 ]

Figure 3.14: IR anisotropy TA spectra of RuL3 for parallel (k) and perpendicular (⊥) polarizations collected at 1621 cm−1 with 0.50 µJ 520 nm excitation in MeCN-d3 . Using the weighted
spectra of the two, the calculated magic angle (MA) as well as the anisotropy were obtained.

might assume a faster rotation. On the other hand the electrostatic interaction with the
bulky TBA counterions might result in a hindered rotational motion leading to the longer
lifetime. Nevertheless, the trend of increasing size at least seems to match the observed
results since N712 has a smaller rotational lifetime compared to that of RuL3 (516 ps
compared to 707 ps). Regarding the remaining two lifetimes, the origin is debateable.
The rapid initial lifetime of 0.6-0.7 ps may be assigned to the remains of the prominent
artefact or ultrafast relaxation processes. The intermediate lifetime which varies from
36 ps for RuL3 to 49 ps for N712, both show small changes in anisotropy. They might
therefore rather arise from the noise in the data than any particular event such as ILET.
Next, the initial anisotropies given by the fits are almost equal in amplitude: -0.060
and -0.052 for N712 and RuL3 respectively. The meaning of these values will be discussed
below after the results of the symmetric stretch have been presented. It should be pointed
out that these r0 values might be influenced by the initial artefact which has a seemingly
negative anisotropy. This would increase the negative amplitude and any attempt to
interpretation should consider this.
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Figure 3.16: Global fit of the parallel, perpendicular and calculated MA traces given
for RuL3 at 1621 cm−1 (0.50 µJ 520 nm
excitation in MeCN-d3 ). Shown are also the
residuals of the fit.
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Table 3.1: The initial anisotropy and lifetimes derived
from the fitting of the anisotropy decay at the asymmetric
stretch (1621 cm−1 ).

Compound

r0

τ0 [ps]

τ1 [ps]

τ2 [ps]

N712
RuL3

-0.060
-0.052

0.7
0.6

49
36

516
707

The results for the asymmetric stretch of the two dyes seem to follow the same
behaviour. To gather support for these results, the symmetric stretch was as well analysed.
In the same way as for the asymmetric stretch, first the transient spectra were determined
(Figure 3.19 and 3.20). The symmetric bleach gives, in contrast to the asymmetric, a
positive anisotropy for N712. For RuL3 the magnitude is approximately zero at 1353
cm−1 (minimum of the bleach).

Figure 3.19: IR anisotropy TA spectra of N712 for parallel (k) and perpendicular (⊥) polarizations collected at 1353 cm−1 with 0.67 µJ 650 nm excitation in MeCN-d3 . Using the weighted
spectra of the two, the calculated magic angle (MA) as well as the anisotropy were obtained.
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Figure 3.20: IR anisotropy TA spectra of RuL3 for parallel (k) and perpendicular (⊥) polarizations collected at 1353 cm−1 with 0.50 µJ 520 nm excitation in MeCN-d3 . Using the weighted
spectra of the two, the calculated magic angle (MA) as well as the anisotropy were obtained.

The traces collected at the minimum of the bleach (1353 cm− 1) were fitted according
to the previously used global analysis procedure. The residuals do not indicate any major
errors that are not already present in the noise of the data (Figure 3.21 and 3.22).
The resulting anisotropy of the global analysis is given in Figure 3.23 and 3.24 for
N712 and RuL3, respectively. The fitting of the anisotropy for N712 show a deviation from
the fit to that of the data at longer times. This is explained by the extrapolation of the
excited state lifetime which leads to these noticeable errors. Furthermore a rise is visible
in the anisotropy (just like that for cyanoanthracene), which true origin remains unknown.
The presence of ILET, however, is questioned since this behaviour should not be visible in
cyanoanthracene and furthermore should not lead to an increase in anisotropy. ILET for
a single transition should only lead to depolarization of the anisotropy. Ignoring the rise
component the maximum anisotropy is ∼0.03. A similar value could not be assigned to
the much noisier data from RuL3. As the spectra indicated (Figure 3.20), the anisotropy
is oscillating around the baseline at the minimum of the bleach (1353 cm−1 ), which would
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explain the noise. The anisotropy is assigned to a zero value for the symmetric stretch of
RuL3 (see Table 3.2).
Regarding the observed lifetimes in the anisotropy, the rapid initial value is still present
in both dyes. The fact that the symmetric stretch shows an even more rapid lifetime
than the asymmetric stretch, could simply arise from differences in the assignment of
time zero. The most deviating value is that for the symmetric stretch of RuL3 (0.09
ps) which originates from the low and therefore noisy and highly uncertain anisotropy.
One can clearly see that the fit deviates from the experimental data and therefore is not
trustworthy. Regarding the remaining initial lifetimes, a high time resolution method
would be needed to decrease the inherent uncertainties and would also help to elucidate
their underlying process(es). The intermediate lifetimes (∼8 ps) are once again given by
low amplitudes, hence small changes in anisotropy, and may most likely arise from noise
or other electronically induced changes, rather than ILET.
In an attempt to determine the origin of r0 , predications were made to compare to the
observed data. As described under section 2.4.3, there were multiple angles considered in
the used model. One being α, which described the deviation from the perfect octahedral
structure. It has previously been determined that N3 has a N-Ru-N angle of roughly 80◦ in
the crystal structure, hence α = 5◦ , and a similar or slightly smaller value can be assumed
for the considered compounds in solution.[43] A smaller deviation could be explained
by the introduced charges as well as favourable solvent interactions. The carboxylates
rotation itself, given by the angle ϕ, was subjected to a trial calculation. As discussed,
the rotation may be limited by an energy barrier which, on the other hand, is considered
to be fairly small. Therefore, the predicted anisotropy was integrated over all possible
angles for the rotation.
Table 3.2: The initial anisotropy and lifetimes derived
from the fitting of the anisotropy decay at the symmetric
stretch (1353 cm−1 ).

Compound

r0

N712
RuL3

0.027*
0**

τ0 [ps] τ1 [ps]
0.45
0.09

7.8
8.5

τ2 [ps]
300
661

*The observed value after the initial rise.
**The assigned value due to low and noisy anisotropy.
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Figure 3.25:
The predicted initial
anisotropy, r0 , for the asymmetric stretch
integrated over all possible angles for ϕ, the
rotation of the carboxylates. Note: hr4 i =
hr5 i and hr3 i = hr6 i. Comparison is made
with the experimental values of -0.06 (N712)
and -0.053 (RuL3).
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Figure 3.26:
The predicted initial
anisotropy, r0 , for the symmetric stretch integrated over all possible angles for ϕ, the rotation of the carboxylates. Note: hr4 i = hr5 i
and hr3 i = hr6 i. Comparison is made to the
experimental values, ignoring the initial rise,
of 0.027 (N712) and 0 (RuL3).

The results of the prediction for the freely rotating carboxylates is illustrated in Figure
3.25 for the asymmetric stretch and for the symmetric stretch in Figure 3.26. The basis
for the prediction was that of an initially localized MLCT state on the photoselected bpy
with the carboxylates 1 and 2 (Figure 2.4). A localized state would therefore result in
an observed anisotropy of the average contribution from the two carboxylates given by
Equation 2.4. The value would accordingly correspond to that calculated for r1 . On the
other hand, as a randomized or delocalized state is formed, the prediction becomes an
average contribution from all carboxylates given by Equation 2.5. The predicted values
for a randomized/delocalized state is given, for varying α, in the graphs 3.25 and 3.26.
Relating the predicted anisotropy values to that observed for both the asymmetric and
symmetric stretches of the N712 and RuL3, it is clear that the results do not fully match
or rather that the result of the asymmetric and symmetric stretches are contradicting.
The observed anisotropies of the asymmetric stretch agrees fairly well to a localized state,
while for the corresponding symmetric stretch they more perfectly agree to a randomized
state. It should also be noted that the symmetric stretch is independent on the angle ϕ
and the observed discrepancy is therefore probably arising from the poor model chosen for
the free rotation of the carboxylates. Without calculations supporting this free rotation, it
is assumed that there instead might be another favourable orientation of the carboxylates.

51

3.2. ILET DYNAMICS IN SOLUTION

0.2

0.1

0.15
0.05

-0.05

Anisotropy

Anisotropy

0.1
0

r 1, r 2
r3

-5

5

-5 <α<10

r5

-0.15

N3 randomized
L3 randomized

o

r3

r6

r6

0

r 1, r 2
-0.05
-0.1

r5
-0.15

0

r4

r4

-0.1

0.05

10

o

Figure 3.27:
The predicted initial
anisotropy, r0 , for the asymmetric stretch at
ϕ=80◦ (the angle of carboxylates out from
the bpy plane). Note: hr4 i = hr5 i. Comparison is made with the experimental values
of -0.06 (N712) and -0.053 (RuL3).
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Figure 3.28:
The predicted initial
anisotropy, r0 , for the symmetric stretch at
ϕ=80◦ (the angle of carboxylates out from
the bpy plane). Note: hr3 i = hr6 i and
hr4 i = hr5 i. Comparison is made to the experimental values, ignoring the initial rise,
of 0.027 (N712) and 0 (RuL3).

Based on the presumed repulsion arising from the MLCT state of the excitation and
that of the negatively charged carboxylates, it is believed that an out-of the bpy plane
orientation might be lower in energy. Therefore, multiple angles of ϕ were tested to find a
value which agreed to the observed results. This was found at angles around 80◦ (Figure
3.27 and 3.28).
The predicted anisotropy values for a randomized state agree well with the experimental
values at small α values, which in turn concedes with the believed small deviation from
the octahedral structure. For the asymmetric stretch the negative anisotropies are well
defined and are just slightly less negative than the predictions of a randomized state
(upper limit). For the symmetric stretch the values once again agree very well. RuL3 has
a zero anisotropy and N712 a value of ∼0.03, which is surprisingly close to those observed
for α between 0◦ and 5◦ .
From the assumption that the carboxylates are effectively 80◦ out of plane, both N712
and RuL3 seem to develop into a randomized state. This means that the memory of the
photoselected ligand is lost and the equilibrated MLCT state may be localized on either of
the bpy-ligands available. In that case ILET must already have occurred at shorter times,
which contradicts the findings by Waterland and Kelley.[14] They made the conclusion
that ILET occurs in N3 with a lifetime of 1.5 ns, which is longer than that of rotational
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diffusion. Our results indicate an ultrafast ILET process which renders a randomized (or
delocalized) state. However, as the intermediate lifetime of 8-80 ps of both N712 and
RuL3 is attributed to a low amplitude they are not believed to be due to ILET. ILET is
assumed to cause a more noticeable change to the anisotropy and therefore is not assigned
to these lifetimes (see Table 3.1 and 3.2). Instead possibly noise is to blame. This in
turn do not fully agree with what was found by Benkö et al. for N3, where ILET was
attributed to a 20 ps lifetime.[13] They see a significant increase in the negative anisotropy
below 100 ps, which is not visible in the current results. This result contradicts that
of a single transition where ILET should only lead to a decay of the anisotropy. It is
possible that since they conducted their experiment using 850 nm (Vis/Near IR) probing,
that multiple overlapping transitions were probed with inherent relaxation processes and
decays. Nonetheless, the current results seemingly agree to those observed previously
by Wallin and co-workers for the similar system of ruthenium tris bipyridine.[37] More
research is clearly required before the true nature of ILET in this dyes can be revealed.

3.3

ILET Dynamics on Film

An attempt to study the ILET dynamics of the dyes adsorbed onto a ZrO2 surface was
performed. The inert surface does not contribute to the observed dynamics of electron
passage, since the bandgap is too high in energy to allow for tail band excitation. However,
the bound dye to the surface does result in a less symmetric system.[44] The carboxylates
attached to the surface does not experience the same chemical environment compared to
the non-attached. It would therefore be of interest to investigate how this inherent loss of
resemblance between the ligands would affect the ILET dynamics.
Before such a study could be performed, the films dye loading had to be optimized.
At first the films were cooled in air before entering the sensitization bath, which, as can
be seen in Figure 3.29, did not render sufficiently dyed films. It should be noted that
the figure only shows the sensitization of N712 due to correspondingly indistinguishable
adsorption of RuL3.
To enhance the dye loading, the films were heated to 70◦ C before submerging into
the bath. In this way the absorption maximum at 530 nm for the MLCT state of N712
obtained a value of 0.1 in 4 days, hence minimizing the sensitization period. However, the
absorption at the desired tail band 650 nm was still too low. To make the ZrO2 surface
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Figure 3.29: The sensitization of N712 onto ZrO2 after 4 and 12 days in the dye bath,
respectively.

more attractive to the dyes, the surface was treated with a strong as well as a weak acid,
hydrochlorid acid (HCl) and acetic acid (CH3 COOH), respectively. Two concentrations
were tested for each of the acids; 0.5 and 1 M. The HCl treatment was too strong resulting
in the deadsorption of the film from the CaF2 windows. Similarly, the 1 M solution of
acetic acid resulted in flaking of the film and no sensitization was performed. The 0.5 M
on the other hand did not result in any visible effects on the film, and sensitization was
tried. The results, however, were not more promising than for elevated temperatures.
A trial measurement was performed on the sensitized films, however rapid degradation
of the dyes was observed. The underlying reason for the degradation was believed to be
due to heat, and therefore a solvent, MeCN-d3 , was added. The instability remained and
no further measurements were performed.

Chapter 4
Conclusions and Outlook
From the results in this thesis, the ILET dynamics of N712 and RuL3 are argued to be
ultrafast and occurring on the sub-ps time scale. It is not possible to establish the exact
lifetime of the ILET process due to the limiting time resolution of the fs IR setup. The
two dyes both show a rapidly developed randomized state (<1 ps), where the MLCT state
is located on either of the available ligands no matter initial photoselection. These results
are in agreement to those obtained previously by Wallin et al., though contradicting those
by Benkö as well as Kelley. To verify the true ILET behaviour of the considered dye
systems, it is necessary to conduct a more extensive study. First of all, a solvent and
an excitation wavelength study should be performed with the currently used method;
transient-fs IR anisotropy. It could also be essential to move to shorter times scales, such
as attosecond spectroscopy, probing in other spectral regions (e.g. the nitrogen core levels).
At these time scales one could determine the nature of the assumed initially localized
MLCT state as well as hopefully detect the process of ILET.
The predictions of the anisotropy is dependent on future calculations of the rotational
energy barrier for the carboxylates. This should be performed for both the ground state
as well as the excited state of the dye molecules; N712 and RuL3. If it shows an almost
perpendicular orientation of the oxygen relative to the bpy plane, the results obtained
here are proven and the MLCT state is randomized. These calculations are planned.
The reason to study ILET for these ruthenium dyes is to elucidate the processes
leading to slow injection into the semiconductor of a DSSC. It would therefore also be
essential to study the ILET dynamics when the dyes are attached to a surface. In this
work attempts were made to sensitize ZrO2 , which would act as an inert surface. The tail
band excitation would not allow for electrons to enter the CB of the material and therefore
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the dynamics would purely be affected by the loss of symmetry upon attachment, as well
as the hindered rotation of the molecules. The loss of symmetry is expected to shift the
relative energy levels of the ligands, which would inherently influence the ILET lifetime.
It is therefore essential for fundamental understanding of the processes in a functional
DSSCs, which is the optimal goal.
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Figure A.1: IR anisotropy TA spectra of N712 for parallel (k) and perpendicular (⊥) polarizations collected for a wider range around the symmetric stretch at 1353 cm−1 with 0.67 µJ 650
nm excitation in MeCN-d3 . Using the weighted spectra of the two, the calculated magic angle
(MA) as well as the anisotropy were obtained.
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Figure A.2: IR anisotropy TA spectra of N712 for parallel (k) and perpendicular (⊥) polarizations collected for a wider range around the asymmetric stretch at 1621 cm−1 with 0.67 µJ 650
nm excitation in MeCN-d3 . Using the weighted spectra of the two, the calculated magic angle
(MA) as well as the anisotropy were obtained.
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Figure A.3: IR anisotropy TA spectra of RuL3 for parallel (k) and perpendicular (⊥) polarizations collected for a wider range around the symmetric stretch at 1353 cm−1 with 0.50 µJ 520
nm excitation in MeCN-d3 . Using the weighted spectra of the two, the calculated magic angle
(MA) as well as the anisotropy were obtained.
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Figure A.4: IR anisotropy TA spectra of RuL3 for parallel (k) and perpendicular (⊥) polarizations collected for a wider range around the asymmetric stretch at 1621 cm−1 with 0.50 µJ 520
nm excitation in MeCN-d3 . Using the weighted spectra of the two, the calculated magic angle
(MA) as well as the anisotropy were obtained.

